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Photoinduced Gas-Phase Electron Transfer Reactions
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The electron transfer quenching process, when a reactive excited state is singlet or triplet, for gas-
phase systems (benzophenone and anthraquinone with amines and pyridine as well as carbazole
with halomethanes) was systematically investigated using time-resolved fluorescence. Bimolecular
rate constants were obtained. Variable-temperature measurements were performed for eight donor—
acceptor pairs. It was found that under solvent-free conditions various quenchers differing in photo-
chemical reactivity led to change in quenching rates by almost three orders of magnitude. Positive
and negative temperature dependences for the electron transfer rate constants were observed. The data
were analyzed in terms of the Marcus—Jortner theory.

KEY WORDS: Intermolecular electron transfer; gas-phase; fluorescence quenching; carbazole; benzophenone;
anthragquinone; amines; halomethanes.

INTRODUCTION solvent molecules does not exist. The aim of the present
work is to study the influence of molecule properties, vi-
Mechanisms and rates of gas-phase photochemi-brational energy excess andtemperature onintermolecular
cal reactions between complex molecules (carbazole,electron transfer (ET) for excited polyatomic moleculesin
benzophenone, anthraquinone) excited by laser radia-gas-phase.
tion and bath gases (electron donors—aliphatic amines:
diethylamine, dibuthylamine, cyclohexylamine, triethy-
lamine and pyridine or electron acceptors—halomethanes: EXPERIMENTAL
CHBr3, CH,Br,, CCly, CHCL) were investigated as these
molecules were able to participate in important photo- Emission of benzophenone and anthraquinone va-
chemical reactions such as hydrogen abstraction, electrorpors appearing after excitation of ketones to the sin-
or proton transfer. Such a kind of model systems with glet state by nitrogen laser radiation (Lambda Physics
well-known relevant parameters can be studied by differ- FWHM = 10 ns,A = 337 nm, repetition rate of 10 Hz)
ent methods and make possible to reveal many importantconsists of spectrally overlapping delayed fluorescence
features of photochemical reactions common with systems (DF) and hot phosphorescence with equal decay time and
of biological interest. with primary DF contribution to total emission. The effi-
Up to now a few studies, cited in [1], have been cient S ~- T; intersystem crossing at a rekgr = 10—
devoted to electron-transfer reactions of polyatomic 10'? s~ makes it possible to prepare vibrationally ex-
molecules in a gas-phase where photochemical behaviorcited triplet molecules withE,i, = (hv-Et), where h
of interacting molecules depends only on their individual and Er are the energies of exciting quantum and triplet
properties and an additional contribution of surrounding level, respectively. For vibrationally excited molecules
two components of DF with collisionless decay times of
P . . . 10 and 200us for benzophenone, 2.0 and 408 for
Institute of Molecular and Atomic Physics, National Academy of . .
Sciences, 70 Skaryna Avenue, 220072, Minsk, Belarus. anthraquinone were used. Under an amine pressure of
2 To whom correspondence should be addressed. E-mail: smk@imaph.more than 3 Torr, the fast component disappears. The lu-
bas-net.by. minescence of carbazole vapor consists of fast and slow
173
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components. The former is the fluorescence of vibra- | Lo b b S b .

tionally excited molecules from the, State as under the © ] g
halomethane pressure usé&d & 3 Torr) vibrational equi- “ ] 1t
librium is absent in $due to the short lifetime of the sin- & -
glet carbazole molecules (45 nsTat= 403 K). The latter <] £
is caused by both triplet—triplet annihilation and thermal ” ] :
activation of the triplet molecules. & ] E

Samples were prepared in a heated quartz cell con-- o E E
nected via dry valve with a vacuum system and evaluated £ :
to 1076 Torr. The concentration and temperature of va- <& & -

pors required in experiments were controlled with the help Q ]

28

of two separate furnaces. Polyatomics were sublimated ] / :
and zone refined. They were stored in a side arm of the & / oF
cell in excess and kept at a constant temperature which E g 3'_
controlled a vapor pressure. The vapor temperature was ] // 4

20

kept constant with the help of an upper furnace. Temper-
ature was measured with three calibrated thermocouples  « 1
located at different positions. During the measurements 0 1 2 3 4 5

the temperature was constan0.5°. Liquid amines and P, Torr

halomethanes were purified by multiple vacuum distilla- Frig. 1. Decay rate dependences for the fast component of carbazole
tions. These liquids were stored in a bulb on vacuum rack fluorescence on pressure: 1—CHB2—CCl, 3—CH,Brp, 4—CHCb.

and deoxygenated by the freeze-pump-melt method. After

that they were added into the cell from the vacuum system found, although the emission intensities decrease

via a dry valve. The gas mixture was kept during several strongly with a bath gas pressure growth.

hours in order to insure that gas mixture was in thermal 2. As seen from Figs. 1-2, the decay rat@screase

equilibrium with the cell wall. linearly as the bath gas pressure grows:
Quenching the laser-induced time-resolved fluores-

cence of carbazole from the State and DF of benzophe- K = Ko 4 KqPog

none, anthraquinone by chemically active bath gases was
used to identify the mechanism of photoinduced reactions
and to evaluate the ET rate constants. The fluorescencq(

) _e o e Mks™1 Kyeer Mks1
decay time within a time interval up to 5Q0s was mea- %_25n—] ® ‘ Eno;
sured by a system, consisted of Hamamatsu photomul- 1 r
tiplier (R 1828-01) and a Tektronix digital oscilloscope 1 F 0.035

(TDS 3032B, 300 MHz) connected to an IBM PC. Each  , ]
experimental point for decay rates was obtained by aver-
aging over 1000 signals. A dual channel signal acquisition
technigue was used to normalize for short to short fluctu-
ation in the laser intensity.

To investigate the nature and efficiency of pho-
tochemical processes, the dependences of fluorescenc: or ]
time-integrated intensities and decay ratek on a
bath gas pressure were analyzed. In the presence ol
bath gases the emission spectra, intensitiesnd de-
cay ratesk under study varied withP,g in the following
manner.

L 003
0.15 L 0028

o 0.02

L 0015

l;- 0.01

o 0.005

1. DF spectra of carbonyl compounds with amines
and the fluorescence spectrum of carbazole with P, Torr
halomethanes do not demonstrate a Change n Fig. 2. The rate constant dependences for the slow component of an-

the spectral shape; additif)nal |Uminescence.in the thraquinone DF on pressure diethylamine (1), cyclohexylamine (2), pyri-
long wave part of the luminescence spectra is not dine (3) atT = 433 K.
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Table I. Fluorescence Quenching Rate Constagt®r Excited CarbazoleHox = 1.1V, Es1 = 3.59 eV, Eyip (403 K)= 2891 cntl) with Diffe-
rent Halomethanes in Vapor Phase, Halomethane Reduction PoteBfial#\verage Vibrational Energiei, at T = 403 K, Free Energy\ Get

Vapors

Halomethanes  +Ered),V ED,,cm™ Kkq(10®st.Torr ) kq(10°M~1.s71) Solutions [2]kg(10°M~1.s71) (-AGey), eV

CHCl3 1.90 561 0.65+ 0.03 16.1+ 0.7 0.11 (acetonitrile) 1.03
0.52 (acetonitrile)
CHgBr 1.84 226 0.66£ 0.02 16.4+ 0.5 1.09
0.32 (ethanol)
CCly 1.68 1087 1.12+ 0.02 25.0+ 0.5 3.47 (ethanol) 1.25
CHBr3 1.55 661 4.60t 0.10 114.0+ 2.5 13.50 (acetonitrile) 1.38
wherek is the quenching rate constak,is the DISCUSSION
decay rate of fluorescence without a bath gas.
The quenching rate constants obtained are sum- The experimental data obtained show that in the gas
marized in Tables I-Il. The uncertainties shown phase the interactions in donor—acceptor complexes of ke-
in Tables were standard deviation of the least- tones with amines or carbazole with halomethanes essen-
squares fits to the decay rate data. tially differ from those of these molecules with neutral bath

. Adding bath gases decreases fluorescence time-gases. There are high quenching rate constants, strong re-

integrated relative intensities according to the duction of the intensities for carbazole fluorescence and
Stern—Volmer relation: o/l =1+ Bt PyyZ, ketone DF even at small pressures, more complicated de-
where lp and | are the fluorescence time- pendences of the decay rates on gas pressure and tem-
integrated intensities for the vapor and its perature. The growth of quenching rate constants and de-
mixtures with bath gases$ is the quenching  crease of fluorescence intensities with adding bath gases
efficiency; Z is the rate constant of gas kinetic considerable depends on the photochemical reactivity of
collisions; = is the lifetime of the polyatomic  interacting molecules. As the data in Tables |, Il show, the
molecule fluorescence without a bath gas. efficiency of photoinduced reactions in the vapor phase
For benzophenone and anthraquinone DF the vary over a wide range and is higher than in solutions.
intensity reduction by different amines in- For all pairs of the molecules under study, ET is the
creases in the following consequendgu,n > first stage of the photochemical reaction. For carbazole so-
lcohN > legreNn > legmgpn With efficiency close lutions in the presence of halomethanes the photoinduced
to those obtained from decay rate pressure one-electron transfer was proposed as the first stage of
dependences. the photochemical reduction of halomethanes when the

. In the presence of the bath gases both the reactive excited state of carbazole was singlet [2,3]. The

negative and positive temperature dependenceshigh efficiency and reaction rates of triplet aromatic car-
for the quenching rate constants are ob- bonyls with various amines in liquids were attributed to
tained in the temperature range 433-573 K charge transfer interactions [4]. The following reaction
(Fig. 3). mechanism was considered as the generally accepted one.

Table Il. Delayed Fluorescence Quenching Rate Constgfisr Triplet Molecules of Benzophenone and Antraquinone
with Aliphatic Amines and Pyridine, Redox Potentiaieq, Eox Average Vibrational EnergieByin, Free EnergyA Get

Antraguinone Benzophenone
Efl» (433K)=3816 cn?, EA, (423 K) = 4060 cnr?,

Ered = —7580 cnmt Ered = —13525 cmt

Amines EoV  ED, cm? kg, s~ Torrt (—AGgy), cmt kg, s~ Torr 1 —AGg, cm 1

CsHsN 1.84 1073 5.2 0.1810° 2260 2.00+ 0.1010° —1310
CgH13N 1.4 2013 7.75: 0.0810% 4730 3.20+ 0.3010% 740
CgH1oN 1.31 2848 1.26t 0.11:10° 6780 2.20+ 0.1010* 1030
CaH1N 1.01 1248 0.93: 0.0210° 8670 4.30+ 0.1510° 4690

CesH1sN 0.66 2760 2.80t 0.1510° 6250
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Fig. 3. Ln kq versus 1T for benzophenone with triethylamine (2), di-
ethylamine (&) and pyridinex). The solid lines correspond to Eq. (3) 3 LA
(Vpa = 0.04cntl, x = 4500cnT!, T = 450K), the dotted line (1) cor-
responds to Eq. (4Mpa = 0.04cnTl, x = 4500cnT!, sp = 05,51 =

1 1
0.6, Nwp = 1600 cm ™, hwa = 1300cnT~, T = 450 K) and the dotted Fig. 4. The rate constant dependences for DF of anthraquinone (1),

: _ 1 _ 1 = .
line (I1) CO”ESDO’IdS to Eq. (4Mpa = 0.05cnt ™, h“’Dl— 1600 cn1, benzophenone (2) on donor ionization potentials. The rate constant for
hwa = 1300 cnT=, sp = 0.5,51 = 0.6, x = 2000 cnT=, T = 450 K). benzophenone DF quenching by triethylamine (3).

@

At the first stage, a nonbonding electron was transferred transfer mechanism [7-9]:

from amine to triplet carbonyl. The rapid formation of

a charge transfer complex was followed either by back log(kg) = alp + B 1)
electron transfer and intersystem crossing fromtd a
ground state &to form ground state molecules or by pro-
ton transfer from amine to yield ketyl and amine radicals
[4]. Itis necessary to note that with amine pressure growth
the decay rates level off. The plots of Fig. 2 at the same

wherea andg are the constants for the series of donors,
kq is the rate constant for the total reaction of triplets with
amine. This relation was applied to the triplet state reac-
tion ofthe ET for solvent-free systems. Fig. 4 demonstrates
. i X that the data for some part of amines as well as pyridine lie
temperature show nonlinear quenching by amines. The o, o giraight line. These data show that the charge transfer
back ET in a donor-acceptor complex was usually pro- jnieraction mechanism plays an important role in the gas
posed to explain this kinetic behaviour in solutions [5,6], 556 reactions for molecules under consideration. The
and this process can be considered as the one responsigeqree of charge transfer can be estimated by the slopes
ble for nonlinear quenching for gas-phase systems under¢ ¢ plots. The slopes of the lines for benzophenone and
study. anthraquinone in the gas-phase systems with amine were
obtained to be-1.9 eV and—2.1 eV, respectively. The
relatively low slope of logKg) versusl, which was about
ten times lower than those observed for systems with flu-
orescence quenching due to complete electron transfer,
The useful information can be obtained from such de- suggests only partial charge transfer in the photoinduced
pendences. If charge transfer is assumed to be the primaryprocess for these molecules. It is worth noting that the
stage of the photochemical reaction, then the ionization degree of charge transfer in the donor—acceptor complex
potentiall, of the electron donor is a governing factor for influences strongly the luminescence quenching features
acceptor luminescence quenching. For series of donors re{10]. When for a certain donor—acceptor pair the free en-
acting with an acceptor, the linear inverse relation between ergy A G¢; moves into the region of higher exothermicity
log(kg) and the ionization potential of a donor molecule is and, as a consequence, the degree of charge transfer be-
often used as a criterion for the operation of the electron gins to differ stronger from the one obtained for other

Influence of the Donor lonization Potentials
on the Rate Constants of DF Quenching
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pairs with AGe; > AGy,. In such a case a correlation is wave oxidation potentialg,y and the acceptor half-wave
not seen betweel, of donor and decay rate of DF as for  reduction potential&,eq is not observed. No special fea-
benzophenone with triethylamine in the vapor phase. tures in the intensity decrease of the fast component in
the presence of amines are found. So at the first stage of
DF decay, the intermolecular vibrational relaxation insr
the most effective among the other bimolecular processes.
After several collisions the molecules relax from the up-
The influence of photoselective excitation of a high- per vibrational level to the vibrational distribution charac-
frequency intramolecular mode of donor and acceptor terized by the vibrational temperature. Initial nonequlib-
molecules on the ET process attracts considerable attentium vibrational excitation of the donor molecule does
tion as a possible mean to control ET rates. The theoreticalnot decrease or increase the ET rates under solvent-free
description of mode-specific ET was made in [1,11]. But conditions.
up to now the predicted effects have no convincing experi- But for polyatomic molecules with large vibrational
mental evidences. The experimental study of the gas-phaseenergy excess the distinctive feature should be taken
donor—-acceptor systems can give useful information aboutinto account for intermolecular ET between the donor
a contribution of high-frequency modesto ET rates. Vibra- and acceptor molecules. As tli;, estimations show,
tionally excited donor and/or acceptor molecules in elec- the molecules under study ha®;, as much as 2000-
tronically excited states take place in ET for all gas-phase 4000 cnt!. The total energy transfer involving elec-
donor—acceptor pairs under study. Therefore there was atronic and average vibrational energy of the interacting
possibility to provide a basis for evaluating the influence molecules were considered in our study. For this purpose,
of vibrational excitation on ET rates under solvent-free we initially calculated the densities of the vibrational lev-
conditions. For this the dependences of the fast compo-els N(E;) andEy;, over the total seh of vibrational fre-
nent decay rates for benzophenone and anthraquinone DFjuencies for considered molecules.
on the amine pressure were analyzed. The experimental

Influence of Vibrational Excitation of the Donor
and/or Acceptor Molecules on ET

n
data obtained early make it possible to conclude that the > EiN(Ei) exp(—Ei/keT)
change in the decay rates and intensities of the fast com- Evib = 'ﬁ (2)
ponent of anthraquinone and benzophenone DF are deter- 3 N(Ei) exp(—E;/ksT)
mined by intermolecular vibrational relaxation within the i=1

triplet states [12,13]. The following data analysis shows |n the heated vapors the contribution&f, significantly
that the intermolecular reactions are insufficient within a changes the values for the free enery of the ET
time interval comparable to the characteristic decay time reaction (Tables I, Il). Therefore we took into account the

of the fast component. 1) A change in fast component de- E,;, values for donor and acceptor molecules in 4@
cay rates for different amines is in the range of one order of estimations.

magnitude (Table I11). 2) The values of the rate constants
are typical for intermolecular vibrational relaxation in a

vibrational quasicontinuum. 3) During the characteristic
decay time of the fast component, the full intensity of DF The temperature influences on ET have not been ex-
practically remains constant for the mixtures with amines, amined widely for gas-phase systems, although they are
i.e. no loss of triplet molecules due to ET with amines is of great interest to reveal thermodynamic parameters of
observed at the fast component stage. 4) The correlationthe ET process and to elucidate its mechamism. For this,
between the rate constants and values of the donor half-both the fast and slow component decay rates as well as

Temperature Effects on ET

Table Ill. Rate Constantk, for DF Fast Component of Benzophenone and Anthraquinone with Amiries=a433 K, lonization Potential, for
Amines, Gas Kinetic Rate Constaris Vibrational Temperatur@,;, and Collisional Efficiency8 = ki¢c/Z

Anthraquinone Benzophenone

Amines lp,eV k106, s Torrt Z.107, s Torr! Tip, K B ke 108 s1Tor? Z.107, s Torr? T, K B

CeH13N 9.16 5.40+ 0.40 2.9 600 0.19 3103 2.4 537 0.13
C4H11N 8.67 4.16+ 0.30 2.2 635 0.19 2.80.2 1.8 569 0.16
CgHi9N 8.70 1.06+0.11 2.4 557 0.04 3.80.3 2.0 502 0.13
CsHsN 9.65 1.00+0.10 2.9 650 0.03 1.60.2 2.4 578 0.07

CeH1sN 8.08 2.8 570 5604 2.3 510 0.22




178 Zalesskaya, Sambor, and Bely

the relative intensities of ketone DF and carbazole fluores- wheresy ands, are the electron-vibrational coupling con-
cence in the presence of bath gases were measured in thetants anchwp and hwa are the vibrational frequencies
temperature range 423-623 K for eight donor—acceptor of the donor and accepton Gyt = Eox — (Et + Evip) —
pairs. The data obtained showed that for ketone vapors Eeq. The values oEq [3,16—18] andE¢q4[3,19] are listed
with different amines the positive and negative tempera- in Tables | and Il. In the gas phase the relevant reorgani-
ture dependences were observed over the same temperzation energyxap = S- hw is determined only through
ature range (Fig. 3) while for carbazole with GGInd the internal change of the donor and acceptor molecules.
CHCI; only the negative temperature dependence was In such a case the reorganization energy is a sum of reor-
found. The activation enerdy,, that had been estimated ganization energies of molecular vibrations upon the ET
from the temperature-dependent rate constants proved tgorocess. To calculate; by Eq. (4), vibronic contributions

be negative for benzophenone with diehtylamifg & were included for each molecule as a single averaged vi-
—903 cnt?) and triethylamine Eax = —1042 cnt?l), brational modéw which was considered as an active one
for anthraquinone with diehtylamin&f = —713 cn?) in the ET process.

and with cyclohexylamineB, = —1377 cnt?), for car- In Fig. 5, for example, the experimental dependence
bazole with CCJ (En = —496 cn1t) and CHCh(Ep = of ket on AGg for benzophenone—acceptor and aliphatic

—1076cntl). Itmay be noted that the most exothermic ET  amines—donors is compared with predicted ones by the
reactions gave a negative activation energy, but the othersclassical and quantum mechanical models. Vkg val-
observed were positive: for example, for benzophenone ues are assumed to be constant for all reacting pairs and
with pyridine (Ex = 3812 cn1?), for anthraquinone with  taken as the “best fit” for coincidence between experi-
pyridine (Ea = 1100 cnt?). These data are in contrast ment and prediction. Only one high-frequency vibration
with the original Marcus theory, which predicts the emer-

gence of a positive activation barrier in all cases and a Log ket

strong temperature dependence in the “inverted” region.

55

The Dependence of the Luminescence Quenching
Rate Constants on the Free Energy for ET

The experimental data obtained confirmed the im- 5
portant role of intermolecular electron transfer as the first
stage of the considered photochemical reactions and per-
mitted us to test the dependence of the rate congtant 45
on the free energy in the electron transfer process. The
golden-rule transition probability is applicable to electron
transfer systems and in the Condon approximation the rate 4
constant is given dg; = (2nV,§A/h)- F whereVp, is the
electron transfer matrix elemeri;is the Franck—Condon
vibrational overlap term [14,15]. a8

The rate constantg; for the ET process were calcu-
lated both in the classical description [14,15]

1 —(AGet + XAD)2> -12000 -8000 -4000 0
= (2nVZ,/h ex A m-
ket = (27 V55 /h) o e p< 2KT xr0 Get, €
(3) Fig. 5. Log ket versus free energyAGet) for the ET process in a
and in the quantum mechanical one [1,11] gas phase. Benzophenone acceptor; pyridine (1, 2, 3, 4=at433,
473, 498, 573 K, respectively), cyclohexylamine (5Tat= 433 K),
2rV?2 2rV?2 1 dibuthylamine (6, 7 aT = 433, 473 K, respectively), diethylamine (8,
Ket = h -F = h ’ \/4—k_T 9, 10, 11 aflf = 433, 473, 523, 573 K, respectively), triethylamine (12,
7T XADXB 13, 14, 15 at 433, 473, 573, 623 K, respectively)—donors. The solid
00 00 SB* sp line (1) corresponds to Eq. (3Vpa = 0.04 cnml, x = 4500 cnr?,
Z Zexp(—sD) exp(—sa) = (4) T =450 K) and the dotted line (Il) corresponds to Eq. (#¥pf =
n"—0 m=0 n=/ \m 0.04 cnrl, y = 4500 cnt?, sp = 0.5, sp = 0.6, hwp = 1600 cnT?,

. 2 hwa = 1300 cnl, T = 450 K), the dotted line (Ill) corresponds to
xexp( - (AGet + xap + Mhawp + N*hwa) EQ. (2) (Voa = 0.05 cnL, hwp = 1600 cml, hwa = 1300 cm?,
AyppksT sp = 0.5,51 = 0.6, x = 2000 cnt?, T = 450 K).
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with several populated levels was taken into account for
donor and acceptor molecules. For aliphatic amines the
main contribution toxap was made by N-H bond vi-
bration whose frequency was considered as similar for all
donors. Based on the analysis of the luminescence spectra
of aromatic ketones, the frequencies of theQ vibra-

tions were used fogap estimations.

There is no substantial difference between two model
predictions in the normal region. A systematic decrease
in the rate constants with increasing exothermicity is
stronger than it was predicted by Eq. (4). AG¢; < O,
the parabolic dependence predicted by the Marcus theory
(Eq. (3)) is in a better agreement with the experimental
data. This interesting finding may be a consequence of
fast intermolecular vibrational energy transfer that proves
to be faster than the intermolecular ET process in the va-
por phase. At vibrational equilibrium characterisedy
it is unnecessary to consider the participation of high-
frequency bw >> kT) vibrational modes usually treated
as the quantum ones. A further vibration—translation en-
ergy transfer occurs through the low-frequency inter-
molecular vibrational modes which can be treated in the
classical approximation. Just the same results have been

179

haviour in intermolecular ET for gas-phase sys-
tems. The rate constants of ET increased with
exothermicity of the process in the “normal” re-
gion, passed through a maximum, and decreased
in the region of large values 6f AGe.

. The significant spread in the rate constants for ET
and their temperature dependences corresponded
to the Marcus-type plot. It was shown that positive
and negative temperature dependences of the ET
rate constants were typical for the “normal” and
the “inverted” Marcus regions.

. At fast intermolecular vibrational relaxation as
compared with the ET process, the total energy
(electronic and average vibrational) was trans-
ferred from one molecule to another. In such a
case the rate constant behaviour for ET can be ex-
plained withoutinvoking an individual vibrational
mode of donor and acceptor molecules.

. As the data obtained showed, for gas-phase sys-
tems, where the effect of solvent reorganization
energy is absent the rate constatsare higher
than in solutions, but lower than gas-kinetic ones.

found for triplet—triplet energy transfer in the vapor phase ACKNOWLEDGMENTS

[20]. So quenching effects for the donor—acceptor pairs
considered appear to be consistent with a dependence
on redox potentials (Fig. 5). The parabolic dependence
kq(AGey) can explain the observed deviation from the lin-
ear dependence ldg (Ip) for benzophenone with triethy-
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lamine. This decay rate appears to be on the other wing of REFERENCES

the Markus curve in accordance with redox potentials of
a benzophenone-triethylamine pair.

This finding is confirmed by the results of the tem-
perature measurements. Our estimations ogtem-
perature variations show that they causeAl@,; values

to change, in some cases to an even greater degree than™

the internal reorganization energy. Increase or decrease in
the rate constantg; with temperature over a temperature
range under study illustrate the temperature behaviour of
log (ket) VersusAGe:. The positive and negative temper-
ature dependences of the ET rate constants are typical
for the “normal” and “inverted” Marcus regions. As fol-
lows from the data in Fig. 3, the temperature dependences
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mental data than the temperature dependences given by
the quantum-mechanical model.
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