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The excited-state dynamics of several electron deasceptor complexes were studied by a femtosecond
fluorescence up-conversion technique. The spontaneous fluorescence decay of the complexes contains an
oscillatory component superimposed with a ultrafast decay component. The oscillations in fluorescence are
observed for the complexes with three different electron acceptors, tetracyanoethylene (TCNE), chloranil,
and fluoranil, with various electron donors, hexamethylbenzene, carbazole, 1-chloronaphtiNtlene,
methylaniline, and some others. The similar oscillatory frequencies are observed for the complexes with
different donors and a common acceptorl155 cnmt (period of ~215 fs) for complexes with TCNE, 178

cm™! (187 fs) for the complexes with chloranil, and 212 ¢nf157 fs) for the complex with fluoranil. The
assignment of the oscillatory component to a particular vibration is proposed. It is concluded that the out-
of-plane vibrational mode of the acceptor, having symmetry, is responsible for the observed oscillations

in all three cases (three acceptors). The time-dependent fluorescence spectrum for theHINIBIEomplex

is reconstructed from the fluorescence dynamics at different wavelengths, and the fluorescence peak shift
correlation function is obtained. The ultrafast relaxation of the fluorescence peak position is superimposed
with the oscillatory component. The main component of the spectral relaxation of 115 fs is attributed mostly
to the intramolecular vibrational energy redistribution process in both donor and acceptor parts of the complex.
The oscillatory component of the fluorescence peak position demonstrates the modulation of the transition
frequency during the vibrations. The modulation of the mean transition moment is observed as well. Thus,
two mechanisms are observed to be responsible for the oscillations: the modulation of the transition frequency
and the modulation of the mean transition moment by the vibrational motion.

1. Introduction the HOMO orbital located mainly on the donor to the LUMO
orbital located mainly on the acceptor molectié* So the
absorption of a photon is accompanied by the electron transfer
from a donor to an acceptor. When a molecular system
undergoes an electron-transfer reaction, the equilibrium positions
of the nuclei of both reacting molecules change. In the case of
o : . photoexcitation of the EDA complex to its charge transfer (CT)
&ned SaprfigﬁllgrkCi?)\:va:ﬁggZI cnczggjebe obtained about dynamics of band, the charge transfer occurs at the equilibrium geometry of
P Lo . . the ground (almost neutral) state of the complex. Thus, after
Early reports of the vibrational coherence were on Q|atom|c excitation of the complex, the ionic state is prepared which has
molecules n .the gas phasé,where only one _V|b_rat|onal to relax to the equilibrium geometry corresponding to the almost
frequency_ IS mvolved_. Later, the lc;oherent os_c:lllat|ons WETIe jonic state. As a result, different vibrations are excited in the
observed in polyatomlc moleculé§. R?Ce”t'% It was dem-. complex. Surprisingly, only one oscillating frequency has been
onstrated Fhat even in comple>§ blologlcal systems in proteins experimentally observed in EDA complex&s+22The assign-
the complicated coherent motions with different frequencies ment of even this one vibration is not clear yet.

,18-20 i ini i i
could be observet: Despite large progress in investigation The EDA complex of HVMB and TCNE has recently been

of these complicated systems, the assignment of the coherence, . .
to particular vibrational modes is not unambiguous. studied by different methods of femtosecond spectroséby??

In this paper, we report the vibrational coherence in systems }Pethfeggnsgf ;‘é; ?:?T?lrgggi?ezxg eEgeur;;’i\tgig;ﬂ:gg%nggm;:e
with medium complexity. These are various electron denor q y y Imp

) . scattering was observed in a bleach recovery sithak the
acceptor (EDA) complexes formed by relatively large organic bleach recovery signal is mainly determined by the absorption
molecules in the liquid phase. Even though such complexes have y S\ y y P

many inter- and intramolecular vibrational modes, the under- of the ground electronic state of the complex, the oscillation

damped oscillations with only one frequency are dominantly was assigned to thle vibration in t@?‘)”“d state. A peak at
21422 e about 163-165 cn1! was observed in the resonance Raman
observed?-1422 Upon photoexcitation to the charge-transfer

28 i i
band of a “weak” EDA complex, an electron is transferred from spectrum .Of the comple% 22 An oscnlatlc_)n was recently
observed in spontaneous fluorescence with the frequency of
, e — — _about 155 cmt.1422As spontaneous fluorescence reflects only
* Corresponding author. E-mail: ivr@jaist.ac.jp; yosihara@jaist.ac.jp. . . S .
t Japan Advanced Institute for Science and Technology. the excited-state properties, the oscillation in this case belongs
* Institute for Chemical Physics Research. to a coherent vibration in thexcitedelectronic state of the

The development of femtosecond lasers made it possible to
coherently excite vibrational motions in molecules. If an
excitation pulse is shorter than a vibrational period, vibrations
are excited coherently. Coherently excited vibrations could be
observed by spectroscopic methods in real time as oscilldtiéhs,
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complex. The oscillation frequencies observed in three types Acceptors

of experiments (resonance Raman, transient absorption, and N\\\C C//,N Q Q

fluorescence spectroscopies) are very similar and were tenta- el cl o F F

tively assigned to thatermolecular vibrational mode either in 1

the ground or in the excited states. The frequencies of the L oo © ¢ F F

intermolecular vibrations are expected to be vastly different in N N o o
TCNE Chloranil Fluoranil

the ground and excited states due to a large Coulombic attraction
in the excited state of EDA complexes as the excited state is
H. CHa

ionic and the ground state is almost neutral. This makes the Gre o P N
assignment of the observed oscillations to the intermolecular CHs > CDs cbs
stretching mode questionable.
. . . CHy CH:;  CDs CDs
In this paper, we present new experimental data for various &n
3
HMB

complexes and discuss the assignment of the observed oscilla- HMB-D1s " Methylaniline

tions to a particular vibrational mode in the EDA complexes. H ct

The structure of the paper is as follows. The descriptions of the N

fluorescence up-conversion setup, the experimental conditions,

and the procedures for data analysis are presented in the

experimental part. The results are separately described for Carbazole Chloronaphthalene

complexes with different acceptors used and consists of threerigure 1. Donors and acceptors used in this work.

parts: complexes with TCNE, chloranil, and fluoranil as

acceptors. The assignment of the oscillating component andin CCls, a special care was taken to avoid 2:1 complex
description of the fast decay component is presented in theformation. For the complexes of TCNE with HMB in CCl

Donors

discussion part. experiments were made with concentrations of TCNEMM
and HMB ~30 mM which yield 18% of the 2:1 complexes
2. Experimental Section (using equilibrium constants; = 151 M~* andK, = 7.3 M?
and extinction coefficients; = 4613 M1 cm ! ande, = 6770
2.1. Time-Resolved Fluorescence Measuremenighe fem- M~1cm™127.30.33, The equilibrium constari; strongly depends

tosecond fluorescence up-conversion setup was describethn the solvent used. It is 20.7 Min DCM and about 300 !
elsewheré? Briefly, an all-solid-state cavity damped chromitm  in cyclohexané?

forsterite laser was used as a source of short light pulses 2.3, Data Analysis and Spectral Reconstruction.The
(wavelength around 1270 nm, pulse duration of 55 fs). The fluorescence data were fitted by the functidf) (eq 1)
second harmonic (SH) pulses generated ifi#@arium borate  convoluted with the instrument response function. As an

(BBO) crystal were compressed by a prism pair compressor to instrument response, the time-resolved Raman scattering signal
44 fs and used for excitation of the sample. The central from pure DCM was used.

wavelength of the laser could be tuned resulting in tuning of

the SH central wavelength from 610 to 655 nm. The fluores- f(t) = A, exp(—t/z,) + A, exp(-t/t,) +

cence was gated by the fundamental pulses passed through an A, cos@t + @) exp(—t/Tyym) (1)
optical delay line. An up-converted light at sum frequency

produced by a type-1 BBO up-conversion crystal is spectrally Here,w is the frequency of oscillationy is the initial phase,
selected and measured by a photomultiplier working in a photon and zgampis the damping time of the oscillation. For a spectral
counting regime. The instrument response function measuredreconstruction, the fluorescence decays were normalized ac-
as a time-resolved Raman scattering from a pure solvent is downcording to the time integrated spectrum obtained from ref 28.
to 75 fs (fwhm) for excitation wavelengths from 622 to 640 The differences in fluorescence decay at different wavelengths
nm and about 8590 fs for the edges of the tuning range. The could be observed up te5 ps, whereas the main difference
sample was circulated in a fused silica flow cell with 0.5 mm  happens in 0.5 ps (more then 75% of the decay; see Figure 2).
optical thickness and 0.7 mm thickness of the walls. The whole After 5 ps de|ay' the fluorescence decays 5ynchr0n0u5|y at all

setup was optimized for the highest time resolution. wavelengths and reflects only the lifetime of the excited state
2.2. Chemicals and Sample PreparationHexamethylben- of the complex, which is much longer (about 13999 than

zene (HMB) 99%, 1-chloronaphthalene (CINP), 90%; the spectral relaxation times. So the amplitudes of fluorescence

methylaniline (MAN), 98%, dichloromethane (DCM},99%, decays at 5 ps (not time integral) were normalized according to

chloroform, >99%, carbon tetrachloride (C£| 99.8% from the steady-state fluorescence intensity at the same wavelength.
Wako Pure Chemical Industries, Ltd., chloranil (tetrachloro- The estimated error caused by normalization using the amplitude
1,4-benzoquinone) 99%, fluoranil (tetrafluoro-1,4-benzoquinone) at 5 ps but not integral is less than 5%. We used this type of
97% from Aldrich, tetracyanoethylene (TCNE)98%, bromanil normalization since the integration of the tails, which are rather
(tetrabromo-1,4-benzoquinone)98% from Tokyo Kasei Or-  noisy in the red part of the spectrum, gives a larger error. After
ganic Chemicals Co., Ltd., carbazole,97%, from Kanto normalization, the time-dependent spectra were constructed.
Chemical Co., Inc., and perdeuterated hexamethylbendgne- Each spectrum was fitted with a Gaussian function, and the
(HMB-d1g), 98.1 atom % of D from CDN Isotopes were used wavelength of the spectral maximum was determined from the
as received. A sketch of the donors and acceptors used in thisfit. Deconvolution of the individual fluorescence signals was
work is shown in Figure 1. not performed for the spectrum reconstruction.
Concentrations of the complexes were chosen to give the 2.3.1. Semiempirical Calculation¥he molecular structures
optical density of about 0.3 (or a bit smaller) in a 0.5 mm sample in the gas phase were modeled by the Hyperchem software,
cell. At the same time, concentrations were kept so that mostly employing a molecular orbital theory with parametrized model
1:1 complexes were formed. While in solvents with moderate 3 (PM3) Hamiltonians. For optimization of the configurations
polarity (CHCl and DCM) mostly 1:1 complexes are formed, of the closed-shell molecules (neutral molecules), the restricted
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Figure 2. Fluorescence decays of the TCNHMB complex in CC}

at 774 and 907 nm. The best fit of convolutionfé function with
instrument response function is shown. Instrument response function
of 85 fs (fwhm) used for the convolution is also shown. The oscillatory
component for the signal at 774 nm is emphasized separately at the
bottom.

Figure 3. Maximum of fluorescence spectrurt) time behavior. The
normalized spectral shift correlation functi@gt) = [v(t) — v(c0)]/[v-

(0) — v()] is shown as additionaf axis. The oscillating component
determined as a difference between experimental data and fit with eq
1 where the oscillating component was set to zero is shown at the
bottom. The best fit parameters are= 115 fs,A; = 0.77,7, = 1.4
ps A, = 0.23, 7gamp = 350 fs,As = 0.21,hw = 155 cn?, ¢ = —0.6.
Hartree-Fock (HF) method was used, while for the open-shell o

molecules (ions), the unrestricted HF method was used. Theof the fluorescence spectrum twice in one pefd# But the

PM3 semiempirical method was used for the normal-mode 2w frequency was not clearly observed due probably to the small

analysis. amplitude of oscillations expected in the region of the fluores-
cence maximurit and/or a lack of the time resolution.
3. Results A fast exponential decay component is superimposed with
o ) oscillations. It decays with the characteristic time of about 100
3.1. Oscillations in TCNE-HMB Complex. The EDA {5 at the “blue” edge of fluorescence spectrum and has a spectral

complex in which oscillations were found for the first time was (iffusion charactéf (Figure 2). The amplitude of this compo-

the complex between TCNE and HMB!“The charge-transfer  nent decreases, and the characteristic decay time increases with
band of the steady-state absorption spectrum of the complex isincreasing the wavelength of observation from 700 to 970 nm.
broad (width at half-maximum of~5500 cnt') with a This component was assigned to a vibrational relaxdfias
maximum at 537 nm in CGI The time-integrated fluorescence the excess of the photon energy above the Qransition is
spectrum is also broad-4100 cnt?) with a maximum at 917 rather large (about 1800 cr¥). The spectral change in time is

nn?®2 with a very large Stokes shift of about 7500 Thin  characterized by constructing of the peak-shift correlation
CCls. Recently, we reported the oscillations observed in fynction C(t), as described below. Although the evolution
spontaneous fluorescence from this compfeln this paper,  of C(t) has mainly been used to characterize the solvent

we present new experiments with a wider spectral range of dynamics’®®-38it is generally related to all kinds of the spectral
fluorescence observation from 700 nm (which in a very “blue” yg|axation. On the fast time scale, the vibrational relaxation and/
side of the time-integrated fluorescence spectrum) to 970 nM oy intramolecular vibrational energy redistribution (IVR) con-
(which is “redder” than the fluorescence maximum). The tribute toC(t) (see section 4.1). These processes are expected
example of the fluorescence decay measured at 774 nm istg pe predominant especially in nonpolar solvents where
presented in Figure 2. The instrument response function obtainedsg|yation effect is small.

by measuring the time-resolved Raman scattering from pure 32 Reconstruction of Fluorescence Spectrunthe time-
solvent is shown in the same figure. The best fit obtained as a gependent fluorescence spectra were constructed according to
convolution of thef(t) function (eq 1) with the instrument  the procedure described in the Experimental Section. The time
response function is also shown. The oscillating component is pehavior of the peak position of the fluorescence spectrum is

emphasized in the lower graph. One can see a clear oscillationshown in Figure 3. The normalized peak shift correlation
of the fluorescence intensity with a time period of 216 fs which function C(t) is determined as

corresponds to the frequency of 155 @mOscillations with

the same frequency were observed for eight wavelengths from v(t) — v(o0)

700 to 895 nm. At 907 nm, the oscillatory component is C() :m )
observable (Figure 2), but it cannot be fitted well with a single

sinusoidal function. Another frequency seems to be involved wherev(t) andv(0) are the wavenumbers of the peak position
in the initial part of the signal. Generally, at the wavelengths of the fluorescence spectrum at timtesnd zero, respectively,
near the fluorescence maximum, a twice higher frequency is andv(w) is the fluorescence maximum at infinite time, which
expected to be involved as a wave packet passes the maximunwas taken as a maximum of the time-integrated fluorescence
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TABLE 1: Parameters of the Complexes Studied in This Work

donor acceptor solvent aldga, NM observedy, nm Tdamp, TS Woscil, CNMTL
HMB TCNE CCl 535 700-970 350+ 80 156+ 3
HMB TCNE CHCl, 540 800-907 450+ 50 155+ 2
HMB(D1s) TCNE CCl 535 770 300t 50 155+ 3
carbazole TCNE CHGI 610 865 210t 50 153+ 4
Cl—naphthalene TCNE ciel, ~565 700 280t 50 154+ 4
HMB chloranil CHCl, 520 810, 850 40@& 50 178+ 4
MAN chloranil CCly 595 866 350t 50 179+ 5
HMB fluoranil CH.Cl, 490 808 350t 50 212+ 7

spectrumC(t) is shown in the same figure as a secofaxis.
It consists of an exponential like relaxation with an oscillatory L 1A : o
component. The relaxation is well fitted by a biexponential 5 ‘ © =156 + 3 cm”
decay function with a fast component of 1525 fs (77%) - ‘ :
and a slow component of 14 0.5 ps (23%). These exponential
decay components will be discussed in detail in section 4.1.
The frequency of oscillations of 156 5 cnT?! is the same
frequency observed in the single wavelength measurements. So,
the fluorescence spectral position is oscillating due to a wave
packet motion in the excited state of the complex. In other
words, some of the vibrational motion excited coherently by
the light pulse modulates the transition frequency between the
excited and ground states. We will further discuss a contribution

0,=155 3 cm’”

to the observed oscillati(_)ns f_rom a modulation of the transition ] TCNE - HMB(D )
moment by molecular vibrations (section 4.8). P T S S
The oscillatory fluorescence of HMBTCNE complex was -200 0 200 400 600 800 1000

observed not only in CGlbut also in DCM (Table 1). The
frequency of oscillation (155 cnd) is the same as that observed
in CCly (156 cnTl), while the damping time becomes clearly
longer (about 350 fs in C¢land about 450 fs in DCM). The
longer damping time for DCM is probably related to the fact »/
that frequencies of intramolecular vibrational modes of DCM [ , , X . . X
are much smaller than that of GCThe smallest frequency of -200 0 200 400 600 800 1000

TCNE - HMB(H, )

Dy 7 T P

TCNE - HMB(D,,)

CCl, is below 200 cm? (the highest is about 700 cr), while Time /fs
that of DCM is about 300 cnit (the highest is about 3100 ci). Figure 4. Fluorescence decays of the complexes of TCNE with normal

The lack of the intramolecular solvent modes with the frequen- HMB (H1g) and perdeuterated HMB ¢g) in CCls at 770 nm. Oscillatory
cies similar to the oscillation frequency in the complext65 components are shown at the bottom.

cm?) de_crease the dephasing rate for the vibration of the (if any) seems to be smaller than 3 cThus, this experiment
complex in DCM. is not supporting the assignment of the frequency of the
The oscillating component has either intermolecular or oscillations to the intermolecular stretching mode.
intramolecular origin. To specify which vibrational motion is 3.3.2. Complexes of TCNE with Carbazole and Chloronaph-
responsible for the oscillation, we have performed experiments thalene.The underdamped oscillations of spontaneous fluores-
with different complexes. First, the complexes in which donors cence are observed in different complexes: carbazbB@NE
are varied and the acceptor is common (TCNE) have been(Table 1) and chloronaphthalen@ CNE (Figure 5). The
studied (section 3.3). Second, the complexes with different frequencies of the oscillations in these complexes @%Bcn 1
acceptors have been investigated (sections 3.4 and 3.5). with carbazole and 154 4 cn ! with chloronaphthalene) are
3.3. Complexes of TCNE with Different Donors.3.3.1. very similar to the frequency observed in HMBCNE
Deuteration of HMBTo specifyinter- or intramolecular origin complex, while the damping times and lifetimes of the excited
of the oscillation, the experiment with perdeuterated HMB state of the complexes vary significantly (Table 1). We cannot
(HMB-d15) was performed (Figure 4 and Table 1). Upon completely eliminate a possibility that the intermolecular
perdeuteration of the HMB, the reduced mass of the complex frequencies of the different complexes accidentally coincide,
increases from 71.5 to 74.8 g/mol. Assuming an invariable force but such probability looks negligible. Thus, the experiments with
constant for the intermolecular vibration, it gives 2.2% decrease different donors are also not in favor to attribute the oscillating
of the frequency of the intermolecular stretching mode. In the mode to the intermolecular stretching mode.
wavenumber representation, it corresponds to a 3.5'cm It should be noted that while for the complexes of TCNE
decrease of the vibrational frequency. The results of the fits with perdeuterated HMB and nondeuterated HMB the same
show no substantial difference in the frequencies in these two force constant could be considered and donor mass dependence
cases. Unfortunately, the experimental accuracy in frequency of the intermolecular frequency is expected. If different donors
determination is similar to the difference to be observed. Even are used to form complexes with TCNE, the force constant
though the error bars of the absolute values of the frequencyvaries substantially as the equilibrium constant of complex
are comparable with the expected effect, the relative accuracyformation changes for about 2 orders of magnitude. This makes
seems to be higher (considering the same “zero” time position it difficult to predict how the intermolecular vibrational
in both experiments made on the same day). Taking this into frequency depends on the donors masses. The oscillatory
account, the difference in the frequencies for these two casesbehavior was observed in several other EDA complexes with
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Figure 5. Fluorescence decay of TCNfEhloronaphthalene complex 0.00

in DCM observed at 808 nm and the best fit of convolution with

instrument response function is shown. Extracted oscillatory component ~ L
A, = 850 nm

is shown below. -0.04 ‘
. ) i 0 200 400 800 800
different acceptors. These are complexes with chloranil and Time / fs
fluoranil as_ ac_cept_ors. ] ] Figure 6. Fluorescence decays of chloranfiMB complex in DCM
3.4. Oscillations in Chloranil-HMB and Chloranil —MAN at two observation wavelengths (810 and 850 nm) are shown with the
Complexes.The fluorescence decays of the chloratiMB best fits. The oscillatory components at both wavelengths are empha-

complex in DCM at two different wavelengths of observation sized at the bottom.
are shown in Figure 6. Clear underdamped oscillations are , ‘ } ‘ _ .
observed, although the amplitude of the oscillations is about 3 1.0|--------- 3 A--- [ -
times smaller than that for the complexes with TCNE. For both ; !
wavelengths of observation at 810 and 850 nm, there is only
one dominant oscillatory frequency of 1284 cnt ! (period

of oscillations of 188 fs) which is about 23 chigher than

A =635 nm »=179 cm”

the frequency in the complexes with TCNE. 06L N e T=186 f
Oscillations were also observed in fluorescence from the L % =866nm. = _30?” |
complex of chloranil withN-methylaniline (MAN) (Figure 7). ‘ Tdamp_ s

The oscillatory frequency of 17% 4 cn! (186 fs period) is 0.4 -~ R R T1=93 fs

similar to that for the chloranitHMB complex (Table 1). !
The oscillations in fluorescence of both complexes with
chloranil as an acceptor have similar features: same oscillatory
frequency, similar amplitude of oscillations even though the
absorption maxima of the complexes are rather different (520 0.0

———————————————————————————————————————————————————————————————————

nm for chlorani-HMB and 595 nm for chloranitMAN; see 0.05'300

Table 1). 0.025
3.5. Oscillations in Fluoranil—HMB Complex. Finally, A

oscillations in fluorani-HMB complex in DCM are observed 909

(Figure 8). The oscillation period is 157 fs which corresponds -0.025 1 ; ‘ ‘

to the frequency of 21 7 cnr* (Table 1). The amplitude of g osof.p SO S SV SO FOUO SO WO

oscillations is small. It is partly limited by the time resolution. -200 0 200 400 60 800 1000

Several other complexes were studied including broraaiilB Time /fs

and TCNQ-HMB, but no oscillations were detected while the Figure 7. Fluorescence decay of chloranlM/AN complex in CCl at

fluorescence intensity is strong enough. 826 nmbislshown with the best fit. Extracted oscillatory component is
snown pelow.

4. Discussion . o .
tronic excitation to the CT absorption band always causes

4.1. Vibrational Relaxation and IVR. The fast exponential ~ excitation of different vibrations. Upon photoexcitation, the
decay component was observed in the fluorescence of allcomplex is “instantly” transferred from the mostly neutral form
complexes studied. This component is due to vibrational (D—A) to the mostly ionic form (D—A~). At the Franck-
relaxation (VR) and intramolecular vibrational energy redistri- Condon (FC) state, configurations of atomic skeleton of both
bution (IVR) processes. In “weak” EDA complexes, an elec- D" and A~ correspond to the equilibrium configurations of
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Figure 9. Schematic potential energy diagram. Projections to several
vibrational modes of the multidimensional ground and excited potential
energy surfaces are shown. The wave packet motion is excited in two
Figure 8. Fluorescence decay of fluorariHMB complex in DCM low-frequency modes: inter- and intramolecular. IVR process is shown
observed at 850 nm and the best fit of convolution with instrument as an energy transfer from FC active mode to nonactive mode (see
response function is shown. Extracted oscillatory component is shown text for details).

below.

-200 0 200 400 600 800 1000
Time /fs

o ) ) in both electronic states except for= 1 in the $ surface. The
neutral D and A. The equilibrium geometries of the ionS D transition energy of the former is larger than that of the latter.
and A” are quite different from that of the neutral D and A. It The difference in energy corresponds to a vibrational quantum
means that by photoexcitation vibrations are excited in both D ¢ the FC active vibration (if FC vibration is excited nonco-
and A as nuclei have to reorganize in order to reach the perently). Thus the vibrational energy redistribution from the

equilibrium geometry of the products (B-A7)*. That is the FC active vibrations to nonactive “dark” modes causes a
reason that the CT band in EDA complexes is very broad and dynamic “red” shift of the fluorescence spectrum.

the Stokes shift is very large even in the gas pHasérhe Myers et al. analyzed the resonance Raman spectrum of the
vibrational energy from vibrationally hot states can flow to the complex of HMB-TCNE and found that at least 11 vibrational

vibrations of smaller energy located in the same molecule (IVR oo .
process) and/or to rovibronic levels of the solvent (VR). The mo_de_s are strongly contributing to _the_obs_e rved absorption and
former process is considered to be faster than the latter, as &l >S1oNn spectré:2%284Those are six vibrations of HVB (from

coupling between intramolecular modes is usually stronger than 450 to 1570 erl) as well as four vibrations of T.CNE. (from
that of modes in different molecules (at least for relatively large 242 0 2222 cm?). One low-frequency Raman-active vibration
molecules). The larger is a molecule, the larger is the density Was Observed at 165 crh which was tentatively assigned to
of states and the faster is the IVR process. It was found that "€ D—A stretching mode. Some of these FC-active modes are

IVR in the ground electronic state is much slower than that in €XCited in our experimental conditions as the extra energy of
the excited electronic stafé42 the excitation photons is about 1800 thnabove the -0

It is obvious that vibrational relaxation (vibrational cooling) ~ transition. The high-frequency modes from 450 to 2222 tm
will cause a dynamic spectral shift of the fluorescence. To could not be excited and detected coherently based on time
illustrate that IVR can cause the same effect, we consider aresolution of our setup. As we have shown above, migration of
simple molecular system having two vibrational modes with the vibrational energy to the solvent (VR) and to other “dark”
similar frequencies; one is FC active and another is inactive. Modes in the complex (IVR) causes “red” shift of the emission
Let us also assume that, after photoexcitation of the FC active SPectrum in time. Since VR to solvent is expected to be much
vibration in the excited electronic state, the vibrational energy Slower than IVR, the observed fast spectral shift (Figure 3) is
is transferred from the FC-active to the inactive mode (IVR @assigned mostly to the IVR process, in particular, to energy
process). One can consider two projections of the grougd (S transfer from the initially excited FC-active intramolecular
and excited (§ potential energy surfaces to these two vibra- modes of both D and A to the nonactive vibrational modes.
tional coordinates (Figure 9). Note that there should be some We should emphasize that the solvent used is nonpolar solvent
shift of the equilibrium positions of Sand $ in the projection and solvation effect does not contribute much to the observed
to the FC-active modey}, while no shift (and no frequency  spectral shift. Two characteristic relaxation times of #H25
change) is considered for the non-FC-active mokle By fs (77%) and 1.4+ 0.5 ps (23%) of spectral relaxation were
photoexcitation the §/'=1, k=0) excited state is prepared. determined from the biexponential fit of peak shift correlation
Initially, the emission wavelength is determined by the transition function C(t) (Figure 3). The main component of 115 fs is
from S(v'=1, k=0) to $(v=0, k=0). After energy transfer  assigned mainly to the IVR process, while the slow component
from the FC-active to nonactive vibration a staiéS=0, k'=1) might consist of different contributions: VR, vibrational energy
is formed. In this case, the emission wavelength is determinedtransfer to the solvent, and solvation. We should note that the
by the transition from §v'=0, k=1) to $(v=1, k=1), since value of 115 fs should be considered as an upper limit for the
thek'=1 state on the Ssurface is orthogonal to all other states VR process in this complex, as the single wavelength signals
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were treated without deconvolution in the spectrum reconstruc- TABLE 2: Low-Frequency Ground State Vibrations of

tion procedure (see Experimental Section 2.3). TCNE and TCNE—HMB Complex
4.2. Oscillatory Component.As one can see from Figure 3, frequencies of vibrations, cmh

the fluorescence peak position of the complex does not only species from PM3 from
decay to the relaxed excited state but also oscillates during Dz, ref4® calculations ref 56 description
relaxation. The oscilla_ting component is shown sep_araf[ely_in a 72 101 torsion odh
the bottom graph of Figure 3. The frequency of oscillation is b, 103 112 127 (CNy-C—(CN) rocking
156+ 5 cn?t, which is the same as that observed by the single & 125 137 134 (CN)-C—(CN) scissoring
wavelength observation. Thus, it can be seen that the transition ESU 167 116775 1176% ((%NN);g_Egmg oop wag

i i i i 1u - SCISsoring
frequency is modulated by some vibrational motion of the e, 578 593 291 0r 305 (CNYC—(CN) rocking

complex. There are several factors which determine the
amplitude of the spectral modulation by vibrational motions. ~ *Assignment of the TCNE modes based on experirferitOur
These are the displacement of the ground and excited Stateﬁ”lec?gilteegqiﬂlrll’(é?l5li3Mvse(l:’2lc(;:Lglac:tlljtl)2tse SffZEtNhE ¢ggfﬂ$"w‘l’ém£r‘é'b|f;'°&‘j‘t'
potential energy surfaces along the vibrational coordln_ate which . "L own vibrations are located mainly on TCNEoop” Sfand’s for
causes oscillations and steepness of both potential energyyyt.of-plane modes.

surfaces along this coordinate. The larger are displacement and
steepness, the greater is modulation of the transition moment
during the vibration. Because of the large transition moment,
these vibrations should contribute to the steady-state absorption
and fluorescence spectra as a vibrational progression and should
be potentially Raman-active vibrations.

Next, we will focus our attention on the assignment of the
oscillating feature. Inter- and intramolecular modes will be
examined. Experimental results can be summarized as follows.
(1) The oscillating frequency is the same for the complexes with
different donors when the acceptor, TCNE, is common. (2) It
is different for complexes with different acceptors (TCNE,
chloranil, and fluoranil). (3) It is the same for chloranil
complexes with two different donors: HMB and MAN. (4) It
is the same for the HMBTCNE complex in different solvents.

These results suggest that the observed oscillatory frequencies
belong probably not to the intermolecular-R stretching mode Viz, blu Vi4s b3u
but rather to the vibrational modes of the acceptors. In the
following sections, we will consider the intramolecular vibra-
tional modes of acceptors in detail. To be more accurate, we
should consider the vibrational modes of the acceptor anion, as . . X
the excited states of the EDA complexes are idhiSo, absoretlon and Raman scattering experiments for TCNE,
whenever data are available, we will discuss vibrational TCNE", and TCNE-HMB complex..
frequencies of both forms of acceptors: neutral and anion. “We should note that the assignment of low-frequency
43. IR- and Raman-Active Modes in EDA Complexes vibrations is not certain up to now, so the predictions made by

Let us consider that the line connecting centers of D and A is semiempirical cal_culat_ions will be used as well. For e_xample,
the axis of symmetry of the complex so that the complex belongs the o_ut-o_f-_plan%wbratlon of the TCNE4 (bsu), was assigned

to the symmetry groups; or Cy,. TheCy, group symmetry of Oy ntuitively.

the TCNE-HMB 1:1 complex was concluded by Liptay et3l. 4.4. Vibrations of TCNE and TCNE™. The observed
from electrooptical measurements (g group consists of one  0scillatory frequency is about 155 crin the excited state of
symmetry axis and two symmetry planes). In this case, the the TCNE complexes. We will assign it to intramolecular
selection rules could be obtained for different vibrations to be Vibration of TCNE (or TCNE). There are two vibrations in
active in Raman scattering or in IR absorption. For example, TCNE with frequencies near the observed oscillatory frequency
the A—D stretching mode will be Raman active as the vibration (Table 2). One is the scissoring modezf having b, symmetry
keeps the symmetry of the complex, while different modes (Dzn point group, when the axis is directed along the=€C
belonging to the acceptor and the donor will be active either in band) and another is the out-of-plane bending mogg with

IR or in Raman (or not active in both). In fact, all acceptors we the by, symmetry (Figure 10). Both are the IR-active modes of
used belong to th®., group symmetry> so we will discuss TCNE. Three vibrational modes of 159, 166, and 180twere
here intramolecular modes of the acceptors in terms of this observed in polycrystalline TCNE samplésAll three bands
symmetry group. The vibrationsg,aa,, bsg, and b, (of Doy were assigned ter, (byy) (C(CN), scissoring) without qualitative
group), hold the symmetry of the complex, ang, bg, by, explanation for the reason of its splittingln the later work?’
and by, do not hold. As we will see in part 4.4 there are two it was suggested that one of these three modes was the out-of-
TCNE acceptor vibrational modes in the vicinity of 160 ©m plane vibrationvi4 (bsy). The 180 cmi! band was assigned to
to which observed oscillations could be assigned: to either the the v14 mode and the 159 and 166 ctmodes were assigned
in-plane scissoring mode P or the out-of-plane bending mode to Davydov components afi».#” According to Michaelian et
(bsy) (Table 2 and Figure 10). With the assumption of the al., the 159 cm! band might alternatively be assigneditg,
considered symmetry of the complex,Ishould be IR active but this would not leave any fundamentals to account for the
and by, should be Raman active in the compféin the acceptor 180 cnt® band?” The far-IR spectrum of TCNE in the form of
(not in the complex), both modes should be IR active. Having halocarbon mull was measured by Miller et&They observed

Figure 10. lllustration of the two normal modes of TCNE.

these in mind, let us analyze what was observed in the IR
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TABLE 3: Selected Vibrations of TCNE and TCNE~

calculations

experimental

vengyem™t  vaeng) vrene) Species

fromrefs4749 cm?t cm! D2n description
V12 165 175 174 Iy in-plane scissoring
V14 (180) 167 148 K, out-of-plane

(CN)—C—(CN) wag

only one band at 165 cm in the region under consideration

and assigned it to the scissoring modeg,
Our semiempirical calculations give 175 cihnfor by, and

167 cn1?! for bg, modes (Table 3). The vibrational modes of

TCNE anion were measured only from 200 ©min IR
absorption experiment851According to our calculations (Table
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TABLE 4: Selected Vibrations of Fluoranil (FIA) and
Fluoranil Anion

experimental _calculations
1/(|:|A)/Cn'r1 V(FIA) V(FIA™) species
fromref59 cm?* cm? Don description
V14 310 342 351/312 by, in-plane G-F bend
Vag 217 234 230/206 b, out-of-plane C-F wag

aValue after slash was obtained by molecular orbital, density
functional, and hybrid HartreeFock/density functional computatioffs.

frequency is about 165 crhfor neutral TCNE; (b) for the anion

of TCNE the frequency is about 15 chsmaller than that for
the neutral form; (c) it is the totally symmetric mode in the
complex. We think that the same vibrational mode that gives

3) and calculations of ref 50, there is almost no frequency shift the peak in the Raman spectrum of the complex is responsible
of v15 (b1y) mode in anion relative to the neutral molecule. No for the oscillations in the transient absorption and fluorescence
data about’14 (bs,) mode in anion of TCNE were found. Our  experiments. There are two reasons which support the idea that
calculations suggest about 11% decrease ofvihdérequency this mode is the out-of-plane bending mode. (1) The frequency
in TCNE anion compared to the neutral (Table 3). This reflects observed in the ground state of the complex (neutral TCNE;
a decrease of a stabilization energy keeping the flatness of thetransient absorption (162 ¢ and resonance Raman (165
molecule in TCNE anion and is a common feature for most of cm™?) experiments) is larger than that observed in the excited

the out-of-plane modes of TCNE.

In the resonance Raman experiméhtsf the sodium and
potassium salts of TCNE (in fact TCNI; the bands of-140,
~160, and~170 cnt?® (with Na) or 175 cm® (with K) were

state (anion of TCNE; fluorescence experiment(1559n(2)

The small depolarization ratio of 1/3 of the peak of interest
observed in the resonance Raman spectrum of the complex
suggests that the vibration is totally symmetric. Thus, we

observed. The assignment is complicated because of the differenpropose a new assignment of the oscillatory component and
salt structures. Another complication is a possibility to assign the Raman peak at 165 ¢ which is the out-of-plane bending

these bands to lattice modes.
4.5. Raman Spectrum of the TCNE-HMB Complex.

mode of TCNE ().
4.6. Low-Frequency Vibrations of Fluoranil and Chlo-

There are many studies on Raman spectroscopy of the FCNE ranil. For fluoranil, a strong IR absorption at about 217¢ém

HMB complex?7.28.435354While the high-frequency range is

in chloroform was observé®and was assigned to the out-of-

rather well characterized, the assignment of low frequencies is plane bending modes,g (bsy). The scissoring mode4 (b1y),
still uncertain. A strong Raman band in solution was observed which is also of interest has much higher frequency (310%m

at about 165 cmt.27:28435354The solvent dependence of this

band is conflicting. Smith at al. observed it at 163 ¢nin
cyclohexane, 166 cnt in CCly, and 169 cm? in DCM,27” while
Kulinowski et al. reported the same frequency of 165 &ffior

all these three solvent&#3 There is no consistency in the

No experimental data are available for thg mode (k) of
fluoranil anion. The results of our semiempirical calculations
as well as hybrid ab initio calculatiotfsare shown in Table 4.
From our calculations, about a 2% decrease of the frequency
of the v,9 mode of fluoranil anion with respect to the neutral

assignment of this band. Smith et al. assign it to an overtone of form was found, even though the absolute values of the

the D—A stretching mode (25,)?” based on the observation of

Rossi et af® that the 89 cm! peak belongs to the BA

calculated frequencies are overestimated. If we dare to use this
calculated difference of 2% to get the frequency of the anion

stretching mode. Kulinowski et al. suggested that 165%tm based on the experimental value for the neutral form of 217

mode is the fundamental -PA stretching mode leaving a
possibility to assign it to a scissoring mode of TCI¥®IcHale

cmt, we will get the value of 213 cmi. This is in good
agreement with the experimental oscillatory frequency of 212

et al. discussed several other possible assignments of thist 7 cnm! (Tables 1 and 4). So the observed oscillations in the
mode>* One of the possibilities is an IR-active acceptor mode fluoranil—-HMB complex can be assigned to the out-of-plane
which becomes Raman active in the complex, because abending modeyg (bsy), of fluoranil.

symmetry of the complex is lower than that of the acceptor. As

a candidate, they considered thg $cissoring mode of TCNE,
even though the 1) mode isnontotally symmetric for theC,,

The peak at 186 cri in the IR spectrum of chloranil was
observed and assigned to the out-of-plane bending moge,
(b3y).* The scissoring moderz4 (byy), is probably obscured by

group symmetry of the complex and have to be activated by thev,s mode which is strongéi No Raman-active modes were

vibronic coupling®* Note that the depolarization ratio of the

band in question is 1/8,suggesting that the 165 crmode is

observed for chloranil around 178 cfa The assignment of the
v29 mode (k) of the anion of chloranil to 220 cm %2 does

totally symmetric and is resonantly enhanced via a single not look reasonable, as a shift from the frequency of this mode

nondegenerate electronic stéte.

from neutral chloranil is too large. The authors suggested that

Recently, Hayashi et al. made ab initio calculations and a this value is probably influenced by a coupling with lattice

normal-mode analysis of the TCNEIMB complex¢ The

modes®? From our calculations, a shift of about 2% to the lower

scissoring mode of TCNE in the complex was calculated to be frequencies for thes,g (b3,) mode is expected for anion of
167 cnt? (by),5” and the TCNE out-of-plane bending mode chloranil. The 2% correction of the 186 cirexperimental value

was calculated to be 170 crh(bs,).56-58

(Table 5) gives theg frequency of 182 cmt for anion. This

The data concerning the frequencies of these two TCNE value is in good agreement with the frequency of observed
vibrations could be summarized as follows. Scissoring mode: oscillations (1794 5 cntY). So we can assign the observed

(a) frequency is about 165 crf (b) there is no difference in

oscillations in the complexes with chloranil to thg (bs,) out-

frequency from the neutral to anion form; (c) it is nontotally of-plane vibrational mode of chloranil. Thus, in the complexes
symmetric in the complex. Out-of-plane bending mode: (a) with three acceptors studied, the oscillatory component is
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TABLE 5: Selected Vibrations of Chloranil (CIA) and Chloranil Anion

experimental calculations
vem/em tref 61 vcayem trefs 62,63 Vciay cm 2 Vicia-y cmt specieD2, description
Via (186} 200 205 205/208 b1y in-plane G-Cl bend
Vag 186 220 191 187/18Y7 bay out-of-plane G-Cl wag

aThe value is not well defined as it is probably obscured bythé! ° Value after slash was obtained by molecular orbital, density functional,
and hybrid Hartree Fock/density functional computatiofs.¢ This mode is probably influenced by a coupling with lattice md@es.

assigned to the out-of-plane vibrational mode of the acceptorsdoes not change much in the excited state. This frequency is
having the b, symmetry. much larger than the expected-B stretching frequency, and
4.7. Intermolecular or Intermolecular? We think that upon it is less thermally populated (about 45% at room temperature).
photoexcitation of EDA complexes to the CT band, the Thus, generally, it seems easier to observe coherence caused
intermolecular modes are excited as well as intramolecular by the intramolecular mode than that caused by theAD
modes since the equilibrium distance between D and A is alteredstretching mode in “weak” EDA complexes.
in the ionic state of the complex. In this section, we are  4.8. Modulation of the Mean Transition Moment by the
addressing a question, why the coherence due to thé D  bg, Vibration. Another question could be asked. Why does the
stretching mode was not clearly observed in our experiments. out-of-plane mode of the acceptor causes such strong oscillations
The value of the ground-state-fA stretching frequency is  and the in-plane scissoring mode having similar frequency does
not well defined yet, but it probably is about®@o 89 cnr.48 not? Two possible reasons for that could be discussed. One is
In the excited state of the complex, one can expect some increaserivial, the scissoring mode is not strongly excited in the optical
of the frequency of the BA stretching mode due to the transition (small FC factor). This is supported by Raman
additional Coulombic attractiot:. Two differences between the  experiments with the complex where only one peak around 165
intermolecular B-A stretching mode and intramolecular modes cm™! is observed®435354The second reason is an additional
could be stressed. First, an increase of the frequency is expectednechanism which causes oscillations. A modulation of the mean
in the excited state of the complex for the-B stretching mode, transition moment by the vibration is expected if oscillations
while the frequencies of intramolecular modes change very little. are caused by the out-of-plane acceptor mode. We have
Particularly, the frequency of theypout-of-plane mode of the  discussed in section 4.2 that the wave packet motion in the
acceptors slightly decrease in the excited state of the complex.excited state of the complex modulates the transition frequency.
Second, the shapes of the potential energy surface are differenAt the same time, the out-of-plane acceptor mode is strongly
along inter- and intramolecular modes. The repulsive part of coupled to the transition moment, since it is directed toward
the potential is similar for both modes, but the attractive part is the donor part and the vibrational motion modulates the distance
much less steep for the intermolecular mode (as it leads to betweenr systems of the donor and acceptor. In this case, one
dissociation of the complex), while for intramolecular modes can expect modulation of the transition moment during the
the potential is rather symmetrical. vibration. Then, the oscillations caused by this mode could be
On the basis of these two differences, we suggest the possibleenhanced. A large modulation of the dipole moment by a
reasons why it is difficult to observe the vibrational coherence vibration should modulate the fluorescence intensity. The mean
due to the intermolecular mode. First, if the ground-state electronic transition momentM(t)) is estimated from the
frequency is as small as 6@9 cnT?, the thermal population integral over absorption or fluorescendg,t)) spectrum (eq
of this mode at room temperature should be substantial. The 3).64
fraction of vibrationally excited complexe§y=21)/f(z=0) is
about 70%, where(v) = exp(vE/KT) is the Boltzmann M Z(t) ~ St) = fF(v,t)dv ®)
function. If the vibrational mode is excited before photoexci- ©9 e
tation, the initial phase at the moment of the excitation will be
randomized arbitrarily. In other words, the initiaH2 distance The §t) function is constructed by integration of the Gaussian
in the time of photoexcitation is not unique. This will make it fitting functions for the fluorescence speckg,t) at each time
difficult to observe the coherence caused by this vibration. delayt. The result is shown in Figure 11. One can clearly see
Second, as the binding energy in the ground electronic state ofthat the mean transition moment oscillates in time during the
the complex is not very large (about 14 kT for HMBCNE?), vibrations.
there is some distribution of binding energy. It results in some  If the vibrational mode is strongly coupled to the transition
distribution of the frequency of the BA stretching mode and  moment, the enhancement of the Raman intensity can be
possibly distribution of the B-A distance. Third, differenttypes  expected. This is so-called the vibronic coupling effect which
of intermolecular modes exist (not only the clear—R has been formalized by introducing the Herzbetgller
stretching). Several BA vibrational modes with frequencies  expansion of electronic wave functions over vibrational mé&el&s.
of 41, 59, and 63 cmt were recently calculated for the ground  If vibronic coupling is strong (simply speaking electronic wave
state of the HMB-TCNE complex8® The peak at about 89 crh functions change significantly during vibration) the Herzberg
was experimentally observed by Rossi etdbr a microcrys- Teller resonant term of the Raman scattering tensor becomes
talline sample of HMB-TCNE complex and was assigned to important in addition to the FranekCondon term. We think
the D—A stretching mode. This peak is rather broad with a width that the 3, mode of the acceptor is strong in Raman spectra of
of about 15-20 cn1?, which is supporting the last two reasons. the HMB—TCNE complex due to the vibronic coupling
Thus, these effects should complicate the observation of themechanism. It should be noted that the out-of-plane mode of
coherence of the BA stretching mode. an acceptor is not out-of-plane mode in the complex.
Contrary to the intermolecular modes, the frequencies of The enhancement of IR activity in EDA complexes for the
intramolecular modes are less affected by solvent. The frequencyRaman-active modes of donors due to the vibronic coupling
of the intramolecular vibrations in the ground electronic state mechanism was observed for different complexes (for example,




Vibrational Coherence in DonetAcceptor Complexes J. Phys. Chem. A, Vol. 103, No. 49, 19980211

5. Conclusions

1.0
09f The spontaneous fluorescence of several EDA complexes
08l shows oscillatory behavior superimposed with a fast decay
- component. The different frequencies of oscillations were
2 0'7_' observed for complexes with three different electron accep-
% 06 | S tors: tetracyanoethylene, fluoranil, and chloranil. Almost the
g 05 Expl: «,=170 s (52%) same oscillatory frequency was observed. for the complexes with
S 04l Exp2: =12 ps (48%) different QOnors and a common acceptor in all thrge cases. These
= b Oscill - 21.:2151,8 _(F(v,D observations for_ced us to_conclude that the |ntrample(_:ular
&% 03r h B S(t) = J BE dv acceptor mode is responsible for the observed oscillations.
02l »=155cm Analysis of the existing far-IR and Raman spectra of the EDA
01l Tgamp —400 fs complexes and acceptors allowed us to assign the out-of-plane
9=0 bending mode of acceptors as the mode giving rise to oscillations
00—, 200 400 600 800 1000 in the spontaneous fluorescence for all three acceptors studied.
&l oo To our knowledge, this is the most systematic assignment of
4} < A the oscillatory mode made for such complicated molecular
® 2 of N systems.
S The out-of-plane bending mode of the acceptor is somewhat
-4t similar to the D-A stretching mode since the distance between
6t the centralr system of the acceptor and donor changes during

0 200 400 600 800 1000

Time / fs
Figure 11. §t) function of time is shown which reflects modulation
of the mean transition momerft/l§ t)) for HMB—TCNE complex in

vibration, although the center of mass of acceptor is not moving.
It is shown that this mode is strongly coupled to the CT
electronic transition and modulates the value of the transition
CCl. The parameters of the best fit by #tf function (eq 1) are shown mome.”t- The modulation of the .transmon frequency by the
on the plot. The oscillating component is shown separately in the lower ViPration was shown by construction of the fluorescence peak
graph. shift correlation function.

Several conclusions are made on the assignment of the
benzene 1,5 ethylene-metallic catios®). It was shown thata  Vibrational modes in the TCNE and HMBICNE complex.
small modulation of the transition moment by the vibration can (1) The frequencies of the out-of-plane bending modg(bay),

increase significantly its IR activity. of TCNE are expected to be 165 and~155 cnt? for the
TheS(t) function shows a fast decay component superimposed ground and excited states, respectively. (2) The peak at 165
with oscillations (Figure 11). The biexponential fit of ti$) cm™t in the IR spectra of TCNE is due to the out-of-plane

function (with oscillatory component) gives characteristic decay bending modey14 (bsy). (3) The peak at 165 cm in the Raman
times of 170 fs and 12 ps. The latter value stands for the lifetime Spectra of the HMB-TCNE complex is also mainly due to the

of the excited state and was fixed in the analysis. The fast decayout-of-plane bending mode of TCNE4 (bsy).

component{170 fs) might be assigned to the fast recombina-
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