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Abstract

Excited state dynamics of the highly stable 1:1 and 2:1 charge-transfer (CT) complexes assembled via host–guest interactions

between a biscrown stilbene and a viologen vinylog was studied using transient pump-supercontinuum probe spectroscopy. In

acetonitrile, both complexes showed ultrafast two-component transient absorption dynamics after excitation in the CT absorption

band by a 616 nm, 70 fs laser pulse. The faster component (s < 200 fs) is assigned to relaxation processes in the lowest CT excited

state. The second component is due to the back electron transfer (ET) reaction leading to the ground state. The measured ET time

constants for the 1:1 and 2:1 CT complexes are about 540 fs and 1.08 ps, respectively. Excitation of the bimolecular complex by a

308 nm laser pulse gave rise to three-component transient absorption dynamics. The fastest transient (s � 150 fs) is assigned to

relaxation processes in the high-lying excited states of the complex. The high-amplitude rise component with a time constant of

about 300 fs is due to the internal conversion from the high-lying excited states to the lowest CT excited state. The latter decayed to

the ground state via the back ET with a time constant very close to that measured when the complex was excited in the CT ab-

sorption band.
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1. Introduction

Electron transfer (ET) reactions play an important

role in many chemical, physical and biological systems

[1,2]. Accordingly, ET dynamics is one of the broadest

research areas of physical chemistry. Organic charge-

transfer (CT) complexes [3] are widely used as model

systems for studies of ET dynamics. These complexes

undergo direct photoinduced ET reaction upon excita-
* Corresponding author. Address: Department of Photochemistry,

Institute of Problems of Chemical Physics of RAS, Institutskii

prospect 18, 142432 Chernogolovka Moscow region, Russia. Tel.:

+7-096-524-4746; fax: +7-096-515-5420.

E-mail address: eushakov@icp.ac.ru (E.N. Ushakov).

0301-0104/$ - see front matter � 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.chemphys.2003.12.002
tion in the CT absorption band. Until now there are
some issues concerning the back ET reaction (charge

recombination) in excited organic CT complexes. Many

evidences have been reported [4–6] that the semiclassical

nonadiabatic ET theory fails to describe satisfactorily

the Gibbs free energy dependence of the back ET rate

constant. To account for these discrepancies, a few

extensions of the nonadiabatic ET theory have been

proposed; such as the hybrid model of Barbara and co-
workers that includes both high-frequency quantum

mode and solvent coordinate [7,8]. For some CT com-

plexes, this model qualitatively well describes the free

energy dependence of the ET rate [9]. Recently, the

hybrid model has been extended to include the effects

of internal vibrational relaxation [10]. However, the
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nonequilibrium ET models predict a nonexponential ET

dynamics, which is inconsistent with the observations

reported in [4–6,9].

Generally, molecules in organic CT complexes are

weakly bound, which complicates studies of the excited
state dynamics. Recently, the highly stable CT complex

[S �V]4þ (logK ¼ 9:08 in acetonitrile) between the bis-

crown stilbene S and the viologen-like salt V4þ (Scheme

1) has been reported [11].

The high thermodynamic stability of [S �V]4þ is pro-

vided by the two-centre host–guest bonding between the

peripheral fragments of the electron donor (D) S and the

electron acceptor (A) V4þ, as illustrated in Scheme 1.
The host–guest bonding in [S �V]4þ places some con-

straints on both the donor–acceptor separation distance

and the spatial orientation of the donor and acceptor

moieties. Owing to these advanced features, supramo-

lecular CT complexes of the [S �V]4þ type are attractive

model systems for studies of ET process.

More recently [12], it has been found that compounds

S and V4þ in acetonitrile are able to form the termolec-
ular CT complex [S �V �S]4þ (logK ¼ 12:28, Scheme 1),

which has a sandwich-type layered structure in which the

acceptor salt is located between two complexed mole-

cules of the biscrown stilbene. ET process in termolecular

CT complexes is not clearly understood because these

species normally show a very low thermodynamic sta-

bility and exist in solution in equilibrium with CT com-

plexes of other compositions. In addition, there is an
element of uncertainty about symmetry of termolecular

CT complexes, e.g. for 2:1 donor–acceptor complexes

both the symmetrical D–A–D and asymmetrical D–D–A

structures are theoretically possible. With S and V, the

equilibrium is completely shifted toward the symmetrical
Scheme
D–A–D complex [S �V �S]4þ when S is added to a solu-

tion of the D–A complex [S �V]4þ in an excess of �0.05

M. No higher-order CT complexes, i.e. those involving

more than three components, are formed in this system.

Studies of the excited state dynamics of the termolecular
complex [S �V �S]4þ might give new knowledge about ET

process in symmetrical D–A–D complexes.

Here, we report results of femtosecond transient

absorption spectroscopy studies of the supramolecular

CT complexes [S �V]4þ and [S �V �S]4þ in acetonitrile.

Transient spectroscopy data for the uncomplexed com-

pounds S and V4þ, as well as for the reference viologen

salt EV2þ are also presented.
2. Experimental

Trans-1,2-bis[2,3,5,6,8,9,11,12,14,15-decahydro-1,4,7,

10,13,16-benzohexaoxacyclooctadecin-18-yl]-ethylene S,

trans-1,2-bis[1-(3-ammoniopropyl)-4-pyridiniumyl]-eth-

ylene tetraperchlorate V4þ, and trans-1,2-bis[1-ethyl-4-
pyridiniumyl]-ethylene diperchlorate EV2þ were prepared

as described previously [11]. Complex [S �V]4þ was ob-

tained by mixing of equimolar amounts of S and V4þ in

a minimal volume of acetonitrile. The complex was

precipitated by slow saturation of its solution with

benzene at ambient temperature. The solid residue was

recrystallized under the same conditions, and then fil-

tered and dried on the air. This procedure afforded
complex [S �V]4þ in almost quantitative yield.

Samples were dissolved in acetonitrile and studied at

ambient temperature. Solutions of [S �V �S]4þ were made

by adding of S to solutions of [S �V]4þ in an excess of

0.05 M over the 1:1 complex. Commercially available
1.
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anhydrous acetonitrile (H2O<0.01%) of spectrophoto-

metric grade was used as received.

Steady-state absorption and emission spectra were

recorded on standard laboratory instruments. Quantum

yields of trans ! cis photoisomerization were measured
upon steady-state irradiation by glass-filtered 313 nm

light of a high-pressure Hg lamp. Light intensity was

measured by a cavity receiver, giving an error in the

quantum yield measurements of �20%. Emission

quantum yields were determined using anthracene in

ethanol as standard (uf ¼ 0:28).
Transient absorption spectra were measured using the

femtosecond pump-supercontinuum probe setup de-
scribed previously [13]. Briefly, a femtosecond colliding-

pulse-modelocked dye laser oscillator generated 616 nm

pulses with �70 fs fwhm and 1–2 nJ energy/pulse. The

beam was passed through a two-stage pulsed dye am-

plifier to generate pulses with 300–400 lJ energy/pulse

and a repetition rate of 25 Hz. These pulses were com-

pressed through a prism pair to compensate for the

group-velocity dispersion in the amplification process.
Then the beam was split off in two parts. One of them

was frequency-doubled through a 0.5 mm KDP nonlin-

ear crystal to produce 308 nm pump pulses with �10 lJ
energy/pulse. The other part was focused into a quartz

cell with H2O to generate supercontinuum probe pulses.

The magic angle (54.7�) was set between the polarization

of the pump and probe beams. The sample was circulated

through a 1 mm quartz cell. After the sample, the su-
percontinuum was dispersed by a polychromator and

detected by a photodiode array. Transient spectra

DDðt; kÞ, where DD is change in optical density, were

recorded over the ranges 400–580 and 650–900 nm; the

spectral resolution was about 5 nm. The measured

spectra were corrected for group delay dispersion of the

supercontinuum using the procedure described previ-

ously [13]. Concentrations of samples were�1� 10�4 M.
With 616 nm excitation, the concentrations of [S �V]4þ

and [S �V �S]4þ were 7.5 and 4.5 mM, respectively.

The corrected transient spectra were analyzed using

the global fitting procedure based on matrix self-mod-

elling. This procedure allows a set of time-dependent

spectra to be reconstructed from a single- or multi-ex-

ponential model. For example, assume that transient

spectra vary according to the bi-exponential law

DDðt; kÞ ¼ A0ðkÞ þ A1ðkÞ � expð�t=s1Þ þ A2ðkÞ
� expð�t=s2Þ:

In matrix notation, this equation is presented as
D ¼ AE, where D is an n� m matrix containing the

transient spectra measured at n different wavelengths

and at m different delay times, A is an n� 3 matrix

whose columns are vectors A0ðkÞ, A1ðkÞ and A2ðkÞ, and E

is a 3� mmatrix, the first row of which is vector of ones,

and the second and third rows are vectors expð�t=s1Þ
and expð�t=s2Þ, respectively. The matrix E is calculated
by postulating values of s1 and s2, and then is used in

conjugation with the experimental matrix D to generate

a theoretical matrix A by the formula A0 ¼ DET

ðEETÞ�1
, where ET is the transpose of E. A theoretical

spectral matrix D is calculated as D0 ¼ A0E. Then, the
mean square deviation between the experimental matrix

D and the reconstructed matrix D0 is minimized by

varying values of s1 and s2. If the supposed model is

valid, the minimization simultaneously provides the time

constants s1 and s2, the preexponential vectors A1ðkÞ
and A2ðkÞ, and the residual spectrum A0ðkÞ. Global fit-

ting was performed using standard MATLAB functions.

Molecular mechanics simulations of the supramolec-
ular CT complexes [S �V]4þ and [S �V �S]4þ were done

using the MMX force field, as implemented in the

PCMODEL program [14].
3. Results and discussion

3.1. Steady-state spectroscopy

Steady-state absorption and emission data for the

viologens EV2þ and V4þ, the biscrown stilbene S, and

the CT complexes [S �EV]2þ, [S �V]4þ and [S �V �S]4þ are

collected in Table 1. The ground-state absorption spec-

tra of V4þ, S, [S �EV]2þ, [S �V]4þ and [S �V �S]4þ are

represented in Fig. 1. The absorption spectrum of EV2þ

was very similar to that of V4þ.
Upon steady-state irradiation, the uncomplexed

compounds S, V4þ and EV2þ readily undergo the geo-

metric trans ! cis photoisomerization with the quantum

yields 0.24, 0.37 and 0.40, respectively. The high reac-

tion efficiency in solutions containing atmospheric oxy-

gen suggests that the trans ! cis photoisomerization of

S, V4þ and EV2þ proceeds via a singlet mechanism [15].

Prolonged irradiation of the viologens V4þ and EV2þ led
to their degradation presumably due to oxidative

photocyclization of the generated cis-isomers [16].

The initial trans-isomers of S, V4þ and EV2þ fluoresce

with the quantum yields 0.30, 0.020 and 0.016, respec-

tively. In each case, the steady-state emission spectrum

was close to a mirror image of the absorption spectrum.

Comparison of the steady-state spectroscopy data for

EV2þ and V4þ shows that the terminal ammonium
groups in V4þ have a minor effect on the spectroscopic

and photochemical behaviour of this viologen vinylog.

Complexes [S �EV]2þ, [S �V]4þ and [S �V �S]4þ exhibit

a broad CT absorption band with a maximum ranging

from 502 nm for [S �V]4þ to 527 nm for [S �EV]2þ. The
observed hypsochromic shift of the CT band of [S �V]4þ

relative to that of [S �EV]2þ is attributable to a reduced

donor strength ofS in [S �V]4þ, resulting from the electron
withdrawal effect of the ammonium groups ofV4þ bound

to the crown ether fragments of S via hydrogen bonds.
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Fig. 2. Normalized transient absorption spectra of V4þ (1), EV2þ (2)

and S (3) in acetonitrile. The spectra were measured 4 ps after exci-
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Fig. 1. Ground-state absorption spectra of S (1), V4þ (2), [S �V]4þ (3),

[S �V �S]4þ (4), and [S �EV]2þ (5) in acetonitrile.

Table 1

Steady-state spectroscopy data for compounds S, EV2þ and V4þ, and CT complexes [S �EV]2þ, [S �V]4þ and [S �V �S]4þa

Compound kabsmax (nm) emax (mol�1 dm3 cm�1) kemmax (nm) uf
b ut�c

b

EV2þ 319 45 000 367 0.016 0.40

V4þ 321 44 000 369 0.020 0.37

S 336 37 500 386 0.30 0.24

[S �EV]2þ 527c 570c – – –

[S �V]4þ 502 390 – <10�4 –

[S �V �S]4þ 519 1020 – <10�4 –

a In acetonitrile at ambient temperature.
b The fluorescence quantum yields, uf , and the quantum yields of trans ! cis photoisomerization, ut–c, are measured to within about ±20%.
cRef. [12].
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The CT complexes [S �V]4þ and [S �V �S]4þ unlike

their components are nonfluorescent and do not un-

dergo photoisomerization. This suggests that the CT

excited states of [S �V]4þ and [S �V �S]4þ are rapidly

deactivated via the back ET reaction.

3.2. Transient spectroscopy of EV2þ; V4þ and S

Fig. 2 shows the normalized transient absorption

spectra of V4þ, EV2þ and S in acetonitrile. The spectra

were measured 4 ps after excitation by a 308 nm, 70 fs

laser pulse. In each case, the excitation wavelength falls

into the region of the S0–S1 absorption band. Negative

DD values at the short-wave edge of the transient spectra

arise from stimulated emission. The transient absorption

in the region 450–850 nm is due to electronic transitions
from the fluorescent singlet state, S1, to the higher-lying

singlet states, SN .

Viologens EV2þ and V4þ exhibit very similar S1 ! SN
absorption spectra. The maxima of the two clear-cut

transient bands of EV2þ are around 515 and 759 nm.

The low-energy transient band of V4þ is shifted hypso-

chromically by 6 nm relative to that of EV2þ. The lowest
singlet excited state of stilbene S shows a broad ab-
sorption band with the maximum at 560 nm and un-

structured absorption between 650 and 850 nm.

Fig. 3 shows the transient absorption dynamics of

V4þ on femto–picosecond timescale. The dynamics in-

cludes a significant rise between 120 and �250 fs after

the pump, blue shift and narrowing of the absorption

bands in the interval from 120 fs to a few ps, and slow

decay to a very weak residual signal.
Two sets of the transient absorption spectra of V4þ

were simultaneously analysed using the global fitting

procedure, as described in the Section 2. One of them

included the transient spectra measured every 6.67 fs

from 120 fs to 3.8 ps after the pump. Second set consisted

of the transient spectra recorded every 0.667 ps from

0.667 to 190 ps after the pump. Both spectral sets were

reconstructed rather well from a three-exponential ki-
netic model. Small deviations from this model were

observed, however, on a 10 ps time scale. Best fit to

transients was obtained using the four-exponential

model
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Fig. 3. Evolution of the transient absorption spectra of V4þ in aceto-

nitrile after excitation by a 308 nm, 70 fs laser pulse. The upper inset

shows the wavelength-dependent preexponential factors A1–A4 (curves

1–4, respectively) derived from the global fitting of the transient spectra

to the four-exponential model DDðt; kÞ ¼ A0ðkÞ þ A1ðkÞ � expð�t=
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DDðt; kÞ ¼ A0ðkÞ þ A1ðkÞ � expð�t=s1Þ þ A2ðkÞ
� expð�t=s2Þ þ A3ðkÞ � expð�t=s3Þ þ A4ðkÞ
� expð�t=s4Þ;

with s1 ¼ 89 fs, s2 ¼ 506 fs, s3 ¼ 10 ps, and s4 ¼ 43 ps.

The preexponential vectors A1–A4 and the residual

spectrum A0 are represented in the insets in Fig. 3. The

time plot of the transient absorption of V4þ at 515 nm
on two different time scales is shown in Fig. 4.

The first three components of the transient dynamics

of V4þ are attributable to relaxation processes in the S1
excited state of V4þ. The fitted s1–s3 values should be

considered as crude estimates for the relaxation times

because the first time constant is comparable with in-

strumental time resolution, and the spectral variations

related to the third component are very small. The S1
excited state lifetime for V4þ (s4 ¼ 43 ps) is measured to

within about �10%. The very weak residual spectrum

A0 resembles the ground-state absorption spectrum of

1,2-bis(N-benzyl-4-pyridiniumyl)ethylene radical cation
[17]. Therefore, this residual spectrum is tentatively as-

signed to the long-lived viologen radical cation resulting

from two-photon reduction of V4þ.
Recently, Zewail et al. [18] observed three-component

relaxation in the lowest excited singlet state (Q(x) state)

of free base tetraphenylporphyrin in benzene solution,

which was assigned to intra- and intermolecular vibra-

tional relaxation processes leading to thermal equilib-

rium in the Q(x) state. The time scales reported are as

follows: 100–200 fs for intramolecular vibrational en-

ergy redistribution, 1.4 ps for vibrational redistribution
caused by elastic collision with solvent molecules, and

10–20 ps for thermal equilibration by energy exchange

with the solvent. We tentatively assume the same inter-

pretation for the three-component relaxation in the S1
excited state of V4þ.

The transient absorption dynamics of the reference

compound EV2þ was also described by a four-expo-

nential kinetic model, but the spectral variations related
to the second and third components of the relaxation in

the S1 excited state were even smaller than in the case of

V4þ. Therefore, we were unable to determine reliably the

characteristic times for the relaxation processes in the S1
excited state of EV2þ. The deactivation of the S1 excited

state of EV2þ to the ground state was estimated to occur

with a time constant of 31 ps.

The lowest singlet excited state of stilbene S showed a
very long lifetime that is out of resolution of our ex-

perimental setup; the transient spectra of S measured

between 200 and 600 ps were fit to a single-exponential

decay model with a time constant of 1.1 ns.

Judging from the ground-state absorption spectra

(Fig. 1 and Table 1), compounds S, V4þ and EV2þ

should have comparable magnitudes of the oscillator
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strength of the S0–S1 electronic transition and, hence,

comparable rate constants of the radiative deactivation

of the S1 excited state. This assumption is in agreement

with the fact that the order of increasing in the S1 ex-

cited state lifetime, EV2þ < V4þ � S, correlates with the
order of increasing in the emission quantum yield (Table

1). The relatively short excited state lifetimes observed

for V4þ and EV2þ are mainly due to very fast singlet

trans ! cis photoisomerization.
3.3. Excited state dynamics of CT complexes [S �V]4þ

and [S �V �S]4þ

Fig. 5 shows the evolution of the transient absorption

spectra of the 1:1 complex [S �V]4þ between 120 fs and

3.5 ps after excitation in the CT absorption band by a

616 nm, 70 fs laser pulse. The transient absorption

produced by the pump pulse decays to the base line in

about 3 ps with discernible spectral reshaping between

120 and �300 fs.
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acetonitrile after excitation by a 616 nm, 70 fs laser pulse. The upper

inset shows the time plots of the transient signals at 491 (1) and 780 nm

(2); the solid curves are from global fitting to equation

DDðt; kÞ ¼ A1ðkÞ � expð�t=s1Þ þ A2ðkÞ � expð�t=s2Þ, with the time
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exponential vectors A1 (1) and A2 (2).
The transient spectra of [S �V]4þ measured every 6.67

fs from 120 fs to 3.5 ps after the pump were analysed

using the above-mentioned global fitting procedure.

This analysis revealed that the spectra vary according to

the bi-exponential law

DDðt; kÞ ¼ A1ðkÞ � expð�t=s1Þ þ A2ðkÞ � expð�t=s2Þ;

with the time constants s1 ¼ 170 fs and s2 ¼ 543 fs. The
wavelength-dependent preexponential factors A1 and A2

are represented in the lower inset in Fig. 5. The upper

inset shows the time plots of the transient signals at 491

and 780 nm, i.e. at the absorption maxima in the spec-

trum A2.

Excitation of [S �V]4þ in the CT absorption band

leads directly to the lowest CT excited state, [Sþ �V�]4þ,
with nonequilibrium distribution of vibrational energy
and nonequilibrium solvation. The ultrafast 170 fs

transient observed with [S �V]4þ is attributable to re-

laxation processes in the lowest CT excited state. Be-

cause of instrumental errors, the measured s1 value

should be considered as an estimate of the upper time

limit for these processes. The 543 fs decay component is

assigned to the deactivation of the relaxed CT excited

state, [Sþ �V�]4þjeq, to the ground state [S �V]4þ via the
back ET reaction. The measurement accuracy for the

ET time constant was estimated to be better than 10%.

In the supposed model of consecutive processes,

[Sþ �V�]4þ ! [Sþ �V�]4þjeq ! [S �V]4þ, the calculated

spectra A1 and A2 have the following physical meaning.

The first spectrum is a linear combination of the ab-

sorption spectra of [Sþ �V�]4þ and [Sþ �V�]4þjeq, and
the second one is the absorption spectrum of the relaxed
CT excited state [Sþ �V�]4þjeq.

Two-component transient dynamics has been ob-

served previously with various organic D–A complexes

[9,19–21]. The faster component is usually assigned to

the relaxation of the excited complex from the Franck–

Condon state to the equilibrated CT excited state. There

are several pathways of the relaxation in the excited

state, such as internal vibrational relaxation (IVR),
solvent relaxation and vibrational cooling. The latter

process is normally observed on a time scale from a few

ps to a few tens ps. Therefore, it cannot account for the

170 fs transient observed with [S �V]4þ. IVR process is

less understood. It is generally assumed that IVR occurs

much faster than vibrational cooling. The IVR in the

excited state of hexamethylbenzene–tetracyanoethylene

D–A complex was reported [22] to occur with a time
constant of 115 fs. The time scale of 100–200 fs was

recently measured for the IVR in the lowest excited

singlet state of free base tetraphenylporphyrin in ben-

zene [18]. One might expect that the IVR would reveal

itself as a rise component in the transient absorption. As

evident from the spectrum A1, the relaxation from

[Sþ �V�]4þ to [Sþ �V�]4þjeq leads not only to spectral

reshaping but also to an increase in the integral ab-



Fig. 6. Molecular mechanics model of the [S �V]4þ complex simulated

using the MMX force field.
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sorption intensity, indicating the IVR effect. On the

other hand, the time constant of the ultrafast relaxation

corresponds with the longitudinal dielectric relaxation

time of acetonitrile (170–180 fs [23]). Thus, both IVR

and solvation dynamics can be responsible for the 170 fs
transient. Unfortunately, insufficient instrumental time

resolution did not allow us to assign this transient un-

ambiguously.

From these observations, we can assume that the

back ET reaction in the excited [S �V]4þ complex pro-

ceeds from fully equilibrated CT excited state. In that

case, the semiclassical nonadiabatic ET theory may be

applied to predict ET time. For organic D–A complexes,
the single-mode quantum rate expression (Eq. (1), [24])

is commonly used.

1

sET
¼ H 2

RP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p3

h2k1kBT

s X1
n¼0

Sn

n!

� exp

(
� S � ðDG0 þ k1 þ nhmaÞ2

4k1kBT

)
; S ¼ k2

hma
;

ð1Þ
where HRP is the electronic coupling matrix element,

DG0 is the reaction Gibbs free energy, k1 is the reorga-

nization energy associated with solvent and internal low-

frequency modes, and k2 is the reorganization energy
associated with a single averaged high-frequency inter-

nal mode of frequency ma.
The driving force DG0 of the back ET in a D–A

complex is commonly derived from electrochemical ox-

idation potential, Eox, of the donor and reduction po-

tential, Ered, of the acceptor using the relation

DG0 ¼ EredðAÞ � EoxðDÞ þ C; ð2Þ
where C is the Coulomb term. For bulky donor and

acceptor molecules in highly polar solvent, the term C
can be neglected [25]. Recently, it has been shown that

strong host–guest interactions in the supramolecular CT

complex [S �V]4þ affect significantly the redox properties

of S and V4þ [26]. The oxidation potential of S and the

reduction potential of V4þ are shifted upon complexa-

tion from 1.00 to 1.24 eV and from )0.50 to � 0.43 eV,

respectively [26]. In this case, the electrochemical po-

tentials of the complexed donor and the complexed ac-
ceptor are to be used in Eq. (2) to assess DG0.

Accordingly, the driving force for [S �V]4þ is estimated

to be about )1.67 eV.

The matrix element HRP can be estimated by the

Hush formula [2,27]

HRP ¼ 0:0206

R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mmaxDm1=2emax

q
; ð3Þ

where mmax, Dm1=2 and emax are the Gaussian parameters

of the CT absorption band, and R is the ET distance.

Deconvolution of the CT absorption band of [S �V]4þ

gave mmax ¼ 19717 cm�1 (2.44 eV), Dm1=2 ¼ 4878 cm�1
(0.60 eV) and emax ¼ 375 M�1 cm�1. According to the

MMX force field calculations of [S �V]4þ, the stilbene
fragment of S and the dipyridiniumyl ethylene fragment

of V4þ have nearly planar geometry and lie in parallel

planes at a distance of about 5 �A (Fig. 6). Assuming the

ET distance in [S �V]4þ equal to the interplanar distance,

we estimate the matrix element HRP to be about

780 cm�1.

The total reorganization energy, k0 ¼ k1 þ k2, was

predicted to be 0.77 eV using the relation k0 ¼ DG0 þ
mmax. Following the common practice [28], the parameter

ma was fixed at 1500 cm�1. The reorganization energy k2
in Eq. (1) was varied to fit the calculated parameter sET
to the experimental ET time s2 ¼ 543 fs. The best fit was

obtained when k2 ¼ 0:26 eV. This value falls into the k2
interval of 0.2–0.4 eV assumed for organic D–A com-

plexes [29], indicating the applicability of the nonadia-

batic ET theory to this system.
It should be noted that the relaxed CT excited state

[Sþ �V�]4þjeq has vibrational excess energy because the

vibrational cooling, i.e. dissipation of the excess energy

to the bath, occurs slower than the back ET reaction. In

our calculations, we fixed T at 300 K, assuming that the

internal temperature of the [Sþ �V�]4þjeq state is close to
the bath temperature. This assumption is justified by the

fact that the excitation at the red edge of the CT ab-
sorption band could not lead to a large vibrational ex-

cess energy. In addition, the vibrational excess energy of

the [Sþ �V�]4þjeq state is distributed over a large number

of internal modes.

In order to study the effect of vibrational excess en-

ergy on the back ET, the CT complex [S �V]4þ was ex-

cited at 308 nm. Fig. 7 shows the evolution of the

transient spectra of [S �V]4þ in the interval from 120 fs
to 3.5 ps after excitation by a 308 nm, 70 fs laser pulse.

The pulse wavelength falls into the region of the most

intense ground-state absorption of [S �V]4þ that is as-

sociated with the local electronic transitions of the

complex components S and V4þ. The excitation pro-

duces a transient absorption signal throughout the ob-

served spectral range. The transient dynamics is more

complicated in comparison with the previous case. It
includes a significant rise between 120 and �300 fs after

the pump, noticeable spectral reshaping in the interval

from 120 fs to �0.5 ps, and a rapid decay between 0.5



Fig. 7. Evolution of the transient absorption spectra of [S �V]4þ in

acetonitrile after excitation by a 308 nm, 70 fs laser pulse. The upper

inset shows the time plots of the transient signals at 495 (1) and 785 nm

(2); the solid curves are from global fitting to equation DDðt; kÞ ¼
A0ðkÞþA1ðkÞ� expð�t=s1ÞþA2ðkÞ� expð�t=s2ÞþA3ðkÞ� expð�t=s3Þ,
with the time constants s1 ¼ 150 fs, s2 ¼ 295 fs, and s3 ¼ 536 fs. The

lower inset shows the preexponential vectors A1–A3 (curves 1–3,

respectively) and the residual spectrum A0 (4).
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and 3.5 ps to a wavelength-dependent residual signal.

The residual spectrum kept approximately its shape and

intensity during at least a few tens ps.

The transient spectra measured every 6.67 fs from 120

fs to 3.5 ps after the pump were reconstructed well from

the three-exponential model

DDðt; kÞ ¼ A0ðkÞ þ A1ðkÞ � expð�t=s1Þ þ A2ðkÞ
� expð�t=s2Þ þ A3ðkÞ � expð�t=s3Þ;

with the time constants s1 ¼ 150 fs, s2 ¼ 295 fs and

s3 ¼ 536 fs. The lower inset in Fig. 7 shows the preex-
ponential vectors A1–A3 and the residual spectrum A0.

The upper inset shows the time plots of the transient

signals at 495 and 785 nm, i.e. at the absorption peaks in

the spectrum A3.

In the regions of the most significant spectral varia-

tions, the amplitudes of the dynamics components A1–A3

are much higher than the intensity of the residual signal

A0. This allows us to conclude that the appearance of
this residual signal has insignificant effect on the time

constant measurements.
The fastest 150 fs transient makes a relatively small

contribution to the observed spectral dynamics. Pre-

sumably, it arises from relaxation processes in the high-

lying excited states of the complex, mainly, in the locally

excited states of the complex components. The 295 fs
rise component is assigned to the internal conversion

from the high-lying excited states to the lowest CT ex-

cited state. This assignment is consistent with the re-

ported time constants of the SN–S1 internal conversion,

200–300 fs [30,31].

With 308 nm excitation, the IVR process in the

lowest CT excited state [Sþ �V�]4þ is unobservable

because it follows the slower process of the internal
conversion. The 536 fs decay component is attributed to

the deactivation of the relaxed CT excited state

[Sþ �V�]4þjeq to the ground state [S �V]4þ via the back

ET reaction. The absorption peaks of the [Sþ �V�]4þjeq
state (spectrum A3 in Fig. 7) are red-shifted by 4–5 nm

relative to the corresponding peaks measured when the

complex was excited at 616 nm (spectrum A2 in Fig. 5).

This shift is probably due to a large difference in the
vibrational excess energy of the [Sþ �V�]4þjeq state.

With neglect of the vibrational cooling process, this

difference is determined to be 2.0 eV. Using the ap-

proximate approach reported in [30], we estimate the

difference in the internal temperature of the

[Sþ �V�]4þjeq state to be >120 K. With increasing T

from 300 to 420 K, the ET time calculated by Eq. (1)

decreases by �23%, i.e. the nonadiabatic ET theory
predicts a significant acceleration of the back ET for

[S �V]4þ on changing the excitation wavelength from

616 to 308 nm. This prediction is at variance with our

observation that the back ET time for [S �V]4þ is almost

independent of excitation wavelength. It is unlikely that

this discrepancy arises from experimental errors, as the

measured ET time constants were well reproducible.

Taking into account that the nonadiabatic ET model
(Eq. (1)) neglects nonequilibrium reaction pathways,

one may assume that this discrepancy is caused by

nonequilibrium effects involving solvation or IVR. Such

effects can play a significant role in ultrafast ET reac-

tions [2].

The effect of solvent coordinate on the temperature

dependence of the ET rate for [S �V]4þ can be estimated

using the ET model introduced by Barbara and co-
workers [7]. The time-dependent ET rate constant in this

model is expressed as

kETðtÞ ¼ H 2
RP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p3

h2k1vkBT

s X1
n¼0

Sn

n!

� exp

(
� S� ðDG0 þ k1v þ ½1� 2X ðtÞ�ks þ nhmaÞ2

4k1vkBT

)
;

S ¼ k2
hma

; ð4Þ



Fig. 8. Evolution of the transient absorption spectra of [S �V �S]4þ

in acetonitrile after excitation by a 616 nm, 70 fs laser pulse. The

upper inset shows the time plots of the transient signals at 494 (1) and

795 nm (2); the solid curves are from global fitting to equation

DDðt; kÞ ¼ A0ðkÞ þ A1ðkÞ � expð�t=s1Þ þ A2ðkÞ � expð�t=s2Þ, with the

time constants s1 ¼ 195 fs and s2 ¼ 1:08 ps. The lower inset shows the

preexponential vectors A1 (1) and A2 (2).
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where X ðtÞ is the solvent coordinate, ks is the solvent

reorganization energy, and k1v is the reorganization

energy associated with internal low-frequency modes.

Note that the classical reorganization energy k1 of

Eq. (1) is partitioned here into the two parts ks and k1v.
The solvent coordinate was introduced as X ðtÞ ¼

0:5� expð�t=ssÞ, where ss is the solvent relaxation time.

The longitudinal dielectric relaxation time of acetonitrile

(180 fs) was used for ss. The k1v value was fixed at 0.15

eV [7], and the average ET time ~sET was calculated as

follows [32]

~sET ¼
Z 1

0

tQðtÞdt
�Z 1

0

QðtÞdt;

QðtÞ ¼ exp

�
�
Z t

0

kETðtÞdt
�
: ð5Þ

The energy k2 in Eq. (4) was varied to fit ~sET to the

experimental time constant. At T ¼ 300 K, the best fit

was found when k2 ¼ 0:35 eV. The calculated ~sET value

decreased only by 7% with increasing T up to 420 K;
i.e. the nonequilibrium ET model predicts smaller

temperature dependence for the ET time. In this regard,

it better describes the experimental data obtained

for [S �V]4þ. On the other hand, this model predicts

strongly nonexponential ET kinetics, which is in conflict

with the results of the global analysis of the transient

absorption dynamics of [S �V]4þ. The applicability of

the nonadiabatic ET models (Eqs. (1) and (4)) to the
[S �V]4þ-type CT complexes should be tested in more

detail. In particular, global analysis of spectral dynamics

in terms of nonexponential kinetic models as well as

measurements of the ET time as a function of the

driving force would be useful.

Fig. 8 shows the evolution of the transient absorption

spectra of the termolecular complex [S �V �S]4þ after

excitation in the CT absorption band by a 616 nm, 70 fs
laser pulse. The dynamics is qualitatively similar to that

observed with the 1:1 complex [S �V]4þ (Fig. 5). Quan-

titative data on the dynamics were derived from the

global analysis of two spectral sets. One of them in-

cluded the transient spectra measured every 6.67 fs from

120 fs to 3.5 ps after the pump. Second set consisted of

the transient spectra recorded every 20 fs in the interval

from 120 fs to 8 ps. Both spectral sets were reconstructed
well from the bi-exponential model

DDðt; kÞ ¼ A0ðkÞ þ A1ðkÞ � expð�t=s1Þ þ A2ðkÞ
� expð�t=s2Þ;

with the time constants s1 ¼ 195 fs and s2 ¼ 1:08 ps. The
lower inset in Fig. 8 shows the calculated preexponential

vectors A1 and A2. The upper inset shows the time curves

of the transient signals at 494 and 795 nm, i.e. at the

absorption peaks in the spectrum A2.

The observed residual signal A0ðkÞ was very weak. It

showed strong similarities to the long-lived transient
spectrum of S (Fig. 2). The [S �V �S]4þ complex was

excited in the presence of a large excess of S (0.05 M).

Therefore, the residual signal is very likely to arise from

two-photon excitation of the uncomplexed biscrown

stilbene.
By analogy with the 1:1 complex, the faster compo-

nent of the transient dynamics of [S �V �S]4þ is assigned

to the relaxation processes in the lowest CT excited state

[Sþ �V� �S]4þ leading to the relaxed CT excited state

[Sþ �V� �S]4þjeq. The latter is deactivated to the ground

state via the back ET twice slower in comparison with

the 1:1 complex. The absorption spectrum of the

[Sþ �V� �S]4þjeq state (spectrum A2 in Fig. 8) is similar
in profile to that of [Sþ �V�]4þjeq (spectrum A2 in Fig. 5).

The most marked difference between these spectra lies in

the 15 nm red shift of the long-wavelength band of

[Sþ �V� �S]4þjeq.
In the termolecular complex [S �V �S]4þ, one of the

crowns in each biscrown stilbene molecule is free of

ammonium group. This fact suggests some decrease in
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the oxidation potential of the complexed donor on going

from [S �V]4þ to [S �V �S]4þ. Accordingly, one may as-

sume some loss in the driving force of the ET reaction

for [S �V �S]4þ. Using the Hush formula (Eq. (3)), the

matrix element HRP for [S �V �S]4þ was estimated to be
larger by a factor of 1.7 than that for [S �V]4þ. To test

the applicability of the nonadiabatic ET theory (Eq. (1))

to the termolecular CT complex [S �V �S]4þ, the pa-

rameter ma was fixed at 1500 cm�1, as with [S �V]4þ, and
the reorganization energy k2 was varied to fit the cal-

culated ET time to the measured ET time constant 1.08

ps. Provided that �DG0 < 1:67 eV, the parameter k2 was
estimated to be <0.15 eV; i.e. the semiclassical nonadi-
abatic ET theory predicts that the reorganization energy

of high-frequency internal modes for [S �V �S]4þ is

considerably smaller than that for [S �V]4þ.
Recently, Britt and McHale have studied Raman

excitation profiles of a symmetrical D–A–D complex

[33]. To rationalize some observations, they supposed

that the CT excited state of this complex is delocalized

due to adiabatic coupling of the two equivalent CT
states Dþ–A�–D and D–A�–Dþ. In general, the elec-

tron delocalization in the CT excited state can affect

both the external and the internal reorganization ener-

gies associated with the ET reaction. It may be suggested

that the difference in the internal reorganization energy

k2 between [S �V]4þ and [S �V �S]4þ is related to the

electron delocalization in the CT excited state of

[S �V �S]4þ.
4. Summary

The supramolecular CT complexes [S �V]4þ and

[S �V �S]4þ show ultrafast two-component transient ab-

sorption dynamics in acetonitrile after excitation in the

CT absorption band by a 616 nm, 70 fs laser pulse. The
faster component (s < 200 fs) is tentatively attributed to

vibrational relaxation processes in the lowest CT excited

state. The second component is due to the back ET re-

action leading to the ground state. For the [S �V]4þ

complex, the measured ET time constant (about 540 fs)

is in rather good agreement with the predictions of the

semiclassical nonadiabatic ET theory (Eq. (1)). For the

termolecular complex [S �V �S]4þ, the back ET reaction
occurs twice slower, with a time constant of about 1.08

ps. The electronic coupling element HRP for [S �V �S]4þ,
as estimated by the Hush formula, is larger by a factor

of 1.7 than that for [S �V]4þ. Therefore it is rather dif-

ficult to justify the slower back ET rate for [S �V �S]4þ

on the basis of the nonadiabatic ET theory. Two quasi-

degenerate CT excited states with electronic configura-

tions close to [Sþ �V� �S]4þ and [S �V� �Sþ]4þ are
expected for the termolecular CT complex. We tenta-

tively suggest that the existence of these quasi-degener-

ate excited states is responsible for the relatively slow
rate of the back ET reaction for the [S �V �S]4þ complex.

The experimental data available do not allow us to in-

terpret this effect in more detail.

Excitation of the [S �V]4þ complex at the shorter

wavelength 308 nm gives rise to three-component tran-
sient absorption dynamics. The fastest transient

(s � 150 fs) is assigned to relaxation processes in the

high-lying excited states of the complex. The high-

amplitude rise component (s � 300 fs) is due to the in-

ternal conversion to the lowest CT excited state. The

latter decays to the ground state via the back ET with a

time constant very close to that measured when the

complex was excited in the CT absorption band.
With 308 nm excitation, the back ET occurs from the

relatively hot CT excited state, because the vibrational

cooling process is much slower than this reaction. The

internal temperature of this hot CT excited state was

estimated to be more than 120 K higher than that ex-

pected with 616 nm excitation. Accordingly, the non-

adiabatic ET theory predicts a significant acceleration of

the back ET for [S �V]4þ on changing the excitation
wavelength from 616 to 308 nm. This prediction is at

variance with the observation. The nonequilibrium ET

model of Barbara and co-workers (Eq. (4)) predicts

smaller temperature dependence for the ET time. In this

regard, it better describes the experimental data ob-

tained for [S �V]4þ. On the other hand, this model pre-

dicts nonexponential ET dynamics, which disagrees with

the monoexponential ET kinetics derived from the glo-
bal analysis of the transient absorption spectra of

[S �V]4þ.
In conclusion, the supramolecular CT complexes of

the [S �V]4þ and [S �V �S]4þ type can be utilized as

convenient model systems for studies of ultrafast ET

dynamics because of their high thermodynamic stability

and rather well defined structure.
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