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The methods of picosecond laser photolysis have been employed to study the inter- and
intramolecular charge-transfer interaction between excited anthracene and N,N -diethylaniline in polar
as well as nonpolar solvents. The formulation of reaction kinetics coupled with molecular
reorientational motion is developed. The experimental results, at low diethylaniline concentrations, are
analyzed in terms of diffusion model and Noyes molecular pair model. The transient behavior due to
instantaneous flux in early time regions is clearly evident. The values of critical intermolecular
distance and primary rate constant for electron transfer are determined and are consistent for all
solutions studies. In the high diethylaniline concentration region, analysis of orientational relaxation
times and the rate of charge-transfer reactions clearly reveals the dynamic nature of the interacting

processes.

1. INTRODUCTION

The understanding of the mechanism of inter- and in-
tramolecular quenching of fluorescence is of fundamen-
tal importance in the study of the primary photophysical
and photochemical processes of the excited aromatic
hydrocarbons. One of the major quenching mechanisms
is due to the excited state charge-transfer interactions.
The charge transfer process which we are considering
occurs between excited and ground state molecules and
not between ground state molecules. The transfer of an
electron from the donor molecule D to the excited ac-
ceptor molecule A* quenches the normal A* fluores-
cence, gives rise to a new emission in low dielectric
solvents, can produce ion radicals, provide new path-
ways for energy degradation, and can change the chem-
istry of the system. The physical and chemical nature
of these diverse processes have been extensively studied
since the discovery of excited state charge transfer
complexes by Leonbardt and Weller, ! but heretofore not
in the subnanosecond time region which is of key im-
portance to an understanding of these events. In addi-
tion to our interest in the charge transfer process and
the subsequent energy dissipation, the electron transfer
reaction between A* and D provides an excellent vehicle
for testing the theories of diffusion controlled chemical
reactions.

Depending on solvent polarity, there can be two dif-
ferent mechanisms involved in the electron-transfer re-
actions. In solvents of high polarity, a more or less
strongly solvated radical ion pair is formed upon photo-
excitation of the electron acceptor (A) or the donor (D),
i.e.,

A J:‘DﬂlAu‘DfizA;---an; . (1)

In this process, the fluorescence of the excited species
is strongly quenched and there is very little emission
from the solvated ion pair whose ions are in their doub-
let ground states. The ion pair can subsequently be dis-
sociated, particularly in very polar solvents, into two
separated ions and relaxed into triplet and/or ground
states. In golvents of low polarity, however, the
quenching of fluorescence of the excited aromatic hydro-
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carbon is coupled with the appearance of a new struc-
tureless broad emission band about 5000 cm™ red shift
from the original fluorescence. This emission band is
attributed to a charge-transfer (CT) complex formed in
the excited state, i.e.,

1av ipReniapey | )

Unlike the solvated ion pair which does not have a strong
geometrical preference, the charge-transfer complex
most probably has a sandwich structure.? The complex
decays by intersystem crossing into the triplet and via
radiative and other nonradiative processes to the ground
states,

Although the physicochemical processes involved in the
charge-transfer interaction systems have been qualita-
tively established, important problems regarding the
dynamic nature of molecular motion® and geometrical
requirement®® for interaction, and the mechanism of
the generation of locally excited triplet states®? remain
to be elucidated. In the earlier report,?® we demon-
strated the capability of picosecond laser techniques in
answering some of these crucial questions. We present
here the experimental results in this continuing effort.
In particular, we want to see whether there are differ-
ences in reaction dynamics between the ion pair [Eq.
(1)] and charge-transfer complex [Eq. (2)] formations,
and their subsequent decays. The decays of these ex-
cited species are related to the triplet state formation,
a controversial and unresolved subject.*” Meanwhile,
we have also carried out a picosecond study of the
charge-transfer interactions in antrhacene-(CH,);-N, N-
dimethylaniline systems.® We established the impor-
tance of reorientational motion of the molecules in the
charge-transfer interactions, All these experimental
results are related. They converge into a clear picture
whose features will be discussed inthis paper,

Il. EXPERIMENTAL

The picosecond ruby laser system is shown in Fig, 1.
A ruby rod (§ inx 5) was pumped by a helical flash lamp
in a water-cooled laser head (Korad K1 system). The
laser oscillation was mode-locked by a circulating meth-
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FIG., 1. Schematic of laser oscillator, single pulse selector and amplifier.
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M1, M2-laser mirrors; SA-saturable absorber; LR~

laser rod; P-polarizer; PC~Pockels cell; DL-delay line; L-lens; CL~charging line; SG-spark gap; PS-power supply; AMP-ampli~

fier rod; PD-photodiode.

anol solution of 1, 1’-diethyl-2, 2’-dicarboncyanine io-
dide. A train of about 30 pulses, separated by the round
trip time of the cavity, i.e., 8 nsec, was produced at
the output of the oscillator. The energy of the light
pulse at 6943 A was of the order of 1 mJ. A single light
pulse was extracted from this train of pulses using a
pair of crossed polarizers, and a Pockels cell triggered
by the laser induced breakdown of a spark gap filled with
nitrogen, ® Selection of almost any desired pulse could
be achieved by adjusting the gas pressure and electrical
delay line. The extracted pulse was then amplified by
two flash lamp pumped ruby rods (same dimensions),
Each had an amplification factor of 4~ 5. The typical
pulse train and the single light pulse so obtained are
shown in Fig. 2. The laser pulse width (FWHM) was
measgured by two photon excited fluorescence methods
(TPF), ! using a methanol solution of rhodamine 6G as
the two photon absorbing medium. The experimental
setup and results are shown in Fig. 3. The pulse width
was determined to be 7 psec. However, we also ob-
served pulse width variations extending up to 15 psec.
The light pulse was then frequency doubled to 3472 A
using an appropriately cut KDP crystal. The second
harmonic pulse excited the electron acceptor, anthra-
cene, to its first excited singlet state (!B3,). Upon
transfer of an electron from the donor to the acceptor,

a new absorption could be detected at 6943 A region cor-
responding to the (& -D*)~ (& *~D") transition. "' The
experimental arrangement was published earlier. 5,8

FIG. 2. Laser pulse train (upper trace) and a selected single
light pulse as indicated by an arrow {lower trace). The pulses
in the pulse train are separated by 8 nsec.

In this way the transfer of an electron leading to the
formation of a negatively charged acceptor, either in
the ion pair or the CT complex reaction, was monitored
by measuring the absorption of the 6943 A probe pulse
at times equal and subsequent to the 3472 A excitation
pulse. The excitation light pulse was linearly polarized.
To obtain the dynamics of reorientational motion of
molecules involved, polarizers were used before and af-
ter the sample so that both the transmissions of the
probe light polarized parallel (7,/I,) and polarized per-
pendicular (I,_/Io) to the electric vector of the excitation
pulse were measured. These intensities were moni-
tored by a fast response ITT photodiode and a Tektronix
519 oscilloscope, The result at each point in time was
an average of five laser shots, The photodiode and os-
cilloscope were also used for measuring the fluorescence
1ift times of anthracene and charge-transfer complex
excited by a single 3472 A pulse,

Materials employed were anthracene (Aldrich, zone
refined), N, N-diethylaniline (Eastman, redistilled un-
der nitrogen), n-hexane, and acetonitrile (Matheson,
Coleman and Bell, spectroquality) and anthracene-
(CH,);-N, N-dimethylaniline which was prepared from
9-anthraldehyde and 4-dimethylaminoacetophenone. 8

The concentration of anthracene (A) was fixed at 2.5
% 10~® M and either n-hexane or acetonitrile was added to
vary the diethylaniline (DEA) concentration. All solu-
tions were saturated with nitrogen to avoid oxygen
quenching processes. Unless indicated, all experiments
were carried out at room temperature,

ill. THEORETICAL

A. Reaction kinetics

The general scheme of charge-transfer interaction
following photoexcitation of the acceptor ig given by

A+D w A*¥,.DI%) A _Dp* , 3)
LFN ke

where f(¢) is the rate function of electron-transfer
causing the formation of either an ion pair or a CT com-
plex, k; is the decay rate constant of A” or- (A™-D")*,

E, is the decay rate constant of A* in the absence of D,
and n, and n, are the concentrations of A* and A, re-
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FIG. 3. Experimental arrangement for TPF measurement.
BS-beam splitter; M1, M2-mirrors; DC-fluorescence dye
cell; C-camera. The TPF photo is also shown. The length of
entire trace is 5 cm and the width of the TPF spot is about 1.5
mm,

spectively. n,(t) is the total concentration of A, wheth-
er as a separated ion or in the ion pair or in the CT

complex, After an instantaneous exciting light pulse,
the rate equations can be given by
na=-[ka+fOna 4
hc =f(t)”A - kfnc ’ (5)

and the solutions are

na(t)=n,(0) exp[— Rt - fo tf(t')dt'] , (6)

t
n,(t) = nA(O)e"‘f‘{ fo dt'f(t")exp [— (g = Fog)t’

—f:f(t")dt"] } , m

where n, (0) is the concentration of A¥ at¢=0,i.e.,
right after the exciting pulse. In all cases studied, %;
is negligibly small in comparison with f(¢) and in the
time range of measurements &, is essentially zero.
Furthermore, except in hexane solution of A—~(CH,),~
DMA, k, is negligible in comparison with f(). Thus,
Eq. (7) can be simplified to

"c(t)=nA(0)[1 - exp(~ fotf(t’)dt’ ] . (8)

B. Reaction kinetics coupled with rotational diffusion

When a molecular system is excited by light, a non-
uniform orientational distribution with respect to the
transition dipole moments of the ground and excited
state molecules can be created. Therefore, the subse-
quent measurement of fluorescence intensity orabsor-
bance of the system willbe a function of not only the kinet-

ics of a physicochemical process, but also the rotation-
al motion of the molecules. This consideration is par-
ticularly important in picosecond spectroscopy where
linearly polarized light is used and the rate of molecular
reorientation is comparable to the rates of the processes
of interest. For the present purpose, the observed
transmission of the probe light (6943 A) are given by

Iu(t)/Io= exp[— €l j;Nc(ﬂ, Da, (Q)dﬂ] (9a)

and

L()/Iy= exp[— ¢l fn N,(@, t)alm)dn] (9b)

where €, is the absorption coefficient of A", [ is the
length of the optical path, N_(,?) is the concentration
of A” with its transition vector oriented at an angle Q at
time ¢, and a’s are the projections of this vector along
the parallel and perpendicular laboratory axes which
are defined by the electrical vector and the direction of
propagation of the exciting pulse. N,(Q,?) and n(f) are
related by

not)= | N@, 00 . (10)
1]

We define, in Fig. 4, X,Y,Z) as laboratory fixed axes,
H4 as the transition dipole (A- A*) fixed in the molecu-
lar frame of the acceptor A, #, as the transition dipole
(A"~ A™) fixed in the molecular frame of A", and X as
the angle between H, and i,. Both the excitation and
probe pulses travel along Y. However, the exciting
pulse is polarized along Z and the probe pulse along Z
and X, Thus,

a“(ﬂ)=| U’c‘le ’
@, @)= koo X|% .

(11a)
(11b)

We realize that u, is excited symmetrically about the
Z axis and this symmetry is maintained for all time re-
gardless of the rotational motion of the molecule. Since
¥, is fixed with respect to H,, it is symmetrically dis-
tributed about Z all the time also. Therefore, |g,. Y |2
equals | 4, . X% and it follows that

Ye

Io 0 € \ I
i 19 I Al I
71 " <
Probe l ) Detection
Excitation Excitation ~|ﬁA' 22
Probe
X
A “C 1 2
X o~ |2
o~ | ﬁc'x |2

FIG. 4. Experimental geometry: (X, Y,X) are laboratory fixed
zxes; (¥,,¥,,2,) are body fixed axes of A molecule; Kgs Ver 24)
are body fixed axes of A™; g, is the transition dipole fixed in A;
M. is the transition dipole fixed in A”; both excitation and probe
pulses travel along Y, the former polarized along Z, and the
latter polarized along Z and X.
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o,)+2a,2)=1 . (12)

From Egs. (9) and (10), it follows immediately that the
following function

Un/Io) U,/ 10)? = expi- €In (£)} (13)

directly monitors the formation function of A” in the
charge-transfer interaction, or for that matter, any
type of rate function of interest. In other words, the
sum of the absorbances in one parallel and two perpen-
dicular components is directly proportional to the total
concentration of A” oriented in all directions and there-
fore is independent of the rotational motion of the mole-
cules, Eq. (13) is applicable to any type of physical or
chemical process.

To obtain the dynamics of rotational relaxation, we
can employ the general method developed previously for
the theory of fluorescence depolarization. > We can
consider the most general situation in which there are
a set of anisotropic rotational diffusion constants for A
(D2,D2},D}) and another set for A (DF, D¢, DF). The two
sets of molecular axes are not coincident, and g, and
¥, are fixed somewhere in these frames. The resultant
functions are very complicated and unless f(¢) in Eq. (3)
is a constant no closed forms can be obtained. Even
then, the expressions for I,/I, and I,/I, contain more
than 20 exponential functions, and are not directly use-
ful. For all practical purposes, we will consider only
the case of isotropic rotational diffusion here. The ro-
tational diffusion equation and its solution by Green’s
function method were shown earlier.? LetD be the dif-
fusion constant, w(82, ) the probability that the vector of
a transition moment is oriented in the angle () at the
time ¢, w(R,) the similar probability at £=0, and
G (22,1€2,¢) the Green’s function that describes the rota-
tion of the transition vector from £, at =0 into © at f.
We use the subcripts A and ¢ for the acceptor A and A™
molecular systems, respectively, e.g., w,(®,1),
wy(R,t), Dy, D,, and G,(2,19,t) and G (8,18, 1), etc.
Once excited, A* reorients according to D,. At time
t', i.e., between =0 and time of probe ¢, reaction oc-
curs and the molecule reorients according to D,.
Therefore, N,(2,t) can be given by

t
No(@, 0= et [ 0@, 106,@",1'| @, 00", (1)

where 7,(t’) is the rate of A” formation at time ¢', With-
out losing any generality we let the vector i, be coin-
cident with one of the molecular axes, say z in Fig. 4,
and g,,4,,4, be the projections of K, along the molecular
axes (x,y,2). The transformation between the labora-
tory fixed and molecular axes may be given by

X=Tx , (15)

where the transformation matrix is expressed in terms
of the Euler angles (6.9.4).® Thus.

0, () = (g T 25 + quZy +anZn)2 s (16a)
aJ.(Q) = (quYx+ quYy + thYl)a ’ (16b)

with g2+ g%+¢%=1. We recognize that in powerful laser
excitation, the initial distribution function of u,, i.e.,

wa(fy), may not be a linear function of cos?§,. Knowl-
edge of the exact fundamental form of w,(8,) is not
necessary for our derivation, as long as we know that
K, is excited symmetrically about the Z axis and there-
fore w,(8,) is a function of cos®d, and independent of
angle Y or ¢. Using Eq. (14), we can rewrite the in-
tegral in Eq. (9a) as

t
Va =f0 nc(t')dt’fn a,,(sz)dnfn'ccm’,t’m,t)dn'

X [ 0@ A @] @', ) 17
R

We expand the Green’s functions in terms of the station-
ary state eigenfunctions and eigenvalues for the asym-
metric rigid rotor. In turn, these eigenfunctions are
expressed in terms of symmetric rotor wavefunctions
and then the Wigner rotation matrices. ¥ We obtain for
Eq. (17),

t
. 1
Yu=3 "/?J; dtlnc(t'){Xo.o*'7"5"&.0(345 -1)

Xexp[~ 6D - (6D, — GDc)t']} , (18a)

and the equivalent expression for a,(f2) component as,

t
. 1
yﬁ%w/n_fo dt’nc(t'){xo'o—27?)(2,0(3‘13— 1)

X exp|- 6Dt ~ (6D, - 6D )¢’ ] } ,  (18b)
where

X1,0° fn dQw (R0)Y,4(82)
[}

Y;,0(Q) is the normalized spherical harmonic function,
Xo,0 €quals 3Vr and Xz,0 is @ nonzero constant relating to
the power of the light pulse and the oscillator strength of
the transition dipole., We should point out that Eqs.

(18a) and (18b) can also be obtained using spherical co-
ordinates instead of Euler angles. The Green’s func-
tion can then be expanded in terms of spherical harmonic
functions. We can do this because the rotational motion
is isotropic and the exact orientation of the molecular
axes is irrelevant. Substituting Eqs. (18a) and (18b)
into Eqs. (9a) and (9b) it can be shown readily that the
quantity (I, /1), /I,)? is independent of molecular rota-
tion, consistent with Eq. (13). To obtain the diffusion
constants, we take the ratio of the component trans-
missions, i.e.,

R=1/I,= exp{— 7%- €.lxs,0(3cos®x — 1) exp(—6D 2)

xftﬁ,_.(t’)exp[— (6D, — ﬁDc)t']dt'} . (19)
0

We have replaced ¢; by cos“x where X is the angle be-
tween the transition moment of A and A". In certain
cases, A can be evaluated from experimental values of
R. In the case that D, equals D,, Eq. (19) can be re-
duced to

R=exp [—V%eclxa,o(scoszx —1)exp(- 6Dct)nc(t)] . (20)

In any event, 7n.{!) and #, can be obtained experimentally
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from Eq. (8), and the diffusion constants can be evalu-
ated from Eq. (19) or (20).

C. Rate functions of electron-transfer

The rate functions of charge-transfer interactions,
i.e., f(f) in Eq. (3), can be expressed in several forms
depending on experimental conditions and the physical
models employed in deriving these expressions. By far
the most widely used and discussed model of reaction
kinetics is that of diffusion process.*'1® By solving the
translational diffusion equation, i.e., Fick’s second
law, one is able to obtain the rate of reaction for a bi-
molecular interacting system ast*

__4mpD'C k 2 ]
“1s 41rpD'/k[1 * Il expx?erfe(x) | , (21)
where
x=Q +k/4npD’'WD't /p , (22)

In these equations, p is the radius of reacting sphere,
D' is the sum of translational diffusion constants of the
two molecules, C is the concentration of DEA in this
case, and &k is the elementary rate constant such that

®=kC, , (23)

where C, is the concentration of DEA at an intermolecu-
lar distance equal to p. Eq. (21) clearly indicates there
are transient terms in the rate function. The origin of
the transient terms and the general time dependence of
the chemical reaction can be viewed in the following way.
At time /=0, the molecules A* and D are randomly dis-
tributed but as time proceeds those distributions in which
an A* is near a D are preferentially depleted since there
is a higher probability for reaction than for those dis-
tributions in which A* and D are far apart. This pro-
duces a spatially non-uniform distribution of molecules
leading to a flux of molecules from the more concentrat-
ed regions of the liquid. Since the distribution of mole-
cules is changing with time, the rate “constant” for the
reaction is also changing with time. To adequately test
theory and its limits, it is necessary to determine the
full behavior of the chemical reaction. The full tran-
sientbehavior could notbe adequately examinedprior to
the development of picosecond methods!**'*%*1® and are
particularly inportant for the cases studied here.

In an attempt to obtain the reaction rate function in
the most general fashion, Noyes developed the reacting
pair model, in which the behavior of a pair of moving
particles and the probabilities of various types of en-
counters are analyzed.!* The rate function so obtained

is
t
k,:kc(l-f h(t')dt') s
0

where 2 and C have the same meaning as indicated ear-
lier and k(¢')dt’ is the probability that a pair of mole-
cules that encounter without reaction at ¢ =0 will react
with each other at #. The function hA(#') cannot be mea-
sured directly, however, and Noyes then assumed that
the molecular displacement was random. Eq. (24) then
becomes

ky=kC[1 - gerfc(y)] ,

(24)

(25)

2217

where

y=(a/l3)m ’

and a and 8 are related to the size and frequency of dis-
placements which can be expressed in terms of D', p,
and k. In this context, Noyes pair model does not differ
from the diffusion model in concept and yet Egs. (25)
and (21) still behave differently. We are interested in
comparing these two models with our experimental data.
In the concentration diffusion or the Noyes random
flights descriptions at least two problems come to mind.
One is that the diffusion coefficient in the usual descrip-
tion is assumed to be independent of the separation of A*
and D which may be incorrect for the cases in which A*
and D are within a few molecular diameters of each oth-
er. Second, the motions of A and D may be correlated
and not describable by a random walk since the motion
of one fragment influences the motion of the solvent
molecules which can effect a drag on the other fragment.
Furthermore, in these processes it may not be accurate
to describe the solvent as a continuous and isotropic
medium and therefore motions in certain directions and
having certain displacement sizes may be favored,

(26)

D. Convolution

In most experimental conditions the laser pulses can
be considered as § pulses. However, in the case that
the rate of electron-~-transfer reaction is very rapid, the
finite widths of the light pulses have to be taken into ac-
count to avoid ambiguity. For this purpose we rewrite
Eq. (3)as

A+sD I A%, p SO _A-_D* P A*_DY, (27)

A~ny-n ) LY n,

where I(f) and P(t) are the exciting and probe pulses,
respectively, They can be expressed approximately as
Gaussian pulses,'"i.e.,

I(t) =exp(— tZ/ts) ]
P()=exp(- /1)) ,

where f, and {, are, respectively, the half values of the
pulse widths of the exciting and probe pulses. The rate
equations of Eq. (27) can be given by

ny =11 - 20y ~n) - fltm, , (29a)
he=f(tm, . (29b)

Here we have not included the decays of A* and A™ be-
cause the time range involved in these cases is so short
that their decays are negligible. Eq. (29a) and (29b) can
be solved mumerically for any given f(#). The actual

n ) as monitored by the probe pulse is given by 7.(¢),

R (8) = fo " no(t') expl- (¢ - )2/t (30)

The function n,(#) is then substituted into Eq. (13) o ob-
tain the desired expression and be compared with the
experimental results.

(28a)
(28b)

IV. RESULTS AND DISCUSSION

The hexane solutions of anthracene and diethylaniline
whose concentration is varied from 0. 1M to 6M (pure
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| -

20 nsec
FIG. 5. The fluorescence decay of the charge transfer com-
plex for anthracene (2.5x10™M) disolved in diethylaniline.

DEA) and the acetonitrile solution of 1M and 3M DEA
have been investigated in this experiment. The absorp-
tion spectra of these solutions from 3300 A to 4000 A
are identical to that of anthracene alone in hexane indi-
cating that there is no significant ground state interac-
tion between anthracene and DEA. In acetonitrile solu-
tions where apparently the ion pair mechanism is opera-
tive [Eq. (1)), very little fluorescence from the CT com-
plex can be measured. In contrast strong CT emission
is observed in hexane solutions and as DEA concentra-
tion is increased the CT emission becomes more in-
tense. At very high DEA concentrations anthracene
fluorescence is entirely quenched within our experi-
mental sensitivity. As expected, we also observe the
progressing of a solvent-dependent red shift!® of the CT
emission as DEA concenirates in hexane is increased.
At higher DEA concentrates, the dielectric constant of
the solution is higher and the interaction between sol-
vent and CT complex which is a strong dipolar molecule
increases. Consequently, the emitting level is de-
creased in energy. Whenever the CT emission can be
detected by the fast response (0. 3 nsec) photodiode, the
fluorescence decay is measured directly. A fypical de-

'
-6

GEBIND)
N

CZHS C2H5
;I; 1 L L L. L
-10 0 20 40 60 80 100
Time (psec)

FIG. 6. Charge-transfer complex formation, Fcrp vs time for
A in DEA. The curves are calculated formation function con-
voluted with the pulse widths of the laser pulses. The rate
constant is 9x 10 sec™! for ~---; 11x101" sec™! for — — —;
22x10!" sec™? for . 2 66-10' sec™! for —« —,

;%l ]
0.6 /f’}Y
|

E i
5 I
Sod 1 gocke
|
L \
i P
0.2} j/ CyHs CoHg
LT/{ in Hexane
0 Tl
| i " " L "
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FIG. 7. Analogous result for A and 3M DEA in hexane. The
rate constants are 9x10'° sec™! for solid curve and 11x10!°
sec™! for dashed curve.

cay curve is shown in Fig. 5. For all hexane solutions,
the CT complex decay time is about 45~70 nsec. We
should point out that in preparing our samples, we just
saturated the solutions with nitrogen without deaerating
entirely. The residual oxygen can still quench the CT
complex emission. In any event, the lifetime of the
complex is so long in comparison with the time range of
interest that it does not affect our data analysis.

Some of the experimental results, expressed in Feq(f),
are shown in Figs. (6)-(12). Fgq,(#), derived from Eq.
(13), is given by

Fep(t) =n,(8)/n,(0) =[1/€ n(0)Inlo/1)(L/1)?  (31)

Except for the hexane solution of A~(CH,);—~DMA, which
will be discussed later, Eq. (8) is directly applicable.
The quantity of interest is the rate function f({). For

4

0.8 T/I/* !

1.0 ;]Mﬁ‘rf - %

£ {
|.|.5 ¥t
0.4 :
OOORIE
¥ /N\
02y li CoHy CyHg
- in Hexane
ot ]
-10 © 20 40 60 80 100 120 140
Time {psec)

FIG. 8. Analogous result for A and 1M DEA in hexane, The
solid curve is the formation curve calculated from the diffusion
model including all transient terms with p=8 Aandk

=11 x 10! M !sec™! and the dashed curve is calculated from the
Noyes pair model with same p and k.
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FIG. 9. Analogous result for A and 0.4M DEA in hexane. The
-solid curve is the formation curve calculated from the diffusion
model including all transient terms with p=8 Aandk
=11x10'%1 sec™! and the dashed curve is calculated from the
Noyes pair model with same p and k.

clarity, the subsequent discussion is divided into sever-
al sections. Intercounections among them will be made
freely whenever relevant.

A. Diffusion model, Noyes pair model, and transient
behavior

The time dependence for the electron transfer in the
diffusion model is obtained by substituting Eq. 21 into
Eq. 8. We calculate D' =D, + Dpg, from the known value
of D" =3,7%x10°% cm?/sec!? in acetronitrile and the vis-
cosities of the solutions. We adjust two parameters &
and p to calculate the formation curves and compare
them with the experimental data. We find that the rate
function from Eq. (21) fits the experimental results very
well except those in highest DEA concentrations, i.e.,
3M and 6M DEA. In all experiments in which the DEA
concentration was less than or equal to 1M the same
values for £ and p were obtained, namely 2= (11 +1)
x10'%tsec™ and p=(8+0.5) A. These same values

08| T b

/// .
0.4+ - .

0.2} +0.2M@ 4

Fer(t)

in Hexane  _No
04 CHg CHg |
= 1 1 . 1 i L 1
20 0 20 80 120 160 200 240 280
Time (psec)

FIG. 10, Analogous result for A+0.2M DEA in hexane. The
dashed curve is calculated from the diffusion model including
transient terms with p=8 X and k=11+10s1gec™!,

=
[
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FIG. 11, Ion pair formation for A +3M DEA in acetonitrile.
The curves are calculated formation functions convoluted with
the pulse widths of the laser pulses. The rate constant is 9
x101%ec™! for ; 11x101%ec™ for
> 66x10! sec! for ~—--,

were obtained regardless of whether the solvent was
hexane or acetonitrile (Figs. 8, 9, 10, and 12), The
significance of the data in highest DEA concentration
will be discussed later. The importance of the tran-
sient behavior dueto the instantaneous flux at the early
time becomes immediately evident. To estimate its ef-
fect on the rate of reaction, let us take the typical val-
ues of %, p, and D’ from our results and evaluate the
second term in Eq. (21). For the value of this term to
be 0.1, i.e., 10% of ®, or less, the time scale has to
be 3.7 nsec or longer. For £=1 nsec, corresponding to
approximately the time scale of reaction in 0. 05M DEA,
the effect of the transient terms is about 19%. We see
that for DEA concentrations higher than this value, ne-
glect of this term can lead to serious error. Further-
more, for the systems in these studies the inclusion of
just the first term in the expansion of exp(x®)erfc(x), as
done by Noyes!! and Ware et al., '’ is definitely inade-
quate. Again, it can be readily shown that the effect of
the second term in the expansion can be reduced to 10%
only after 30 psec and 1% after 300 psec. All these ef-
fects clearly demonstrate the highly time dependent na-
ture of the reaction process and the importance of the
early time behavior. We should point out that physical-
ly, this is the consequence of the large reacting radius
p and the high electron-transfer rate constant # at this
distance. If the reacting radius and/or the elementary
rate constant is smaller, the effects of transient behav-
ior would be reduced accordingly. As judged from Eq.
(21), the concentration of DEA does not seem to affect
the relative importance of the transient terms. This
actually could be quite misleading. As the concentration
of DEA is increased the time range of interaction be-
comes shorter and consequently the transient effect be-
comes more important, consistent with our experimental
findings.

To compare the diffusion and the reacting pair models,
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FIG. 12. Analogous result for A+1M DEA in acetonitrile. The
curve is calculated from the diffusion model including all tran-~
sienttermswith p=8 A and k =13x 10 M tgec™,

we use the expressions developed by Noyes assuming
random flight motion. The parameters a and g8 in Eq.
(26) can then be expressed in terms of D', p, and k.

The calculated reaction curves from Egs. (25) and (21)
are also shown in Figs. (8) and (9). The two curves
converge, as expected, at £=0 and very long time re-
gions. However, at early time regions, i.e., {510
psec, the two models can deviate from each other by as
much as 10~15% and for a given set of D', p, and &, the
Noyes pair model always has faster rate of reaction.
The discrepancy arises from the fact that only approxi-
mate expression is given to the function z{(#) and that
Noyes equations for a and g8 in terms of D', p, and % are
correct only for long time regions where the adoption of
the first terms in the expansion of transient terms in
Eq.. (21) and (25) is valid. For detailed comparison, one
would have to obtain expressions for ¢ and B valid for all
time ranges. The effort is not warranted, however, if
random flight assumption is still to be used for evaluat-
ing the probability of encounter, k(¢). Indeed, with the
known expressions for the two models, we find basically
the same values of p and & from our experimental data.
Unless the function k(f) can be expressed to reflect the
nonrandom nature of the system, e.g., solvent—solute
interaction, position and direction dependent displace-
ment, preferred orientation of the molecule, etc., the
comparison of these two models would not be really
fruitful. It is mainly for studying this nonrandom nature
of the interactions in liquids, that Noyes developed this
reacting pair model and yet because of the complexity of
the problem, accurate expression for k(f) still remains
to be worked out. In this effort, we have also investi-
gated the cage effect in photodissociation and recombina-
tion? in order to have a better understanding of funda-
mental interactions and dynamic processes in liguids.

B. Reorientation motion

To obtain the rate of rotational relaxation in these in-
teracting systems, we use n.(¢) obtained from the pre-
vious section and the following equation,

Y(¢)=(InR)/n(¢) . (32)

The result for anthracene and pure DEA is shown in Fig.
(13). We find that Y(¢) is positive for all ¢£. This indi-

cates that the transition moment of A"~ A™* transition in
the excited state complex at 6943 Ais perpendicular to
the transition moment of A~ A* transition at 3472 A.
Since the transition moment of the excited singlet of an-
thracene (A,,~ B,,) is along the molecular short axis,
the A"~ A™ transition must be along the molecular long
axis. We, therefore, find that the transition moment in
the excited state complex at 6943 A is in agreement with
prior measurements of the free anthracene radical anion
transition at this energy.? We find that Y(¢) agrees
reasonably well with an exponential function. This
strongly indicates from Eq. (19) and (20) that the rota-
tional diffusion constant of the CT complex is not dras-
tically different from that of anthracene. This is not
very surprising since the CT complex is basically in a
sandwich structure, therefore, the formation of the
complex does not alter the diameter of the molecule to a
great extent. The orientational relaxation time thus ob-
tained, i.e., 1/6D,~1/6D, is 60 psec. We compare this
value with that calculated from the Debye—~Stokes—Ein-
stein hydrodynamic model, 2 i.e.,

T=nV/KT , (33)

where 7 is the viscosity and V is the hydrodynamic vol-
ume of the molecule. The orientational relaxation time
T so obtained for anthracene in DEA is about 50 psec and
that for the CT complex must be higher. Considering
the scattering of experimental data, partly due to the
nature of the function Y{#) itself, the agreement between
the calculated and experimental values is rather good.
We have also compared this value with the rotational re-~
laxation time of A-(CH,);~DMA in DEA.® The latter has
a relaxation time of 80 psec. Since there is no appreci-
able ground state interaction between A and DEA groups,
the molecule is most probably in a stretched conforma-
tion. In neat DEA, this molecule forms excited inter-
rather than intramolecular CT complex with DEA and
thus the methylene and DMA groups apparently have ef-
fect on the rotational motion of the molecule.

Besides the anthracene in pure DEA solution, we also
observe rotational anisotropy in other solutions. How-
ever, as the concentration of DEA is decreased, the ob-
served anisotropy quickly becomes less pronounced,
i.e., InR =0 for all time. This is really understandable
because the rate of CT formation becomes slower and
the rate of molecular rotation becomes much faster as
DEA is diluted by hexane or acetonitrile. For example,
for 1M DEA in hexane the viscosity of the solution is
only 19.5% of that of pure DEA. The rotational relaxa-
tion time would be reduced by more than a factor of 5.
Meanwhile, the formation of CT complex is spread over
a longer time range. Both factors make the detection of
rotational anisotropy more difficult. In view of the im-
portance of geometrical requirements for electron-
transfer interactions, the measurement of these orienta-
tional relaxation times is really helpful in understanding
the dynamic process of the systems.

C. Dynamics of charge-transfer complex and ion pair
formation

At a concentration of 1M DEA, the rates of formation
of CT complex in hexane and ion pair in acetonitrile are
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FIG. 13. Plot of Log Y{f) vs time for A in DEA.

the same. Both solutions follow the transient behavior
of diffusion with similar rate constant and critical inter-
molecular distance for reaction, (Figs. 8 and 12), In
the highest DEA concentration region, we find that the
reaction rates no longer scale with equilibrium DEA
concentration, as suggested by the translational diffusion
model, Eq. (21). As shown in Figs. 6, 7, and 11, the
growth curves of either the ion pair or the CT complex
are very similar for pure DEA and 3M DEA in aceni-
trile and in hexane. Upon convolution with exciting and
probe light pulse widths, i.e., Eq. (30), all shows an
exponential formation curve with a rate constant k¢
=(10+1)%10'° sec™’. The same values obtained for the
reaction rate constant k¢, at 3 DEA and in the neat
DEA (6M) suggests several possibilities. One is a pref-
erential or nonrandom alignment of the DEA molecules
about A¥ in the 3M solution, thus leading to the same
environment of DEA molecules suitable for electron
transfer in both the 3M and 6M cases. Second, that the
lower viscosity in the 3M solution leads to a more rapid
orientation of A* and DEA into an alignment favorable
for electron transfer which roughly compensates for the
decreased probability of finding a DEA in the proper con-
figuration in the lower concentration case (3M) relative
to the neat liquid. The third possibility is that the var-
iations in the pulse widths and the scatter in the data do
not permit the reliable determination necessary to sep-
arate the early portion of the rise times for the 3M and
6M cases.

To determine the possible role of orientational effects
on electron transfer, we have also studied the rate of
CT complex formation of the model molecule A~(CH,)s—
DMA. % Here, the A and DMA groups are separated by
less than 4 A due to the methylene bonds, well within the
8 A found for very rapid (10! sec) electron transfer.
Yet in hexane solutions, intramolecular electron-trans-
fer takes almost a nsec to occur. In this example, we
have clearly demonstrated the importance of molecular
orientation of the acceptor and donor for interaction in
low dielectric solvents. In a separate experiment, we
freeze both A and A-(CH,);~DMA in pure DEA at liquid
nitrogen temperature. In neither case, could we ob-
serve the CT complex emission; only the fluorescence
due to the excited anthracene was observed. These ex-
perimental results suggest a clear picture of reaction
dynamics. In these solutions the acceptor (A) is sur-

‘the donor molecules are rotating, not just A.

rounded by many donors (D). Upon excitation, A and
the surrounding D molecules have to reorient slightly for
electron transfer to occur. Judging from the reorienta-
tional relaxation time of the molecule discussed in a
previous section, we know that extensive molecular re-
orientation is not necessary otherwise the process

of reaction would be much slower. This conclusion is
supported by additional data we have for the A—(CH,);~
DMA in DEA systems. The reaction rate of this latter
system is about 35% slower than that of A and pure DEA
system. Meanwhile, rotational relaxation time of A-
(CH,);~DMA is about 33% longer than that of free A. Of
course, in the reaction process both the acceptor and
Itis
therefore clear that the rate of molecular rotation af-
fects the rate of electron-transfer.

V. CONCLUSION

We have employed the technique of picosecond laser
photolysis to study the inter- and intramolecular charge-
transfer interaction in excited anthracene and N, N'-di-
ethylaniline systems. We have used a formulation of re-
action kinetics coupled with molecular reorientation, so
as to analyze the role of both the translational and rota-
tional motions in electron transfer processes. Experi-
mental results show that in lower concentration regions
of diethylaniline, reaction kinetics follow the diffusion
process with a transient behavior which is induced by the
instantaneous flux of particles in early time regions.
The values of critical intermolecular distance and pri-
mary rate constant for electron transfer are consistent
for all solutions studied. Comparison between Noyes
reacting pair model and diffusion model is made and
discussed. Analysis of orientational relaxation times
and the rate of ion pair or charge-transfer complex for-
mation in the high DEA concentration region clearly re-
veals the dynamic nature of the interacting process. It
is shown that relative molecular reorientation is an im-
portant and necessary process for electron-transfer in
the formation of the excited state charge-transfer com-
plex.

We wish to thank Mr. R. M. Bolding for his assistance
in these experiments.
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