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Abstract

The inverted regime photoinduced electron transfer kinetics of betaine—30 have been
investigated over a broad tewmaperature range, revealing very little temperature dependence.
For example, for betaine—30 in a polystyrene film, the electron transfer rate constant, k..,
changes by less than a factor of 3 from T=293K to T=34K. The results are in striking
contrast to predictions of contemporary electron transfer theories which employ classical
nuclear modes to accept some or all of the energy of the electron transfer event. The
comparison of theory and experiment fcr the betaines demonstrates that a full quantum
mechanical théory is necessary to accurately describe the electron transfer kinetics of the

betaines in environments with slow dielectric relaxation . The conclusions drawn for the

betaines may also apply to other molecular examples of inverted regime electron transfer in

slowly relaxing environments.




Contemporary electron transfer theory has had enormous success in accurately and
quantitatively modeling a broad range of organic, inorganic, and biological electron transfer
(ET) examples.! The foundation of ET theory involves a description of the ET event in
terms of a localized electronic state of the electron donor \PD and the localized state of the
electron acceptor ¥ ,. The ET process is controlled by fluctuations of the nuclear
coordinates of the solvent and solute. The various ET models differ in the way they treat
the solvent and solute nuclear degrees of freedom, classically, quantum mechanically, or
some combination thereof. Conventional models treat the solvent modes (the so—alled
solvent coordinate) classically, some assuming instantaneous equilibration of the solvent
coordinate and others allowing for diffusive solvent coordinate motion.? For the
vibrational modes of the reactants both quantum®°® and classical theories* have been
formulated.”? However, the quantum models that emphasize the high frequency
vibrational modes still employ classical fluctuations of a solvent and/or vibrational
coordinate! to accomplish the actual ET event.$

This paper is concerned with an experimental evaluation of the limitations of the
classical aspects of ET theory. We investigate the temperature dependence of the ET rate
constant k. for the photoinduced ET of betaine—30 as portrayed in Fig..l. This
reaction’® occurs in the Marcus inverted regime.! For theories which treat all modes
classically, the reaction occurs near the crossing of the two electronic states, i.e. point g in
Fig. 1. Mixed quantum/classical models>?® allow for multiple reaction regions, & points in
Fig. 1., at each of the vibronic crossings 0-n, where n refers to the high frequency
quantized vibrational levels of the product. The mixed quantal/classical models predict
much lower activation energies and faster rates than the purely classical models for

inverted regime ET. Recent experiments support the need for a quantum description of

the vibrational modes of the reactant.!%!




The betaine class of compounds offers certain advantages for the study of quantum
effects on ET kinetics. For instance, the betaines have extraordinarily large electronic.
coupling, V el which increases the magnitude of quantum effects on k}:’r' Also, the various
parameters necessary to apply ET theory, including the characteristic vibrational frequency

v, the vibrational (A _b) and solvent (A | ) reorganization energies, and V_,, can be
vl Solv

e
directly evaluated by analyzing the charge transfer absorption band in Fig.1.”® Finally,
from an experimental perspective, the ET kinetics of betaine can be conveniently studied
using ultrafast pump—probe spectroscopy.

Fig.2 portrays the transient pump—probe signal for betaine—30 in various
environments. The pump pulse in each experiment induces a negative optical density
change (upward direction in Fig.2) which recovers as the ET process occurs. Some of the
transients also show evidence for relaxation of hot ground state molecules and a small
component of photodecomposition which will be discussed in detail elsewhere.?

Two different spectrometers were used to record the transients in Fig.2. Both
spectrometers employ an amplified 75—150fs near infrared dye laser.’* One system uses a
8.2kHz copper vapor laser to pump the dye amplifier, while the other spectrometer uses a
500Hz Nd:YAG regenerative amplifier for the amplifier pump laser. Further experimental
details are given in the figure captions and elsewhere.!?

The contribution of the ET kinetics to the transients in Fig.2 is well modeled by a
single exponential decay. The time constants from best—fits of the decay function to the

data are interpreted as the inverse of the ET rate, kET. k T values for various solvents at a

E
variety of temperatures are listed in Table 1. Table 2 lists kET as a function of
temperature in polystyrene films. An Arrhenius plot for kET in the polar aprotic solvent
triacetin is portrayed in Fig.3.

. Some general conclusions can be drawn from these data and related experiments in




~other solvents.” In polar solvents with <rs> larger than ~ 5ps ki:'r is faster than <-rS> -,
<rs>, the average solvation time, has been measured for many of these environments by
the transient Stoke’s shift method? and can be estimated in other cases from dielectric
dispersion data!? on the neat liquid using a continuum model.? For triacetin, <TS>'1 is
listed as a function of temperature in Table 3. ki orders of magnitude less sensitive to
temperature than other examples of ultrafast intramolecular charge separation, such as the
excited state ET of bianthryl.!*2 In fact, for betaine—30 in the non—polar polymer
polystyrene, k.. shows very little change from ambient temperature to 77°K (see Fig.4.)
In a polystyrene film prepared by evaporation of a benzonitrile solution, the temperature
dependence has been studied over an even larger temperature range and shows very little
temperature dependence (see Fig.4) This latter film apparently includes a small amount of
residual solvent, evidenced by an absorption maximum which is slightly offset toward the
_frequency of the absorption maximum of betaine in benzonitrile alone. The difference
between the kinetics between films may reflect residual solvent.

Sumi and Marcus* recently formulated an ET theory that includes the effects of
classical vibrational modes and classical solvent coordinate diffusion on kET. With the
exception of <7'S>, all the required parameters for the Sumi/Marcus theory can be
estimated from the spectral bandshape analysis of betaine—26 by Kjaer and Ulstrup.®
(Betaine—26 and betaine—30 are similar molecules and should exhibit a similar dependence
of the key parameters on the absorption maximum.) The procedure for extracting the
various parameters will be given elsewhere, "1

The Sumi/Marcus predictions are over 6 orders of magnitude slower than the
observed rates (Fig.3) and exhibit a different temperature dependence than experiment.
The small kET predicted by Sumi/Marcus theory is due to the classical requirement that

the ET reaction occur at point ain Fig.1. The complex temperature dependence of kET




- versus T seen in Fig. 3. for the Sumi—Marcus theory reflects two effects: the temperature

dependence of <Ts> and the temperature dependence of v max’ which causes a temperature

dependence of AGO, A " and A
vl

solv’
In contrast, the theory of Jortner and Bixon involves a sum of specific ET rates over

individual vibronic channels

on  _ 10 (n) '
kET,JB - kNX (1+;{An ) (1)

where k:;‘ is the nonadiabatic rate constant for the vibronic channel starting in vibrational
level v=0 of DA and ending in v’=n of DVA”, see Fig. 1. J{;“’ is the adiabaticity

parameter for each channel. J{i“’ and k:: are given by eqns 2 and 3 , respectively

) el5_ [ <0fn>|" (2)
solv,JB
2 - (AG+A )2
kr?,:,: 27rV81 *|<0[n>|2exp[ n solv,JB -E (3)
4
RCAmA kT o s KT

Here <0|n> is the Franck—Condon factor for the effective vibrational quantum mechanical
mode included in the model and AGP is the modified driving force for each vibronic
n
channel, i.e.
0 _ AnO
AGn = AG” + nhVQM (4)
The Jortner/Bixon model predicts a very different temperature dependence and a much

faster rate than the Sumi/Marcus theory because the Jortner/Bixon approach allows for

electron transfers in the b regions of Fig.1.




The predictions of the Jortner/Bixon model are also in strong disagreement with
experiment in slowly relaxing solvents like triacetin'?2. The discrepancy can be traced to
the classical treatment of the solvent coordinate. According to this approach, as <7>
increases the adiabicity parameter, J{i“’ , exceeds unity by orders of magnitude for the
most favorable vibronic ET channels. For the sake of simplicity consider the 0-5 channel
in Fig.1, which is nearly "barrierless", i.e. zero activation energy. If Jli‘” is much greater
than unity for this channel, then the channel will contribute ~ <rs>‘1 to the rate. Usually
only one or perhaps two channels will contribute significantly because the activation energy
of the other channels are much greater than zero. Consequently, if <7 > is very large and
there exists a vibronic channel with nearly zero activation energy, the Jortner/Bixon
theory predicts that kET will be roughly equal to <7's>‘1 at the various temperatures.

The enormous discrepancy between the classical predictions of the Sumi/Marcus
theory and the experimental observations dramatically demonstrate the importance of the
high frequency vibrational modes in ET mechanisms. Other experimental observations
supporting this conclusion have recently been reported.!®!! Apparently, high lying
channels, such as 0-5 in Fig.1, dominate the ET kinetics of betaine—30.

The Jortner/Bixon model predicts that kE'r for betaine—30 is on the order of
<7's>"; the rate is limited by the rate of fluctuations of solvent polarization. For quickly
relaxing solvents, such as acetone, the experimentally measured kET is approximately equal
to <7'$>‘l in qualitative agreement with the Jortner/Bixon prediction.” However, in more
slowly relaxing solvents ke >> <rs>". This is strong evidence that the so—called solvent
coordinate is not the predominant accepting mode for the ET event in slowly relaxing
environments. Rather the results suggest that that the solvent coordinate is frozen on the
time scale of the ET event. The situation is complicated because all solvents, including

iriacetin, exhibit a distribution of relaxation times due to different solvation modes and




inertial effects.? However, the time scales and amplitudes of the various solvation
components should be significantly temperature dependent, especially in the region of the
glass transition (T~ 268K) for triacetin. The absence of a strong temperature dependence
for kET near the glass transition strongly rules out solvent fluctuations as the key element
of the ET mechanism. The similarity of the rates in various nonpolar and polar, slowly
relaxing solvents including nonviscous toluene, is evidence for a common ET mechanism.
In these cases, the most likely mechanism involves molecular modes of betaine—30, itself.
We envision the ET process to be in analogy with the fully quantum mechanical models for
internal conversion of rigid, electronically excited molecules.’® In addition to the high
frequency mode that we have already included, there must be one or more low frequency,
molecular modes which act as accepting modes for the energy during the ET event. The
extremely mild temperature dependence for kET in polystyrene films indicate that a
quantum mechanical description of the ET /internal conversion process is required to
realistically model betaine—30. Work is in progress to identify the strongly coupled
molecular modes for the ET process of betaine—30.

This rezczrch has becn supported by the Office of Naval Research. E.A. and N.E.L
gratefully acknowledge postdoctoral fellowships from NFR (Swedish Natural Science
Research Council) and the National Science Foundation, respectively. Helpful discussions
with Profs. J.Jortner, S.Mukamel, and J.T.Hynes are gratefully ackucwledged. This paper
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Table 1. The Temperature Dependence of kma of Betaine—30 in Various Solvents

Solvent T(K) kET(IO—msec Solvent T(K) kET(IO_lzsec_l)
triacetin toluene
347 047 £ 0.06 331 0.55 £ 0.02
333 043 =x0.03 295 0.34 £ 0.02
328 041 =0.02 293 0.31 £ 0.02
323 040 £ 0.02 282 0.32 £ 0.04
318 0.39 = 0.02 269 0.29 £ 0.02
314  0.34 £ 0.02 249 0.20 £ 0.01
313  0.39 £ 0.04 223 0.15 £ 0.01
308 0.36 £ 0.01
303  0.35 £ 0.04
295  0.29 £ 0.02 benzene
293 0.29 £ 0.01 331 0.50 + 0.05
271 0.22 £0.03 293 0.37 £ 0.03
263 0.22 £ 0.02 286 0.42 £ 0.08
259 0.26 £ 0.01 271 0.33 £ 0.07
228 0.18 £ 0.02

3 The transient absorption data are fit to a functional form which is a sum of exponentials
with (1) an extremely fast first component which for the purposes of this paper we treat as
a coherent artifact and (2) a second component whose characteristic time we treat as the

inverse of kET' In some polar solvents there is a third component with increased

absorption (+AOD) which may reflect hot ground state molecules and is discussed in

reference 12.




Table 2. Electron Transfer Kinetics of Betaine—30 in Polystyrene.

Cast from benzonitrile

Cast from methylene chloride

_ -1
Ea-—27cm .

solution® solution
12 ~1 12 —1
T(K) kpp(107"sec ) T(K) kpp(107“sec 7)
291 0.066 + 0.003 293 0.11 £ 0.012
63 0.043 + 0.004 144 0.091 + 0.02
34 0.031 £ 0.004 76 0.077 £ 0.01
a An Arrhenius analysis yields the prefactor, loglo(A)=10.86, and activation energy,
~20cm™1
Ea—20cm .
b

An Arrhenius analysis yields the prefactor, Ioglo(A)=11.09, and activation energy,




Table 3. Solvation Rates? and Theoretically Calcula.tedb kgt for Betaine—30 in Triacetin
at Various Temperatures.

<r> kpT 5M kT 1B

(10125ec_1) (lolzsec—l) (1012sec—1)
318 0.1—0.07 3x107H — 951071 3.0x102 — 2.1x10™2
313 0.06 — 0.05 5x107 1 — gx107 M 3.0x10™2 — 2.5x102
308 0.04 - 0.03 2x10710 1510710 2.4x102 — 1.8x1072
303 0.03 — 0.02 4x10710 — 2510710 2.8x102 — 1.7x10™2
293 0.02 — 0.01 7x10~2 — 251070 1.6x1072 — 4.0x1073
283 1072 - 1073 1x10~7 — 11078 8.9x1073 — 1.2x1073
228° 2x1077 = 1077 5x1078 —2x10713 3.3x1077 — 1.1x10~7

a Average solvation times, <7.>, were estimated various ways. The limits of the reported

ranges each correspond to single exponential solvent relaxation times. The values at 228K
are values of p the longitudinal relaxation time, estimated from the dielectric data found

in refs. 14a (lower limit) and 14b (upper limit). The range of values at 283K derive from
refs. 14c (lower limit), as estimated by time dependent Stokes shift measurements, and 14d
(upper limit) as estimated by 7; The range at 293K derive from ref. 14e (lower limit)

measured by single—wavelength method, time dependent — Stokes shift measurements and
ref. 14f upper limit (time dependent Stokes shift method.) The solvation time ranges at
higher temperatures are estimates which result from extrapolation of the solvation rates at
lower temperatures, using an Arrhenius analysis. See ref. 12 for further details.

b The Sumi/Marcus and Jortner/Bixon rate predictions were made using the parameters in
ref. 8, where a direct comparison was possible, and by interpolation or extrapolation where
necessary. See eqns. 1-3 and refs. 7 and 12 for further details.

€ The error in the Sumi/Marcus prediction is especially large due to the difficulty in
accurately extrapolating values for the parameters required.




FIGURE CAPTIONS

Figure 1. Classical surfaces representing the charge separated ground electronic state
(lower, right parabola) and the optically accessed excited electronic state (upper, left
parabola) of a betaine compound. The parameters used to draw the curves come from
Kjaer and Ulstrup’s study® of betaine—26, see text. Following excitation, the reverse
electron transfer occurs from the upper state back to the lower state following excitation.
In theories which treat all nuclear modes classically, the electron transfer occurs in region
a. Theories which include quantum vibrations of the solute allow electron transfer at many

regions b, thus reducing the effective activation energy of the reverse electron transfer.

Figure 2. Reverse electron transfer dynamics of betaine—30 in (left) a) triacetin at 293K, b)
toluene at 293K, and c) toluene at 248K, and (right) polystyrene at d) 293K, e) 63K, and {)
34K, exhibiting very little temperature dependence. The ordinate is the change in optical
density (—AOD, or upwards is a bleach), and the abscissa is time (picoseconds). The
transients are the result of pump—probe spectroscopy at 792nm (data in panels a and b
collected using the CVL amplified dye laser system) and 820nm (data in panels ¢ through f

collected using the regeneratively amplified dye laser system).

Figure 3. Arrhenius plot for the electron transfer kinetics of betaine—30 in triacetin. The
nearly horizontal (solid) line at the top is the experimental data. The middle (dot and
dashed) line is the prediction of Jortner/Bixon theory, which includes quantum nuclear
modes of the solute. The Jlower (dashed) line is the Sumi/Marcus prediction, which treats

all nuclear degrees of freedom classically. See text and Tables 1 and 3 for further details.




Figure 4. Arrhenius plot of the electron transfer rate of betaine~30 in polystyrene. The
upper line portrays the temperature dependence of the electron transfer rate of the
betaine—30 in polystyrene cast from methylene chloride solution and the lower line portrays
the temperature dependent kinetics of betaine—30 in polystyrene cast from benzonitrile
solution. The difference between the two lines may reflect residual solvent in the

benzonitrile prepared sample.
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