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Picosecond laser induced fluorescence measurements provide for the first umc the direct measurement of the intramo-
Iecular and intermolecular energy decay dynamics of singlet diphenylcarbene ( DPC) in the presence of reactive molecules.
As exemplified by the reaction of ! DPC with alcohols it is found that reactive molecules provide * DPC with not onlv a
chemical decay channel but also an intramolecular decay channel which is due to a solvent polarity effect. These chemical
and physical effects can act in opposite directions lcading to novel results such as a significant increase in the singlet state

lifetime upon addition of reacting molecules. The absoluie reaction rate constants of ' DPC with alcohols, in different sol-

vents, obtained by direct measurements are also reported.

1. Introduction

Unravelling the dynamics of carbenes has been a
key to the elucidation of the chemical and physical
properties of these important chemical intermediates
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that its intramolecular dynamics, dominated mainly
by intersystem crossing between the singlet and trip-
let states, can have a profound effect on its spin state
dependent chemical reactions that comprise the inter-
molecular decay channels for the carbene [5-19].
This is especially true for cases when thermal equi-
ilibrium beiween the singiet and iripiet can be achieved
during the carbene lifetime. Certain arylcarbenes fit

into this catecorv. For examnle. dinhenvilcarbenes
mue 11§ caregery. o or examp!ic, dipnenylcarbenes

(DPC) has been shown to undergo rapid thermal equi-
libration {17—21] between its ground triplet and its
lowest singlet, which lies approximately 2.5—4 kcal/
mole above the triplet [20,21]
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Recently, the nltrafast singlet to trinlet intersys-
afas glet to triplet inte

temn crossing rate (kg1) of DPC was found to be
strongly dependent on the polarity of the solvent
[22,23]. The phenomenon of the solvent polarity ef-
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fect on the intersystem crossing rate was shown to be
related to corresponding changes in the energy
splitting of the singlet and triplet states. It was found
that both kg and the energy gap decrease with in-
creasing polarity of the medium [20—23]. For ex-_
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creases from 95 ps in non-polar alkane solvents to
310 ps in the polar solvent acetonitrile. Furthermore
it was found that the singlet—triplet energy splitting
changes from 1400 to 950 cm—! in going from iso-
octane to acetonitrile. The polarity effect on AEg+
was accounied for by a preferential stabilization of
the polar singiet state relative to the non-polar triplet
state of the carbene by polar solvents. The observed

solvent effects demonstrated an imnortant nhvcical
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property of the carbene system which is the ““in

verse” gap effect, i.e. kgt increases as AE gy Increases,
which contrasts with the usual behavior observed in
large molecules. The “inverse™ gap effect on inter-
system crossing can be explained by an off-resonance
intersystem crossing from the singlet to a sparse vi-

UIUIllC allCl Hld]lll U.lu Cﬂdl’aClGIlMlC of a small en-
ergy gap. These results, besides providing insight into

the mechanism of carbene intersystem crossing, show
that an environmental effect can sharply perturb in-
tramolecular dynamics (e.g. rate of singlet—triplet

equilibration) of the carbene. Because the chemistry
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of the carbene depends on the nature of spin equi-
libration, an important ramification of the polarity
effect will therefore be its effect on the spin state de-
pendent reactions of the carbene.

A particularly important carbene reaction is the
quenching of the singlet state of DPC with alcohols
to form ethers [24—26]. Although it is a classic car-
bene reaction, no direct kinetic information is known
about it. In this paper we wish to report on the pico-
second measurements of the alcohol reaction with
the singlet state of DPC. The results are explained in
terms of alcohols exerting a two-fold effect on the
dynamics of the singlet carbene. It is argued that the
reactant molecules not only provide a chemical chan-
nel for reducing the lifetime of 1 DPC but also can
affect the lifetime of !DPC by a physical channel,
namely the change in kg due to the polarity of the
reactant molecules. These chemical and physical ef-
fects can act in opposite directions leading to novel
results such as the increase in the lifetime of the
IDPC state on addition of reacting molecules.

2. Experimental

The picosecond experiments consisted of the irra-
diation of a vacuum degassed solution of diphenyl-
diazomethane (8 X 10—4 M), at 293 K, with a pico-
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second laser pulse at 266 nm using a passively mode-
locked Nd : YAG laser (fwhm 2030 ps, <0.02 mJ).
The formation rate of 3DPC was monitored by its
laser-induced fluorescence using a weak probe pulse
at 266 nm at variable time delays [27]. Preparation
and purification of diphenyldiazomethane, the car-
bene precursor, has been described before [20,28].
Acetonitrile was spectrograde OmniSolv, obtained
from MCB, and was used as received. 3-pentanol was
distilled over Ca0O, under nitrogen before use. Metha-
nol, Fisher Reagent, was used as received. Anhydrous
diethylether was distilled over LiAlH,, under nitro-
gen, before use. The value of £1(30) for solvent mix-
tures containing alcohol was measured using pyridinium
N-phenoxide betaine dye, which was obtained as a

gift from Chr. Reichardt and K. Dimroth.

3. Results and discussion

Photoexcitation of diphenyldiazomethane in the
ultraviolet yields singlet diphenylcarbene (1 DPC)
upon loss of nitrogen from the excited singlet state
of the diazo compound. Once formed, !DPC can
either react with alcohol to form ether or can decay
via intersystem crossing into the ground triplet mani-
fold (scheme I). The rate of triplet formation (3ky) in
this case should then be equal to the sum of the rate
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Scheme 1. Alcohol quenching of singlet diphenylcarbene.
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of singlet—triplet conversion (kg) and the pseudo-
first-order rate of singlet quenching (1 [ROH]),

/7y ppc =3k¢=kgy +k;[ROH] .

)

The value of 3kf was measured by means of the laser
induced fluorescence experiment, and can be used to
evaluate the effects of alcohol on the singlet state

dynamics.

The results given by table 1 show that 3k; depends

on the choice of alcohol and solvent. Using methanol
as the quencher, it is found that 3k, exhibits a de-
pendence on alcohol concentration which deviates
from the linear dependence expected from eq. (2).
Fig. 1 shows that with increasing concentration of
methanol the value of 3X; initially decreases and
then, after reaching a minimum, increases linearly.
An even more dramatic effect is produced when di-
ethylether is used as solvent, where a sharp minimum

in 3kf is clearly seen as the concentration of methanol

is increased.

These observations can be explained by recogniz-
ing the effect of solvent polarity on the singlet to
triplet spin conversion rate. It was previously shown
that the intersystem crossing rate is strongly depen-

Table 1

Formation rate of 3DPC in the presence of alcohols at 20°C

Alcohol concentration (M) 1079 3k¢(s™!)  Solvent
methanol diethylether
0.000 7.69 = 0.65

0.009 6.90 + 0.41

0.025 667 +0.52

0.050 7.14 + 0.65

0.075 8.33 = 0.67

0.10 9.09 + 0.89

0.15 9.52 +0.88

methanol acetonitrile
0.000 3.23 £ 0.19

0.015 3.13£0.29

0.045 3.13+0.29

0.10 3.23 £ 0.16

0.20 3.77 £0.35

0.30 3.92 £ 0.36

3-pentanol acetonitrile
0.176 3.64 + 0.25

0.40 4.17 + 0.21

0.78 5.00 % 0.29

1.48 6.25 £ 0.59
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Fig. 1. 3kf as a function of methanol concentration, using
diethylether (A) and acetonitrile (B) as solvent. The solid
curves are calculated fits.

dent on solvent polarity and can be expressed as an
exponentially decreasing function of the solvent po-
larity parameter, E1(30) [22,23]. A consequence of
this dependence for bimolecular reactions of the car-
bene will be that a significant change in the carbene
spin equilibration rate may result by the addition of
reactant molecules. In other words kg may no
longer remain a constant, but may change as the con-
centration of the quencher changes. In this case the
quencher will change the lifetime of the carbene not
only by the chemical decay channel (i.e. bimolecular
reaction) but also by the physical channel (i.e. inter-
system crossing). Hence if solvent polarity is a rapid-
ly varying function of alcohol concentration kg
must then become a function of alcohol concentra-
tion as well. Since methanol is much more polar than
acetonitrile and diethylether [29], it is expected that
kg will decrease upon addition of methanol to the
solvent, due to the increase in polarity of the mixture.
At a low methanol concentration the rate of chemical
quenching is small compared to kg and in this do-
main polarity effects will dominate the singlet state
dynamics resulting in an increase in the singlet state
lifetime. At high methanol concentration, the chem-
ical decay channal dominates the singlet state dynam-
ics, dwarfing the effects of alcohol on kg, and 3kf
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increases with quencher concentration in a linear
fashion.

In order to evaluate X from the methanol quench-
ing experiments, therefore, the explicit dependence
of kg on the polarity of the solvent mixture must be
taken into account. This dependence is expressed by

kgt = A exp[-BE(30)] , 3

where £(30) is the measured value of the solvent
mixture containing alcohol and the coefficients deter-
mined experimentally are given by 4 =1.194 X 1011
s—land B=7.985 X 10~2 mole/kcal. Substituting
eq. (3) for kg into eq. (2) yields the relation

3k;= A exp[—BE(30)] + k;[ROH] ')

which is fitted to the data using &; as the adjustable
parameter [30]*. As shown by the solid curves in

fig. 1, good agreement is found between the observed
and the expected behavior using k; = (5.0 £ 08) X
109 M—1! s—! for methanol in acetonitrile and ki{=
(321)X 1010 M—1 5! for methanol in diethyl-
ether. The diffusion controlled bimolecular rate con-
stant in acetonitrile is &2 X 1010 M—1 s—1[31] and in
dizthylether it is =3 X 1019 M—1 s—1 [31]. Hence
in acetonitrile, the reaction of 1 DPC with methanol
is less than diffusion controlled, whereas the reaction
in diethylether appears to be diffusion controlied.
The origin of the difference in the rate of reaction in
acetonitrile versus that in diethylether we believe is
due to the stabilization of an intermediate reaction
complex {25,26,32] formed between the alcohol and
IDPC, to be discussed in a future paper [33].

It is pointed out that if one were to use an alcohol
and a solvent which have the same polarities, then no
change in kg is expected on adding alcohol; for this
case a simple linear dependence of 3k; is expected.
Verification of this idea is obtained (fig. 2) by choos-
ing 3-pentanol (E1(30) = 45.7 kcal/mole) as the re-
actant molecule and acetonitrile (E(30) =460
kcal/mole) as the solvent. It is found that ka isa
linearly increasing function of the 3-pentanol concen-
tration. The slope of the fitted line yields the rate
constant of Ky = (2.04 = 0.08) X 109M—1s—1_ The
intercept, which according to eq. (2) must equal
kg, is found to be equal to (3.29 £ 0.04) X 109s-1,

* The non-linear least-squares subroutine STEPIT written by
Chandler [30] was used in the data analysis.
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Fig. 2. 3kf as a function of 3-pentanol concentration, using
acetonitrile as solvent.

the same as the experimentally determined value of
kg in the neat solvent,(3.23+0.19) X 109 s~ 1.
After correcting for the polarity effects due to the
addition of the alcohol quencher one can obtain the
intrinsic reactivity of 1DPC with different alcohols
in a given solvent. In this way it is found that meth-
anol is 2.5 times more reactive than 3-pentanol with
1DPC, in acetonitrile. This result is consistent with
the model which relates reactivity with the O—H
bond lability of the alcohol [20,34,35].

Comparison of the reaction rate constants obtain-
ed from direct measurements to that obtained from
steady state results is informative. As shown in table
2, there is reasonably good agreement. These facts
lend further support to the kinetic model used in the
steady-state analysis which assumes that singlet—

Table 2
Comparison of rate constants for reaction of singlet diphenyl-
carbene with alcohol from direct and steady state studies

Alcohol Solvent 1079k, (M 1571y

direct a) steady state b)
methanol dicthylether 30 =10
methanol acetonitrile 5.0+ 0.8 3.6

3-pentanol acetonitrile 2.04:0.08 3.29

a) This work.
Evaluated from steady-state quenching experiments, see
ref. [20].

©) Rate constant obtained for isopropanol, which is assumed
equal to the value of 3-pentanol.
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triplet equilibration is fast and that alcohol (e.g.
methanol) is singlet state selective. It is emphasized,
however, that the picosecond measurements under-
score the need to recognize the dual role played by
alcohols on carbene dynamics. Hence, an allowance
should be made for changes in the spin equilibration
rates and the energy gap due to corresponding
changes in the solvent polarity which influences the
results of competitive quenching experiments that
are often used to obtain these values. As the compet-
itive quenching study is usually designed, one em-
ploys two state selective quenchers (e.g. alcohol is
the singlet quencher and isoprene is the triplet
quencher) where the concentration of one quencher
is fixed while the other is varied [19,20}. When alco-
hol is chosen as the quencher in which its concentra-
tion is varied, then the complication of change in
polarity will occur. Since increased polarity de-
creases the singlet—triplet energy gap, the require-
ment of a large range of alcohol concentration will
ultimately mean that a lower value for K4 and
AEgy will be determined. One way to minimize these
difficulties is to employ an alcohol that approximates
the polarity of the solvent, e.g. 3-pentanol with ace-
tonitrile, or design the experiment such that the alco-
hol concentration is fixed and the polarity of the
secondary quencher (which is usually not polar) is
the one whose concentration is varied.

4. Conclusions

It is found that carbene scavengers have a chemical
as well as a physical effect on the dynamics of the
carbene. As exemplified by the reaction of 1DPC
with alcohols, these two distinct effects can act in
opposite directions leading to anomalous reaction
kinetics. If the addition of the reactant molecules
causes a large change in the polarity of the bulk
medium, then a significant deviation from normal
kinetics as dictated by scheme I will result. This is
the apparent situation encountered for the methanol
reaction with !DPC in either acetonitrile or diethyl-
ether solvents. In diethylether, for example, the life-
time of the singlet state can be increased by 16% over
that found in the absence of quencher in spite of the
fact that it is still being consumed by the alcohol.
Secondly, the direct measurement of the bimolecular
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reaction rate constants of 1DPC with alcohols has
been made for the first time. The values obtained
from steady-state results, where it is assumed that
there is spin equilibration, and that ether formation
is a singlet state selective reaction, is in agreement
with our direct measurement of the singlet carbene
reacting with alcohol. We thus conclude that the
steady-state assumptions based on the model of spin
equilibration and singlet state selectivity are comect.
The picosecond measurements do prove, however,
that quenchers can inhibit the rate of singlet to
triplet spin conversion by the solvent polarity effect
mechanism, which points out the need to recognize
the nature of the quencher not only in terms of its
effect on the chemical channels potentially available
but also its effect on the physical channels of relaxa-
tion for the carbene.
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