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ABSTRACT OF THE THESIS 


A High Resolution Spectroscopic Study of the Ground 


State and the Lowest Triplet State of Be~zoic Acid 

By WILLIAM LOUIS CLEVELAND 

Thesis director: Professor Lionel Goodman 

In this study we have caried out a detailed analysis 

of the phosphorescence emission of benzoic acid. The use 

of low temperatures (4.2o
K) and carefully chosen hosts has 

yielded highly resolved phosphorescence spectra for four

teen guest-host systems. In additi.Jn to the expected totally 

symmetric ring modes, in-plane carboxyl group modes and out-

of-plane ring modes are observed ~",ith strong intensity in 

the spectra of some guest-host systems. The latter two 

groups of modes have been found to be highly sensitive to 

environmental perturbations. In order to explain the en

vironmental dependence of in-plane carboxyl group modes we 

postulate that the carboxyl group deviates from the plane 

of the benzene ring and that the magnitude of the deviation 

differs in the various guest-host systems. X-ray data shows 

that the carboxyl group is non-planar in the crystal. The 

degree of non-planarity the carboxyl group is expected to 

influence the mixing of the lowest carboxyl group triplet 

state with 3L , the benzenoid component of the total ben
a 

zoic acid triplet state. This should, in turn, influence 

the activity of carboxyl group modes in the phosphorescence 

ii 

http:additi.Jn


ctrum. 

In line with previous work on benzene and substituted 

benzenes, "\ve have attempted to account for the non-totally 

symme·tric, out-of-plane modes in terms of spin-orbi t vibron

ic coupling. In order to gain physical insight into the 

spin-orbit vibronic interactions we have expanded the 

various nTI* and TITI* states in terms of locally excited 

(LE) and charge transfer (CT) components. Qualitative 

arguments based on overlap and orthogonality considerations 

indicate that the TITI* states must possess ring to carboxyl 

group charge transfer character and that the ntr* states 

must be delocalized over the benzene ring in order for spin

orbit virbonic coupling to account for the activity' of the 

out-of-plane ring modes. The environmental sensitivity 

of out-of-plane activity has been .rationalized in terms of 

H-bonding effects on the LE, CT compositions of the nTI* and 

TITI* states. H-bonding effects on TITI* states have been 

calculated by Baum, 1974, Intuitive considerations have 

been used to predict H-bonding e cts on nTI* states. 

An essential part of the foundation upon which our 

model of the lowest triplet state has been constructed is 

a detailed understanding of the ground state normal modes. 

In order to achieve this understanding we have obtained 

high resolution infrared and Raman spectra at 4.20 K. 

Rigorous assignments have been tated by the use of 
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four isotopes of benzoic acid (do' 4d l ' d S ' ld l ). The 

data obtained in this study, together with polarized 

infrared spectra in the literature, has allowed a nearly 

complete assignment of the normal modes of the benzoic 

acid unit cell. 
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CHAPTER I 


INTRODUCTION 

Recently, aromatic aldehydes and ketones have been 

found to exhibit phenomena which challenge some of the basic 

principles used to interpret the electronic spectra of mole

cules, such as the Born-Oppenheimer and Franck-Condon prin

ciples (Goodman and Koyanagi, 1972). These unusual proper

ties are attributed to the presence of Ipw-lying nTI* states 

which are close to the lower TITI* states of aromatic origin 

(Duben, et al. 1974). This proximity of states of different 

orbital type gives one a unique opportunity to study inter

state interactions. In this context, it seemed possible 

that interesting phenomena might be observed in benzoic acid, 

the simplest aromatic carboxylic acid. 

Unlike aldehydes and ketones, benzoic acid forms 

hydrogen-bonded dimers. Since the non-bonding electrons 

of the carbonyl oxygen atom are intimately involved in 

hydrogen bonding, it was our expectation that hydrogen 

bonding effects could be used to probe the interactions 

between nTI* and TITI* states. 

A previous study by Kanda and coworkers (1963) pro

vided additional evidence that benzoic acid was a favor

able molecule in which to study interstate interactions. 

These authors obtained the phosphorescence spectrum of 

benzoic acid in benzene at 900 K. This spectrum, which 

was moderately resolved, revealed the presence of intense 

ring out-of-plane modes. For a planar molecule, out-of
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plane modes are non-totally symmetric and should have van

ishing Franck-Condon factors. The presence of intense 

"forbidden" activity in the phosphorescence spectrum 

suggested that the nature of the interstate interactions 

in benzoic acid might be revealed through a study of the 

lowest triplet state. Accordingly, we decided to under

take a detailed investigation of the 'phosphorescence 

emission of benzoic acid. 

In our study we have obtained highly resolved 

phosphorescence spectra of benzoic acid in five different 

opolycrystalline hosts at 4.2 K. We have also studied 

parafluorobenzoic acid and methyl benzoate. The use of 

a wide range of matrices has revealed a striking environ

mental dependence of the out-of-plane modes. 

In Chapter III tie present the data obtained in this 

study and suggest a model of the IOv-lest triplet state 

that is cast in terms of localized Molecular orbitals. 

A review of previous work is also contained in this 

chapter. 

Since phosphorescence emission at 4.2 0 K occurs 

from the lO\'iest vibrational level of the triplet state 

to the vibration levels of the ground state, an under

standing of the phosphorescence spectrum requires a 

detailed knowledge of the ground state normal modes. 

Accordingly, we have undertaken a comprehensive study 
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of the infrared and Raman spectra of benzoic acid. These 

spectra have been obtained at the same temperature and, 

where possible, in the same environment used for the 

phosphorescence spectra in order that a more precise 

comparison could be made bet\'1een the phosphorescence 

frequencies and those obtained from the Raman and infra

red data. A nearly complete assignment of the normal 

modes has been given. 

In addition to its value as a tool for interpreting 

phosphorescence spectra, a normal coordinate analysis 

has considerable value in its rnqn right. First of all 

benzoic acid is the simplest carboxylic acid that exists 

as a dimer in the solid state. Conseq~ently, an under

standing of the H-bond and carboxyl group modes in benzoic 

acid \vould facilitate an understanding of these modes 

in a large class of similar molecules. Benzoic acid is 

also an important exmnple of a monosubstituted benzene. 

An understanding of its normal modes 't,vould contribute 

to the gro't,ving body of knoTtlledge of the normal modes of 

substituted benzenes. The data obtained in this study, 

along with detailed arguments in support of assignments 

are presented in Chapter II. Previous Raman and infra

red studies are also discussed in this chapter. 
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CHA.PTER II 


.A..i\J Al'1ALYSIS OF THE GROUND STATE NORrJIA.L MODES OF BENZOIC ACID 

A. p" Summary of Previous Studies of Benzoic A.cid 

There have been many studies of the infrared and 

Raman spectra of benzoic acid. ~ost of these studies have 

been concerned with the carboxyl group modes and the low 

frequency li-bond modes. The most complete analyses of 

the spectra have been given for the region below 200 cm-: 

-1
No analysis of the Ra...-rnan spectrum above 200 cm. has been 

given despite the importance of benzoic acid as the simpl

est aromatic carboxylic acid. Partial assignments of 

ring modes in the IRspectrum have been attempted in three 

studies. However, no comprehensive analysis of the IR 

lspectrum above 200 cm- has been given. 

In 1920 Latimer and Rodebush predicted that carboxylic 

acids should form hydrogen-bonded dimers. This prediction 

was verified for formic acid vapor by Pauling and Brock

,,-lay in 1934. Subsequently, a number of infrared studies 

of carboxylic acids were undertaken in order to determine 

the nature of hydrogen bonding in these compounds. Most 

of these studies focused on the O-H and C=O stretching 

modes, probably hecause these modes occur in a region of 

the spectrum that was easily accessible ",i th instrumenta

tion available at that time. 

In 1938 Bushv.7ell et al. obtained the IR spectra of 

benzoic acid do and Id l and other carboxylic acids 
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dissolved in carbon tetrachloride. The spectra included 

-1the region between 2100 and 3800 cm . Two bands split 

into pairs were observed. On the basis of the large shift 

caused by do + Id l substitution, the bands were attributed 

to the O-H stretching mode. The splitting of the bands 

was observed to disappear in the Idl spectrum. This 

suggested to the authors that tunneling of the H-bonding 

protons was the cause of the splitting. 

Also in 1938, Davies and Sutherland studied the O-H 

stretching mode in the IR spectra of carboxylic acids in 

-1solution. These authors assigned the weak band at 3520 em 

to the O-H stretching mode of the monomer. This assign

ment was based on the temperature dependence of the in

tensity of this mode. Having made the assignment, they 

were able to measure the nonomer-dimer equilibrium constant. 

They also noted that the monomer O-ll stretching band was 

much sharper than the dimer band. This fact led them to 

propose the interesting hypothes that the broadness of 

the dimer band vlas due to the presence of combination 

bands involving the O-H stretching mode and H-bond modes. 

The intensity of the cow~ination bands was assumed to be 

enhanced by FerMi resonance '\vi th the O-H stretching fund

amental. These authors also noted that the coupling of 

the carboxyl groups in the dimer by the H-bonds should 

lead to appreciable spli tting bettveen the Raman and 
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infrared active carboxyl group modes of the dimer. 

In 1939, Wall and Claussen reconsidered ~he suggestion 

of Bushwell et al. that the structure of the O-H stretch

ing bands \-las due to proton tunneling. HO~Never, these 

authors were unable to come to definite conclusions. 

Bratoz, Hadzi, and Sheppard in 1956 obtained the IR 

spectra of benzoic acid and four other carboxylic acids 

-1in the region bet\veen 1500 and 3700 cm Deuterium 

analogues were also studied. These authors concluded that 

the complex structure of the O-H stretching band of ben

zoic acid was most likely due to the presence of combin

ation bands enhanced by Fermi resonance. This paper, 

together "it!i th a companion paper by Had zi and Sheppard 

ldealing with the region between 500 and 1500 cm- estab

lished ranges and assignments for those carboxyl group 

modes that undergo a shift in frequency for do + ld1 

substitution. In 1958 Had zi and Pintar obtained the IR 

spectra of benzoic acid do and ldl vapor in order to fur

ther clarify the assignments of the carboxyl group modes. 

Similar solution studies of the carboxyl group modes 

of benzoic acid and related compounds were carried out 

by Hurray and SundaraITI (1961) and by Brooks et al. (1961). 

Odinokov et (1969) studied the effect of basic solvents 

on. the IR spectr~ of benzoic and salicyclic acid. 
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Pinchas and coworkers (1961, 1965) studied the IR 

18 13spectra of 0 _ and C -labelled benzoic acids. These 

authors were interested in the intensity changes that 

!occur for these isotopic substitutions. 

The only IR studies of benzoic acid in v7hich 10'111 

ltemperature spectra in the region above 200 cm- were 

obtained, were carried out by Hayashi and Kimura {1966) 

and very recently by Hayashi and Umemura (1974). These 

authors obtained polarized spectra of benzoic acid 

crystals grow~ between salt discs. In the earlier study, 

spectra of benzoic acid do and Idl were obtained at -l500 C. 

In the latter study, the temperature was lowered to 70 K. 

These authors focused their attention on the carboxyl group 

modes, which were found to be split into pairs. Their 

interpretation of this splitting will be discussed later 

in detail. No attempt was made to assign ring modes in 

this study. 

In 1958 Gonzales-Sanchez published the IR spectra 

of 12 benzene carboxylic acids. Although specific assign

ments of ring modes were not given, an attempt was made 

to sort these modes into types, i.e., C-C stretching modes, 

skeletal deformation modes, etc. This author's assign

ments of carboxyl group modes are basically in agreement 

with those of Hadzi and coworkers. 
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Kakiuti in 1961 attempted to assign out-of-plane 

ring modes of benzoic acid do, Idl and six esters. 

In Kakiuti's opinion, only four of the six predicted 

fundamentals were observed. 

HC~A!hinnie and Poller (1966) obtained· the infrared spectra 

of benzoic acid and twenty eight other monosubstituted 

benzenes in the region between 222 and 667 em-I. Nujol 

mulls and carbon tetracholide solutions were employed. 

Assignments for ' v6b ' and two carboxyl groupv6a v16b 

modes in the region were given. 

Relatively few Raman studies of the region above 

l200 cm- have appeared in the literature, prestunably because 

of the considerable experimental difficulty of obtaining 

Raman spectra be the advent of laser sources. Murty 

and Seshadri in 1942 obtained the Raman spectrum of 

benzoic acid in and were able to distinguish 

between monomer and dimer bands. Kohlraush reported the 

spectra of rno and crystalline benzoic acid in 1943. 

The spectrum the crystalline material revealed sixteen 

-1
bands between 181 and 3070 cm . A later spectrum by 

Cojan and Renaux (1958) revealed only eight bands. HOvl

ever, a powdered sample was used in this case. In 1963, 

Kanda et ale published the Raman spectra of benzoic acid 

in benzene ethanol. A~out 20 bands were revealed by 

these spectra. The quality of previous Raman spectra 



9 

can be evaluated by comparing the number of modes observed 

with the number predicted by group theory, namely, 84 for 

the free dimer and 177 for the unit cell. In none of 

these studies were detailed assignments given. 

Early far infrared spectra of benzoic acid were 

obtained by Genzel and coworkers (1956, 1959) and analyzed 

by Maier et ale (1962). A comparison of these spectra 

with more recent ones shows that they are of poor quality, 

revealing little of the structure observed in later 

studies. A high quality spectrum was obtained by stane

vich in 1964. Spectra were obtained at 20 and -175 0 c. 

An attempt was nade to assign the three IR active H-bond 

modes and the ring-carboxyl group out-of-plane bend. 

Lattice modes and the monomer torsion were not assigned. 

Another study in 1964 by Delorme yielded spectra of poor 

quali ty I sho\ving only two bands as opposed to the six 

bands observed by stanevich at room temperature. Room 

temperature solution spectra by Statz and Lippert (1967) 

and Meshitsuka et ale (1972) reveal very little structure. 

Polarized far IR spectra of oriented crystals have 

been obtained by Wyncke et ala (1968) and Meshitsuka 

et ale (1972). Detailed assignments of H-bond modes 

and lattice modes were given in both studies. Since our 

own analysis depends heavily on the results of these 

stUdies we will discuss them in detail in the section 
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dealing with assignments of low frequency modes. 

Haier and coworkers (1954, 1962) T..,ere the first 

to study the low frequency Raman spectrum. Polarized 

spectra of oriented crystals were obtained. Using the 

IR data of Genzel and coworkers, detailed assignments 

were given, even though all of the modes predicted 

by group theory \Vere not observed. Colombo and Furic 

in 1971 obtained the polarized Raman sp'ectra of an 

oriented cystal at temperatures ranging from 210 to 

350 0 C. In this study, a laser source was used. Only 

the region belot" 200.· em-1 was considered.. Temperature 

variations in the spectra were used to identify the 

lattice modes. Detailed assignments were given. This 

study will be discussed in more detail in the section 

dealing wi th the a.ssignments of lov! frequency modes. 

A survey of previous attempts to assign the normal 

modes of benzoic acid reveals that most have been based 

on a comparison of the spectra of a series of closely 

related compounds that differ only by judiciously chosen 

substitutent groups. The prime advantage of this pro

cedure is that the various compounds are usually avail

able commercially, or else can easily be synthesized and 

purified. A disadvantage is that changing substituent 

groups tends to change force constants and even geometry. 

Further, introducing substituent groups can change the 

number of atoms and therefore the number of normal modes .. 
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All of these changes tend to complicate matters. None

theless, in favorable cases this approach can be a useful 

adjunct to other procedures. 

If, in addition to chemical substitutions, isotopic 

substitutions are also considered, assignments of normal 

modes can be placed on a much firmer basis. For isotopic 

substitutions, the number of atoms is unchanged, and the 

force constants and geometry are unchanged to a high degree 

of approximation (Herzberg, 1945, p. 227). Consequently, 

the effects of isotopic substitutions are more easily 

understood than those of chemical substitutions. The only 

major disadvantage of this procedure is the expense of 

purchasing or synthesizing compounds of high isotopic and .. 
chemical purity. No doubt, this is the reason that most 

studies of benzoic acid have not employed isotopes. In 

our opinion, the failure to study a series of isotopic 

substitutions has been a serious obstacle in the majority 

of previous studies. 

Another important obstacle in interpreting Raman 

and infrared data has been a lack of resolution in the 

spectra. This lack of resolution has prevented the 

observation of all the modes active in the spectra, and 

may have led to erroneous polarization ratios, particularly 

in the low frequency Raman spectra that were obtained at 

room temperature. Fortunately, the problem of poor 
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resolution is readily solved by cooling the sample to 

10\'1 temperatures 1 preferably liquid helium .temperature. 

Furthermore, important inform2tion can sometimes be gained 

by studying the temperature dependence of the spectra. 

Each band in an infrared or Raman spectrum is char

acterized by atleast four parameters: frequency, intensity, 

width and polarization. A kno\'Tledge of the last para

meter can be of great value in assigning the normal modes, 

particularly if the structure of the unit cell of the 

crystal is kno\·mand the symmetry of the molecule and uni t 

cell are favorable. Even without knowledge of the unit 

cell, polarization data can be of great value in tracking 

isotope shifts. still another inadequacy of most studies 

of benzoic acid has been the failure to obtain the 

spectra of oriented single crystals, particularly at low 

temperatures where the increased resolution allows valid 

polarization measurenents. 

In summary, most previous infrared and Raman studies 

of benzoic acid have been severely hindered by the failure 

to study a sufficient variety of isotopes and the failure 

to obtain polarized spectra of oriented crystals at low 

temperatures. In this study, we have attempted to remove 

these inadequacies and have succeeded in obtaining the 

Raman and infrared spectra at 4.2 0 K of benzoic acid and 

three of its isotopes. Unfortunately polarized spectra 
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'\'lere not obtained. HOvlever, this la.ck is partially com

pensated by the low temperature polarized infrared and 

far infrared spectra very recently reported in the 

literature. We have also benefited from a polarized 

infrared spectrum taken at room temperature that was 

kindly supplied by Dr. R. Zwarich. This data, in con

junction with our data has allowed a nearly complete 

assignment of all the modes of benzoic acid dimers in 

crystals. 

B. 	 Construction of Benzoic Acid Normal Modes from the 

Normal Hodes of Benzene and Formic Acid 

The analysis of infrared and Raman spectra that is 

put forth in this thesis is based on the assumption that 

the normal modes of benzoic acid can be regarded as 

analogues of benzene and formic acid modes. The state

ment that modes are "analogues" means in practice that 

the normal coordinate displacements for benzene and formic 

acid can be used to predict the response of the benzoic 

acid modes to chemical and isotopic substitutions. This 

assumption is the usual basis of normal coordinate 

analyses of substituted benzenes. Justification of this 

assQ~ption is found in the fact that the calculated dis

placements of modes of substituted benzenes reseroble those 

of benzene itself in many cases. In some cases mixing 

of a ring and substituent mode creates a mode which is 



14 


not an analogue. In such a case, the response of the 

mode to chemical and isotopic substitutions cannot be 

predicted from the displacement patterns of the pure 

ring and substituent group modes. For subs tuent groups 

that contain a small number of atoms, such cases are rare. 

The out-of-plane modes for benzoic acid monomer can 

be constructed from those of benzene and formic acid. The 

former have been accurately calculated by a number of 

'Vlorkers and the latter have been represented qualitatively 

by Statz and Lippert (1967). Qualitative representations 

of benzene and formic acid normal modes are shown in 

Figures 1 and 2, respectively. 

Benzene has 9 out-of-plane modes. Formic acid has 

2, the C-H hydrogen wag and the O-H hydrogen wag. This 

gives 11 modes whereas benzoic acid monomer is expected 

to have N-3 = 12. The additional ~ode comes from the 

replacement of the C-H hydrogen of formic acid by an 

extended mass, which has a moment of inertia. The ne'tv 

mode is described as the ring-carboxyl group torsion. 

The other composite modes of benzoic acid can be regarded 

as mixtures of the ring and carboxyl group modes. It is 

important to realize that the mixing of a ring mode with 

one derived from the carboxyl group always leads to t\vO 

new modes. This occurs because there are two possib 

phase relationships between the ring and carboxyl group 
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FIGURE 1 
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Schematic displacements for benzene normal modes 
(Taken from Varsanyi, 1969). 
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modes. For example, the ring-carboxyl group out-of-plane 

vlag is derived from a ring mode i.vhich involves the wagging 

of the hydrogen on the sUbstituent carbon of the ring and 

from the C-H hydrogen wag of the carboxyl group. The 

ti.';O ways ~Thich these modes can be combined are sho\,yn in 

Figure 3. Appreciable mixing of modes is expected to 

occur when the modes have the same symmetry and approxi

mately the same frequency. 

The dimer out-of-plane modes consist of the monomer 

modes split into pairs in-pha ..9 and out-of-pha se canbinations, 

as illustrated in the above example) plus the H-bond out

of-plane modes. The H-bond modes involve the relative 

motions of the monomers as rigid bodies. These modes are 

shown in Figure 2 (boxed area). 

Benzene has 21 in-plane modes and formic acid has 7, 

giving a total of 28. However, benzoic acid is expected 

to have 27. An inspection of the displacement patterns 

for formic acid ShO~lS that only the C-H stretching mode 

can combine with a benzene in-plane mode in such a way 

that only one phase relationship is possible. In this 

case, a formic acid mode and a benzene mode coalesce to 

form only one mode, reducing the total number to 27. 

No further reductions occur, since for all other formic 

acid in-plane modes, two phase relationships are possible 

~/lhen combined wi th a benzene in-plane mode. 
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FIGURE 3 
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Out-of-Phase Combination 

Schematic representations of in-~hase and out-of
phase versions of the ring-carboxyl group out-of-plane 
wag mode for benzoic acid monomer. 
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The dimer in-plane modes consist of the 27 monomer 

in plane modes split into pairs (in-phase and out-of-phase 

combinations) plus three in-plane H-bond modes (see 

Figure 2) giving a total of 57. 

c. X-Ray Data 

An x-ray study of benzoic acid crystals at room 

temperature was carried out in 1955 by Sim, Robertson 

and Goodi.vin. Benzoic acid was found to form crystals of 

the monoclinic type with the unit cell dimensions: 

a = 5.52 ± 0.02 R, b = 5.14 ± 0.02 R, c = 21.90 ± 0.05 R 
and B = 97°. The unit cell contains two hydrogen-bonded 

5dimers and the space group of the crystal is C2h 

(Schoenflies notation). 

Thus, benzoic acid is similar to many common organic 

molecules (e.g. napthalene, anthracene, ~) which form 

5monoclinic crystals and belong to the C space group_2h 

The operators of this group are: E, C2 (b) , 0ac ' and 

i. C2 (b) corresponds to a screw axis and 0ac to a glide 

plane. A comparison of the multiplication tables for 

the C5 space group and the C2h point group shows that2h 

these groups are isoMorphic. Figure 4 shows the location 

of the symmetry elements relative to the a and b axes of 

the uni t cell. The b;'lO molecules of the uni t cell are 

located at site 1 and site 2. Rotation by 1800 around the 

screw-axis at a/4 moves the center of the molecule at 
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FIGURE 4 
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site 1, (0,0,0) to (a/2,O,O). Then the screw translation 

shifts the molecule to (a/2,b/2,O) , the coordinates of 

the center of the molecule at site 2. The centers of 

symmetry are at (0,0,0) and (a/2,b/2,O). The molecules 

located at these points have to be centrosyrrmetric, since 

these points are crystallographic centers of symmetry, 

and indeed the x-ray data shows that the benzoic acid dimer 

belongs to the Ci point group, within the limits of experi

mental error. Figure 5 shows the (0,1,0) and (1,0,0) pro

jections of the unit cell. 

Jeff~ey and Sax (1963) in a review of x-ray studies 

of carboxylic acid dimers point out that planarity of the 

dicarboxylic acid dimer configuration is the exception 

rat~er than the rule. Usually, the carbon and two oxygens 

of one carboxyl group forM a plane that is parallel but 

separated from the corresponding plane formed by the carbon 

and oxygensof the other carboxyl group. In the case of 

benzoic acid, the separation of the planes is 0.057 ± ° 
Jeffrey and Sax suggest that the planar configuration has 

the lowest energy for the free molecule but that in the 

crystal, steric packing requirements for the rest of the 

molecule cause a deviation from planarity. If this line 

of reasoning is correct, it is likely that a greater separ

ation of planes is present in the benzoic acid crystal at 

4.2 0 K, since the unit cell is smaller at this temperature. 
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FIGURE 5 

Arrangement of molecules in the benzoic acid 
crystal according to Sim, Robertson, and 
Goodwin (1955). The (100) and (010) projec
tions are shown. The numbers next to the 
dashed lines give the carbon-carbon inter
molecular distances. H-bonds are represented 
by unlabeled dashed lines and the boundaries 
of the unit cell in each projection are indi
cated by the rectangles. 
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Since the two benzene rings of the dimer belong to 

the same plane, it follows that the non-plana~ity of the 

carboxyl group prevents the dimer from belonging to the 

C2h point group. Further the inequality of the c-o and 

c=o bond lengths (1.29 ± 0.021 Rand 1.25 ± 0.021 R) 
prevents an accurately planar dimer from belonging to 

the D2h point group. Presumably, the unequal C-O and C=O 

lengths require the O-H and H~bond lengths to be unequal 

as well. 

Hayashi and coworkers (1966, 1974) have presented 

evidence that the measured difference bet\'leen the c-o and 

C=O bond lengths is less than the true value. They 

postulate that t\-.]o configurations of benzoic acid dimers 

are present in the crystal. These configurations differ 

in the location of the H-bonding protons, as shown in 

Figure 6. According to their data, the two configurations 

are separated by an energy barrier of 0.1 Kcal/mole, and 

the B configuration has the higher energy_ Because of 

the small barrier, an appreciable fraction of the molecules 

'viII be in the B configuration at room temperature. This 

means that a corresponding fraction of the C-0 2 bonds 

will be double bonds. Thus, the measured C-0 bond length2 

represents a weighted averaged of the C-O and C=O bond 

olengths. At 4.2 K, only the A configuration should be 

present in the crystal. Consequently, an x-ray measurement 
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FIGURE 6 


C 2 2 

La 
CB) 

Different configurations of benzoic acid 
dimers in the pure crystal. (010) plane. 
(Taken from Hayashi and Kimura, 1966). 
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of the C-0 2 and C-O l bone lengths should reveal a larger 

difference in the lengths if Hayashi's hypoth~sis is 

correct. Further discussion of this hypothesis will be 

presented in Sections lID. and IIR. 

In summary, the x-ray data shoVls that the symmetry 

of the benzoic acid dimer is accurately Ci and approximate

ly C2h 0 r D2h . It is important to realize that for the 

purpose of normal coordinate analysis, the symmetry has 

to be determined from the selection rules that are re

vealed in the Raman and infrared spectra. Furthermore, 

the sym.rnetry "felt" by the molecule vibrating in one 

normal mode may be different from that felt in another 

mode. Accordingly, we will consider C s and C2v 

symmetry for benzoic acid monomer and Ci I C2h and D2h 

for the dimer. 

other important information provided by the x-ray 

data are the direction cosines relating the X, Y, and Z 

axes of the molecule to the a, b, and c' axes of the 

unit cell. The c' axis is perpendicular to the plane 

formed by the a and b axes. The angle between the c 

70 and c ' axes . . Table 1 gives the location of the~s 

X, Y, and Z axes of the dimer, and the direction cosines 

relative to these axes. The representations of the point 

groupsconsidered in this study are shoVln in Table 2. 
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TABLE 1 

Direction Cosines of Molecular Axes (X,Y,Z) 
Relative to Unit Cell Axes (a,b,c'). 

;-H----O 

>---C )---l

\----H-O 

_-----....J). Z 

x 
y 

Cos Z = 0.2118 Z = 77.8° a a 
Cos = 0.7189 44.0°Zb Zb = 
Cos = 0.6621 Z = 48.50Zc' c' 

Cos Y = -:-0.8236 Y = 145.5° a a 
Cos Y = -0.2666 Y = 103.7°b b 
Cos = 0.5154 = 59.0°Yc' Yc' 

Cos = 0.5276 X 58.2°Xa a = 
Cos -0.6546 130.9°Xb = Xb = 
Cos X = 0.5420 X = 57.20 

c' c' 

(Taken from Sim, Robertson, and Goodwin, 1955). 
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TABLE 2 


EC1 

Rx , Ry , R: Xl.y2, Zl 

xy, XZ, yz 
X,Y,ZAu 

E Cz allC:lh 

Xl. )f2. Z2, xy1 1 1 RzA9 
:CZ, y::Bg 1 1 -1 R".R, 

1 -1 -1 zAu 
-1 -1 I x.yBlI 

E Cz.(;;) C:!(y) C2(x) a(xy) O'(x.:) o(yz)D:!l1 

-I 
I 

1 I J 1 IAt 
-1 -1 I 1 1BIg 

1 -I 1 1 1B2q 
I ) 1 J tBJ'1 

1 J -J -1 -1A .. 
-I -I -1 -I 1B 1u 

1 -1 -1 1 1B"1.~ 
1 1 -J 1 1BJu 

R; 
R}. 
Rx 

;; 

y 
x 

Character tables for Ci , C2h ' C2v ' 

groups. (Taken from Cotton, 1971). 

z-axis = 
perpendicular axis 

X\y2.::1 
xy 
X? axes 'same asy:: 

in Table 1 

and D2h point 
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D. 	 Effects of Intra- and Inter-Molecular Interactions on 

the Infrared and Raman Spectra 

1. 	Dimer Splitting 

In the benzoic acid dimer, the monomers are 

coupled by two hydrogen bonds, which are relatively weak 

compared to the covalent bonds in the monomer. Because 

of the weak coupling, the dimer modes (except for the 

II-bond modes) can be regarded as in-phase and out-of

phase combinations of the monomer modes. If the H-bonds 

were sufficiently strong, the H-bond modes would have 

frequencies comparable to those of the monomer and acci. 

dental near degeneracies between H-bond and monomer modes 

would lead to mixing invalidating the analogue mode 

assumption mentioned in lIB. The in-phase modes will have 

gerade symmetry and, will be only Raman active. The out

of-phase modes v7ill have ungerade sYIllilletry and will be 

only IR active. The magnitude of the coupling between 

monomers will be reflected in the difference between the 

IR and Raman frequencies of a given mode and is expected 

to vary from mode to mode. In particular, dimer splitting 

is expected to be greatest for modes which involve car

boxyl group motion. 

Ir. addition to being analogues of the monomer modes, 

the diner Modes are expected to have a "memory" of the 

local symmetry felt by the monomer modes. For example, 

consider a hypothetical monomer mode which has zero 
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amplitude at the carboxyl group atoms. A molecule 

vibrating in this mode \-7ill likely feel C2v symmetry. 

nssume further that the mode belongs to the A2 repre

sentation. Modes belonging to this representation are 

Raman active but not IR active. In this case, we expect 

the ungerade dimer mode to appear weakly in the IR 

spectrum even though it is group theoretically alloHed. 

In short, \'le expect that vleak coupling \"ill allow local 

sy~etry to prevail. 

2. Fermi Resonance 

Another complication of the spectra vlhich results 

from intramolecular interaction is the phenomenon of 

Fermi resonance. This type of interaction occurs when 

a combination or overtone band is accidentally degenerate 

with a fundamental having the same symmetry, and is a 

result of the failure of the harmonic oscillator approxi

mation. Fermi resonance splits or reduces the degeneracy, 

and the intensity of combination band is enhanced at 

the expense of the intensity of the fundamental. 

In addition to the group-theoretical requirement that 

the fundamental and co~bination modes have the same 

symmetry, there is the spatial requirement that both modes 

have appreciable amplitude in the same region of the 

molecule. An accidental degeneracy bet~Teen a fundamental 

involving only carboxy group atoMs and a combination mode 
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involving only ring motion is therefore not expected to 

exhibit strong Fermi resonance. 

The occurrence of Fermi resonance is expected to 

increase with the frequency of the fundamental because 

the density of combination states is greater at higher 

frequencies. Further, since deuterium substitution 

usually decreases the frequencies of the various modes, 

Fermi resonance occurs more frequently in deuterium 

substituted molecules. In other words, lo\vering the 

frequencies of the modes in effect compresses the spectrlli~ 

into a smaller frequency range, increasing the density 

of states. This problem is expected to be most apparent 

in the spectrum of benzoic acid d •S 

3. Inversion Doubling and Configuration Splitting 

In an isolated benzoic acid dimer, inspection 

shows that there are two possible configurations for the 

H-bonding protons. Both configurations are physically 

equivalent and should therefore have the same energy. 

As early as 1938, Bushwell et ale suggested that 

the protons move in a potential well that has two minima 

separated by a barrier. Since the two configurations of 

protons are isoenergetic, the double-minimum potential 

can be constructed from two identical single-well poten

tials whose minima are separated by a distance qo along 

the normal coordinate which corresponds to the gerade or 
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in-phase motion of the protons. Because the potential 

wells are identic~l, the levels in one well are degen

erate with those in the other. The application of 

degenerate perturbation theory splits the degenerate 

levels and leads to a double minimum potential well. 

Because the two minima are separated by a finite barrier, 

it is possible for the protons to shift from one minimum 

to another. One way this shift can be effected islby 

adding sufficient energy to the system to make the energy 

of the protons exceed the height of the barrier. Another 

way is for the protons to tunnel through the barrier. 

Calculation shows the rate of tunneling is inversely 

proportional to the magnitude of the splitting of the 

energy level. As observed for NH3 (Herzberg, 1945, p. 224) 

and predicted for otha:- systems O'Jood, 1972), tunneling is 

drastically reduced hy deuterium substitution. Bushwe1l 

et al. (1938) and others (Blinc and Hadzi, 1959, and 

references therein) have suggested that the complex 

structure of the O-H and O-D stretching bands in the IR 

spectrum of benzoic acid may be the result of tunneling 

splitting. However, in this connection, it is important 

to remember that in crystalline benzoic acid, the unequal 

c-o and C=O bond lengths and the non-planarity of the 

carboxyl group require motion of the oxygen atoms when 

the protons change from one configuration to another. 
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Since the oxygensmove with the hydrogens, deuterium sub

stitution may not cause a large change in the reduced 

mass. Consequently, deuterium substitution may not 

lead to a large reduction of tunneling splitting. And 

indeed, the large reduced Mass that results when the 

oxgyens are required to move may lead to a very slo'\v 

tunneling rate, disallowing the hypothesis of Bushwell 

et al., at least for crystalline benzoic acid. 

'Nhen a benzoic acid dimer is present in the crystal, 

it is not necessari ly -true that the two possible proton 

configurations will have the same energy. It is entirely 

possible for the crystal field to be asymmetric with 

respect to proton inversion, since the symmetry operations 

of the space group do not lead to the type of proton in

version that occurs with tunneling. When the two proton 

configurations are not isoenergetic, an asyrnmetric double 

~vell is formed. by the resonance interaction. Ini tially, 

the leve of the two single wells are not exactly degen

erate. However, the perturbation still causes the levels 

to spread apart. In this case, tunneling only causes a 

shift in the already separated levels, and the effect of 

deuterium substitution is to reduce the magnitude of the 

shi This has the effect that the observed changes in 

the spectruo will appear less drastic than in the symmetri 

cal case, where it is possib in principle, to see two 
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bands coalesce into one upon deuterium substitution. 

'rhe possibili ty that the t\qO configurations of 

protons may not be isoenergetic in the crystal was first 

noted by Hayashi and Kimura in 1966. These authors 

obtained the polarized infrared spectrum between 850 and 

l1800 cm- They observed that some bands were resolved 

into pairs at low temperatures. For some pairs both 

members were found to have the same polarization, ruling 

out the pos~ibility of factor group splitting. ,More 

surprising was the fact that as the temperature was low

ered, one member of a pair became more intense and the 

other became less intense. As noted by Hayashi and 

Kimura, one possible explanation of this phenomenon is 

that the pair is due to Fermi resonance, with the temper

ature dependence resulting from changes in the energy 

difference bettA!een the fundamental and combination modes. 

The magnitude of this dif rence would be expected to 

change with temperature if the zero-order frequencies 

of the fundamental and combination modes possessed dif

ferent temperature dependences. This possibility has 

been ruled out in a second paper by Hayshi and Umemura 

(1974) • Their argument is based on a theory of Fermi 

resonance proposed by ~1iyazawa (1960) \vhich requires the 

separation of a Fermi resonance pair to be smallest when 

the band areas are equal. Hayashi and Umemura find 
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that the separation is smallest at room temperature "\vhere 

the band areas are unequal. Clearly, this a.rgument is 

only as strong as the theory on which it is based. We 

lhave observed in Raman bands at 79 and 88 cm- the 

same phenomena observed by Hayashi in the IR spectrum. 

In Section II I, we consider in detail the possibility 

that these phenomena are the result of Fermi resonances. 

Hayashi and co\vorkers explain their observations by 

postulating the stence of the two configurations of 

benzoic acid molecules in the crystal. Their measurements 

show that these configurations are separated by an energy 

barrier of about 0.1 kcal/mole. According to their 

hypothesis, some but not all modes have different frequen

cies in one configuration than in another. This results 

in the band pairs for some modes. Reducing the tempera

ture reduces the population of the higher energy config

uration and increases the population of the other config

uration by the sa~e amount. This explains the change in 

relative intensities of the members of a band pair. 

In Hayashi's spectrum the band pairs are associated 

with carboxylgroup modes and not with ring modes. This 

suggests that the tvlO configurations differ \vi th regard 

to carboxyl group atoms. Accordingly, Hayashi and co

workers have suggested that the two configurations cor

respond to the two possible configurations of protons in 
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a dimer, relative to the crystal ld. In this connection 

it must be remembered the non-planarity of the carboxyl 

group and the unequalC-O and C=O bond lengths require both 

in- and out-of-plane displacements of the oxygen atoms 

whenfue protons change from one configuration to another. 

It is important to realize that the "hot bands" ob

served by Hayashi and coworkers are not the usual type 

of hot band. Normally, hot bands correspond to the trans

itions from an excited vibrational state. Reducing the 

temperature reduces the population of molecules in excited 

vibrational states so that transitions from these states 

are correspondingly reduced in intensity. The number of 

molecules in the zeroth vibrational state increases as the 

temperature is lowered and transitions from this level are 

increased accordingly. v7hen this type of hot band is 

involved, lowering the teFl.pera.ture causes the disappear..... 

ance of some bands and a ~ore or less uniform increase in 

all of the other bands. The marked increase in a few 

bands and no others as the temperature is lowered cannot 

occur with this type of hot band. 

In the case of Hayashi's model, hOVltTever, such changes 

can occur. Let us consider for simplicity the case where 

the configuration splitting vanishes for all modes except 

one and where its magnitude is such that both bands are 

clearly resolved. Assume that the absolute absorption 



37 


intensity for any mode is the same in ther configuration 

and is unaffected by temperature. Then, as the temperature 

is lO'l','lered and molecules shift from one configuration to 

the other, no change in intensity will be observed for 

those bands that are not split. However, in the resolved 

pair one band will increase and the other will decrease. 

It is thus apparent that Hayashi's model is consistent 

with some bands becoming more intense as the temperature 

is lowered \'7ith most others being relatively unchanged in 

intensity. 

4~ Factor Group Splitting 

Since the unit cell of the benzoic acid crystal 

contains two dimers is necessary to consider the effect 

of any interaction bet'C,veen these t\vO molecules on 

normal modes. As pointed out previously, the space group 

of the crystal is C~h which consists of the operations E, 

C2 (b) , aac ' and i. C2 (b) and aac interchange s 1 and 

2 as shown previously_ Only E and i leave a given site 

unchanged. This set operations is a subgroup of the 

space group and is called the site group. The site group 

descri.bes the syrnmetry of the crystal field seen by a given 

dimer. Since this field perturbs the dimer, the symmetry 

of a dimer in the crystal can be no higher than Ci - How

ever, \vhen one dimer is coupled to the other dimer in its 

unit cell, the syw~etry of the coupled system must be 
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considered. In particular, we have to consider the 

symmetry of the unit cell. The symmetry group of the 

unit cell is cal the factor group. In the case of 

5 
is C2hthe space group C2h ' the factor group (Craig & 

t'1almsley 1968). Since the dimers in the unit cell are 

coupled, we have to consider the symmetry-adapted normal 

modes of the unit cell. These modes must belong to 

representations of the factor group. The representations 

of the site group Ci are correlated with those of the 

factor group in Figure 7. Appropriate symmetry groups 

for a free planar dimer are and D2h • The representaC2h 

tions of these groups are also correlated with those of 

the site group in Figure 7. 

In treating the interaction between dimers in the unit 

cell, we assume \v-hat is called the oriented gas model. 

According to the model, the crystal in the zero order 

approximation is considered to be an oriented gas of non-

interacting molecules. The interaction between the 

molecules is then included as a perturbation. The use 

of this model is feasible for so-called molecular crystals. 

In such crystals, the forces betl,veen molecules are -small 

in comparison with the forces associated with covalent 

bonds. Thus the mo cules retain their identity in the 

crystal and, in particular, the normal modes of the unit 

cell can be constructed from those of the free molecule. 
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FIGURE 7 
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In the case of a molecule such as benzene, the oriented 

gas model is an excellent approximation as all of the 

bonds in benzene are strong compared to intermolecular 

forces. In the case of benzoic acid, this model has 

to be applied with care because the hydrogen bonds of 

the dimer are weaker than covalent bonds and may be com

parable to intermolecular interactions. One consequence 

of this is that the lattice modes of the unit cell may 

have frequencies close to those of the H-bond modes, 

leading to mixing of lattice, and H-bond modes of the 

same symmetry_ This type of mixing yields modes which 

do not resemble those of the free dimer and in this case, 

the molecule would lose part of its identity when placed 

in the crystal. 

The symmetry-adapted u..Tli t cell norrnal coordinates 

are constructed froB the dimer normal coordinates as fol

lows (Hochstrasser 1966, p. 303): 

S (Ag) = 1/12 (Ql (Ag) + Q2 (Ag> ) or l/l2" (Ql (Bg > + Q2(B ) 
g 

S (Bg) = l/I2(QI (Aej) - Q2 (Ag) ) or 1/12 CQ I (B'g) - Q2 (B g > 

S (Au) = 1/12 (QI (Au) + Q2 (Au> ) or 1/12 (Ql (B'u> + Q2 (Bu' 

S (Bu) = 1/11 (QI (Au) - Q2 (Au) ) or 1/12 (Ql (Bu) - Q2 (Bu) 

Thus, the unit cell modes are the in-phase and out-of

phase combinations of the dimer modes. 
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In addition to the unit cell modes derived from dirner 

vibrations, there are the unit cell modes der.ived from the 

rotations and translations of the dimers in the uni t cell, 

the so-called lattice modes. Since each dimer has three 

rotational and three translational degrees of freedom, and 

since for each degree of freedom, an in-phase and an out-

of-phase combination is possible, there are six rotational 

and six translational lattice modes. Three of the trans

lational modes correspond to the in~phase combinations 

and are called acoustic modes. These modes are optically 

inactive (Davydov, 1962, page 15). Table 3 shows the 

5character table for the C space group and the characters2h 

of the reducible representations of the lattice modes. 

Decomposing the characters of these representations, we 

find that f (T) = 3Au + 3Bu and f (T a) = Au + 2Bu" Hence, 

f(To) = 2Ag + Bg_ For the rotational lattice modes we 

have f(R) = 3Ag + 3B g • The six rotational lattice modes 

are Ra~an active and the three optically active trans

lational modes are IR active. 

When the factor group componertts of a mode are clearly 

resolved, measurement of the polarization properties 

a clear-cut procedure. If components are not re

solved, then the stronger of the two components is ex

pected to determine the qualitative polarization proper

ties of the composite band. 
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TABLE 3 

ClIAHACTI-:n 'rAULl-; FOIt Till!: r~A SI'.\('J-; GHOFl'; hmBDUenH.E A;>';l) 

HEDFCJlII.l:; HJ.:I'HE:-\E;>.;T.\TItl;>.;;j 

(.:. g c: i I':!I. 0

i~--' -
..til I 1 1 1 

rl>, ..t .. 1 1 -1 -1 
Bg I -1 1 -1 

'", 'e, flu 1 -1 1 1 

X ('l') G 0 -G 0 
X ('l'a) ;) -1 -:~ 1 
x(R) 6 0 G 0 

"Tn denotes a translational lattice mode. 

"T If denotes an acoustic translational 
a lattice mode. 

liT 
Q 

II (see text) denotes an optically 
active translational lattice mode. 

5Character table for the C2h space group 

(Taken from Davydov, 1962). 
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Because of the low site symmetry, each A-type and B-

type dimer mode is correlated with both an A-type and a 

B-type factor group mode (see figure 7). HO~lever, in 

favorable cases, a knowledge of the intensity ratio of a 

factor group pair enables one to determine whether the cor

responding dimer mode has A or B symmetry properties. 

We first consider IR active vibrations. In order 

for a vibration to be IR active, the dipole moment must 

change as a result of the vibration. This change,in 

dipole moment may be referred to as the vibration induced 

dipole moment,~. The absolute intensity of an IR active 

mode for a free molecule is proportional to ~·t (Herzberg 

1945, p. 240). Let us suppose that the magni tude and di

rection of ~ relative to the dimer axes is known for the 

free molecule. In a unit cell mode we will have 

the molecule at site 1 and ~2 for the molecule at site 2. 

Both 1 and Et2 are identical relative to the respective 

sets of molecular axes. Davydov (1962, p. 21) has shown 

that in the context of the oriented gas model, the IR 

intensity of a unit cell mode is also proportional to 

~·Et 1 where ~ is equal to the sum of the free molecule 

dipole moments for the Au mode and the difference for the 

B mode. 
u 

Since experimental measurements are made relative to 
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the a, b, and c'axes of the crystal, it is necessary to 

express the vectors in terms of these axes. The avail 

able experimental data only deals with the case where the 
-+ 
E vector of the light wave is parallel to the a-axis or 

the b-axis. Consequently, we calculate only I(wl)b/I(w2)a' 

where wI is the frequency associated with the Au mode and 

with the Bu mode. I(wl)b is the intensity of the Auw2 
-+ 

mode when the E vector is parallel to the b axis. Sim

ilarly, for I(w2 )a. Also we consider only three directions 

-+ -+ -+ -+ -+-+
of the dipole moment vector: e//x, e//y, and e//z, where 

-+ -+ -+ 
x, y, and z are Q~it vectors along the axes of a dimer, 

-+
and for simplicity, ~ve assume that e is a unit vector. 

Using the direction cosines in Table 1, we calculate the 

-+ -+
following relationships: e//x: 

=: a =:+ e x2 )a - a 0(ex1 x x 

(exl + e x2 )b =: b 
x + b x == 2b x 

=: c' - c· =: 0(ex1 + e x2 )c' x x 

=: =:- e x2 )a a + a 2a(ex1 x x x 

- =: b - b -< 0e x2 )b(exl x x 

- e x2 )c • =: c' + c' =: 2c'(ex1 x x x 

Thus, I(W1)b/I(W2)a =: b~/a~ =: (0.6546)2/(0.5276)2 =: 

-+ -+
1.5 for e//x. Proceeding in exactly the same manner, we 

-+ -+ 2 2 2
find that for e//y: I(w1)b/I(w2)a =: by/a = (0.2366) /y 

2 -+ -+ 2 2
(0.8236) =: 0.1, and for e//z: I(w1)b/I (W 2 )a =:·bz/a = z 
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(0.7189)2/0.2118)2 - 11.8. Summarizing, we have: 
~ ~ ~ ~ 

el/x yields Au(b) > Bu(a) i e//y Ids Bu (a) . > > 1\1 (b) ; 

We have expressed these 

results in terms inequalties because experimental 

measurements are not expected to be highly accurate. 

Such factors as imperfect orientation and inhomogeneity 

of the crystal, fect polarization of the light, and 

unresolved bands having different polarization properties 

are some of the frequent sources of error in polarization 

measurements. Also, the direction cosines used in our 

calculations are determined from room temperature x-ray 

diffraction measurements; at 4.2 0 K, their values may be 

different. 

In this treatment we have consi.dered only the cases 

where 
~ 

e is paral 1 to one of the molecular axes. The 

reason for this is that only symmetry considerations are 

available for determining the direction of 
~ 

e for a given 

mode. In order for symmetry considerations to be useful r 

the sYITmetry has to be high enough that ~ is required to 

be accurately parallel to one of the molecular axes. For 

example, if the syrometry of dimer is D2h , it is a 

simple matter to determine representation to which a 

mode belongs and then determine the polarization of the IR 

trans i tion from the. group theory table. For C2h symmetry, 

direction of 
~ 

e can be determined from an insp~ction 

of the displacewent patterns, and as long as a c 2 (x) axis 
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is present l will be parallel to one of the axes. In the 

case of Ci symmetry, it is not possib to use sym.rnetry 

considerations to termine the direction of 
-+ 
e. As 

discussed in Sectio.n II C, the lO\'lering of the dimer 

symmetry to Ci is caused by the deviation of the carboxyl 

group from the plane containing the benzene rings. Modes 

involving the oxygen atoms, such as the carbonyl stretch 

are likely to feel C. symmetry. Since the plane containing
1. 

the carboxyl group is inclined relative to the plane of 

the benzene rings, we expect the carbonyl stretch mode to 

generate a change in dipole moment that has an in-plane as 

well as an out-of-plane component, relative to the plane 

of the benzene rings. Since the relative magnitudes of 

these components cannot be determined, even qualitative 

polarization properties for this mode cannot be predicted. 

It is interesting to note that the polarization ratios 

for modes involving carboxyl group motion should be 

temperature dependent, since the inclination of the car

boxyl group should change with temperature. This change 

should still be apparent after using temperature-corrected 

direction cosines. Modes not involving carboxyl group 

atoms should show constant polarization ratios when teQ

perature-corrected direction cosines are used. 

Since the H-bonding protons are in the region between 

the t'V10 inclined planes, it follows that their deviation 
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from the plane of the benzene rings may be quite small 

and in any case smaller than the deviations o.f the oxygen 

atoms. Thus, a mode which has large amplitude at the 

hydrogen atoms and small amplitude at the oxygen atoms 

may feel symmetry. Such a mode would be the out-ofC2h 

plane hydroxyl hydrogen wag. Benzene modes which have no 

amplitude at the I and 4 positions are expected to lead 

to benzene analogues which have little displacement at 

carboxyl group atoms. Hence these modes are expected to 

feel D2h symmetry, allowing clear cut predictions of the 

relative intensities of the factor group components. 

We now attempt to calculate the relative intensities 

of Raman active factor group components. In the free 

molecule, the intensity of a Raman active mode depends 

on the squares of the partia.l derivatives of the compon

ents of the polarizability tensor, where the partial 

derivatives are with respect to the normal coordinate in 

question. The tensor consisting of the partial derivatives 

of the polarizability can be referred to as the Raman 

-+ 
tensor. Thus if P denotes the dipole moment induced by 

-+ 
an external electric field E we have: 

P = a' E + a' E + a' E x xx x. xy y xz z 

Py = a' yx E x + a~yEy + a' yz E z 

Pz = a' E + a' E + a' E zx x zy y zz :z 
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The Rruuan tensor a is given by: 

da~x/dQ da~y/aQ 

a - da~x/dQ da~y/dQ da'yz /dQ. 

da' /dQ dO', , /dQ da' /dQzx zy zz . 

The derivation that is presented here for benzoic 

acid is an adaptation of that given for napthalene and 

anthracene by Suzuki, et al., (1968). In the context 

of the oriented gas model, we assume that the polarizability 

of the unit cell is the sum of the free molecule polariza

bilities of the two molecules in the unit cell: 

a' = a' +0.2'.uc 1 

is a normal coordinate of the molecule at site I and Q2 

is the corresponding coordinate for the molecule at site 2. 

The components of the free molecule 

polarizabili ty tensor have to be-determined relative to the crystal 

axes, since experimental measurements are made in this 

reference frame. Relative to the a, b, c' reference 

frame, the free molecule Ra~an tensors are given by 

the matrices· of direction cosines for the two sites of 

the unit cell. Further, since the observed bands in the 

Raman spectra correspond to unit cell normal modes, v-Te 



need to express and Q in~terms of the symmetryQl 2 

adapted coordinates of the unit cell .. As shqwn pre

viously, S(Ag) = 1/I2(Ql+02) and S(Bg) = 1/I2(QI-Q2). 

These equations can be rearranged to give Q1 = l/I2(S(Ag ) 

+ S(Bg )) and Q2 = l/I2(S(Ag) - S(Bg )) substituting 

we obtain 

we obtain 

When the matrices are multiplied out and combined we 

obtain: 

F"'aa 0 

Ctuc(Ag) = 0 Abb o 

A 0 ac 

o o 

o 

o o 




50 

The components of these tensors have to be evaluated for 

each representation of the point group to which the dimer 

belongs. Table 4 shows the components for the D2h point 

group. Most notable is the fact that the factor group 

intensity ratios for unit cell modes derived from non-

totally symmetric dimer modes depend only on the direction 

cosines. For a molecule possessing C2h symmetry, a Bg 

dimer mode leads to 

= (c b +c b)a + (a bx+a b )az x x z zx y x y yx 

and = (c b +c b)a + (c b +c b)a . z x x z zx yx x y yx 

Since the tensor components cannot be factored out, the 

factor group intensity ratio cannot be expressed in a 

way that depends only on the direction cosines, as was 

possible for D2h syrometry. 

E. Varsanyi Tab 

Of great value in this normal coordinate analysis has 

been a recently published book by G. Varsanyi (1969) 

entitled Vibrational Spectra of Substituted Benzenes. 

Varsanyi has carefully considered and summarized results 

of the very large number of experimental and theoretical 

studies of the vibrational spectra of sUbstituted benzenes. 

As a result others have been spared of this onerous and 

time consuning task. s summary takes the form of tables 

which show the expected frequency ranges of the benzene 
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TABLE 4 

Elements of-the deri\-ed polarizability tensors of naphthalene and anthracene 
crystals 

2auaw'l.~1# 


2bUb1D~:'" 

2c!Jcu;'l.~tQ 


(aucu; ..;- a1.::cu):X~", 


(aubw -;- at(/)u)'l.~1IJ 


(buc ll;" -;- bl0CU.)7.~fD 


211't,Gu;tY.;1.O 
2bl)bwCt.~1.O 
2c tlc,,;'('10 


(atpw -;- °Wc'l,,)et.~w 


(avbw + awbv)Ct.;1D 

(bvcw + buP'V)Ct.~.(" 


Ofl 

0,/:<" + a/:x:·v + aJet.W :1t 

bu!Ct.~ .. + bf /et.;t1 + bw2Ct.~1D 
cu::x~ .. + c,/O'.;" + c,/'X.:r18 
aucuO:~," -;- o·t,cv'X~. + all)cfl:et.~", 
aubu.:X~ .. + c",bvet.;. + atl;bw7.~rlll 
bt.lcu:X~" -;- b1F",Ct.~t: + bi!,cu;et.~ 

Derived polarizability tensors for modes belonging 

to representations of the D2h point group (Taken 

from Suzuki et al., 1968). 
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analogues for various classes of substitutents. Since 

these ranges are based upon a particular set of molecules, 

it is always possible that the ranges will have to be 

enlarged as this set is enlarged. Consequently, we have 

not been surprised to find several modes which are slightly 

outside of the Varsanyi ranges. However, we have assumed, 

somewhat arbitrarily, that the sequence of modes predicted 

by the Varsanyi ranges is correct. While we have been 

able to make a consistent set of assignments that is in 

full agreement with the sequence required by the Varsanyi 

ranges, it is possible that other sets of assignments using 

the same criteria could be made which violate the Varsanyi 

sequence. This possibility has not been systematically 

investigated. The reader will understand why when he 

considers that if one has no expected ranges for the modes, 

then the number of logically possible sets of assignments 

for the 39 group - theoretically predicted modes of the 

18 
monomer with 39 observed bands is 39! ~ 10 . Clearly, 

the use of the Varsanyi tables results in an enormous 

simplification. 

In order to use the Varsanyi tables, it is necessary 

to determine if the substituent in question is "heavy" 

or nlight". For Benzoic acid Varsanyi's criteria show 

that the carboxyl group is "light H for in-plane modes and 

"heavy" for out-af-plane modes. Table 5 shows the 

Varsanyi tables for light and heavy mono-substituted 

benzenes. 



53 

TABLE 5 


FREQUEr--;CY REGIONS OF DTFFERENT NORMAL VIBRATIONS OF BENZENE 

DERIVATIVES 

Sote: For in-plane vibrations "light" substituent::; are those whose first atom has atomic 
weight less than 25 except for -CF3 and -NSO which have to bl! cb.ssified as "h~::lVY" 
substituents. 

For out-of-plane vibrations "heavy" are all polyatomic sub5tituents and monoatomic ones 
'Qa\ing atomic v,eight above 25. Polyatomic substituents in which free rotation is possible 
around the bond connecting the first "light" and /loll-branching atom with the ring. have 
to be considered as "light" substiw;;:nts. 

monol!ght monohe;,t.yy 1,4-dilight 1,4-diheavy l-light-4-hu,vy 2,6-dili~ht 2.6-ditl¢3,VY 

1 620-830 1060-1100 720-860 1040-1100 1050-1100 650-750 1050-1140 
2 3030-3070 3030-3070 3050-3085 3050-3035 305()""30S5 3050-3095 3050-3080 

3 1270-1331 1253-1275 1260-1313 1260-1310 1260-1310 1262-1297 1262-1297 

.4 680-700 6S0-700 655-735 680-730 665-735 675-700 675-700 
5 970-1000 970-10CO 240-380 910--970 910-970 930-990 930-1000 

6a 300-530' 650-710 330-510 680-810 720-840 450-550 640-710 
6b 605-630 605-630 610-650 610-650 610-650 350-520 700-800 
7a 3000-3060 260-410 1100-1270 150-330 240-400 3000-3050 250-400 
7b 3030-3030 3000-3060 3030-3050 30J0-3050 3030-3050 760-960 280-430 
8a 1575-1614 1575-1614 1570-1628 1570-1628 1570-1628 1561-1603 1561-1608 
8b 1562-1597 1562-1597 1552-1605 1552-1605 1552-1605 1591-1625 1591-1625 
9a 1170-1181 1.170-1181 1142-1190 1156-1190 1156.,.1190 230-360 140-200 
9b 200-410 160-300 260-490 250-350 260-490 1145-1175 1145-1175 

lOa. 810-850 810-860 800-840 790-850 790-850 860-920 190-220 
lOb 880-910 140-200 890-940 240-300 240-340 840-880 120-1 SO 

11 720-760 720-8JO 810-840 80-170 80-170 760-790 760-850 

12 990-1010 990-1010 680-760 t060-1100 431-680 990-1010 990~101O 

13 1100-1280 3020-3040 1100-1320 3050-3090 1100-1300 1120-1300 3000-]050 

14 1300-1350 1300-1350 1240-1300 1240-1330 1240-1380 1250-1350 1250-1350 
15 1150-1160 1150-1160 190-350 150-230 150-230 300-4S0 260-370 

16a 390-420 390....420 380-420 380-420 380-420 460-600 460-600 
t6b 430-560 430-5GO 410-550 410-550 410-550 400-490 400-490 
lia 940-930 940-980 940-9S0 930-990 939-990 220-280 890-950 
17b 140-250 880-940 150-220 790-890 790-890 160-240 840-900 

ISa 1018-1030 1013-1030 100+-1022 1003-1022 100+-1021 1061-1091 1061-1091 
18b 1055-10!32 1065-l0S2 1035-1128 11f)0-t 128 1100-1123 1082-1123 1032-1109 
19;1 1470-1515 1470-1515 1460-1530 1460-1530 1.+60-1530 1386-1467 1336-1467 
190 1440-1470 1440-1470 1370-l470 1370-1470 1370-1470 1460-1500 1460-1500 
201 3070-3110 3070-3 i 10 3050-3090 360-550 3050-3090 3060-3120 3060-3120 
20b 30::!0-30S0 3020-3CSO 3020-31:0 3020-3120 3020-3120 3030-3095 3030-3095 

(Taken from Varsanyi, 1969). 

http:monohe;,t.yy
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F. Experimental Procedures 

1. 	Synthesis of Isotopically stituted Benzoic Acids 

The synthesis of benzoic acid 4d is describedl 

in Section lITE; Benzoic acid vlas obtained fron Berck 

Sharpe & Dohme. 

Benzoic acid ld was prepared by dissolving zone
l 

refined benzoic acid in a large excess of MeOD (Diaprep, 

99%), and then evaporating the methanol. To prevent con

tamination from moisture in the , all manipulations 

were carried out in a dry box or e e in a sealed glass 

sublimator. The dry box was purged with nitrogen gas that 

was dried by passage through a fresh P205 column. The 

ni trogen atmosphere in the box \Vas rred by a small fan, 

and several large evaporating di containing fresh 

P2 0S were placed in the box to d maintaining a rnois

ture-free atmosphere. 

The solution of benzoic acid in MeOD (240 mg in 20 

ml) was prepared in the dry box and added to a Kontes 

Bantam sublimator which was modi so that the cold-

r functioned as an inlet for N2 gas. The N2 inlet 

(previously water inlet for cold- r) and the vacuum 

port \.;rere fi tted with teflon stopcocks. After the 

methanol solution was added to the sUblimator, the teflon 

stopcocks were closed and the unit was removed from the 

dry box and attached to a source dry N., gas. The 
~ 
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passage of N2 gas through the sublirnator evaporated the 

methanol in a reasonable period of time. D2 0, was not 

used because of difficulties in evaporation. After 

evaporation, the stopcocks were closed and the unit was 

put back into the dry box. ~~ additional 20 ml of MeOD 

was added and the evaporation step was repeated. The 

modified cold-finger was then replaced with a standard 

cold-finger and the unit was removed from the dry box 

and 	attached to a vacuum system. After sublimation was 

complete the vacuum port stopcock was closed and the 

unit was put back into the dry box. The interior of 

the 	sublimator was brought up to atmospheric pressure by 

opening the stopcock inside of the dry box. 

2. 	Purification Procedures 

All compounds exc"ept benzoic acid ld were ex
l 

tensively zone refined as described in Section IIIB. 

Benzoic acid ldl was purified by sublimation as described 

above. The zone refined compolli"1ds were found to be of 

sufficient purity for phosphorescence work. Also, these 

compounds were free of fluorescent impurities to the 

extent that fluorescence was essentially undetectable 

under the normal conditions of Raman spectrocopy (vide 

infra) . The ldl material was found to exhibit slight 

fluorescence under these conditions~ These impurities 

were presumably picked up from the methanol used for 
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deuterium excha.nge. In this regard, D2 0 would be 

superior to MeOD since it would likely contain fewer 

fluorescent impurities. 

3. Isotopic Purity 

Because of the high resolution and large 

signal-to-noise ratio characteristic of the Raman spectra 

obtained in this study, is necessary to consider the 

isotopic purity of the samples carefully.. The isotopic 

puri ty of the compound \.vas 99% as sho'\.'ffi by mass spectd S 

roscopy. The remaining 1% was composed of d 4 ' 'd 3 

' and do' most of it being d 4 and very little beingd 2 d l 

do. The purity of the 4dl compound was found to be 

98.S% by mass spectroscopy, and th~ Raman data confirms 

this measurement. The purity of the ldl samples could 

not be readily determined by mass spectroscopy since 

these compounds cannot be handled in room air. 

Raman spectrum shows that the do impurity about 3%. 

Naturally, in the crystal the do molecules are almost all 

present as partsof mixed dO-ld l dimers. 

\'1e must also be concerned wi th the natural abundances 

13The natural abundance of C is 1.11%. 

18 17For 0 it is 0.2% and for 0 , 0.04%. The probability 

that a molecule having 7 carbons will have at least one 

13C atom is 7.77%. This fact is readily revealed in the 

mass spectrum of benzoic acid. The probability that a 
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given molecule will have two c13 
atoms is 

2(.0777) , 

etc. Since the shift caused by a c13 atom is one position 

13 may be the same as that caused by a C atom in another 

13position, the C bands can have appreciable intensities, 

provided that they are resolved. According to Herzberg 

-1(19 45 , p. 368) shifts as large as 10 cm have been ob

served for benzene skeletal deformations. Smaller shifts 

are expected for other types of ring modes. In the section 

on assignments we will present evidence that some bands 

13 are definitely due to the pressure of C atoms. In other 

cases, it will not be possible to distinguish between 

13factor group components and C side bands because polar

18ization data is not available. Shifts due to 0 have 

not been identified as there is no way of distinguishing 

13them from C shifts. liIe feel that those bands v-lhich 

are suspected to be 	 the result of isotopic impurity are 

13most likely due to c , since this atom is more than 25 

18times as abundant as 0 . 

4. Sample Preparation 

Raman samples were pressed pellets of 100% benzoic 

acid. These pellets were prepared with a standard die 

and press normally used for KBr pellets. The pressure 

was 12,000 pounds per square inch. Pressed and unpressed 

benzoic acid samples gave the same spectr~~ at room tem

perature. For benzoic acid ld the sa."Uple was trans-
l 

ferred from the sublimator to the pellet die in the 
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dry box. r the die vvas sealed, it VIas removed from 

the dry box and the pellet was pressed. The llet 

was then removed from the die and transferred to the 

liquid helium devlar in the dry box. The dewar ",las 

sealed and removed from the dry box. ~fter it was set 

up in the Raman spectrometer, it was unsealed and quickly 

(about 3 seconds) attached to the vacuum system, which was 

immediately turned on in order to prevent exposure of the 

sample to room air. 

Infrared samples were prepared by mixing benzoic 

acid with KBr in an agate mortar and pestle. Pellets 

were prepared with a standard die and press using a 

pressure of 12,000 pounds per square inch. The concen

tration of benzoic acid in KBr was about 0.2% in most 

cases. For benzoic acid ldl , the benzoic acid pO'tolder 

and KBr were mixed in the dry box. The quantity of 

benzoic acid added to the KBr \'1as estimated by eye rather 

than \.,reighed. The remainder of the procedure VIas identi 

cal to that used for Raman ldl les. 

5. Instrumentation 

Raman spectra were obtained with a Carey Model 82 

Raman spectrometer. s instrument, vlhich is undoubtedly 

a state-of-the-art design, uses a triple monochromator, 

which eliminates Rayleigh light to the point that one can 

leasily obtain Raman spectra to within 5-7 cm- of the 
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laser line using powdered samples. The sensitivity of 

the instrument allowed the determination of benzoic acid 

spectra having a high signal-to-noise ratio with spectral 

-1
bandwidtmas small as 0.5 cm ,with a 1 watt argon laser 

(Coherent Radiation Nodel 52C). 

Normally, the 5145 R line was used instead of the 

4880 R line because of fewer problems with plasma lines. 

Infrared spectra were obtained with a Perkin Elmer 

Hodel 225 infrared spectrometer. This instrument, which 

was intended for research purpose~, possesses severe 

limitations. First, the spectra are given as Percent 

Transmission rather than in Absorbance, \vhich makes visual 

interpretation of the spectra difficult. Secondly, the 

expanded scale readout is such that the total range of 

the instrument cannot be covered with a single degree of 

expansion. A more serious problem is that all of the 

light from the source passes through the sample before it 

enters the monochromator. This causes sample heating, 

which is particularly a problem with low temperature 

spectra. Further, the light from the source is focused 

in a plane that coincides with the edge of the sample 

compart.rnent. V·Then using a liquid helium dewar in the 

sample compartment, the sample cannot be located in the 

focal plane of the source beam. Consequently, severe 

vignetting of the beam occurs, greatly reducing the avail

able signal-to-noise ratio. 
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Another problem vIas created by the use of I<Br pellets 

instead of single crystals. Because of scattering from 

the KBr, the 100% baseline intensity decreases as the 

'illavelength decreases. Since the apparent peak height 

for a given percent transmission decreases as the base

line intensity decreases, it is more difficult to evaluate 

the spectra. Also, the KBr caused an asyrnmetric broad

ending of the bands, the greatest broadening occurring at 

the 10'\'1 frequency end of a band. Symmetrjc, gaussian 

bands are obtained with single crystals~ and the baseline 

change due to scattering appears to be less. 

For infrared and Raman ctra at 10''1 tenperatures, 

an Air Products Hodel LT-3-110 Cryotip dewar vTas used. 

This dewar is of the cold-finger type that allows the 

windo~'1s to remain at room temperature.. For Raman work, 

the windows were of fused quartz, and for IR work, CsI 

windows were used. Press pellets were used for all 

experiments. The pellet was inserted into a copper 

pellet holder. A~ indium o-ring was used to achieve good 

therP1al contact bet'Neen the pellet and the holder.. The 

pellet holder was attached to the coldfinger of the dewar. 

A gold-cobalt thermocouple and a Keithley digital voltmeter 

were used to monitor the temperature of the coldfinger. 

Since the energy absorbed due to Raman scattering is 

extremely small, it is be ved that sample temperature 
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and cold-finger temperature were nearly equal in the Raman 

experiments. For the infrared experiments, -sample heating 

undoubtedly made the sample warmer than the cold-finger. 

The magnitude of the temperature difference is unknown. 

G. Infrared and Raman Spectra 

This section contains the infrared and Raman spectra 

obtained in this study as well as reproductions of some 

infrared spectra that have appeared in the literature. 

The spectra obtained in this study have been trans

ferred by hand onto tracing paper and then reduced with 

a reduction xerox machine. Since tracing cannot accurately 

represent the high frequency components of the noise that 

appear in the spectra, it should be understood that noise 

has been represented in a stylized manner. Although the 

Raman chart paper and tracing paper possessed nominally 

identical grids a small mismatch \vas sometimes observed. 

Consequently, accurate frequencies should be sought in 

the tables rather than the spectra. 

The tables accompanying the spectra contain a 

number of extremely weak bands which are not discussed in 

the sections on assignments. We have included these bands 

for the benefit of future studies of combination bands. 

It should be realized that the weakest of these bands 

have signal-to-noise ratios that are close to unity and 

may therefore be noise. Also some bands, which are very 

broad or asymmetric, may actually consist of a number 
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of superimposed bands that are unresolved. 

Since the IR spectra obtained in this study do not 

exhibit the unusually high resolution and signal-to-noise 

ratio found in the Raman spectra, expanded scale versions 

of the IR spectra are not presented. However, frequencies 

can be re more accurately in the expanded scale spectra; 

consequently, these spectra were consulted in preparing 

the tab of IR frequencies. The Raman and IR frequencies 

are believed to be accurate to within ± 1 to ± '2 em-I 

The best available evidence for this is the fact that 

bands corresponding to modes expected to show zero dimer 

l 'tt' . h' + 2 -1sp 1. 1.ng agree to W1. t 1.n - em 

For benzoic acid do ' 4d l , and dS both high and low 

sensitivity Raman spectra are presented. In the low 

sensitivitiy spectra almost all bands are on scale, while 

in the high sensitivity spectra the gain has been increased 

by about an order of magnitude in order to reveal very 

weak bands. The strongest bands are more than a thousand 

times as intense as the weakest bands observed. A high 

sensitivity spectrumof benzoic acid Id could not bel 

obtained because of fluorescent impurities. The Raman 

spectra along with corresponding IR spectra are given in 

Figures 8-18. Figures 19-23 contain previously published 

IR spectra that are referred to in the sections on assign

ments. 24 presents selected regions of the Raman 

spectra benzoic acid d 
o 

taken at 2980 K, 770 K, and 

4.2o K. 
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FIGURE 8 

Raman Spectrum of Benzoic Acid do 

Carey Model 82 Raman Spectrometer 

oTemperature = 4.2 	 K 

Spectral Bandwidth 	= 0.5 cm -1 

-1
Scan Rate = 0.25 em /second 

Pen Per~od 1.0 second 

4Sensitivity = 1.5 x 10 counts per second 
full scale 

o
Laser Wavelength = 5145 A 

Laser Power = 740 milliwatts 
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FIGURE 9 

Raman Spectrum of Benzoic Acid d 
o 

Carey Model 82 Raman Spectrometer 

oTemperature = 4.2 K 

-1
Spectral Bandwidth = 0.5 em 

Scan Rate = 0.25 cm-l/second 

Pen Period = 2.0 seconds 

3Sensitivity = 3 x 10 counts per second 
full scale 

Laser Wavelength = 5145 R 
Laser Power = 640 milliwatts 
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TABLE 6 


This table contains the frequencies and peak heights of 
bands in the Raman spectra shown in Figures 8 and 9. Peak 
heights are given relative to an arbitrary unit of intensity. 

-1Band Number Frequency (cm ) Peak Height Comments 

1 33.6 26.0 
2 51.0 20.4 
3 55.2 20.9 
4 60.0 2~4 

5 88.0 90.0 
6 97.5 74.4 
7 99.0 46.9 shoulder 
8 119.5 28.0 
9 124.7 69.0 

10 132.7 43.0 
11 198~0 37.5 
12 261.5 0.40 shoulder 
13 263.5 0.68 
14 407.5 0.44 
15 422.0 26.4 
16 438.0 4.04 
17 505.5 0.54 shoulder 
18 506.8 1.13 
19 605.0 0.18 broad 
20 610.0 1.2 
21 611.2 1.38 
22 613.5 0.18 shoulder 
23 616.0 43.0 
24 617.5 21.3 
25 658.5 very weak 

shoulder 
26 659.5 2.40 
27 684.6 0.66 
28 710.5 5.34 
29 716.0 0.22 
30 767.0 0.07 
31 769.0 0.10 
32 783.0 0.12 
33 791.0 0.36 
34 795.0 weak, un

resolved 
shoulder 

35 797.4 95. 0 
36 800.5 weak 

shoulder 
37 804.5 0.42 
38 812.0 1.44 
39 817.0 5.76 
40 837.0 0.06 
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Table 6 (Continued) 

Band Number Frequency 
-1(em ) Peak Heiqht Comments 

41 841.0 0.10 
42 854.0 2.94 
43 855.5 1.38 
44 909.8 0.42 
45 939.4 1.08 
46 943.5 0.78 
47 975.0 1.08 
48 983.5 0.12 
49 987.4 2.82 
50 989.0 4.26 
51 991.0 unresolved 

shoulder 
52 997.0 5.52 shoulder 
53 1000.5 >105 
54 1019.8 0.66 
55 1026.0 0.78 shoulder 
56 1028.3 40.0 
57 1071.0 0.12 
58 1074.5 0.66 
59 1076.0 0.84 
60 1103.0 0.24 
61 1113.0 0.24 
62 1122.0 0.54 
63 1127.0 O. 84 
64 1134.0 1.74 
65 1145.5 0.18 
66 1149.5 0.24 
67 1157.0 3.18 
68 1170.0 4.98 
69 1179.0 10.40 
70 1189.5 6.72 
71 1196.0 0.12 
72 1214.0 0.12 
73 1218.0 0.30 
74 1234.0 0.12 
75 1246.0 0.24 
76 1249.0 0.24 
77 1254.0 0.24 
78 1261.5 0.18 
79 1272.0 0.30 
80 1276.0 unresolved 

shoulder 
81 1278.5 10.4 
82 1280.0 8.64 
83 1287.0 3.96 
84 1292.0 30.0 
85 1301.0 0.18 
86 1318.0 8.16 
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Table 6 (Continued) 

Band Number Freque'ney -1(em ) Peak Height Comments 

87 1327.0 19.5 
88 1342.0 0.42 
89 1369.0 0.30 
90 1371.0 0.42 
91 1374.0 0.54 
92 1384.0 0.12 
93 1386.0 0.12 
94 1424.0 0.24 
95 1426.0 0.18 
96 1445.0 unresolved 

shoulder 
97 1447.0 7.32 
98 1466.0 5.40 
99 1494.0 0.42 

100 1498.0 0.24 
101 1524.0 0.12 
102 1538.5 0.12 
103 1543.0 0.12 
104 1546.0 0.12 
105 1555.0 0.12 
106 1557.0 0.66 
107 1563.0 0.72 
108 1565.0 0.72 
109 1573.0 0.42 
110 1581.5 1.80 
III 1586.5 1.6'8 
112 1593.5 2.16 
113 1599.7 41.0 
114 1601.0 36.0 
115 1615.0 33.0 
116 1631.0 27.0 
117 1660.0 1.02 
118 1663.0 0.12 unresolved 

shoulder 
119 1671.0 0.96 
120 1673.0 0.84 
121 1718.0 0.24 
122 1751.0 0.12 
123 1758.0 0.30 
124 1775.0 0.48 
125 1794.0 0.30 
126 1797.5 0.30 
127 1802.5 0.42 
128 1824.0 0.12 
129 1827.0 0.12 
130 1848.0 0 .. 12 
131 1994.0 0.24 
132 2028.0 0.12 
133 2055.0 0.12 
134 2261.0 0.12 
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Table 6 (Continued) 

-1 CommentsBand Number Frequency .(cm ) Peak 

135 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 

161 

162 

163 

164 

165 

166 

167 

168 

169 

170 

171 

172 

173 

174 

175 

176 

177 


2272.0 
2331.0 
2427.0 
2480.0 
2498.0 
2521.0 
2526.0 
2530.0 
2544.0 
2550.0 
2599.0 
2601.5 
2636.0 
2728.0 
2746.0 
2764.0 
2773.0 
2779.0 
2785.0 
2798.0 
2811.0 
2892.0 
2898.0 
2907.0 
2912.0 
2923.0 
2931.0 
2971.0 
2977.0 
2983.5 
2995.0 
3007.5 
3038.5 
3048.5 
3058.0 
3060.5 
3066.5 
3072.0 
3093.0 
3113.0 
3168.0 
3198.0 
3210.0 

0.12 
0.12 
0.18 
0.18 
0.24 
0.12 
0.12 
0.12 
0.12 
0.24 
0.78 
1.44 
1.08 
0.12 
0.12 
0.24 
0.42 
0.54 
0.48 
0.12 
0.48 
0.12 
0.12 
0.18 
0.18 
0.24 
0.18 
0.12 
0.18 
6.0 
0.12 
0.79 
2.88 
3.96 

31.0 
35.5 
1.74 

>105 
0.84 
0.30 
0.72 
0.84 
0.48 

shoulder 

shoulder 
shoulder 

shoulder 
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FIGURE 10 

Raman Spectrum of Benzoic Acid 4dl 

Carey Model 82 Raman Spectrometer 

Temperature = 4.2 0 	 K 

-1Spectral Bandwidth 	= 0.5 cm 

-1Scan Rate = 0.25 cm /second 

Pen Period = 1.0 second 

4Sensitivity = 2 x 10 counts per second 
full scale 

Laser Wavelength = 5145 R 

Laser Power = 500 milliwatts 
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FIGURE 11 

Raman Spectrum of Benzoic Acid 4dl 

Carey Model 82 Raman Spectrometer 

oTemperature = 4.2 K 

-1
Spectral Bandwidth = 0.4 em 

-1Scan Rate - 0.5 cm /second 

Pen Period = 2.0 seconds 

3Sensitivity = 2 x 10 counts per second 

Laser Wavelength - 5145 R 
Laser Power = 500 milliwatts 
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TABLE 7 

This table contains the frequencies and peak heights of 
bands in the Raman spectra shown in Figures 10 and 11. 
Peak heights are given relative to an arbitrary uni t of 
intensity. 

Band Number Frequency -1(cm ) Peak Hei9:ht Comments 

1 33.7 25.0 
2 51.0 20.0 
3 54.8 22.0 
4 60.0 2.50 
5 88.5 89.0 
6 96.9 76.0 
7 98.9 45.0 shoulder 
8 119.0 25.0 
9 124.0 66.0 

10 132.5 42.0 
11 192.2 27.5 
12 260.7 0.24 shoulder 
13 262.7 0.72 
14 380.5 0.96 
15 407.3 1.32 
16 415.5 unresolved 

shoulder 
17 420.0 26.0 
18 425.0 6.42 
19 504.5 0.60 
20 506.5 unresolved 

shoulder 
21 599.5 0.06 
22 605.5 .84 
23 607.0 1.2 
24 612.3 31.5 
25 612.8 unresolved 

shoulder 
26 615.0 0.06 
27 617.3 2.34 
28 656.0 0.54 
29 657.0 1.92 
30 697.8 5.16 
31 701.5 0.18 
32 773.5 0.30 
33 775.5 0.24 
34 779.3 0.12 
35 786.5 17.0 
36 790.,5 0.12 
37 794.5 unresolved 

shoulder 
38 796.8 88.0 
39 803.0 0.36 
40 807.0 0.24 
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Tab 7 (Continued) 

Freguency 
-1

(em ) Peak He Comments 

41 811.5 0.30 
42 837.0 0.12 
43 843.0 0.24 
44 852.0 2.82 
45 854.5 1.68 
46 870.0 0.06 
47 873.5 9.30 
48 878.0 6.00 
49 881.0 0.12 
50 895.0 1.26 
51 911.5 0.42 
52 958.3 0.18 
53 972.7 2.28 
54 974.3 0.36 

985.3 >105 
56 990.5 14.5 
57 993.2 0.36 
58 1001.0 1.62 
59 1018.0 0.24 
60 1022.5 0.60 
61 1026.2 11.2 
62 1029.0 unresolved 

shoulder 
63 1035.0 0.24 very broad 
64 1043.0 0.18 very broad 
65 1076.0 0.06 
66 1079.5 0.06 unresolved 

shoulder 
67 1101.0 0.66 
68 1104.0 0.12 
69 1109.5 0.12 
70 1112.0 unresolved 

shoulder 
71 1118.0 1.74 
72 1119.0 0.06 
73 1122.0 0.12 
74 1125.0 0.12 
75 1127.5 0.12 
76 1132.5 0.12 
77 1137.0 32.5 
78 1164.2 0.30 
79 1170.0 0.30 
80 1174.0 unresolved 

shoulder 
81 1176.5 12.4 
82 1182.5 0.06 
83 1187.7 3.24 
84 1203.0 0.06 
85 1206.0 0.36 
86 1212.0 .12 
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Table 7 (Continued) 
. -1 

Band Number Frequency (em ) Peak Heights Comments 

87 1214.5 .42 
88 1222.5 0.06 very broad 
89 1230.0 0.24 very broad 
90 1239.0 0.12 broad 
91 1255.0 0.36 very broad 
92 1261.5 0.12 shoulder 
93 1263.5 0.18 shoulder 
94 1267.0 3.48 
95 1279.3 0.30 
96 1283.0 4.26 shoulder 
97 1287.8 37.5 
98 1298.5 0.06 
99 1303.5 3.96 

100 1307.5 3.6 ' shoulder 
101 1311.0 unresolved 

shoulder 
102 1312.0 unresolved 

shoulder 
103 1319.5 0.72 shoulder 
104 1325.0 16.5 
105 1328.0 unresolved 

shoulder 
106 1329.5 unresolved 

shoulder 
107 1365.0 0.24 
108 1371.5 0.24 
109 1391.0 0.24 
110 1404.0 0.12 broad 

shoulder 
III 1410.5 0.18 
112 1413. 0 1.92 
113 1427.0 0.18 
114 1451.0 2.70 
115 1453.5 0.18 shoulder 
116 1554.7 0.24 shoulder 
117 1461.5 13.0 
118 1471.5 0.12 broad 
119 1478.5 0.18 broad 
120 1483.5 1.32 
121 1487.0 0.12 shoulder 
122 1491.0 unresolved 

shoulder 
123 1492.0 0.60 
124 1520.5 0.36 
125 1550.5 0.18 
126 1556.5 0.72 
127 1567.5 0.60 broad shoulder 
128 1574.0 1.68 shoulder 
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Table 7 (Continued) 

Band Number Frequency: (em-I) Peak Heights Comments 

129 1575.5 1.80 
130 1580.5 0.48 
131 1585.5 unresolved 

shoulder 
132 1587.5 unresolved 

shoulder 
133 1589.5 unresolved 

shoulder 
134 1591.0 unresolved 

shoulder 
135 1592.5 unresolved 

shoulder 
136 1596.0 23.0 
137 1598.0 22.0 
138 1605.0 6.0 broad 

shoulder 
139 1616.5 unresolved 

shoulder 
140 1618.0 unresolved 

shoulder 
141 1627.0 39.0 
142 1633.5 unresolved 

shoulder 
143 1641.0 o. 78, 
144 1646.5 unresolved 

shoulder 
145 1650.5 3.60 
146 1670.0 0.24 very broad 
147 1693.0 0.12 
148 1700.0 0.30 
149 1732.0 0.24 
150 1736.0 0.12 
151 1766.0 0.66 broad 
152 1772.0 0.66 broad 
153 1780.0 0.30 
154 1795.0 0.30 broad 
155 1801.0 0.60 
156 2182.0 0.18 
157 2188.0 0.06 
158 2255.0 unresolved 

shoulder 
159 2260.5 12.0 
160 2270.5 0.36 very broad 
161 2282.5 0.06 shoulder 
162 2287.5 0.06 shoulder 
163 2290.0 0.06 shoulder 
164 2294.5 5.76 
165 2305.0 0.12 
166 2310.0 0.12 
167 2414.0 0.06 very broad 
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Table 7 (Continued) 

(em-1)Band Number Frequency Peak Heights Comments 

168 2425.0 0.24 very broad 
169 2455.0 0.30 very broad 
170 2479.5 0.48 
171 2613.0 0.36 
172 2630.0 0.48 very broad 
173 2757.5 0.18 
174 2773.0 0.24 
175 2779.0 0.18 
176 2808.0 0.48 very broad 
177 2865.0 0.24 
178 2890.0 0.54 very broad 
179 2964.0 1.20 
180 2968.0 1.20 broad shoulder 
181 2992.5 2.52 
182 2985.0 0.48 
183 3043.0 1.44 
184 3050.0 1.80 unresolved 

shoulder 
185 3057.5 31.50 
186 3065.0 1.32 
187 3071.0 >105 
188 3081.5 0.24 
189 3086.0 0.66 
190 3092.5 0.36 
191 3103.5 0.54 
192 3147.0 0.48 broad 
193 3153.0 0.24 
194 3166.0 0.18 
195 3198.0 1.08 
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FIGURE 12 

Raman Spectrum of Benzoic Acid d 5 

Carey Model 82 Raman Spectrometer 

oTemperature - 4.2 	 K 

-1
Spectral Bandwidth 	= 0.5 em 

-1
Scan Rate = 0.25 em /second 

Pen od = 1.0 second 

4Sensitivity = 2 x 10 counts per second 

Laser Wavelength = 5145 R 

Laser Power (not recorded) 
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FIGURE 13 

Raman Spectrum of Benzoic Acid d5 

Carey Model 82 Raman Spectrometer 

oTemperature = 4.2 K 

Spectral Bandwidth = 0.5 em 
-1 

-1
Scan Rate = 0.25 em /second 

Pen Period = 2.0 seconds 

Sensitivity- 2 x 10 3 counts per second 
full scale 

Laser Wavelength = 5145 ~ 

Laser Power = 380 milliwatts 
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TABLE 8 


This table contains the frequencies and peak heights of 
bands in the Raman spectra shown in Figures 12 and 13. Peak 
heights are given relative to an arbitrary unit of intensity. 

Band Number Frequency (em-1) Peak Height Comments 

1 32.8 29.5 
2 49.5 19.0 
3 53.5 19.0 
4 58.5 1.80 
5 81.0 unresolved 

shoulder 
6 83.6 96.0 
7 92.5 37.0 
8 94.5 , unresolved 

shoulder 
9 114.5 35.0 

10 120.3 68.5 
11 128.0 23.0 
12 187.8 23.5 
13 255.0 0.40 shoulder 
14 256.2 0.85 
15 356.0 0.40 
16 391.0 0.20 
17 394.5 0.36 
18 415.0 33.3 
19 495.5 0.60 
20 539.5 0.13 
21 544.2 0.95 
22 586.2 0.17 
23 587.5 0.16 
24 591.2 51.0 
25 592.4 23.0 
26 595.5 0.70 
27 596.8 0.10 
28 610.3 0.80 
29 617.5 0.60 
30 642.5 0.20 shoulder 
31 644.0 0.73 
32 667.0 14.0 
33 669.0 6.7 
34 731.5 10.3 
35 733.4 5.0 
36 762.0 4.8 
37 766.8 42.0 
38 770.8 unresolved 

shoulder 
39 799.5 0.80 
40 805.0 0.60 
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Table 8 {Continued} 

Band l~umber Frequency 
-1

(em ) Peak Height Comments 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

52 
53 
54 
55 
56 
57 
58 

59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 

811.8 
813.0 
822.0 
823.0 
828.2 
833.0 
838.4 
843.8 
852.3 
858.7 
867.5 

870.3 
877.0 
902.5 
912.0 
921.0 
927.0 
935.0 

941.0 
948.5 
957.5 
963.2 
969.0 
972.8 
975.0 
985.5 

1006.0 
1019.0 
1023.5 
1029.5 
1038.0 
1041.0 
1042.0 
1057.0 
1077.0 
1087.5 
1093.5 
1122.0 
1126.0 
1130.0 
1149.0 
1158.0 
1183.0 
1194.0 
1202.0 
1206.0 
1220.5 

0.15 
0.30 

0.17 
0.16 
0.05 

20.0 
20.0 
0.82 
0.65 

93.00 
12.50 

0.10 
0.15 
0.10 
0.10 

0.40 
4.90 

>105 
0.30 
0.50 
3.10 
0.70 
0.20 
0.20 
0.50 
0.55 
0.50 
0.10 
1.80 
2.25 
0.30 
0.60 
0.60 

42.50 
0.50 
0.20 
0.10 
0.10 
0.25 
0.15 
0.05 
0.40 
0 .. 35 
0.10 

shoulder 
shoulder 

unresolved 
shoulder 

unresolved 
shoulder 

shoulder 

very broad 

very broad 
very broad 
very broad 
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Table 8 (Continued) 

-1
Band Number Frequency (em) Peak Height Comments 

88 

89 

90 

91 

92 

93 

94 

95 


96 

97 


98 

99 


100 

101 


102 

103 

104 

105 

106 

107 

108 

109 


110 

III 

112 

113 

114 

115 

116 

117 

lIB 

119 

120 

121 

122 

123 

124 

125 


126 

127 

128 

129 


1234.5 
1237.0 
1247.0 
1253.0 
1259.0 
1264.5 
1272.5 
1279.0 

1286.0 
1296.0 

1299.0 
1320.0 
1325.5 
1331.5 

1334.2 
1339.5 
1344.0 
1358.5 
1365.5 
1372.5 
1378.5 
1384.0 

1387.5 
1392.5 
1409.0 
1422.5 
1430.5 
1438.0 
1459.5 
1510.0 
1530.5 
1538.0 
1547.2 
1554.5 
1558.5 
1568.5 
1569.3 
1574.0 

1584.5 
1602.0 
1617.0 
1621.0 

0.70 
0.70 
0.05 
0.50 
0.30 
2.20 

54.5 

0.90 

1.BO 
0.30 
0.50 

7.90 
0.30 
0.20 
0.10 
0.10 
2.50 

18.5 

0.80 
0.60 
0.20 
0.10 
0.40 
0.20 

12.0 
0.20 
0.20 
1.05 
1.85 
B.40 

10.0 
50.0 
53.0 

3.00 
1.80 

34.0 

shoulder 

unresolved 
shoulder 

unresolved 
shoulder 

unresolved 
shoulder 

unresolved 
shoulder 

unresolved 

unresolved 
shoulder 

unresolved 
shoulder 
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Table 8 (Continued) 

-1
Band Number Frequency (em) Peak Height Comments 

130 


131 


132 


133 


134 

135 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 

161 

162 

163 

164 

165 

166 

167 

168 


1623.0 

1625.0 

1628.0 

1630.0 

1633.0 
1641.2 
1643.5 
1654.0 
1656.5 
1680.0 
1688.5 
1726.0 
1737.5 
1740.5 
1769.0 
1771.0 
1796.0 
2081.0 
2136.0 
2 0.0 
2177.0 
2197.5 
2210.5 
2219.5 
2242.0 
2264.0 
2269.7 
2276.4 
2285.8 
2296.5 
2377 .. 5 
2601.0 
2631.5 
2671.0 
2690.0 
2772.0 
2781 .. 0 
3131.0 
3136.0 

2.00 
4.00 
4.00 
2.10 
2.10 
1.40 
0.80 
0.15 
0.50 
1.10 
0.60 
0.40 
0.30 
0.45 
0.65 
0.40 
0.80 
0.40 
0.70 
0.90 
1.30 

16.0 
1.70 

54.5 
3.50 

>105 
0.40 
2.30 
1.00 
0.50 
0.50 
0.70 
0.50 
0.40 
0.40 

unresolved 
shoulder 

unresolved 
shoulder 

unresolved 
shoulder 

unresolved 
shoulder 

unresolved 

shoulder 

very broad 
very broad 
broad 
broad 
broad 
broad 
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FIGURE 14 

Raman Spectrum of Benzoic Acid ldl 

Carey Model 82 Raman Spectrometer 

Temperature = 4.20 K 

lSpectral Bandwidth 	= 0.5 cm

lScan Rate = 0.5 cm- second 

Pen Period = 1.0 second 

Sensitivity - 4 xl0 4 counts per second 
full scale 

Laser Wavelength = 5145 ~ 

Laser Power = 1000 milliwatts 
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TABLE 9 


This table contains the frequencies and peak heights of 
bands in the Raman spectrum shown in Figure 14. Peak heights 
are given relative to an arbitrary unit of intensity. 

Band Number Frequency 
-1

(em) Peak Height comments 

1 33.8 40.0 
2 51.0 25.0 
3 55.2 26.0 
4 60.0 3.0 
5 80.0 unresolved 

shoulder 
6 87.2 73.0 
7 97.4 77.0 
8 99.5 unresolved 

shoulder 
9 119.5 34.5 

10 125.5 86.0 
11 132.5 55.0 
12 197.8 53.0 
13 253.0 0.3 
14 260.0 0.5 
15 408.0 0.5 
16 418.0 35.0 
17 420.0 unresolved 

shoulder" 
18 437.0 5.5 
19 504.5 1.5 
20 610.5 1.5 
21 611.8 1.5 
22 616.4 58.0 
23 617.5 34.0 shoulder 
24 635.4 1.0 
25 686.0 1.0 
26 714.7 6.0 
27 763.0 unresolved 

shoulder 
28 769.8 31.0 
29 797.0 1.3 
30 812.8 17.0 
31 817.5 8.0 
32 856.5 4.0 
33 858.0 2.5 
34 939.0 1.5 
35 943.0 1.0 
36 975.0 1.5 
37 987.5 4.5 
38 989.0 7.0 
39 997.0 8.5 
40 1000.5 >105 
41 1019.5 1.0 
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Table 9 (Continued) 

Band Number 
-1

Frequency. (cm ) Peak Height Comment 

42 1028.2 55.0 
43 1971.0 1.5 
44 1078.2 9.5 
45 1084.2 2.5 
46 1090.5 24.0 
47 1094.0 shoulder 
48 1127.5 1.5 
49 1134.2 19.0 
50 1157.0 5.5 
51 1170.5 6.5 
52 1182.5 9.5 
53 1192.7 7.5 
54 1196.0 1.5 
55 1240.0 1.0 
56 1266.5 1.5 
57 1273.0 1.0 
58 1275.5 1.0 
59 1280vO 2.5 
60 1295.0 0.7 
61 1300.0 2 .. 0 
62 1310.5 4.0 
63 1322.0 -B.5 
64 1327.5 1.5 
65 1351.0 2.0 
66 1360.5 15.. 0 
67 1368.0 5.0 
68 1392.0 2.5 
69 1455.0 3.0 
70 1496.0 2.0 
71 1579.5 unresolved 

shoulder 
72 1581.0 unresolved 

shoulder 
73 1583.5 9.0 
74 1593.8 1.0 
75 1599.0 14.5 
76 1613.0 49.5 
77 1619.5 6.0 
78 1623.0 3.0 
79 1636.0 1.5 
80 1640.0 0.5 
81 2946.0 0.5 
82 2984.5 4.5 
83 3008.5 6.5 
84 3029.0 0.5 



164 

Table 9 (Continued) 

Band Number Frequency 
-1

(cm. ) Peak Height Comment 

85 
86 
87 

88 
89 

90 
91 
92 
93 
94 
95 

3037.5 
3048.0 
3054.0 

3058.0 
3065.0 

3072.5 
3091.0 
3121.5 
3160.0 
3189.0 
3201.0 

4.5 
2.0 

35.5 

86.0 
0.3 
0.5 
0.5 
0.3 
0.5 

unresolved 
shoulder 

unresolved 
shoulder 
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FIGURE 15 

Infrared Spectrum of Benzoic Acid d 
o 

Perkin Elmer Model 225 Infrared Spectrometer 

oTemperature = 4.2 K 

Sample: 0.5 milligrams of Benzoic Acid d 
o 

in 300 milligrams of KBr 

Reference: 300 milligrams of KBr + Screen 

Pen Period = 3.0 seconds 

Suppression = 2 

Scan Speed = 3 

Slit Program = 4.5 
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TABLE 10 


This table contains the frequencies and qualitative relative 
intensities of bands in the IR spectrum shown in Figure 15. 
The frequencies given in this table have been'taken from 
an expanded scale version of the spectrum in Figure 15, since 
frequencies can be determined more accurately in the expanded 
scale spectrum. 

(em-I)Band Number Freguency Intensi ty comments 

1 286.0 
2 294.0 
3 431.0 
4 546.0 
5 557.0 
6 626.0 
7 667.0 
8 669.5 
9 671.5 

10 683.0 
11 685.0 
12 694.0 
13 697.0 
14 708.0 
15 710.5 
16 797.0 
17 809.0 
18 813.5 
19 817.0 
20 858.0 
21 938.5 
22 941.5 
23 948.0 
24 962.0 
25 999.5 
26 1026.0 
27 1071.0 
28 1073.5 
29 1075.2 
30 1101.8 
31 1129.8 
32 1148.0 
33 . 1151.5 
34 1156.5 
35 1168.8 
36 1178.5 
37 1188.0 
38 1276.0 
39 1278.5 
40 1280.0 
41 1287.5 

strong(s) 
s 

weak (w) 
s 
s 
w 

medium (m) 
s 
s 
w 
m 
w 

s 
s 
w 
m 
m 
m 
w 
s 
m 
s 
w 
m 
m 
w 
m 
s 
m 
s 
w 
\v 
~/V 

m 
s 
s 
w 
s 
s 
m 

.shoulder 
unresolved 

shoulder 

shoulder 
shoulder 

unresolved 

shoulder 

shoulder 
shoulder 

shoulder 
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Table 10 (Continued) 

Number Frequency (crn-1 ) Intensity Comments 

42 1298.0 s 
43 1313.0 w shoulder 
44 1329.5 s 
45 1337.5 m shoulder 
46 1418.5 w shoulder 
47 1426.0 s 
48 1432.5 s 
49 1437.0 w shoulder 
50 1453.5 s 
51 1456.5 w shoulder 
52 1466.5 m 
53 1496.0 m 
54 1584.5 s 
55 1602.0 s 
56 1705.0 s very broad 
57 1710.0 w shoulder 
58 1723.0 w shoulder 
59 1752.0 m 
60 1785.0 s 
61 1795.0 w shoulder 
62 1903.5 m very broad 
63 1937.0 w 
64 1975.0 w 
65 1994.5 w 
66 2096.0 w 
67 2204.0 w 
68 2584.0 s 
69 2610.0 s 
70 2724.0 w shoulder 
71 2737 .. 0 s 
72 2757.0 w 
73 2773.5 m 
74 2787.0 m 
75 3058.0 w shoulder 
76 3061.0 w 
77 3067.0 w 
78 3072 .. 0 m 
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FIGURE 16 

Infrared Spectrum of Benzoic Acid 4dl 

Perkin Elmer Model 225 Infrared Spectrometer 

oTemperature = 4.2 K 

Sample: 0.65 milligrams of Benzoic Acid 4d
l 

f 

in 300 milligrams of KBr 

Reference: 300 milligrams of KBr + Screen 

Pen Period = 3.0 seconds 

Suppression = 0 

Scan Speed = 4 

Slit Program 4.5 
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TABLE 11 


This table contains the frequencies and qualitative relative 
intensities of bands in the IR spectrum shown in Figure 16. 
The frequencies given in this table have been >taken from an 
expanded scale version of the spectrum in Figure 16, since 
frquencies can be determined more accurately in the expanded 
scale spectrum. 

-1
Band Number Frequency (cm) Intensity Comments 

1 290.6 strong (s) 
2 295.2 s 
3 537.0 medium (m) shoulder 
4 553.5 s 
5 555.0 s shoulder 
6 611.5 s 
7 615.5 s 
8 645.0 weak (w) 
9 666.5 s 

10 668.0 s 
11 692.5 s 
12 694.0 s 
13 710.5 w 
14 715.5 m 
15 768.5 w 
16 773.0 w 
17 779.9 VI shoulder 
18 783.5 s 
19 797.0 w 
20 804.2 m 
21 810.5 m 
22 814.0 m 
23 853.5 m 
24 855.8 m 
25 878.0 m 
26 886.5 s 
27 944.0 s 
28 959.5 m 
29 975.5 m 
30 983.5 m 
31 993.0 m 
32 1017.0 w 
33 1026.0 m 
34 1067.0 m 
35 1171.0 w shoulder 
36 1102.0 m 
37 1113.0 w shoulder 
38 1116.5 m 
39 1124.0 w 
40 1127.0 w 
41 1131.5 m 
42 1139.5 w 
43 1171.0 w shoulder 
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Table 11 (Continued) 

Band Number Frequency 
-1

(em ) Intensity Comments 

44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 

1175.3 
1182.5 
1240.0 
1258.0 
1266.0 
1281.5 
1293.0 
1306.0 
1329.5 
1371.0 
1397.0 
1411.0 
1422.5 
1427.5 
1433.5 
1437.0 
1444.5 
1449.0 
1452.5 
1462.0 
1467.0 
1474.5 
1483.5 
1493.0 
1562.5 
1567.0 
1573.5 
1579.0 
1597.0 
1600.0 
1602.5 
1604.0 
1690.0 
1710.0 
1720.0 
1782.0 
1795.0 
1806.0 
1903.0 
1931.0 
1974.0 
1976.5 
2576.0 
2608.0 
2665.0 
2737.0 
2764.0 
2776.0 
3058.0 
3063.0 
3071.5 

m 
m 
w 
m 
m 
w 
s 
s 
s 
w 
w 
m 
r"v 
m 
s 
m 
w 
'\"1 

"itl 

W 

v.7 
r,,-l 

m 
m 
w 
w 
m 
m 
s 
m 
w 
w 
m 
s 
w 
m 
m 
m 
m 
"it7 

w 
W 

S 

S 

s 
strong 

m 
strong 

m 
w 
m 

shoulder 

broad shoulder 

shoulder 

shoulder 
shoulder 

shoulder 
shoulder 

shoulder 
shoulder 

unresolved 
shoulder 
shoulder 
shoulder 

shoulder 

broad 
broad 
broad 

shoulder 

very broad 
very broad 

very broad 
broad 
broad 
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FIGURE 17 

Infrared Spectrum of Benzoic Acid d
S 

Perkin Elmer Model 225 Infrared Spectrometer 

Temperat ure -- 4.2 0 K 

Sample: o.s milligrams of Benzoic acid d S 
in 300 milligrams of KBr 

Reference: 300 milligrams of KBr + Screen 

Pen Period = 3.0 seconds 

Suppression = 0 

Scan Speed = 3 

Slit Program = 4.S 
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TABLE 12 


This table contains the frequencies and qualitative relative 
intensities of bands in the IR spectrum shown in Figure 17. 
The frequencies given in this table have been'taken from 
an expanded scale version of the spectrum shown in Figure 
17, since frequencies can 
the expanded spectrum. 

Band Number Frequency 

1 281.0 
2 285.0 
3 391.0 
4 538.0 
5 541.0 
6 590.0 
7 592.5 
8 605.5 
9 613.0 

10 648.5 
11 650.5 
12 728.3 
13 729.8 
14 780.0 
15 785.0 
16 805.0 
17 810.2 
18 822.0 
19 827.0 
20 840.5 
21 843.8 
22 852.0 
23 876.5 
24 933.0 
25 946.0 
26 958.0 
27 1041.0 
28 1044.0 
29 1086.0 
30 1089.0 
31 1234.0 
32 1236.5 
33 1262.5 
34 1280.0 
35 1292.0 
36 1300.2 
37 1305.5 
38 1311.5 
39 1325.0 
40 1331,,0 
41 1333.6 

be determined more 

-1
(em) Intensity 

strong (s) 
s 

medium (m) 
s 
5 

weak (w) 
w 
w 
w 
m 
m 
m 
w 
m 
w 
w 
w 
w 
w 
s 
m 
w 
w 
W 

5 

m 
m 
In 

'Vl 

S 

W 

W 

W 

S 

W 

S 

In 

W 

W 

W 

S 

accurately in 

Comments 

shoulder 

shoulder 

shoulder 

shoulder 

shoulder 

shoulder 
shoulder 

shoulder 

shoulder 
shoulder 

shoulder 
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Table 12 (Continued) 

-1
Band Number Frequency (cm ) Intensity Comments 

42 1370.0 s 
43 1373.5 s 
44 1385.0 w 
45 1398.5 w 
46 1423.0 w 
47 1428.5 w shoulder 
48 1436.5 m shoulder 
49 1438.5 s 
50 1459.0 w 
51 1463.5 T.tIJ 

52 1472.5 w shoulder 
53 1475.0 w 
54 1500.5 w shoulder 
55 1503.5 w ,'"
56 1538.0 'tv 

57 1546.0 m 
58 1553.5 w 
59 1556.5 w 
60 1568.8 s 
61 1582.0 w 
62 1606.0 w very broad 
63 1620.0 w 
64 1653.0 w 
65 1687.5 m shoulder 
66 1691.0 s very broad 
67 1709.0 s very broad 
68 1714.0 m shoulder 
69 1743.5 w broad 
70 1784.0 s very broad 
71 1899.0 w very broad 
72 2050.5 w very broad 
73 2276.0 w 
74 2296.0 w 
75 2545.0 s very broad 
76 2633.0 s 
77 2658.0 m very broad 
78 2680.0 s very broad 
79 2727.0 s very broad 
80 2082.0 m very broad 
81 2822.0 v.l 
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FIGURE 18 

Infrared Spectrum of Benzoic Acid ldl 

Perkin Elmer Model 225 Infrared Spectrometer 

Temperature = 4.2 0 K 

Sample: 0.8 milligrams (estimated) of Benzoic 
acid ld in 300 milligrams of KBrl 

Reference: 300 milligrams of KBr + Screen 

Pen Period = 3.0 seconds 

Suppression 2 

Scan Speed (not recorded) 

Slit Program = 4.5 
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TABLE 13 


This table contains the frequencies and qualitative relative 
intensities of bands in the IR spectrum shown in Figure 18. 
The frequencies given in this table have been 'taken from an 
expanded scale version of the spectrum in Figure 18, since 
frequencies can be determined more accurately in the expanded 
scale spectrum. 

-1
Band Number Frequency (em) Intensity Comments 

1 287.5 
2 291.0 
3 431.0 
4 540.5 
5 554.0 
6 616.0 
7 644.0 
8 657.0 
9 667.0 

10 671.0 
11 686.0 
12 692.0 
13 694.0 
14 710 • 0 
15 720.5 

732.0i~ 778.0 
18 786.0 
19 805.5 
20 811.0 
21 814.0 
22 853.0 
23 854.0 
24 923.0 
25 939.5 
26 944.0 
27 951.0 
28 999.5 
29 1026.0 

30 1028.0 
31 1044.0 
32 1046.0 
33 1063.5 
34 1069.5 
35 1075.5 
36 1077.0 
37 1103.0 
38 1120.0 
39 1127.5 
40 1129.5 
41 1169. 0 
42 1179.5 

strong 
s 

medium 
s 
m 

weak 
w 
s 
m 
m 
m 
s 
s 
s 
s 
s 
s 
s 
m 
m 
m 
w 
w 
s 
s 
m 
s 
s 
w 

s 
m 
s 
rn 
s 
m 
w 
"i,v 

w 
s 
s 
w 
m 

(s) 

(m) 

(w) 

.J' 

shoulder 

unresolved 
shoulder 

shoulder 
broad 

shoulder 

shoulder 
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Table 13 (Continued) 

Band Number Frequency (em-I) Comments 

43 1190.0 s 
44 1238.0 w 
45 1279.0 s 
46 1285.5 w 
47 1298.0 s 
48 1302.0 s shoulder 
49 1308.0 w shoulder 
50 1311.5 m 
51 1319.0 w shoulder 
52 1320.0 m 
53 1327.0 s 
54 1330.0 s 
55 1338.0 w 
56 1345.0 
57 1365.0 "" s 

J 

very broad 
58 1383.5 s very broad 
59 1396.0 w shoulder 
60 1403.0 w 
61 1427.0 m 
62 1433.0 m 
63 1443.3 w 
64 1454.0 s 
65 1496.0 m 
66 1585.0 s 
67 1601.5 s 
68 1617.0 w 
69 1705.0 s very broad 
70 1786.0 m broad 
71 1792.0 m broad 
72 1814.0 \'v broad 
73 1865.0 m very broad 
74 1917.0 w 
75 1938.0 w very broad 
76 2127.0 w broad 
77 2202.0 s very broad 
78 2224.0 m very broad 
79 2584.0 m broad 
80 2611.0 m very broad 
81 2984.0 w 
82 3008.5 w 
83 3049.0 w 
84 3060.0 m 
85 3072.5 m 
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FIGURE 19 

Polarized Infrared Spectra of Benzoic Acid d 
o 

Thesespectra were kindly supplied by Dr. R. Zwarich 

Tempera t ure: 2980 K 

Sample: Benzoic Acid d crystal grown between 
o 

NaCl disks. 

orientation: Angle between b-axis (extinction axis) 
oand slit of spectrometer = 45 . 

Spectrum represented by solid line was 

obtained wi th light polarized perpendicular 

to b-axis. Spectrum represented by 

broken line was obtained with light 

polarized parallel to b-axis. 
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FIGURE 20 


. I I I I t , ! .! I I , 

~~~--~~--~~~~~-~--~~~~ 
1100 1600 '"'00 UQO ·tI00 1000 • 00 

WAVE ,.UMBER (ern") 

Polarized infrared spt'ctra of benzoic acid at-1S()"C. 

- E vector parallel to h axis. 

...... E vector perpendicular to b axis. 


Polarized infrared spectra of benzoic acid d 
o 

at -150° C. (Taken from Hayashi and Kimura, 1966) 
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FIGURE 21 


Spectre d'ab:;orption d'une lame d'acide 
benzolque taillee parall€:lement au plan de c1h-age, a 
Ia temperature ordinaire et a la temperature de 
l'hydrogene liquide. Le champ electrique E est oriente' 
parallelement a l'axe a. 

Nous obserY~:ms des maxim1.tIIls d'absorption a 
28,5, 62,5, 87 et 104 cm- 1 a 290 oK et 36, 71. 101, 111 
et 126,5 cm-1 a Ia b:mperature de I'hydrogene liquide. 

f ACIDE BENZOIOUEI/(o,b) 

Ellb 

20 

10 ...... 
• 2";~ 

Spectre d'absorption d'une lame d'acide 
benzolque taillee' parallelement au phn de c1i'f;age, a 
Ia temperature ordinaire et a 1a temperature de l'hydro
g~ne liquide. lie champ elcctrique E est oriente paral
lelernent a l'axe b. Xous ooseryons des ma.....:imUIlli 
d'absorption a 21,36, fig, 81.5 et 105 cm-1 a 200 o.K 
et n 25. 36, ·H, 71, 79, ~)-l, 1I)~}, 125 et 189 cm-1 it 
~a temperature de l'hyclrog(:ne liqnide. 

Polarized far infrared spectra of benzoic acid d 
o 

at 25 0 K (Taken from Wyncke et al., 1968) 
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FIGURE 22 


ACIDE BENZOrQUE 
(La...... ob) 

'. A fi
. / V/i':>

·~_.~iO 
· 
:. 

o so 100 

- Spectre d'absorption d"tme lame d'acide 
he-nzoique tailh~e paral1eleruent au plan de clh-age 
2xec Ie cha:np eie:ctriq1.le polarbe successh'ement sui
Yant Ie:; detn: lignes n€:ut!'(:s. Pour E paralleIe a I'axe b 
d'ornre 2, Ies m<lxiIrlu...rns d'ab$orption s'obsl!rvent 
a 21, 313, BU. 82, 116 et 182 c:n-1 . Pour';: parallt':le ft la 
direction a, Ie maximum c1'absorption s'ob~erye a 
63 em-I. 

Polarized far infrared spectra of benzoic acid do 

at 2980 K (Taken from Wyncke et al., 1968) 

http:eie:ctriq1.le
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FIGURE 23 


300 2::·J 100 

\Yave number, cm-1 

Polarized far-infrnred spectra of benzoic acid single 
crystals. 


······Electric vector parallel to the b-axis 

--Electric vector perpendicular to the h-axis 


(parallel to the a-axis) 

Polarized far infrared spectra of benzoic acid 

do at 298 0 K (Taken from Meshitsuka et a1., 1972). 
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FIGURE 24 

Selected regions of benzoic acid do Raman spectra 

taken at 298, 77, and 4.2o K. The temperature 

dependence of the linewidths of a pure ring mode 

(R), a carboxyl group mode (e), an H-bond mode 

(H), and a lattice mode (L) are compared. 
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H. P-_ssignments 

1. Out-of-Plane Benzene Analogues 

We first consider the assignment of out-of-plane 

modes that are benzene analogues. This group includes 

all out-of-plane modes except the ring-carboxyl group 

torsion, the O-H out-of-plane wag, and the H-bond out-of

plane modes. 

In making the assignments we follow a systematic 

procedure. First, those bands which are in or~near the 

appropriate Varsanyi range are determined. Then the 

displacement pattern for the corresponding benzene mode 

is consulted in order to determine whether or not the 

frequency of the benzene analogue should be sensitive to 

do + 4dl substitution. Bands which do not show the 

appropriate do + 4dl shifts are excluded from further con

sideration. Next we determine the point group that is 

appropriate for the mode under consideration. This is 

first done for the monomer. If local symmetry is expected 

to prevail, then local symmetry selection rules are used 

to predict whether the mode should be strong or weak in 

the IR and Raman spectra. Shifts for do + Idl and 

do + d S substitutions are used to support arguments con

cerning the appropriateness of using local symmetry_ Next 

the appropriate point group for the dimer mode is determined. 

Then symmetry considerations are used to determine the 

I 
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direction of the vibration induced dipole moment for 

the IR active version of the dimer mode. This informa

tion is used to predict the intensity ratio of the factor 

group pair, as discussed in section 110. These predictions 

are compared with available polarization data. For IR 

bands we consult the polarized absorption spectra obtained 

at -1500 C by Hayashi and Kimura (1966) which extend from 

-1
850 to 1800 cm , and the room temperature spectr~ ob

tained by Zr.varich, which extend from 650-3000 cm- l • Un

fortunately, polarized Raman spectra of oriented crystals 

are not available except in the range below 200 cm- l • 

However, depolarization ratios for benzoic acid dimer in 

solution have been obtained by Baum (1974). 

Another criterion used in making the assignments is 

the intensity change for IR active modes upon do +" 4d l 

substitution. Whether the int~nsity is expected to in

crease or decrease is determined by considering the vibra

tion induced dipole for the monomer to be the sum of the 

vibration induced dipoles associated with each C-H group 

of the ring. In some cases, symmetry allows a clear-cut 

prediction of the intensity changes while in others one 

must make assumptions about the relative magnitudes of 

the dipoles associated with the various C-H groups. 

Another, very important criterion used in assigning 

the out-of-plane modes is based upon the phosphorescence 
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spectrurn of benzoic acid. As v,1ill be discussed in detail 

in Chapter III, the phosphorescence spectrum contains a 

set of bands which are highly sensitive to environmental 

perturbations. In some matrices they are intense and in 

others weak. At least two of the modes in this set (v 4 

and can be firmly assigned as out-of-plane modesv 16a 

entirely on the basis of infrared and Raman data. Since 

the modes in this set increase or decrease in intensity 

as a group \vhen the environment is changed, we assume that 

they are all out-of-plane. This assumption is supported 

by the success of the model used to account for the 

presence of these modes. This model, which involves 

Herzberg-Teller coupling between n~* and ~~* states, 

requires all of the environmentally sensitive modes to be 

out-of-plane. This is discussed in detail in Chapter III. 

Having justified our assumption, we return to the Raman 

and infrared spectra with the knowledge that certain modes 

are out~of-plane. This sorting betvleen in-plane and out-

of-plane modes greatly reduces the n~~~er of sets of 

possible assignments. It is important to realize that no 

circularity is involved in using Raman and IR data to 

interpret phosphorescence data and then using phosphores

cence data to interpret IR and Raman spectra, because 

different modes are involved in each case. 
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-1Mode v The Varsanyi range is 390-420 cm In the16a : 

do Ranan spectrum, two weak bands appear at 4{)7.5 and 

l l438.0 cm- , and a medium band appears at 422.0 cm- . No 

-1other Ranan bands appear between 265.0 and 507.0 cm 

In the doIR spectrum, a single weak band appears at 

433 cm- l • No other IR bands appear between 388.0 and 

540.0 cm -1 • For do + 4dl sUbstitution the following 

shifts are observed: 

Raman IR 

+do 4dl 

407.5 + 407.5 

422.0 + 419.0 

438.0 + 424.5 433 + missing 

An inspection of the benzene displacement pattern for v
16a 

(see Fig. 1) ShOr..'lS no ampli tude at the 1 and 4 positions. 

Hence the benzene analogue should be do ~ 4dl insensitive, 

lThis eliminates the Raman band at 438.0 cm- and the IR 

-1band at 433.0 cm ,since the disappearance or reduction 

in intensity is inconsistent with snaIl amplitude in the 

4 position. The reMaining candidates are the Raman 

-1bands at 407.5 and 422.0 cm . 

Since the benzene displacement pattern shows no 

ampli tude at the 1 and 4 posi tions, 'f.,'le expect the benzene 

analogue to have little amplitude at the carboxyl group 

atoms. Hence, this mode is expected to feel C2v symmetry 
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at the level of the monomer. In this point group, v 16a 

belongs to the A2 representation. Consequent~y, it 

should be Raman active and IR inactive. Since the mode 

does not likely involve appreciable carboxyl group motion, 

we expect the dimer interaction to be weak, allowing 

monomer symmetry to prevail. Our failure to observe a 

do ~ 4d insensitive IR mode in the Varsanyi range forl 

v16ais consistent with this expectation. 

The depolarization ratio for the Raman band at 422.0 

-1 
cm is 0.09, consistent vIi th a totally symmetric mode. 

-1Thus, the only remaining candidate is the band at 407.5 cm 

As argued above, v should not involve carboxyl16a 

group motion. This implies that it should be do ~ Idl 

insensi tive. Consistent 'vi th this expectation is the 

-1 -1observed shift from 407.5 cm to 408.0 em . At the same 

time, this mode should be highly sensitive to do ~ d 5 
lsubstitution. A shift of 51.5 cm- is observed. The 

-1 -1
band at 422 cm shows a shift of only 7 cm ,suggesting 

that this band corresponds to a mode involving appreciable 

carboxyl group motion. 

All the data are fully consistent with the assignment 

-1
of to the \'leak Raman band at 407.5 em We considerv 16a 

this a firm assignment. Note that the factor group com

ponent is either unresolved or too weak to be observed. 
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-1
Mode The Varsanyi range is 430-560 em Thev16b : 

Raman bands in this range are at 438.0, 503.0, and 

-1507.0 cm In the do IR spectrum, there are bands at 

-1 	 -1433.0, 546 cm ,and 557 cm. An inspection of the 

benzene displacement pattern shows large amplitude at 

the 1 and 4 posi tions. Hence we e;xpect do -+ 4dl sensi

tivity. The following shifts are observed: 

Raman 	 IR 

438.0 -+ 424.5 	 433.0 -+ Missing 

505.0 -+ 504.0 	 543.0 -+ 537.0 

507.0 -+ 506 .. 0 	 553.5 -+ 554.0 

lThe bands at 505.0, 507.0, and 553.5 cm- are eliminated 

as possible candidates. Since no polarization data is 

available, it is difficult to discriminate among the 

remaining bands. However, the phosphorescence data 

lshows that the 438 cm- band is an out-of-plane mode. 

Unfortunately, this data does not allow the conclusion 

lthat the band at 543.0 cm- is not an out-of-plane mode. 

None the -less, a firm conclusion can be drawn, since 

there is no other Varsanyi range for an out-of-plane mode 

-1to which the band at 438 cn can belong. Consequently, 

' l' ~38 0 -1.\'1e f l.rm 	y assl.gn v1 6b to - .. cm l.n the Raman and 

-1
433.0 cm in the IR. No factor group splitting is 
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observed for either band. 

-1
Hode "lOa: The Varsanyi range is 810-860 cm The 

Raman bands in this range are at 812.0, 817.0, 854.1 

-1
and 855.8 cm . The IR bands are at 809.0, 814.0 

-1817.0, 856.0, and 858.0 cm • An inspection of the 

benzene displacement pattern shows no amplitude at the 

1 and 4 positions. Hence we expect "lOa to be do -+ 4d l 

insensitive. The following shifts are observed: 

Raman IR 

d -+ -+ 4d
0 

4d l do l 

812.0 -+ 786.2 809.0 + 804.0 

817.0 + missing 814.0 + 783.0 

854.1 -+ 851.8 817.0 -+ 814.0 

855.8 + 854.0 856.0 + 853.0 

858.0 -+ 856.0 

-1
The bands at 812.0, 814.0 and 817.0 (Raman only) cn 

are eliminated as possible candidates. 

Since the benzene mode has no amplitude at the 1 

and 4 positions, we expect the monomer analogue mode to 

feel C2v symmetry. In this point group, "lOa belongs 

to the A2 representation and is thus IR inactive and 

P.aman active. Since this mode should not involve 

appreciable carboxyl group motion, we expect weak 

coupling, allowing local sYTIh"'11etry to prevail. Thus 
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the IR dimer mode should be weak. Further, the absence 

of carboxyl group motion should cause the dimer mode to 

feel D2h s~metry. In this poin t group, the Raman active 

dimer mode belongs to the B3g representation and the IR 

mode to the Blu representation, requiring the free-dimer 

IR transition to be accurately perpendicular to the plane 

of the molecule.· As shown in Section IID this polarization 

2
leads to I(Bri)a/I(A~)b ~ ~ . 

On the basis of intensity, the IR bands at'809.0 and 

817.0 cm- are unlikely candidates for \vhile thel 
'V IOa ' 

much weaker bands at 856.0 and 858.0 em-I are more accept

able. Further, since at the monomer level should'V IOa 

be Raman active and IR inactive, we expect to observe its 

Raman active version. The Raman and IR active modes should 

have nearly equal frequencies, since a small dimer split 

ting is expected for modes not involving carboxyl group 

lmotion. The bands at 809.0 and 817.0 cm- have no obvious 

Raman counterparts at nearby frequencies so these bands 

are firmly rejected as candidates for The bands'V IOa • 

at 856.0 and 858.0, however, are fully acceptable as far 

as intensity and dimer splitting are concerned. 

Hayashi's polarization data shows B slightly greater
u 

which is the reverse of what is expected fo~ 

However, Zvlarich 1 s spectrum sho'V-7s Au.:: B' , as.- u 

required. Since his spectrum appears to have the higher 
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signal-to-noise ratio, we are more confident of his data. 

Except for marginal cases Zwarich's data is i~ agreement 

with that of Hayashi. 

It thus appears that vlOa can be firmly assigned 

lto the Raman pair at 854.1 and 855.8 cm- and the IR 

-1pair at 856.0 and 858.0 en . The pairs of bands are 

assumed to be factor group partners. Sinee the members 

of each pair are of comparable intensity, it is unlikely 

C13
that the splitting is due to impurity. 

-1Node v The Varsanyi range is 940-980 em The only17a : 

-1
Raman bands 	bet'Vleen 856.0 em a.11d the very strong band 

-1 -1 
at 1000.5 cm are at 910.0, 938.5, 943.8, and 975.0 ern 

In the do IR spectrun, the only bands between 856.0 and 

-1980. 0 em are two very strong bfu"1ds at 9 3 8. 0 and 948.0 

-1 
cm An inspection of the benzene displacement pattern 

for v shows no ~uplitude at the 1 and 4 positions,17a 

implying do + 4dl insensitivity. For do + 4dl ' the 

following shifts are observed: 

Raman 	 IR 

+ 4d	 d + 4ddo l 	 0 1 

910.0 + 912.0 

939.5 + 873.6 938.0 + 878.0, 886.0 

943.8 + 878.1 948.0 + 944 

975.0 + 975.0 or 958.0 ? 
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These shifts eliminate all bands except the vleak Raman 

lbands at 910.0 and 975.0 cm- and the very strong IR 

-1band at 948.0 cm . Because another band shifts to 

975.0 cm-~ in t.h: 4d
l 
spectru~, it is not clear 'Vlhether 

the original band is unshifted or whether it shifts to 

-1958.0 cm . 

Since the benzene mode has no amplitude at the I 

and 4 positions, the benzene analogue is expected to 

involve little carboxyl group notion. Hence, it should 

feel C2v synunetry at the nonomer level, and since the 

dimer interaction is expected to be small for modes not 

involving carboxyl group motion, we expect local syrometry 

to prevail at the cimer level. And for the same reason 

we also expect the dimer splitting to be small. 

In the point group, v17a belongs to the A2C2v 

representation making it Ra~an active and IR inactive. 

lOn this basis, the very strong IR band at 948.0 cm-

is eliminated as a possible candidate. Other data show 

that this mode corresponds to the O-II out-of.....plane 

\Vag. 

l ror do + Id substitution, the band at 975.0 cml 

undergoes no observable shift, while the band at 910.0 

l cm- either undergoes a large shift or else becomes too 

lweak to be detected. On this basis, the band at 910.0 cm-

is rendered an unlikely candidate for - For do + dv 17a S 
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lsubstitution, the band at 910.0 cm- shows no shift, 

-1while the band at 975.0 cn . undergoes a larg~ shift. 

lThis suggests that the band at 910.0 cm- corresponds 

to a carboxyl group mode. In any case, it is rigorously 

eliminated as a candidate for It should be notedv17a . 

that this band is also outside of the Varsanyi range for 

Additional support for the assignment of v17a to 

lthe band at 97S.0 cm- is found in the fact that no IR 

counterpart of this band is observed, as expected for 

an A2 monomer mode. 

All of the data are fully consistent with the 

-1assignment of the Raman band at 975.0 cm Thev17a to 

only questionable point concerns the behavior of this 

band for do 7 4d1 substitution. Because of this un

certainty, we regard this assignment as highly probable 

but not firm. 

Mode Vs : The Varsanyi range is 970-1000 em 
-1 

The 


Raman bands in this range are at 975.0 (already assigned), 


-1987.5, 989.2, 997.~and 1000.5 em The only IR band 

-1in this range is 999.5 cm An inspection of the 

benzene displacecent pattern shows that this mode has 

equal amplitude at all positions. Hence we expect Vs 

to be do 7 4d l sen tive. For do 7 4dl substitution the 

following shifts are observed: 
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~fu"TIan IR 

4ddo -" 
+ 

l d -+- 4cll0 

987.5 + 972.0 

989.2 -+- 974.0 976.0 

997.0 + ? 

1000.5 + 983.5 999.5 -+- 984.0 

Clearly, all modes are possible candidates on the basis 

of these shifts. 

lThe band at 1000.5 cm- is the strongest band in 

the Raman spectrlli~ and has a depolarization ratio of 

0.03. This band is definitely a totally symmetric, 

in-plane mode and is firmly assigned to v 12 ' as will 

be sho\'m later. Since the IR band at 999.5 undergoes 

a similar shift, we assume this band to correspond to 

the IR active version of v • Further support for this12 

assQmption comes from the polarization data of Hayashi 

which is consistent \-'1i th assign..rnent of this band to v •12 

Thus, the only remaining ca~didates are the Raman bands 

-1
at 989.5, 989.2, and 997.0 em . 

To differentiate among the remaining candidates, it 

is necessary to consult the phosphorescence data. This 

-1
data shows that the pair at 987.5 and 989.2 cm correspond 

to an out-of-plane mode. Since the only range for an 

out-of-plane mode to 't'lhich this pair can belong is that 

for v s ' we firmly assign Vs to 987.5 and 989.2 an-I. It is 

interesting to note that while the do IR band is not 

-1
observed, the IR band is observed at 976.0 cm 
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T"Ie assume that the bands at 987.5 and 989.2 are factor 

group partners, since they are bf comparable intensity. 

-1Mode The Varsanyi range is 880-940 cm Thev 17b : 

Raman bands in this range ;,"hich have not been assigned 

-1previously are at 939.5 and 944.0 em • In the IR, the 

only bands in this region are at 939.0 and 941.0 cm- l • 

These bands, which are barely resolved, form a strong 

band that is located adja~ent to the strong band at 948.0 

-1 
cm The latter band can be firmly assigned to the 

O-H out-of-plane wag, as will be discussed later. The 

benzene displacement pattern sho\vs that the analoguev17b 

mode should be do + 4d,_ sensitive. For do + 4d 1 substi 

tution, the following shifts are observed: 

Raman IR 

+ 4d +do l do 4d l 

939.0 + 873.6 939.0 + 878.0 

944.0 + 871.5 941.0 + 886.0 

These shifts are consistent with the expectations for v 17b 

For do + Idl substitution, we observe the following 

shifts: 

Raman IR 

do + Id l do + Idl 

939.5 + 938.0 939.0 + 939.0 

944.0 + 943.0 941.0 + 944.0 
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These shifts have been presented to support 	the correlation 

lof the do Raman bands at 939.5 and 944.0 cm- with the IR 

lbands at 939.0 and 941.0 cm- An inspection of the 

spectra sho't,vs that this correlation is not straightforward. 

The do IR bands form a single very in tense band, vlhile the 

-1
ld bands at 939.0 and ·944.0cm are of medium 	intensity.

l 

This large reduction in intensity is inconsistent with a 

frequency shift of 1.5 cm 
-1 

In addition, the ldl spectrum 

l lsho\vs a strong band at 923.0 cm- and a band at1"95l.0 cm-

of medium intensity. One interpretation, which we favor, 

lis that one or both of the bands at 923.0 and 951.0 cm-

are combination bands in Fermi resonance with the bands 

-1at 939.0 and 944.0 cm . This would account for the 

reduction in intensity of these last bands. Another 

lpossibility is that the bands at'939.0 and 944.0 cm-

correspond to the H-wag mode for do - ldl mixed dimers 

that are present as an impurity. In our opinion, the 

observed intensity is too large for this interpretation 

to be correct, but quantitative data is not available 

so a firm opinion is not possible. A third possibility 

is that the intensity of the do bands at 939.0 and 941.0 

is really no greater than in the ldl spectrum, with the 

apparent peak height being due in part to a superimposed 

combination band in Fermi resonance wi th the H-'tvag mode 

-1 
at 948.0 cm . No doubt, other possibilities can be 
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conceived. Because of the uncertainty about the IR 

bands at 939.0 and 941.0, the assignment of tpese bands 

to v 17b is considered probable but not firm. However, 

-1the Raman bands at 939.5 and 944.0 cm can be firmly 

assigned to Because of their comparable intenv 17b . 

sities, we assume that the members of the Raman and IR 

band pairs are factor group partners. 

Mode 'J lOb (+): The Varsanyi range is 140-200 cm- l . This 

" 
mode can be described as the ring-carboxyl group out-of

plane wag. With a heavy rnonoatomic substituent, the 

benzene mode simply drops to a low frequencYi no new 

modes result. However, as discussed in section lIB 

the replacement of the ring hydrogen by the carboxyl 

group leads to the formation of t\VO ring-carboxyl group 

wagging modes, which can be regarded as the in-phase 

and out-of-phase combinations of the ring and carboxyl 

group motions. We denote these modes as v lOb (+) (in

phase) and V (-) (out-of-phase). Our physical intuitionlOb 

suggests that 'J lOb {+) should be lower in frequency than 

VlOb (-). However, no firm conclusion is possible. In 

what follows, we arbitrarily associate V lOb {+) with the 

Varsanyi range given for - The range for v lOb {-)v lOb 

is not known. This mode will be assigned later by 

elimination. 
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The only Raman band in the Varsanyi range is at 

-1 0198.0 cm (4.2 K). Its counterpart in the IR is at 

-1 0189.0 cm (25 K). If this mode does. not involve 

appreciable motion of the oxygen atoms relative to the 

carboxyl ring as a whole, then it should feel D2h 

symmetry. In this point group, the IR active version 

of the mode belongs to the B representation whichlu 

requires the transition in the free dimer to be accur

ately polarized along the perpendicular axis •. This 

requires A . > B. The polarization data of Wyncke et 
u u 

-1ale shows that the band at 189.0 cm meets this 

requirement. 

Since the ring-carboxyl group in-plane bend is 

expected to have a frequency similar to its out-of

plane counterpart, it is important to make certain that 

these bands are not confused. As will be shown later, 

lthe in-plane bend is at 293, 297 cm- in the IR spectrum. 

This band pair is distinguished from its out-of-plane 

counterpart by the polarization data of Meshitsuka 

et al., which is consistent wi th a dimer mode \vhose 

transition dipole moment is parallel to the short axis 

of the dimer. 

This assignment of V (+) is considered highlyIOb 

probable but not firm on account of the uncertainty 

of D2h symmetry for this mode. 
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Mode \)4" The Varsanyi range is 680-700 
-1 

cm In the 

d 
o 

Raman spectrum, the only band in this range is at 

-1
685.5 	cm The only IR bands in this range are at 

l683.0 and 685.0 cm- . An inspection of the benzene 

displacement pattern shows that the analogue mode 

should be do ~ 4d	 sensitive. For do ~ 4d substitul l 

tion the following shifts are observed. 

Raman 	 IR 

685.5 ~ 617.5 	 683.0 -+- 611.0 

685.0 617.0 

These shifts are consistent with the expectation for 

~4. No polarization data is available for the IR 

bands. 

Primarily on the basis of Varsanyi range and 

-1d -+- 4d shifts we 	 assign \)'5 to 685.5 cm in the 
0 l 

-1Raman spectrum and to 683.0 and 685.0 cm in the IR 

lspectrum. The band at 683.0 cm- is sufficiently 

-1
weak compared to the band at 685.0 cm ,that it is 

not possible to determine whether this band is a 

13factor group partner or a C band. 
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Modes vII and VIOb (-): The Varsanyi range for vII is 

l720-830 cm- . The range for V (-) is unknown. NotIOb 

counting the O-H out-of-plane wag, the ring-carboxyl 

group torsion and the out-of-plane H-bond modes, these 

are the only two out-of-plane modes not yet assigned. 

Fortunately, on the basis of phosphorescence data, 

-1 
we know that the Raman bands at 710.0 and 812.0 cm 

are out-of-plane modes. The IR counterparts of the 

-1
Raman bands are at 708.0, 710.0, and 812.0 cm • All 

bands show do -+ 4d sensitivity. Consequently, these
l 

bands cannot be distinguished on the basis of frequency 

shifts. To make a firm distinction between these bands, 

it is necessary to considet the change in inten~ity 

caus~d by do -+ 4dl substitution. 

An inspection of the benzene displacement pattern 

for VII shows that the displacement of each C-H group 

is in the same direction as the others. Consequently 

the out-of-plane components of the vibration induced 

dipole moments of the individual C-H groups all point 

in the same direction. In benzene, the sum of the 

in-plane components is zero by symmetry. For do -+ 4d
l 

substitution we expect reduced amplitude at the 4 position 

causing the vibration induced dipole moment associated 

with this position to become smaller. This should lead 

to a smaller total induced dipole moment, which should 

in turn, lead to a decrease in intensity. 
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For do -r 4d substitution, we observe a decrease
l 

in the intensity of the IR band pair at 708.0, 710.0 
-1 . -1 

em and an increase in the intensity of the 812.0 cm 

band. On this basis we firmly assign vII to the 708.0, 

-1710.0 em band pair in the IR spectrum and to the 

-1
Raman band at 710.0 em . The IR bands are assumed to 

be factor group partners on the basis of their compar

able intensity. 

By the process of elimination, v (-) is a~signedlOb 
-1to the Raman and IR bands, both at 812.0 ern • 

Assignment of out-of-plane benzene analogues are 

listed in Table 14. 

2. In-Plane Benzene Analogues 

-1Mode v : The Varsanyi range is 990-1010 cm
12 

-1The Raman bands in this range are at 997.0 and 1000.4 cm 

In the IR spectrum the only band in this range is at 

-1999.5 em . 

Varsanyi notes that normal coordinate calculations 

for monosubstituted benzenes show that v has its
12 

dominant anplitudes at the 2, 4, and 6 positions, with 

the other positions having negligible amplitudes. This 

mode is always very strong in the Raman spectrum and is 

usually weak in the IR, for monosubstituted benzenes. 

Since this mode has a significant amplitude at the 4 

position we expect it to be sensitive to do -r 4dl 

substitution. 
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For do + 4d substitution we observe the followingl 

shifts: 

Raman IR 

997.0 + 990.0,993.0'<?) 

1000.5 + 983.8 999.5 +983.5 

lThe bands at 999.5 and 1000.5 cm- undergo shifts which 

are consistent with the expectations for v The12 . 

lsmall shift observed for the band at 997.0 cm- makes 

this band an unlikely candidate for "12. Also, this 

band is extremely weak while "12 is expected to be 

very strong in the Raman spectrum. We tend to regard 

this band as a combination band enhanced by Fermi 

-1 resonance with the strong fundamental at 1000.5 cm I 

13although it may be a factor group partner or c

band associated with this fundamental. 

Since there is negligible amplitude at the 1 

position we expect \)'12 to involve little carboxyl group 

motion, allowing D2h symmetry to prevail. In this point 

group, the IR active version of belongs to the Bv12 lu 

representation, requiring the transition to be accurately 

long-axis polarized. 

As shown in SectionIID, a long-axis?olarized 

transition requires Au »Bu. Hayashi's polarization 

ldata shows that the 999.5 crn- band has A »B asu u 
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required. Also the small dimer splitting (~ 1 cm- l ) 

is consistent with the absence of carboxyl group 

motion as is the fact that the bands at 1000.5 and 

l999.5 cm- are insensitive to do ~ Id substitution.
l 

lFurthermore do ~ d substitution causes a 40 cm-S 

shift in this band, indicating that it is predom

inantly a ring mode. We thus firmly assign v to
12 

l l1000.5 cm- in the Raman spectrum and 999.5 cm- in 

the IR spectrum. No factor group splitting is 

observed. 

-1
The Varsanyi range is from 300 to 530 cm 

This range is £or all monosubstituted benzenes. However, 

if the substituent has two atoms of atomic weight higher 

than 10, v6a will be found below 500. And if free ro

tation about the C-X bond is hindered, the rahge is 

-1
300-450 cm It is the last range that applies to 

lbenzoic acid. The Raman band at 422.0 cm- is the 

only band in this range that has not previously been 

assigned. Our IR spectrum shows no obvious counterpart 

to this band. However, Statz and Lippert (1967) and 

-1Meshitsuka et ale (1972) observe a band at 388.0 cm 

which may be the IR counterpart of the band at 422.0 cm 

despite the large frequency difference. 

The displacement pattern for the benzene mode shows 

no amplitude for the hydrogens at the 2, 3, 5, and 6 

positions, and appreciable amplitude for the hydrogen 

-1 
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at the 4 position. Consequently, we expect v to be
6a 

sensitive to d -+ 4d substi tution and relatively in
0 l 

sensitive to 4d -+ d substitution.
l S 

For d -+ 4d and 4d l 
-+ substitutions we observe: 

0 l 
d S 

Raman Raman 

422.0 -+ 419.4 419 .. 4 -+ 414.7 

As expected, the 4d -+ d shift is quite small. However,
l S 

this is not strongly convincing because of the very 

small do -+ shift. The smallness of the do -+4dl d S 

shift suggests that this mode involves appreciable 

carboxyl group motion. Monomer modes which involve 

carboxyl group motion are expected to show larger dimer 

splitting because of strong coupling between the mono

mer modes. Thus, it is understandable that there is no 

observable IR counterpart in the immediate vicinity of 

-1420 cm Further, it becomes more plausible, that 

lthe 388.0 cm- band is the.IR counterpart of the Raman 

lband at 422.0 cm- band. Additional evidence for this 

contention can be found in the data of Statz and Lippert 

which shows that the 388 band shifts to 380 cm-lin the 

spectrum of the C018 0 l8 H isotope.. This indicates 

-1 .that the 388 cm band has apprecl.able carboxyl group 

motion, as required for the counterpart of the Raman 
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-1band at 422.0 cm We therefore firmly assign the 

-1
bands at 388.0 and 422.0 cm to v6a + VeOOH· VeOOH 

will be assigned in the section on carboxyl group modes. 

-1The Varsanyi range is 605-630 cm The 

Raman bands in this range are at 610.0, 611.5, 616.0 

-1and 617.5 cm • In the IR spectrum the only band in 

-1this range is at 616.0 cm An inspection of the 

benzene displacement pattern shows that the benzene 

analogue should be do + 4d insensitive.
l 

For do + 4d substitution we observe the followingl 

shifts: 

Raman IR 

d + 4d
0 l 

610.0 + 605.5 


611.5 + 607.0 


61Q.0 + 616.0 616.0 + ? 


617.0 + 617.5 


All of these shifts are consistent with the expectation 

lfor v The weak band expected to be at 616 cm
6b

. 

in the 4d IR spectrum is probably obscured by a veryl 

strong band that shifts into the same region. 

Since this mode has no amplitude at the 1 and 4 

positions, we expect it to have little amplitude at 

the carboxyl group atoms. Consequently, it should 

feel D2h symmetry and exhibit small dimer splitting. 
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In the D2h point group the Raman active version of v6b 

belongs to the B representation. Since it is non2g 

totally symmetric, it should have a large depolariza

tion ratio (>6/7). 

-1
Baum's data sho\vs that the band at 616.0 cmhas a 

depolarization ratio of .71, which is reasonable for 

a non-totally symmetric mode. The IR counterpart of 

lthe mode is at 616.0 cm- , which is consistent with 

the expectation of small dimer splitting. 

The weak pair of bands at 610.0 and 611.5 are of 

comparable intensity. Consequently, it is likely that 

they are factor group partners. The same conclusion 

-1holds for the pair of bands at 616.0 and 617.5 cm • 

According to Varsanyi, v6b is usually of medium in

tensity in the Raman spectrum. On this basis the 

factor group pair at 616.0 and 617.5 em-I is chosen 

l over the pair at 610.0 and 611.5 cm- as the best 

candidate for v All of the data are fully con6b . 

sistent with this assignment, which we regard as firm. 

-1
The pair at 610.0 and 611.5 em undergoes shifts 

identical to those of the stronger pair for all of 

the isotopic substitutions considered in this study. 

This fact, together with the frequency difference 

(6 cm- l ) and intensity ratio (1/42) suggest that the 

.. 13 . f h t .weaker pa~r ~s a C vers~on 0 t e s ronger pa~r. 
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C12S ' 'I f h'f f 13 b ' t'~m~ ar requency s ~ ts or + C su st~tu ~on 

are observed for benzene skeletal deformation modes. 

We, therefore, assign the pair of bands at 610.0 and 

l C13611.5 cm- as a version of v This assignment6b . 

is considered highly probable. 

lMode v • The Varsanyi range is 1018-1030 cm- The
18a 

Raman bands in this range are at 1019.8, 1025.8, and 

-11028.0 cm • The rst two bands are very weak and 

the third is of rredium intensity. In the IR spectrum, 

-1the only band in this range is at 1028.0 cm and is 

of medium intensity. 

An inspection of the displacement pattern for 

V in benzene shows that this mode has no amplitude18a 

at the 1 and 4 positions. Hence we expect the 

analogue mode to be do + 4d insensitive and to involvel 

little carboxyl group motion. The absence of car

boxyl group motion should make the mode insensitive 

to do + Id substitution and strongly sensitive to
l 

do + d substitution. It also should lead to weak5 

coupling between monomers, causing the dimer splitting 

to be small. Finally, the absence of carboxyl group 

motion leads us to expect that the mode will feel 

D2h symmetry. In the D2h point group, the IR active 

dimer mode belongs to the Blu representation which 
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requires that the transition be accurately long-axis 

polarized. This in turn requires A »B .. u u· 

For do ~ 4d1 , do ~ and do ~ d substitutions,1d1 5 

we observed the following shifts: 

Raman IR 

d ~ 4d
0 1 

1019.8 ~ 1016.3 

1025.8 ~ 1022.5 

1028.0 ~ 1025.8 1028.0 + 1028.0 
.' 

d 
0 

+ 1d1 

1019.8 + 1019.8 

1016.3 + 1015.5 

1028.0 + 1028.0 1028.0 + 1028.0 

+do d5 

1019.8 + 858.7 

1025.8 + 867.5 

1028.0 ~ 870.5 ? 

All of these shifts are fully consistent with the 

expectations for v The shifts for do ~ d
18a

. 5 

substitution are somewhat uncertain, but the data 

definitely shows large shifts for this substitution. 

Hayashi's polarization data shows that A . » B u u 

for the 1028 em-I band as required. Finally, Baum's 

1measured depolarization ratio for the 1028.0 cm-

Raman band is .01, which is consistent with a totally 

symmetric mode. In the D2h point group (and lower 
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symmetry groups as well), the Raman active version of 

V belongs to the Ag representation. Thu~, all of18a 

the data are completely consistent with the assignment 

lof to 1028.0 cm- in the Raman spectrum and 1028.0v18a 
-1 . 

em ln the IR spectrum. This is considered a firm 

assignment. The very weak Raman bands at 1019.8 and 

131025.8 are most likely c versions of v • At most
18a

one of these bands may be a factor group partner of 

the 1028.0 band, but the very weak intensity relative 

to the 1028.0 band suggests that this is unlikely. 

-1Mode v The Varsanyi range is 1065 - 1082 cm18b . 

The Raman bands in this range are at 1074.5 and 

-11076.5 em . In the IR spectrum the only bands in 

-1this range are at 1073.5 and 1075.5 em . 

An inspection of the benzene displacement pattern, 

shows amplitude at all positions. Consequently the 

benzene analogue is expected to be do -+ 4dl sensitive 

For do -+ 4dl substitution, the following shifts 

are observed: 

Raman IR 

d -+ 4d d -+ 4d
0 l 0 l 

-+1974.5 -+ 990.0 1073.5 (7) 

1076.5 -+ 992.5 1075.0 -+ 993.0 
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Thus, these bands show the do + 4d sensitivity requiredl 

for v Since the benzene mode has amplitude at the18b . 

1 position, the benzene analogue may involve appreciable 

carboxyl group motion. However, the small dimer 

-1splitting (~l cm ) suggests that such motion is not 

appreciable. On this basis, it seems worthwhile to 

consider the application of D2h symmetry to this mode. 

In the D2h point group, the IR active dimer mode belongs 

to the B representation, and the transition should be2u 

polarized in-plane along the short axis, requiring 

Bu »Au. Hayashi's polarization data shows the bands 

-1 
at 1073.5 and 1075.5 cm to have Bu » Au, as required. 

We therefore firmly assign v to 1014.r:? and 1076.5 cm~~ in the
18b 

lRaman and 1073.5 and 1075.5 cm- in the IR spectrum. 

In the Raman spectrum, where the band pair is more 

clearly resolved, the members of the pair are of com

parable intensity suggesting that they are factor group 

13partners, rather than one member being due to c . 

-1
Mode VIS. The Varsanyi range is 1150 - 1160 cm The 

-1only Raman band in this range is at 1156.8 cm . In 

the IR spectrum, there are no bands in this range. 

Slightly outside of the Varsanyi range is a Raman band 

l lat 1170.0 cm- and an IR band at 1163.0 cm- . 

An inspection of the benzene displacement pattern 

shows that this mode has amplitude at the 1 and 4 
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l 
positions. Consequently, this mode should be do + 4d

sensitive and may involve carboxyl group motion. 

We observe for do + 4d substitution the followingl 

shifts: 

Raman IR 

1156.0 + 1103(?) 


1170.,0 ~ 1118.5 1168.5 + 1116.0 


These shifts are consistent with the expectation for 

Most likely, the IR band at 1168.5 em-I is 

-1the counterpart of the Raman band at 1170.0 ern , 

rather than the band at 1156.8 ern-I 

If we assume C symmetry for the monome~ which
2v 

may not be justi d, vIS belongs to the Al repre

sentation which makes the mode both Raman and IR 

active at the level of the monomer. If the molecule 

involves carboxyl group motion and therefore feels 

a symmetry lower than C ' there will still be no2v 

group-theore cal restrictions on IR activity. 

Therefore we expect VIS to appear in both the Raman 

and IR spectra. This expectation makes the band at 

1156. 8 an unlike ly candidate for v15" Ne therefore 

-1assign v with high probability to 1170.0 em in the
15 

lRaman spectrum and 1168.5 cm- in the IR spectrum. 
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This is not a firm assignment, however, because it is 

somewhat outside the Varsanyi range and the.nature of 

lthe 1156.8 cm- band is not known. The IR band at 

l1168.5 cm- is not visible in Hayashi's polarized 

absorption spectrum. However, Zwarich's data shows 

that Bu. » ~ for this band as required for a B2u 

mode in the D2h point group_ 

lMode v • The Varsanyi range is 1170 - 1181 cm
9a 

The only Raman band in this range is at 1179 c~-l. Slightly 

loutside the range is a band at 1190 cm- The only 

IR bandsin or close to the Varsanyi range are at 1178.5, 

-1and 1189.0 ern 

The benzene displacement pattern shows that this 

mode has zero amplitude at the 1 and 4 positions. 

Consequently, we expect the benzene analogue mode to 

be do + 4d insensitive and to involve little carboxyll 

group motion. The small carboxyl group motion leads 

us to expect C symmetry at the monomer level, D2h2v 

at the dimer level, and a small dimer splitting. We 

also expect the mode to be strongly do + d S sensitive 

and do + ldl insensitive. 
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For do + 4d substitution we observe the followingl 

shifts: 

Raman IR 

1179.0 + 1176.3 1178.5 + 1175.0 

1190.0 + 1187.5 1189.0 + 1186.5 

It is clear that all bands show the do + 4dl insensi

tivity expected for v 9a 

In the C point group, v belongs to the Ag2v 9a 

representation. Hence this mode should be both IR 

and Raman active at the monomer level. In the D2h 

point group, the Raman active dimer mode belongs to 

the Ag representation and should have a small depolari 

zation ratio_ The IR active mode belongs to the Blu 

representation requiring the-transition to be accur

ately long-axis polarized. The depolarization ratio 

measured by Baum for the 1179.0 band is 0.1, as ex~ 

lpected for v - In solution the 1190.0 cm- band
9a 

is not observed. Hayashi's polarization data shows 

-1
that the 1178.5 em band has Au symmetry and the 

-11189.0 em band has Bu symmetry with B >A. 
u u 

However, Zwarich 1 s data has .fl
Ll 

:: BiI as required. 

As explained previously, vle consider Zwarich I s data 

more reliable. 
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The reasons for assuming that the bands at 1179.0 

-1 	 -1
and 1190.0 cr1 and those at 1178.5 and 1189.0 cm are 

factor group pairs are that the 1190.0 band does not appear 

in solution and that no other do + 4d insensitive1 

band is predicted to be in this region by the Varsanyi 

ranges. Also, the polarized IR spectrum shows that 

the bands at 1178.5 and 1189.0 em-I have different 

symmetries, which rules out Fermi resonance. Therefore, 

we firmly assign v 9a to the Raman bands at 1179.0 and 

1190.0cm-1 and the IR bands at i178.5 and 1189.0 em-I. 

Modes v3 and v 14 . The Varsanyi ranges are 1270-1331 

1 l cm- and 	1300-1350 cm- , respectively. Between 1260 

em-I ~ Rand 1340 ~n the aman spect rum, there are t wo 

strong bands and two bands of medium intensity. As 

will be discussed later, the strong band at 1291.8 em-I 

is firmly assigned to a carboxyl group mode. We are 

thus faced with three bands and two expected funda

1mentals in this range. The weak 	band at 1317.8 cm

-1
and the strong band at 1327.1 cm are sharp, sym

metrical bands and have every appearance of being 

fundamentals. The medium intensi'ty band at 1278.3 

-1 
em is broad and has at least two shoulders. The 

broadness of this band suggests that it may be a 

combination band. In order for a combination band to 
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have medium intensity, it is necessary for its intensity 

to be enhanced by Fermi resonance. For do'~ 4dl 

substitution we observe 1291.8 ~1287.5 em-I and 1278.3-;> 

-11266.5 cm . Thus the energy gap between the bands 

l lhas increased from 13.5 cm- to 21.0 cm- If Fermi 

1 resonance were occurring between the 1278.3 cm- band 

-1and the 1291.8 em band, we would expect this increase 

in energy gap to break or reduce the Fermi resonance 

interaction. We find that the 1287.5 cm-1 band is more 

intense than the 1291.8 em-I band and the 1266.5 band 

lis much weaker than the 1278.3 cm- band. Thus the 

1intensity changes support the assignment of the 1278.3 cm-

band as a Fermi resonance enhanced combination band. 

In the do and 4 d l IR spectra, exactly similar phenom

ena are observed. In the Idl and d 5 spectra the counter

partsof the 1278.3 cm l band are either very weak or 

missing. Finally, Hayashi's polarization data shows 

that both of these bands have the same polarization 

properties, as required for Fermi resonance. We there

fore consider it highly. probable that the 1278.3 em-I 

band is a combination band enhanced by Fermi resonance 

lwith the fundamental at 1291.8 cm-

At this, point we are left with two predicted 

fundamentals and two observed fundamentals. Both of 

these modes show amplitude at the 1 and 4 positions. 
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Hence we do not expect do ~ 4dl shifts to discriminate 

between these modes. Hayashi's polarization data 

shows that the bands are oppositely polarized. This 

raises the question of whether these modes are factor 

group partners, rather than separate fundamentals. 

For do ~ d S substitution, we observe the following 

shifts: 

Raman IR 

do ~ 	 d ~ ddS 0 5 

1317.0 ~ 1298.0 1319.0 1300.0~ 

1327.1 + 	 1333.0, 1330.0 + 1333.5 
1333.9 

A similar pattern is observed for do + 4d substitution.l 
The fact that one band shifts much more than the other 

is incompatible with the hypothesis that these modes 

are factor group partners. Therefore these bands 

must correspond to different fundamentals. 

Since the band at 1327.2 em-I involves appreciable 

carboxyl group motion, this mode will not feel D2h 

symmetry. Hence the expected polarization properties 

cannot be determined and polarization data cannot be 

used to determine whether v3 or goes with one orv14 

the other band. All that can be said is that the 

band at 1327.1 em 
-1 

corresponds to v3 or v 14 mixed 

with appreciable carboxyl group mode character, and 

-1that the 	band at 1317.8 cm corresponds to either 
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1
~lode The Varsanyi range is 1440-1470 cm- The 

Raman bands in this range are at 1445.0, 14~7.4 and 

-11465.7 em . In the IR spectrum there are bands 

1at 1453.5 and 1466 cm- . An inspection of the benzene 

displacement pattern shows that this mode should have 

appreciab do -7-- 4d sensitivity.1 

For do -7-- 4d and do -+ substitutions, we observe1 d5 

the following shifts: 

Raman IR 
, 

d -7-- 4d d -7-
0 1 0 

4d1 

1445.0 -7-- 1410.0 1453.5 -7-- 1411.0 

1447.0 -7-- 1412.5 

1465.7 -7-- 1461.0 1466.0 ~ 1462.0 

-7-- ddo 5 


1445.0 -7-- 1371.9 


1447.0 -+ 1378.1 


1465.7 -7-- 1465.7 


All bands show the expected shifts for do -7-- 4d1 
-1substitution except the band at 1465.7 cm The 

do -7-- d shift for this band shows that it primarily5 

a carboxyl group mode. On this basis this band is 

definitely eliminated from further consideration. 

Consequently v is firmly assigned to the Raman bands19b 

at 1445.0 and 1447. 4 em-I and the IR band at 1453.5 em'-1 

Polarization data was not considered in this assignment 
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because the bands at 1445.0 and 1447.4 cm-1 show marked 

do ~ ldl sensitivity. 

Mode v 19a . The Varsanyi range is 1470-1515 -1 cm The 

only IR band in this range is at 1496 cm l The Raman 

bands in this range are at 1494.0 and 1496.0 cm l 

An inspection of the qualitative displacement 

pattern for v in benzene shows amplitude at the 119a 

and 4 positions. However, the displacement pattern 

calculated by Duniker and Mills (1968) shows that 

these are small. Hence we expect only low sensitivity 

to do ~ 4d substitution.l 

For do ~ 4d and do ~ ld substitution we observe1 l 

the following shifts: 

Raman IR 

d 
0 

~ 4dl d 
0 

~ 4dl 
~1494.0 ~ 1483.0 ? 1483.0 

1496.0 ~ 1493.0 1496.0 ~ 1493.0 

d ~ ld d ~ ld
0 l 0 l 

1494.0 ?~ 

1496.0 ~ 1496.0 1496.0 ~ 1496.0 

The do ~ 4d shifts are all consistent with the expecl 

tations for v All bands are insensitive to19b . 

do ~ ldl substitution. 
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The small dimer splitting and the do + ldl 

insensitivity suggest that D2h symmetry, ma~ be appro

priate for this mode. However, for do + d substituS 
ltion we observe 1496.0 cm- + 1472.0 or 1475.0 em-I. 

On a percentage basis, this is a small do + d shiftS 

and indicates appreciable carboxyl group motion. Con

sequently D2h (and C2h ) symmetry is ruled out and the 

polarization data can not be reliably considered. 

Primarily on the basis of Varsanyi range and do + 4dl 

shifts we firmly assign v to 1496.0 em-I in the
19a 

IR spe9trum and to 1494.0 and 1496.0 em-I in the Raman 

spectrum. One rather puzzling feature of this mode is 

the large increase in what is apparently factor group 

splitting for do + 4d substitution. The basis of thisl 

large increase is not understood. 

Mode v • The Varsanyi range for this mode is 1575 
8a 

I1614 cm- The IR bands in this range are at 1584.0 

and 1601.0 em-I In the Raman spectrum there are weak 

-1bands at 1581.5, 1586.5, 1593.0 em and a strong pair 

at 1599.7 and 1601.0 em-I. 

An inspection of the displacement pattern for the 

benzene mode shows that the analogue mode should be 

do + 4dl insensitive. For do + 4d1 substitution we 

observe the following shifts: 
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Raman IR 

d -+ 4d
0 l 

1581.5 -+ 1567.0 1584.0 -+ 1567.0,1574.0, 
1579.0 

1586.5 -+ 1574.0 

1593.5 -+ 1580.0 

1599.7 -+ 1595.7 

1601.0 -+ 1597.8 1601.0 -+ 1597.0,1600.0 

All bands are eliminated from further consideration 

except those at 1599.7 and 1601.0 ern-I 

Since the benzene mode has no amplitude at the 

1 position it is unlikely that the analogue mode involves 

carboxyl group motion. This contention is supported 

by the small dimer splitting and the insensitivity of 

this mode to do -+ substitution. For do -+ldl d 5 

substitution the 1601.0 ern-I band shifts at least 30 

-1 . cm , cons~stent with a mode that is predominantly a 

ring mode. On this basis we expect the dimer mode to 

feel D2h symmetry_ In the D2h point group the IR active 

mode belongs to the Blu representation and the transition 

has to be accurately long_axis polarized, requiring 

AU > Bu· Hayashi's polarization data shows that the 

lIR band at 1601.0 cm- has Au »Bu. The Raman active 

mode belongs to the Ag representation and should have 

a small depolarization ratio. Baum's measured depolari 

zation ratio is 0.50, which is large for a totally 
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symmetric mode but not above the theoretical limit of 

6/7. Also others (Cleveland, 1945) have obse~ved similar 

depolarization ratios for v8a in other monosubstituted 

benzenes. We therefore firmly assign vSa to 1599.7 and 

l1601.0 em-I in the Raman spectrum and 1601.0 cm- in 

the IR spectrum. 

While the assignment of this mode is clear, the 

changes in Raman intensity upon do + 4d substitutionl 

and do + Id substitution are among the more perplexingl 

features of the entire spectrum. In the d Raman o 

spectrum, vSa is a strong band and shows two barely 

resolved factor group components separated by about 

-11 cm . In the 4d spectrum the intensity is markedlyl 

(~50%) reduced and the two components are now separated 

lby about 2 cm- . This reduction in Raman intensity 

is surprising in view of the small amplitude expected 

lat the 4 position for v The IR band at 1601.0 cm
8a 

. 

does not show a drastic change for do + 4d substitution.l 

In the 4d spectrum, the band is of about the samel 

intensity and is only somewhat broadened, We are 

inclined to attribute the reduced intensity of v in 

l 

8a 

the 4dl Raman spectrum to a Fermi resonance between 

v8a and v6b + V 12 · In the do spectrum, V6b + v 12 should 

be located at 617.0 + 1000.5 = 1617.5 cm l . In the 4d

spectrum the combination shifts to 983.8 + 613.0 = 
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-11596.8 cm Clearly the condition of accidental near 

degeneracy is fulfilled. Also Fermi resona~ce is 

observed in benzene between vI +v6 and v8 (Brodersen 

and Langseth, 1956). vI and are closely relatedv 12 

vibrations having the same symmetry. In addition all 

three modes are predominantly ring modes, which meets 

the spatial requirement for Fermi resonance discussed 

in section IID2. It is therefore very likely that the 

-1band at 1595.7 cm in the 4d spectrum is th& combinl 

ation band associated with + The intensi tyv 6b .v 12 

of this band is markedly enhanced by Fermi-resonance 

with the band at 1597.8 cm- l (v Sa ) whose intensity is 

v6b + 1617.5 ,leading to much larger en-

accordingly reduced. This Fermi resonance can not 

occur in the do spectrum since v 8a = 1600.5 -1 cm and 

-1 
= cm av 12 

ergy gap. Fermi resonance between vSa and + v6bv 12 

is apparently weak in the IR spectrum, since the 

intensity of vSa is relatively unchanged by do + 4dl 

substitution. ~'1e are unable to explain this difference 

between the IR and Raman spectra. 

In the ld spectrum, vSa is even weaker than inl 
lthe 4d spectrum. The band appears at 1599 cm- ,l 

indicating that the intensity rather than the frequency 

has been changed by ld sUbstitution. In the ld IR1 1 

spectrum, vSa is broadened but not weakened. Thus 
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as in the case 	of do + 4d substitution, the unusual1 

behavior is confined to the Raman spectrum.. As before 

we interpret the loss of intensity to Fermi resonance 

with a combination band. An inspection of the Id1 

Raman spectrum shows that the broad unresolved pair 

-1at 1583.5, and 1581.0 cm is markedly enhanced in 

intensity. The 1583.5 em-I peak of this broad band 

1apparently corresponds to the weak band at 1586.5 cm-

in the d spectrum. In the d spectrum, the weak bands 
o 	 0 


-1
at 1586.5 and 1581.5 cm are of comparible intensity, 

-1while in the Id spectrum the 1581.5 cm band appears1 

as a weaker shoulder on the band at 1583.5 em-I. We 

assume that thecornbination band which enters into 

1Fermi resonance with ~8a is at 1586.5 cm- in the do 

-1spectrum and 1583.5 cm in the Id spectrum. Since1 

a comprehensive study of combination bands has not been 

carried out, it is not possible to give a firm assign

ment of these combination bands. 

-1The Varsanyi range is at 1562-1597 cm 

The only IR band in this range is at 1584.0 cm In 

the Raman spectrum there are weak bands at 1557.0, 

-11564.0, 157380, 1581.5, 1586.5, and 1593.0 em 

The displacement pattern for v8b in benzene shows 

that the analogue mode should be do + 4d sensitive.1 

The Raman band at 1557.0 ~1-1 shifts only 1 em-I for 
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do + 4d substitution and is eliminated from furtherl 

consideration. As indicated in the discussion for v ' 
8a 

lthe Raman bands at 1586.5 and 1593.0 cm- are most 

likely combination bands. Intensity comparison suggests 

l lthat the Raman band at 1581.5 cm- shifts to 1574.0 cm

l upon do + 4d substitution. The IR band at 1584.0 cml 

also probably shifts to 1574.0 em-I. It is accompanied 

by two side bands at 1567.0 and 1579.0 em-I, which are 

probably combination bands enhanced by Fermi resonance 

with the stronger band at 1574.0 em-I. It is not 

possible to determine the d + 4d shifts of the d 
o·l 0 

-1Raman bands at 1564.0 and 1573.0 em . Probably these 

bands are burried under the new stronger bands that 

-1 
appear at 1577.0 and 1574.0 em in the 4d spectrum.l 

Although vSb in benzene has amplitude at the 1 

position, insensitivity to do + Id substitution, smalll 

dimer splitting (seen clearly in the 4d spectra) asl 

well as a large sensitivity to do + d substitution5 

suggest that D2h symmetry may be appropriate for this 

mode. In the D2h point group, v8b belongs to the B2u 

representation, making the transition short-axis 

polarized which, in turn, requires Bu > Au. Hayashi's 

polarization data shows that the band at 1584.0 em-I 
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We thus firmly assign v8b to the IR band at 1584.0 

cm-land tentatively to the Raman band at 1581.5 em-I 

The Raman assignment is not firm because of the confu

sion created by the nearby combination bands. 

lMode v 9b (+). The Varsanyi range is 200-410 ern-

According to Varsanyi, in monosubstituted benzenes, this 

mode becomes the ring-carboxyl group in-plane bend. As 

discussed in Section IIB,there are in-phase and out-of

phase combinations of this mode. Our physical intuition 

suggests that the in-phase combination will have the 

lower frequency_ However, no definite statement can 

be made. In what follows, we arbitrarily assume that 

the Varsanyi range for applies to "lOb (+) •"vIOb n 

The only Raman bands in this range not previously 

-1assigned are at 261.5 and 263.0 em • In the IR 

spectrum, the only bands in this range are at 293.0 

-1and 297.0 cm 

Since this mode must involve carboxyl group motion, 

the application of D2h or even symmetry may beC2h 

unjustified. Realizing that it may be weak evidence, 

we nonetheless consider the application of D2h symmetry_ 

In the D2h point group, the IR active mode belongs to 

the B2u representation making the transition short-axis 

polarized. This in turn requires Bu > Au. The 
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polarization data of Meshitsuka 	et al. (1972) shows that 

lthe bands at 293.0 and 297.0 cm- have Bu > .~, while 

-1the band at 388 cm has Au > Bu· 

For do -+ Id 1 d -+ 4d and d -+ d substi tutionsl 0 l 0 5 
we observe the following shifts: 

Raman 	 IR 

d -+ Id	 d -+ Id
0 l 	 0 l 

261.5 -+ 253.0 293.0 -+ 287.0 

263.0 -+ 260.0 297.0 -+ 292.0 

d ~ 4d	 -+ 4ddo0 l 	 l 

261.5 -+ 260.,0 293.0 -+ 291.0 

263.0 -+ 262.,0 297.0 -+ 295.0 

-+ d	 -+d 
0 5 	 do d 5 

261.5 -+ 255.0 293.0 -+ 281.0 

263.0 -+ 256.0 297.0 -+ 285.5 

These shifts are consistent for a mode which involves 

both ring and carboxyl group motion. 

-1The dimer splitting of about 30 cm is consistent 

with a mode involving appreciable carboxyl group motion. 

On the basis of the Varsanyi range we assign \)9b (+) to 

l261 .. 5 and 263.0 cm- in the Raman spectrum and 293.0 

-1 .and 297 .. 0 em ln the IR spectrum. This assignment is 

considered highly probable rather than firm on account 

of the uncertainty of using D2h symmetry to interpret 

the polarization data. 
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According 

-1
The Varsanyi ra~ge is 1100-1280 cm 

to Varsanyi, in monosubstituted b~nzenes 

with light substituents, this mode becomes the c-x 

stretching mode. Since this mode has a very large 

range, we have waited until all other modes expected 

in this range have been assigned. Except for extremely 

weak bands, the only remaining Raman band in this range 

-1is at 1134.0 cm . In the IR spectrum, the only re

maining bands are at 1130.0 and 1102.0 cm- l • ~he 

latter band, which weak in the IR spectrum, appar

ently corresponds to an extremely weak Raman band at 

-11102.0 	cm 

The displacement pattern for v in benzene13 

shows amplitude at the 1 and 4 positions. However, 

normal coordinate calculations by ~vhiffen (1956) for 

monosubstituted benzenes show that the 2,4 and 6 

positions have small amplitude and the other positions 

large amplitude. This behavior of v upon mono13 

substitution paral Is the behavior of VI. In mono

substitution benzenes, VI has large amplitudes at the 

I, 3 and 5 positions and negligible amplitudes at the 

other positions. VI is strongly substituent sensitive 

and insensitive to do + 4d substitution. Accordingly,l 

we expect v to behave sinilarly for these substi 13 

tutions. Indeed, the large Varsanyi range for v13 

indicates its strong substituent sensitivity. 
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For d -+ 4d , d -+ Id and d -+ d substitution 
0 1 0 1 0 5 

we observe the following shifts: 

Raman IR 

d -+ 4d d -+ 4d
0 1 0 1 

1134.0 -+ 1136.5 1130.0 -+ 1132.0 

1103.0 -+ 1103 .0 1102.0 -+ 1102.0 

d -+ Id d -+ 1d
0 1 0 1 

1134.0 -+ 1134.0 1130.0 -+ 1128.,0 

1103.0 -+ ? 1102.0 -+ 1103.0 

d -+ d,.. d d
0 ::J 0 -+ S 

1134.0 -+ 1093.0 1030.0 -+ 1089.0 

1103.0 -+ ? 1103.0 -+ ? 

The do -+ 4d shifts are all consistent with the ex1 

pectations for v According to Varsanyi, v
13 . 13 

is insensitive to do -+ Id substitution. The observed1 

shifts are also consistent with this expectation. The 

large shifts for do -+ substitution show that thesed 5 

bands do not correspond to pure carboxyl group modes, 

-1 as required. Also the 41 cm shift observed for 

-1the band at 1134.0 cm is almost identical to the shif-t 

observed for for d -+ dS substitution.v 12 0 

The c-x stretching mode is likely to involve 

internal motion of the substituent group x. eonsequent1y, 

one cannot reliably aSSUIrLe that this mode \vill feel 
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D2h or even C symmetry. It is therefore not possible2h 

to use polarization data to support the assignment of 

V • However, the polarization data is useful in
13 

another connection. Hayashi's polarized IR spectrum 

lshows that the bands at 1102.0 and 1130.0 cm- have 

the same polarization properties. This implies that 

these bands cannot be factor group partners. 

According to Varsanyi, v is usually strong in13 

both the IR and Raman spectra of monosubstituted ben~ 

zenes. On this basis the bands at 1134.0 and 1130.0 

-1 cm are clearly selected as the best candidates for 

(The Raman band at 1134.0 em-I is more than 

-1fifty times as intense as the band at 1130 cm ). Thus, 

on the basis of intensity and Varsanyi range we firmly 

-1assign to 1134.0 em in the Raman spectrum andv13 
l1130.0 cm- in the IR spectrum. No factor group split

ting is observed. The weak bands at 1102.0 and 1130.0 

-1 
cm are most likely combination bands, since no 

other fundamentals are expected in this range. 

Modes vI and V9b (-). The Varsanyi range for vI is 

620-830 cm- The range for v 9b (-) is unknown. The 

only unassigned Raman bands in the range for vI are 

-1 a very strong band at 797.4 cm , a weak band at 

-1817.0 cm , and very weak bands at 658.0 and 659.5 

em 
-1 

The only IR bands in the range for vI are at 
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-1670.0, 672.0, 795.5, 809.0 and 817.0 cm 

Varsanyi notes that normal coordinate calculations 

for monosubstituted benzenes show that VI has large 

amplitudes at the 1, 3, and 5 positions and negligible 

amplitudes at the other positions. We therefore 

expect this mode to be do ~ 4d insensitive and stronglyl 

substituent sensitive. The substituent sensitivity is 

also indicated by the rather large range for this mode. 

According to Varsanyi, VI is usually strong in the 

Raman spectra of monosubstituted benzenes. 

For do ~ 4d1 substitution, we observe the follow

ing shifts: 

Raman IR 

d d 4d~ ~ 

0 
4d1 0 l 

797.4 ~ 796.3 797.5 ~ 796.5 

658.0 -> 655.5 670.0 ~ 666.0 

659.5 ~ 657.0 672.0 ~ 668.0 

817.0 ~ ? 809.0 ~ 804.0 

817.0 ~ 814.0 

lThe Raman band at 817.0 cm- is eliminated from further 

consideration as a candidate for VI. This band evi

ldently does not correspond to the IR band at 817.0 cm-

which does not shift for d ~ 4dl substitution. The 
0 

Raman bands at 658.5 and 659.5 cm -1 correspond to the 

-1IR bands at 670.0 and 672.0 cm as indicated by their 

similar shifts. This is a large dimer splitting and 
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indicates appreciable carboxyl group motion. The nature of 

-1
theIR band at 817.0 cm is not known, but Zwarich's 

polarization data shows that it has the same polari

-1zation properties as the band at 809.0 em . Therefore, 

these bands are not factor group partners. Most likely 

these bands are combination bands. Zwarich's data 

shows that these bands cannot be in Fermi resonance with 

-1
the out-of-plane mode at 812.0 cm (v lOb (-)) since the 

latter band has opposite polarization properties. Also 

essentially unshifted ) and unchanged in 

the band at 812.0 -1 cm shifts to 784.0 -1 cm for do -+ 4d
1 

substitution, while the bands at 809.0 and 817.0 em-I 
-1 

are (~5 cm 

intensity. The most compelling reason for assuming that 

these bands correspond to combination modes is the fact 

that all fundamental expected in this region are best 

accounted for with other bands. The Raman band-at 

~l. t' t d817 • 0 em- ~s a 1so no unders 00 • As noted previously 

it is not a counterpart of either of the bands at 809.0 

and 817.0 em-I since it disappears upon do -+ 4d subl 

stitution. For the same reason it is also unlikely 

that it is a factor group partner of either the band at 

-1 -1812.0 cm or the band at 797.4 cm . Most likely it 

is a combination band in Fermi resonance with one of 

these bands. These assignments of combination bands 

must be regarded as tentative until a comprehensive 

study of combination bands is carried out. 
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lThe Raman band at 797.1 cm- is about 40 times as 

-1intense as the bands at 658.0 and 659.5 em .• Since 

VI should be a strong Raman band according to Varsanyi, 

it is clear that the best choice for vI is the Raman 

-1 -1band at 797.4 em and its IR counterpart at 797.5 ern 

All observed shifts for isotopic substitutions are 

consistent with this assignment. In addition the 

measured depo1arlza't'lon rat'10 f or the 797.5 ern-I band 

is .02, a low value as expected for vI. 

By elimination, v (-) is assigned to the Raman9b 
lbands at 658.0 and 659.5 cm- and the IR bands at 672.0 

-1and 679.0 ern Since v (-) is expected to involve9b 

both ring and carboxyl group motion we expect it to 

be sensitive to do + d substitution and to show a large5 

dimer splitting. For do + substitution, we observed 5 

the following shifts: 

Raman IR 

d + d d + d
0 5 0 5 

658.0 + 642.5 670.0 + 648.0 

659.5 + 644.0 672.0 + 650.0 

These shifts and the observed dimer splitting are fully 

consistent with the expectations for V 9b (-). 

It should be noted that while the range for v 9b (-) 

is unknown, it is not expected to have a high frequency. 

Consequently, we assume that it cannot be confused with 

the carboxyl group moles expected to lie in the 
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1300-1700 em range. On the other hand could be 

confused with the O-C=O scissor mode which ~s expected 

to have a lower frequency. As we will show later, 

-1this mode is assigned to 557.0 cm in the IR spectrum 

and 504.0 em-I in the Raman spectrum. v (-) was
9b 

not assigned to these bands because they are insensi

tive to do + 4d substitution.l 

We regard the assignments for vI and v (-) as9b 

firm since all the data are consistent with these 

assignments. 

At this point, the only in-plane benzene analogues 

which have not been assigned are the C-H stretching 

modes, which are expected to be in the vicinity of 

13000 cm-. Since the O-H stretching mode also -occurs 

in this region, it is appropriate to consider the 

assignment of this mode with those of the C-H stretching 

modes. 

An inspection of the Varsanyi ranges (Table 5) 

for the C-H stretching modes shows -that all ranges 

overlap except those for v and and those for v
2 

v20b 7a 

The displacement patterns for benzene show 

that modes v and 20b have zero amplitude at the 17b 

and 4 positions. Normal coordinate calculations for 

monosubstituted benzenes by Baily et ale (1946) show 

that v a has no amplitude at the 1 and 4 positions.
20a 
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On this basis, \'7e expect to observe three modes that 

are do + 4d insensitive.l 

The C-H stretching modes are much higher in fre

quency than all of the carboxyl group modes except 

the O-H stretching mode. Consequently, we expect that 

this mode is the only carboxyl group mode that will 

be mixed with, the C-H stretching modes. Unless a 

C-H stretching mode is sensitive to do + Id subl 

stitution, we conclude that it involves no significant 

carboxyl group motion. 

The d Raman spectrum at 4.20 K shows six bands o 

whose sharpness and intensity suggest that they are 

fundamentals. The d IR spectrum in this region shows o 

a broad, relatively structureless conglomeration of 

-1bands in the region of 3000cm . Four individual 

bands can be discerned. The Raman and IR bands together 

with their do + 4d shifts are given below.l 

Raman IR 

d + 4d d + 4d
0 l 0 l 

3072.0 + 3071.0 3072.0 + 3071.5 

3066.0 + 3065.5 3067.0 (?) +3063.0(?) 

3060.5 + 2972.0 3061.0 + ? 

3058.0 + 3057.5 3058.0 + 3058.0 

3008.0 + 2260.0 

2983.0 + 2293.5 
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-1 

-1The bands at 3072.0, 3066.0 and 3058.0 em are clearly 

candidates for v 7b ' andv 20b ' v 20a • 

For d + Id substitution, the only Raman band 
0 l 

-1affected is at 3060.5 cm . In the Id spectrum, thisl 

band cannot be identified. The IR band at 3061.0 cm 

behaves in a similar fashion. 

At this point it is necessary to decide which 

bands correspond to the C-H stretching modes. Candi

dates for ' ' and v lOa have already beenv 7b v20b 

specified. For v and v ' there are three choices
2 7a 

-1in the Raman spectrum: 3060.5, 3008.0 and 2983.0 cm . 

For do + 4d substitution the last two bands shiftl 
l more than 700 cm- . These shifts are reasonable for 

modes having large amplitude at the 4 position. They 

are unreasonable for a combination band. A combin

ation band would involve two or three fundamentals 

-1
located below 1700 ern These fundamentals never 

-1shift more than 50 cm for do + 4d substitution.l 

Therefore we would expect a combination band in the 

vicinity of 300bem- l to shift less than 150 cm- l for 

d + 4d substitution. Thus the bands at 2983.0 and 
o 1 

3008.0 em-I must be fundamentals. On the otherhand, 

-1 -1
the band at 3060.5 cm shifts 88.5 ern for do + 4dl 

substitution, which is reasonable for a combination 

band. vIe therefore conclude that the only candidates 
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-1for 'J and 'J are the bands at 2983.0 and 3008.0 cm2 7a 

To proceed further, we have to consult- Zwarich~ 

polarized IR spectrum taken at room temperature. This 

spectrum shows little structure in the 3000 em-I region. 

However, a band at 3073.0 em-I can be discerned. This 

band has Bu »Au. Assuming D2h symmetry, the IR 

active versions of v20b and v should belong to the7b 

B representation, which requires Bu » Au as observed.2u 

At this point we are left with the following possible 

assignments. 

Raman IR Assignment 

3072.0 3072.0 'J 
2Ob or 'J 7b 

3066.0 3067.0 'J 2Oa ' 'J 2 Ob , or 'J 
7b 

3058.0 3058.0 'J 20a ' 'J 2 Ob ' or 'J 7b 

3008.0 'J 
2 or 'J 

7a 

2983.5 'J 
2 

or 'J 7a 

It is not possible to specify the assignmenmmore com

pletely on the basis of the available data. The 

Varsanyi ranges are of little aid because most ranges 

overlap considerably. For example, the band at 3072.0 

em-I is in the ranges for both 'J and 'J • Mode20b 7b 
'J 20a 

lshould be between 3070 and 3110 cm- according to 
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Varsanyi. Our data show that v is either at20a 
-13066.0 or 3058.0 cm . This discrepancy is not 

significant since it is unreasonable to expect the 

boundaries of the Varsanyi ranges to be accurate to a 

few tenths of a percent. All of the Raman bands which 

are insensitive to do + 4d substitution are in thel 

range for v so no discrimination can be made for7b , 

this mode. The band at 2983.0 em-I is somewhat below 

the ranges for v and v 2 . However, this is not7a 

surprising since these modes are expected to be sub

stituent sensitive. A more complete assignment of 

the C-H stretching modes must await further experimental 

study. 

The IR active version of the dimer O-H stretching 

mode has been shown by a number of workers to correspond 

to the strong broad band that extends from 2500 em-I 

to 3000 em-I. Davies and Sutherland (1938) have con

vincingly argued that this band consists of the O-H 

stretching fundamental and nlli~erous combination bands 

in Fermi resonance with the fundamental. The basis of 

this interpretation is the observation that the monomer 

O-H stretching mode is a relatively sharp band. Davis 

and Sutherland further suggest that the combination 

bands in Fermi resonance with the O-H stretching funda

mental involve the H-bond modes. In their view, the 
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absence of these modes in the monomer, accounts for 

the sharpness of the monomer band. 

Most previous studies of the O-H stretching mode 

have considered the spectra of benzoic acid in solution. 

The solution spectra show four prominent bands for 

benzoic acid d . The Id spectrum shows only two 
o l 

prominent bands. In the d crystal spectrum at room o 

temperature, four broad bands can also be discerned. 

However, in the crystal spectrum, these bands are 

much less resolved. At 4.2 0 K the d crystal spectrumo 

shows about ten bands between 2500 and 3000 em-I. The 

Id
l 

spectrum at 4.2 0 K sho\'1s two strong bands at 

-12050.0 and 2200.0 em , each band having several weak 

lshoulders. Weaker bands between 2500 and 3000 cm-

are probably associated with d impuri ty. The d 
o 0 

Raman spectrum at 4.2 0 K shows two weak bands at 2601.5 

-1and 2636.0 em . In the d spectrum, bands of similar5 
-1intensity are found at 2601.5 and 2632.0 em This 

insensitivity to do + d sUbstitution is consistent5 

with these bands being associated with pure carboxyl 

group modes. For do + ld substitution these bandsl 
-1apparently shift to 2040.0 and 2197.0 cm. These 

frequencies are almost identical to the Id IR fre
l 

quencies. It therefore appears that the Raman bands 

lat 2601.5 and 2636.0 cm- are associated with the O-H 
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stretching mode. It remains to be determined whether 

these bands are factor group partners or whether one 

is a combination band in Fermi resonance with the 

fundamental. Since the ld crystal and solution IRl 

spectra both show two bands, the possibility of the 

bands being factor group partners is ruled out, 

And since the ld Raman bands are clearly the counterl 

parts of the ld IR bands, the same conclusion holds 
l 

for the ldl Raman bands. We assume that this ,-conclu

sion can be extended to the pair of bands in the d o 

spectrum. The possibility that one of the bands 

lat 2601.5 and 2636.0 cm- is a combination band is 

supported by the shifts observed for do + 4d substil 
l ltution. The band at 2601.5 cm- shifts to 2612.5 cm

land becomes weaker. The band at 2636.0 cm- also 

lbecomes weaker and probably shifts to 2630.0 cm- (very 

broad). We interpret these shifts and intensity 

changes to the presence of a new Fermi resonance 

linvolving a combination band at 2579.0 cm- . We assume 

that this band enters into Fermi resonance with the 

-1band at 2612.5 cm This Fermi resonance most likely 

competes with the Fermi resonance between the combina

-1 -1tion band at 2630.0 cm and the band at 2612.5 cm , 

which we assume to be the O-H stretching fundamental. 

The red shift of the 2636.0 em-I do band upon do + 4d
l 
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substitution is consistent with a weakening of the 

Fermi resonance between this band and the band at 

-12601.5 cm . On the other hand, the blue shift of 

-1the 2601.5 cm band upon do ~ 4d substitution isl 

consistent with the appearance of the Fermi resonance 

between this band and the band at 2579.0 cm This 

interpretation must be considered tentative until a 

comprehensive analysis of combination bands is carried 

out. 

To summarize, we assign the O-H stretching mode· 

1. hto 2601.5 cm- ln t e Raman spectrum and to the cluster 

lof bands between 2500 and 3000 cm- in the IR spectrum. 

It is interesting to note the small diroer splitting 

observed for the O-H stretching mode in the Id IR andl 

Raman spectra. Other carboxyl group modes show much 

larger dimer splittings. We are unable to offer an 

explanation of this small dimer spli tting.. Assignments 

given in this section are listed in Table 15. 

3. Midrange Carboxyl Group Modes 

At this point the only midrange modes which 

have not yet been assigned are those associated with 

the carboxyl group_ These modes are the O-C==O "scissor ll 

the out-of-plane H-wag, the O-H in-plane bend, the c-o 

stretching 'mode, and the C==O stretching mode. The 

only other carboxyl group modes are the O-H stretching 

mode, assigned in the previous section, and the H-bond 

modes, which are located below 200 em-I. 



259 


Hadzi and Sheppard (1953) have studied the IR 

spectra of a number of carboxylic acids and have 

established ranges for three of the carboxyl group 

modes. By the nature of their sorting procedure, 

only modes which are sensitive to do + Id substitutionl 

have been specified. Fortunately, one of the molecules 

they studied was benzoic acid. According to their 

room temperature IR data, the following frequencies 

correspond to carboxyl group modes: 

d 
o 

1420 1367 

1287 1042 

935 648 

o 
In our IR spectra, taken close to 4.2 K, the frequencies 

of these carboxyl group modes are as follows: 

1425.0,1433.0 1365.0 

1298.0 1048.0 

948.0 657.0 

Some of these frequency shifts have been interpreted 

by Hayashi to be due to the presence of two configurations 

of benzoic acid in the crystal, the relative populations 

of which are temperature dependent. This has been dis

cussed in detail in Section lID 3. 
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In the Raman spectrum, the counterpart of the 

lbands at 1425.0 and 1433.0 cm- (one is probably a 

combination band) is at 1465.7 em-I The large dimer 

splitting is consistent with a carboxyl group mode. 

-1The Raman counterpart of the 1298.0 em band is at 

1292.0 -1 cm and that of the 948.0 -1 em band is at 

910.0 
-1 

em . 

According to Hadzi and Sheppard, the bands at 

l(1425.0 or 1433.0) and 1298.0 cm- must both be assigned 

to mixtures of the C-O stretching and O-H bending modes. 

The reason for this is that both modes Bhow marked 

do + Idl sensitivity. 

lThe band at 948.0 cm- is assigned by Hadzi and 

Sheppard to the out-of-plane H-wag mode. However, 

these authors do not supply compelling evidence that 

this mode is not the O-H in-plane bend. One argument 

that this mode is not the O-H in-plane bend can be based 

on the fact that the bands 1298.0 em-I and 1425.0 or 

1433.5 em-I correspond to mixed modes. Because of 

the marked do + Id sensitivity one component of the
l 

mixture must be either the O-H in-plane bend or the 

O-H out-of-plane wag. Since the other component is 

the c-o stretch, an in-plane mode, only the O-H in-plane 

bend could be involved in the mixing. Here we are 

assuming that the molecule has a plane of symmetry. 
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Since the carboxyl group modes may experience C. 
1 

symmetry, which does not distinguish tween in-plane 

and out-of-plane modes, this argument is not convinc

ling. Compelling evidence that the bands at 948.0 cm

l(IR) and 910.0 cm- (R) correspond to an out-of-plane 

mode is furnished by the phosphorescence data which 

-1
shows that the band at 910.0 cm corresponds to an 

out-of-plane mode. An this basis we firmly assign 

the out-of-plane H-wag to 910.0 cm-loin the Raman spec

-1truro and its IR counterpart at 948.0 cm . 

According to Hadzi and Sheppard, the o-c=o scissor 

mode is a lower frequency mode usually found below 

-1700 cm and is more substituent sensitive than the 

other carboxyl group modes. They note that this band 

is relatively ensitive to do + Id SUbstitution.l 

These contentions are apparently based upon physical 

intuition. Clearly, the possibility that a carboxyl 

group mode such as the C-O stretching mode might lie 

lin the region below 700 cm- must be eliminated. Un

fortunately, we have been unable to find any argument 

more compelling than "physical intuition" to support 

the contention that the scissor mode occurs below 

-1
700 cm However, we have found an IR band at 

-1 -1557.0 cm which shifts to 540.0 or 537.0 cm upon 

do + substitution. Its Raman counterpart is atd 5 
-1 -1504.0 cm and shifts to 496.0 em. In the room 
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temperature spectrum, the IR band has the characteristic 

appearance of a carboxyl group mode. Howev~r, a shift 

-1of 17 cm is somewhat large for a pure carboxyl group 

mode in this frequency range. As noted previously, v6a 
lat 422.0 em-I (R) and 388.0 cm- (IR) is mixed with a 

carboxyl group mode. since it should be mixed with a 

nearby mode of appropriate symmetry, it appears likely 

that v is mixed with the scissor mode. In this case,
6a 

lthe IR band at 557.0 cm- and the Raman band at 504.0 

-1
cmwould correspond to a mode which consists of the 

scissor mode mixed with a small amount of v character.
6a 

In this way, the do + d sensitivity of those bands5 

would be explained. Thus, in agreement with the 

expectations of Hadzi and Sheppard, we assign the 

lscissor mode to the bands at 504.0 cm- (R) and 557.0 

-1 cm (IR). This assignment is not firm since there is 

no rigorous basis by which the scissor mode can be 

distinguished from other carboxyl group modes. There 

is also the uncertainty concerning the mixing of the 

scissor mode with v •
6a 

The only remaining midrange carboxyl group mode 

is the c=o stretching mode. This mode is well known 

lto be located in the vicinity of 1700 cm- . Hayashi 

ohas shown that at temperatures close to 4.2 K (i.e. 

when only one configuration is present in the crystal) 

lthe C = 0 stretching mode is located at 1710.0 cm
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Our Raman spectrum shows two strong, so far unassigned 

-1
bands at 1615.0 and 1631.0 em . Both bands are of 

comparable intensity. These bands are likely the Raman 

-1counterpart of the IR band at 1710.0 cm . The large 

dimer splitting is consistent with the large coupling 

expected for carboxyl group modes. One possibility is 

that the two Raman bands are factor group partners. 

Another is that the band pair is the result of inver

sion doubling. A third possibility is that one of 

the bands is a combination band enhanced by Fermi 
resonance with the other band which would be the 

funadmental associated with the C=O stretch. 

For do + 4d substitution, we observe only one
l 

lband at 1627.0 cm- , which is distinctly more intense 

than either of the bands in the d spectrum. The o 

disappearance of one of the bands for do + 4d sub
l 

stitution rigorously rules out the possibility of 

inversion doubling since this substitution should have 

no effect whatever on inversion doubling. Further, 

it is hard to imagine how do + 4d substitution couldl 

have any effect, let alone a drastic effect on the 

factor group splitting associated with a caroboxyl group 

mode. Therefore the only possibility remaining is 

that one of the bands is a combination band enhanced 

by Fermi resonance. For do + Id substitution, wel 
lalso observe only one strong band at 1612.8 cm- and 

for do + d substitution, we observe two bands at
5 
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-1 -11625.0 and 1617.0 em The 1617.0 em band has about 

-1 one third the area of the 1625.0 cm band .. Both bands 

have the same peak height. 

As noted in Section tID a combination band must 

have amplitude in the same region of the molecule as 

the fundamental. Thus we would expect that the combin

ation band that enters into Fermi resonance with the 

c=o stretching mode must be a combination of two car

boxyl group modes or perhaps a carboxyl grouptmodeand 

a ring mode. 

Since a complete study of combination bands has 

not been carried out, it is not possible at this time 

to make an assignment of the combination band that 

interacts with the C=O stretching fundamental. None

theless, vie regard it as highly probabl:e that 1631. 0 

-1 
cm corresponds to the C=O stretching fundamental 

land 1615.0 cm- is a combination band. The 1631.0 

band is chosen as the fundamental since the 4d fre1 
l quency is 1627.0 cm- . If Fermi resonance were not 

present in the d spectrum, we would expect the d o 0 

and 4d spectra to have the same C=O stretching fre
1 

quency. The only reason this assignment is not re

garded as firm is that the combination band has not 

been assigned. 

Assignments for midrange carboxyl group mode are 

listed in Table 16. 
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TABLE 14 


This table contains assignments for out-of-p1ane benzene 
analogues. In those cases where two Raman or two IR 
frequencies are listed for a single mode, the' t~vo fre
quencies are believed to correspond to factor group 
partners. Only assignments for benzoic acid d and 4d1 are given. Question marks indicate uncertaint~es that 
are discussed in the text. "N.O." is an abbreviation 
for "not observed ll Frequencies are given in wavEnumbers.• 

R(d ) IR (d )Node o o 

v (+)
10b 198.0 189.0 192.2 N.O. 

407.5 N.O. 407.5 N.O. 

438.0 433.0 424.5 N.O. 

685.5 683.0, 617.5 611.0, 
685.0 617.0 

710.0 708.0 698.0 692.5 
710.0 696.0, 

812.0 812.0 786.7 783.5 

854.1, 856.0 851.8, 853.0, 
855.8 858.0 854.0 856.0 

939.5, 930.0, 871.0, 878.0, 
944.0 941.0 873.6 886.0 

975.0 N.O. 975.0(?) N.O. 

v 987.5, N. 0 or 972.0, 976.05 989.2 974.0 
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TABLE 15 


This table contains assignments for in~plane benzene 
analogues and the O-H stretching mode. In those cases 
where two Raman or the IR Frequencies are listed for a 
single mode, the two frequencies are believed to correspond 
to factor group partners. Only assignments for benzoic 
acid do and 4dl are given. Question marks indi~ate un
certainties that are discussed in the text. "N.O." is an 
abbreviation for "Not Observed". Frequencies are given 
in viave numbers . 

R (d ) IR (d )Mode o o 

261.5, 293.0, 260.0 291.0, 
263.0 299.0 262.0 295.0 

422.0 388.0 419.4 N.O. 

616.0 616.0 616·.0 N. O. 
617.5 617.5 

658.0 670.0 656.0 668.0, 
659.0 672.0 657.0 667.0 

797.4 797.5 796.3 796.5 

1000.5 ·999.5 983.8 983.5 

\.I 
18a 

\.1 or \.1
3 14 

\.1 or \.114 3 
\.I19b 

1028.0 

1074.5, 
1076.5 

1134.0 

1170.0 

1179.0, 
1190.0 

1317.0 

1327.1 

1445.0, 
1447.4 

1494.0 
1496.0 

1028.0 

1073.5, 
1075.5 

1130.0 

1168.5 

1178.5, 
1189.0 

1319.0 

1330.0 

1453.5 
1453.5 

1396.0 

1025.8 

990.0, 
992.5 

1136.5 

1118.5 

1176.3, 
1187.5 

1306.0 

1324.5 

1410.0 
1412.5 

1483.0 
1492.0 

1028.0 

993.0 

1132.0 

1116.0 

1175.0, 
1186.5 

1306.0 

1329.0 

1411.0 

1483.0 
1493.0 
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Table 15 (Continued) 

Mode R(d )
0 

IR (d )
0 

R (4d
1 

) IR(4d1 ) 

v 8a 1599.7, 
1601.0 

1601.0, 1595.7, 
1597.8 

1597.0, 
1600.0 

v8b 1581.5 1584.0 1574.0 1574.0 

O-H 
stretch 2601.5 2500-3000 2612.5 2500-3000 

v 2 orv7a 2983.0 N . O. 2260.0 N.O. 
(? ) 

v or 
2V7a (?) 3008.0 N.O. 2293.0 N.O. 

v 2Oa ' 

v 20b ' or 3058.0 3058.0 3057.5 3058.0 

v 7b (?) 

v 2Oa ' v 20b ' 

or "7b (?) 
3066.0 3067.0(?) 3065.5 3063.0.{?) 

v 20b 
v 7b 

or 
3072.0 3072.0 3071.0 3071.5 
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TABLE 16 


This table contains assignments for midrange carboxyl 
group modes. The 4d assignments included in this table1have not been discussed in the text. However, their 
determination is straightforward. Frequencies are given 
in wavenumbers. 

Mode 

out-of-p1ane 
H-wag 

O-C:::::O scissor 

C-O stretch + 
O--H bend 

O-H bend + 
C"":O stretch 

C=O stretch 

R(d )
o 

910.0 

IR(d )
o 

948.0 911.5 944.0 

504.0 

1292.0 

557 .. 0 

1298.0 1288.0 

553.5 

1293.0 

1465.7 

1631.0 

1425.0 
1433.0 

1710.0 

or 1461.5 

1627.0 

1433.5 

1710.0 
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4. Low Frequency Modes 

In this section vIe present assignments of 

lmodes located below 200 cm- . The modes in this 

region are the lattice modes and H-bond modes. Qual

itative displacement patterns for the H-bond modes 

are shown in Figure 2 (boxed area). 

Before considering the spectra obtained in this 

study, it is appropriate to examine the results of 

previous investigations. Far infrared spectra of 

benzoic acid have been obtained by a number of workers. 

Room temperature solution spectra have been reported 

by statz and Lippert (1968) and Meshitsuka et al. 

(1972) . These spectra show almost no structure below 

-1200 cm The earliest crystal spectrum (unpolarized) 

was obtained by Genzel and Weber (1959). This 

spectrum, which was actually analyzed and published 

by Maier and Schifferdecker (1962) shows very poor 

resolution, most likely as a result of instrumentation 

problems. A more recent spectrum by Delorme (1964) 

shows even less structure. In this case, the sample 

consisted of benzoic acid powder dispersed in poly

ethylene. High quality unpolarized spectra of benzoic 

acid (crystal or powder?) were obtained by Stanevich 

in 1964. In his spectrum, the instrumental resolu

tion exceeded the inherent resolution of the bands. 
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In 1968 Wyncke et ale obtained the polarized far 

infrared spectra of single, oriented cryst~ls at 

250 K (see Figure 21). The spectra were presented in 

terms of absorbance rather than % transmission, and 

the instrument resolution was indicated in each 

region of the spectrum. From an experimental point 

of view, this study is the best that has been pub

lished so far. More recently, polarized far infra~ed 

spectra have been obtained by Meshitsuka et al. (1972) 

at room temperature (see .Figure 22). These spectra 

are presented in terms of percent transmission. Instru

mental resolution was not specified, but in view of 

the broadness of the observed bands, it was poor. 

~vyncke and coworkers 	observed three weak, sharp 

-1 0bands at 25, 36, and 41 em (25 K). The polarization 

properties of these bands indicated that the corres

ponding modes belong to the Au' Bu' and Au representa

ltion, respectively. 	 The remaining bands below 180 cm-

are broader and can very plausibly be grouped to

gether as factor group pairs. On this basis, Wyncke 

et ale concluded that the broad bands were associated 

with H-bond modes and the low frequency modes were 

lattice modes. Group theory predicts three IR active 

lattice modes (see Section I][D4). Because they believed 

that there should be 1 Au and 2 Bu lattice modes, 
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-1Wyncke and coworkers concluded that the band at 25 em 

was due to an impurity and that the missing. B mode 
u 

was located in the extreme infrared, outside of the 

region covered by their spectrometer. However, in 

reality group theory predicts 1 Bu and 2 Au lattice 

modes (Darydow 1962, page 15 and Section 1104 ~f this 

thesis) . Thus, there is no conflict between theory 

and experiment. 

In the study by Meshitsuka 

was made to verify the orientation of the crystal, 

using x-ray diffraction techniques. These authors 

were led to make this careful determination because 

they regarded their polarized spectra - to be in better 

agreement wi th the spectr-a obtaJned by Wyncke et ale (Fig. 23) 

if the a and b axes specified by the latter authors 

were interchanged. In our opinion, there are signifi 

cant differences between the spectra regardless of how 

the a and b axes are assigned. First of all, the 

-1sharp, weak bands at 21, 29, and 36 cm which appear 

in Wyncke I s spectra are missing in the spectr a 

obtained by Meshitsuka. The most likely explanation 

for this is that the spectral band width of Meshitsuka's 

-1instrument was much larger than the 0.5 cm bandwidth 

of the instrument used by Wyncke. Consistent with this 

is the fact that all bands in Meshitsukats spectra 
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are broader and less resolved than the corresponding 

bands in Wyncke's spectra. Also the relat~ve inten

sities are reversed in some cases. For example, the 

broad band at 106 cm- l in ~'lynckefs spectrum is less 

intense (according to peak height) than the sharp 

-1
bands at 66 and 82 cm In Meshitsuka's spectrum 

the sharp bands appear weaker than the broad band. 

This is what is expected when the instrumental band 

width is made larger than the intrinsic width of the 

sharp bands but not larger than the width of the 

broad band which is about 20 c~-l wide. Too large 

an instrumental bandwidth is especially a problem when 

obtaining spectra with polarized light, because over

lapping or adjacent bands having different polarization 

properties are observed simultaneously. This causes 

erroneous polarization ratios,. false peak locations, 

and incorrect relative intensities. We regard it as 

very likely that poor resolution is the cause of the 

differences between the spectra obtained by ~qyncke and 

Meshi tsuka. We therefore conclude that Meshitsuka's 

data presents no hard evidence that the a and b axes 

were misassigned in Wyncke's study. Moreover, 

Meshitsuka's data contains good, not firm, evidence 

that the a and b axes are assigned in the same way in 

both studies. ~1yncke 's spectra at 25o K shows that 
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-1 

the band at 189.0 em is a single band and is at least 

-1
40 em away from any other band. Since there are no 

overlapping or nearby bands, the only effect of too 

large a spectral band width is to broaden and reduce 

the peak height of the band. This occurs to an equal 

extent for both orientations of the polarized light. 

lWyncke's data shows that the 189.0 cm- band is strongest 

when the E vector of the light wave is parallel to the 

b axis. In Meshi tSUka's spectrum, a broad but definite 

-1 ~ ~ 
"bump" in the region of 190 cm appears when Ellb. 

When ~ll't' the base line is flat. Thus, the spectra 

of Meshitsuka and Wyncke are qualitatively in agreement 

-1 
as far as the isolated band at 189.0 cm is concerned. 

This is good evidence that the a and b axes were assigned 

identi6~11y in both studies. The spectra obtained by 

Wyncke and coworkers seem to constitute a nearly defin

itive study of the far infrared absorption spectrum. 

of benzoic acid d e o 

The first Raman spectrum for the region below 

l200 cm- was obtained by Maier and Schifferdecker in 

1962. Polarized light and oriented single crystals 

were used for benzoic acid d . Unpolarized spectra
o 

were obtained for benzoic acid Idle The spectra were 

well-resolved and eight bands were observed, the 

number predicted by group theory being twelve. 
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The most recent Raman study of the region below 

l200 cm- was carried out by Colombo and Furic in 1971. 

These authors used a laser source which allows polar

ized Raman spectra to be obtained with enormously greater 

ease than with conventional light sources. All bands 

predicted by group theory were thought to be observed, 

and the temperature dependence of the bands over the 

range from 200 to 3500 K was used to se~arate lattice 

modes from dimer modes. The basic idea of the tempera

ture dependence approach for sorting lattice and H-bond 

modes is that the force constants which determine the 

frequencies of the lattice modes depend upon the distances 

between the atoms of one dimer and those of the other 

dimer in the unit cell. Since the size of the unit cell 

changes with temperature, the force constants for the 

lattice modes change accordingly. On the otherhand 

force constants associated with covalent bonds are 

expected to be much less temperature dependent. For 

the H-bond modes, the force constants are much weaker 

than those associated with covalent bonds and a clear 

separation between the temperature dependence of the 

H-bond modes and the lattice modes is not expected. 

However, it was Colombo and Furics supposition that 

some difference should be apparent in the responses 

of the two types of modes to temperature changes. 
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As noted by Meshitsuka et al., the assignments of 

Columbo and Furic are unconvincing. These authors also 

report that Colombo and Furic have subsequently revised 

their assignments on the basis of a normal coordinate 

calculation. Rather than speculate on the possible 

reasons why the temperature dependence approach may 

be unreliable for benzoic acid, we will later present 

evidence for a sorting of lattice and H-bond modes that 

is different from the sorting presented by Colombo and 

Furic. 

Figure 2 presents qualitative displacement 

patterns for carboxylic acid dimers as given by Statz 

and Lippert (1968). In these displacement patterns, 

the substituent group is represented as a point mass. 

Since the benzene ring in benzoic acid is not a point 

mass, a new mode arises, which is called the ring

carboxyl group torsion. Qualitative displacements for 

this mode and the H-bond torsion are shown in Figure 25. 

It is interesting to note that neither Colombo and 

Furic nor Meshitsuka et ale have considered the monomer 

torsion. Since this mode should be in the same region 

as the H-bond modes, this neglect is unpermissible. 

Further, since the monomer torsion and H-bond torsion 

have the same symmetry and may have similar frequencies 

one must consider the possibility that these modes are 

mixed. 
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FIGURE 25 

Monomer Torsion Mode 
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Au (C 2h)",,--+_H2U-CJ 
Au (D2h) 

H-Bond Torsion Mode 

A (C.)
u ~ 

+1 

Au (C2h) 


Au (D2h ) 

Schematic displacements for H-bond and monomer 

torsion modes. 
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As shown in Figure 2 Statz and Lippert give the 

representations of the modes for the C2h an~ D2h point 

groups. The H-bond torsion (boxed area) is sho\vn 

to belong to the B representation of the D2h point
lu 

point group. This is an error. In order for a mode 

to belong to any D2h representation, the O-H and 

H-bond lengths must be equal and the protons must have 

zero amplitude. Inspection shows that the H-bond 

torsion actually belongs to the Au representation .. 

Modes belonging to this representation are optically 

inactive. The spectrum of Wyncke et ale shows four 

factor group pairs. This is exactly what is expected 

if the monomer torsion and all of the ungerade H-bond 

modes are active. Since none of the observed factor 

group pairs is especially weak compared to the others 

it follows that D2h symmetry is not appropriate for the 

H-bond modes. This is not surprising in view of the 

non-planarity of the carboxyl group and the unequal c-o 

bond lengths, particularly if the true difference in 

bond lengths is much greater than the measured difference 

as suggested by Hayashi and Kimura. 

At this point it is appropriate to consider the 

Raman spectra obtained in this study. For the time 

being, we restrict our attention to the spectra obtained 

at 4.2 0 K. In Section II.I we will discuss the spectra 

obtained at higher temperatures. Initially, it was our 
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hope that a comparison of the do' Idl , 	 4dl , and dS 

spectra would yield considerable insight into the 

low frequency modes. This expectation was not realized 

because the observed shifts for isotopic substitutions 

proved to be small compared to the bandwidths of the 

low frequency modes. Also the interpretation of the 

shifts is complicated by factor group splitting. 

Increasing the nass or moment of inertia of the molecule· 

not only reduces the frequency of a mode at the dimer 

level, but also reduces the amplitude of vibration. A 

reduction in amplitude can af~ect the magnitude of the 

factor group splitting which will also lead to a fre

quency shift. 

An inspection of the d spectrum shows four sharp
o 

-1 -1(1.5 	cm FWHH) bands at 33.6, 50.9, 55.1, and 60.0 em • 

lAnother sharp band appears .at 119.5 cm.... . The four 

remaining bands are somewhat broader (2.2 em-I). As 

will be discussed in SectionIII,the linewidths of the 

sharp bands are less temperature dependent than those 

of the broad bands. 

If the lattice modes are not mixed with the H-bond 

modes or the monomer torsion, then the dimers will move 

as rigid bodies when vibrating in a lattice mode. Con

sequently, we would expect no observable change in a 

pure lattice mode for do ~ ld substitution. Thisl 
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substitution should only cause a very small change in 

the moments of inertia of the dimer. 

Table 17 shows the frequency shifts, linewidth 

changes, and intensity changes for do + Id substitution.
l 

It is shown that do + Id substitution increases thel 

linewidths of all bands by about 50%. This suggests 

that the lattice and H-bond modes are mixed together. 

The only bands which show experimentally significant 

frequency shifts for do + Id substitution are thosel 
lat 88.0 and 124.7 cm- . We regard this as good evidence 

that these bands correspond to modes that are predomin

antly H-bond modes. Both have linewidths of about 2.2 

-1 
cm 

On the basis of linewidth, the low frequency bands 

can be divided into two groups. One group consists of 

4 or possibly 5 bands having a linewidth slightly 

-1greater than 2 cm . The other group consis·ts of bands 

-1having linewidths less than 1.5 em • Since two of 

the broad bands appear to correspond to modes that are 

predominantly H-bond modes, we regard it reasonable 

to assume that all of the broad bands correspond to 

modes that are predominantly H-bond modes and that the 

sharp bands correspond to modes that are basically 

lattice modes or else the monomer torsion. In other 

words, we associate broadness with modes that involve 
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This table contains frequenciey, bandwidths, and peak 

heights of bands below 150 cm- in the Raman spectra 

of benzoic acid do and ld1 at 4.20 K. Question marks 


refer to bands not completely resolved. 

d 1d
0 1 

Peak Peak-1 -1 -1 -1v (em ) 6,v(cm ) Heights v (em ) 6,v(cm ) Height 

33.6 1.0 27.0 33.8 1.5 36.0 

50.9 1.3 20.5 51.0 2.1 23.0 

55.1 1.3 21.0 55.2 2.1 24.0 

60.0 1.0 2.5 60.0 1.5 2.5 

88.0 2.2 91 87.2 3.2 67.0 

97.4 2.2(?) 74 97.4 ? 73.0 

99.3 (?) 47.5(?) 99.5 ? 53.0(?) 

119.5 1.2 28 119.3 1.5 35.0 

124.7 2.2 69 125.4 3 75.0 

132.8 2.2 43 132.5 2.9 49.0 
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a stretching of the H-bond In making this correlation 

we are assuming that the mixing of H-bond and lattice 

modes is small. 

One of the sharp bands (119.5 cm l ) is well 

separated from the remainder which are below 60 cm l . 

lWe regard the band at 119.5 cm- as the best candidate 

for the monomer torsion. In benzaldehyde this mode 

l occurs at about III cm- • It seems quite unlikely 

that the benzoic acid monomer mode could have 'a fre

quency one-half of this value. The monomer torsion 

in the dimer is expected to have a frequency very close 

to the monomer value since the equivalent force constant 

and reduced moment of inertia for the dimer are both 

twice the monomer values. It therefore appears that 

-1
the 119 .. 5 cm band is the most likely candidate for the 

monomer torsion. 

-1
The remaining sharp bands at 60 cm and below are 

thus assigned to the lattice modes. Group theory predicts 

six Raman lattice modes. However, only four bands are 

observed, Given" six observed bands there are 6! = 720 

ways the assignments can be made. vve now consider the 

shifts in the bands due to do + 4d sUbstitution: .l 
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d 4d
0 l 

v !:::,.V Peak Height v !:::,.V Peak Height 

33.6 1.0 27.0 33.2 1.2 25.0 

50.9 1.3 20.5 50.5 1.2 20.5 

55.1 1.3 21.0 54.3 1.2 23.0 

60.0 1.0 2.5 59.5 1.2 2.5 

The apparent frequency shifts in all of the bands 

except the 55. 1 band are due to an error in setting the 

zero position of the Raman wavenumber scale to the laser 

line. When the do and 4d spectra are superimposed,l 
-1all bands coincide exactly except the 55.1 ern band, 

which shows a shift of about 0.4 eml . In the Raman 

spectrum, only rotational lattice modes are active so 

we need to be concerned solely vlit."1 changes in the moments 

of inertia that are caused by do + 4d substitution.l 

The moment of inertia about the long axis of the molecule 

should be unaffected by do + 4d substitution. The otherl 

two moments of inertia should however be fected. We 

l can therefore firmly say that the 55.1 cm- band cannot 

correspond to the lattice mode that involves rotation 

about the long axis. This reduces the number of possible 

sets of assignments from 720 to 480 if we assume 

-1that 55.1 cm corresponds to a single band rather than 

a superimposed pair of bands. For a superimposed pair, 

the number of possible sets is reduced to 288. Since 

it is reasonable to expect both members of a factor 
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group pair to respond similarly to an isotopic substi 

ltution, we regard it likely that the 55.1 cm- band 

consists of a superimposed pair of factor group partners, 

since no other lattice mode shows a measurable shift 

upon do + 4d substitution. Here, as elsewhere, we
l 

assume that all resolved lattice modes are sufficiently 

intense to be observed. We emphasize that the SIN ratio 

in our spectra was large enough to detect bands an order 

of magnitude weaker than the weak band at 60 cm- l • Because 

the coupling between dimers is weak we do not expect 

factor group partners to differ greatly in intensity. 

In other words we expect weak coupling to permit the 

degree of local allowness .to determine the intensity 

of-both factor group components of a unit cell mode. 

The forces that oppose the rotation of a given 

dimer in the crystal about- one of its axes are generated 

by the interaction of the dimer with the other molecules 

in the crystal. The magnitude of these interactions 

is reflected in the frequency of rotation about the 

axis in question. The sum of the interactions between 

the dimer and its unit cell partner should be less than 

the sum of the interactions between thedimer and all 

of the other molecules in the crystal. On this basis 

we expect the magnitude of the factor group splitting 

to be significantly less than the zero order frequency 

of the lattice mode in question. 
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cons ider it unlikely that either of 'the bands at 51.0 and 60 .. 0 em-I 

. . 	 -1 
1.S 	 a factor group partner of the band at 33.6. cm • In 

lthis case the 33.6 cm- band would consist of two factor 

group partners superimposed. By elimination, the bands 

at 51.0 and 60.0 em-I 	are thus required to be factor 

group partners. 

We regard it plausible to assume that the restoring 

force generated by a small angular displacement about 

the short ~xis of the dimer would be nearly equal to the 

restoring force generated by an angular displacement 

of the same magnitude about the axis perpendicular to 

the plane of the dimer. Since the moments of inertia 

about these axes are nearly the same, it follows that 

the rotational lattice modes associated with these 

axes should be close together in frequency. No pre

diction can be made about the relative frequency of the 

other lattice mode. Since the average frequencies of 

-1
the factor group pairs 	at (55.2, 55.2 cm ) and (51.0, 

-1
60.0 cm are almost equal and are well separated from 

the pair at (33.6, 33.6 em ), we assign the pair at 

-1(33.6, 33.6 cm ) to the R (long axis) lattice mode 
z 

and the other pairs to the R:~ and Ry lattice modes. 

Since it is not possible to specify the Rand R modes x y 

exactly, we are Ie with two possible sets of assign

ments for the lattice modes. Our data does not allow 

any further discrimination of the Raman lattice modes. 
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The remaining five bands must be assigned to H-bond 

modes. Six bands are predicted by group th~ory. COh

sequently, ~ve must determine which of the observed Raman 

bands consists of an unresolved factor-group pair. For 

do + d S substitution we observe that the do bands at 

-197.S and 99.0 cm are greatly reduced (70%) in the 

d spectrum. This suggests that both of these bands
S 

are closely related and may thus be a factor group pair. 

Since the band 3.t 88. Ocm-1 is well-separated f:r:om the 

lbands at 124.7 and 132.7 cm- , we regard this band as 

the most likely choice for the band that consists of 

an unresolved factor group pair. By elimination, the 

-1bands at 124.7 and 132.7 cm are assigned as a factor 

group pair. For do +' dS substitution, the band at 

l88.0 em-I shifts to 86.6 cm- and a weak shoulder appears 

at 81.0 cm -1 . A similar shoulder appears in the ld1 

Raman spectrum. These facts give good support to the 

assumption that the d band at 88.0 cm-1 is a composite
o 

band. Having grouped the observed bands into factor 

group pairs, the number of possible assignments is nO'\'l 3. 

The data does not allow further specification. 

At this point it appropriate to return to the 

infrared spectrum. As noted by ~vyncke et al., the 

infrared bands between 70 and 130 em-I can plausibly 

be grouped into factor group pairs as follows: 
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(7 1 . 0, 7 9 . 0; Bu >> Au)' ( 9 4 . 0, 101 . 0 i A 'u > Bu) , 

(109.0, 111.0; Au > Bu )' and (125.0, 126.5; .Au > Bu). 

In this region, we expect the H-bond in-plane bend, 

the H-bond torsion, the monomer torsion, and the H-

bond out-of-plane bend. If we assume C symmetry,2h 

the transition for the first mode should be accurately 

short-axis polarized. The transition moments of the 

other modes should be polarized perpendicular to the 

molecular plane. These free-dimer polarizations require 

B'u » Au for the first mode and Au > Bu for the re

mainder, which is precisely what the spectrum shows. 

Unfortunately, no other, independent data is available 

to support the appropriateness of C symmetry_ Al2h 

though emphasizing the uncertainty of C symmetry, we2h 

will proceed with the remainder of the assignments 

under the assumption that C symmetry prevails at the2h 

dimer level. 

To proceed further, it is necessary to resort 

to physical intuition. We regard it as likely that the 

force constant for the monomer torsion will be larger 

than the effective force constant for the H-bond torsion. 

A straight-forward calculation of the reduced moments 

of inertia for these modes shows that the reduced 

moment of inertia for the H-bond torsion is the larger 

of the two. Thus, on the basis of force constant and 
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moment of inertia considerations, we conclude that the 

H-bond torsion should be lower in frequency. than the 

monomer torsion. 

An inspection of the dimer splittings for the 

higher frequency modes of benzoic acid shows that 

sometimes the gerade mode has the higher frequency 

and sometimes the reverse occurs. We therefore are 

unable to predict i,vhether the gerade version of the 

monomer torsion will be higher or lower in frequency 

than the ungerade mode. If the ungerade frequency 

is lower than the gerade frequency, then only one set 

of IR assignments is possible: 

In-plane Bend ( 7 1. 0, 7 9 . 0) Bu > > Au 

H-bond torsion (94.0, 101.0) Au > Bu' 

r.lonorner Torsion (109.0, 111.0) AU > Bu 

Out-oi-Plane Bend (125.0, 126.5) Au > Bu 

If the ungerade frequency. is higher than the gerade 

frequency, then two sets of IR assignments are possible: 

In-Plane Berid (71.0,79.0) In-Plane Bend (71.0,79.0) 

H-bond torsion(94.0,101.0) Out-of-Plane Band(94.0,lOl.0) 

Out-of-Plane bend (109.0,111.0) H-bond torsion (109.0,111.0) 

Monomer torsion (125.0,126.5) Monomer torsion (125.0,126.5) 

The IR active lattice modes are at 25.0, 36.0, and 

-1 -1
41.0 cm . T (long axis) corresponds to 26.0 em . Tx z 

and T , which cannot be distinguished experimentally,


y 
-1

correspond to 25.0 and 41.0 ern . 
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At this point we are left with 6 possible sets of 

assignments of IR banes bela-, 180 an 
-1 

. A morE;:: complete 

speci on of the assignments must await further 

experimental study. 

I. Temperature Dependent Aspects of the Spectra 

We now consider the temperature dependent aspects 

of the Raman spectra obtained in this study. Figure 24 

shows se cted regions of the Raman spectra of ben

zoic do at 298
0 

K, 77
0 

K, and 4.2
0 

K. A number 

of phenomena require explanation. The lO\f{ frequency 

-1
H-bond modes are broad (5-10 em ) at room temperature 

-1 0and become much sharper (2 cm ) at 4.2 K. Mid-

frequency modes involving carboxyl group motion show 

a similar behavior. On the other hand pure ring modes 

-1 

Latti modes have linewidths of about 4 at room 

are relatively sharp (2-3 ern ) at room temperature 

and are only somewhat sharper (1-1.5 cm ) at 4 .. 2o K. 

l cm

-1 0
temperature and about 1.5 - 2 cm at 4.2 K.. It is 

interesting to note that lattice modes resemble ring 

modes r b~an H-bond modes. 

At room temperature kT is about 200 ern-I This 

means many transitions occur from mo cules that 

are in an excited vibrational state. At 4.2 0 K, kT 

lis about 3 cm- Since the lowest frequency mode in 

lbenzoic d has a frequency of about 30 cm- , the 
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number of molecules in an excited vibrational state at 

this temperature is negligible (e-10). 

Let us write a schematic vibrational wavefunction 

for benzoic acid as follows: 

= 

where qR refers to a ring mode, qc to a carboxyl group 

mode, qL to a lattice mode, qHBl to an H-bond mode and 

qHB2 to a different H-bo.nd mode. The superscripts 

represent vibrational quantum numbers. In writing the 

total vibrational wave function as a product of wave-

functions, each involving only one normal corrdinate, 

we have in· effect assumed that the harmonic oscillator 

approximation holds exactly. An important consequence 

of the harmonic oscillator approximation is that a 

transition associated with one normal coordinate is 

independent of the vibrational quantum numbers associated 

with the other normal coordinates. For example the 

transition X(OOOOO) -i- X(OOOOl) should have the same 

energy and probability as X(00030) + X(0003l). On 

L~e otherhand, if the hannonic oscillator approximation 

does not hold exactly, the vibrational wavefunctions 

can be written as linear combinations of the zero-order 
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harmonic wavefunctions_ Once mixing 'occurs, it is no 

longer necessary that the above transitions have the 

same energy_ In order words, the transition energy 

and probability associated with one approximate normal 

coordinate may depend on the vibrational quantum 

numbers of the other approximate normal coordinates. 

Since anharmonicity increases with the amplitude 

of vibration, we expect it to increase with vibrational 

quantum number. At room temperature, kT is such that 

significant thermal population of levels having vibra

tional quantum numbers greater than 1 is possible only 

for modes whose fundamentals are less than about 200 an-l. 

Since there are twenty-three observed fundamentals in 

benzoic acid below 200 em-I, a large variety of vibra

tional excited states will be populated at room tempera

ture. These excited states will involve primarily 

excitations of lattice and H-bond modes. The intro

duction of anharmonicity leads to the possibility that 

molecules in different initial vibrational excited 

states will have different energies for the 0 ~ I 

transition of a given mode. Thus, anharmonicity could 

be a source of the increase in linewidth that occurs 

when the temperature is raised from 4.2 0 K to 2980 K. 

There is also another type of broadening that 

arises as a result of anharmonicity. For exact harmonic 
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wave functions, transi tions of the form X( 00000) ~ 

X(OOOOl) should be isoenergetic with sequences of the 

form X(O 0 O·C n) ~ X(O 0 0 0 n+l). However, 

anharmonicity introduces unequal spacing and sequence 

bands will not necessarily be isoenergetic. Clearly, 

sequence broadening could be an important source of 

the room temperature linewidths of low frequency modes. 

A third type of broadening may arise as a result 

of the uncertainty principle. At room temperature, a 

large fraction of the transitions are occurring from 

excited vibrational states, which arise as a result 

of thermal population. It is conceivable that these 

excited states could have lifetimes suf ciently short 

to account for at least part of the observed line 

widths on the bas of the uncertainty principle 

-1 . -12 -1][~E(cm ) · ~t(seconds)::' 2.7xlO sec em • 

For completeness, we include the possibility of 

DOPP r broadening, which is normally encountered in 

the spectra of molecules in the gaseous state. In 

a crys tal, D.opp broadening arises as a result of 

the translational lattice modes, and would increase 

with the vibrational quantum numbers of the lattice 

modes. 

Fortunately, the data allow a discrimination 

among the possible sources of linewidth. If uncertainty 
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broadening were the main source of the increase in 

linewidth that occurs when the temperature is increased 

from 4.2o K to 2980 K, all types of modes would be 

affected equally. This is not observed. As discussed 

previously, pure ring modes and carboxyl group modes 

have different linewidths and are affected to different 

degrees by changes in temperature. Consequently, we 

conclude that uncertainty broadening is not a dominant 

source of the increase in linewidth that results when 

the temperature is raised. By a similar argument 

Poppler broadening can also be eliminated. 

Sequence broadening can only account for the 

increase in linewidth of the low frequency modes, 

since the higher frequency modes are not significantly 

populated at room temperature. In particular, the 

increase in linewidth of the carboxyl group modes can

not be the result of sequence broadening. 

Thus I for the carboxyl group modes I ~,qe are left 

with anharmonicity broadening as a possible source of 

the increase in linewidth that occurs when the tempera

ture is raised from 4.2 0 K to 2980 K. This type of 

broadening arises from a mixing of zero-order harmonic 

wavefunctions. The perturbation, HI I responsible for 

the mixing is the sum of third and higher order 

terms in the Taylor series expansion of the potential 



293 

energy function. Using our schematic vibrational 

wavefunction for benzoic acid we can write the types 

of matrix elements that will lead to mixing as follows: 

<Xi (qR) IHI I xj(qc) >, <c IH'I HB>, (HBI H'IL), 

(RIH'/HB), <R/H'IL), and<c/H'IL). Overlap 

considerations favor <CIH'/HB) matrix elements and 

disfavor all others except <HB IH' IL>, for which no 

qualitative prediction can be made since the ~egree 

of mixing of these modes at the zero-o~der level is 

not known. These overlap considerations are consistent 

with the data, which shows that the carboxyl group 

modes and H-bond modes have comparable linewidths and 

exhibit a similar temperature dependence. The data 

so shows that the lattice and pure ring modes are 

s~arper and exhibit a smaller temperature dependence. 

On this is, r..ve suggest that anharmonici ty broadening 

is the main source of the increase in linewidth of the 

carboxyl group modes as the temperature is raised from 

4.20 K to 298 0 K. In the case o~ the H-bond modes, 

sequence broadening may also playa role. We are 

unab to specify the source of the increase in line-

widths of the ring and lattice modes. Also, we have 

not attempted to account for the intrinsic linewidth 

observed at 4.2o K. 
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In this discussion we have restricted our attention 

to the Raman spectra. The same general conclusions 

should hold for the IR spectra. However, we have not 

considered these spectra since they show an asymmetric 

broadening that is a artifact caused by the use of KBr 

pellets. Also combination bands enhanced by Fermi 

resonance appear more frequently in the IR spectra. 

Consequently, the widths of strong IR bands are appar

ently increased by the presence of shoulders corres

ponding to combination bands in Fermi resonance with 

the fundamental. The presence of this type of broaden

ing makes it difficult to assess the roles of anharmoni

city broadening and other sources of linewidth. 

The most striking temperature dependence of the 

low frequency Raman spectrum is associated with the 

band at 69.5 cm- l (2980 K) (see Figure 24). At room 

temperature, this band is a single strong band that is 

symmetric in shape. As the temperature is lowered, 

it splits into two bands, both of which increase in 

770 1frequency. At K, one band is at 80.0 cm- and the 

lother at 86.5 cm- . At this temperature I the band at 
-1 

86.5 cm is the stronger. At higher temperatures, 

the intensity ratio is reversed. ~vhen the temperature 

is lowered to 4.2 0 K, the lower frequency band dis

appears and the second becomes the most intense band 
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lbelo\v 200 em- Its frequency at this temperature 

is 88.0 cm These phenomena are identical to those 

observed by Hayashi and coworkers for midfrequency 

carboxyl group modes. As discussed in Section IIC and 

IID3 se authors have proposed that two configurations 

of benzoic acid dimer (see Figure 6) exist in the 

crystal and that the relative populations of these 

configurations are temperature dependent. A competing 

interpretation is that the phenomena are the result of 

Fermi resonance between combination bands and funda

rnentals. In benzoic acid there are seven bands below 

-1
70 em . An inspection of the possible combination 

frequencies shows that the observed phenomena might be 

rationalized in terms of Fermi resonances. Thus our 

data does not allow a discrimination between Hayashi's 

hypothesis and the interpretation based on Fermi reson

ance. 

It is interesting to consider whether the Raman 

active carboxyl group modes show the same temperature 

dependence observed by Hayashi and coworkers for their 

IR active counterparts. In this connection, it should 

be realized that the behavior of the IR active C=O 

stretching mode offers the clearest evidence for 

Hayashi's two configuration model. The other midrange 

carboxyl group modes offer less conclusive evidence~ 
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An inspection of the Raman spectra taken at 4.2 0 K, 

77
0 

K, and 298
0 

K shows that only the mixed.O-H bending, 

c-O tching modes show a temperature dependence 

similar to their IR active counterparts. Most not

ably, the temperature dependence of the 	C=O stretching 

fundamental does not resemble that of its IR active 

counterpart. The out-of-plane H-wag mode is apparently 

too weak and broad to be observed in the Raman spectra 

77 0at K and above, so this mode cannot compared 

with its IR counterpart. The mixed O-H 	bending, C-O 

-1 0
stretching modes at 1323.0 and 1298.0 cm (298 K) 

exhibit a temperature dependence that is in reasonable 

agreement with their IR counterparts. However, only 

the band at 1323.0 em shows the splitting and intensity 

changes that support Hayashi's two configuration model. 

Thus, the only Raman bands which show a temperature 

dependence that supports Hayashi's model are at 1323.0 

cm and 69.5 em-I. 

It is clear that the Raman data obtained in this 

study does not offer the evidence necessary for a con

clusive test of Hayashi's model. In our opinion, the 

most conclusive way to test this model would be to 

carry out an x-ray study of the benzoic acid crystal 

at 4.2o K. 
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J. Recommendations for Future Studies 

The most important goal of a future st~dy of the 

infrared and Raman spectra of benzoic acid should be 

the attainment of polarized spectra using oriented 

crystals at 4.2
o 

K. This study has demonstrated that 

a dramatic clari cation of the spectra results when 

othe sample is cooled to 4.2 K. Additional 

clarification should result from the use of polarized 

light and single crystals at this temperature_ 

In addition to the isotopes employed in this 

study, we recommend the use of benzoic acid 1,4d2 

This isotope, which easy to synthesize, should be 

useful in clarifying the assignments of v and v
l7a l7b 

Benzoic acid d should be useful in tracking the shifts
6 

that result from d '-+ d substitution. Isotopic subo S 

stitutions in the carboxyl group should also be useful. 

In this study, a number of bands have been 

tentatively assigned as combination bands enhanced by 

Fermi resonance. These assignments could be made firm 

by a comprehensive analysis of combination bands using 

isotope shifts and polarization data. In our opinion 

this goal should have a high priority in a future study_ 

Of special importance is the exact structure of 

the benzoic acid crystal at temperatures close to 4.20 K. 

Since cryostats are now availab that can maintain a 
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osample at temperatures as 10,\., as 7 K for long periods 

of time using only small quantities of helium gas, high 

resolution x-ray studies are economically feasible. 

A knowledge of the crystal structure at low temperatures 

would provide a rigorous test of Hayashi's hypothesis 

that two configurations of benzoic acid dimer exist 

in the crystal. It would also yield accurate direction 

cosines, which are needed to calculate polarization 

ratios fOr spectra obtained at low temperatures. Further, 

a measurement of the non-planarity of the carboxyl group 

would be of great value in interpreting the phosphores

cence spectra (see Section III E). 

The only published IR spectrum of benzoic acid 

vapor (Hadzi and Pintar 1958) was apparently obtained 

with a low resolution spectrometer. It would be desir

able to obtain high resolution IR and Raman spectra 

of benzoic acid vapor, particularly in the region below 

-1
200 em 

In this study we have proposed that the increase 

in linewidth that is observed when the temperature is 

raised from 4.2o K to room temperature is due to an 

increase in the number of molecules in vibrational 

excited states. This hypothesis could be rigorously 

tested by selectively populating the various low 

frequency vibrational excited states and measuring 
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the changes in the Raman or IR frequencies. Selective 

population of the lowest vibrational excited states 

could be achieved by careful adjustment of the tempera

ture. Another method would be to maintain the tempera

ture at 4.20 K and use a tunable far IR laser to achieve 

selective population. Such lasers should be available 

in the near future. 
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CHAPTER III 

AN M~ALYSIS OF THE LOWEST TRIPLET STATE 


OF BENZOIC ACID 


A. 	 A Summary of Previous Studies of Benzoic Acid 

Phosphorescence Emission 

The earliest study of benzoic acid phosphorescence 

was carried out by von Kowalski in 1911. The phosphores

cence of benzoic acid in ethanol was measured at 900 K. 

The origin of the emission was at 3660 R. In their 

classic paper associating phosphrescence emission with the 

triplet state, Lewis and Kasha (1944) measured the phos

phorescence emission of benzoic acid in EPA at 900 K. The 

origin of the emission was at 3672 R. McClure in 1949 mea

sured 	the phosphorescence lifetime of benzoic acid in EPA 

770at K and found it to be 2.5 ± .2 seconds. A series 

of papers on benzoic acid phosphorescence were published 

by pyatnitskii in 1941, 1948, and 1949. He observed the 

origin of the emission to be at 4050 R. As demonstrated 

by Kanda, Shimada, and Takenoshita (1963) and noted by 

Lower and E1 Sayed (1966) in their review paper, the 

emission observed by pyatnitskii was due to an impurity. 

In 1961 Tep1yakov and Grosu1 obtained the phosphorescence 

spectrum of benzoic acid in n-nonane at 900 K. They noted 

that the spectrum was better resolved in nonane than in 

other solvents. 
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The first study in which vibrationally resolved 


spectra we~e obtained and an anruysis of the vibrations 


presented was carried out by Kanda, Shimada, and Tak

enoshita in 1963. These authors found that the 


spectrum of benzoic acid in benzene was-well-resolved 


at 900 K. They observed intense ring out-of-plane modes 


and concluded that benzoic acid was distorted in the 

.

benzene lattice. Since only ring modes were observed, 

the lowest triplet state was considered to be a pure 

benzenoid state and was assigned as 3La by analogy with 

benzene. Also in 1963, Levshin and Rebane studied the 

phosphorescence emission of benzoic acid and some of its 

salts. In agreement with Kanda et al., they concluded 

that the lowest triplet state was a pure benzenoid state. 

In 1967, Nurmukhametov et ale attempted to explain 

the phosphorescence of benzoic acid using benzaldehyde 

as a starting point. They reasoned t~atsubstitution of 

the hydroxyl group should increase the transition 


. f h * . l~ b 1
energ1es 0 t e nTI states, caus1ng ll"" to e c oser 

'to lTITI* than in benzaldehyde. The red tail of the So-+ 8
1 

1transition was thought to correspond to nTI*. 

was assumed to lie between lTIn* and 3nn* in order to 

account for the absence of fluorescence~ vida infra. 

Maria 'and McGlynn in 1970 studied the phosphores

ence of the series Qf acids ~-(CH2)n-COOH and some of 

their salts. Unlike Levshin and Rebane, these authors 
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found that lifetime of the salts were different from 

those of the corresponding acids. On. this basis they

argued that the lowest triplet state of benzoic acid 

extended over the carboxyl group. They also argued 

that the spectra obtained by Kanda et ale (1963) were 

not sufficiently resolved to exclude the presence of 

carboxyl group modes, which should be active if the 

triplet state has density in the region of the carboxyl 

group. Using the composite molecule approach these 

authors calculated that the lowest triplet state could 

be represented in terms of the lowest benzenoid (lblu) 

and 1(11* carboxyl group triplet states as follows: 

3~ = 0.72 3~¢ + 0.68 3~COOH. The ideas of Maria 

and McGlynn will be discussed in more detail in Section 

E. 

In 1972 Tornson and El Bayoumi studied the phos

phorescence of the series of acids ~-(CH2)n-X , where 

X = CH 3 ' COOH , OH, NH2 ' and COOC2HS • 

Quantum yield measurements allowed the determination 

of radiative lifetimes. On the basis of their results, 

these authors suggested that intramolecular charge 

transfer from the ring to the COOH group played an 

important role in benzoic acid. However, a detailed 

description of the role of charge transfer was 'not 

presented. The ideas' of Tournon and El~youmi will 
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be discussed in more detail in Section III E. 

Baba and Kitamura in 1972 studied the emission of 

benzoic acid in methylcyclohexane-isopentane glass at 

K. These authors were the first to report the 

fluorescence spect~um of benzoic acid. . In their 

opinion both monomer and dimer were present in the 

.hydrocarbon glass at 77._o K. The monomer was found 

to be non-fluorescent while the fluorescenoequantum 

yield of the dimer was found to be 0.25. These authors 

proposed an energy level scheme similar to that pro

posed by Nurmukhametov (1967). Unlike Nurmukhametov, 

they assumed ln1T* to be above l1T1T*. The absence of 

fluorescence in the monomer was attributed to the 

presence of 3n1T* below l1T1T*. In the dimer 3n1T * was 

assumed to be above l1T1T*, allowing fluorescence to 

occur. Baum (1974) has definitely shown that the 

"monomer" considered by Baba and Kitamura is actually 

a complex involving a hydrogen-bonding impurity in 

the solvent and a benzoic acid monomer. Except for 

the nature of the monomer, the conclusions of Baba 

and Kitamura are otherwise unaltered. The result of 

Baba and Kitamura will be discussed in more detail in 

Section III D. 
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B. 	Experimental Procedures 

Purification of Benzene 

Benzene was purified by a chlorination procedure 

developed by R. E. Smalley (Baum, 1974). The basis of 

this procedure is that impuriti~s in benzene ar~ chlor

inated more rapidly than benzene itself. After chlor

ination the chlorinated impurities as well as any 

chlorinated benzenes are separated from benzene by 

fractional distillation. This separation is efficient 

because the chlorinated compounds have boiling points 

which are much higher than that of pure benzene. 

Chlorination was carried out in a 2 liter 3-neck 

flask having 24/40 ground joints. The starting material 

was spectroquality benzene (1 liter) obtained from 

Matheson Coleman & Bell Inc. Chlorine gas (obtained 

from Merck and Co. Inc.) was introduced into the liquid 

through a gas dispersion tube (fritted tip). This tube 

was connected to a chlorine tank by means of Teflon 

tubing. A 500 watt quartz-iodine tungsten lamp was 

placed next to the flask. The light and flask were 

surrounded with aluminium foil in order to focus the 

light into the flask. The lamp was connected to a 

variac set at 60 volts. At the beginning of the 

procedure the system was purged with helium gas. Then 

the flow rate of 'the chlorine gas was adjusted so that 

the characteristic yellow color remained iri the flask 
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when exposed to the light from the tungsten lamp. No 

stirring was necessary as the liquid boiled vigorously, 

apparently due to the absorption of light from the 

lamp. Because of the vigorous boiling, the flask was 

fitted with a large bore condenser. The chlorination 

was carried out for approximately 2 hours. The length 

of' time necessary depends of course, on the amount of 

impurities initially present in the benzene. Clearly 

a high purity starting material is desirable. After 

chlorination, the flask was flushed with helium gas. 

~This did not remove-the yellow-green color. However, 

when the aluminum foil was removed and the flask exposed 

to room light for a period of time, the color dis

appeared. 

After the liquid was free of color, out-gassed 

(4500 C) "Boileezers" were added to the flask, which 

was then attached to a vacuum-jacketed distillation 

column 85 cm long and 1 cm inside diameter. The column 

was packed with stainless steel Heli Pak spirals (#3013) 

obtained from Podbelniak, Inc. The magnetically operated 

distilling head was fitted with a Teflon stopcock and 

no grease was used in the entire system. Teflon sleeves 

(Kontes Glass Co. #K676000) were used on the 24/40 

ground joints. The reflux ratio was controlled auto

matically by a Flexopulse timing unit (Eagle Signal 
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Corp.). Soon after boiling began, the solution became 

tan in color and finally a golden brown. After dis

tillation was stopped and the flask cooled to room 

temperature, a substantial amount of precipitate was 

found in the flask. The material in the flask had the 

characteristic smell of chlorobenzene. The first 

100 ml collected were discarded and the next 400 ml 

were retained as the pure fraction; the remaining 500 

ml were not passed through the column. 

After distillation, the benzene was passed through 

an alumina column. The upper portion of this column 

was neutral alumina (A1 0 ). The bottom portion was2 3

basic alumina (A1 0 with Na sites). Both kinds of2 3 

alumina were of the W200 grade manufactured by M. Woelm. 

This column was out-gassed at 4500 C in a tube furnance 

with N2 gas predried by a "Drierite" (~aS04) column. 

The first 50 ml of the eluate were put through the 

column again. 

In order to check the spectroscopic purity of the 

benzene passed through the alumina column, an open cell 

was filled with eulate and frozen within the next 5 

minutes. The phosphorescence spectrum of this material 

at 4.20 K showed very little if any emission that could 

be ascribed to toluene or benzoic acid. However, some 

long lifetime impurities were present. The impurity 

spectrum consisted of a broad "bump" with 4 or 5 spikes 
.i 
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extending above the bump. Since the lifetimes of these 

impurities were of the orde'r of several seconds ,it is 

unlikely that they were chlorinated compounds. This 

means that either the chlorination procedure was not 

carried far enough, or else new impuri~ies were picked 

up in the distillation column or the alumina column. 

To. check the possibility of the alumina column having 

trace amounts of organic compounds on it, the column 

was placed in a tube furnace at 4500 C and oxygen gas 

was passed through it for 3 hours in order to oxidize 

any organic substances that might have been present. 

Previous to the oxygen treatment, helium gas was passed 

through the column at 450 0 C for 12 hours in order to 

drive out any moisture adsorbed on the alumina. This 

procedure eliminated the spikes seen in the phosphores

cence spectrum previously. The broad bump however, 

remained. It should be emphasized that this emission 

was quite negligible compared with the emission obtained 

when a sample is deliberately dissolved in the benzene. 

Therefore, the benzene obtained after chlorination, 

distillation and alumina chromatography was considered 

adequately pure for use in phosphorescence spectroscopy 

oat 4.2 K. 

This procedure for purifying benzene was carried 

out .only once. For future work the following modifi

cations are recommended: 
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1. The tube used to introduce chlorine and helium 

should be fitted with an all-glass check valve. 

2. Stainless steel spirals should not be used in 

the distillation column as it is not possible to clean 

them with chromic acid.. Instead glass helices should 

be used in order that the entire system can be· cleaned 

with chromic acid. 

3. The column used for alumina chromatography 

should be made of Vycor in order that the activation 

of the column can be carried out above the melting 
~ 0 

point of pyrex, say 700 C. This higher temperature 

would allow more effective oxidation of organic sub

stances present on the alumina. 

4. The helium (or nitrogen) gas used to dry the 

column should be predried by a P 0 column before2 S 

entering the alumina column. This would ensure that 

the gas entering the alumina column is free of moisture. 

Purification of Benzoic Acid d o 

Benzoic Acid was purified by zone melting accord

ing to the general principles described by W. G. Pfann 

(1959) and H. Schildknecht (1966). Zone melting was 

carried out in a zone refiner manufactured by Princeton 

Organics. This device is of conventional desi9n, 

'exc~pt for the fact that tubes from 25 rom to about 4 rom 

in diameter can be used. The starting material used 
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was 'Benzoic Acid, Primary Standard, 99.99% Pure~ obtained 

from J. T. Baker Chemical Co. Tubes were cleaned in 

chromic acid cleaning solution and thoroughly rinsed 

in distilled water and dried at 1200 C. Benzoic acid 

powder was poured into the tube and melted in the 

presence of air. Alternate pouring and melting was 

carried out until the proper amount of material was in 

the tube. Then the tube was sealed under air at 

atmospheric pressure with a standard glass blowing torch. 

This caused the decomposition of a small amount of 
~ 

benzoic acid at the end of the tube. Accordingly this 

end was made the bottom end in the zone refiner since 

in vertical zone refiners, impurities are swept to the 

bottom of the tube. Zone melting was carried out for 

a minimum of 80 passes and usually more than a hundred. 

The purity of zone refined benzoic acid was assayed 

in three ways: (1) Vibrational frequencies observed in 

the phosphorescence spectra were found to be in excellent 

agreement with those obtained by Raman and infrared 

spectroscopy. (2) Excitation of benzoic acid powder at 

room temperature with UV light too low in energy to 

excite the singlet state of benzoic acid was used to 

determine the presence of fluorescent impurities. 

Excitation was carried out with a nitrogen laser at 

3371 g and an AH-6 mercury arc followed by a Spex 1/4 
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meter Czerny-Turner grating monochromator (3200-3600 R). 
This procedure showed no visible fluorescence at the 

pure end of the zone refiner tube and bright blue 

fluorescence at the impure end. A sample of zone re

fi~ed be~zoic acid obtained from Princeton Organics 

showed faint blue fluorescence, and a sample obtained 

from Aldrich Chemical Co. showed no visible fluorescenc~. 

However, all three samples gave essentially identical 

phosphorescence spectra. (3) The absence of fluorescent 

impurities absovrbing in the visible region of the spectrum 

was verified with a Carey 82 Raman Spectrometer. Raman 

spectra of zone refined benzoic acid at 4.20 K showed 

a "zero base line" at 3000 em-I from the laser line 

(5145 Ror 4880 R) under the normal conditions of Raman 

spect~oscopy. Samples which are not carefully purified 

regularly show fluorescence under these conditions. 

Purification of Benzoic Acid d S 

This compound was obtained from Merck Sharp and 

Dohme of Canada Ltd. A preliminary purification was 

carried out by vaccum sublimation in a Kontes Bantam 

sublimator. This procedure revealed a tan-colored 

impurity that sublimed less readily than benzoic acid. 

A second sublimination revealed a lesser amount of this 

impurity, indicating that sublimination was not particu

larly effective in removing this impurity. Due to high 
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cost, only 5 grams of material were purchased. This 

made it necessary to use a small diameter tube for zone 

melting. The use of a small diameter tube (4 rom 

outside diameter) was complicated by the formation 

of bubbles in the tube which act.ed as "bottlenecks" 

against impurity transport. In spite of this,' effective 

purification was achieved, as indicated by agreement 

of vibrational frequencies in phosphorescence, Raman, 

and infrared spectra. Isotopic purity was checked by 

mass spectroscopy and found to be 99% pure as specified 

by the manufacturer. 

Purification of Benzoic Acid 4dl 

This material was synthesized in the laboratory. 

Crude purification was carried out by sUblimation in a 

large sublimator constructed in the laboratory. A tan

colored impurity was also found in this material. Like 

the similar impurity found in benzoic acid d (probably5 

synthesized by the same procedure), sublimation was 

only partially effective. Sublimation was continued 

until the material appeared white to the eye. Then it 

was extensively zone refined ('V 100 passes). Purity was 

verified by the same procedures used for benzoic acid 

do. Isotopic purity of this compound was determined by 

mass spectroscopy, which showed about 1.5% benzoic acid 

do impurity. 
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Purification of Paraflurobenzoic Acid 

Parafluorobenzoic acid 99% pure was obtained 

from Aldrich Chemical Co. Inc. and extensively zone 

refined (100 p~sses). The upper portion of the tube 

was then cut away from the bottom half "and wrapped 

in heavy duty aluminum foil and smashed with a hammer • 

.The particles of glass ,and parafluorobenzoicacid 

were placed in a sublimator and sublimed, separating 

the glass from the paraflurobenzoic acid. The sublimed 

material was then zone refined for another 100 passes. 

Purity was checked by thE same procedure used for un

fluorinated benzoic acid. 

Purification of Methyl Benzoate 

The starting material was obtained from Matheson 

Coleman and Bell and was specified to have a melting 

range of -12 to -100 C. Some of the· material was 

purified by vacuum distillation in a completely sealed 

all-glass two-step distillation apparatus. In other 

cases, the compound was passed through a column con

taining neutral and basic alumina and then zone refined 

in a laboratory-constructed zone refiner. Purity was 

determined as usual. 
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Purification of n-Nonane 

Chromatoquality n-nonane was obtained from 

Matheson Coleman and Bell. This material was supplied 

with a batch chromatogram and was specified to have 99+ 

mole per cent purity. Further purification was' carried 

out by alumina chromatography. Spectroscop~c purity 

was. assessed by the absence of detectable phosphores

cence under the conditions normally used for benzoic 

acid. 

Synthesis Qf Benzoic Acid 4d
l 

Benzoic acid 4d of high isomer and isotopicl 

purity was needed in order to facilitate assignment 

of combination bands in the phosphorescence spectra 

and fundamentals in the Raman and infrared spectra.' 

In order to achieve high isomer purity, zone refined 

1,4-dibromobenzene was obtained from Aldrich Chemical 

Co. Inc. Using a Grignard reaction, bromobenzene 4dl 

was prepared. Benzoic acid 4dl was prepared by a 

second Grignard reaction. 

Numerous attempts were made to prepare Bromo

benzene 4d of high isotopic purity using the convenl 

tional procedures for Grignard reactions. None of 

these attempts yielded an isotopic purity h~gher than 

about 93%. A successful procedure, suggested by 

I I 
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Dr. J. San Filippo, was developed which employed methyl 

m.~gnesiurn bromide as a water scavenger. 

Diethyl ether (anhydrous, Fischer Scientific) was 

dis.tilled from lithium aluminum hydride under a N2 

atmosphere, the N2 gas being dried with a column of 

f~esh P20S' 25 rom in diameter and 30 cm in length. 

~xce.ss pressure was released by ~a mercury bubbler. 

~±~~sware having 24/40 ground joints were used. No 

~~~~se was used in the system. The distillate was 

collected under N2 gas in an Erlenmeyer flask having 

~ ~~!~Q ~round joint. The flask was exposed to air 

f9f 8~~¥ a second when disconnected from the distil

!~t~8~ ~~paratus. 

~,~~~~~iurn turnings (Matheson Coleman & Bell., 

'kf'9f @.£-!:~~~rd Reactions It) were dried overnight at 

!~~~ ~ i~ ~ drying oven. 

~i!. ~!~ssware was cleaned in chromic acid clean

ing solution, thoroughly rinsed in distilled water, 

and dried overnight at 1200 C. 

~he reaction was carried out in a dry box, 

~~ntinuously purged with N2 gas dried by P2 0S • Several 

!arge evaporating dishes containing fresh P2 0 wereS 

placed in the dry box and the atmosphere in the box 

~~ ~~~~red by a plastic fan. 

~'<2. ~ 500 ml flask (one-neck) 125.5 g of 1, .4-di

bromobenzene were added. In the dry box, 250 ml of 



315 

dry ether were added and the flask capped with a glass 

24/40 stopper. To a second flask (1000 ml, 3-neck) 

15.8 grams of magnesium and a large Teflon covered 

magnetic stirring bar were added. In the dry box, 

50 ml of dry ether were added. A Friedric condenser 

(chosen for high efficiency) was attached to the flask 

an'd all holes were capped. To each fiask about 35 ml 

of methyl magnesium bromide were added. After the 

cessation of bubbling, the flasks were capped and then 

tilted and rotated in order to expose as much of the 

surface area of the glass as possible to the methyl 

magnesium bromide. Unfortunately, it was not possible 

to get the methyl magnesium bromide into the upper 

portions of the condenser. For future work, it is 

recommended that the methyl magnesium bromide be 

added through the condenser. The addition,of more 

methyl magnesium bromide (about 12 ml) to the flasks 

yielded no bubbles, confirming the absence of H 0.
2

qnly slight bubbling was initially observed in the 

flask containing 1,4-dibromobenzene. Substantial 

bubbling was observed in the flask containing magnesium. 

The flasks were kept capped as much as possible, the 

pressure build-up due to methane liberation being 

occasionally released. After this water scavenging 

procedure was completed, the flasks were connected by 
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a U-tube. A 24/40 joint was inserted at the midpoint 

of the U-tube in order that one flask could be' ti tIed' 

while the other remained stationary. This joint was 

fitted with Teflon sleeve (Kontes Glass Co. #K67000) 

in order to have a freely rotating grease-free joint. 

After the system was completely capped, the dry box 

was.opened and the system was removed and attached to 

a rack in the fume hood. A source of N2 gas dried by 

P20S was quickly attached along with a mercury bubbler. 

By tilting the flask the ether solution of 1,4-dibromo

benzene could be transfered slowly into the flask 

containing magnesium and ether without opening the 

system to the external air (which possessed '\i 100% 

relative humidity due to a violent thunder storm in 

progress). The reaction proceeded spontaneously. The 

rate of addition of 1,4-dibromobenzene.was controlled 

to prevent excessive reflux in the condensor. When 

all of the 1,4-dibromobenzene was added, the reaction 

mixture was stirred for one hour. After the scavenging 

procedure was completed and the flasks capped, but 

before the dry box was opened, a previously unopened 

bottle of D 0 (Aldrich Chemical Co, 99.7% isotopic2

purity) was opened and 10 ml of D 0 were poured into2

the dropping funnel. The top and bottom ends of the 

funnel were capped and the Teflon stopcock opened. 
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The funnel was then vigorously shaken in order that the 

020 come in contact with as much of the glass surface 

as possible. The 020 was then drained out and replaced 

with 50 ml of fresh 020. After the funnel was capped 

(24/40 stopper at top and 50 ml flask (24/40 joint) at 

bottom), the dry box was opened as described previously. 

After the Grignard~reaction mixture had been stirred 

for one hour, the flask was placed in an ice bath and 

allowed to cool down to about 50 C (estimated, not 

measured) • The dropping funnel was then quickly attached 

and 020 was slowly added with vigorous stirring to 

break-up clumps of magnesium salts as much as possible. 

This is necessary to prevent unre,'cted Grignard reagent 

from being occluded inside of the clumps. After the 

020 was added, the reaction mixture was stirred for one 

hour. Then 40 ml more of 020 were quickly added to 

dropping funnel in room air and added to the flask. This 

last step was probably unnecessary as the initial amount 

of 020 was already a large excess. 

The reaction mixture was then treated with 10% 

H2S04 until the magnesium salts were dissolved (about 

650 ml were used). A separatory funnel (Teflon stop

cock) was used to separate the organic layer from the 

aqueous layer. The organic layer was washed with 10% 

Na2C03 to remove'any acid. After separation of-the 
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aqueous layer, the organic layer was distilled at 

atmospheric pressure in a small distillation column. 

About 100 ml of ether came off first: then about 3.6 

ml of C6H4D2 (78-800 C boiling ran~e) came off. The 

c6l~mn w~s allowed to cobl to room temperature. A 

vacuum pump and an N2 gas bleed were attached. The 

pressure was adjusted to 25 rom Hg and the heating 

mantle was turned on (50 volts). Residual liquid 

in the condenser from the first disstillation was 

quickly evaporated. The first material collected had 

a boiling range of 60-630 C at 26 rom Hg pressure. No otter 

materiai was collected. After the flask cooled, the 

ma£:@illti not distilled formed a solid. Assuming 100% 

purity of the distillate, which weighed 58.2 grams, 

9:31 mele. were collected. This constitutes a yield 

6f 68 moles % which is reasonable for this reaction. 

The yield of 1,4-benzene d2 was 7%. The isotopic 

puriEy 6f the product was found to be 98.5% by mass 

spectroscopy! This high degree of isotopic purity 

indicates that the use of methyl magnesium bromide is 

an . excellent means of removing water in Grignard 

reactions. 

Benzoic acid 4d was prepared by the carbonationl 

6f the Grignard reagent of bromobenzene 4.d • Thel 

procedure followed was that due to Hussey (195l). 

The conventional procedure is to pour the Grignard 
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reagent onto dry ice exposed to air. Because of the 

exposure to oxygen and water, the yield is less than 

optimum. Hussey's procedure involves forcing the 

Grignard reagent through a filter tube with dry N2 

gas onto an ether slurry of crushed dry ice in a flash 

that is connected to a mercury bubbler. Thus, air is 

excluded from the system. The only ~ppreciable 

moisture present is that adsorbed on the crushed dry 

ice. Hussey claimed a yield of about 89%, which was 

verified by our experience. A high yield in the 

carbonation step was desirable on account of the high 

cost of the 1,4-dibromobenzene used to prepare bromo

benzene 4dl . 

Ether was distilled from lithium aluminum hydride. 

To a 3-neck, 1 liter flask, 13.6 g. of magnesium and 

250 ml of ether were added. This flask was fitted 

with a Friedrich condensor. A mercury bubbler and 

N2 source were also attached. 57.5 grams of Bromo

benzene 4dl + 65 ml of ether were added to a dropping 

funnel. The material in the dropping funnel was 

slowly added to the flask (over a period of one hour) 

in order to prevent excessive refluxing. After the 

reaction was complete, the Grignard reagent was forced 

with N2 pressure into a second flask containing a 

slurry of crushed ice (250 ml ether, 600 g CO ).o After2



320 


the reaction mixture had warmed to about 10
o 

C, about 

20'0 ml of 50% HCl (6 Normal) were added. The ether 

layer was recovered with a separatory funnel and 

evaporated. The acid layer, containing ~agnesium 

salts, was discarde~. The crude product was purified 

by five sublimations followed by extensive zone 

r:efining. After the cafbonation step, the isotopic 

purity was again checked and found to be the same as 

that of the bromobenzene 4dl . The chemical purity 

was checked with the same methods used for benzoic 

Sample Preparation 

In initial runs, open vycor cells were employed. 

These cells were made from vycor tubing by blowing a 

bubble and then flattening the bubble with tongs. The 

cells were cleaned in chromic acid cleaning solution, 

rinsed and. dried at 1200 C. Final cleaning consisted 

of heating in an oxygen-natural gas flame until the 

. cell appeared white hot when viewed through glasses 

designed for working quartz. Contaminants of the vycor 

appeared as "hot spots" when heated. Prolonged heat

ing often removed these spots. During the heating pro

cedure the cell as supported by a small quartz rod 

inserted into its interior. For final runs, a sealed 

cell was used. This cell was made from rectangular 

quartz tubing attached to a pyrex-to-quartz graded 
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seal. The rectangular section of the cell was about 

one inch long. This type of cell was cleaned as above, 

except that the pyrex section and the graded seal were 

not heated white hot. 

For SQlid solutes, a small particle of material 

(weighed on a Metlar Balance) was placed in the cell. 

Then the proper amount ~f solvent was added and the 

cell attached to the vacuum line with a Swagelok Union 

made of 316 stainless steel and having Teflon ferrules. 

Prior to attachment of the cell, the vacuum line was 

pumped down with a Welch 1402 mechanical pump and 

liquid nitrogen added to the cold trap. The system 

including Swagelok fittings, were 'flamed with a Bunsen 

burner. Between the cold trap and the sample, the 

system was grease-free, employing a single stopcock 

sealed by viton-O-rings. Before applying the vacuum, 

the sample was frozen with liquid nitrogen. Then the 

system was pumped down to the limit of the pump. Next 

the stopcock was closed and the sample allowed to warm 

to room temperature. Usually, vigorous bubbling was 

observed. The sample was again frozen and the system 

evacuated. As before, the stopcock was closed and the 

system warmed to room temperature. Much less bubbling 

was observed during the second thaw. The sample was 

frozen again and' the. system extensively evacuated. 
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With the sample immersed in liquid nitrogen, the sample 

cell was sealed with a standard glass blowing torch. 

Experimental Arrangements for Phosphorescence 

Spectroscopy 

Low resolution phosphorescence .spectra (polarized 

and unpolarized) at 770 K were obtained using an 

Hitachi-Perkin Elmer MPF3 Fluorimeter. This instrument 

employs. a Xenon source followed by single Czerny-

Turner monochromater for excitation. For observation 

of emission a single Czerny turner monochromator and 

photomultiplier tube are employed. Spectral bandpass 

for emission and excitation monochromator is indicated 

directly on dials calibrated in nanometers. The sample 

cell, liquid nitrogen dewar, chopper and polarizers 

comprise an integrally designed phosphorescence attach

ment. 

This instrument was also used to obtain low 

resolution excitation spectra of benzoic acid d and o 

~-fluorobenzoic acid. 

High resolution phosphorescence spectra at 4.20 K 

were obtained with a Spex Model 1702 3/4 Meter Czerny. 

Turner monochormator fitted with a Model 6256S photo

multiplier tube made by Emitronics Inc. The output 

of the photomultiplier was measured with a Model 414S 

Keithley picoammeter and recorded with a Model 7101B 
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Hewlet Packard recorder. The instrument used a 102 x 

102 nun', 1200 groove/nun. grating blazed at 5000· R, made 

by Jobin-Yvon. Excitation was achieved with a AH-6 high 

pressure mercury arc. Light from the source was filtered 

by a 10 cm cell containing Ni S0 • Excitation and2 4 
I 

emission light were separated using a Becquerel chopper. 

The .exciting light was made to iPlpinge on the sid.e of 

the sample facing the monochromator. A standard glass 

and quartz liquid helium dewar was used. 

Samples (as many as six) were mounted on an aluminum 

strip with Scotch Brand (3M Co) electrical tape. The 

metal strip was suspended in the liquid helium with a 

polystyrene rod. The tape exhibited no detectable 

phosphorescence under the conditions of the experiments. 

In many cases, however, it was completely covered with 

aluminium foil. Supracil lenses were used to focus 

the excitation and emission light. The object and image 

distance were made equal so that these lenses gave a 

magnification of 1. Care was taken to align the optics 

so that the grating was properly filled with light. 

Final optical alignment was done photoelectrically. 

The sensi~ivity of this system was marginal for 

phosphorescence spectroscopy of benzoic acid. Due to 

the highly resolved spectra exhibited by benzoic acid, 

it is necessary to use narrow slits (30-100 ~, dis

persion of monochromator = 11 R/mm).. The use of narrow 

i 
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slits required long time constants (3-30 seconds) on 

the electrometer, which necessitated long scans. But 

the scanning tim~ was restricted due to the moderately 

rapid photodecomposition of benzoic acid and the re

sulting ~oss of phosphor~scence intensity. Thus, in 

some cases the observed resolution was slightly instru

ment limited. 
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c. Phosphorescence Spectra 

In this study we have obtained the phosphorescence 

spectra of fourteen different guest-host systems. These 

spectra are shown in Figures 26 through 39. Fre

quencies and assignments of vibronic bands are given 

in Tables IS through 31. Vibrationally resolved spectra 

~ave been obtained for all systems. In this section 

we consider the general features of these spectra. 

Benzoic Acid in Benzene 

This system was observed by Kanda et ale (1963) 

to yield moderately resolved spectra at 90 0 K. We find 

that lowering the temperature to 4.20 K yields a sub

stantial increase in resolution. The spectra obtained 

by photoelectric detection were limited by instrumental 

resolution. However, the spectra obtained by Baum 

(1974) with a high resolution spectrograph show line


l
widths of the order of 1 cm-

The phosphorescence of benzoic acid in benzene 

(polycrystalline) is characterized by a strong origin 

and several strong totally symmetric vibrations. The 

strongest of these vibrations are and vSa· v9av12 

is somewhat weaker but still prominent. All of these 

vibrations form progressions. Two and three quanta 

of and two quanta ~f vSa can be observed. Av 12 

recent study by Haaland and Nieman (1973) shows ·that 

these vibrations are also prominent in the phosphorescence 
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spectrum of toluene. 

Since benzoic acid can exist as a monomer or 

dimer in nonpolar solvents, such as benzene, it is 

important to determine which species is responsible 

for the phosphorescence emission. The spectrum of 

benzoic acid in polycrystalline benzene shows only 

one o~igin. All vibronic bands can be explained 

relative to this origin. Consequently, we conclude 

that the emission is due predominantly to only one 

species. As shown in Chapter II, vibrational modes 

involving carboxyl group motion show appreciable 

dimer splitting. If the emission comes from monomers 

the frequencies of the modes will be the averages of 

the Raman and IR frequencies observed for the dimer. 

Since, in several cases, the dimer splitting is more 

-1than 30 cm , there will be large differences between 

monomer and dimer frequencies for these cases. One 

of the modes found to exhibit a large dimer splitting 

-1 -1is (422.0 cm (R) and 388 .. 0 cm (IR) • Fortun'V 6a 
-1ately, the 422.0 cm band is observed in the phos

phorescence spectrum of benzoic acid benzene.. As 

expected, it is the totally symmetric mode that is 

built on the allowed origin. This provides convincing 

evidence that dimer emission is being observed •. 

As noted previously, the spectra of benzoic acid 

.. 
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and toluene are similar with regard to the strong 

totally symmetric modes. However, unlike toluene 

benzoic acid shows a number of intense out-of-plane 

modes. In toluene, the out-of-plane modes are 

generally weak «15% of origin intensity); only 

v16b and Vs occur with medium intensity (35% and 29% 

qf origin intensi ty, re.?pectively). In benzoic acid, 

the strongest of the out-of-plane modes are comparable 

The out-of-plane modes which can be 

observed in the spectrum are: V (+) (Raman frequency),lOb 

' ' ' vII' V lOb (-) , vlOa' out-of-planev 16a v 16b v 4 

H-wag (Raman frequency), ' ' and v • Notev 17b v 17a 5 

worthy, is the fact that the Raman frequencies appear 

for v (+) and the H-wag mode. The strongest modeslOb 

in benzene host are vII and V lOb (-). The only car

boxyl group mode, the H-wag mode, is relatively weak. 

In general, most of the out-of-plane activity is 

associated w.ith ring vibrations. Most notable is 

the fact that while even quanta of strong in-plane 

modes can readily be found in the spectra, even quanta 

of the out-of-plane modes cannot. 

It is important to determine the percentage of 

the total intensity that is associated with carboxyl 

group modes. Not counting the H-bond modes, the 

following carboxyl group modes appear in the spectrum: 

v lOb (+) , v 6a out-of-plane H-wag, v ' v (-) I C-O13 9b 
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lstretching + O-H bending mode at 1298.0 cm- and 

possibly the C-O stretching + O-H bending mode at 

1449.0 -1em , and the C=O stretching mode at 1637.0 

-1 cm It is important to realize that v 6a ' v 13 ' 

and v (-) involve appreciable ~ing motion and may9b 

be active by virtue of this motion. The other modes, 

parti~ularly the C=O stretch, are thought to be 

relatively pure carboxyl group modes. These funda

mentals are also components of combination bands. 

lBelow 200 cm- there are modes which might be the 

ring-carboxyl group torsion and -the H-bond in plane 

bend. However, the assignments of these modes are 

not on a firm basis and furthermore, these modes are 

environment sensitive. Thus, it is questionable 

whether these modes appear. 

The measurement of the percentages of the total 

intensity that contribute by the various kinds of 

modes is complicated by the relatively rapid photo-

decomposition of benzoic acid (~50% in 50 minutes) and 

the net spectral response of the spectrometer. Because 

the photographic recording observes all wavelengths 

simultaneously, we tend to regard these measurements 

as more reliable than those obtained photoelectrically. 

Baum's photographic data indicates that 45% of the 

intensity is associated with out-of-plane modes, 9% 
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with carboxyl group in-plane modes and 46% with in-plane 

ring modes. 

In order to facilitate the assignment of combin

ation bands, the phosphorescence spectra of benzoic 

acid 4d and d in benzene were also obtained. Un
l S 

fortunately, the discrimination offered by this approach 

is. somewhat mitigated by the inaccuracy of the wave

length counter on the Spex 1702 monochromator. In some 

cases, the error in the vibrational frequency was esti

mated to be :t 10 cm -~ An uncertainty this large increases 

the number of possible assignments for a given band. 

Wavelengths in Baum's photographic data are expected 

to be much more accurate since they are measured rel

ative to iron and neon lines. The assignments of 

combination bands givenin this thesis are based upon 

a consideration of both the photoelectric data and 

Baum's photographic data. 

Benzoic Acid in n-Nonane 

The goal of this study has been to determine 

intrinsic molecular properties of benzoic acid. It 

is therefore important to identify the effects of the 

environment on the spectra. This is best done by 

obtaining the spectra in a variety of hosts having 

different properties. The main problem with this 

procedure is the difficulty of finding hosts which 

give vibrationally resolved spectra. Normally, 
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these hosts are discovered by trial and error, guided 

by physical intuition. However, a methodical pro

cedure for finding hosts that yield sharp spectra was 

discovered in 1963 by Sh'polskii • According to 

Sh'polski sharp spectra of an aromatic molecule will 

be obtained in a normal alkane matrix when the' length 

of the alkane is the same as that of the aromatic 

molecule. Application of the rule to benzoic acid 

shows that n-nonane should be the correct Sh'polskii 

solvent. And indeed, well-resolved phosphorescence 

spectra are obtained in this host. 

The general features of the phosphorescence 

emission in this host are similar to those seen in 

the benzene spectrum. and vSa are the strongestv 12 

bands in the spec~rum although the intensity of v 12 

relative'to the origin is somewhat less than in 

benzene. v is missing in this spectrum. This is6a 

definitely confirmed by consulting the spectra of 

benzoic acid d in n-nonane which shows v and v
S 16a 16b 

shifted~ to the expected values for do + d substituS 

tion. Since no other fundamentals are close to v 6a 

we conclude that v does not appear in the nonane6a 

spectrum. Also VI' which was weak to medium in 

benzene is missing in the nonane spectrum. Like v 6a 

this mode involves appreciable carboxyl group motion. 
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In nonane host bands corresponding to out-of-plane 

modes are in general weaker than in benzene, the strong

est being about SO% as intense as and about 30% asv12 

intense as the origin. The three strongest out-of

plane bands are of co.mparable intensity and are vII' 

v lOb (-) and vlOa. vIOa was relatively much less (~SO%) 

intense in the benzene spectrum. The mixed O-H bend

ling + c-o stretching mode at 1298.0 cm- in benzene 

is missing in the nonane spectrum and the C=O stretching 

mode at 1634.0 em-1 (in nonane) is barely visible. As 

noted previously v ' which contains appreciable
6a 

carboxyl group motion is also missing. Thus, we con

clude that bands associated with carboxyl group modes 

are, in general, weaker in nonane than in benzene. A 

similar conclusion holds for the out-of-plane modes. 

We also obtained the spectra of benzoi~ acid 4dl 

and dS in n-nonane for the purpose of making firm 

assignments of combination bands. Except for benzoic 

acid do' photographically recorded spectra for nonane 

host are not available for comparison. 

Benzoic Acid do in Benzoic Acid dS 

In the two previous cases, nonpolar solvents 

were employed as hosts. Clearly, it is desirable to 

determine if the properties of the spectra depend on 

polarity. For this purpose, benzoic acid dS was 
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chosen as a host since sharp spectra are generally 

obtained when a deuterated analogue is used as a host. 

In the mixed isotopic crystal the predominant 

emitting species is expected to be the do -- d mixed
S 

dimer. For the mole ratio of 8/1000 used in our 

experiments, the percentage of d - d dimers is o 0 

expected to be negligib.le. Since the dimer is no 

longer homogeneous, the modes of one half of the dimer 

are not degenerate with those of the other half. This 

means that the dimer splitting observed in the Raman 

and IR spectra may not be observed in the phosphores

cence spectrum. However, pure carboxyl group modes, 

such as the out-of-plane H-wag mode are still expected 

to be degenerate since d + d substitution does not 
, 0 S 

change the frequency of these modes. Therefore, we 

expect the same dimer splitting of the H-wag mode that 

was observed in do - do dimers to be observed in do  d S 
dimers. For ring modes having negligible carboxyl 

group motion, the dimer splitting in the homogeneous 

ldimer was observed to be less than 1 cm- Consequently 

the interaction between these modes in the mixed dimer 

is also expected to be comparably small. For example, 

lv in d - d is 960 cm- and in12 S S 
l1000.S cm- In the vibrational spectra of mixed d - d o S 

l we expect to observe both 960.0 and 1000.5 cm- , each 

http:negligib.le
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being negligibly perturbed by the other. On the other 

hand it is possible that a d monomer mode will be
S 

degenerate or nearly degenerate with a different d 
o 

mode of the same symmetry type. If both modes involve 

carboxyl group' .rrct:i.on then appreciable coupling is 

expected and new frequencies may be observed in the 

"do - d S vibrational spectra. 

The phosphorescence spectrum of mixed do - d S 

dimers is, in general, similar to the spectra of do - do 

dimers in benzene and n-nonane. The origin is strong 

and the strongest in-plane modes are vSa and v 12 • The 

frequencies of these modes are identical (~ I cm- l 

using Baum's photographic data) to the do - do Raman 

frequencies obtained at 4.2o K. No d - d frequenciesS S 

are observed, except possibly those which are identical 

to do - do frequencie~", and this occurs only for modes 

which are pure carboxyl group modes. On this basis 

we conclude that the excited state from which the 

emission occurs is localized on the do portion of the 

do - dS mixed dimer. 

No bands are present which can be ascribed to v 
6a 

and YI. The C=O stretching mode, if present in the 

spectrum, is weak relative to vSa. The out-of-plane 

modes are as intense as they are in benzene, but the 

strongest are v11 ' 'v IOb (+) , and vIOa. This pattern 
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resembles the spectrum fornonane host where vIDa 

is strong and is unlike the spectrum for benzene host, 

where VIDa is of weak-to-medium intensity. 

Parafluorobenzoic Acid in Benzoic Acid 

In this system the host is benzoic acid and the 

~estinparafluorobenzoic acid (~l mole. %). However, the 

emission does not originate from the guest molecule. 

Rather, the emission originates from guest induced 

defects in the host crystal. That the emission comes 

from benzoic acid rather than parafluorobenzoic acid 

is readily verified by examining the vibrational fre

quencies that appear in the phosphorescence spectrum. 

Parafluorobenzoic acid has vibrational frequencies that 

are markedly differen~ from those of benzoic acid 

Tables 21 &.. 27. ·That.the omission does not come from 

natural defects in the crystal is indicated by the 

different origins. The origin of guest-induced defect 

emission is at 3694.0 Rwhile the origin of the natural 

defect emission is at 3673 R Baum, 1974). We think 

it most likely that the emission is coming from mixed 

dimers and assume that the benzoic acid half of the 

mixed dimer is perturbed by its parafluorobenzoic acid 

mate so that its triplet level is below the exciton 

level of the crystal. .Because the Ka of p-fluorobenzoic 

acid is greater than unsubstituted benzoic acid,· the 
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hydrogen bonds will be stronger in the mixed dimer than 

in a homogeneous unsubstituted dimer. As shown by 

Baum, (1974), hydrogen bonding to the carbonyl group 

causes a red shift of the phosphorescence origin while 

hydrogen bonding of. identical strength to the hydroxyl 

group causes a blue shift, but to a less extent. 

Therefore, we expect a Bet red shift as a result of 

the greater H-bond strength in the dimer. This is 

consistent with what is observed. Natural defect 

emission from a d crystal and d - d emission from o 0 5 

a mixed isotopic crystal have their origin at 3673.0 R 
and 3672.3 ~, respectively, while the induced defect 

emission has its origin at 3694.0 'R. Note that the 

only difference between natural an~ guest-induced 

defects is the presence of the fluorine atom at one 

end of the dimer. The surrounding environment should 

be very similar in both cases as far as dispersion 

forces are concerned. We are, therefore, inclined to 

regard the shift in origin as due almost entirely to 

the change in H-bond strength. 

It is worth noting that this approach for obtain

ing vibrationa11y resolved spectra is different from 

the widely practiced mixed crystal technique originated 

by McClure in 1954. In his technique the guest 

molecule has an energy level that is below the exciton 

level of the host. Either the guest is excited 
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directly or else the host is excited and the excitation 

transferred to the traps created by the guest molecules. 

This approach is ,superior because it allows singlet 

absorption measurements to be made in addition to 

emission, measurements. With the guest-induced defect 

technique singlet absorption measurements are not 

possible. Nonetheless, we regard this technique to 

be a useful adjunct to the conventional technique. In 

both cases, sharp spectra occur because the guest 

substitutes into the host lattice in a regular way. 

We are aware of only one previous case in which guest

induced defects have been used to obtain sharp spectra 

(~lSayed 1972). In our opinion this technique deserves 

more frequent exploitation. 

The phosphorescence emission from defects induced 

by parafluorobenzoic acid doped into polycrystalline 

ben~oic acid can be succinctly described as being very 

similar to the emission from benzoic acid in n-nonane. 

Even the origin are very close to each other (3694.0 R 

and 3701.5 ,R) • The comparison made between the spectra 

for nonane and benzene hosts applies in all of its 

details to the guest-induced defect spectrum. 
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Benzoic Acid in Cyclohexane Carboxylic Acid 

Cyclohexane carboxylic acid was suggested as a 

suitable host for benzoic acid PY' Dr. Koyanagi. The 

crystal structure of cyclohexane carboxylic acid is 

unknown. In view of the highly resolved spectrum 

obtained with this host, benzoic acid apparently 

sUbstitutes well into the lattice. Because it is a 

saturated molecule, its triplet exciton level is 

expected to be well above the triplet level of benzoic 

acid. Also the saturated ring weakens the Ka to 

1.26 x 10-5 as opposed to 6.3 x 10-5 for benzoic acid. 

The phosphorescence of benzoic acid doped into 

single crystal of cyclohexane carboxylic acid has been 

oobtained at 4.2 K by B~um 1974). This spectrum 

is markedly different from the spectra discussed so 

far. The major difference is a large reduction in 

the intensity of the out-of-plane modes. In benzene 

host, the out-of-plane intensity is 45% of the total 

intensity while in cyclohexane carboxylic acid host, 

it reduces to about 9%. v appears weakly at 405.016a 
-1 -1 cm A weak-to-medium band appears at 425.0 cm " 

which is probably v • The uncertainty concerning
6a 

this band derives from the altered H-bond strengths 

and the breaking of the degenera~that exists in 

homogeneous dimers. The unperturbed monomer fr~quency 
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-1
is estimated to be at (422.0 + 388.0)/2 = 405.0 cm 

But this mode involves appreciable carboxyl group 

motion so it may. be altered by the different H-bonding 

environment. Since all other ring out-of-plane modes 

agree very closely with the Raman frequencies we would 

expect V to be located at 438.0 em-I. On this basis16b 

we ·re·gard it as unlikely that the 425.0 em-I band 

corr~sponds to V l6b. V 9b (-) (C-X in-plane bend) 

appears very weakly and VI appears with medium intensity. 

As in all the other hosts, the origin, 11 8a and tl12 

are the strongest bands of the spectrum. 

The strongest out-of-plane modes are VII' 

V 'V10b(-) and lOa- All are of weak of medium intensity. 

The carbonyl stretching frequency will likely be dif

ferent because of the different H-bond environment but 

if it appears in the spectrum at all, it appears very 

weakly. 

It should be noted that in benzene, nonane, mixed 

isotopic crystal, an~ parafluorobenzoic acid, the H

bonding environment of a benzoic acid monomer has been 

approximately the same in all cases. The change in 

H-bond environment is apparently the major difference 

between cyclohexane carboxylic acid host and the others. 
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Parafluorobenzoic Acid in Nonane 

So far we have considered the effects of differ

ing environments on the phosphorescence emission of 

benzoic acid. We now consider the effects of sub

stituent groups. Nonane was chosen as·the host for 

parafluorobenzoic acid because this solvent is the 

Sh1polskiisolvent for the molecule, and a resolved 

spectrum was obtained. Since a thorough normal 

coordinate analysis for this molecule was not carried 

out, we limit our consideration to the out-of-plane 

modes and other general features of the spectrum. The 

out-of-plane modes and vI have been assigned using the 

Varsanyi tables and the phosphorescence frequencies 

(see Table 27). 

The origin of the spectrum is strong as are modes 

-1 -1vI and ' which are located at 960 cm and 1618 cm •v 8a 

In this respect, the spectrum resembles that of benzoic 

acid. 

Five out-of-plane modes can be identified: 'v lOb 

' ' ' and vlOa. The intensity ofv16a v16b v 4 v lOb 

is about 50% of the origin, vlOa about 8% and the others 

about 25%. Thus, the intensity of the out of plane 

modes relative to the origin is much less than observed 

for benzoic acid in all matrices except cyclohexane 

carboxylic acid. As for benzoic acid, there is no 

evidence for multiple quanta of the out-of-plane modes. 
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Parafluorobenzoic Acid in Cyclohexane Carboxylic Acid 

Since the out~of-plane modes in benzoic acid 

were weakened in cyclohexane carboxylic acid, we also 

used this host with parafluorobenzoic acid. In this 

case, the host was in a polycystalline ~tate and the 

spectrum is not as highly resolved as Baum's single 

.crystal spectrum. Simi.lar broadening was observed for 

benzoic acid in polycrystalline cyclohexane carboxylic 

acid. Nonetheless, a vibrationally resolved spectrum 

was obtained. This spectrum showed the same weakening 

of the out-of-plane modes that was observed for benzoic 

acid. The intensity of is reduced from 50% ofv lOb 

the origin to 14% and the other modes are reduced to 

about 4% or less. On the other hand the intensities 

of VSa and VI are essentially unchanged relative to 

the origin. In short, the behavior of parafluoro

benzoic acid in cyclohexane carboxylic acid parallels 

that of benzoic acid in the same host. 

Methyl Benzoate in Benzene 

As discovered by Kanda, et al (1963), methyl 

benzoate in benzene yields a moderately resolved spectrum 

at 90o K. We have found that the spectrum becomes 

highly resolved at 4.2 0 K. The general features of 

the methyl benzo~te spectrum, as noted by Kanda and 

coworkers, are similar to those of benzoic acid. The 
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origin is strong and the dominant in-plane modes of 

the s'pectrum are v and v ' although v is somewhat12 8a 12 

weaker than in the benzoic acid spectra. The photo

electric spectrum shows two bands at 420 and 450cm~1. Tre 

more highly resolved ,and more accurate· spectrum obtained 

-1
by Baum shows three bands at 412, 420, and 443an . The 

bands at 412 and 443 are readily identified as v16a 
-1and ' respectively. The band at 420 cm , however,v 16b 

is somewhat perplexing. Presumably, this band cor

responds to v • However, the frequency of this mode
6a 

in the Raman spectrum is 362 em-I While some phos

phorescence frequencies have been observed to differ 

l as much as 10 to 15 cm- from Raman values, a shift 

-1of 58 em is hard to accept. The phosphorescence 

band at 420 is sharp and strong (50% of origin intensity). 

It cannot be a combination band since all bands of lower 

frequency are significantly weaker. If this band were a 

different a site or an impurity one would expect to 

see bands built upon this origin. However, all other 

observed bands can be rationalized relative to the strong 

origin at 3620 R. Therefore, the nature of this band 

remains a mystery. vI appears at 822 em -1 (frequency 

taken from Baum's photographic data) with weak-to

medium intensity. 
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The ring-carboxyl group wag appear at 219 ai which 

-1is in good agreement with Raman value of 2lS cm 

(29So K). The intensity of this mode is greater than 

in the benzoic acid spectra. The strongest out-of-plane 

modes are vII and VlOb (-). These bands are as intense 

as the origin and vSa. VlOa is relatively weak, being 

"about 25% of the intens-ity of the origin. Multiple 

quanta of the out-of-plane modes are not present in the 

spectrum. 

lThe carboxyl stretching mode appears at 1730 cm-

with weak to medium intensity. It thus appears that 

the appearance of v 6a (422?) , vI ' and the carbonyl 

stretching mode, along with the weak appearance vlOa 

resembles benzoic acid in benzene, rather than benzoic 

acid in nonane. 

In summary, the phosphorescence emission of methyl 

benzoate in benzene shows the same general features 

that are present in the spectrum of benzoic acid in 

benzene. Most notably, the intense out-of-plane modes 

are present in both spectra. 

Benzoic Acid in Methyl Benzoate and Parafluoro
benzoic Acid in Methyl Benzoate 

Since the out-of-plane modes in benzoic acid 

were found to exhibit a strong environmental dependence, 

an attempt was made to determine if a similar 
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dependence existed for the out~of-plane modes in 

methyl benzoate. The guest-induced defect method was 

used in this attempt. Three spectra were obtained 

using benzoic acid and two using parafluorobenzoic 

acid, as the guest. Although these systems yielded 

resolved spectra in all five cases, several origins 

appeared in each spectrum. The relative intensities 

of these origins vary greatly among the spectra. 

One possibility is that the various origins are due 

to different sites which are differently populated 

intie various spectra. Another possibility is that 

the origins are due to impurities. In two of the 

spectra methyl benzoate was purified by alumina and 

silica gel chromatography,and vacuum distillation. 

For the third spectrum, zone refined methyl benzoate 

was used. Zone refined benzoic acid and parafluoro

benzoic acid were used in all cases. Table_32 p.44q~~hown 

the possible origins observed in the five spectra. 

All bands to the blue of the strongest origin are 

considered origins and all bands to the red in the 

immediate vicinity of the origin that are significantly 

stronger than normally expected for this region and 

. which do not correspond to known vibrational fre

.quencies are lis~ed as possible origins. For those 

origins indicated by a~ asterisk there is a band in 
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the spectrum which can be assigned as v built uponl2 

the origin in question. It should be realized that 

these bands can also be regarded as combination bands. 

A number of conclusions can be drawn from the data pre

'sented in Table 32.· First, it is unlikely that most 

of the' bands listed in the table are associated with 

impurities because most·-origins that appear in I, II 

and III also appear in IV and V. The zone refined 

material is far less likely to contain impurities than 

the vacuum distilled material. Secondly, the bands 

which we have called "origins" are most likely associated 

with sites that are differently populated in the various 

spectra. The best evidence comes from spectra IV and 

V. These spectra were obtained with the same sealed 

sample two days apart. When spectrum V was obtained 

it was noticed that some portions of the sample were 

'''glossy" 	and while other portions showed the char

acteristic appearance of a polycrystalline sample. We 

regard it as most likely that the difference between 

the two spectra are due to the "glossy" composition 

of the sample used to obtain spectrum V, which showed 

little vibrational structure. When methyl benzoate 

was being zone refined, it was noticed that it had a 

tendency to form a glass. This tendency was eliminated 

by adding a small quanity of alumina, which fell to 

the bottom of the tube and acted as a seed. Presumably 

the same technique could be used with the spectroscopic 
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samples. A second possibility is that the extra 

origins observed in spectrum V are photoproducts that 

were produced when spectrum IV was being obtained. 

This is unlikely, because the extra origins produced 

appear in spectrum I and II which were exposed to 

light only once. 

Furthermore, it is' important to realize that some 

of the bands listed in Table 32 may be vibronic bands 

rather than origins. Most likely the band occurring 

at 3733.0 A
o corresponds to v 6b (616 cm -1 ) built upon 

the origin at 3648.0 R. The best evidence for this 

is that the 3757.5 Rband also corresponds to v6b 

built on 3672.0 R. The only reason these bands 
o 

(3733.0 and 3757.5 A) are included in the table is that 

they are extremely strong for a vibronic band (150% 

as intense as the origin). The "be-st II spectra to 

consider in detail are III and IV because III has only 

two origins of significant intensity and IV has only 

. one. The presence of' intense, multiple origins greatly 

complicates the assignments of fundamentals and combin 

tion bands. 

,The band systems built upon the two origins in 

spectrum III are identical. That is, the same frequen

cies and intensity pattern occur in both systems. 

Benzoic acid and methyl benzoate have similar triplet 
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energy levels and too similar vibrational frequencies 

to make an obvious decision whether emission is coming 

from methyl benzoate or benzoic acid molecules. 

We assume that the emission is coming from guest

induced defects that consist of methyl benzoate-benzoic 

acid complexes. If we neglect the intense v6b vibra

tion, the frequencies and intensity pattern of spectrum 

Vlrd.osely resembles that of spectrum IV. Since the 

vibrational frequencies for parafluorobenzoic acid are 

markedly different from those of methyl benzoate, it 

is certain that the emission is not from parafluoro

benzoic acid in spectrum IV. We thus regard it as 

likely that the emission observed in spectrum III comes 

from methyl benzoate molecules (complexed with benzoic 

acid molecules). Definitive proof of this fact will 

have to await further experimental i.nvestigation. 

The most striking feature of this spectrum (III) 

is the weakness of the out-of-plane modes. The 

intensity of v (-) is about 25% of the origin intensitylOb 

whereas for methyl benzoate in benzene its intensity 

is comparable to that of the origin. The other out-of

plan~ modes are about 10% (or less) as intense as the 

origin. It thus appears that the out-of-plane modes 

in methyl benzoate have the same environmental depend

ency as those in benzoic acid. As discussed previously, 
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for benzoic acid the hydrogen bonding environment 

seems to be the parameter which has the greatest effect 

on the intensity of the out-of-plane modes. The same 

is probably true for methyl benzoate since it is very 

likely that the complex is held together by a hydrogen 

bond. The strong in-plane modes in spectrumIV are 

v v":12 and 8a and their intensities relative to the 


origin are the same as for methyl benzoate in benzene. 


As for spectrum III, a striking feature" of spectrum 

-N is the weakness of the out-of-plane modes. In this 

spectrum, these modes are slightly less intense than 

in spectrum ~II. Since there is no uncertainty about 

the emitting species in this case; this spectrum con

stitutes better evidence that the out-of-plane modes 


in methyl benzoate possess the same environmental 


sensitivity as those in benzoic acid. 


Another striking feature of spectrum IV is the 

-1 
presence of a band at 619 cm (v 6b) '\vhich is as 

intense than the origin. This band is definitely not 

an origin associated with a different site or an impurity 

origin. It combines with ' the next strongest bandv8a 


in the spectrum. This combination band (strong and 


l
broad) appears at 2220 cm- (1600 + 619 = 2219). The 

intensity of this band is greater than all other funda

"mentals, even . It therefore cannot be a combinationv 12 
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-1
of any of these weaker bands. The band at 2220 cmcan not 

be accounted for except as the above combination. We 

lregard this a good evidence that the band at 619 cm-

is a vibronic band. Two and three quanta are unequiv

ocally absent in the spectrum. 

The presence of an intense v6b band can also be 

found in spectra I and iI. In both cases, the vibra

tion is built upon the origin at 3648.0 R. Since the 

intense v6b band appears when either benzoic acid or 

parafluorobenzoic acid is used as a guest, it might 

appear at first sight that the defect or trap responsible 

for the emission is a natural defect rather than a guest-

induced defect. This possibility is made improbable by 

the fact that the origin for the benzoic acid system 

is at 3648.0 R while that for the parafluorobenzoic 

acid system is at 3672.0 R. 
The intensities of the strong in plane modes ~8a 

and v in Spectrum IV resemble those of spectrum III.
12 

The data presented here for benzoic acid and 

parafluorobenzoic acid in methyl benzoate must be 

regarded as preliminary and tentative on account.of 

the difficulties encountered in obtaining reproducible 

spectra. 

http:account.of
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FIGURE 26 

Phosphorescence Spectrum of Benzoi.c Acid d o 
in Polycrystalline Benzene 

Spex 1702 3/4 Meter Monochromator 

-3Concentration: '\J 10 molar 

Slit Width 75 11, 75 11 

Sensitivity -73xlO amperes full scale 

Time Constant: 0.3 seconds 

Scan Rate 20 R/minute 

Temperature 4.2 oK 
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TABLE 18 

This table contains the frequencies, relative intensities 
and assignments of bands in the spectrum shown in Figure 26. 
The assignments are based upon a consideration of the photo
electric spectra obtained in this study, as well as Baum's 
more accurate photographic data. Only the most probable 
assignments are given. For some bands, particularly combin
ation bands, alternate assignments are possible. Average 
frequencies are given for Raman factor gro'up pairs and all 
Raman frequencies are rounded off to the nearest wavenumber. 
Actual Raman frequencies are given only for fundamentals. 
For combination bands sums of phosphorescence frequencies 
are given - S,= strong, w = weak, and vw = very weak. 

A{R) ,,(cm- l ) 6i cm- l ) Intensity Assignment Raman -1 Devia~ion
Freq. (cm) (em) 

3639.5 27469 o s origin 
3643.0 27442 27 w lattice 

(or side) 
3646.5 27416 53 w lattice 
3651.0 27382 87 m H-bond 
3655.0 27352 117 vw Monomer 119 2 

torsion 
3657.5 27333 136 w H-bond 
3666.0 27270 199 w "lOb{+) 198 1 

jg95.5
96.5 

3699.0 

27052 
27045 
27027 

417 
424 
449 

m 
m 
m 

W-~:-
6a 

"16b 

ig~
438 

9 
2 

11 

3730.5 26798 671 w "9b (-) 659 12 

3734.0 26773 696 ,m "4 686 10 

3738.0 26745 724 s "II 710 14 

3748.5 26670 799 w "I 797 2 

1752.0 
3758.0 
3758.. 5 

26645 
26602 
26599 

824 

H~6 
s 
m 
m 

~Ob (-)

,,±8g (-) + 
lattice 

812 
855 

865 

12 
12 

5 

3764.5 26556 913 w H-wag 910 3 

3770.5 26514 955 w "l7b 942 13 

3776.5 26472 997 w "5 989 8 

3778.0 26462 1007 s "12 1001 6 

3782.0 26434 1035 w "18a 1028 7 

3785.0 26413 1056 vw "12 +
lattice 1060 4 

3791.0 26371 1098 " +.12H-bond 
1094 4 
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Table 18 (Continued) 

3797.0 26329 1140 w v 
13 1134 6 

3801.0 26301 1168 vw v 
15 1170 2 

3804.5 26277 1192 rn v 
9a 1185 7 

3820.0 26171 1298 w C-O stretch 1292 6 
+ O-H bE?nd 

3833.0 26082 1387 vw v 
9a 

+v
10b 

(+) 1391 4 

3839.0 26041 1428 w v 12 + v6a 1431 3 

3842.0 26020 1449 . w v19b 1446 3 

3849.0 25973 1496 vw v
19a 1495 1 

. 3853.0 25946 1523 vw v
11a

+v
1 1523 0 

3857.0 25920 1549 vw v
16 

+v
13 1547 2 

3863.5 25876 1593 w v8b 1582 11 

3866.0 25859 1610 s v·8a 1600 10 

3870.0 25832 1637 w c=o stretch 1631 6 

3873.0 25812 1657 w v8a + lattice 1663 6 
3879.5 2576 1700 w v

12 
+ v

4 1703 3 

3884.5 25736 1733 rn v
12 +v11 1731 2 

3895.0 25667 1802 vw v
12 +v1 1806 4 

3899.0 25640 1829 rn v 
12 

+v
10b 

(-) 1831 2 

3905.0 25601 1868 w v
12 

+v
lOa 1874 6. 

3906.5 25591 1878 w v 9a + v 4 1888 10 

3912.5 25552 1917 w v
12 

+ H-wag 1920 3 

3919.0 25506 1963 w v
12 

+ v 
17b 1962 1 

3927.0 25,458 2011 rn 2 v12 2014 3 

3929.0 25,445 2024 rn v
8a 

+ v
6a 2034 10 

3932 .0 25,425 2044 w v
8a + v6b 2059 15 

39.46.5 25,332 2137 w v
12 

+v
13 2034 3 

3955.0 25,277 2192 w v
12 

+v
9a 2199 7 

3971.5 25,172 2297 W v
8a 

+ v 
4 2306 9 

3977.5 25,134 2335 rn ·v
8a 

+ v 
11 2334 1 

3989.0 25,062 2401 w v8a + vI 2409 2 

3992.0 25,040 2429 w vSa +v10b (-) 2434 5 
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3999.5 24,996 2473 w 2477 4v 8a +v1Oa 
4013.5 24,909 2560 w +v 2565 5v 8a l7b 
4019.0 24,875 2594 w v 2600 6+v8b12 
4022.0 24,856 2613 m v 12 +v8a 2617 4 

4026.0 24,832 2637 w +v 2645 8v 8a l8a 
4036.5 24,767 2702 w 2v 12 +v4. 2710 8 

40'42.0 24,733 2736 w 2v 12 +vll 2738 2 

4051.0 24,678 2791 w + Vga 2799 8v 8a 
4057.0 24 / 642 2827 vw + v (-) 2826 1 

. 
2v 12 10b 

4072.5 2",548 2921 
~ 

vw v 12 +vll +v9 2920 1 a 
4089.0 2 ,449 3020 w ,3Kv 3021 1I2 
4111.0 24,318 3151 vw v 8a +vll + 3158 7 

v (-)
10b 

4120.0 24,265 3204 vw 3203 1v8a + v8b 
4122.0 24,253 3216 m 3220 42V 8a 
4136.0 24,171 3298 vw 2v + H-bond 3307 98a 
4142.0 24,136 3333 vw v 12 +v8a + vII 3341 8 

4158.0 24,043 3426 vw + v8a + vI 3416 10v 12 

4166.0 23,997 3472 vw 3484 12v 12 + 'lOa + 
v 8a 

4173.5 23,954 3515 vw v8a +v9a + vII 3526 11 

4191.0 23,854 3615 w +v8a 3624 92v12 

4222.0 23,679 3790 vw + v8a +v9a 3802 12v 12 

4248.5 23,531 3938 vw 3944 62v 8a + vII 

4264.5 23,443 4020 vw 4028 84v12 

4298.0 23,260 4209 w 2v 8a +v12 4227 18 

4412.0 22,659 4810 vw '4830 203 V 8a 
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FIGURE 27 

Phosphorescence Spectrum of Benzoic Acid 

4d in Polycrystalline Benzene
1 

Spex 1702 3/4 Meter Czerny Turner Mono

chromator 

Concentration 'VIO-3 molar 

Slit Width 44 11, 44 11 

Sensitivity 3xlO-8 amperes full scale 

'Time Cons tan t 1.0 second 

Scan Rate 20 R/minute 

Temperature 4.20 K 
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TABLE 19 

This-table contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 27. 
The assignments are based upon a consideration of the 
photoelectric spectra obtained in this study, as well as 
Baum's more accurate photographic data. Only the most 
probable assignments are given. For some bands, particularly 
combination bands, alternate assignments are possible. 
Average frequencies are given for Raman factor group pairs 
and all Raman frequencies are rounded off to the nearest 
wavenumber. Actual Raman frequencies are given only for 
fundamentals. For combination bands sums of phosphorescence 
frequencies are given. s .~= strong, vI = weak, and vw = 
very weak. 

,,(cm-1) Intensity Assignn:ent 
Raman 
Fn;:q. (an-I) 

Deviation 
(ern-1) 

3645.5 27506 o s Origin o 
3,637.5 27484 22 w site (or 

lattice) 
3641.5 27453 53 w lattice 
3646.0 27420 86 m H-bond 
3647.5 27408 98 vw H-bond 
3650.5 27386 120 w monomer 119 1 

torsion 
3653.0 27367 139 vw H-bond 
3660.5 27311 195 vw 10b(+) 192 3 

3690.5 27089 417 rn "6a&"16a 408 & 419 9 & 2 

3691.5 27082 424 rn "16b 425 1 

3719.0 26881 625 w 
"4 618 7' 

372~.5 26842 664 w "9b (-) 657 7 
3730.0 26802 704 s "11 698 6 

3742.0 26716 790 s "lOb (-) 788 2 

3745.0 26695 811 w site+"10b(-) 812 1 
3750.0 26659 847 vw "ll+H-bond 843 4 

3751.7 26641 865 rn "lOa 853 12 
3756.5 26613 893 rn "17b 872 21 
3759.0 
3765.0 

' 26595 
26553 

911 
953 

w 
w 

H-wag 
"10a+H-bond 

912 
951 

1 
2 

3770.0 26518' 988 s "12 984 4 
3774.5 26486 1020 w site+"12 1010 10 
3779.5 26455 1051 w "12+1attice 1041 10 
:3783.0 26427 1079 w "12+H-bond 1074 5 

3791.0 26371 1135 w "13 1137 2 
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Table 19 (Continued) 

3798.5 26319 1187 m 1182 5v 9a 
3829.0 26109 1397 m 1405 8v12+v16a 
3830.5 26099 1407 m 1405 2v12+v 6a 

13844.0 26007 1499 w 1488v 19a 
3851.0 25960 1546 w 1552 6v13+v16a 
3856.5 25923 1583 w 16Q4 21V9a+V16a 
3858.5 25909 1597 s 1597 0v8a 
3863.5· '25876 1630 vw C=O stretch 1627 3 
3873.0 25812 1694 m 1692 2v12+v 11 
3883.5 25743 1763 vw 1760 3v 13+v 4 
3885.5 25729 1777 m v12+vI0b(-) 1776 1 

3896.0 25660 1840 m 1853 13v12+vI0a 
3901.0 25627 1879 m 1881 2v12+v17b 
3902.5 25617 1889 w 1891 2v 9a+v11 
3908.5 25578 1928 w vI0b(,,:,)+v13 1923 5 

3915.5 25532 1974 m 1976 22v 12 
3922.0 25490 2016 m 2014 2v8a+v16a 
3929.0 25445 2061 vw 2v +H-bond 2062 112
3931.5 25428 2078 vw 2080 2v9a+v17b 
3936.0 25399 2107 vw 2v12+H-b~nd 2115 8 

3938.0 25386 2120 vw v 12+v 2123 313 
3945.5 25339 2167 m v 12+v 2175 89a 
3950.0 25309 2197 vw v12+vIOb(-) 2193 4 

+v6a 
3960.0 25245 2261 vw v 8a+v (-) 2261 09b 
3967.0 25201· 2305 m v 8a+v 2301 411 
3981.0 25112 2394 m 2387 7v8a+vI0b(-~ 
3991.5 25046 2460 vw 2462 2v8a+vI0a 
3996.0 25018 2488 vw 2482 6v 12+v11 

+v (-)10b 
4010.5 24928 2578 m 2585 7v 12+v 8a 
4015.5 24896 2610 vw v +C-O 2618 812 

stretch 

I : 
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Table 19 (Continued) 

4019.0 '24875 2631 VW v 12+v 2638 78a 
+ lattice 

4026.0 25832 2674 w 2680 62v 12+v11 
4035.0 24776 2730 w 2718 12v8a+v11+v6a 
4040.0 24746 2760 vw 2V 12+V1.0b (-) 2766 6 

4043.0 24727 2779 w 27S4 5v 8a+v 9a 
4050.5 24681 2825 VW 2827 2v12+v13+v11 
4058.0 24636 2870 vw 2879 9v 12+v9a +V 11 
4073.0 24542 2964 vw 2964 03v 12 
4080.0 24503 3003 vw orv12+v8a+v16b 3002 1 

v12+v8a+v6a 
4096.0 24407 3099 vw v 8a+v11+v10b (-) 3091 8 

4104.0 24360 3146 vw 2v 12+v 3163 179a 
4112.5 24309 3197 m 3194 32VSa 
4120.0 24265 3241 'lVW 2V +1attice 3247 68a
4127.0 24221 3285 w 3289 4v12+v8a+v11 
4143.0 24127 3379 w v +v (-) 3375 412 8a+v

10b 
4153.5 24069 3437 w 3436 1v8a+v13+v11 
4161.0 24026 3480 w 3478 2v12+v8a+v17b 
4176.0 23937 3569 w 3573 42v 12+v 8a 
4185.0 23888 3618 vw 3611 72v8a+v16a 
42'02.0 23792 3714 w 3720 6v12+v8a+v13 
4210.0 23746 3760 w 3772 12v12+v8a+v9a • 
4234.5 23609 3897 w 3898 12v 8a+v11 
4251.0 23517 3989 w 2v8a+v10b(-) 3984 5 

4285.5 23328 4178 m 4182 42v 8a+v 12 
4320.0 23142 4364 vw 4381 172v 8a+v 9a 
4360.0 22929 4577 w 4599 222vSa+v12+v16a 
4402.0 22711 4795 vw 4791 43v 8a 

http:2V12+V1.0b
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FIGURE 28 

Phosphorescence Spectrum of Benzoic Acid dS in 

Polycrystalline Benzene 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

concentration: ~10-3 molar 

Slit Width 30 ll, 30 II 

Sensitivity lxlO- 7 amperes full scale 

Time constant: 1.0 second 

Scan Rate 20 J(/minute 

Temperature 4.20 K 
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TABLE 20 

This table contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 
28. The assignments are based upon a consideration of the 
photoelectric spectra obtained in this study, as well as 
Baum's more accurate photographic data. Assignments of 
most dS Raman and infrared bands are uncertain. Only those 
assignments which are considered firM or highly probable 
are given. Since most fundamentals are unassigned assign
ments of corn)ination bands has not been attempted. Average 
frequencies are given for Raman factor group pairs and all 
Raman frequencies are rounded off to the nearest wavenumber. 
s = strong, \'" = weak, and vw = very weak. 

Raman Dev':' lIntensity Assignment Freq. t:=m-~ (cm )A(~) 

3621.0 27609 -42 w 
3626.5 27567 o s 
3630.0 27540 27 w 

3633.5 27514 53 w 
3635.5 27499 68 vw 
3638.5 27476 91 m 
3639.5 27469 98 vw 
3641.5 27453 114 vw 

3644.5 27431 136 vw 
3649.5 27393 174 vw 
3652.0 27374 193 vw 

3675.0 27203 364 s 

3680.0 27166 401 w 

3700.5 27016 551 vw 
3710.5 26943 624 S 

3714.0 26918 649 '-II 

3717.0 26896 671 S 

3726.5 26827 740 S 

3731.0 26795 772 

3738.0 26745 822 s 
3742.0 26716 851 m 
3745.5 26691 876 s 
3748.5 26670 897 w 
3751.0 26652 915 w 
3756.5 26613 954 w 
3757.5 26606 961 s 
3761.0 26581 986 vw 
3765.0 26553 1014 vw 
37701>0 26514 1053 vw 
3777.0 26469 1098 w 
.3797.0 26329 1238 m 
3802.5 26291 1276 vw 

site 
origin 
site(or 

lattice) 
lattice 
lattice 
H-bond 
H--bond 
monomer 

:torsion 
H-bond 

v (+)10b 
v 
16a 

v
16Q 

& v
6a 

H-wag 

119 5 

118 

356 

394 & 415 

5 

8 

7 & 14 

767 5 

913 

958 

2 

3 
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(Table 20 Continued) 

3809.5 26243 1324 m 
3814.0 26212 1355 vw 
3818.0 26184 1383 vw 
3829.5 26106 1461 vw 
3834.5 26072 1495 w 
3842.5 26017 1550 w 
3844.0 26007 1560 w 
3845.0 
3847.5 

26000 
25984 

1567 
1583 

s 
m 

v
8a 1569 2 

3851.5 
3855.5 

25957 
25933 

1610 
1634 

w 
m C=o stretch' 1625 9 

3863.5 25876 1691 vw 
3864.5 ,25869 1698 m 
3872.0 25819 1748 vw 
3877.0 25786 1781 w 
3881.5 25756 1811 vw 
3885.0 25733 1834 w 
3896.5 25657 1910 vw 
3898.5 25644 1923 w 
3900.0 25634 1933 m 
3901.5 25624 1943 vw 

.3904.5 25604 1963 vw 
3911.0 25562 2005 vw 
3919.0 25510 2057 vw 
3928.0 25451 2116 vw 
3939.5 25377 2190 m 
3947.5 25325 2242 m 
3954.5 25281 2286 w 
3957.5 25261 2306 m 
3968.0 25195 2372 vw 
3970.5 25179 2388 w 
3975.0 25150 2417 w 
3979.5 25122 2445 m 
3885.0 25087 2480 vw 
3989.5 25059 2508 w 
3993.0 2 037 2530 m 
4000.0 24993 2574 vw 
4003.0 25974 2593 vw 
4013.5 24909 2658 '11 

4020.0 25860 2698 vw 
4036.5 24769 2800 w 
4051.0 24678 2889 w 
4079.0 24509 3058 vw 
4089.0 24449 3118 vw 
4091.5 24434 3133 m 
4093.0 24425 3142 w 
4113.0 24306 3261 vw 
4136.0 24171 3396 vw 
4152.5 24075 3'492 w 
4198.0 23814 3753 vw 
4244.0 23556 4011 w 
4259.0 23473 4094 w 
4372.0 22866 4701 w 
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FIGURE 29 

Phosphorescence Spectrum of Benzoic Acid d o 

Polycrystalline n-Nonane 

in 

Spex 1702 3/4 Meter Czerny Turner Monochromator 
I 

concentration: ~10-3 molar 

I 

Slit Width 

Sensitivity 

40 ~, 40 ~ 

3xlO- 7 amperes full scale 

Time Constant: 0.3 seconds 

Scan Rate 20 R/minute 

Temperature 4.20 K 
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TABLE 21 

This table contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 
29. The assignments are based upon a consideration of the 
photoelectric spectra obtained in this study, as well as 
Baurn's more accurate photographic data. Only the most 
probable assignments are given. For some bands, particu
larly combination bands, alternate assignments are possible. 
Average frequencies are given for Raman factor group pairs 
~nd all Raman frequenties are rounded off to the nearest 
wavenumber. Actual Raman frequencies are given only for 
fundamentals. For combination bands sums of phosphorescence 
frequencies are given. s = strong, w = weak, and ~l = 
very weak. 

DeviationRaman -1)d)() ,,(ern-1 ) ~" (an-I) Intensity Assignment Freq. (an ) (em1) 

3673.5 27214 -206 w site 

3681.5 27155 -147 w site 

3691.5 27082 - 74 vw site 

3701.5 27008 o s origin 

3707.5 26965 43 m lattice 

3713.5 26921 87 w H-bbnd 

3719.5 26878 130 vw H-bond 

3726.0 26831 177 vw si~e+H-bond 

3759.0 26595 413 5
m "16a 408 

3763.5 26563 445 
 w "16b 438 7 

3772.5 26500 508 vw scissor 504 4 
3795.0 26343 665 vw 659 6"9b(-) 

3798.0 26322 686 w 686 o
"4 

3803.5 26284 724 m 710 14
"11 
3809.0 26246 762 w "ll+site 767 5 

3814.0 26212 796 w 797 1"1 

3817.0 26191 817 m 812 5
"10b(-) 
3822.5 26153 855 m 855 o"lOa 
3828.5 26113 895 w "10a+site 898 3 

3841.0 26028 980 vw 988 8"5 
3844.5 26004 1004 s 1001 3"12 
3849.0' 25973 1035 vw 1028 7"18a 
3851.0 25960 1048 w "12+site 1044 4 

3856.0 25926 1082 vw "12+site 1091 9 

3864.0 25873 1135 w 1134 1"13 

3871.0 25826 1182 m 1185 
 3"9a 
·3877.0 25786 1222 w "9a+site 1228 6 
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Table '21 (Continued) 

3907.0 25588 1420 vw 1417 3v 12+ v16a 
3912.0 25555 1453 vw 1449 4v 12+ v16b 
3936.0 25399 1609 s 1601 8v 8a 
3943.0 25354 1654 w v 8a+site 1652 2 

3948.5 25319 1689 w v 8a+site 1696 7 

3954.5 25281 1727 w 1728 1v 12+v 11 
3970.0 25182 1826 w v 1 2+v 10b (-) 1821 5 

3976.0 25144 1864 w 1859 5v 12+v lOa 
-

3982.5 25103 1905 w 1906 1v 9a+v 11 
3989.5 25059 1949 vw 1946 3v 12+v lOa 

+site 
4000.0 25993 2015 rn 2008 72v 12 
4005.0 24962 2046 w 2v12+site 2051 5 

4020.0 24.866 2142 vw 2139 3v 12+v 13 
4027.0 25825 2183 w 2186 3v 12+v 9a 
4033.5 25785 2223 vw 2229 6v 12+v9a 

+site 
4041.5 24736 2272 vw 2v 2270 213 
4047.0 24703 2305 vw 2295 10v 8a+v 4 
4052.0 24672 2336 w 2333 3v8a+v11 
4066.5 24584 2424 w 2421 32v12+v16a 
4074.0 24539 2469 w 2464 5v8a+v10a 
4098.0 24395 2613 rn 2613 0v 12+v8a 
4120.0 24265 2743 vw 2744 0v 8a+v13 
4127.5 24221 2787 w 2791 4v 8a+v9a 
4135.0 24177 2831 vw 2V12:fV10b (-) 2825 6 
4140.0 24148 2860 vw 2863 32v1 2+ v10a 
4167.0 23991 3017 vw 3026 9v12+ v 8a 

+v16a 
4189.0 . 23865 3143 vw 3143 02 v12+ v13 
4203.0 23786 3222 rn 3218 42v8a 
4211.0 23741 3267 vw 2 v8a+site 3265 2 

4217.0 23707 3301 vw 3299 2v12+ v8a+ v 4 
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Table 21 (Continued) 

3337 84222.0 23679 3329 vw v 12+v 8a+v 11 

4239.0 23584 34~4 vw 3430 6v 12+v 8a 
+ V10b (-) 

4246,.0 23545 3463 vw ~12+V8a+V10a 3468 5 

3502 vw '3515 134253.0 23506 v 8a+v9a+v11 

4274.0, -23391 3617 w 3617 02v 12+v 8a 

4509.0 22172 4836 w 3vSa 4827 9 
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FIGURE 30 

-Phosphorescence Spectrum of Benzoic' Acid 4d inl 

Polycrystalline n-Nonane 

Spex 1702 .3/4 Meter Czerny Turner Monochromator 

Concentration 'VlO- 3 molar 

Slit Width 38 ]..I, 38 ]..I 

Sensitivity lxlO-7 amperes full scale 

Time Constant 1.0 second 

Scan Rate 20 ~/minute 

Temperature 4.20 K 
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TABLE 22 

This table contains the frequencies, relative intensities., 
and assignments of bands in the spectrum shownin Figure 30. 
Only the most probable assignments are given. For some 
bands, particularly combination bands, alternate assignments 
are possible. Average frequencies are given for Raman 
factor group pairs and all Raman Frequencies are rounded 
off to the nearest wavenumber. Actual Raman frequencies 
are given only for fundamentals. For combination bands 
sums of phosphorescence frequencies are given. , s = strong, 
w = weak, and vw = very weak. 

-1 -1
v(cm ) ~v(cm ) Intensity Assignment 

Raman -1 
Freq. (ern ) 

Deviation 
(ale1) 

3695.5 27052 o s Origin 
3699.0 27027 25 vw site (or lattice) 
3701.5 27008 44 m lattice 
3704.5 26987 65 vw lattice 
3707.0 26968 84 vw H-bond 
3753.0 26638 414 m v 16a 
3759.0 26595 457 vw v 16a + lattice -458 1 

3789.0 26385 667 vw v 9b (-) 657 10 

3794.0 26350 702 m vII 698 4 

3800.0 26308 744 vw vII+1attice 746 2 

3806.5 26263 785 .m v 10b (-) 787 2 

3812.5 26222 830 vw v 10b+1attice 829 1 

3816.0 26198 854 m v 10a 853 1 

3835.5 26065 987 s v 12 984 3 

3841.5 26024 1028 w v 18a 1026 2 

3864.0 25873 1179 m v9a 1182 3 

3870.5 25829 1220 w v 9a+1attice 1223 3 

3897.5 25650 1402 w v 19b 1411 9 

3904.0 25608 1444 vw v 19b+site 1446 2 

3928.5 25448 1604 s v 8a 1597 7 

3935.5 25403 1649 vw v 8a+1attice 1648 1 

3942.0 25361 1691 w v 12+v 11 1689 2 

3954.5 25281 1771 w v 12 +v 10b (-) 1772 1 

3966.0 25207 1845 vw v 8a+v10a 1841 4 

3987.0 25074 1978 vw 2v 12 1974 4 

3994.0 25031 2021 w vSa+v16a 2018 3 
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Table 22 ( Continued) 

3996.5 '25015 2037 vw 'V10a+'V9a 2033 4 

4016.0 24894 2159 w 'V 12+'V 9a 2166 7 

4041.0 24739 2313 w 'V Sa+'V 11 2306 7 

4054.0 24660 2452 vw 'VSa+'V10a 2458 6 

4087.0 24461 2591 m 'V 8a+'V 12 ' 2591 0 

4093.0 24425 2627 w "8a+'V18a 2632 5 

4100.0 24383 2669 vw "8a+'V12 " 2675 6 

4119.0 24271 2781 w 
+H-bond 

'V 8a+"9a 2783 2 I 

4126.0 24230 2822 w 'V 8a+"9a 2827 5 
+lattice 

4193.0 23843 3209 m 2'V8a 320S 1 

4207.0 23763 3289 w 2"Sa+H-bond 3292 3 
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FIGURE 31 

~hosphorescence Spectrum of ~enzoic Acid d i~S 

Polycrystalline n-Nonane 

Spex 1702 3/4 Meter Cze~ny Turner Monochromator 

concentration "'10- 3 molar 

Slit Width 38 lJ, 38 lJ 

Sensitivity lxlO-7 amperes full scale 

Time Constant 1.0 second 

Scan Rate 20 ~/minute 

Temperature 4.20 K 
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TABLE ·23 

This table contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figur~ 31. 
Assignments of most d Raman and IR bands are uncertain.5Only those assignments which are considered firm or highly 
probable are given •. Since most fundamentals are unassigned, 
assignment of combination bands has not been attempted. 
Average frequencies are given for Raman factor group pairs 
and all Raman frequencies are rounded off to the nearest wave
number. s 7 strong, w = weak, and vw - very weak. 

Inten- Raman -1 Dev.:. 1 
sity Assignment Freq.(cm ) (cm ) 

3688.5 
3694.0 
3699.5 
3766.0 
3712.0 

3716.0 
3737.5 

·3743.0 

3747.0 

3763.5 
3768.0 
3774.5 
3781.0 
3796.5 
3802.5 
3807.5 
3811.0 
3817.0 
3824.0 

3829.5 
3835.5 
3864.0 
3877.5 
3884.0 
3892.0 
3916.5 
3922.5 
3933.0 
3941.5 
3946.5 
3956.0 
3962.0 
3971.0 

27104 
27063 
27023 
26976 
26932 

26903 
26748 

26709 

26680 

26563 
26532 
26486 
26441 
26333 
26291 
26257 
26232 
26191 
26143 

26106 
26065 
25873 
25783 
25739 
25686 
25526 
25487 
25 419 
25364 
25332 
25271 
25233 
25175 

o 
41 
81 

128 
172 

201 
356 

395 

424 

541 
572 
618 
663 
771 
813 
847 
872 
913 
961 

998 
1039 
1231 
1321 
1365 
1418 
1578 
1617 
1685 
1740 
1772 
1833 
1871 
192.9 

s 
m 
w 

vw 
vw 

vw 
m 

w 

vw 

w 
vw 

w 
m 
w 
w 

vw 
m 
w 
s 

m 
vw 
vt., 
vw 
vw 
vw 

s 
m 

vw 
w 
\'1 

vw 
vw 

W 

origin 
lattice 
H-bond 
H-bond 
H-bond t 169 

lattice 

356 

394 

422 

v 7671 

H-wag 	 913 
958"12 

15698a 

3 

o 
1 

2 

4 

2 
3 

9 
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Table 23 (Continued) 

4013.0 24912 2192 w 

4020.0 24869 2235 w 

4031.5 24798 2306 w 

4054.0 24660 2444 m 

4060.5 24621 2483 -vw 

4069.5 24566 2538 m 

4076.0 24527 2577 w 

.4173.5 23954 3150 m 

4181.0 23911 3193 -vw 

4219.0 24696 3408 vw 

4321.0 2 136 3968 V\v 


. 4347.0 22998 4106 .--vw 
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FIGURE 32 

Phosphorescence Spectrum of Benzoic Acid d in 
o 

Polycrystalline Benzoic Acid d S 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

concentration ~0.8 mole percent 

Slit Width 20 ~, 20 ~ 

Sensitivity 3xio- 7 amperes full scale 

Time Constant 0.3 seconds 

Scan Rate 20 R/minutes 

Temperature 4.20 K 
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TABLE 24 


This tab~e contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 
22. The assignments a.re based upon a consideration of the 
photoelectric spectra obtained in this study as well as 
Baum's more accurate photographic data. Only the most 
probable assignments are given. For some bands, particularly 
combination bands, alternate assignments are possible. 
Average frequencies are given for Raman factor group pairs 
and all Raman frequencies are roun~ed off to the nearest 
wavenumber. Actual Raman frequencies are given only for 
fundamentals. For combination bands sums of phosphorescence 
frequencies are given. s = strong., w = weak, and VT:N - very
weak. . 

-1 -1 v (em ) ~v (em ) Intensity 

3670.6 27236 0 s 

3676.5 27192 44 m 

3683.0 27144 92 w 

3687.5 27111 125 m 


3693.0 27071 165 vw 
3698.5 27030 206 w 

3728.0 26816 420 s 

3732.0 26788 448 'fl

3740.5 26727 - 509 vw 

3764.0 26560 676 w 


3766.5 26546 690 m 

3771.0 26511 725 s 

3777.0 26469 767 w 

3784.5 26416 820 s 

3791.0 26371 865 s 

3797.5 26326 910 vw 
3804.5 26277 959 w 

3809.5 26243 993 vw 

3812.5 26222 1014 s 

3816.0 26198 1038 vw 

3818.0 26184 1052 w 

3823.5 26147 1089 vw 

3830.0 26099 1137. m 

3831.5 26092 1144 vw 

.3839.0 26041 1195 s 

3856.0 25926 1310 w 

DeviationRaman -1
Assignrrent F:req. (em ) (em-1) 

origin 
lattice 
H-bond 
monomer 
torsion (MT) 
MT+1attice 

v 10b (+) 

v 16a 
.:\) 1Gb 

scissor 

v (-)
9b 
v4 
v 11 
v 11+1attice 

v (-)
10b 

v 10a 
H-wag 

v1 7b 


v5 

v 12 


v 1 8a 


119 6 
169 4 
198 8 

408 12 

438 10 

504 "5 
659 17 

686 4 

710 15 

769 2 

812 8 

855 10 

910 o 
942 17 

988 5 

1001 13 

1028 10 

v12+1attice 1058 6 

v18b 1075 14 

v 12+MT 1133 7 

v 13 1134 10 

v9a 1185 10 

V9a+MT 1320 10 
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Table 24 (Continued) 

3860.0 ·25899 1337 vw or v3 1327 10v14 
3867.5 25849 1387 vw v9a+vI0b(+) 1401 14 
3872.5 25816 1420 m 1434 14v12+v16a 
3876.5 25789 1447 w 1462 15vl2+vl6b 
3885.5 25733 1503 vw 1495 8v 19a 
'3901.5 25624 1612 s 1601 11v 8a 
3915.0 25536 1700 m 1700 0v1.2~ 
3919~0 25510 1726 m v l2+v 1739 13ll 
3934.0 25412 1824 m v I2+viob(-) 1834 10 

3941.0 25367 1869 m 1869 0v 11+v 13 
3948.0 25322 1914 w 1920 6v9a+v11 
3954.5 25281 1955 w 1973 18vl2+vl7b 
3963.0 25226 2010 s 2028 182v 12 
3965.0 25214 2022 w 2032 10v8a+vl6a 
3969.0 25188 2048 m 2060 12v8a+vl6b 
3984.0 25093 2143 vw v I2+v:i3 2158 15 

3993.0 25037 2199 m v l2+v 2209 109a 
4014.0 24906 2330 ,m v 8a+v 2337 711 
4030.0 24810 2426 m v8a+v10b(-) 2432 6 

4037.0 24764 2472 m 2477 5vSa+vI0a 
4043.5 24724 2512 vw 2517 5vl2+vl9a 
4047.0 24703 2533 vw v l4+v 2522 119a 
4059.5 25627 2609 s 2626 17v 12+v 8a 
4080.0 24503 2733 w v 8a+v 2756 23l3 
4090.0 24443 2793 m 2807 14v 8a+v 9a 
4095.0 24413 2823 w 2vI2+vI0b(-) 2948 25 

4129.0 24212 3024 w 3046 22v12+v8a+vI6a 
4163.0 24014 3222 m 3224 22V 8a 
4182.0 23905 3331 w 3351 20vI2+v8a+vll 
4198.0 23814 3422 w v l2+v 8a+v 10 (-) 3446 24 
4232.0 23623 3613 m 3640 272vl~+v8 
4264.5 23446 3790 w 3821 31v8a¥v9av 12 
4342.0 23024 4212 m v12+2v8a 4238 26 

4460.0 22415 4821 w 3v 4836 15aa 
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FIGURE 33 

Phosphorescence Spectrum of Parafluorobenzoic 

Acid in Polycrystalline Benzoic Acid d 
o 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

concentration: '\.,1 mole percent 

Slit Width 45 11, 45 11 

Sensitivity lxlO-7 amperes full scale 

Time Constant: 1.0 second 

Scan Rate 20 1{/minute 

Temperature 4.20 K 
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TABLE 25 


This table contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 23. 
Only the most probable assignments are given. For some bands, 
particularly combination bands, alternate assignments are 
pssib1e. Average frequencies are given for Raman factor group 
pairs and all Raman frequencies are rounded off to the near
est wavenumber. Actual Raman frequencies are given only for 
fundamentals. For combination bands sums, of phosphorescence 
frequencies are given. 's = strong, W = weak, and vw = very 
weak. 

A(R) -1v(em ) l1v (em-I) Intensity AssigTlllEnt 
Raman -1
Freq. (an ) 

Deviation 
(an-I) 

3689.0 27100 -37 vw S,ite 
3694.0 27063 0 s origin 
3699.5 27024 39 m lattice 
3707.0 26968 95 m H-bond 
3710.0 26947 116 w monomer 119 3 

Torsion (MT) 
3712.0 26932 131 m H-bond 
3722.0 26860 203 w "10b(+) 198 5 

3751.0 26652 411 m "16a 408 3 

3755.0 26624 439 m v16b 438 1 

3790.5 26374 689 m "4 686 3 

3794.5 26346 717 s "11 710 7 

3799.5 26312 751 w "ll+lattice 756 5 

3805.5 26250 813 s "lOb (-) 812 1 

3814.0 26212 851 s vIOa 
' 855 4 

3820.0 26171 892 w "10a+1attice 890 2 
3836.5 26058 1005 s "12 1001 4 

3841.5 26024 1039 w v 18a 1028 11 

3848.5 25977 1086 vw v18a+1attice 1078 8 

3855.5 25930 1133 w v 13 1134 1 

3864.0 25873 1190 m "9a 1185 5 

3870.0 25832 1231 vw v9a+1attice 1229 _2 

3881.0 25759 1304 vw v 9a+l4T 1306 2 

3897.5 25650 1413 m "12+v 16a 1416 3 

3902.5 25617 1446 VI "12+v16b 1444 2 

3927.0 . 25458 1605 s v 8a 1601 4 

3932.0 25425 1638 VW v8a+1attice 1644 6 

3940.0 25374 1689 w v12+ 4 1691 2 
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Table 25 (Continued) 

3944.0 25348 1715 s "12+ "11 1722 7 

3960.0 25245 1818 vw "12+"10b(-) 
1818 

0 
3966.0 25207 1856 m "12+"10a 1856 0 

3972.0 25169 1894' vw "12+"10a 1895 1 
+lattice 

3980.0 25118 1945 vw "9a+"11 1946 1 
+lattice 

3990.5 25052 2011 s 2"12 2010 1 

3995.0 ,25024 2039 m 2Y12+1attice 2049 10 

4010.5 2~928 2135 w "12+"18a 2042 7 

4019.0 24875 2188 w "12+"9a 2195 7 

4034.0 24782 2281 vw "8a+"4 2294 13 

4040.5 25742 2321 m "8a+"11 2322 1 

4056.0 24648 2415 m 2V 12+"16a 2421 6 

.4063.0 24605 2458 m "8a+"10b 2456 2 

4087.5 24458 2605 s "12+"8a 2610 5 

4109.5 24327 2736 w 2"i2+"11 2727 9 

4120.0 24265 2798 w "8a+ "9a 2795 3 

4156.5 24052 3011 vw "2 or "7a 3008 3 

4178.5 23925 3138 vw 2"12+"13 3144 6 

4191.5 23851 3212 s 2"8a 3210 2 

4211.0 23741 3322 w "12+"8a+"11 3327 5 

4228.0 26645 3418 w v 12+"8 +"10b<-l 
a 3423 5 

4235.0 23606 3457 w "12+"8a+"10a 3461 4 

4264.0 23446 3617 m 2"12+"8a 3620 3 

4270.0 23413 3650 w 2"12+"8a 3659 9 

+lattice 
4320.0 23142 3921 w 2"8a+"11 3927 6 

4340.0 23035 4028 w 4"12 4020 8 

4375.0 22851 4212 w v 12+2"8a 4215 3 

4495.0 22241 4822 vw 3"Sa 4815 7 
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FIGURE .'3'4 

Phospho!escence from benzoic acid-do in a cyclohexanacarbo:x:y:lic acid 

host cr3stal at 4.2~. 

Meinel "e" spectrograph in 2nd order (10..35 l/tnm reciprocal -dispersion). 

Concentration (mole%) 


Sample Thickness (mm) 


Light Source 


Filters 


Si-it Width (IJ.) 


Kodak Film 


ExposUre Time (min) 


(Taken from Baum, 1974). 

0..0.3 

8 

60.0. W Hg-Xe 

8 cm H2 O. + 7-54 (Corning) 

phosphorimeter 

20. 

10.38.-0. 

30. 

."
,:.' 
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TABLE 26 

PSOS~HC?~SC:~C2 5P~C!SC~ C? DE~ZCIC AtIJ-dC IN CHC~ 

~~l. .:r:-cquency 	?rr:ql';c ':I.e y Assigr:oent. n.',an::;) 11 ~ 1.
. r: LEV • 

""'.: +=-	 .'"In t. [ a) (C C1 ) [t J 	 ;J ..L. ..1.... ..... (c :n ) ( c ] Freg. [d J 

-------------~--~------------~-----~--------~~--~~-------

GEc _ " rvvs 27 1 I: • '" oris in 

0 27 r 62. 1 2 II..... 1 lattice 

In 27. (52.3 11 c

.J 1 a't. t ice
,_ • 

w 	 2.7 C37. 1 ~9.C latticE 
Q 

~ ~-.;w 27 co!.!.. 3 21 E-bcnc C·F· hAnd 68 +E 
C::) 	 1'\ 
JW 26 <;,88 sa .-

R-r:cna i. p. tend .... ..J 
.~?"' 	 1";('"V'\-J _0 972 11l.!. c-x tcrsion 	 ...... +c 

+ ...,~"(1'1 26 9 ':3.0 1'33.1 C-x wag 1S8 ~ 

V,\i 26 6E1. 0 I.:.fS.1 i 6a 4C8 -.3 
w 26 b6G.a t2S.6 Ea? 

Vvw 26 541 5!.!5 scissor 5l;E +1 
?""v'vw _0 527 :·59 scisscr 	 557 +2 

~ .. ')vvw 26 c7~ ' 1- F.c 	 616 +4 
",...") -:)v'W 26 423.8 co .... _ i-F- fund. (ipf) 666 -~ 

vw 26 399.9 6·?6.2 4 68~ -1 
w 26 .373.7 712.5 1 1 711 -2 

;,.vw _0 3C5 781 
ill 26 254.9 2:J1,.2 1 7S7 -4 
\.J 26 273.8 ~12.4 c.p. fund. (opf) 812 I') 

?' p ,- '" 1\aJ 	 .... 0 235.9 , .') ........ 10a 854 +LI 
?'VVI _0 216.~ 	 869,.3 4+C-X t>iag r:. 

V\V 26 135 	 QS1 C-H c • t: • bend '1"-.... c -3 
0'1('\ c: 

.J.,V\I ?"_0 C96 • 	 989 -1 
C" c:. It 	 1')vs 26 Q ......... 1(::C.8 

, 	
12 G1 C
"" 

"'I~

W Lob C60. 1 1 '; 26 •.1 	 19a ·1 ~22 -2 
12+1nttiC€ -1 

(';:::.("Sh 26 .,...." .." ;·"'35 12+1attice 	 -1 ,..,,, 
V~-l '::':'0 C37 1Sug 12+1attice 	 +1 
vw 26 C~ :: 1 1':85 '12+H-tcnn o.l? bend +1 .,

'V:N 25 	 966 12" 12+C-X tcrsion 

Q~f' " 

.;m 25 -' ..... ...., 11 31 .8 c-x stretch 	 1134 +2 

?r- , ., -, II It0" '"Ii 	 -=> .." I I. 8 . ' ; .." .- 1S 117~ -4 
ill 

" 

"'25 9C6.0 '1 1>:30.2 	 Sa 117S -1 
12+C-:< wag +Ll 

1-"\~".0.1 25 851 '&:".: .., 9a+lattice -1 
1 '}c ....W 	 '25 7S r).8 1:295.3 COC':R ""~~ ij 

""V Vi-'I ~:; 772 1?1i.J. (-X str€tch+'~ag 	 i1 

.c:
V'.v 	 25 764, 1~22 1lJ. 1327 T

25 716 1 3 I') Sa+C-~, wa'j -7V ~" 
') t;l 	 ~. J 7'~ l:.. J3 Q 2 C C C ~1? 
....) ~ _c:VW E75 ~ !.! 11' 12+16a.;." J' 

w 25 c5!J..3 ., L:-3 1 • 8 12 .... 6a 	 _c: 
,..

V'll 25 5S0.5 iL!~15.6 12a 14S4 -.::: 

W 25 497 13g9 et 15Ei -2 



40,~TABLE 26 (Cont I'd) 

PHOS~HORESCENCE SP~C1EUM o~ EE~ZCIC ACID-dO IN CHC! 

ReI. Fregueney Frequer.cy As!:ignment ·-q.3.man, ir rev. 
lnt.[a] (em ) [ b ] Diff. (em ) [e] Freg. [d ] 

~~--~-------~---~-~---~~-----------~----~-~~~~~~-

vs 25 485.4 16t:C.7 Ea 16C1 C 
~ ( 1) +1 

w 25 458.6 1 ~2 i • 6 Ea+lf:lttice _":l 

w 25 4£.\6.9 1639.: 8a+lattice -l! 

w 25 395 11591 1:!+4 C 
~a+H-l:ond op bend -4 

w 25 372 1714 12;.11 C 
8a .... C-X tcrsion -1 

s 25 329.6 1756.5 
w 25 312.8 1773.:: 
m 25 302.2 1783.<3 8a +C-.X wag? C 
m 25 287.1 179S.G 12+1 +2 
w 25 265.9 1820.2 12+o~f ~1 

w 25 243 1843 c-x stretch+11 "'1 
vvw 25 192 1894 9a f 11 -2 

vvw 25 134 1QS2 12 +O-H o.p. bend 0 


10Q?

• ..i1_ ....vw 25 1C4 9a+ 1 -1 


vvw 25 095 1951 12+5 0 

?~m --' C84.'9 2('01.3 2 (12) +1 

vw 25 078.0 2r:OE.2 Ea+16a -2 
w 25 060.9 2025.2 8a +6a +2 

1L+19a +2 
Sh 25 053.5 2r.32.6 2 (12)+lattice -2 

m 25 oc9.l 2G37.( ~a+10a -7 
vw '25 034 2C52 2 (12) +lattice 0 

W' 24 954. 1 2132.':· 12+C-X stcetch +1 
w· 24 907.2 2179.C 12+ga +2 

~('2)+C-X W3.g +6 
8"')rvw 24 2251 8a+ipf CL~ 

VVW 2u 797 2289 Sa +l! -2 

VW 24 792 229U 12+CCCR .+2 
,.. 

\'/ 24 772 ~314 8a+l1 ~ 


9a+e-X stretch -2 

w 24 682.3 240~.3 Ea+1 -1 


2 (12) + 16a +4 

vw 24 672 2:J1U 8a+opf -1 


vvw 24 654 2!!32 2(12)+6a -4 

vw 24 634 2452 Ea+ 1 -:,3 -1 


vvw 24 613 2iJ.73 12 +1 Rb C 

vw 2~ SgO 2t96 ~a+14 +6 

Sh 24 1.;99 25~7 12+8b +3 


UI 24 481.3 26'J4.t 1.2+Ra -3 

12+9a+6a +1 


VTrl 24 456.5 262-;.7 12+8a+lattice -4 


'I 

! 

I 

http:Frequer.cy


Table 26 (Cant'd) 405 

PHOSPHCP!SC~NC~ SPECTFU~ OF EENZCIC ACID-dO IN CHC~ 

R~l. ?reguency Frequency Assign:nent Raman,ir Lev. 
.Int.(a] (em )[b] Diff.tcm) (cJ Freg. ( d] 

----------------------.... ....,-- ..... -...-...-................--------------.- .....~..- ....-~ 


Ea+19a -3 
VW 24 444 2642 1 2 +8 a +1 a t ti c e . ':'6 
V'iI 24 354.8 2731.3 8a+C-X stretch +2 
vw 24 325 2761 12+ (1757) -4 
S h 24 314 2772 ea+15 -1 

w 2Lt 303.2 2732.9 8a+9a -2 
.~1 2 + 8 a +C - X wag +1 

vw 24 277 28')9 2(12)+1 :"6 
VVW 24 219 2E67 12+9a+ipf C 

.vvw 2u 189 2 eS7 12+9a+11 -4 
.... O':l ...vvw 24 154 L.i_L 

vw 24 C78 3C08 3 (12) -5 
vw· 24 (52 3034 12-+8a+6a -6 

vvv 23 949 3137 ~(12)fC-X stretch -3 
vvw 23 917 3169 2(12)+1: +7 

" vw 23 8<19 3187 Ea+3b +3 
2('2)+9a -5 

w 23 E79 3207 2 (8a) -5 
vvw 23 772 3314 12t9a+11 +1 
vvw 23 744 33112 8a+11+19a -2 

V\v 23 728 3358 ea+ (17:7) C 
vvw 23 636 3L!50 12+8a+1Ca +2 
Vv\i . 23 611 3U75 2 (12) -+ 18t: -1 
vvw 23 591 3LL95 2 (12) +19a -3 

vw 23 l.l82 36')4 2(12)+8a. a 
2(8a)+16a +3 

vvw. 23 357 3729 12+8a+C-X stret .. 5 
vw 23 31:C' 3786 12+Ea+9a -4 

vvw 23 162 3924 12+Aa+14 C 
vvw 23 118' 3968 Sa+2 (ga) -7 
vvw. 23 C78 4C08 4 (1 2) .-l.1 

_I!::'2(8a.)"1 
w 22 E79 4:207 12 + 2 lEa) -4 

V\V 22 701 4385 ~ (8a) tga -3 
12+2 (Sa) +C-X wag +1 

vw 22 281 48J5 3 (e a) -2 ·1 

(aJ - Felative intensity, qualitatively estimated 
from the microdensitometer tracing cf photographic fil~. 
vvs = very, very st~cnq; vs ~ v~ry strong; s = strong; 
m = medium; ~ = weak; V~ = very weak; vvw = v9ry, very ~eak; 
Sh = shoulder. 

[b] - Vacuum corrected values. ~he r.rn.s. deviation 
is .1.5 wavenumbers. 

-I 
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Table 26 (Cont'd) 

PHCSFHCa?SCE~CE SFEC!FUM CF EE~ZCIC ACre-dO I~ ceCA 

[cl - The vikratioral notntiocs are the same as those 
describeci in section- IV.A. i.p. f-end. = in-plan~ fundamen
tal; o.F- fund. = out-cf-plane fundamental; C-X = ring
substituent mction. When ~OL€ th~n one assignment is 
possible, the assignments are given in order of greatest 
probability; 

(d] - For the fundamentals, thE deviation is the ire-
guency difference bet~€En the Farnan (or infrared) values 
and the values in the errissicn spectrum. For the cprocina
tions and overtones, the deviation is the frequency differ
ence between the calculated har~onic values and the oeservEd 
val ues. 

, 
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-FIGURE 35 

-Phosphorescence Spectrum of Parafluorobenzoic 

Acid in Polycrystalline n-Nonane 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

concentration: ~10-2 molar 

Slit W{dth 48 11, 48 11 

Sensitivity -7lxlO amperes full scale 

Time Constant: 1.0 second 

Scan Rate 20 R/minute 

Temperature 4.2 0 K 
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TABLE 27 


This. table contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 
35. Only bands of special interest have been assigned. 
These assignments have been made using the Varsanyi tables 
and phosphorescence frequencies. s = strong, w = weak, 
and vw = very weak. 

A (R) . v(cm-1 ) Av.(cm-1 ) Intensity Assignment 

3645.0 27427 0 s 
3650.0 27389 38 vw 
3656.5 
3688.0 
3703.0 
3714.0 
3730.0 

27341 
27107 
26997 
26918 
26802 

86 
320 
430 
509 
625 

- w 
s 
m 
m 

vw 

vII 
v 10b 
v16a 

16b 

3740.0 
~752.0 
3760.0 

26730 
26645 
26588 

697 
782 
839 

m 
w 

vw 

v 4 
v 10a or v 17b 

3763.0 26567 860 s vI 
3784.5 26416 1011 w 
3807.0 26260 1167 s 
3819.0 26177 1250 vw. 
3824.0 26143 1284 vw 
3830.0 26102 1325 vw 
3852.0 25953 1474 m 
3873.5 
3886.0 

25809 
25726 

1618 
1701 

s 
w 

~8a 

3888.0 25713 1714 w 
3910.0 25568 1859 vw 
3921.0 25497 1930 w 
3934.0 25412 2015 m 
3950.0 25309 2118 vw 
3980.0 25119 2308 w 
4004.0 24967 2460 vw 
4006.0 24956 2471 m 
4055.0 24654 2773 m 
4069.0 24569 2858 vw 
4107.0 24342 3085 vw 
4118.0 24277 3150 vw 
4132.0 24195 3232 w 
4148.0 24101 3326 vw 
4172.0 . 23963 3464 vw 
4186.0 23882 3545 vw 
4200.0 23802 3625 w 
4254.0 23500 3927 vw 
4283.0 23342 4085 w 
4339.0 23040 4387 vw 
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FIGURE 36 

Phosphorescence Spectrum of Paraf1.uorobenzoic 

Acid-in Po1ycrysta11ine Cyc10hexane Carboxylic 

Acid. 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

Concentration: ~.7 mole percent 

Slit Width 38 11, 38 11 

Sensitivity 3x10- 7 amperes full scale 

Time Constant: 1.0 second 

Scan Rate 20 ~/minute 

Temperature 4.2 0 K 
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TABLE 28 

This.tab1e contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 36. 
Only bands of special interest have been assigned. These 
assignments have been made using the Varsanyi tables and 
phosphorescence frequencies. s = strong, w = weak, and 
vw = very weak. 

-1A(R) v(cm-1 ) 8v(cm ) Intensi ty . Assignment 

3629.5 27544 - 106 

3643.5 27438 0 s 

3645.5 27423 1~ m 

3656.0 27344 94 w 
 vII 

3685.0 27129 309 vw 

3688.0 27101 331 w v


lOb 

3691.0 27085 353 vw 

3701.0 27012 426 vw 
 v16a 

3711.0 26439 499 vw v


16b 

3727.0 26824 614 vw 

3738.5 26741 697 vw 
 v

4 
3759.0 26595 843 m 


v3760.5 26585 853 s 
 1 

3802.0 26295 1143 vw 

3804.5 26277 1161 s 

3830.0 26102 1336 vw 


v3871.0 25826 1612 s 
 8a 

3875.5 25796 1642 s 

3883.0 25743 1695 s 

3886.0 25723 1715 m 

3932.0 25425 2013 m 

3952.0 25297 2141 vw 

3980.0 25119 2319 w 

4003.0 24974 2464 m 

'4052.0 25672 2566 m 

4058.5 25633 2605 w 

4132.0 24195 3243 m 

4142.0 24136 3302 m 

4198.0 23814 3624 m 
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FIGURE 37 

Phosphorescence Spectrum of Methyl Benzoate in 

Polycrystalline Benzene 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

concentration: ~10-3 molar 

Slit width 75 11, 75 11 

Sensitivity 3xlO-7 amperes full scale 

Time Constant: 0.3 seconds 

Scan Rate 20 R/minute 

Temperature 4.20 K 
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TABLE 29 


This table contains the frequencies, relative intensities, 
and assignments of bands in the spectrum shown in Figure 37. 
The assignments are based upon a consideration of the photo
electric spectra obtained in this study, as well as Baum's 
more accurate photographic data. Only the most probable 
assignments are given. For some bands, particularly com
bination bands, alternate assignments are possible. All 
Raman frequencies are rounded off to the nearest wavenumber. 
Actual Raman frequencies are given only for fundamentals. 
For combination bands sums of phosphorescence frequencies 
,are given. s = strong, w = weak, and vw = very weak. 

Ramah Deviation 
Intensity ~$signments Freq. (em-I) (ern-1) 

3620.0 27616 0.0 s Origin 

3627.0 27563 53.0 w lattice 

3628.0 27556 60.0 vw lattice 

3629.5 27544 72.0 vw lattice 


639.0 27472 144 w torsion(T)? 

3649.0 27397 219 m v10b(+) 215 4 


3676.0 27196 420 m v 16a+v6a 406 & ? 14 & ? 

3680.0 27166 450 w 437 13v 16b 

3712.0 26932 684 w v (-) 677 7
9b
 
3713.0 26925 691 s ? ?
v4 
3718.0 26889 727 s 714 13vII 
3724.0 26845 771 vw v +1attice 780 94

3730.0 26802 814 s 'J10b (-) 810 4 


3732.0 26788 828 w 825 3vI 
3737.0 26752 864 m 855 9v 10a 
3740.5 26727 889 vw 886v1Cb(-) +. 31attl.ce 

3749.0 26666 950 w ? 6
v17b 

3753.0 26638 978 w O-CH bend 969 9
3 

3755.0 26624 992 vw 992 o
v5 
3757.0 26609 1.007 s 1005 2v 12 
3773.0 26497 1119 w 1113 6v13 
3777.0 26469 1147 vw v 12+ T 1151 4 

3780.0 26448 1168 vw 1161 7v15 
3782.5 26434 1182 m 1180 2v9a 
3788.5 26388 1228 w v 12+v10b (+) 1226 2 

'3796.0 26336 1280 w COO,CH 3 1280 o 
3814.0 26212 1404 vw v 9a+v lOb (+) 1401 3 

3816.0 26198 1418 vw 1419 1v12+v16a 

http:1attl.ce
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Table 29 (Continued) 

4019.0 25875 2741 vw v 12+ C=O 2750 9 

stretch 
4024.0 24844 2772 vw 2773 1v 8a+v 15 
4027.0 24825 2791 w 2782 9v 8a+v 9a 
4032.0 24795 2821 w 2~12+vI0b (-) 2828 7 

4041.5 24739 2877 w 2878 12v12+v10a 
4047.5 24700 2916 vw 2916 0v12+v9a+v11 
4062.0 -24611 3005 w 3-v12 3021 16

4065.0 24593 3023 w 3032 9v12+v8a+v16a 
4070.0 24563 3053 vw 3062 9v 12+v 8a+ 16b 
4076.0 24527 3089 w 2v +1attice 3093 412
4087.5 24461 3155 w 3v 12+ T 3165 10 

4096.0 24407 3209 s 3210 12v 8a 
-4111.0 24318 3298 vw v 12+v 8a+v 4 3303 5 

4116.5 24289 3327 w v 12+v 8a+v11 3339 12 

3118.5 24277 3339 w v 8a+C=0 3348 9 
stretch 

4131.5 24200 3416 3426 10w v12+v 8a+ 
v (-)10b 

4133.5 24186 3430 vw 3440 10v12+v8a+v1 
4140.0 24148 3468 w 3476 8v12+v8a+v10a 
4147.5 24105 3512 vw v +v +v 3514 2 

v8a+v9a+v114155.0 24061 3555 vw 3562 78a 12 17b 
4163.5 24014 3602 w 3619 172v 12+v 8a 
4171.0 23968 3648 vw 3660 122v8a+v16b 

4220.5 23690 3926 w 3937
2v 8a+v11 
4236.5 23598- 4018 w 2v8a+v10b(-) 4024 6 

4244.5 23556 4060 w 4065 52v8a+v10a 
4260.5 23468 4148 w 4160 122v8a+v17b 
4270.5 23413 4203 w 4217 142v 8a+v12 
4344.0 23014 4602 w 3v 12+v 4626 248a 
4383.0 22809 4807 w 4815 83v 8a 
4407.5 26282 493-4 vw 2v 8a+v 12+ '1.1 4944 10 

4433.0 22552 5064 vw 2v 8a+v 9a+ 5069 5 

+ v (-)9b 
4460.0 22415 5201 vw .2v12+ 2v 8a 5224 23 
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Table 29 (Continued) 

3818.0 26184 1432 w v 12+V 6a 14"27 5 

3827.0 26123 1493 w v9b (-) +V 10b(-) 1498 6 

3830.5 26099 1517 vw v 
1

+v 
4 1519 2 

3833.0 26082 1534 vw V1'3+V6a 1533 1 

3836.0 26061 
I 

1555 w v 
1

+v
11 1555 0 

3843.5 26011 1605 s v 
8a 1603 2 

3848.5 25977 1639 w v
1
+v

10b 
(-) 1642 3 

3852.0 25953 1633 vw v8a+1attice 1658 5 

3857.5 25916 1700 w V12+V 4 1698 2 

3862.0 25886 1730 w v
12

+v
11 1734 4 

3864.0 25873 1743 m C===O stetch 1725 18 
3870.0 

3875.5 

25832 

25796 

1784 

1820 

w 

s 

v10b (-) + 

O-CH bend1792 
3 

V12+V10b(-) 1821 

8 

1 

3883.0 25746 1870 w v 12+v10a 1871 1 

3889.0 25706 1910 w v9a+ v11 1909 1 

3896.0 

3899.5 

25660 

25637 

1956 

1979 

vw 

vw 

C=O stretch 
+ \8b (+) 

v12+ -CH 3 

1962 

1985 

6 

6 

bend 
3902.0 25621 1995 w v 12+v5 1997 2 

3905.0 25601 2015 m 2V12 2014 1 

3910.0 25568 2048 vw v8a+v16b 2055 7 

3916.0 25529 2087 vw 2v12+1attice 2086 1 

3926.0 25464 2152 w 2 v12+lattice 2158 6 

3932.0 25425 2191 w v12+v
9a 2189 2 

3946.0 25335 2281 vw v12+COOCH3 2287 6 

3948.0 25322 2294 w v8a+v4 2296 2 

3953.5 25290 2326 s v8a+v11 2332 6 

3967.5 25198 2418 s v
8a

+v10b (-) 2416 2 

3969.5 25185 2431 w v8a+v1 2433 2 

3974.5 25153 2463 m 2 v12+v16b 2464 1 

3980.0 25119 2497 vw v
8a

+ v10b (+) 2508 11 

+ v9b (-) 

:3988.5 25065 2551 m v8a+ v17b 2555 4 

3997.0 25009 2607 m . v12+ v8a 2612 5 

4012.5 24915 2701 vw 2 v12+ v4 2705 4 
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FIGURE 38 

Phosphorescence Spectrum of Benzoic Acid in 

Polycrystalline Methyl Benzoate (Spectrum III) 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

concentration: 0.1 mole percent 

SIi t ~'lidth 38 ll, 38 11 

Sensitivi ty : 3xlO- 7 amperes full scale 

Time Constant: 1.0 second 

Scan Rate 2 0 ~./minute 

Temperature 4.2 0 K 
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TABLE 30 


This table contains frequencies, relative intensities, 
and assignments of bands shown in Figure 38. Only the 
most probable assign~ents are given. For some bands, 
particularly combination bands, alternate assignments are 
possible. All Raman frequencies are rounded off to the 
nearest wavenumber. Actual Ra.man frequencies are given 
only for fundamentals. For combination bands sums of 
phosphorescence frequencies are given. s = strong, 
w = weak, and vw = very weak. 

-1
v (em ) 

. -1 
15.v (ern ) Intensi~ Assignment 

Raman -1 
Freq.(cm ) 

3663.0 27289 -86 m °2 
3675.0 27203 o s °1 
3680.5 27163 40 vw ? 
3692.0 27078 125 vw ? 
3695.5 
3699.5 

27052 
27023 

151 
180 

vw 
vw °3+231 

3706.5 26972 231 vw v 10b (+) 215 16 

3722.0 26860 343 vw °2+ 415 329 14 

3732.0 26788 415 w v.16a 406 9 

3737.0 26752 451 w v 16b 437 14 

3758.5 26599 604 vw °2+ 696 610 6 

3769.0 26525 678 w v 9b (-) 677 1 

3771.0 26507 696 w v 4 ? ? 

3777.0 26469 734 w VII 714 20 

3780.0 26448 755 vw °2+836 750 5 

3790.0 26378 825 w v 10b (-) 810 15 

3791.5 26367 836 w vI 825 9 

3795.5 26340 863 vi v 10a 855 8 

3803.5 26284 919 w °2+1005 919 o 
3810.5 26236 967 vw 0-CH3 bend 971 4 

3816.0 26198 1005 m v 12 1005 o 
3821.0 26164 1039 vw v 18a 1029 10 

3829.0 26109 1094 vw °2+1175 1089 5 

3833.5 26078 1125 v 13 1113 12 

3841.0 26028 1175 vi VIS 1161 14 

3842.5 26017 1186 w v9a 1180 6 

3859.0 25906 1297 vw COOCH3 1280 17 

• 
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Table 30 (Continued) 

3876.5 25789 1414 'VW 1420 6v12+v16a 
3882.0 25753 1450 vw v 1455 5 
3892.5 25683 1520 w 0~~~602 1516 4 

3905.0 25601 1602 s 1603 1v 8a 
3912.5 25552 1651 vr..-l 1642 9"'8a+ 4O 

3919.5 25506 1697 w 1701 4"'12+"'4 
3925.0 25471 1732 vw v 12+"'11 1739 7 

3939.0 25380 1823 vw v12+vI0b(-) 1830 7 

3941.0 25367 1836 vw v 12+"'1 1841 4 

3945.0 25341 1862 vw 1868 6"'12+~10a 
3947.5 25325 1878 vw °2+1967 1881 3 

3954.0 25284 1919 vw 1924 5°2+ 2"'12 
3961.5 25236 1967 vw CH 3 1972 5"'12+0

bend 
3968.0 25195 2008 w 2010 22"'12 
3969.0 25188 2015 vw 2017 2"'8a+"'16a 
3974.0 25156 2047 vw 2053 6'" 8a+v 16b 
3982.5 25103 2100 w ? 
3988.0 25068 2135 vw 2130 5'" 12+'" 13 
3994.5 25027 2176 vw v 12+"'15 2180 4 

3996.0 25018 2185 vw v 12+v 2191 69a 
4011.0 24924 2279 w v 8a+"'9b(-) 2280 1 

4013.5 24909 2294 w v 8a+v 2301 74 
4020.0 24869 2334 w v 8a+"'11 2336 2 

4023.0 24850 2353 vw 2352 1°2+"'8a+v 1 
4034.5 24779 2424 w v8a+v 10b (-) 2427 3 

4036.5 24767 2436 w v8a+v 2438 2 

4041.0 24739 2464 vw 2464 0v8a+v10a 
4049.5 24687 2516 'v °2+ "'12 + v8a 2521 5 

4057.5 24639 2564 vr..-l v +O-CH 2569 58a 3 
bend 

4063.5 24602 2601 m v 12+"'8a 2607 6 

4079.0 24509 2694 'VW v 12+v (-) 2688 69b 
4081.0 24497 2706 vw 2706 02v 12+v 4 
4083.5 24482 2721 vw v +125 2732 1112+v 8a
4092.0 24431 2772 w 2777 5v 8a+v 15 
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Table 30 (Continued) 

4094.0 24419 2784 w v 8a+v 2788 49a 
4102.0 24371 2832 vw 2v12+vI0br-) 2835 3 

4110.0 24324 2879 vw 2873 62v12+vI0a 
4132.0 24195 3008 vw 3015 73v 12 
4139.0 24154 3049 vw v 3058 9l2+v 8a 

+v 16b 
4144.0 24124 3079 vw 2v 9a+v 3068 114 
4150.5 24087 3116 vw °2+2v 8a 3118 2 

4165.0 23999 3204 m 3204 02v 8a 
3303 54182.0 23905 3298 vw v l2+v 8a 

+v 

4206.0 23769 3434 vw v 12+ v8a 3443 9 

vI 
4236.0 23601 3602 vw 3204 22v 8a '. 
4269.0 23418 3785 vw 3793 8v 8a+v l2 

+v9a 
4314.0 23174 4029 vw 4020 94V 12 
4345.5 23006 4197 w 4209 122v 8a+v12 
4461.5 22408 4795 vw 4806 113v 8a 
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FIGURE 39 

Phosphorescence Spectrum of Parafluorobenzoic Acid 

in Polycrystalline Methyl Benzoate (Spectrum IV) 

Spex 1702 3/4 Meter Czerny Turner Monochromator 

Concentration: 'VI mole percent 

Slit Width 38 1.1, 38 1.1 

Sensitivity 
-6lxlO amperes full scale 

Time Constant: 0.3 seconds 

Scan Rate 20 R/minute 

Temperature 4.20 K 
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TABLE 31 

This table contains the frequencies, relative .intensities, 
and assignment of bands shown in Figure 39. Only the most 
probable assignments are given. For some bands, particularly 
combination bands, alternate assignments are possible. All 
Raman frequencies are rounded off to the nearest wavenumber. 
Actual Raman frequencies are given only for fundamentals. 
For combination bands sums of phosphorescence frequencies 
are given. s = strong, w = weak, and vw = very weak. 

Intensity Assignment 
Raman -1 
Freq (an ) 

Deviation 
(an-I) 

3672.0 27225 o s Origin 
3675.0 27203 22 vw lattice 
3678.0 27181 44 Vtv lattice 
3681.0 27159 66 vw lattice 
3684.0 27137 88 vr....; lattice 
3688.0 27107 118 VVl ? 
3693.5 27067 158 vw ? 
3697.5 27038 187 w ? 
3728.0 26816 409 w v 16a 
3733.5 26777 448 v16b 
3757.5 26606 619 s v6b 
3763.0 26567 658 v 6b+44 
3768.0 26522 . 693 "it1 v 4
3773.0 26493 732 W vII 
3786.0 26406 819 v (-)

10b 
3789.0 26385 840 m vI 
3793.5 26353 872 v 10a 

406 3 

437 11 

619 o 
663 5 

? ? 
714 18 

810 9 

825 15 

855 17 

3799.0 26315 910 vw 187 919 9vII + 
3807.5 26257 968 vw O-CH 3 bend 971 3 
3813.0 26219 1006 m v 12 
3819.5 26174 1051 w v 18a 
3830.5 26099 1126 w v13 
3836.5 26058 1167 w v 15 
3839.0 26041 1184 w v9a 
3856.0 25926 1299 vT COOCH3 
3857.5 25916 1309 w v3 orv 14 
3868.0 25846 1379 w COOCH3? 

3873.0 25812 1413 ,,1 v12+v16a 
3878.5 25776 1449 w v19b 

1005 1 

1029 12 

1113 13 

1161 6 

1180 4 

1280 19 

1317 8 

1376 3 

? ? 

1455 6 
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3886.5 25723 . 1502 ? 'V 1495 519a 
3902.5 25617 1600 s 'V 1603 38a 
3905.0 25600 1625 vw 'V +v 1625 06b 12 
3914.0 25542 1683 vw V12+V 4 1700 17 

3930.0 25438 1787 vw v 8a+187 1789 2 

3935.5 25403 1822 vW' v12+v10b (-) 1826 4 

3938.0 25386 1839 vw v 12+v 1847 81 
3949.5 25313 1912 w v +v 1916 4

9a 11 
3964.5. 25217 2008 w 2v 2010 212 
3971.0 25175 2050 w 2056 6V12+18a 
3985.0 25087 2138 vw v 12+v 2133 513 
3992.0 25043 2182 vw v +v 2191 9

14 9a
3998.0 25005 2220 s 2225 5v8a+V 6b 
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TABLE 32 


This table contains a comparison of the mUltiple origins. 
observed in the phosphorescence spectra of methyl benzoate 
doped with benzoic acid and parafluororbenzoic acid. For 
spectra I and II methyl benzoate was purified by alumina 
and silica gel chromatography followed by vacuum distil 
lation. For spectra III, IV, and V, zone refining was 
used instead of vacuum distillation. In all cases zone 
refined benzoic acid and parafluorobenzoic acid were ~sed. 
The same sealed sample was used to obtain IV and V. 
s = strong, m = medium, w = weak, mv = very weak, and 
vvw - very very weak. See text for explanation of asterisks. 

BA in MB BA in MB BA in MB PFBA in r1B PFBA in MB 

I II III IV V 

3643.5 vvw 

3642.7 w 3642.55{ 'tv 

*3648.0 s *3650.oR m 3648.S]{ vvw *3648.5 m 

*3655.7 m 3657.0 w 3656.0 vw 3655.5 m 

*3663.0 In *3664.5 s *3663.5 In *3662.0 s 

*3665.8 w 3669.0 vw *3663.5 s 

*3672.0 m .3671.5 vw *3672.oR 

*3682.7 m *3675.0 s *3694.5 In 

3712.2 m 

*3733.0 s *3734.5 In 

3557.5 s 
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D. Assignments of Excited States 

Figure 1-6 shows the energies and assig·nments of 

benzoic acid dimer. The data for the excited singlet 

states was obtained by Baum (1974). He obtained the 

polarized absorption spectra of benzoic acid in benzene 

and benzoic acid single crystals. The spectrum in 

benzene shows highly resolved vibronic bands. However, 

the host absorption only allows the observation of the 

lowest excited singlet state of the guest. In the spectra 

of benzoic acid single crystals, higher states can be 

observed. 

The polarized absorption spectrum of oriented single 

crystals of benzoic acid was first studied by Tanaka 

(1958). His data, which was obtained at room tempera

ture using a crystal grown by sublimation, showed that 

the So + Sl transition was accurately short-axis polarized 

and that the So + S2 transition was polarized in-plane 

6.50 away from the long axis. On this basis, he assigned 

the lowest singlet stateaE Lb and the second excited 

singlet state to L + CT. The charge transfer component
a 

was included to explain the 6.5 0 deviation of the trans

ition moment. 

Baum has reanalyzed Tanaka's results and has obtained 

his own polarized absorption spectra of oriented crystals 

grown between quartz plates. 
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FIGURE 40 

This figure give the assignments and measured 

energies of the excited states of benzoic acid 

dimer. Not represented are the unobservable states 

having gerade symmetry and the excited triplet 

state observed by Porter and Windsor (see text). 

Oscillator strengths for transitions between these 

excited states and the ground state are also given 

(Taken from Baum, 1974.) 
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ENERGY LEVEL DIAGRM·f FOR BENZOIC ACID DIIvlER 

. t....., 1 

f= 0.32 lL 
a 

f= 0 016 1Lb 

(35,076 C'Gl- 1 ) 

3L f= 4.1 x 10-10 
a 

Ground State 
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A problem with Tanaka's spectrum is that it shows 

a band at 2100 R. This band is not present in solution 

spectra and could not be found in Baum's specta of 

crystals grown from zone refined benzoic acid. It is 

thus highly likely that Tanaka's sample ·contained an 

impurity. The only other explanation is that this band 

is missing in Baum's spectrum because of the strain 

present in the crystals grown between quartz plates. 

However, it is hard to imagine how strain can cause the 

disappearance of an electronictransition. Clearly, the 

presence of an impurity band would make Tanaka's polari

zation measurements of questionable value. However, the 

polarization ratios obtained by Baum are known to be 

somewhat inaccurate because of strain and other inhomo- . 

geneities in the crystal. And even if these technical 

problems could be overcome, there is still the fact that 

the strong third excited singlet state extends into the 

region of the second state. Hence, Baum concludes that 

polarization measurements cannot be used to determine 

charge transfer character. His results still require the 

assignment of the first excited singlet state to Lb and 

the second to L with an indeterminate amount of charge
a 

transfer character. 

The third and forth singlet states are assigned to 

Ba,b. These states are not resolved experimentally, 

but calculations usually show IBa to be below IBb in 
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substituted benzenes. 

Because of the presence of th carbony+ gro~p, low-

lying nTI* states are expected to be present in benzoic 

acid. Evidence for this is the fact that benzaldehyde 

and acetophenone have l.n7T * as their lowest excited singlet 

states. In benzoic acid there is no :evidence for In7T* 

below lLb - Indeed, there is rigorous evidence that ~nn* 

is above Ito- Baum's absorption and fluorescence spectra 

for benzoic acid in benzene show that· the fluorescense 

origin coincides with the absorption origin for So + Lb. 

Since Kasha's rule (McGlynn et al., 1969) requires the 

fluorescent state to be the lowest excited singlet state, 

this is strong evidence that InTI* is above lL . 
n 

Dym and Hochstrasser (1969) have presented evidence 

which suggests that the presence of In7T* buried under

neath a stronger InTI* state will lead to a loss of vibra

tional resolution in the region where these states overlap. 

Baum's So + Sl absorption spectrum of benzoic acid in 

obenzene at 4.2 K shows high resolution for at least 

1900 cm l above the origin_ On this basis, we suggest 

that 'nn* is at least 1900 cm l above lLb . We will later 

preseritevidence that 
3

nTI* is nearly degenerate with 
1
Lb. 

In aromatic aldehydes and ketones the S-T interval for 

nn* states is quite regularli close to 2000 em-I. On 

1 -1this basis .n1T* is predicted to be abOut 2000 cm above 

lLb - This is consistent with the predictions of the 
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broadness criterion. 

It should be emphasized that the concept of an nw* 

state, originally developed for formaldehyde, involves a 

promotion from a more-or-Iess localized cr lone pair oxygen 

orbital to an antibonding w orbital. Although this con

cept has recently been challenged even ,for formaldehyde, 

there is some evidence for the existence of such a localLzed 

crw* state in benzoic acid. A recent study of the photo

electron spectra of a large 'number of substituted benzenes 

by Meeks and McGlynn (1974) shows that benzoic acid has a 

non-bonding frontier orbital associated with the carboxyl 

group that is located at -10.83 electron volts. This is 

evidence for the existence of a crw* state in benzoic acid 

which involves a promotion from a cr orbital that is more

or-less regionalized on the carboxyl group_ Because of 

the uncertainty introduced by configuration interaction 

and the unknown location of the w* orbitals, it cannot be 

determined if this state will be low-lying or even if the 

promotion can be described as arising from a nearby lone 

pair oxygen orbital. 

In aromatic molecules, one assumes the existence of 

~w* and lTIq~ states. Although few direct observations 

are available, these states are postulated to be weak. 

Their importance to us stems from the possibility that 

they may be sources of intensity for 3ww * states through 

one-center spin-orbit coupling. 
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The lowest triplet state in benzoic acid is charac

terizedby a measured lifetime of the order ,of seconds 

and a dominance (91% of total intensity, Baum, 1974) of 

ring vibrations in the phosphorescence spectrum. This is 

regarded as good evidence (HcGlynn et ale 1969) for a 

3nn* assignment. By analogy with the lowest triplet state 

in benzene, definitely assigned as ' we would assign3Blu 

the lowest triplet state in benzo"ic acid as 3L • However,
a 

in Section E we will show that the details of the phos

phorescence spectrum cannot be explained with a pure benz

oid state. For the time being, we will refer to the 

lowest triplet state as 3x . 

Baum's absorption and excitation spectra of single 

crystals of benzoic acid show no absorption above 3x until 

2900 R. In this region there are several weak broad 

bands that appear in the zone refined sample. The nature 

of these bands is unknown. Since the S + 3x spectrum is o 

highly resolved, and since these bands do not overlap any 

other benzoic acid state, there is no obvious reason why 

they shoUld not also be resolved if they are associated with 

the second triplet state .. This, at least suggests that 

they are associated with impurities. Needless to say, 

the spectra of more highly purified benzoic acid should 

be obtained. Except for the broad bands at 2900 R, there 

is no evidence for any states between 3x and ~Lb. 
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A recent study of benzoic acid luminescence by Baba 

and Kitamura (1972) provides evidence for a 3nn* state in 

the immediate vicinity of lLb _ These authors observed 

that the fluorescence quantum yield for benzoic acid dimer 

in a hydrocarbon glass at 77o K is 0.25. For what they 

call benzoic acid monomer, they observe no fluorescence. 

Baum (1974) has definitely shown by careful purification 

of the solvents that the "monomer" observed by these 

authors is a complex consisting of a benzoic acid monomer 

and a hydrogen-bonding impurity, most likely methyl cyclo

hexanol or methyl cyclohexanone. However, the model and 

basic conclusions put forth by these authors remains valid 

inspite of the impurity problem. 

Baba and Kitamura explained the absence of fluoro

escence in the "monomer rl and the presence of fluorescence 

in the dimer by assuming that the 3nn* state expected to 

1
exist in benzoic acid was located somewhat above -L inb 

the dimer and below lLb in the "monomer". They reasoned 

that fluorescence would be quenched in the "monomer" because 

. . . f 1 hof rap1d 1ntersystem cross1ng rom Lb to t e lower energy 

3nn* state. Rapid intersystem crossing is well known to 

occur between nn* and TlTI* states on account of the strong 

spin-orbit coupling between these states (Lower and 

El Sayed, 1966). Because of the strong H-bonds that 
. 3

exist in the dimer, the energy of the S + nn* transition o 

in the dimer was expected to be greater than in the 



"monomer lt making 3nrr* above iLb and thereby preventing 

intersystem crossing. Baum has shown that the umonomer" 

most likely consists of a benzoic acid monomer complexed 

through hydrogen bonding with a saturated impurity. Since 

the impurity is saturated the hydrogen bond(s) of the 

complex will be weak compared to the hydrogen bonds in 

benzoic acid dimers. Clearly, weak hydrogen bonds are 

just as acceptable as no hydrogen bonds in the· context of 

the model proposed by Baba and Kitamura. 

Baum's fluorescence data for benzoic acid in benzene 

confirms the observation of fluorescence by Baba and 

Kitamura. Three other studies (Tournon and El Bayoumi 

(1972), Parker and Hatchard (1962) and Seliskar et ale 

(1974) have failed to observe fluorescence in benzoic 

acid. Baum has also obtained the fluorescence spectrum 

of benzoic acid in cyclohexane carboxylic acid. In this 

system the emitting molecules are benzoic acid monomers 

complexedwith host molecules. Since cyclohexane car

boxylic acid is saturated, it forms weak hydrogen bonds 

5(Ka 1.26 x 10- ) like methyl cyclohexanone and methyl 

cyclohexanol. In confirmation of the model proposed by 

Baba and Kitamura, Baum observes a much weaker fluores

cence in this system. The dimer fluorescence in benzene 

appearsto be about nine times as intense. We regard the 

fluorescence quantum yield data obtained by Baba and 

Kitamura and Baum to be good evidence for the existence 
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of a triplet state close to lLb which enters into strong 

spin-orbit coupling with lL • Most likely this state isb 

3nn*. However, benzenoid 3crn * and 3ncr * state are also 

possible candidates, since the energies of these states 

are unknown. 

The model put forth by Baba and Kitamura also implies 

that the absorption bands observed by Baum at 2900 R' in 

single crystals of benzoic acid are not associated with 

3nn*, 3 crn* or 3ncr*, since intersystem crossing between 

'Lb and these states would strongly quency fluorescence. 

Since appreciable fluorescence is observed, it follows 

that these bands are associated with impurities or else 

3nn*. 

Tripl~-triplet absorption spectra of benzoic acid 

in paraffin solution obtained by Porter and Windsor (1958) 

-1show' a "strong" triplet state at 58,450 em • No other 

excited triplet states were observed. Baum has attempted 

to locate 3nn* using the techniques for obtaining T-T 

absorption spectra developed by McClure (1951). These 

attempts were not successful on account of int!=rference 

from absorption bands associated with overtones of ground 

state vibrations of benzoic acid and the solvent. 
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E. Pas for the State 

The presence of intense out-of-plane mbdes in the 

phosphorescence spectra of benzoic acid and methyl benzoate 

was first noted by Kanda, Shimada, and Takenoshita (1963). 

They proposed that the presence of these modes was a 

result of distortion by the benzene lattice. If benzoic 

acid were distorted, then symmetry would be lowered and 

the forbidden, non-totally symmetric modes of the undis

tortedmolecule would become totally symmetric and there

fore allowed. 

For totally symmetric modes we expect to see even 

quanta vibrations, if the fundamentals are sufficiently 

intense. This is observed for vSa and Sincev 12 -

VlOb (-) , vII' and vlOa in some cases are as strong as 

vSa or v ' we would also expect to see even quanta12 

of these modes if they are totally symmetric. The spectra 

obtained by Kanda and coworkers were not sufficiently 

resolved to reveal the presence of mUltiple quanta. How

ever, our high resolution spectra show that even quanta 

of the out-of-plane modes are not active in the spectrum. 

On this basis, we regard it as unlikely, that distortion 

is the cause of the out-of-plane modes. Note that the 

absence of even quanta precludes distortion in either 

the ground or triplet states. 

Another approach to the lowest triplet state of 

benzoic acid has been proposed by Maria and McGlynn (1970). 
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Their model is based upon life-time measurements of the 

series of acids ¢-(CH2)n-COOH and some of their salts, 

where n = 0,1,2, and 3. These measurements show that as 

n is increased, the lifetime becomes more toluene-like: 

T (n) ,= 2.1, 5.4, and 7. 8 seconds for n = 0, 1, and 2, 

respectively. For ~-(CH2)n-COOPb, T(n) = 0.02, 0.01, 

0.05 and 0.3, 0.65, and 2.4 seconds, for n = 0, 1, 2, 

and 3, respectively. For n = 3, the heavy atom effect 

is essentially absent. On this basis Maria and McGlynn 

concluded that the lowest triplet state of benzoic acid 

should be represented as a composite of the lowest triplet 

state of benzene and the lowest triplet state of the car

boxyl group. Using the known energies for the lowest 

triplet s-tates of benzene and benzoic acid, they estimated 

the energy of the lowest triplet state of the carboxyl 

group and calculated the degree of mixing of the two 

states: 

It should be emphasized that 3~¢ is the 3L state of 
a 

benzene arising from a pure benzene n ~ n*promotion and 

3that ~COOH represents a state generated by promotion of 

a bonding COOH TI electron polarized toward the oxygen 

atoms to an antibonding n* orbital polarized toward the 

carboxyl carbon atom. Since the excited state involves 

promotion of a strongly bonding electron to an antibonding 
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orbital regionalized over the eOOH group, it follows 

that substantial activity of totally symmetric carboxyl 

group modes should be observed if the description of 

the lowest triplet state calculated by Maria and McGlynn 

is correct. These authors contended that the moderate 

resolution of the spectrum obtained by Kanda and coworkers 

did not allow the conclusion that these modes were not 

present in the spectrum, contrary to the opinion of Kanda 

and coworkers. The high resolution spectra obtained in 

our study show that at most 9% (Baum's photographic 

measurement) of the phosphorescence intensity is assoc

iated with carboxyl group modes. The smallness of this 

intensity is incompatible with Maria and McGlynn's triplet 

state assuming reasonable Franck-Condon factors. However, 

the fact that the carboxyl group modes appear at all 

suggests that there is some carboxyl group character in 

the lowest benzoic acid triplet state, or possibly the 

ground state. 

A problem with the study by Maria and McGlynn is 

that they only determined measured lifetimes, while their 

conceptual approach was concerned with radiative life

times. Two years after their study, a similar but some~ 

what more comprehensive study was published by Tournan 

and EIBayoumi (1972). These authors studied a series 

of benzyl derivatives of the form ~-(CH2)n-X , where 

x = CH 3 ' eaOH, OH, and NH 2 - For X = eaOH, their 
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measurements confirmed the basic observation of Maria 

and McGlynn that as n increases, the lifetime approaches 

that of toluene: T = 4.5, 12.0, and 17.4 seconds for 

n 0, 1, and 4, respectively. T(toluene) = 18.3 

seconds. These lifetimes are radiative lifetimes 

calculated by taking both fluorescence and phosphor

escence into account, neglecting only radiationless 

8 ~ 8 transitions. While their experimental results1 0 

for carboxylic acids are basically the same as those 

of Maria and McGlynn, Tournon and ElBayonmi have offered 

a different interpretation. Instead of the composite 

molecule approach used by Maria and McGlynn, they prefer 

to interpret the results in terms of an intramolecular 

charge-t~ansfer mechanism. The-basic idea behind this 

approach is that the methylene groups are expected to 

hinder intramolecular charge transfer from the r~ng. 

to the carboxyl group or in other words to make the 

corresponding charge transfer states very high in energy 

preventing appreciable mixing of these states with the 

lower excited states. In order to explain why the 

lifetime of benzoic acid is less than toluene, they 

assume that the charge transfer process enhances spin 

orbit coupling. However, no details are provided as to 

how this occurs. Consequently, this model must be 

regarded as an unproven hypothesis. None the--less, it 

remains an interesting suggestion. 
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The phosphorescence spectra obtained by Maria and 

McGlynn and Tournon and El Bayoumi show only about five 

vibronic bands. In the better spectra obtained in this 

study as many as a hundred vibronic bands appear. This 

greatly increased resolution provides us with a much 

larger informational basis upon which to construct a model 

of the lowest triplet state. Before becoming involved in 

the details of the model which we wish to propose, let 

us summarize the basic questions which have to be answered: 

1. 	Why do intense out-of-plane modes appear in the 

phosphorescence spectrum? 

2. 	 Why are ring out-of-plane modes so much more 

prominent than carboxyl group Qut-of-planemodes? 

3. 	What is the basis for the environmental sensitivity 

of the out-of-plane modes? 

4. 	 Why do in-plane carboxyl group modes appear in 

the spectrum? 

5. 	What is the basis of the environmental sensitivity 

of these modes? 

6. 	Why is the lifetime of benzoic acid so much shorter 

than that of toluene? 

7. 	Why does v6b appear uniquely in the phosphor

escence spectrum of methyl benzoate perturbed 

by parafluorobenzoic acid? 
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We first attempt to explain the presence of the 

out-of-plane modes. As noted previously, the presence 

of only single quantum vibrations rules out distortion 

as a p~obable cause. The presence of single quantum 

non-totally symmetric modes in benzene and substituted 

benzenesis well-known. The presence of these modes has 

been successfully accounted for in terms ofHe~berg-Teller 

coupling (Albrecht, 1963). In what follows we shall 

examine in detail the possibility that this type of 

coupling is involved in the mechanism responsibJe for 

the out-of-plane modes in the phosphorescence spectrum 

of benzoic acid. However, it is first necessary to 

present the basic theory of Herzberg-Teller coupling • 

.The solutions of Schroedinger's equation necessarily 

involve the coordinates of both electrons (x) and 

nuclei (Q). The task of finding these solutions is 

greatly simplified by the application of the Born-

Oppenheimer approximation. This approximation allows 

us to wri te the total vlavefunction as a product of an 

electronic wave function and a nuclear wavefunction 

~orn and Huang} 1956): 

«f~ (x,Q) = en (x,Q) x~ (Q). 

These functions satisfy the following relationships: 

HOe (xQ) = E (Q)S (x,Q) and 
n n n 

[T(Q) + En(Q)] ~(Q) = V ~(Q)na 
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where electronic Hamiltonian HO cons ts of the 

kinetic energy of the electrons, electron-nuclear poten

tial energy and nuclear-nuclear potential energy. 

T(Q) refers to the kinetic energy af the nuclei and V na 

is the total energy of the vibronic state. 

At this level of approximation, the electronic 

wavefunction still depends on the nuclear coordinates 

as parameters. However, the dependence is not given 

explicitly. Clearly, it would be desirable to obtain 

an approximate wave function which depends on Q in an 

explicit manner. This type of approximate wavefunction 

was first derived by Herzberg and Teller in 1933. We 

present here a derivation of the Herzberg-Teller wave-

function using first-order perturbation theory. We choose 

as zero-order wavefunction, Born-Oppenheimer electronic 

wavefunctions evaluated at Q = 0, the equilibrium nuclear 

configuration. These functions are eigenfunctions of 

the electronic Hamiltonian evaluated at Q = 0: 

HO (0) e (x, 0) = E (0) e (x, 0) • 
n n 

This equation essentially describes a non-vibrating 

molecule. To obtain the wave function for a vibrating 

mo cule, we treat the effects of vibration as a perturba

tion. To obtain the perturbation, we expand HO(Q) in 

a Taylor series, keeping only the first two terms: 



458 

The second term gives the perturbation for fundamental 

vibrations. Higher order terms represent the perturba

tions for overtone and combination modes. A straight

forward applications of perturbation theory leads to the 

following wavefunction: 

e~(x,Q) = e~(x,O) + 

The important ,thing about this wavefunction is that the 

dependence on Q is explicit. In the original Born-

Oppenheimer electronic wave function the dependence on Q 

was not explicitly revealed. For brevity, we write: 

1
Qn(x,Q} A ,Q. {1 

o (x, 0) •
mnl 1 m 

The total wavefunction for the molecule can be written 

as: 
a a 

(x,Q) = e;(x,Q)X (Q). 
n n 

We can now calculate the transition moment between the 

ground state and one of the excited states (neglecting 

the spin wavefunctions): 
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Mla,nb 

Each of the tronic states in this integral consists 

of an infinite sum of terms. 

In practice, it is, of course, not possible to con

sider an infinite or even a very large number of terms. 

Normally only a small number of terms are considered in 

determining a given wave function. This simplification 

is based on the assumption that A is very small except 

for the particular terms considered. But since an 

infinite sum of small numbers can be large, the justifi 

cation of this assumption ultimately lies in the success 

of the simplified wavefunction as a basis for explaining 

.observed phenomena. In some cases, symmetry requires. 

A to be zero; in others a large energy denominator 

justifie its neglect. Since the ground state is usually 

well separated from the excited states in the molecules 

1considered in this study, we approximate 9 (x,Q) as1
 

9o 
(x,O) .1 

Recent calculations by Ziegler and Albrecht (1974) 

show that this approximation is valid for benzene. We 

can now write the transition moment as: 

M = ~~(x,O) X~(Q) l~ qJ' r.d 
" J Jl 

3n-6 
(e~(x,o) + ~ ~ A. Q. e (x, 0)) X~(e(j\.

rot n mni 1. m V 
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Since the electronic wavefunctions are orthogonal, only 

the components of the dipole moment operator associated 

with the electrons need be considered. The above expres

sion can now be reduced as follows: 

3n-6 
~Ol (x, 0) (~er ./eo 

(x, O~~al(Q) Q. x? (Q)\.' ~ ~ \. ] m ~ 1m /1=1 ] ~ 

~ 

or 
O~ "\ M S..c:::::::.. I\rnni L"J. lm abi 

m7:" n 

8 b is the usual Franck-Condon factor, and 8 b" maya . a 1 

be called a quasi Franch-Condon factor. 

Let us now calculate the transition moment of an 

8 + 8 transition. At sufficiently low temperatures,
1 0 

the emission occurs from the lowest vibrational level 

of 8 • The vibrational wavefunction for this level is
1 

totally symmetric. The transition can occur to various 

vibrational levels of the ground state. The vibrational 

wave functions associated with these levels can be classi

fied as either totally symmetric or non-totally symmetric. 

Let us consider these classes of vibrations separately. 

For totally symmetric ground state vibrations 8 is notab 

required to be zero by group theory. Thus vibronic 
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transitions involving totally symmetric ground state 

vibrations are said to be allowed. S b' is also not a ~ 

required by group theory to vanish. To evaluate 
3n-~ 

A ., we note that H' = L (dHo/aQ.) Q. must be totally 
mn~ i=l IO ~ 

symmetric since it is part of the total Hamiltonian. 

This requires that Q. and (aHo /aQ.) have the same 
~ ~ 0 

symmetry. Hence A . will be nonzero (as far as symmetry 
mn~ 

is concerned) for totally symmetric vibrations when the 

electronic wavefunction eO(x,O) has the same symmetrym 

as e o (x,O). It is thus clear that for totally symmetric
n 

vibrations, the only effect of Herzberg-Teller coupling 

is to add quantitative corrections to the zero-order 

transition moment. Since the magnitude of the zero-order 

transition moment is "not known, it is usually not possible 

to determine if a given totally symmetric vibronic band 

in a spectrum possesses significant Herzberg-Teller 

intensification or not. However, in some cases, the 

allowed origin may be sufficiently weak that Herzberg-

Teller intensification causes some vibronic bands to 

appear much more intensely than would be expected for 

normal Franck-Condon factors. In these cases, the effects 

of Herzberg-Teller intensifmation are apparent even for 

totally symmetric vibrations. It should also be noted 

that Albrecht (1960)" has derived a general expression 

for the temperature dependence of "forbidden" transition 

probabilities. Since the allowed components of transition 
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probabilities are temperature independent, a determin

ation of the temperature dependence of vibronic intensi

ties should allow an estimate of the magnitude of Herz

berg-Teller intensification in a given vibronic band. 

For non-totally symmetric vibrations, Herzberg-

Teller coupling causes striking effects on the spectra. 

The reason for this is that Sab is required to be zero 

for a non-totally symmetric ground state vibration. 

Thus, at the zero-order level, non-totally symmetric 

modes should not appear in the 8 ~ So spectrum. However,
1 

S b' is not required to vanish by symmetry for non-
a 1 

totally symmetric modes. The only group theoretical 

requirement is that eO(x,O) belong to the same repre
m 

sentation as Q. . Thus, 'for non-totally symmetric
1 

modes, Herzberg-Teller coupling causes "forbidden" 

bands to appear in the spectrum. In this sense, the 

spectra are qualitatively different from what is expected 

on the basis of zero order wave functions. 

oIn some cases, ~'11,m ' the zero-order electronic 

transition moment, is zero in addition to Sab being zero. 

In these cases the origin is forbidden and only vibronic 

1 1bands appear in the spectrum. The - transB2u Alg 

ition in benzene is such a case. In a monosubstituted 

benzene, such as chlorobenzene, the 8 ~ ~b origin is
0 

allowed,but appears weakly, and the Herzberg-Teller bands 

which were the only bands in the benzene spectrum, still 

appear prominantly (50% of total intensity) in the 
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chlorobenzene spectrum (Bist et al. 11970). 

Finally, it should be pointed out that the polari 

zation of a Herzberg-Teller band that involves a non-

totally symmetric mode will be different from the polari 

zation of a vibronic band associated with a totally 

symmetric mode. In particular, the "forbidden" band will 

have the same polarization as the origin of the trans

ition from the ground state to the state from which the 

intensity is borrowed. If more than ,one state is 

coupled, the polarization will be the weighted vector 

sum of the individual polarizations. 

So far we have not considered states of different 

multiplicity. In order to take spin into account, it is 

necessary 'to include the spin-orbit interaction in the ' 

electronic Hamiltonian. In this case we write HO(o) + 

H 0 (0) as the Hamiltonian for a non-vibrating molecule,s c 

and we now have: 

3n-6 3n-6 
H' (Q) L (aHo/aQ.) Q. + L: (aH /aQ. )0. 

. 1 101 i=l soc 1if11= 

o
As for 'JH /aQ1''d (aH /aQ ')obelongs to the same represoc 1 

sentation as Q.. The second term, unlike the first,
1 

has the ability to couple states of different multiplicity. 

This type of coupling has been termed spin-vibronic 

coupling by Albrecht (1963). 

At this point it is appropriate to consider whether 

spin-vibronic coupling is responsible for the intense 
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out-of-plane modes present in the phosphorescence spectrum 

of benzoic acid. The total spin-orbit coupling matrix 

element can be written as a sum of one-center and multi 

center terms. In p~lycyclic aromatic molecules, the 

3one-center terms dominate for nn* state (McGlynn, et al. 

pp. 240-241, 1969). This has also been shown to be 

true for aromatic carbonyl compounds (Shimada and Goodman, 

1965) • Using a spherically symmetric potential and 

hydrogen-like w'ave functions, it can be shown that one

center spin-orbit coupling is proportional to z4, where 

Z is the atomic numb'er of the center. In benzoic acid, 

it is clear that the oxygen centers will determine a 

large percentage of the spin~orbit coupling. Consequently, 

modes involving oxygen motion are expected to be highly 

active if spin-vibronic coupling is a significant source 

of intensity for the out-of-plane modes. The phosphor

escence spectrum of benzoic acid in benzene shows that 

the H-wag mode appears only weakly, whereas VIDa' a mode 

that involves no carbonyl group motion, appears with 

moderate intensity. In other systems, VIDa appears with 

very strong intensity. This consitutes good evidence that 

spin-vibronic interaction does not play a significant role 

in the mechanism responsible for the out-of-plane activity. 
3n-6 

By itself, 2::(aHo/aQ.) Q. cannot contribute to 
. 1 lOl
l== 

the intensity of non-totally symmetric modes in the 

phosphorescence spectrum because this operator cannot 



465 


couple states of different multiplicity. On the other 

hand, it possible to consider the perturbation 

. 3n-6 
o

H' =:E (aH /a Q .) Q. + H 
i=l 1 0 1 soc 

At the level of first-order perturbation theory, this 

perturbation also is incapable of contributing to the 

intensity of vibronic transitions involving non-totally 

symmetric modes. The first term does not mix singlet 

and triplet states and the second can at most couple 

a triplet state to an allowed singlet state. For such 

a mixed state the Franck-Condon factor would still be 

zero for nontotally symmetric modes. However, at the 

level of second-order perturbation theory, this pertur~ 

bation is capable of introducing intensity associated 

with non-totally symmetric modes. This type of coupling 

has been termed spin-orbit vibronic coupling by Albrecht. 

Since second-order perturbation theory is used, the 

coupling scheme involves an intermediate state. This 

intermediate state may be either a singlet or triplet 

state. As a result, two classes of coupling schemes 

are possible: 

(A) 
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The corrected wavefunctions associated with these coupling 

schemes are: 

= 3 o + <3 yO/H-T /3xO) ~?ZO /SOC /3y~~O
and x

[Ee Xo) -E (3y o)] [ E (3 Xo) -E (IZO)] , 

respectively. It is clear that these coupling schemes 

are capable of introducing singlet character into a triplet 

state when a nontotally symmetric vibration is involved. 

It is now necessary to determine which states of 

benzoic acid are acceptable candidates for lz~ ~ and 

3y • We consider states according to orbital type. 

McCiJare (1952) has shown that one-center and two-center 

spin-orbit-coupling integrals connecting ~~* states in a 

planar aromatic molecule are zero because of angular 

momentum quenching. While the three-center integrals are 

non-vanishing, they mE small in comparison with the strong 

unquenched ~ne-center spin-orbit coupling integrals between 

nn* and ~n* states or between a~* (or ~cr*) and ~~* states. 

Spin-orbit coupling bet\veen two nn* states is also small 

on accollilt of angular momentum quenching. Thus, in what 

follows we will only consider spin-orbit coupling matrix 

elements between states of different orbital type. 
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Since we are trying to construct a wavefunction that 

accounts for activity of out~of-plane modes, we consider 

only those Herzberg-Teller matrix elements which are non-


vanishing for these modes. For a planar molecule, 


Herzberg-Teller matrix elements between states of the 


same orbital type vanish for out-of-plane fundamentals. 


On the basis of symmetry, the non-vanishing Herzberg-


Teller matrix elements are between TITI* and OTI states. 


Here we intend oi to refer to benzenoid OTI* an~ TIo* states 


and carboxyl nTI* states. 


Given these constraints on spin-orbit coupling and 

Herzberg-Teller coupling, the only coupling schemes which 

are not eliminated from consideration are: 

1 1 3 3TITI* <2~ (H-T)~ o~--'"- (SOC) ---., X ( 1TTI*) 

1 3 . 3 311"TI* E:-- (SOC)~ 01T~ (H-T)'~ X ( 1T11"*) 

Note that 1011" states are eliminated as possible candidates 

for Z by the constraints on the matrix elements. An 

additional reason for eliminating these states is that 

8 ~ 1011" transitions are usually observed (or calculated)
o 

to be very weak. Hence these states are less favorable 

as intensity sources than lTITI~ states, which have stronger 

8 + lTITI* transitions. 
0 

In order to proceed further it is necessary to con

sider the detailed structure of the TI11"* and OTI states. 

It will be recalled that Kanda and coworkers as well as 
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Levshin and Rebane concluded that 3x was a pure benzenoid 

TITI* state, while Maria and McGlynn conterided that 

333
X = 0.68 ~¢ + 0.72 ~COOH. Tournon and El Bayoumi, on 

the other hand proposed that charge transfer states play 

an essential role in determining the properties of benzoic 

acid phosphorescence. 

The conceptual framework in which the proposals of 

Maria and McGlynn and Tournon and El Bayoumi are cast was 

developed by Tanaka and Nagakura in 1954 and refined by 

Longuet-Higgins and Murrell in 1955. In this conceptual 

framework, the states of .a substituted aromatic molecule 

are constructed from orbitals that are localized either 

on the aromatic ring or on the substituent group_ States 

constructed in this manner can be divided into two classes: 

those which involve a.n excitation between different 

orbitals of the aromatic ring or different orbitals of 

the substituent group and those which involve the transfer 

of an electron between an aromatic orbital and a sUbsti 

tuent orbital. The former states are referred to as 

locally excited (LE) states and the latter are referred 

to as charge transfer (CT) states. 

Tanaka and Nagakura developed their theory with a 

one-electron Hamiltonian, which necessarily neglects 

electron interactions. Murrell (1962) has argued that 

those cases in which a large migration of charge occurs 

are precisely the ones for \vhich the electron interaction 
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terms are important. He notes tha"t neglect of these 

terms leads to large qualitative disagreeme~ts between 

theory and experiment. For our purposes, however, 

these considerations are not important since we consider 

only qualitative arguments based on orbital types. 

In what follo\'o7s, vle will decompose the TrTr* and aTr 

states of benzoic acid into LE and CT components and 

examine the contributions of these components to the 

Her~berg-Teller and spin-orbit coupling matrix elements. 

Zero-order states will be represented as products of 

localized molecular orbitals, since our arguments will 

only be concerned with orbital types~ 

Let us first consider the Herzberg-Teller matrix 

element between a TrTr* st-ate localized on the benzene 

ring and an nn* state localized on the carboxyl group: 

~C1TC* I H-T I1TRTrR*). ~v:e assume that the various orbitals 

are essentially identical to those in the ancestral 

molecules. Hence we use the subscripts nC" (carboxyl 

group) and uRn (benzene ring). Since the only terms in 

the non-relativistic electronic Hamiltonian that depend 

explicitly on the nuclear coordinates are the electron

nuclear potential energy terms and the nuclear-nuclear 

potential energy terms, it follows that the Herzberg

Teller operator is a one-electron operator. This 

allows us to write (assuming no reorganization): 

= 
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Since ~C* and ~R*are different orbitals they are ortho

gonal. Hence, the integral is zero and the.Herzberg-

Tel matrix element vanishes. Therefore, it must be 

concluded that either Herzberg-Teller coupling not 

responsible for the observed out-of-plane activity in 

the phosphorescence spectrum or else that Z, 3x , and 

1 3 , Y cannot be represented as pure LE states. 

To explore the latter possibility, we represent nTI* 

and TI~*, including both LE andCT components, as follows: 

+ 

Those terms in which both orbitals have the same sub

script represent LE states; the other terms, in which 

the orbitals have different subscripts, are the CT states. 

Writing the nTI* and TITI* states in this manner is tanta

mount to including a limited con gurational interaction 

among the lower configurations. It should also be pointed 

out that TITI* states in substituted benzenes require two 

configurations for their representation (Goodman and 

Shull, 1957)'. It should therefore be understood that 

uTIRTIR*n represents both configurations. 



471 


The Herzberg-Teller matr.ix elemen~ for these states 

reduces to a sum of twenty eight terms, which are shown 

in Table 33. Overlap considerations allow one to 

determine which out-of-plane modes will be favored by a 

given term. These modes are indicated for each non-

vanishing term in Table 33. It will be noted that only 

two terms favor ring out-of-plane modes. These terms 

arise as a result of the aRTI R* and aRTIc* components of 

nn* and the TIRTIR* and TIRTIC* components of nn*. 

Since the final benzoic acid nTI* state involves 

OR and TIR* orbitals it follows that both the nand 

n* orbitals are delocalized over the benzoic ring. 

Additional support for these conclusions is found in a 

recent calculation by Chu and Goodman. These authors 

have calculated SCF INOO, nand TI* orbitals of the 3nTI * 

state of benzaldehyde. The results of this calculation 

are shown in Figures 41 a, b, c, which show the 

(2p 2p) contributions to the n orbital, the s contri 
x) z 

butions to the n orbital and the 2p contributions to y 

the TI* orbital, respectively. As indicated in these 

figures, both the nand TI* orbitals are delocalized over 

the ring. The results of the benzaldehyde calculation 

are thus consistent with a delocalized nn* concept. 

However, it should be noted that the representations of 
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TABLE 33 


This table shows the terms that result when <~~*IH-TI~~~ 
is expanded in terms of th LE and CT components of n~* 
and ~~*. The vibrations favored by the various nonvanishing 
terms are also given. COPM =: carboxyl group out-of-plane 
mode, ROPM =: ring out-of-plane mode and X =: COO~ group. 

* * =:ea(ncIH-TI~R> <~C~R '> 0 

eb <ncIH-TI~R> <* * ~-X wag and torsion~C~C) 

* * =:ee <ncIH-TI~c> 	 <~C~R ') 0 

* * ed <ncIH-TI~c) 	 <'~c~c ') COPM 

<* * ~-X wag and torsionfa (nc I H-T I ~R'> ~R~R) 

=:fb <ncIH-TI~R> 	 <* *~R~C> 0 

* * fe <ncIH-TI~c> 	 <~R~R') COPM 

=:fd <ncIH-TI~c) <~;~~> 0 

ga <aRIH-TI~R) \~;1T;') ROPM 

* * =:gb <(JR1H-T1 ~R) <~R1TC) 0 

ge<(JRIH-TI~c > <~;~;'> ~-X wag and torsion 

gd <crRIH-TI~c'> * *) 0<~R~C =: 

=:ha<~RIH-TI~R> 	 \cr;~;) 0 

=hb <atR I H -T I~R') 	 <cr;~~) 0 

=: 0he <~R I H-T I~ c > 	(cr;~;) 
=:hd ~RIH-Tl~c ') (cr ;1T~) 0 

ia <(JCIH-TI~R> <~~~;) 0 

ib<crcIH-TI~R> * *') ~-X wag and torsion<~c~c 
* = 0ie<crcIH-TllTc> 	 <~C~R* > 
* 	 COPMid <.cr c IH-T I~ c > 	<~c~c*> 
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Table 33 (Continued) 

ja <7fc IH-T 17f~ <* *O"C 1T R) a= 

* * 1T =j b ('ITC r H - T 11TR) <cr C c '! a 
* * = ajc ~CIH-TI1TC) <cr c R'> 

= a 

<
jd 0cIH-TI1Tc) <er~1T~) 

* * =ka <erR IH-TI1TR) 1T 1T a
C R') 

kb (erR IH-T 11T R) * * ROPt1~C1TC '> 
= akc <crR IH-T!1TC><1T ~1T;') 

kdzerRIH-T / 1Tc) (1T
. * 

C1T C
* > ~-X!wag and torsion 
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FIGURE 41 

(a) 	 (2px' 2pz) contributions to SCF n 


orbital from ground state 


(b) 	 s contributions to SCF n orbital from 

ground state 

(c) 	 2p contributions to SCF n* orbital 
y 

3from nn* state 

(Taken from Chu and Goodman, 1975) 
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FIGURE 41 
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nTI* and TITI* states in terms of LE and CT components, 

in a sense go beyond the SCF sing configuration 

desc~iptions of these states because of the inclusion 

of some correlatory terms. It is interesting to note 

that the S + lnTI* transition in benzaldehyde shows o 

the same type of Herzb~rg-Teller activity that charac

terize the Tl + So transition in benzoic acid. In both 

cases, ring out-of-plane modes predominate~ Most re

markably, VII is the most active mode in both cases, 

despite the differences in orbital descriptions 9 f the 

excited states in the two molecules. It should be 

acknowledged that the results of the calculation by Chu 

and Goodman have inspired the qualitative analysis pre

sented he re . To proceed further it is necessary to 

consider the environmental sensitivity of the out-of

plane modes in benzoic acid. However, before doing 

so, it will be advantageous to discuss the carboxyl group 

in-plane modes that are active in the benzoic acid phos

phorescence spectra. 

As discussed previously, Maria and McGlynn calcu

lated that the lowest triplet state in benzoic acid 

consisted of a 1:1 mixture 3~¢ and 3WCOOH. The observed 

intensity of carboxyl group modes (9%) is small for 

such a large amount of carboxyl group character, assuming 

reasonable Franck-Condon factors. However, in view of 

the severe approximations made in their calculations, 
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it is not surprising that their predictions are quanti 

tatively in error. We assume that the wea~ presence of 

the carboxyl group modes indicates the presence of at 

least a small percentage of carboxyl group character in 

the benzoic acid triplet state. The most interesting 

aspect of the carboxyl group modes is their environmental 

dependence. In benzene matrix some modes are quite 

strong. For example, the C=O stretching mode (Raman 

active version) is almost as intense as v in this8a 

matrix. In the mixed isotopic crystal, this mode is 

much weaker. The same is true of nonane matrix. We 

propose that this variability is the result of different 

degrees of non-planarity of the carboxyl group relative 

to the plane of the benzene rings. X-ray data shows 

that the carboxyl group determines a plane that makes 

an angle of about 20 with tie. pla.ne of the rings. Jeffrey 

and Sax {1963) have suggested that while the planar 

configuration is probably the most stable for the free 

molecule, steric packing requirements cause a deviation 

from planarity in the crystal. In this connection, it 

must be remembered that the x-ray data were obtained at 

room temperature. At 4.2 0 K, the unit cell will be 

smaller, most likely making the deviation from planarity 

even greater. ~ve therefore propose that the relatively 

greater intensity of the carboxyl group modes in benzene 

is a result of a smaller deviation from planarity. Tilting 
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the carboxyl group reduces conjugation between the 2pTI 

orbitals of the ring atoms and those of the. carboxyl 

group. This causes the coefficient of the 3TICTIC* 

component of 3x to become smaller, making the carboxyl 

group modes weaker. This argument is concerned only 

with the electronic transition moment. Franck-Condon 

factors must also be considered. In general we expect 

an increase in non-planarity to lead to a less rigid 

molecule. In a less rigid molecule we expect Franck-

Condon factors to be larger. Since the observed in

tensities are decreased rather than increased in the 

more non-planar molecule, we conclude that the change 

in the electronic transition moment overrides changes 

in Franck-Condon factors. 

We now return to the out-of-plane modes. Let us 

first consider what effects the non-planarity of the 

carboxyl group is expected to have on the activity of 

these modes. Before we concluded that if TITI* were 

written as a TInTTR * + b TIRTTC* + c TIC7TR* + d TICTIC*' 

only a and b were important for Herzberg-Teller coupling 

involving out-of-plane ring modes. As argued above, 

tilting the carboxyl group should reduce coefficient d. 

Coefficient b should also be reduced, but to a lesser 

extent than d because TIcTIc* has both orbitals on the 

carboxyl group while TIRTIC* has only one. 
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Additional distinction can be made for the two 

types of b~nzenoid states, the a- and b-typ~ states 

(Platt notation). The b-type states are nodal at 

the 1 and 4 positions, while the a-type states are 

non-nodal at these positions. In order for a ~R~C* 

charge transfer state to mix with a b-type LE state 

it must have the same nodal properties as this', LE 

state. The same is true for an a-type state (Murrell, 

1966). Since the b-type states are nodal at the substi

tuent position, it is reasonable to assume that the 

CT components of these states will be less affected by 

tilting of the carboxyl group than the a-type states. 

In other words, tilting will reduce the CT character of 

a-type states more effectively than for b-type states. 

This assumption is supported by a calculation on aniline 

carried out by Khalil, Meeks, and McGlynn (manuscript 

in preparation). These authors find that tilting the 

substituent group causes a greater frequency shift and 

' 1 Lb great er 1oss 0 f 1ntens1't'y 1n La t h an . 11n 

In order to determine experimentally, the effect 

of a non-planar carboxyl group, we compare the spectra 

of benzoic acid in benzene and benzoic acid do in d S 

In the benzene matrix, v 16a has about the same intensity 

VIDa is of medium intensity and vII is the 

strongest out-of-plane mode. v has about 40% of the4 

intensity of vII- In the mixed isotopic crystal, vIDa 
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is the strongest out~of-plane mode. v is much16a 

s tron'ger than v l6b and v 11 and v 4 are bot~ reduced by 

50% relative to v It thus appears that the more12 

planar molecule that exists in the benzene matrix is 

correlated with a dominance of out-of-plane modes that 

have amplitude at the 1 and 4 positions of the ring, 

while in the less planar molecule that exists in the 

mixed isotopic crystal, modes which have no amplitude 

at the 1 and 4 positions are dominant. This behavior 

is explained by assuming that the Herzberg-Teller coup

ling is occurring between nrr* and a- and b-type 

singlet states (\'b' lBb ' lLa' lB ), with the couplinga 

between IX and lnrr* occurring through modes that have 
a 

amplitude at the 1 and 4 positions and the coupling 

between lXb and ~rr* occurring through modes that have 

no amplitude at these positions. Since tilting the 

carboxyl group would reduce the charge transfer character 

in the a-type states more than in the b-type states, it 

is understandable that vII and v are reducedvl6b ' 4 

relative to vIDa and v l6a in the mixed isotopic crystal. 

If we assume C2v symmyetry for benzoic acid monomer, this 

argument can be made more systematic. lXa' IXb and lnrr* 

belong to the AI' BI and B2 representations, respectively. 

vIDa' v l6a belong to the representat~on and ' vII'a 2 v 4 

and v to the b representation. Since A • a = 16b 2 I 2 

B2 ' vibrations cannot couple 'nrr* with ~a 2 a 
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1 

But Bl · = B2 ' so these vibrations can couple nn*a 2 

with lxb • B ·b A2 +B2 so vibrations cannotl 2 b 2 

couple Inn* with Ix • However, Al • b = B • Thusb 2 2 

b vibrations can couple lXa and Inn*. The important2 

point here is that tilting the carboxyl group affects 

a and b modes differently.2 2 

In this analysis, we have not considered quasi 

Franck-Condon factors. Using harmonic wavefunctions, 

quasi Franck-Condon factors can be shown to be propor

tional to {V , where v is the frequency of vibration. 

Since the observed out-of-plane frequencies in benzene 

host differ from those in the mixed isotopic crystal 

by less than 0.2%, it follows that a neglect of these 

factors is justified. 

As noted previously, out-of-plane ring modes can 

acquire Herzberg-Teller activity as a result of 

It might be argued that the former matrix element is 

mainly responsible for the observed activity. One could 

argue further that tilting of the carboxyl group would 

also reduce the percentage of the crRn * component ofR 

the n1T* state. However, since this component couples 

with TIRTIR* and not with nRTIC*' it follows that tilting 

should not lead to a preferential reduction of b 2 modes 
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over a modes. Both types should be reduced equally.2 

Since we in fact observe a preferential reduction, it 

follows that the charge transfer components of the nTI* 

and TITI* states (namely, 0R1TC* and TIRTIC*) playa signifi 

cant role in the Herzberg-Teller coupling between these 

states. 

In benzoic acid, ln1T* cannot be observed. However, 

in benzaldehyde lnTI* is the lowest singlet state. As 

1
noted previously the So + nTI* spectrum shows out~of-

plane activity. Multiple quanta of these modes are not 

active and ring modes predominate over aldehyde modes. 

VII has the greatest intensity. Vapor spectra obtained 

by Holla~ et al., (1968) and Smolarek et al., (1972) 

together with polarized So + Sl excitation_spectra 

(photoselection method) obtained by Shimada and Goodman 

(1965) imply that vII is predominantly long-axis polarized, 

. . . 1 * 1 1lndlcatlng that vII couples 111T to La or Ba. These 

observations are fully consistent with the model we have 

constructed to explain the presence of out-of-plane ring 

modes in the Tl + So spectrum of benzoic acid. Attempts 

by Baum to obtain the polarized phosphorescence spectra 

of benzoic acid in benzene were beset with experimental 

difficulties. However, his data shows that v is parallel
4 

to vII' as required by our model. 

So far we have not considered Herzberg-Teller 

coupling in the triplet manifold. Assuming that the 

31TR1TR* component of the lowest triplet state is 3La , C2v 
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'b' I 3 . hsymmetry onI y alI ows b 2 V1 rat10ns to coup e La W1t 

3nTl *. It thus appears that the spin-orbit .vibronic 

coupling scheme which has the Herzberg-Te-ller coupling 

in the singlet manifold is primarily responsible for 

the activity of a out-of-plane modes. The activity2 

of b vibrations can, of course, be due to both coupling2 

schemes. This argument only applies to mixed dimers 

in which the excitation is localized on a benzoic acid 

monomer. For benzoic acid in benzene and n-nonane, we 

have homogeneous dimers. If C2v symmetry is appropriate 

for the monomer, then D2h symmetry will be appropriate 

for the dimer. Figures 42 and 43 give the representations 

I 3 3of Ix , Ix , n7T* , n7T* , and L in the C2v and a b a 

D2h point groups, respectively,as well as the possible 

coupling routes for the various representations of out-

of-plane vibrations. For C2v ' the important conclusions 

yielded by this diagram are that a vibrations couple2 

only to the R (long-axis) magnetic sublevel, while b
z l 

vibrations couple to the R (short axis) and R. (perpenx v 

dicular axis) sublevels. A similar relationship occurs 

for D2h symmetry: bIg and b lu vibrations couple to only 

one magnetic sublevel, while b 2g vibrations couple to 

two sublevels. 

Vibronic bands associated with modes that couple 

to only one magnetic sublevel should exhibit an accurately 

exponential decay of phosphorescence intensity following 
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FIGURE 42 

This figure shows the possible spin-orbit vibronic 

coupling routes for a 2 and b 2 out-of-plane vibrations, 

assuming C2v symmetry for benzoic acid monomer. 

nO'IT" denotes a general B2 state and may be either 

n'IT*, O'IT* or 'ITo*. The sequence of energy levels 

has been arranged for convenience. 
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FIGURE 43 

This figure shows the possible spin-orbit vibronic 

coupling routes for bIg , , and b lu out-of-planeb 2g 

vibrations, assuming D2h symmetry for benzoic acid 

dimer. 11 a1T" devotes a general B 3u or B29 s tate and 

may be either n1T", a1T* , or 1Ta*. The sequence 

of energy levels has been arranged for convenience. 
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a short pulse of exciting light, provided that the 

temperature of the sample is sufficiently ~ow to make 

the spin-lattice relaxation time much longer than the 

phosphorescence lifetime. For modes that couple to 

two sublevels, we expect to observe a non-exponential 

decay, provided that the lifetimes of the sublevels are 

sufficiently different in magnitude. Baum (1974) has 

found that the decay of the total phosphorescence 

emission at 1.40 K shows a marked deviation from expon

entiality. This implies that 1.40 K is sufficiently 

cold to make the spin-lattice relaxation time appreciably 

greater than the phosphorescence life time. It also 

implies that the lifetimesof the sublevels are sufficiently 

different to be observed. Unfortunately, lifetime 

measurements of individual vibronic bands were not obtained. 

The spin-orbit vibronic coupling schemes depicted 

in Figure 42 and 43 allow one to make predictions about 

the polarization of the various kinds of vibronic bands 

inme phosphorescence spectrum. First of all, the origin 

of the phosphorescence spectrum derives its intensity 

through first order spin-orbit coupling to Inn*, lcrn*and ncr* 

states .. s + l~ transitions are polarized out-of-plane.
o 

Consequently, the phosphorescence origin should be out-

of-plane polarized. Vibronic bands involving totally 

symmetric modes should also be out-of-plane polarized, 
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provided these bands are not intensified by a spin-orbit 

vibronic coupling scheme that involves a l~~* state as 

the final state. For C2v symmetry, vibronic bands 

corresponding to out-of-plane modes belonging to the a
2 

representation should have the same polarization as the 

8
0 

+ lXb transition. lxb can be either ~b or ~b' or 

both. Baum's data shows that the 8 + ~ transition 
0 

is short axis polarized, as expected on the basis of 

symmetry. \b and \a cannot be resolved in Baum' sC2v 

spectra, but on the basis of C2v symmetry, 
1

"Bb should
. 

also be short axis polarized. Vibronic bands corres

ponding to b out-of-plane modes should have a polari2 

zation that is a·weighted average of the polarization 

Ix Ix IXof the S + and 8 + transitions. can be 
0 a 0 b a 

either IL or 43 , or both. C2v symmetry requiresa a 

these transitions to be long axis polarized. Baum's 

data for IL is consistent with long axis polarization
a 

but a definite conclusion is not possible because IB 
a 

and IBb overlap ILa. For D2h symmetry, Figure ~1 

shows ~~at the same conclusions hold in all cases. 

Note that the representation correlates with the bIga 2 

and b representations and the b 2 representation
lu 

correlates with the b 2g representation. 

As noted previously, Baum~ attempts to obtain 

the polarized phosphorescence spectrum of benzoic acid 

doped into single crystals of benzene were unsuccessful 
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on account of experimental problems. We have obtained 

the polarized phosphorescence and So + ~l excitation 

spectra of benzoic acid and parafluorobenzoic acid in 

77 0EPA and 2-methyl-tetrahydrofuran glasses at K using 

the photoselection method. Since the photoselection 

method had previously proven successful with azines 

and polyacenes (Krishna and Goodman, 1961 and 1962) it 

was our hope that it would prove successful with benzoic 

acid. This hope has not materialized. Our data show 

that the origin in the benzoic acid phosphorescence 

1spectrum has a polarization of + 0.1 when Lb is excited. 

This polarization corresponds to a transition moment 

that is more than 2/3 in-plane (Albrecht 1961). The 

origin in the parafluorobenzoic acid spectrum taken 

under similar conditions has a polarization of 0.0. 

This corresponds to a transition moment that is 2/3 

in-plane. In-plane components this large are contrary 

to our expectation that the origin should be predominantly 

out-of-plane polarized. Because benzoic acid has low 

frequency out-of-plane modes, it is difficult to interpret 

low resolution polarization spectra since these modes 

are not resolved. This raises the possibility that the 

observed in-plane polarization of the broad "origin" 

band is the vector sum of the out-of-plane polarization 

of the origin band and the in-plane polarization of 

unresolved vibronic bands corresponding to low frequency 
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out-of-plane modes. Another possibility is that the 

transition moment of the origin actually contains a 

large in-plane component. It is interesting to consider 

possible explanation for in-plane polarization. 

As noted previously, the carboxyl group deviates 

from the plane of the benzene rings. A deviation from 

planarity raises the possibility of a breakdown of cr-~ 

separability. An appealing idea is that the field of 

the benzene ring breaks the a-TI separability in the 

carboxyl group. In this case we can write 

For small angles, a would be much greater than b. This 

would still allow strong spin-orbit coupling between 

lncTIc*(tilted) and 3~CTIt*. On the other hand the 

So + IncTIc*(tilted) transition would likely have a large 

1
in-plane component because the TIc~C* component should 

be much more allowed than the~c~c*(untilted) component. 

We regard a a-TI breakdown in the carboxyl group as much 

more likely than a a-TI breakdown in the benzene ring 

since the latter structure is much more rigid· than the 

carboxyl group_ As far as we are able to determine a 

small breakdown of a-TI separability in the carboxyl 

group would not alter our previous conclusions, except 

those concerning expected polarizations. Clearly, high 

resolution polarized emission spectra are needed to 

clarify further the nature of the electronic states in 
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benzoic acid. 

Having established the possible role of CT states 

in the spin-orbit vibronic coupling schemes that we 

propose to be responsib for the activity of the out-

of-plane modes, it is now fruitful to examine the 

influence of hydrogen bonding on the activity of these 

modes. 

The second-order correction to 3xo introduced by 

the spin-orbi t vibronic coupling schemes thatwe- hcwe proposed. 

to account for out-of-plane activity is given by the 

following expression: 

3
+ <lrrn*lsoc1 3nn*:> <3nn*IH-TI xO>In7f* 

E ( 3X 0
) - E ( 17r7f * ) . E(3Xo) - E(3n7f*) 

z:.nn* IH-T Ilnn*2 
+ 301 

E( X ) - E( nn*) 

In order to evaluate the effect of a change in H-bond 

strength on the activity of an out-of-plane mode, it is 

necessary to consider the effects of a change in H-bond 

strength on the energy denominators and matrix elements 

in the above expression. 

Since the energy denominators in this expression 

l are 8000 cm- or greater in benzoic acid dimer, it follows 

that large percentage changes in the energy denominators 

will not result from changes in H-bond strength (Brealey 

and Kasha, 1955). Thus, changes in energy denominators 
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cannot account for the large (factor of 7) changes in 

out-of-plane activity which we observe. 

Previously we noted that quasi Franck-Condon 

factors were proportional to fV assuming harmonic wave

functions, where v is the frequency of vibration. Since 

the out-of-plane frequencies differ by less than 0.2% 

in the various matrices considered in this study, it 

follows that quasi Franck-Condon factors should be nearly 

equal in these matrices. Consequently, differences in 

quasi Franc:k-Condon factors cannot account for the 

observed differences in out-of-plane activity. 

In order to determine the effect of a change in 

H-bond strength on the product of Herzberg-Teller and 

spin-orbi t coupling matrix elements, 'f,ve decompose the 

states into LE and CT components and determine which 

terms can be neglected. 

Previously we showed that the terms important for 

Herzberg-Teller coupling between .an nTI* and TITI* state 

involving an out-of-plane ring mode are: 

ga <ORTIR*IH-TITIRTIR*) 

kb <oRTIC*/H-T/TIRTIC*) 

To determine the terms important for spin-orbit 

coupling between an nTI* and a TITI* state, we decompose 

these states into LE and CT components as before and 
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evaluate the matrix element. This leads to a sum of 

twenty eight terms, which are shown in Table 34 • 

.Eighteen of these terms are zero because of orbi tal 

orthogonality. Overlap considerations disfavor an 

additional five, which we set equal to zero, and indi

cate by asterisks. 
~:v~ 

The remaining ~ terms are: 

de <7f e 1T e* ISOC Ine7f c*) 

cf <1Tc1Te*lsoelnc7fR*) 

ag <1TR1TR*lsoc/OR1TR*> 

di (1T e 1TR* ISOC 1° C1T C* ) 
bk <1TR1Te*lsoC/OR1Te*> 

At this point, it is necessary to consider the 

effects of hydrogen bonding on the LE, eT compositions 

of n1T* and 1T1T*' states. For 1T7f* states, we rely on 

Baum's semiempirical calculations. He has used three 

types of calculations (INDO, eNDO/S-CI, and Pariser

Parr-Pople) to calculate the wavefunctions for the 

lower lying 1T1T* states of benzoic acid. We wish to 

point out the need for caution concerning conclusions 

based on these calculations, since benzoic acid is a 

complicated molecule for the present state of valence 

theory. Recent detailed calculations on as small a 

molecule as formaldehyde (Ozkan, ehu, and Goodman, 

1975} amply illustrate the pitfalls of approximate 



495 


TABLE 34 

This table shows the terms that result when <TITI*lsoclnTI~ 
is expanded in tenus of the LE and CT components of ltlT* 
and n1r*. Terms denoted by an asterisk are disfavored 
by overlap considerations and are set equal to zero on 
this basis. 

ae <TIRTIR*lsoclncTIc*j = 0 

be (TIRTI c* Isoc IncTIc*) = 0 * 

ce <TIC TI R * Isoc IncTIc *'> = 0 

de <TIcTIc*lsoclncTIc*) 

af <TI RTI R * Isoc IncTI R * '> = 0 * 

b f «TI RTI C* Isoc IncTI R*) = 0 

cf <TI CTI RoK Isoc IncTI R * ) 

df (TIcTIc*lsoclncTIR*> = 0 

ag (TIRTI R * I soc IaRTI R*') 

bg (TIRTIc*lsoclcrRnR*) = 0 

cg <TIcTIR*lsoclaRTI R*) = 0 * 

dg <TIcTIc*lsoclaRTIR*) = 0 

ah (TIRTIR*lsocITIRcr R*) 

bh ~TIRTIc*lsocITIRcrR*) = o 

= 0 

= 0 
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Table 34 (Continued) 

ai <TIRTIR*lsoclocTIc*) = 0 

bi (TIRTIc*lsoclocTIc*> = 0 * 

ci (TICTIR*lsoclocTIc*) = 0 

di ZTIcTIc*lsOClocTIc*> 

aj <TIRTIR*lsOCITIcoc*) = 0 

bj <TI RTI C * I soc ITI CO C * ') = 0 

cj (TIcTIR*ls~CITIcoc*> = 0 

=dj (TIcTIc*lsOCITIcoc*> 0 

ak (TIRTIR*lsoc/oRTIc*1 - G 

bk <,TIR7f C* IsocloRTIc*> 

ck (TI CTI R* Isoc I°RTI C* ') = 0 

dk LTIcTIc*lsOCIORTIC*> = 0 * 
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quantum mechanical calculations. However, it should be 

emphasized that we have used only the qualitative trends 

predicted by Baum's calculat~ons. None of our conclu

sions depend on the specific quantative results of his 

calculations. 

The CNDO/S-CI and PPP calculations show that Lb , 

1,3 I I
La' Bb , and Ba are basically benzenoid in character 

but do possess small amounts of charge transfer character. 

The results of these calculations for benzoic acid monomer 

are shown in Table 35. The calculated effects of hydrogen 

bonding upon lLb and ILa (other states not calculated) 

are given in Table 36. This table reveals three important 

results: (I) A hydrogen bond to the carbonyl oxygen atom 

is calculated to increase the net ring to carboxyl group 

charge transfer character in ILb and ILa ' while a 

hydrogen bond to the hydroxyl hydrogen atom is calculated 

to decrease the net ring to carboxyl group charge transfer 

character in these states; (2) If the H-bonds are equally 

strong, the bond to the carbonyl oxygen atom is predicted 

to have the dominant effect; (3) The a-type and b-type 

states do not contain greatly different amounts of charge 

transfer character. In what follows we will assume that 

these conclusions also hold for IB and 3L • 
a a 

Since Baum's calculations predict that the LE, CT 

compositions of TITI* states will be sensitive to hydrogen 

bonding, it follows that the activity of the out-of-plane 



TATILE 35. Singlet of benzoic acid (monomer). (Taken from Baum, 1974) 

Charge(mu) Oscillator Strpngth Polarization b Statec 
.\ 

d
Transfer a

obs CNTIO ppp obza 
Cl\illO obn C~1)O Cl\TDO 

C-Bo.nd 278 2TO 265 0.014.- 0.003 0.011 Y Y lIn 0.05 0.20 

B-Band 230 220 227 0.19 0.12 0.21 Z Z lL 0.06 0.26 
a 

loB196 193 198 0.4 0.41 0.54 Z 0.02 
a 

A-Band 
y193 191 193 0.5 0.51 0.90 l~ 0.00 

a See in APpcndix.-VY :::: short-axis; Z :::: long-e..xis of molecule. C Plat-I; notation; assigned on the 

basis of the polarization and C: composition. d The fractionc;.l transfer of an electron from the aromatic 

ring to the carboxyl group is prcdictecl to be 0.10 in the gro'l1nd stc.tc by ermo (0.04 by PPp) t The 

o.d<li tional transfer to the substitucat ~V'J.th excitation in listed under cl1nrge... trnnsfer. 

~ 
\D 
co 



Co.lcul::.l.tc{1 c.hanGc£ in elect!'o!1 (lpnsj ty \:}'on exci t:... tJOYl of 
bC117.o1.c acid. 

Proton Prul.t"ln Proton II,;!)!)}, 

Monoiller ])ollor Acceptor l.4r;d f.cC'.(·~;i,(")~_' 

Atom lor lL l~ 11J lIn l1l l~ lI,.lb a. a a Ei. -- ..----

c(oon) +.151. +.19 i1- +.120 +.l l18 +.2;;9 +.;,33 +.208 +.2"(lj 

0 0 + .Ol~2 +.055 +.023 +.034 +.Ol,,{ +.062 +.039 +.O~9 

O(H) +.007 +.009 +.016 +.013 +.013 +.018 +.021 +.025 

--..........--_._---.._-----_..._- ------------
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modes should also be sensitive to hydrogen bonding since, 

as we have shown, CT components play an important role 

in the mechanism responsible for these modes. 

Unfortunately, the influence of hydrogen bonding 

on nn* states in benzoic acid has not been calculated. 

Hence, we must rely on physical intuition. Since, from 

the classical point of view, the non-bonding electrons 

participate in the hydrogen bond to the carbonyl oxygen 

atom, we think it reasonable to assume that a hydrogen 

bond to this atom will reduce the delocalization of an 

nn* state over the benzene ring. On the other hand, 

the additional electronic charge associated with the 

hydrogen bond to the hydroxyl hydrogen atom should repel 

the non-bonding electrons, increasing the delocalization 

over the benzene ring. Since an nn* state has its 

greatest density in the region of the carbonyl oxygen 

atom, a hydrogen bond to this atom should have a greater 

effect than a hydrogen bond to the hydroxyl hydrogen 

atom of equal strength. It thus follows that the LE, CT 

composition of nn* states are also affected by hydrogen 

bonding. Since nn* states are the intermediate states 

in the two spin-orbit vibronic coupling schemes which we 

have proposed to account for the out-of-plane activity, 

it may be concluded that out-of-plane intensity should 

also be sensitive to hydrogen bond effects on nn* states. 
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It will be recalled that nTI* and TITI* are written 

as 

TITI* = a TI TI * + b TI TI * + C TI TI * + d TI TI * R R R C eRe C 

A reduction in the delocalization of nTI* over the benzene 

ring requires, in general, an increase in e, i, and 

j and a decrease in f, g, h, and k. However, since 

our intuitive considerations only require a net decrease 

in the de'localization, it is not necessary that e, i I 

and j all increase or that f, g, h, and k all decrease. 

Since we do not have detailed information about the 

wavefunction, more <:lefinite predictions cannot be made. 

An increase in the ring to carboxyl group CT character 

in the TITI* state requires an increase in coefficient b~ 

Definite statements about whether a, c, and d increase 

or decrease are not possible on the basis of available 

information. 

In spite of the uncertainties, it is clear that 

an increase (or decrease) in H-bond strength should 
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cause some coe cients to increase and some to decrease. 

This creates the possibility that there exists an optimum 

hydrogen bond strength which maximizes the product of 

the spin-orbit coupling and Herzberg-Teller coupling 

matrix elements. We include this consideration in 

order to offer a possible rationalization of the observed 

environmental dependence of the out-of-plane modes. 

This enivronmental dependence suggests that there is an 

optimum H-bond strength which maximizes the out-of-plane 

activity. 

We now consider the observed environmental effects 

on out-of-plane activity. In this section we attempt 

to sho'\v that di s in H-bond strength are the 

major cause of the difference in out-of-plane activity 

observed in the various matrices. We also attempt to 

show that the data are consistent with the existence of 

an optimum H-bond strength that maximizes the out-of

plane intensity. 

Previously, we proposed that differences in the 

relative intensities of a and b out-of-plane modes2 2 
4 
were dependent on the degree of non-planarity of the 

carboxyl group. Clearly, in attempting to determine 

the effects of dif rent H-bond environments on out-of

plane activity, it is necessary to distinguish between 

these effects and e cts resulting from non-planarity. 
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Fortunately, this distinction can be made on a quali 

tative basis by monitoring the relative intensities 

of in-plane modes involving carboxyl group motion. 

As discussed in Section III, the phosphorescence 

spectra of benzoic acid d in n-nonane and benzoic o 

acid do in d S are similar with regard to activity of 

in···plane carboxyl group modes and the a 2 versus b 2 

pattern of out-of-plane intensities. The only differ

ence between the spectra is that out-of-plane activity 

in nonane host is slightly less than in the mixed 

isotopic crystal. Both of these systems correspond 

to what may be called the "more non-planar" case in 

which the C=Q stretching mode appears weakly and other 

modes involving carboxyl group motion such as vI and 

V6a are missing. This case is distinguished from 

what we will call the "less non-planar" case, exemplified 

by benzoic acid in benzene, in which the C=Q stretching . 

mode is strong and vI and appear with weak-to-mediumv 6a 

intensity. 

The close similarity of the mixed isotopic crystal 

and nonane host spectra allow several important conclu

sions. As discussed in section TII benzoic acid exists 

as a dimer in n-nonane and emits as a monomer in the 

mixed isotpic crystal. From this, it follows that 

dimerization has no effect on the activity of the out-

of-plane modes. We can also conclude that the polarity 
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of the host and aromatic versus aliphatic properties 

of the host have no significant effect on out-of-plane 

activity. 

A comparison of the phosphorescence spectra of 

benzoic acid do in d and parafluorobenzoic acid inS 

benzoic acid do shows that the spectra are identical 

except that the out-of-plane activity is reduced by 

about 40% in the latter system. As discussed in 

section III the emi tting species in the latter syst.em 

is very likely a benzoic acid monomer perturbed by a 

parafluorobenzoic acid molecuJe. Thus in both systems the 

emission comes from the benzoic acid d part of a mixed o 

dimer. The environment of a do - complex in thed S 

mixed isotopic crystal largely consists of d - dS S 

dimers. The environment of a BA-PFBA ·complex largely 

consists of do - do dimers. Thus, the environments 

of the two complexes should be very similar. The 

complexes should also be similar with regard to non-

planarity of the carboxyl group, since their spectra 

show that both belong to the "more non-planar" case. 

On the other hand, the complexes differ with regard to 

H-bond strength. The H-bonds in t:le BA-PFBA complex 

should be stronger than those in the do - complex,d S 
Ssince the K of parafluorobenzoic acid is 7.2xlO

a 

and that for benzoic acid is 6.3xlO- S • Consequently, 
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we are inclined to attribute the weaker out-of-plane 

activity associated with the BA-PFBA complexes to the 

stronger H-bonds. In making this attribution, we are 

assuming that the observed difference in activity is 

not due to radiationless processes. Finally, it should 

be pointed out that another way in which the complexes 

differ is that the dipole moment of parafluorobenzoic 

acid is somewhat larger than the dipole' moment of 

benzoic acid d • However, at least in the context ofS 

our model, which involves spin-orbit vibronic coupling 

as the mechanism responsible for out-of-plane modes, 

there is no apparent way in which the different dipole 

moment could have an effect on out-of-plane activity. 

The most striking environmental dependence of 

the out-of-plane modes is revealed in the phosphorescence 

spectrum of benzoic acid d in cyclohexane carboxylico 

acid (Baum, 1974). In this spectrum the intensity of 

the out-of-plane modes relative to the totally symmetric 

system is about a factor of five smaller than for 

benzoic acid in benzene. We compare this system with 

benzoic acid in benzene since both systems belong to 

the "less non-planar" case, which shows a strong C=O 

stretching mode, and weak to medium intensity for VI 

since both systems belong to the "less non-

planar~I case, and moreover, since the relative intensities 
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of the carboxyl group modes are quite similar, we 

conclude that non-planarity effects cannot account 

for the large reduction in out-of-plane activity. 

Further, since monomer-dimer and solvent polarity 

effects have been eliminated as significant pertur

bations of out-of-plane activity, we attribute the 

weaker out-of-plane activtty to the weaker H-bonds 

that exist in the BA-CHCA complexes. The K of cycloa 
-shexane carboxylic acid is 1.26xlO • As before, we 

assume that radiationless processes do not play an 

important role. 

The fact that both stronger H~bonds (BA-PFBA) and 

weaker H-bonds (BA-CHCA) apparently lead to a smaller 

out-of-plane activity, compared to that observed for 

do - dS ' suggests that there exists an optimum H-bond 

strength which maximizes out-of-plane activity. It 

also follows that the H-bond strength in the do  d S 

complex is closer to this optimum value than the strengths 

of the H-bonds in the other two systems. As we previously 

argued, the existence of such an optimum H-bond strength 

can be rationalized in terms of the expected effects 

of H-bonding on the LE, CT compositions of nn* and TI~* 

states. 

As noted in SectionIITC,the phosphorescence spectrum 

of paraflorobenzoic acid in n-nonane shows a much smaller 

percentage of out-of-plane activity than observed for 
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benzoic acid in n-nanane. We are unable to explain this 

reduced activity. However, good evidence that the 

mechanism responsible for out-of-plane activity in 

parafluorobenzoic acid is the same as that in benzoic 

acid can be found in the phosphorescence spectrum of 

parafluorobenzoic acid in cyclohexane carboxylic acid. 

In this spectrum, the out-of-plane activity, is much 

less than that observed with nonane host. Thus, the 

environmental sensitivity of out-of-plane modes in para

fluorobenzoic acid parallels that observed for benzoic 

acid. As before, we attribute the reduced out-of-plane 

activity in cyclohexane carboxylic acid host to the 

weaker H-bonds in the PFBA-CHCA complex. 

The phosphorescence spectrum of methyl benzoate in 

benzene shows out-of-plane activity which is comparable 

in magnitude to that observed for benzoic acid in ben

zene. This fact is somewhat puzzling. in view of the 

fact that weak H-bonds (BA-CHCA) lead to weak out-of-plane 

activity in benzoic acid. There is, of course, the 

fact that the hydroxyl hydrogen in benzoic acid is replaced 

by a methyl group in methyl benzoate. We are inclined 

to rationalize the intense out-of-plane activity in methyl 

benzoate by assuming that the reduced CT character in 

the TIn* states that should result from the absence of 

a hydrogen bond to the carbonyl oxygen atom is compen

sated by an increased delocalization of nn* states over 
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the ring as a result of the presence of the methyl 

group. According to our intuition, the methyl group 

should repel the non-bonding electrons more than a 

hydroxyl hydrogen atom because it contains more elec

trons spread over a larger region of space. Good 

evidence that the lrrrr* states in methyl benzoate have 

less CT character than those in benzoic acid can be 

found in t.l'lfe. abs~"'X::e 'Jf Herzberg-Teller activi ty in the 

So ~ ILb transition of methyl benzoate. The correspond

ing transition in benzoic acid shows appreciable Herz

berg-Teller activity. This will be discussed in detail 

in connection with the phosphorescence spectrum of 

methyl behzoate perturbed by parafluorobenzoic acid. 

An indication that the mechanism responsible for out

of-plane activity in methyl benzoate is fundamentally 

the same as that in benzoic acid can be found in the 

environmental dependence of this activity. As will be 

shown in what follows, out-of-plane activity in methyl 

benzoate shows a strong sensitivity to hydrogen bonding. 

The system consisting of benzoic acid in methyl 

benzoate shows multiple sites which are differently 

populated in the several spectra obtained in this study 

(see Table 32 in SectionIIIC~ In this analysis, we 

consider only spectrum III, which shows two principal 

sites. The spectra associated with these sites are 

identical. Since these sites are not present in the 
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spectrum of pure (zone refined) methyl benzoate, we 

assume that they are associated with the benzoic acid 

guest molecules. However, it is not known for certain 

whether the emission comes from guest molecules or 

from guest induced defects. A comparison of this 

spectrum with the spectrum of parafluorobenzoic acid 

in methyl benzoate (IV) shows that these spectra have 

similar vibrational frequencies and intensities. Since 

the latter emission is definitely associated with guest 

induced defects, it is likely that spectrum III also 

derives from guest-induced defects. We assume that the 

guest-induced defect consistsof a methyl benzoate 

molecule hydrogen bonded to a benzoic acid molecule 

and that the excited state from which emission occurs 

is localized on the methyl benzoate molecule. 

An important feature of the phosphorescence emission 

of benzoic acid in methyl benzoate is the relatively 

weak out-of-plane activity «20% of origin intensity). 

According to our model, the H-bond to the carbonyl oxygen 

atom should reduce the delocalization of the nTI* states 

over the ring. 

Apparently, the increase in CT character in the 

TITI* states that should result from this H-bond does not 

compensate for the reduced delocalization of the nTI* 

states. 

For parafluorobenzoic acid in methyl benzoate 
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we cons only spectrum IV which ShO'\'lS a single origin, 

Spectrum V sho,\\Ts mul tiple origins and Ii ttle vibrational 

structure. The prominent bands in the phosphorescence 

spectrum of parafluorobenzoic acid in methyl benzoate 

correspond to methyl benzoate frequencies. This conclu

sion is rm because the frequencies of the fluorinated 

molecule are distinctly different from those of methyl 

benzoate. We therefore assume that the phosphorescence 

emission comes froM guest-induced defects which consist 

of methyl benzoate molecules hydrogen bonded to para

fluorobenzoic acid molecules. This spectrum also shows 

weak out-af-plane modes which we rationalize in the same 

manner as for the phosphorescence spectrum of benzoic 

acid in methyl benzoate. 

The interpretation of the environmental dependence 

of 'the ont-of-plane modes presented here for methyl 

benzoate and· previously for benzoic acid is necessarily 

speculative and cannot be proven by the available data. 

\1e have included this interpretation because it is con

sistent vli th the data and because it is a natural exten

sion of the localized molecular orbital approach. 

As noted previously, the phosphorescence spectrum 

of parafluorobenzoic acid in methyl benzoate (IV) closely 

resemb the spectrum of benzoic acid in methyl ben

zoate (III). There is, however, a striking difference 

with regard to one feature. In the former spectrum, 
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a band corresponding to v6b appears with intensity com

parable to that of the origin, while in the latter 

spectrum, a band corresponding to v6b cannot be detected. 

It should be noted, however, that other spectra ( I and 

II) for benzoic acid in methyl benzoate do show the 

intense v6b band (see Table 32 inSedtion III.C. Unlike 

spectra I and II, spectrum IV shows only one origin and 

exhibits good vibrational resolution. Consequently, we 

only consider spectrum IV in our analysis of the v6b 

band. 

As discussed in Section III, the band corresponding 

to v6b in spectrum IV is definitely a vibronic band. 

The data shows that this band cannot correspond to an 

impurity origin or the origin of a site. Itisalso firmly 

established that two quanta of v6b are too weak to be 

detected. 

Before attempting to account for the activity of v6b 

in the phosphorescence spectrum, it will be helpful to 

consider the activity of v6b in the So ~ 8 absorption
1 

spectra of benzene, benzoic acid, methyl benzoate, and 

other manrnubstituted benzenes. 

The vibration v6b appears as a prominant band in the 

So ~ IBlu absorption spectrum of benzene. In fact, v6b 

accounts for 95% of the "forbidden" activity in the 

benzene spectrum (Callomon, et al., 1966). In phenol, 

\'lhere the So ~ lLb transition is allo'Y'Ted, v6b accounts 



511 


for 40% of the forbidden activity ( st et ala, 1966). 

V6b is also a prominent Herzberg-Teller mode in the 

!'jo -+ 'Lb spectra of other monosubstituted benzenes. 

In his high resolution study of the singlet states 

of benzoic acid, Baum has obtained the So -+ Lb spectra 

ofmnzoic acid in benzene, benzoic acid in cyclohexane 

carboxylic acid, and methyl benzoate in benzene. All 

of these spectra were obtained at 4.2 0 K using oriented 

Single crystals. The spectrum of benzoic acid in 

benzene was obtained with polarized and unpolarized 

light. The oiher spectra were obtained only with un

polarized light. 

Considering only those spectra obtained with un

polarized light, his data sho\v that the intensi ty of 

v6b is 70% of the origin intensity in benzene host 

and 7% in cyclohexane carboxylic acid host. In the 

meth~l benzoate spectrum v6b cannot be detected. The 

signal/noise ratio in this spectrum is such that the 

intensity of v6b must be less than 6% of the origin 

intensity. It should be pointed out that the reduced 

intensity of v6b in cyclohexane carbocylic acid host 

in principle may be due to orien tation factors. Hovlever, 

since unpolarized light was used, it is unlikely that 

all or even most of this reduction in intensity is due 

to orientation factors. Unfortunately, the structure 
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of the cyclohexane carboxylic acid unit cell is not known. 

Baum's spectrum for benzoic acid obtained with 

pblarized light shows that the v6b band is polarized 

parallel to the long-axis of benzoic acid and that the 

totally symmetric systew is polarized perpendicular to 

the long-axis. The nature of the benzene unit cell 

prevents a distinction bet~Teen the out-of-plane and 

short axis polarization. These polarization results 

are exactly as expected for a monosubstituted benzene 

obeying C2v symmetry. In such a molecule the So -+ ILb (~l) 

transition is short-axis polarized. v6b belongs to the 

representation, allovling Herzberg-Teller couplingb l 
J 1. 1 . .

between ~b and AI· Slnce So -+ Al transltlons are 

long axis polarized, the vibronic band corresponding to 

v 6b must be long-axis polarized, \vhich is what Baum 

observes. The lower lying IAI states in benzoic acid 

are ~a and ~a· 
It thus appears that v6b is active in the So -+ lLb 

spectrum of benzoic acid as a result of Herzberg-Teller 

coupling between ~b and ~a. Baum's data also shows 

that this Herberg-Teller activity is environment sensi

tive. 

Previously we developed a conceptual framework in 

which the out-of-plane activity in the phosphorescence 

spectra of benzoic acid could be accounted for in terms 

of spin-orbit vibronic coupling involving nrr* and rrn* 
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states that consist of a mixture of LE and CT states. 

Pure LE states were shown to be incompatible with the 

data. It ""as further shown that the environmental 

sensivitity of the out-of-plane activity could be 

explained by assuming that H-bond strength plays a role 

in determining the LE, CT composition of the nw* and 

ww* states. In what follows we will use this same 

conceptual framework to explain the behavior of u6b , 

in Baum's singlet spectra and to explain the appearance 

of v6b in our phosphorescence spectrum of methyl ben

zoate perturbed by parafluorobenzoic acid. 

Ne first consider Herzberg-Teller coupling in the 

1
singlet ~anifold. As before, we decompose WTI* states 

into LE and CT components: 

The Herzberg-Teller matrix element between these states 

reduces to a s~m of 16 terms, which are given in Table 37 

Eightof these terms are zero because of orbital ortho

gonality. Taking into account the fact that v6b is a 

pure ring mode, ,six others are disfavored by overlap 

considerations. These terms are indicated by asterisks. 

The remaining two terms are: 
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TABLE 37 

(1 " This table shows the terms that result when LblH-TI1x > 
is expanded in termsof the LE and eT components of a 
lLb and lx - Terms denoted by an asterisk are disfavored a 
by overlap considerations for mode Va ' a pure ring mode. 
"a" and "b" subscripts are omitted f b r simplicity. 

* * aa <1T R r H-T I'iT R> <1T R1T R) 
* * ab ~R I H -T 11T R'> (1TR1T e ') = 0 

ac <1T R IH-T I'ITe ') <1T;1T;') = 0 * 
* *~ad <1TRIH- T1ire> <1TR1Te / = 0 

* * 
Tr = 0Sa <:rRIH-TI'ITR> (	 e 1T R't 

* * Bb <1TR I H-T litR> <1TC1T e '> 

* *.
Bc (1TR IH-T lITe> <1Te 1T R ) = 0 

* * Bd 	 1T 1T = 0 *<IT RIH-T 11Te> <e e)

* * 
 = 0 *ya (1T e IH-T I'IT R> <7f R1T R '> 

yb ¢eIH-T!'iT R) <1T;1T~> = 0 

* *. = a *yc <IT e IH-T r 'IT e> <1TR1TR ') 
* *.yd (1Te IH- T lIT e '> (1TR1Te) = 0 

* * oa 	 = 0(1Te IH- T lIT R> <1Te 1T R') 

ob 	 1T *1T *) = 0 *~eIH-TI'iTR> < ee 

oc 0~eIH-TIITc> <1T~1T;') = 

* * 
od 	 1T 1T = 0 *<'iT C IH-T IT! e ) <e e> 
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aa <1 (1TR1TR*lb l H-TI1(1TR1TR*la) 

Sb <1 (1T R"C*l b l H_TI 
1 

(1T R1T C*l a') 

Baum's calculations predict that an increase in H-bond 

strength will increase bothS"(lLb) and b if lXa = lLa_ 

As noted previously He assUt."TIe that b will also increase 

= If c, d, y, and 0 do not change, then 

a and a will decrease because of normalization require

ments. However, Baums calculations also predict that 

a and a are close to 1, so we do not expect large 

percentage changes in these coefficients in either 

direction in view of the predicted changes in CT char

acter that occur upon H-bond formation (see Table 36)_ 

Thus we have the clear prediction that any change in 

the Herzberg-Teller activity of v6b due to a change in 

H-bond strength will mainly be the result of a change 

. h f * h . lL lL dl.n t e percentage 0 1T R1T C c aracter l.n . b' a' an 

possibly lBa" Since Baum I s data shO'tvS that v 6b activity 

decrease by an order of m~ni~de when the H-bonds are 

vleakened, it follov1s that the observed Herzberg-Teller 

1
activity of v6b in the So ~ Lb spectrum of benzoic acid 

is due primarily to the presence of 1TR'ITC* character in 

lLb ' lLa and possibly lB _ a 
1

Since v6b cannot be observed in the So ~ Lb spectrum 

of methyl benzoate, the above conclusion suggests that 

the TIRTIC* character in the lLb ' lLa and lEa states of 
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methyl benzoate is much smaller than in benzoic acid. 

At this point, it is appropriate to return to a 

consideration of the activity of v6b in phosphorescence 

spectrum of methyl benzoate perturbed by parafluoro

benzoic acid. In sectionI!Iit was pointed out that 

no bands corresponding to the fluorinated molecule 

appear in this spectrum. On this basis we assume that 

the excited triplet state from which phosphorescence 

occurs is localized on a methyl benzoate molecule per

turbed by a parafluorobenzoic acid molecule. We also 

assume C2v symmetry for the perturbed methyl benzoate 

molecule. 

As for the out-of-plane modes, we attempt to account 

for v6b activity in terms of a spin-orbit vibronic 

coupling scheme. Given the C2v group-theoretical con

straints on Herzberg-Teller coupling for v6b and neg

lecting spin-orbit coupling matrix elements between 

states of the same orbital type, there is only one spin

orbit vibronic coupling scheMe in which v6b can play 

a role: 

Here Ian represents either benzenoid lon* or lno* 

states or else a carboxyl lnn* state. As for benzoic 

acid t,'le assign the 3rr R'lT R* component of 3Xa to 3La • The 

indicated representations of the states refer only to 
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the spatial parts of the wavefunctions_ 

Since v6b is uniquely prominent as an in-plane 

Herzberg-Teller mode in the So -+ ILb spectra of a 

number of monosubstituted benzenes, we consider it 

likely that the intense activity of v6b in the 

TI -+ So spectrum of the HB-PFBA complexe indicates 

that the triplet TI orbitals involved in Herzberg-Teller 

coupling through v6b have the same modal properties 

as the corresponding singlet orbitals which lead to 

V6b activity. These TI orbitals may be associated with 

the ITRTIR* or TIRTIC* components of 3Xa and 3Xb • Hence 

we use the Platt notation "aU and "b" subscripts of 

the expected model properties of these orbitals; i.e., 

b-type orbit~ls are modal at the I and 4 positions. 

~vhile we tend to regard as basically 3La , it should3Xa 

not be inferred that 3Xb is basically 3Lb • As will 

become apparent, it would not be inconsistent with 

the data if 3Xb were basically *3TIcTIc 

An attempt to account for the activity of v6b with 

this spin-orbit vibronic coupling mechanism is con

fronted with a serious problem. Because spin-orbit 

vibronic coupling is a second order effect, we expect 

this mechanism to introduce much less intensity than 

direct first order spin-orbi t bet\'!een 3Xa and Ian , the 

same final state. It should be noted that the spin
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orbit coupling energy denominators are the same in both 

cases. Contrary to this expectation we observe v6b 

to be as intense as the origin. In what follows we 

attempt to rationalize this anomaly by considering the 

133possible LE, CT compositions of OTI, Xb , and Xa. An 

additional constraint on the composition of these states 

derives from the very weak activity'of out-of-plane 

ring modes that accompanies intense v6b activity. 

We now decompose lO1T"and into LE and CT components3Xb 

and consider the contributions of the various components 

to the spin-orbit coupling matrix element between these 

states. We write lOTI and 3x as fo1lo\.-,s:
b 

1 1 1 11OTI = e ncTIc* + f nCTIR* + g °RTrR + h TIR<JR * 

1 1 1+ i <JcTIc* + j TICOc* + k °RTIC* 

3xb = a. 3,TIRTIR * + B 3 
TIRTIC* + Y 3TIC'ITR * + 0 Trc7fc* 

The spin-orbit coupling matrix element between these 

states consist of a sum of twenty eight terms which 

are shown in Table 38. Eighteen of these terms vanish 

because of orbital orthogonality. Among the other ten, 

overlap considerations disflavor five additional terms, 

which we set eq'l.t:il to zero. These terms are indicated 

by asterisks. The five remaining terms are: 
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TABLE 38 


This table shows the terms that resul t when <:Xb ISOC '\J"~ 
is expanded in terms of the LE and CT components of 3Xb 
and l~n. Terms denoted by an asterisk are disfavored 
by overlap considerations and are set equal to zero on 
this basis. "b" subscripts are omitted for simplicity. 

ae <31T R1T R * Isoc I1nC1T C*) = 0 

Se <31T RJ C *ISOC I1nC1T C*.> = 0 * 

ye ~ * 1 *') a1TC1TRlsocl nC1T C = 


<3 * 1 *')
oe 1Tc1Tclsocl nC1TC 

af <..3 * 1 *.> 01TR1TRI soci nC1TR = * 

Sf 	 <31T R1T C * ISOC I1nC1T R*) = a 

If 	 <31fC1T R *ISOC I1nC1T R*> 

(3 * 1 *)of 1Tc1Tclsocl nC1TR = 0 

<3 * ~. * ';ag 1T R1T R lsocl O'R1TR 

Sg ~3 * 1 * ';> = 01TR1TClsocl Ci R1TR 

(3 * 1 *) 0yg 1T C1T RISOC I Ci R1T R = * 

og (3 * 1 *) = 01TC1TClsocl Ci R1TR 

a.h 	 (31T R1T R * ISOC I11T RCi R*'> = 0 

(3 * 1 *)8h 1T R1T cisoc I 1T RCi R = 0 
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Table 38 (Continued) 

yh 	 <31T C1T R * r soc I11T RG R* ) 0 

<3 * 1 *)oh 1T C1T C Isoc I 1T RG R == 0 

ai <3 * 1 *> == 01T R1T C Isoc 1oC1T C 

(3 	 * 1 * >Si 1TR1Tclsocl °C1T C == 0 * 

(3 * 1 *' yi 1T C1T R Isoc 1oC1T C ) == 0 

oi <3 * 1 * 1T C1TC Isoc 1oC1T C > 
aj <3 * 1 *. == 01T R1T R·1 SOC I 1T CO c 1 

Sj <31T R1T C* Isoc I11T CO *C > == 0 

yj <3 1T C1T R * Isoc I11T CO C*). == 0 

oj 	 ~3 * 1 * == 01TC1TClsocl 1T COC > 

(3 * 1 * " 
ak 1T R1T R lsocl °RTIC I == 0 

<3 * 1 *.Sk 1TR1T C Isoc lOR1T C > 
<3 * .. 1 * \ yk 1T C1T R Isoc lOR1T C >- 0 

<3 * 1 *)ok 1T C1TC ISOC I 0R1T C == 0 * 
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oe <3 ('ITc'ITc*> ISOC Ilnc'ITc*) 

3 
Yf ( (1fC1fR *) I SOC 11n C 1fR *") 

ag . <3 ('ITR'IT R*) IsocllaR'ITR*) 

oi (3(1fc1fC*)blSOCllOc1fc*,) 

Sk (3('ITR'ITC*)blsocllcrR'ITC*~ 

Since the data requires the spin-orbit coupling matrix 

1 3element between a 'IT and Xa to be much smaller than the 

t · 1 t btl d 3x 1.·t· 1rna r1.X e emen 	 eween a'IT an b' 1.S a so necessary 

to consider the 	former matrix element. We vlri te 3X a 

as fo1lo,,"1s: 

By exactly the same argument as before, we find that the 

important terms 	for the spin-orbit coupling matrix 

1 3element between a'IT and Xa are: 

cf <3 (1fc1fR*lalsocl1nC1fR '> 
ag (3(1fR1fR*lalsocIIOR1fR*') 

di <3 (1fc1fc*lalsocIIOc1fc*) 

3
bk <(1fR1fc*) a ISOC 110R1fc*,> 

In each matrix element two terms depend on the ~c'ITc* 

component. Neglecting for the moment, the 

other' 3 terms in ea.ch matrix element, it is clear 

that one matrix element \vill be much larger than the 
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other if it contains much more TIcTIc* character. In 

particular, if <5 » d, then <::arr ISOC I3xb) » <:an ISOC I3X~) • 

Thus, if the terms in each matrix element involving .~ 7Tc 1.. 
/ 

TIRTIR* and TI eTIR* components can be neglected, the intense 

activity of v6b can be rationalized in terms of the 

3 .. 3amount of TI e TI e* character in Xa and Xb .. 

Unfortunately, the data is insufficient to prove 
lTR 1T,~.J 

3
that the~TIRTIR* and TICTIR* components of Xa,b do not 

playa significant role inthe spin-orbit coupling 

1r!''TT d 3matrix elements bet~7een VII an X b However, ina, 
Iwhat follows we will propose LE, eT compositionsof an, 

3Xb . and 3Xa that lead to the conclusion that these 

terms are unimportant. Because of insufficient data, 

the most that we are able to do is show that the proposed 

compositions of states are consistent with the spectra 

and with our proposed geometry for the MB-PFBA complex 

that is associated with intense v6b activity_ 

We first propose that laTI is regionalized on the 

carboxyl group. That is, the coefficient f, g, h, and 

k are assQmed to be negligible. An immediate consequence 

of this is that only terms involving the TIeTIe* components 

of and are important for spin-orbit coupling.3Xa 3Xb 

In line with our previous considerations, it is assumed 

that 3Xb has much more TIcTIe* character than 3Xa 

3 3We next propose that Xa and Xb possess appreciable 

rf RTf c* character. The motivation for this assumption 

derives from our previous conclusions that 'v 6b activity 
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in the singlet manifold results primarily from TIRnC* 

character. This assumption'is fully compatible 't-lith 

the weak out-of-plane activity that accompanies intense 

v6b activity, because Ian is regionalized. Previously 

we showed that Herzberg-Telling coupling bet'\veen a arr 

stae and a rrn* state involving ring out-of-plane modes 

required either a R1tR* or aRnc* components. A regionalized 

an states does not possess these components. 

It thus appears that a regionalized Ian state and 

3nn * states having appreciable nRrrC* character and 

appropriate amounts of TICnC* character are fully compat

ible with the data. In view of our previous arguments 

concerning the effects of hydrogen bonding on the LE, 

CT composition of nn* and rrn* states, it is clear that 

a regionalized an state and large nRnC* character in 3Xa 
., 

and J are jointly compatible with a strong hydrogenXb 

bond to the methyl benzoate carbonyl oxygen atom. We 

therefore propose that the geometry of the complex 

associated '\vi th intense v 6b activi ty leads to the forma

tion of a strong hydrogen bond between the methyl benzoate 

and paraflorobenzoic acid molecules. 

At this point it is appropriate to consider which 

configurations of the MB-PFBA complex allow the formation 

of strong hydrogen bonds. An inspection of the possible 

orientatiomof the two molecules shows that there are 

two configurations, one being the mhror image of the 
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other which should favor the formation of unusually 

strong hydrogen bonds. If the plane of the parafluoro- . 

benzoic acid ring is perpendicular to the plane of the 

methyl benzoate ring, it is possible for the n orbital 

on themethyl benzoate carbonyl oxygen atom to conjugate 

with the 2p~ orbital on the hydroxyl oxygen atom of 

parafluorobenzoic acid. This should lead to a bond 

much stronger than the H-bonds in benzoic acid dimers. 

It must be emphasized that we have not shown that 

the data requires the proposed compositions of an 

and rr~* states. Rather all that has been shown is 

that the data, the proposed compositions of states and 

the proposed geometry are mutually consistent. 

In conclusion we wish to -summarize our answers to 

the questions raised at the beginning of this section: 

1. We have proposed that the intense out-of-plane 

activity in the phosphorescence spectra of benzoic acid 

arises as a result of a second-order spin-orbit vibronic 

coupling mechanism which couples 3x to a lrr~* final state 

via an n~* intermediate state. Since S + lrr~* trans-o 

itions are 10 2 to 10 4 times as intense as S + Inn* (ando 

presumably la~* and Ina*) transitions, it is understand

able that the second-order mechanism can introduce inten

sity comparable to that introduced by first order spin

orbit coupling between 3x and In~* (or lan* or l~a*), which 

is believed to be the main source of intensity for the 
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origin and totally symmetric vibronic bands. 

2. The dominance of ring out-of-plane modes over 

carboxyl group out-of-plane modes has been rationalized 

in terms of the valence (i.e. LE, CT) compositions of 3x , 

the intermediate nTI* state, and the final lTITI* state. 

3. The environmental dependence of the out-of-plane 

activity has been rationalized in terms of changes in the 

LE, CT compositions of the relevant states, that arise 

as a result of changes in H-bond strength and non-planarity 

of the carboxyl group. 

4. In agreement with Maria and McGlynn, we have 

concluded that the ._presence of in-plane carboxyl group 

modes is associated with the presence of char3TIcTIc* 

. 3 act er J.n X. 

5. The environmental dependence of the in-plane 

carboxyl group modes has been attributed to a non-planarity 

of the carboxyl group, the degree of non-planarity being 

different in different environments. Tilting the car

boxyl group is expected to alter the amount of 3TIcTIc* 

. 3 ch aracter J.n X. 

6. The shorter radiative Ii time of benzoic acid 

compared to that of toluene is most likely the result of 

rst-order spin-orbit coupling between 3x and InTI* and 

second-order spin-orbit vibronic coupling between 3x 

and lTITI*. These intensity sources are not present in 

toluene. Heavy atom effects associated with the oxygen 
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atoms may also ay a role. 

7. The intense activity of v6b associated with some 

configurations of the MB-PFBA complex has been rationalized 

in terms of a second-order spin-orbit vibronic coupling 

scheme involving a TITI* intermediate state and a lnrr* final 

state. The ability of the second-order mechanism to 

compete with firs·t-order spin-orbit coupling between 3x a 

and the same final state has been rationalized by assuming 

3that the intermediate state has much more rrCTIC* char

acter than 3x the emitting state. We have proposed
a 

LE, CT compositionsof 3x a 
I the intermediate state and 

the final state which are consistent with the data and 

the presence of a strong H-bond in the MB-PFBA complex. 

We have also proposed a geometry of the complex which is 

consistent with a strong H-bond. 

Although some of the conclusions reached in this 

analysis of the lowest triplet state of benzoic acid 

depend upon unproven. valence and geometric assumptions 

we consider that it has been demonstrated that the con

ceptual framework developed in this analysis gives con

siderable physical insight into the electronic structure 

of benzoic acid. This conceptual framework should be 

a useful starting point for future studies of benzoic 

acid and other aromatic carbonyl compounds. 
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F. Recommendations for Future Studies 

One of the more important experimental goals of a 

future study of benzoic acid should be a determination 

of the polarization properties of the phosphorescence 

and fluorescence emission. This data together with the 

polarized absorption spectra already available would allow 

an identification of the intensity sources of both the 

totally symmetric and non-totally symmetric vibronic bands 

in the phosphorescence spectrum and would thereby provide 

a consistency check on the spin-orbit coupling and spin-

orbit vibronic coupling schemes proposed in this study. 

Another important goal should be a measurement of 

the phosphorescence lifetime of each vibronic band in the 

phosphorescence spectrum at 1.4o K or lower. As we have 

pointed out, the spin-orbit vibronic coupling scheme 

proposed to account for out-of-plane ring modes allows 

the prediction that a modes will couple to only one2 

magnetic sublevel of the lowest triplet state and that 

b modes will couple to two sublevels. A failure to2 

observe the expected exponential (a ) or non-exponential2

(b ) decay would indicate either that the proposed2 

mechanism is incorrect or else that the symmetry is lower 

than C These considerations also apply to the spin2v . 

orbit vibronic coupling mechanism proposed to account for 

the activity of v6b in the phosphorescence spectrum of 
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methyl benzoate perturbed by parafluorobenzoic acid. 

As discussed in Section III D, Baum's efforts to 

locate 3nn* using the triplet-triplet absorption method 

developed by M:cClure ~:,l'!.,A. unsuccessful on account of 

interference from overtones of ground state vibrations. 

To bypass this difficulty we propose the following 

excitation experiment. First the triplet state is 

populated by a strong flash photolysis type lamp. Because 

of the long lifetime of benzoic acid at 4.20 K, a sub

stantial concentration of excited states should be pro

duced. Using monochromatic light of the appropriate 

wavelength, molecules are taken from the lowest triplet 

state to 3nn *. Most molecules will return to the lowest 

triplet state on account of rapid internal conversion. 

But since 3nn* is only slightly higher in energy th~n 

II;, , the spin-orbit coupling between 3nn * and II;, is 

expected to be substantial. This creates the possibility 

of sufficient intersystem crossing from 3nn * to lr" to 

yield detectable delayed fluorescence, which wouId be 

well separated in vTavelength from the phosphorescence 

emission and which could be measured after the flash 

lamp is completely extinguished. By monitoring fluores

cence it should be possible to determine the TI + 3nTI* 

absorption spectrum. In this procedure absorption by 

overtones of ground state vibrations would only attenuate 
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the light and would not lead to any delayed fluorescence. 

Thus interference from ground state vibrations would be 

largely eliminated. Presumably polarized spectra could 

also be obtained with this technique. It should be 

pointed out that benzoic acid dimer, rather than com

plexed monomer should be used in this experiment, since 

in the dimer the presence of both gerade and ungerade 

3TITI * and 3nTI * states leads to electric dipole allowed 

transitions between these states. In the monomer only 

ungerade excited states are present and the transition 

is electric dipole forbidden. 

In addition to these experimental goals, two types 

of theoretical studies are definitely needed: (I) A 

valence calculation on the vertical excited states such 

that the several lowest singlet and triplet states are 

treated at the sa.'1te level of approximation {e.g. SCF} 

and with subsequent decomposition into LE and CT compon

ents, and (2) A study of the lowest triplet state potential 

surface problem for selected carboxyl group modes. 



530 


REFERENCES 


Albrecht, A. C. , J. Chern. Phys., .D 156 (1960) ...' 
Albrecht, A. C. , J. Mol. Spec,. §., 84 (1961) .-
Albrecht, A. C. , J. Chern. Phys, , ~, 354 (1963) . 

,Baba, H. and Kitamura, H. , J. Mol. S}2ectrosc. , 41, 302 (1972) • 

Bailey, C. R., Gordon, R. R., Hale, J. B., Herzfeld, N., 
Ingold, C. K. and Poole, H. G., J. Chern. Soc. 299 (1946). 

Baum, J. C., Ph. D. Thesis, Princeton, Univ., Princeton, 
N. J., 1974. 

Bist, H., D., Brand, J.C.D., and ~lilliams, D.R., J. Mol. 
Spectrosc., 21, 76 (1966). 

Bist, H. D., Sarin, V. N., Ojha, A., and Jain, Y.S.; ~. 
Spectrosc., ~, 292 (1970). 

B1inc, R. and Hadzi, E. in "Hydrogen Bonding", D. Hadzi, ed., 
Pergamon Press, Ltd. tondon, 1959, p. '147. 

Born, H. and Huang, K., "Dynamical Theory of Crystal Lattices,tl 
Clarendon Press, Oxford, Eng. (1956). 

Bratoz, S., Hadzi, D., and Sheppard, N., Spectrochim. Acta,
.!i, 249 (1956). 

Brealey, G.J. and Kasha, ~1., J. Amer. Chern. Soc., 77,4462 
(1955) • 

Brodersen, S. and Langseth, A., Mat. fys. Skr. Kong. Dansk. 
Vide se1sk., 1, 1 (1956). 

Brooks, C.J.W., Eglinton, G., and Morman, J.F., J. Chern. Soc., 
106 (1961). 

Buswell, A. M., Rhodebush, hI'. H., and Roy, M. F., J. Arner. 
Chern. Soc., ~, 2239 (1938). 

Callomon, J.H., Dunn, ~.M. and Mills, J.M., Phil. Trans. 
Roy. Soc. (London), 259A, 499 (1966). 

Chu, S.Y. and Goodman, L., manuscript in preparation. 

Cleveland, F. F., J. Chem. Phys., 13, 101 (1945). 

Cojan, J. and Renaux, A., Acad. Sci. (Paris) Cornpt .. Rend. 
Series C, 247, 1111 (1958). 



531 


Colombo, L. and Furic, K. Spectrochim. Acta., 27A, 1773I 

(1971) . 

Cotton, F. A., "Chemical Applications of .Group Theory", 
Wiley-Interscience, New York, 1971. 

Craig, D. P. and ~'la1msley, S.H., "Excitons in 1'101ecular 
Crys tals", t~l. A. Benj amin, Inc., New York, 1968. 

Davies, M. M. and Sutherland, G.B.B.M., J. Chern. Phys., 
~, 755, 767 (1938). 

Davydov, A. S., "Theory of Molecular Exci tons,n McGra'ty Hill 
Inc., New York, N.Y., 1962. 

Delorme, P., J. Ch. Phys., ~, 97 (1964). 

Duben, A., Goodman, L., and Koyanagi, M., in nExci ted 
States," Vol. I, E. C. Lim, Ed., Academic Press, Inc., 
New York, New York, 1974, p. 295. 

Duinker, J. C. and Mills, I. £1., Spectrochim. Acta, 24A, 
417 (1968). 

Dym, S. and Hochstrasser, R. M., J. Chern. Phys., 51,2458 
(1969) . 

Genzel, L., Happ, H., and vleber, R., z. Phys., 154, 1 (1959). 
also, Genzel, L., z. Phys., 144, 311 (1956-)-. 

Gonzalez-Sanchez, F., Spectrochim. Acta. 12, 17 (1958). 

Goodman, L. and Koyanagi, M., Mol. Photochem., !, 369 (1972). 

Goodman, L. and Shull, H., J. Chern. Phys., 27,1388 (1957). 

Haaland, D. M. and Nieman, G. e., J. Chern. Phys., 59, 4435 
(1973) • 

Hadzi, D. and Sheppard, N., Proc. Roy. Soc., Sere A, 216, 
247 (1953). 

Hadzi, D. and Pintar, M., Spectrochim. Acta, 12, 162 (1958). 

Hayashi, S. and Kimura, N., Bull. Inst. Chern. Res., Kyoto 
Univ., 44, 335 (1966). 

Hayashi, S. and Umernura, J., J. Chern. Phys., .§.2., 2630 (1974). 

Herzberg, G., IIIwlo1ecular Spectra and ~lo1ecular Structure. 
II, Infrared and Raman Spectra of Polyatornic Molecules", 
Van Nostrand Reinhold Co., New York, N.Y., 1947. 



532 


Herzberg, G. and rrte11er, E .. Z. Phys. Chern. (Leiuz .), 21,I 

410 (1933). 

Hochstrasser, R.M., "Molecular Aspects of Symmetry", 
W. A. Benjamin, Inc., New York, 1966. 

Hollas, J. M., Gregorak, E. and Goodman, L., J. Chern. Phys.
i2., 1745 (1968). 

Hussey, A.S., J. Amer. Chern. Soc., 73,1364 (1951). 

Jeffrey, G. A. and Sax, H., Acta. Cryst. 16, 430 (1963). 

Kakiuti, Y., Matumura, R., Eguti, H., and Suzuki, R., 
Nippon KagakuZasshi, 82, 830 (1961). 

Kanda~ YJ1 Shimada, R., and Takenoshita, Y., Spectrochim. 
Acta, 19, 1249 (1963). 

Khalil, 0 .. S., Meeks, J. L., and ~1cG1ynn, s. P ., nanuscript 
in preparation. 

Koh1rausch, K.W.F., Ramanspektren, S. 381 (1953). Also 
Landolt-Bornstein Tabe11en, Zah1enwerte und Funktionen, 
I Band 2 Tei1, S. 535. 

Krishna, V. G. and Goodman, L., Nature, 191, 800 (1961). 

Krishna, V. G. and Goodman, L., J. Chern. Phys., 37, 912 
(1962) • 

Latimer, Iv. M. and Rodebush, W. H., J. AIDer. Chem. Soc. 
42,1432 (1920). 

Levshin, V. L. and Rebane, V. N., Opt. Spektrosk. Aka. Nauk 
SSSR, Otd. Fiz-Mat. Nauk, Sb. Statei, 1, 84 (1963) 

Lewis, G. N. and Kasha, H., J. Amer. Chern. Soc., 66, 2100 
(1944) • 

Lin, 	C. T., G\vaiz, A. 'P... and M. A. E1 Sayed, J. Amer. Chern. 
Soc., 94, 8234 (1972). 

Longuet-Higgins, H.C. and Murrell, J.N., Prac. Phys. Soc., 
A68, 601 (1955). 

LO\-Ter, S. K. and El Sayed, M. A., Chern. Rev., .§£' 199 (1966). 

r'.laier, \v. and Schifferdecker, Spectrochim. Acta., 18, 709 
(1962) • 



533 

McClure, D.S., J. Chern. Phys., 17, 905 (1949). 

McClure, D. S., J. Chern. Phys., ~, 670 (1951). 

l1cClure, D. S., J. Chem Phys., ~, 682 (1952). 

McGlynn, S. P., Azumi, T., and Kinoshita, M., nt101ecular 
Spectroscopy of the Triplet State," Prentice-Hall, 
Inc., Englewood Cliffs, N.J., 1969. 

McWhinnie, W. R. and Poller, R. C., Spectrochim. Acta., 
~, 501 (1966). 

Meeks, J. and McGlynn, S.P., unpublished results (1974). 

Meshitsuka, S., Takahashi, H., Higasi, K., and Schrader, 
B., Bull. Chern. Soc. Jap., 45, 1664 (1972). 

Miyazawa, T., J. Mol. Spectrosc., 4,168 (1960)... 
Murray, F. E. and Sundaram, S., Canadian Journal of Chemistry 

39, 1625 (1961). 

tv1urrell, J.N., Tetrahedron, 19, 277 (1963). 

Murty, G.V.L.N. and Seshadri, T. R., Proc. Indian Acad. 
Sci. A, 19, 17 (1944). 

Nagakura, S. and Tanaka, J., J. Chern. Phys., ~, 236 (1954). 

Nurmakhametov, R.N., Belaits, I.L., and Shigorin, D.N., 
Russ. J. Phys. Chern., 41, 1032 (1967). 

Odinokov, S. E., lvlaximov, O. B., and Dzizenko, A. K. , 
Spectrochimica Acta, 25A, 131 (1969). 

Ozkan, I., Chu, S.Y. and Goodman, L., submitted to 
J. Chern. Phys. 

Parker, C. A. and Hatchard, C. G., Analyst, ~, 664 (1962). 

Pauling, L. and Brockway, L.O., Proc. Nat. Acad. Sci. U.S., 
20, 336 (1934). 

Pfann, W·. G., If Zone Melting", John ~'1iley & Sons, Inc., 
New York, 1959. 

Pinchas, S., Samuel, D. and Weiss, Proday, !-1., J. Chern. Soc. 
2382 (1961). 



534 


Pinchas, S., J. Phys .. Chern., ~, 2256 (1965). 

Porter, G. and Windsor, M. W., Proc. Roy. Soc. (London), 
A245, 238 {1958}. 

pyatnitskii, B. A., Dok1. Mad. Nauk SSSR, 57, 771 (1941). 

Pyatnitskii, B.A., Dok1e Akad. Nauk SSSR, 62, 59 (1948). 

pyatnitskii, B. A., Dok1. Adad. Nauk SSSR, ~, 281 (1949). 

Schildknecht, H., "Zone Nle1tingn, Academic Press, New York, 
1966. 

Se1iskar, C. J., Khalil, O.S., and McGlynn, S.P. in 
"Excited States," Vol. 1. E. C. Lim, Ed., Academic 
Press, Inc., New York, N.Y., 1974. 

Shimeda, R., and Goodman, L., J. Chern. Phys., 43,2027 
(1965) • 

Shpo1skii, E.V., SOVe Phys. Usp~, ~, 411 (1963) and 
references therein. 

Sim, G. A., Robertson, J.M., and Goodwin, T. H., ~ 
Cryst., }l, 15 7 (19 55) • 

Smo1arek, J., Zvlarich, R., and Goodman, L., J. HoI •. Spec. ,
ii, 416 (1972). 

Stanevich, A. E., opt. Spektrosk. 16, 446 (1964). (Opt. 
Spectry., .!i, 243 (1964).) 

Statz, G. and Lippert, E., Ber. Bunsenges, Phys. Chern., 
71, 673 {1967}. 

Suzuki, I1., Yokoyama, T., and Ito., M., Spectrochim. Acta, 
24A, 1091 (1968). 

Tanaka, J., Nippon Kagaku Zasshi, 79, 1379 (1958). 

Tep1yakov, P. A. and Grosu1, V. P., Ukr. Fiz. Zh. ~, 816 
(1961) • 

Tournon, J. and E1-Bayoumi, H. A., J. CheP.1. Phys., 56, 
5128 (1972). 

Varsanyi, G., "Vibratina1 Spectra of Benzene Derivatives," 
Academic Press, New York, 1969. 

von Kowalski, J., Physik, Z., 12, 956 (1911). 



535 


,Wall, F. T. and Clausen, W. F., J. ~~er. Chern., 61, 2812 
(1939) • 

~fuiffen, D.H., J. Chern. Soc., 1350 (1956). 

Wood, J.L., J. Mol. structure, 13, 141 (1972). 

Wyncke, B., Hadni, A., Wendling, H., Gerbaux, X., Strimer, 
P., and Morlat, G., J. Phys. (Paris), 29,851 (1968). 

Ziegler, L. and Albrecht, A. C., J. Chern. Phys., ~, 3558 
(1974) • 


	WLC Thesis Chapters I & II 400 dpi
	Thesis pages i-50 400 dpi.pdf
	Thesis pages 51-100 400 dpi
	Thesis pages 101-149 400 dpi
	Thesis pages 150-199 400 dpi
	Thesis pages 200-249 400 dpi
	Thesis pages 250-299 400 dpi

	WLC Thesis Chapter III 400 dpi.pdf
	Thesis pages 300-360 400 dpi
	Thesis pages 361-419 400 dpi
	Thesis pages 420-479 400 dpi
	Thesis pages 480-513 400 dpi
	Thesis pages 514-535 400 dpi.pdf


