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Abstract 

The femtosecond dynamics of 4-(N,N-dimethylamino)-4'-cyanostilbene (DCS) in acetonitrile and methanol solvent was 
studied by fluorescence upconversion and pump-probe absorption spectroscopy. The spectral evolution observed provides 
strong evidence for a fast internal charge-transfer (CT) process dominating the dynamics in the first few picoseconds, while 
Stokes shift dynamics seem to play only a minor role. The initially excited state seems to have already a large amount of CT 
character, in line with observations in jet-cooled DCS-solvent clusters. The non-exponential CT-state formation contains 
components significantly faster than longitudinal dielectric relaxation rates in the solvents studied, indicating a possible 
contribution by high-frequency vibrational modes. 

1. Introduction 

Intramolecular charge transfer (CT) in solution 
has attracted continued interest as it is a basic phe- 
nomenon underlying many chemical reactions that 
play a major role in, e.g., a variety of  biological 
processes and laser dye dynamics [1-3].  Various 
theoretical models [4-6]  have been proposed to de- 
scribe excited-state intramolecular electron-transfer 
dynamics. The influence of  the solvent environment 
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relaxation on electron-transfer rates has been investi- 
gated theoretically [2,4-6] and experimentally for 
intramolecular CT [7,8] and bimolecular electron 
self-exchange reactions [9]. It appears that dynamical 
solvent effects can influence CT reactions if the 
transition from the initial ' local ly '  excited (LE) state 
to the CT state is adiabatic [5], i.e. if strong elec- 
tronic coupling exists between the two states. In this 
case the LE ~ CT transition is assumed to proceed 
continually along the reaction coordinate on a com- 
mon adiabatic potential energy surface. If  CT takes 
place on a timescale comparable to or faster than that 
of  the solvent dielectric relaxation, excited-state sol- 
vation dynamics may control the reaction [4,5]. In 
general, therefore, one may expect a complex evolu- 
tion of  time-resolved emission spectra reflecting both 
changes in electronic transition moments as a conse- 
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quence of the LE --* CT process as well as dynamic 
Stokes shifts caused by solvation effects. 

There has been a number of studies on 4-(N,N- 
dimethylamino)-4'-cyanostilbene (DCS) in polar so- 
lution because it is suspected that immediately after 
photoexcitation DCS forms a TICT state. The dy- 
namics of the presumed TICT state formation, how- 
ever, has not yet been observed. The large Stokes 
shift of DCS in polar solvents was already investi- 
gated by Lippert et al. in 1959 [10]. Experiments to 
determine the dipole moment of trans-DCS were 
repeated later giving a value of 7 D in the ground 
and 22 D in the excited state [11]. Its emissive state 
was assumed to be of CT [12] or TICT character 
[13]. Recently time-resolved dual fluorescence in the 
excited state for high concentrations using high exci- 
tation intensities has been reported [14,15] and as- 
cribed to a dimer consisting of two excited DCS 
molecules (bicimer). 

In our efforts to understand intramolecular sub- 
stituent effects as well as the influence of the solvent 
environment on the photoisomerization dynamics of 
trans-stilbene [16-19], we recently investigated the 
dynamics in the S~ state of jet-cooled isolated and 
solvent-complexed trans-DCS [20,21]. The results 
indicate that already a single water molecule is suffi- 
cient to stabilize the CT state to such an extent that it 
lies energetically only slightly above the LE state, 
which leads to significant coupling between these 
two states. Here we wish to extend these studies with 
femtosecond time resolution into the liquid phase, 
addressing the question whether there exists a pre- 
cursor-successor relationship between the LE and 
CT state also in a polar liquid solvent environment. 

2. Experimental 

We performed pump-probe transient absorption 
and fluorescence upconversion measurements of so- 
lutions of trans-DCS in methanol and acetonitrile. 
We present only an overview of the experimental 
setup; details will be given elsewhere. The laser 
source consisted of a home-built regeneratively am- 
plified titanium-sapphire laser which provided pulses 
of 200 fs duration at a wavelength of 780 nm. After 
amplification the pulse energy was 150 la, J. Trans- 
mitting the laser beam through a KDP crystal yielded 

pulses with a pulse energy of 15 I~J at a wavelength 
of 390 nm, which were used to excite the sample. 
For the fluorescence upconversion experiments exci- 
tation energies were attenuated to below 2 p,J. 

For the pump-probe absorption experiments a 
white-light continuum was generated by the remain- 
ing part of the laser beam in a sapphire crystal of 10 
mm thickness. Selecting the wavelength with inter- 
ference and coloured glass filters allowed us to 
record 20 absorption-time profiles between 450 and 
700 nm, which were then used to reconstruct tran- 
sient pump-probe spectra using a pump-probe spec- 
trum of DCS which was reported for a delay of 
100 ps by Rettig et al. [15] as a reference for the 
infinite time limit. 

The fluorescence upconversion setup was similar 
to the one described in Ref. [22]. The 780 nm pulses 
were used as gate pulses for the BBO upconversion 
crystal which had a thickness of 0.2 mm. The result- 
ing converted light was spectrally dispersed. It was 
possible to obtain 18 intensity-time profiles between 
430 and 630 nm. To reconstruct transient fluores- 
cence spectra the integrated intensity-time profiles 
were adjusted to match steady-state fluorescence 
spectra of DCS measured by Zachariasse et al. [23]. 
After deconvolution the time resolution of both se- 
tups was well below 200 fs. All measurements were 
performed under magic-angle conditions for pump 
and probe beams. 

Solvents used were of spectroscopic grade, DCS 
was prepared according to Ref. [24], and trans- and 
cis-isomers were separated by standard LC methods. 
The concentration of our samples was 3 × 10 -5 
mol/ l .  Great care was taken to rule out the influence 
of the trans-cis isomerization of DCS on the time 
profiles. Samples of the pure cis-isomer were exam- 
ined with the pump-probe setup. No transient absorp- 
tion or gain was observed at the probe wavelengths 
used in the experiments. 

3. Results 

Recorded single-wavelength traces were fitted to 
a convolution of the Gaussian instrumental response 
function with a linear combination of at most three 
exponentials. The width of the instrumental response 
function and the point of time zero for each curve 
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Fig. 1. Corrected fluorescence emission spectra of trans-DCS in 
acetonitrile (top) and methanol (center) and stimulated pump- 
probe spectrum of trans-DCS in methanol at selected time delays 
between pump (390-400 nm) and gate (780 nm) or probe pulse. 

were treated as fitting parameters and allowed to 
vary within a reasonable range given by the indepen- 
dently measured pump-probe cross-correlation and 
linear frequency dispersion. The deconvoluted inten- 
sity-time profiles obtained in this way were then 
used to reconstruct the transient spectra at fixed time 
delays. To correct for the explicit frequency depen- 
dence of the emission and absorption cross section, 
spectral amplitudes were divided by v for transient 
absorption and by u 4 for fluorescence spectra, v 
being the frequency of the transition. 

Reconstructed time-dependent fluorescence spec- 
tra of trans-DCS in methanol and acetonitrile and 
stimulated absorption/emission spectra in methanol 
are presented in Fig. 1. The fluorescence spectra in 
both solvents show the development of a red-shifted 
band from what has been a shoulder in the spectrum 
recorded immediately after excitation. In acetonitrile 
an isosbestic point at u =  19200 c m - '  is clearly 
visible, whereas in methanol the overlap of the two 
bands varies with time• 

For further analysis the fluorescence spectra in 
Fig. 1 were fitted with log-normal functions as de- 
scribed by Maroncelli and Fleming [25]. A separa- 
tion of the overlapping transient absorption and stim- 
ulated emission in methanol (spectra at the bottom of 
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Fig. 2. Transient absorption spectra of DCS in methanol at selected time delays reconstructed from the pump-probe and emission spectra in 
Fig. I. 
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Fig. 1) was achieved under the assumption that at 15 
ps time delay there is no residual transient absorption 
between 16 000 and 18 000 c m -  i. The corresponding 
spectral region of  the fluorescence spectrum was 
then amplitude scaled to match the corresponding 
stimulated emission spectrum, and subsequently sub- 
tracted from the pump-probe spectrum. The resulting 
transient absorption spectra of  trans-DCS in methanol 
are shown in Fig. 2. They exhibit a temporary isos- 
bestic point at 19800 c m - ]  and a decay of  the 
integrated spectral intensity on a picosecond 
timescale. A broad shoulder in the region of  16000-  
18 000 cm-~ disappears during the first two picosec- 
onds. Log-normal functions were also fitted to the 
transient absorption bands. 

From the fits to the spectra we calculated the time 
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Fig. 3. Dynamics of trans-DCS fluorescence in aeetonitrile. Top: 
time-dependence of integrated intensity of the two emission bands 
denoted as 'LE' and 'CT'. Points represent experimental data (not 
all shown), solid lines double exponential fit curves to the data. 
Bottom: intensity relaxation function of the 'LE'-band (0)  (not 
all points shown) with double exponential fit (solid line), and the 
intensity relaxation function for the spectral band representation 
( • )  together with a double exponential fit function (solid line). 
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Fig. 4. Dynamics of trans-DCS fluorescence in methanol. Top: 
time-dependence of the width of the emission band (modelled by 
a single log-normal function). Bottom: time dependence of inte- 
grated emission intensity. (Not all experimental data points are 
shown.) 

dependence of  the integrated intensity l(t), and - in 
the case of  methanol - the spectral width F(t). We 
also analyzed the data using an intensity relaxation 
function Ct(t) analogously defined to the solvation 
energy relaxation function Ce(t) for the time-depen- 
dent Stokes shift 

I ( t )  - I (oo )  
C t ( t )  = I (0 )  - I(oo) " (1) 

Because of  the distinct isosbestic point appearing in 
the time-resolved fluorescence spectra of  trans-DCS 
in acetonitrile we used two log-normal fitting func- 
tions to represent the spectral evolution in this sol- 
vent. The resulting curves for the intensities of  the 
two bands, denoted as LE (locally excited) and CT 
(charge transfer), are shown in Fig. 3, as well as the 
intensity relaxation function for the LE band. It can 
be seen that the rise of  the CT band matches the 
decay of  the LE band. 
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Fig. 5. Intensity relaxation function of the transient absorption of trans-DCS in methanol (not all experimental points shown) and double 
exponential fit (solid line). 

In methanol, the spectra could not be resolved 
into two distinct bands. Therefore, we fitted them - 
as a first step - with a single log-normal function. 
The curves for F(t)  and In(t) for methanol in Fig. 4 
exhibit a non-monotonous behaviour, which may 
indicate that the representation by a single band may 
not be sufficient. F ( t )  exhibits a maximum of 3650 
cm-1 at t ~ 2 ps, followed by a slow decrease to 
3200 cm -~, The integrated intensity In(t) of the 
fluorescence band changes only by about 10%. Its 
temporal behaviour up to 10 ps mainly reflects the 
development of F(t). In contrast, the integrated 
transient absorption intensity la(t) of trans-DCS in 
methanol is characterized by a non-exponential 
monotonous decay similar to the fluorescence inten- 
sity decay in acetonitrile. An error in the measured 
fluorescence spectrum in methanol due to uncertain- 
ties in the scaling and low signal intensities for 
frequencies above 21 000 c m -  ~ would not seriously 
influence the shape and area of the calculated tran- 
sient absorption band, as the respective frequencies 
are well off the maximum to the high-energy side, 
where transient absorption dominates the pump-probe 
measurements on the investigated timescale. If, at 
early times, the real fluorescence intensity was higher 
in this spectral region, the decrease in la(t) would be 
even more pronounced. Thus, the intensity relaxation 

function of the absorption band in methanol shown 
in Fig. 5 would not change significantly. 

4. Discussion 

Although the observation of dual fluorescence has 
already been reported for trans-DCS in solution 
[14,15], this is the first time it has been observed on 
a femtosecond timescale for low concentrations of 
DCS using moderate excitation powers ( <  10 MW), 
meaning that the bicimer model [14] is not applicable 
to the interpretation of excited-state relaxation of 
trans-DCS for our experimental conditions. In con- 
trast, the experiments presented here give us insight 
into the ultrafast dynamics of the trans-DCS monomer 
within the first few picoseconds of excitation. We 
first turn to a discussion of the results in acetonitrile. 

The spectral time evolution of the fluorescence in 
this solvent shows a clear isosbestic point which we 
relate to a transition between two distinct, barrier- 
separated states after photoexcitation into the first 
excited singlet state (S 1, 'LE ' )  of trans-DCS. Mod- 
elling the relaxation process, as discussed in the 
previous section, by two fluorescence bands with 
fixed first and second moments and variable ampli- 
tudes results in a non-exponential rise of the long- 



74 N. Eilers-KSnig et al . /  Chemical Physics Letters 253 (1996) 69-76 

wavelength ( 'CT')  band and a corresponding fall of 
the short-wavelength band with similar time con- 
stants. The time evolution of the integrated fluores- 
cence (Fig. 3) can be fit by a sum of two exponen- 
tials with time constants TLE I ~ -  60 fs and TLE 2 = 250 
fs for the fall and ~'crl = 80 fs and ~'cm2 = 510 fs for 
the rise, respectively, with about 50% relative ampli- 
tude each. In view of the difficulties in precisely 
separating the two bands at early times, the agree- 
ment between the two sets of coefficients provides 
evidence for a precursor-successor relationship be- 
tween the two states responsible for the electronic 
transition. 

The relaxation process cannot be the photoisomer- 
ization of DCS on the S 1 potential energy surface, 
since we found that the cis-isomer of DCS does not 
fluoresce. The red-shifted emission is therefore as- 
signed to an intramolecular CT state. A transition of 
the type LE ~ CT has been proposed before [12], 
but the experimental evidence was not sufficient to 
distinguish between the effects of a CT transition 
and a dynamic Stokes shift. 

The close agreement of the fluorescence intensity 
relaxation f u n c t i o n  CI.LE(I) of the LE band with the 
corresponding function Cl,Single(t) obtained from fit- 
ting the spectral evolution with a single emission 
band as shown in Fig. 3 (bottom) indicates that the 
spectral dynamics within the first few hundred fem- 
toseconds is completely dominated by the depletion 
of the LE state. This is proof that, also in this case, 
already the time-dependent total emission intensity 
In(t) provides sufficient information regarding the 
CT dynamics [26]. The decrease in the total emission 
intensity by radiative transition to the ground state 
can be ruled out since the lifetimes of the fluorescent 
state at 25°C were found to be 480 ps in methanol 
and 580 ps in acetonitrile [23], respectively. 

The larger time constant of the non-exponential 
LE depletion of 250 fs is very close to the longitudi- 
nal dielectric relaxation time of acetonitrile of 200 fs 
obtained from dielectric loss spectroscopy [27], sug- 
gesting that this 'slower' part of the intramolecular 
CT dynamics seems to be governed by solvent relax- 
ation. This contribution would account for about half 
the LE population decaying due to an adiabatic CT 
process. The initial 50% of the population decay on a 
timescale four times faster, either indicating higher 
frequency contributions to the solvent response 

[28,29] that couple only to about one half of the 
solvated DCS molecules, or the influence of initially 
excited intramolecular vibrational modes promoting 
a CT process faster than solvent dynamics as envis- 
aged in the extended Sumi-Marcus model [4,8]. For 
a meaningful discussion of the applicability of the 
corresponding models one needs to know (i) the 
spectral density function of the solvent as obtained 
from optical Kerr effect measurements [28,29], and 
(ii) the vibrational spectrum of the S l state of trans- 
DCS in acetonitrile as it could be obtained from 
femtosecond vibrational dephasing experiments. An 
analysis of additional experiments along these lines 
will be given in a future publication. The existence 
of differently solvated species in DCS-acetonitrile 
solutions seems to be highly probable in view of 
recent results on jet-cooled solvate clusters of DCS 
with acetonitrile [21]. 

In contrast to the observations in acetonitrile the 
time-dependent fluorescence spectra of trans-DCS in 
methanol do not exhibit an isosbestic point, although 
also two emission bands seem to be present. As the 
separation into two bands and their numerical repre- 
sentation is fairly ambiguous in this case, we repre- 
sent the time evolution of the emission by the param- 
eters of a single band. The FWHM of F(t) for 
spectra in methanol in Fig. 4 exhibits a maximum, 
while the integrated intensity l(t) of the total emis- 
sion changes non-monotonously, but very little, 
mainly reflecting the corresponding behaviour of 
F(t). This indicates that the description in terms of a 
single band is inadequate. Clearer signs of a CT 
process taking place like in acetonitrile, though, can 
be found in the evolution of the transient absorption 
spectra in Fig. 2, which shows an isosbestic point 
roughly up to 1.5 ps after excitation. Also, the 
low-frequency shoulder of the transient absorption 
band disappears during the first 1.5 ps, and the time 
dependence of the integrated absorption intensity 
was found to decrease in a way similar to the LE 
fluorescence in acetonitrile. This suggests that the 
spectral dynamics also in this solvent are probably 
dominated by intramolecular CT formation. One has 
to be aware of the complication, however, that possi- 
ble changes in the electronic properties of the upper 
excited state reached in transient absorption might 
also contribute to some extent to the time depen- 
dence of the spectrum. 
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The difference in spectral evolution of the DCS 
fluorescence between the two solvents may either 
reflect the more complex dielectric response of the 
hydrogen-bonded solvent methanol or be an indica- 
tion of specific solvation effects in the system 
DCS-methanol. Dielectric relaxation in alcohols 
takes place on various largely different timescales. 
For methanol one obtains from dielectric loss spec- 
troscopy values of 9.4, 1.1 and 0.10 ps for the 
longitudinal relaxation times in a three-component 
model [27]. These values agree with the timescale of 
the transient absorption changes. It might be that the 
fast components induce charge separation, and that 
the slow component prevents an isosbestic point of 
the DCS absorption to be seen in methanol on the 
longer timescale, as it would cause a dynamical 
spectral shift of the CT state absorption. The effect 
would, of course, be much more pronounced for the 
emission band and might account for the failure of 
the attempt to separate the spectrum into two distinct 
bands. 

On the other hand, investigations of small clusters 
of trans-DCS with methanol have shown that the 
fluorescence excitation spectra differ appreciably 
from those obtained with acetonitrile, and that, in 
particular, already in 1 : 1 complexes of trans-DCS 
and methanol there is evidence for a strong mixing 
between the locally excited state and the CT state 
[21]. This might suggest another probable reason for 
the differences between DCS fluorescence dynamics 
in methanol and acetonitrile, and concerns the differ- 
ent character of the initially excited state in the two 
solvents. 

Solvent-induced electron transfer has been re- 
ported for bianthryl [8] and for DCM [29]. In both 
cases, a barrier along the reaction coordinate separat- 
ing initially prepared and CT state compounds appar- 
ently ensured the applicability of electron-transfer 
models to explain the influence of dynamical solvent 
effects on the internal CT process. We think, how- 
ever, that the initially prepared state of DCS, depend- 
ing on the solvent environment, is more or less a 
mixture of LE and CT contributions. We estimated 
the first moment (v(0))  of the hypothetical time-zero 
emission spectrum of DCS to be 21 300 cm -~ by 
subtracting the value of the Stokes shift in the non- 
polar solvent n-pentane from the first spectral mo- 
ment of the absorption band in acetonitrile. Although 

the early fluorescence spectra in the polar solvents 
show some structure reminescent of the stationary 
emission spectrum in n-pentane, they are spectrally 
displaced by 1600 cm-J (methanol) and 2200 cm- 
(acetonitrile) to the red from the estimated time-zero 
spectrum. Under the assumption that the dipole mo- 
ments for the ground state and the CT state are 7 and 
22 D, respectively [11], the dipole moment of the 
state corresponding to the short-wavelength emission 
band in acetonitrile was calculated from the Stokes 
shift relative to (v(0))  using the Ooshika-Lippert- 
Mataga equation [10,31,32] to be as large as 20 D. 
Although this estimate has to be considered only as 
qualitative, it seems to suggest a strong CT contribu- 
tion to the initially excited state. 

Steady-state spectroscopy also strengthens the as- 
sumption of a highly polar, initially excited state. 
The stationary absorption and emission spectra of 
trans-DCS in numerous solvents show a dependence 
of the position of their maxima on solvent polarity 
[33]. As has been pointed out for 4-aminophthali- 
mide [34], it can be concluded that the initially 
populated state has already strong CT character. 

5. Conclusion 

We have shown that the optically prepared initial 
state of trans-DCS in acetonitrile and methanol solu- 
tion evolves on a timescale of about a picosecond 
into a successor state which we identify as the 
intramolecular CT state. The spectral dynamics of 
the emission in acetonitrile are completely deter- 
mined by this CT process, and the longer timescale 
of the non-exponential decay of the intensity correla- 
tion function coincides with the longitudinal dielec- 
tric relaxation time of acetonitrile. The faster second 
component probably indicates contributions of CT 
channels from higher vibrationally excited states 
which are faster than solvent relaxation. 

In methanol the picture is more complicated, al- 
though the transient absorption decay also seems to 
indicate a fast CT process dominating the dynamics 
at early times. In this solvent, however, an additional 
dynamic Stokes shift on a longer timescale in part 
overlaps with the internal CT process. 

The initially prepared state in both solvents al- 
ready seems to contain a strong admixture of CT 
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character, in agreement with corresponding observa- 
tions in jet-cooled DCS-solvent complexes [20,21 ]. 
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