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Effect of Intramolecular High-Frequency Vibrational Mode Excitation
on Ultrafast Photoinduced Charge Transfer and Charge
Recombination Kinetics
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I INTRODUCTION time scales than both the mediom relsction and chasge

Currently there o a growing interest in the study of the kmetics ':zm:ﬂhmhﬁ:;: “:.f ;prﬂr-l:lf?-fl v-'.'l:;;lbrr :ﬁ't‘"ldf"-\':"ih\:li. i

af electron trandfer AHAANTINgG from nonthermaleed  states Im;’[":’:cml Rt Mor R o el P L
mkde

Typically, the kinctics of such reactions & rather complex, in
contrast with themmal reactions, which are charactenized by a
:iﬂs]e P::r:meter\—the rate constant.' " A4 quantitative
description of processs proceeding from nenthsrmalisnd states
requares the d-:'\'l:lﬂpmnm of relevant theones. At the same time
requirements for these theosies are immeasuribly  highee
because they have to reproduce compler neto, whach cannet
be reduced te a few rate constants .‘\‘rrgrthr]rﬁ. the
complenty of the kinetics of nonthermal processes prowdes
us certain benefits becavse wtx quantitative descnption demands
Impravement of current theosies, and thelr elahoration leads to

The exctation of the miramolecnlar hugh frequency mades
lr_,l' 4 praimpring pu]w i aldo ﬂ.}'lt'\.!td to alter Lhul:;:\:-l‘.l'dm-ﬂ'r
Kinetics when the Eh.l.l'!f trandfer ]\lmrl:J'. on the time wale
comparable to that of the intramalecelar vibeational relaation,
Although there is a lot of experin al evidence of
mantestations of the excited states of hagh frequency vibrations

in the charge-transher d}'nnmiu.v' AR only recently forst
systermatic nvestigation of the influence of the wibratonal
excited states on the charge transfer dynamics har been
meported * These cxperiments have discovered  that the
exctation of hagh-frequency wibrational mesdes can considerably
change not only the forward electron transfer rate but sbo the
rabe of the backwsrd electron transfir into the grownd state >

Theoretical investigations of the effect of intramalecular hagh

4 d'oq'cr '..'J'.d.rn'l.lnﬂ;;lﬁ at the A TOICOPR micchanoems of net

only nonesquilibrium but abso equilibrium resctions,
Photoinduced charge mmanster can praceed on 2 time scale

cormparable to the relacition tmes of the nudear subsystem of

the reactants and the suraunding medmm* ™ In such oltrafast frequency vibratonal modes excitation un ‘F.lulﬂln.luud
processes the chemical t:ulbh‘m“w 1 elfectively competes electron transfer alee have been carnied aut.” In partscular,
with the nuclear relsvation®™* One of the mandfectatons of the excitation of high frequency vibrationsd modes was chown

0 increate the p]:l:«\indun-ﬂ electron-transfer rate in both
memans of strong and weak exergonicty and to decrezie at
moderate exergonicity in the vicinity of the barmerless

this competition is te spectral effect {3 dependence of the
charge-transber rate constant on the ewitaton pulse carrier
frequency) that was observed in ultrafast charge recombinaticn

T
of excited donor—acceptor compleses in polar solvents "' wegion. ™™’
Supposing the charge recombination to proceed from a
noneuilibrium state of the surrcunding medium crested by Recerved:  Jammary 13, 2016
the pumpsng pulse and the relaxsson of itramolecular high Rovised:  Masch 7, 016
r'rllquun-:}' vibrational modes to oocur ot considerably shorter Publsshed . Mazch 8, Hils
ACS Pubcatons ® BAG Amercen Charvacl Sociey bl D 500051 [ BLEES 3
v & P Crers @ JEA0 120, 1T 108
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Free-Energy-Gap Law for Ultrafast Charge Recombination of lon
Pairs Formed by Intramolecular Photoinduced Electron Transfer
Alexey E. Mazarov, Roman Malykhin, and Anatoly [ vanov*®

Volgograd State Universaty, Unaversity Awvenue 100, Velgograd 400062, Rusaa

ABSTRACT: In this article,

| W— [m L il hrlai 1
electron transfer in polar sobvents ame studied. The kinetics of
charge separation and ensuing ultrafat CR are simolsted
within the framework of the multichannel stochastic model,
This model ts for the reorganization of both the sol
and a number of intramolecular high-frequency

of ultrafust churge

vibrathonal
modes. The solvent relaxstion is deseribed in termu of two | 5

relazation modes. For ubtrafast CR, the freeenergy-gap law
strongly depends on the parameters: the electronic coupling,

cs ——
8T -
hot CR
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recrganization cnergy of intramolecular high-froquency vibraticnal modes, and the vibrational and solvent reloation times. The
mwammmmummwm from a parabolic shape to a nearly linear one with

the wibeational

time. The dy

solvent effect in CR is predicted to

large in the area of strong exergonlcity and small in the area of weak exergonicity. mmuwwum

be
for the thermal reactions.

B INTRODUCTION

Light-induced charge separation s one of the mast commen
proceites when phatoesatation i exploited 2 the drving force
for th-ﬂ-:hemicﬂ transformations. Thus, ph,n:njmlu:c\.l
electron teansfer (ET) is of paramouwnt impostance in both
fundamental science and technological spplications '™ Such
procestes often have law effciency because of the short labetime
of the chargesepazated states (C83x), which considerably
inhabits 5 quantuem yiehd of the desred products, Typically, back
elestron transfir [BE.'I'} is r'ﬂ.Ehl!IMH\' for th 1!I'|..l:|-‘ of Bsn pairs
generated in the intermolecalar photosnduced electron-transfer
reacticns. Flence, it i essential to establish strategies to achieve
long-lived photoindweed Ch5s. The main abstace is that the
dependeincs of the uhtrafsst BET rate constants on Ny
controfling parameters are still snknown beciuse 3 detaibed
mechanmm of BET reactionn iz moctly not sadestoad i spite
of their importance in the conteed of the photochemical provess
Eﬂ’ll‘lj’\ﬂtﬂﬁ.. The essentizl feature of the ulirafast (h.u"_qf
tranfir mechanism is a strong nenequilibiem of the msder
subsystern. The regulantics of such reactions may he
mp'uﬁx.anﬂ'r dilferent from those observed for the thermal
fracbiens.

Iﬁlw-:llrrp A (FEG) B the most comman parameter
controlling the charge-tranafer rate, The dependence of this
rate on the FEG, known 21 the Maroes FEG bw, predices the
ET to be slow in the regions of both srong and weak
exerponicity but fast in between, meaching the maximam it
=AG = F, * Such a h‘ﬂqslu[m{ I:rn‘-:'nﬂg:.' J:pnndrnr.n was
experimentally confirmed for several kunds of charge transfes.
The intramelecular chasge shift was the Bt amang | e "
Later, it was observed for many other Lypers of ET ol

W ACS Publications.  © 7 Anercan Chemkcl Sockey s

One of the reactions that demonstrates non-Marcus
dependence of the rate constant on the wesction free energy
s the gemmate charge recombination (CR) in donor—acceptor
compleses {DACs) exclted into the charge-transfer band,”' =
For tha reacton, the Marcas normal ECHROn U-‘tN l{} iz absent
andl the logarichm of the rate constans decreases nearly lineardy
with increxting the reaction exergonicity. To account for zuch a
behavior of the CR rate constant, M.ﬂ':p and on-workers
suggested that the CH in the excited DACs & associated with
the rearganizition of intramaolecular \1bral|nru| hagh drequency
ewdes and thse solvent plays 4 masor role ™

A fundssmentally d|ﬂ=n:n' caplsnation was proposcd by
Tachiya and Mucats ** They consadered thet a short Laser pulse
populites 2 nonequilibrivm initial wibrational state of a2 DAC,
Hiwever, this explanstion encountesad two problems:™ (1) a
good ht required tao large electronic coupling values and (2)
the masde] plﬂiu‘!nl & streng lime <lcpf||x|'rnn:' of the rate
conutant, in disagreement with most expesimental data™ Later,
it was ghown that both the problems are related o
oversimplification of the model due to full neglect of the
rearganization of intramolecular  high-frequency modes,
limbeed, a rather ;.;1.11ﬂ ﬂ.tmg of the available tm:mumal
daza on the FEG dependence of the CR rate constant in exated
DPACS was obtained within the multichannel stochastic point.
erznabion madel, including the reorganeation of the -t.'lhﬂl
ansd several intramolecular high-frequency vibrations vl
At the same time, the CR lonetics appear to be daose o
exponen izl T The vultichannel stochastic proint-1Fansgtion
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and physecal processed [1-6L K can accur an imescale covenng
hupe area from seconds to few femioseconds | 7). Such reactions
are of primary importance in the emesging areas of molecul
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INTRODUCTION

The study of the ultratust electron iranster kinetics from
NI |:.[‘L‘|_|:i||‘|!|iuu‘| stales albracis 'l.:l:l'lhmg Lalergal [I lq..
The term ultrafast electron ransfer is tepicnlly vsed o
scile and, hence

refer W resctions o ] e
in paralle] with, relaxation of the nuclear subsystem

the surroanding mediom |_’

of the reactnts i

Corrpapondence ! Anatoly [ Ivasor) o-mazl asal
o Frandition

i e onlize e al

i D paamps

i by the w

The nosequilibrivm of puclesr subsyatem can be cre-
ateid by hoth the pump pulse and the reaction itself
23] Obwiously, the kinetics of

al s separale slages
nonequilibrium reactions is rather complex and cannot
be described im terms of 3 single rate constant [26-18]
The noregquilibrium manifests got only in nonexponen-
tial kinetics but also in o dependence of the kinetics on
the pump pulse casrier frequency [17-19,26- 28],
Population of a locally excited electronic state by
ezl to the excitation of intramoles

a r|IJI|'I',:' i‘ll.l'\-!:
ular high-frequency modes of & dye and bnngs the
:ca.'n‘\\un..]iut_ meshinm in a 1|1,1nni|,|5|i.'hr'i1||11 state, There
are 4 number of expenmentil investigabions showang
the effect of excitation of high-frequency vibrations on
the churge trunsier kinetics [ 1-8,10-15]. Sech an effect

11
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Eegularities of ultrafast charge recombinaticn kinetscs in photoinduced intramolscuslar electron trarsfer
in podar sodvent are investigated, The multichanne! stochastic mode] is used to simalate kinetics of charge
separation and ensuing wltrafail chasge secombenatich The rate constamt of wltrafat charge
recomnbination socurring in nonequaliboium masde i ihown 0 depend on the free sneigy gag of the
preceding charge separation stage, Thes i 2 dear demonstration of vielaton of cne of the fundamental
privciples of formal chensical Kirstios, namely. the postulate of indepesndence of elementary chemscal
reactinne, The sumulation: fovealed tws main trends ()] the chasge recombination fate constant typically
increases with decreasing the charge separstion free encrgy gap, (i) the maximum of the Clurge
recombdnanion rate constant, as a function of the charge recombanation free energy gap. |S0). shidfts
toweate sanaller values of [AG| with decieasing the Iree energy gap at the previous, Charge sepatation
stage of the reaction. The prediction of ultralast charge recombination in donis-sccoptorn dyads with
zmall charge recombination free energy gap is sthawn to be suppested by the experimental data on the
kinetics of charge recombdnanian inga the Brst excited state folloesed the charge separarion from the

second excited state,

1. Imtroduction

Photoindisced charge separation (C3) attracts attention of
rescarchers due o its mmportant mle in the nature and
technological applications | 1-E]. Typically, photoinduced C5 is
accompanied by ultrafast charge recombination (CR), which can
heavily suppress the quantum yeeld of the desired products. For
example, the effectiveness of a promising modern family of
photovoltaic devices, dye-sensitized solar cells, is severely affected
by ultralast CR [7]. Since OB almost always sccompanies
phatoinduced separanon of charges, the example ovidences that
the problem of controlling the kinetics of ulirafast CR s of
paramount importance for many technodogical applications. The
solutton of this problem includes the establishment of regularities
determining the kinetes of CR. However, until mow there s very
limited information on the dependencies of the ultrafast CR rane
constants on parameters of donos-aocepton pairs and the solvent
CharacTeriscs, in spite of its importance [ 7],

* Correspondsng suchor
E-masil ahdrens: Aratoly

il u

a (AL Beanenw]

5 e 101006 fphotochom HMA.00,007
TR 20T Elseyvier BV A1 righis resereed.
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Omne of the obstacles on the way to deducing regularities of
ultrafast CR s its non-equilibrivm nature. The ultrafast CR
proceeds in non-equilibrivm mode becawie the previows Tomwand
5 creates  non-cquibbriom  distobation along the  reactan
ciordinate that equilibrates in parallel with CR. The lows of
nen-equilibrium reactions, in contrast o thermal reactions, ane
less universal. Moreowver, the regularines inherent in non-
equilibrium and thermal reactions can vary greatly [9.10],

The second obstacle is caused by a dependence of the ultrafast
CR kinetics on previeus stages of the chemical translosmations.
Since the discquilibrium i3 created ot individual stages of a
complex geaction, the effect of the prededing stages on the
succeeding stages is expected. The postulate of independence of
elementary rexctions is the fundamental princaple of chemical
kanetics, which is often silenthy implied. This postulate states that
the rate constant of an elementary chemical reaction docs not
depend on other elementary reactions accugring in the system. e
is well known thar this postulate can be violated in non-
equilibrivm reactions In this study tlse CR rate constant is shown
to depend on the free cnergy gap of the preceding CS.

The pesulis of experimental exploration of kinetics of CR
ensuing photoinduced C5 were reported i a number of artwcles



