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Intramolecular Charge Transfer (ICT) processes of 4-dimethylamino-4

 

′

 

-nitrostilbene (DNS) in solution are studied
by pump-probe absorption spectroscopy with a 100 fs time resolution.  The results are compared to transient CARS ex-
periments.  Pump-probe results confirm the formation of a radiative ICT state in low polar solvents.  In a highly polar sol-
vent (acetonitrile), the formation of a short-lived non-radiative ICT state is observed for the first time.  CARS experi-
ments support structural changes associated to ICT processes in highly polar solvents.

 

Photoinduced intramolecular charge transfer (ICT) process-
es in donor–acceptor substituted stilbenes have been the sub-
ject of many theoretical and experimental investigations over
the past years.  ICT processes are known to be strongly depen-
dent on solvent-solute interactions and the existence of twisted
or “conformational relaxed” ICT states have been proposed.

 

1–5

 

Among others, the existence of ICT states in 4-dimethylamino-
4

 

′

 

–cyanostilbene (DCS) has attracted much attention and the
photophysics of DCS has been studied by time-resolved fluo-
rescence up-conversion, pump-probe and Kerr ellipsometry
experiments.

 

3–8

 

For this compound, it has been proposed that, just after exci-
tation and on a sub-picosecond time scale, the initial excited
state transforms into an intramolecular charge transfer state
(E

 

*

 

) without any deviation from the initial conformation (see
Scheme 1).  In polar solvents, in addition to the stilbene-type
“phantom-singlet” state (P

 

*

 

) formed by double bond twisting,
a highly polar and fluorescent conformational relaxed ICT
(CRICT) state (the so called A

 

*

 

2,4

 

 state in

 

5

 

), is then formed
from the (E

 

*

 

) state by single bond twisting involving the rota-
tion of the dimethyl-anilino group (see Scheme 1).  Since in

polar solvents the P* state is less polar than the ICT state, the
energy barrier ICT →

 

 P

 

*

 

 increases and the  isomerization
route is strongly quenched by the transition from the ICT state
to the conformational relaxed ICT state.

 

3–8

 

Although the photophysics of DCS has been studied in de-
tail, information about the similar 4-dimethylamino-4

 

′

 

-nitro-
stilbene (DNS) molecule remains limited.  However, this mole-
cule is interesting because of the NO

 

2

 

 group which should
strongly enhance the charge transfer process and therefore
highlight the role of ICT.  Compared to DCS, the peculiar fluo-
rescence behavior of DNS, i.e. the fluorescence quantum yield
increases from weakly polar solvents to moderately polar sol-
vents and then decreases in highly polar solvents, has been ex-
plained from steady state measurements by the presence (see
Scheme 1) of a further ICT state (A

 

*

 

5

 

) in addition to the A

 

*

 

2,4

 

CRICT state.

 

5

 

  This A

 

*

 

5

 

 state, considered as a TICT state

 

5

 

, in-
volves the rotation of the nitro group.  In non-polar (or moder-
ately polar) solvents, the energy of the A

 

*

 

2,4

 

 state is presum-
ably lower than the energy of the A

 

*

 

5

 

 state and is therefore
populated preferentially, leading to a high fluorescence quan-
tum yield.  However, in polar solvents, the branching ratio of
E

 

*

 

 to A

 

*

 

2,4

 

 and A

 

*

 

5

 

 states is changed by the solvent-solute in-
teraction which leads to a lowering of the energy of the highly
polar and non-radiative A

 

*

 

5

 

 state.  In strongly polar solvents,
the A

 

*

 

5

 

 state is therefore populated preferentially, causing a
dramatic decrease of the fluorescence quantum yield of
DNS.

 

5,9,10,11

 

When investigating charge transfer processes, Hamaguchi et
al.

 

12

 

  recently observed a 

 

~

 

120 cm

 

−

 

1

 

 downshift in polar sol-
vents for the C

 

W

 

N stretch wavenumber after excitation of the
DMABN molecule, the accepted model for TICT state studies.
This is the first time an experiment showed the role of the rota-
tion of the cyano group during the charge transfer state forma-
tion, which supports the hypothesis of a structural change as-
sociated to ICT state formations in this compound.  As to the
DNS molecule, Raman and infrared absorption spectra of un-
excited and excited DNS in polar solvents revealed a 39 cm

 

−

 

1

 

Scheme 1.   Description of the involved energy levels in the
push-pull stilbenes.  Fluo: fluorescence.  Exc: Excitation.
Dashed lines: non-radiative transitions.
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downshift of the NO

 

2

 

 symmetric stretch wavenumber in the
excited state, in agreement with the existence of an A

 

*

 

5

 

 state
stabilized by the rotation of the nitro group in highly polar sol-
vents.

 

13

 

  Nevertheless, the 60 ps time resolution of these exper-
iments was unable to time-resolve the formation and relaxation
of the A

 

*

 

5

 

 state and no data were obtained in weakly polar sol-
vents in which this state is not supposed to be populated.  Re-
cently, picosecond time-resolved CARS experiments have re-
vealed different vibrational behaviors in DNS between strong-
ly and moderately polar solvents, indicating the possible for-
mation of two different ICT states.

 

14

 

  Particularly a downshift
of the NO

 

2

 

 stretching mode in a strongly polar solvent (aceto-
nitrile) is in good agreement with the formation of the so-
called A

 

*

 

5

 

 state since this downshift is not observed in toluene
for example.

In this paper, we take advantage of the 100 fs time resolu-
tion which can be obtained with pump–probe experiments to
present new results concerning DNS photophysics.  These re-
sults are analyzed taking into account previous results obtained
by CARS experiments

 

14

 

 and lead to more detailed information
about the photophysics of DNS in low and highly polar sol-
vents.

 

Experimental

 

Materials    

 

4-Dimethylamino-4

 

′

 

-nitrostilbene (DNS) was syn-
thesized according to Refs. 5 and 15 and dissolved in solvents of
spectroscopic grade (Aldrich).  For the pump-probe experiments,
the DNS solutions (concentrations 

 

~

 

10

 

−

 

3

 

 M) were contained in
flowing optical quartz cells of 2 mm path length.  For the CARS
experiments, we used a free flowing jet (

 

~

 

300 µm thickness) with
concentrations of about 10

 

−

 

3

 

 M in toluene and 4 

 

×

 

 10

 

−

 

3

 

 M in ace-
tonitrile.

 

“Pump–Probe” Experiment    

 

The pump-probe experiment is
based on a self-mode-locked Cr

 

4

 

+

 

:Forsterite oscillator generating
30 fs pulses at 1200 nm followed by a stretcher-amplifier-com-
pressor stage, previously described in detail.

 

16

 

  The laser system
routinely generated pulses of 

 

~

 

120 fs centered around 1200 nm
(100 µJ, 1 kHz repetition rate).  As shown in Fig. 1, the laser puls-
es are split in two parts, producing the pump and the probe pulses
respectively.  The pump pulse (400 nm, 

 

~

 

5 µJ) is generated after
frequency tripling by a third harmonic generator formed by a 1
mm BBO crystal and a 1 mm KDP crystal.  The probe is a white
light continuum pulse, extending from 

 

ω

 

c

 

 

 

=

 

 350 nm to 1000 nm,
generated by focusing the second part of the pulses (

 

~

 

3 µJ per
pulse) with a 150-mm lens into a 10 mm thick D

 

2

 

O flow cuvette.
In order to minimize the shot-to-shot fluctuation, part of the probe
pulse is split off for reference before interaction with the sample
and is directed into the spectrograph by means of an optical fiber.
The remaining part of the continuum is used as a probe pulse to
monitor the transient absorption spectra of the sample at different
time delays 

 

∆

 

t

 

 between the pump pulse and the continuum probe
pulse.  The pump and the probe beam are focused into the sample
by a 15 cm focal-length, and to ensure rotational reorientation ef-
fect-free kinetics, the angle between the linearly polarized pump
and probe beams is set to the magic angle 54.7°.  The detection
system was a spectrograph (Chromex 5001 S) coupled to a CCD
camera (Sony XC-ST50) connected to a computer for spectrum
data analysis.  The probe pulse and the reference pulse are focused
separately into the spectrograph to form two spectrally resolved
images on the CCD camera and are recorded by accumulating

2000 laser shots.  The time dispersion of the white-light continu-
um probe pulse was corrected by determining the dispersion of the
temporal zero-position 

 

∆

 

t

 

(

 

ν

 

i

 

) 

 

=

 

 0 from  the transient Kerr signal
of a 300 µm thick CS

 

2

 

 cell at spectra intervals of about 1 nm cor-
responding to the spectral resolution of the detection system.
Therefore, spectral distributions of the continuum corrected for
background signal, shot-to-shot fluctuation and time dispersion, in
presence and in absence of the pump pulse at different time delays
between the pump and the probe pulses, determined the transient
absorption on a 100 femtosecond time-scale with an error of about
0.005 for the optical density.

 

CARS Technique and Experimental Set-Up    

 

Since at the
end of this paper, we will compare “pump–probe” results to time-
resolved CARS experiments, we would like to recall the experi-
mental conditions in which these results have been obtained.  In
the time-resolved degenerate (two-colors) polarization sensitive
CARS technique, three pulses are required to generate the CARS
signal from an excited sample: one pulse (the “pump pulse”) at a
fixed frequency 

 

ω

 

1

 

 and the second pulse (the “Stokes pulse”) at a
variable frequency 

 

ω

 

2

 

 such that 

 

ω

 

1

 

 

 

−

 

 

 

ω

 

2

 

 

 

=

 

 

 

Ω

 

, the molecular vi-
bration frequency to be observed.  The CARS signal is then gener-
ated at frequency 

 

ω

 

cars

 

 

 

=

 

 2

 

ω

 

1

 

 

 

−

 

 

 

ω

 

2

 

 in a well-defined propagation
direction determined by the phase matching conditions.  Finally,
the third beam at frequency 

 

ω

 

exc

 

 is used to create the excited popu-
lation.  Before presenting the experimental set-up, a brief remind-
er of a few specific properties of CARS spectra is required here.

The CARS signal of a molecular species in solution, excited to
the S

 

1

 

 electronic state, is proportional to the squared modulus of
the third-order nonlinear optical susceptibility and can be ex-
pressed as:

 

17

 

(1)

The first two terms are respectively the non-resonant suscepti-
bility and the Raman resonance susceptibility of the solvent.  The
third term is associated with Raman resonances of the ground

Fig. 1.   Experimental setup.  BS: beam splitter, THG: third
harmonic generator, C.G: continuum generator, M: mirror,
P: polarizer, D: pin-hole, O.F.: optical fiber.
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state while the last two terms are the pure electronic susceptibility
and the Raman resonance susceptibility of the excited states.
These different contributions to the CARS spectra may change as
a function of time during the relaxation processes.  The non-reso-
nant contributions affect the spectral shape of the CARS spectra
and make the analysis of CARS spectra difficult.  However it is
possible to suppress the non-resonant part of the CARS signal by
adjusting the polarizations of the pump (

 

ω

 

1

 

) and of the Stokes (

 

ω

 

2

 

)
pulses as well as the orientation angle of the analyzer with respect
to these two pulses.

 

17–20

 

  In these conditions, the CARS bands
show a Lorentzien shape, the signature of a vibrational mode of
the solution (solvent, ground state or excited states).  For the vi-
brational modes of excited DNS, the square root of the intensities
of these bands are proportional to the excited state populations
since 

 

χ

 

(3)

 

 

 

∝

 

 

 

N.

 

γ

 

(3)

 

, where 

 

N

 

 is the density of the excited molecular
species and 

 

γ

 

(3)

 

 the molecular hyperpolarisibility.
The time-resolved degenerate (two-colors) polarization sensi-

tive CARS apparatus, described in detail elsewhere,

 

21

 

 is based on
a hybrid mode-locked dye laser associated with an actively mode-
locked cw-pumped Nd:YAG laser, a dye amplifier and a Nd:YAG
regenerative amplifier.  The laser system generates pulses of 

 

~

 

1
ps (1 mJ, 10 Hz repetition rate) tuned around 600 nm.  The differ-
ent optical beams are obtained after splitting the output beam of
the laser system into three parts.  The first part  is used as the 

 

ω

 

1

 

pump beam (at 600 nm) for the generation of the CARS signal.
The second part is focused into a 2 cm water cell to produce a 2 ps
light continuum (extending from 

 

~

 

350 to 

 

~

 

900 nm).  The Stokes
beam at variable frequency 

 

ω

 

2

 

 is obtained from the continuum af-
ter selecting a spectral bandwidth of 2000 cm−1 centered at 640
nm and amplified (up to 100 µJ/pulse) by a two stages dye ampli-
fier (DCM) pumped by the frequency doubled output of the regen-
erative amplifier (532 nm, 70 ps, 10 Hz).  Thus the CARS spec-
trum of the sample could be obtained over a wide spectral range
(frequency ω1 − ω2 = Ω from 800 to 2500 cm−1).  Finally, the
third part at 600 nm is frequency doubled in a KDP crystal (ωexc =
300 nm, ~1 ps and 10–50 µJ/pulse) and the generated ultraviolet
pulse is used to excite the sample.  The polarization directions of
the various incoming pulses are  controlled and adjusted by means
of wave-plates and high quality Thomson–Glan prisms.  The rela-
tive delays between the ωuv, the ω1 and the ω2 pulses, focused into
the sample by a 15 cm focal-length lens, are adjusted using optical
delay lines with a resolution of 60 fs.  The CARS signal, generated
in a different direction from the incoming beams, is spatially fil-
tered by an aperture, send through a polarizer and focused on the
slit of the spectrograph coupled to an OMA.  The CARS spectra
are recorded with and without UV excitation of the sample by ac-
cumulating 200 laser shots for a given time delay ∆texc between
the ωexc pulse and with the ω1 and ω2 pulses in time coincidence.
We were able to observe the evolution of the excited vibrational
modes of the DNS molecule on a picosecond time-scale by using
this procedure for different time delays ∆texc, and it was therefore
possible to follow the formation of the ICT state.

Before presenting the results, it is important to note that a strict
comparison between the kinetics obtained from CARS signals and
the kinetics obtained from “pump–probe” experiments is difficult.
Indeed, when structural and stabilization processes occurs, not
only may the population of a state change, but also parameters
such as the electronic and vibrational oscillator strength of the
bands associated to a same state.  For example, the oscillator
strength may change while the population stays the same.  Also,
the bond length may vary within a stable population.  Consequent-

ly, kinetics must include different parameters which are not neces-
sarily correlated to the population.  Though the kinetics will be-
long to the same time scale whether studied using CARS results or
using “pump-probe” results, they will probably not be strictly
identical.  In order to extract from the observed kinetics the true
signal, exclusively due to the population evolution, difficult de-
convolution procedures must be performed so as to discard chang-
es due to structural and stabilization processes which also vary as
a function of time inside a  population which stays the same.  It is
important to recall these limitations before presenting the results
we obtained.

Results and Discussion

Femtosecond Transient Absorption Experiments.
Pump-probe experiments were realized with DNS dissolved in
nonpolar heptane, toluene, diethyl ether, and acetonitrile, in or-
der to vary the polarity from nonpolar to strongly polar sol-
vents.  Ground state absorption and steady-state fluorescence
spectra of DNS in heptane, toluene, diethylether, and acetoni-
trile solutions at room temperature are shown in Fig. 2.  The
ground state absorption spectrum of DNS, described in Fig. 2a,
shows a strong S0 → S1 absorption band located at 428 nm in
the toluene solution, the band being slightly red-shifted (< 20
nm) for solvents of higher polarity.5,10 Therefore, the excitation
wavelength at 400 nm used in our experiments populates the
first excited state called E*.5

Fig. 2b, which shows the steady state emission spectra, re-
veals very different behaviors in non-polar, slightly polar and

Fig. 2.   Absorption (a) and fluorescence (b) spectra of DNS
in heptane, diethyl ether, toluene, and acetonitrile.
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strongly polar solvents.  While a red shift of the emission spec-
trum of the order of 3000 cm−1 is observed in moderately polar
solvents, revealing a strong charge transfer state stabilized by
solvent interactions, very large and unexpected shifts are ob-
served in highly polarized solvents, as for example in acetoni-
trile, while at the same time the emission intensity strongly de-
creases.  As already mentioned,14 this indicates a change of the
photophysical behavior of the compound for highly polar sol-
vents.

These preliminary experiments are well correlated to the
“pump–probe” transient absorption experiments shown in
Figs. 3–6.

In the non-polar solvent n-heptane a very simple behavior is
observed.  As shown in Fig. 3, we observe a gain band at 530
nm and an absorption band at 630 nm, which appear immedi-
ately and then decreases with a lifetime of 670 ps.  Some evo-
lution of the band shape may be observed, but this can be ex-
plained if we suppose that the single excited state populated
just after excitation also has some vibrational relaxation.

In the slightly polar solvent diethylether and  the slightly in-
teracting solvent toluene, the observations are different.  While
at short time delays, just after excitation, the transient spectra
look the same as in n-heptane with the presence of the (slightly
shifted) gain and absorption bands, respectively, in the 520–
560 nm and 600–640 nm range, for longer times, the situation
is different.  When increasing the time delays, the rise of a new
gain band around 630–660 nm is clearly visible.  At the same
time, the absorption band in the 600–650 nm range changes; in
toluene, for example, a shoulder appears (see Fig. 4a).  These
new bands, as compared to the behavior in n-heptane, are a
clear demonstration that a new excited state is formed and sta-
bilized in these two interacting solvents.  The same kinetics
(see Figs. 4b and 5b) are observed for the gain band and for the
absorption band, showing that these bands belong to the same
excited state.  The measured kinetics are well reproduced

Fig. 3.   Transient absorption spectra of DNS in heptane obtained for different delays ∆t (A: −150 fs, B: 0 fs, C: 300 fs, D:1.5 ps) af-
ter 400 nm excitation.  Insets: Kinetics of the absorption (640 nm) and gain (530 nm) bands of excited DNS as a function of pump
pulse delay.

Fig. 4.   (a): Transient absorption spectra of DNS in toluene.
Spectra are obtained for different delays (∆t = −300 fs,
100 fs, 1 ps, 3.4 ps, 7.4 ps, 72 ps) after 400 nm excitation.
(b): Kinetics of the absorption (520 nm) and gain (645 nm)
bands of excited DNS as a function of  pump pulse delay.
A (3.5 ± 0.5) ps rise-time is obtained from the fits (solid
curves).
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(Figs. 4b and 5b) by the model of a two level system having a
precursor-successor relationship.

To summarize, in these two solvents we observed the forma-
tion of a new state stabilized by interaction with the solvent.
At this point, it is important to note that while diethyl ether is a
slightly polar solvent (ε = 4.3, ET(30) = 34.5), indicating in-
teractions due to polarity, toluene is not really a polar solvent
(ε = 2.3, ET(30) = 33.9) but is polarizable due to the presence
of aromatic rings.  This means that the stabilization process is
not limited to dipolar interactions but may also include other
kinds of interaction forces.  These observations are consistent
with the assignment of the new state as an ICT state, called
A*2,4 as explained in the introduction.

In highly polar acetonitrile (ε = 37.5, ET(30) = 45.6) the
situation is again quite different from that observed in the last
three solvents studied (see Fig. 6).  At short time delays (the
shortest possible times to be compatible with the experimental
set-up), the transient spectra look the same as those in diethyl-
ether or toluene with a similar absorption band near 600 nm
and a gain band in the far red (well correlated to the emission
spectra).  With increasing time delays, these bands evolve dif-
ferently.  In particular, a new absorption band appears around
520 nm, which has not been observed in the other solvents

studied.  The kinetic of this new absorption presents a biexpo-
nential decay, well-fitted by the time constants τ1 = (1.0 ±
0.2) ps and τ2 = (13 ± 1) ps.  As to the temporal behavior of
the gain band, we notice a very fast decay with a time scale
smaller than 2 ps.  From these further observations, it is rea-
sonable to attribute the decay of the absorption band to the non
radiative relaxation of the A*5 state, whereas the fast decay of
the gain band can be attributed to the relaxation of the ICT
state called E* which is formed just after excitation.

These results in different solvents show that, depending on

Fig. 5.   (a): Transient absorption spectra of DNS in diethyl
ether.  Spectra are given at −200 fs, 0 fs, 1 ps, 20 ps delays
after 400 nm excitation.  (b): Kinetics of the absorption
band (at 590 nm) and gain band (at 660 nm) of excited
DNS as a function of  pump pulse delay.  A (800 ± 50) fs
rise-time is obtained from the fits (solid curves).

Fig. 6.   (a): Transient absorption spectra of DNS in acetoni-
trile for −200 fs, 0 fs, 250 fs, 2.2 ps delay after pump exci-
tation.  (b): Kinetics of the absorption band at 510 nm as a
function of pump pulse delay.  A biexponential fit (solid
curve) gives decay times τ1 = (1.0 ± 0.2) ps and τ2 = (13
± 1) ps.  (c): Kinetics of the gain band at 750 nm of excit-
ed DNS as a function of pump pulse delay.  Decay times τ1

= (300 ± 50) fs and τ2 = (1.2 ± 0.2) ps are given by a
biexponential fit.
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the strength of the interaction with the solvent, two different
excited states are formed and stabilized.  According to the
scheme proposed in Ref. 5 and involving the so-called A*2,4

and A*5 states (see the introduction mentioned above), it is nat-
ural to assign the final stabilized state to the A*2,4 state in di-
ethyl ether and toluene, and to the A*5 state in acetonitrile.

Picosecond Time-Resolved CARS Experiments.      It is

worth noting that these assignments are well supported by pre-
vious results14 obtained by the CARS experiments summarized
in Figs. 7 and 8.

As already explained, the formation and stabilization of
state A*5 imply the formation of a charge transfer state mainly
involving the strong acceptor character of the NO2 group.  Re-
sults shown in Fig. 7 (DNS in acetonitrile) show a strong evo-

Fig. 7.   Transient polarization sensitive CARS spectra of DNS in acetonitrile with (∆tuv = 5 ps, (bold solid line)) and without UV ex-
citation (thin solid line).  Position of Raman bands of excited DNS are framed and indicated by an asterisk.  Inset (a): Details of
CARS spectra representing the NO2 symmetric stretching mode bands of the S1 excited state (1298 cm−1) and the S0 ground state
(1335 cm−1) of DNS in acetonitrile for different delays (∆tuv) after UV excitation.  Inset (b): Evolution of the amplitude of the ex-
cited state band (at 1298 cm−1) and ground state band (at 1335 cm−1) of DNS in acetonitrile as a function of UV pulse delay
(∆tuv).

Fig. 8.   Transient polarization sensitive CARS spectra of DNS in toluene with (bold solid line) and without UV excitation (thin solid
line).  Inset: 1335 cm−1 band of excited DNS in toluene for different delays (∆tuv) after UV excitation at 300 nm.
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lution of the symmetric stretch mode of NO2 at 1335 cm−1

which is downshifted by 37 cm−1 after excitation.  On the oth-
er hand, in solvents such as toluene, such a vibrational evolu-
tion is not observed, a result which agrees with the expected
charge transfer character of the A*2,4 state, in which the role of
the NO2 group is minimal, since the charge delocalization is
mainly driven by the dimethylamino group.

This comparison proves that both CARS and “pump-probe”
experiments are in good agreement with the same kinetic mod-
el explaining the photophysics of the DNS molecule.

Conclusion

In this paper, time-resolved transient absorption studies of
DNS have revealed different behaviors as a function of solvent
interactions.  These results correlate well with the time-re-
solved CARS experiments published previously.  For the first
time, to our knowledge, two kinds of already predicted excited
states are clearly identified.  We have also observed their kinet-
ic evolutions, which should give information about the differ-
ent formation pathways of these states.  These kinetics also
strongly depend on the interactions with the solvent.  Compli-
cated behaviors occur which require a reconciliation between
the different results obtained by “pump-probe” and by CARS
experiments in different solvents.  However, this lies beyond
the scope of this paper and will be the object of a forthcoming
publication.
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