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Abstract 

Subpicosecond absorption spectroscopy and picosecond streak camera fluorometry are applied to the study of the photoinduced processes 
in three classes of compounds for which molecular torsion with charge localization leading to an emissive or non-emissive twisted internal 
charge transfer state was proposed. The compounds are classified according to their steady-state fluorescence properties: compounds having 
a single band without solvatochromism or a single band with solvatochromism and compounds exhibiting dual fluorescence in polar solvents. 
The selected compounds are di- and tri-phenylmethane and amino-rhodamine dyes for the first class, the laser dye DCM for the second class 
and a substituted triphenylphosphine for the third class. These compounds contain at least one electron-donating anilino-group able to rotate. 
In all cases, the transient spectroscopy gives evidence for an excited-state relaxation involving the formation of an intermediate state. The 
changes observed in the kinetics by changing the solvent viscosity and polarity and upon donor protonation bring support to a mechanism 
involving photoinduced charge transfer with structural change. The kinetics are tentatively discussed within the context of theories of electron 
transfer reactions in the condensed phase. 0 1997 Elsevier Science S.A. 
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1. Introduction 

To explain the dual fluorescence of 4-dimethyl-aminob- 
enzonitrile (DMABN) (compound I in Fig. 1) in polar sol- 
vents, Grabowski et al. proposed a mechanism based on the 
formation of a twisted intramolecular charge-transfer state 
(TICT) in the excited state [ 1,2]. The charge-transfer proc- 
ess was evidenced by time-resolved fluorescence [3-51 and 
picosecond absorption spectroscopy [6,7 ] but the structural 
change involved is not yet well characterized. Rotational 
motion of the dimethylamino group and pyramidalizarion of 
the amino nitrogen have been widely discussed as possible 
photoinduced distortions [ 2,8,9]. In connection with these 
studies much attention was given to charge transfer processes 
in flexible donor-acceptor organic compounds [ 10). Three 
classes of compounds were considered: (i) the compounds 
showing a single fluorescence band with little solvent effect 
on the spectral position but large viscosity effect on the inten- 
sity, (ii) the compounds showing a single fluorescence band 
with solvent polarity dependent Stokes shift, (5) the com- 
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pounds showing dual fluorescence in polar solvents like 
DMABN. in all cases, internal rotation with charge locali- 
zation leading to a TICT-like state was invoked by Rettig et 
al. [ 11) to explain the observed solvent effects. 

In the present paper we report a comparative analysis of 
the results we obtained in the experimental study of the three 
classes of compounds described above. Tl,c studies were 
carried out in solution at room temperature, by transient 
absorption spectroscopy with a pump-probe set-up of sub- 
picosecond resolution and/or by time-resolved fluorometry 
with a streak camera [ 12-191. The compounds studied are 
sketched in Fig. ! . .!K &:se compounds contain at least one 
electron-donating anilino group able to rotate. 

Representatives of the lirst class of compounds, the tri- 
phenylmethane cationic dye ethyl violet (EV, II), the diphen- 
ylmethane cationic dye auramine (Aur, III), and the 
amino-rhodamine cationic dye ( ARh, Iv) [ 201 have a single 
fluorescence band with little Stokes shift but their fluores- 
cence yield is strongly viscosity dependent [ 17,2 1,223. The 
triphenylmethane dyes have been much studied [ 13-15,23- 
301 since the pioneer works on auramine by Oster and Nish- 
ijima [ 211 and on crystal violet (compound II with methyl 
instead of ethyl substituents) by Fiirster and Hoffman [ 221. 
For a complete review see references in Ref. [ 311. A non- 



198 M.M. Martin et al. I Journal of Photdternistty and Photobiology A: Chetnistq 105 (1997) 197-204 

I. DMABN 

v 
E&t 

II. Ethyl Vict 

w2 

III. Auramine 0 

Iv. Amim-Rhodamine V. Merocyanine DCM VI. Tripheylphosphine 

Fig. I. Chemical structure of the compounds. 

radiative excited-state relaxation process involving rotational 
diffusion of the phenyl rings is generally assumed to explain 
the viscosity-dependent fluorescence yield of these com- 
pounds, which were used as model compounds to test theories 
of barrierless chemical reactions [ 24,28,29], but various 
interpretations of the relaxation mechanism were proposed 
[ 12-15,23-301. 

The merocyaninc dye DCM (V) belongs to the second 
class of compounds, it is highly fluorescent in polar solvents 
and its spectrum exhibits a strong solvatochromism [ 32-34 I. 
The fluorescence was attributed to a highly polar exci ted state 
but the detailed mechanism of the photoinduced charge trans- 
fer in this compound is the object of much controversy 
[ 16,35-391. Studies on similar compounds such as 
dimethylamino-cyanostilbene derivatives, where bridged 
derivatives could be prepared, brought experimental facts in 
favor of the formation of a TICT-like state [ 11,40,4 11. 

The third class of compounds is illustrated by the triphen- 
ylphosphine derivative (MAP, VI) which has a chemical 
structure similar to that of the propeller-shaped triphenyl- 
methane cationic dye (II) but has a pyramidal geometry 
instead of a planar one. This compound exhibits a dual tluo- 
rescence in polar solvents [ 18,19,42,43] and might be a good 
model for a generalization of the theories of photoinduced 
activated charge transfer with structural change which were 
developed to describe solvent effects in the TICT state for- 
mation route and kinetics in DMABN [ 441. 

The results reported here give evidence for a relaxation 
mechanism involving the rapid formation of an emissive or 
non-emissive transient state in all cases [ 12-l 91. A common 
mechanism involving charge transfer and structural changes 
in the three classes of compounds is considered. Although 
we should make a distinction between charge shift which can 
occur il organic cations and the charge separation which 
~CUCS in neutral molecule such as DMABN we shall call the 
transient state a charge-transfer (CT) state in all cases. The 
dmation rate of non-emissive CT states is discussed in terms 
of energy gap law 1451 and the role of solute structural 
change and solvent dynamics on the charge-transfer kinetics 
is tentatively discussed. 

Fig. 2. Non-mode-locked subpicosecond tunable dye laser system driven by 
a single standard seeded 10 Hz Q-switched nanosecond Nd:YAG. Subpi- 
cosecond pulses at 610, 550.425 and 305 nm were used as the excitation 
source for the fluorescence measurements or pump-probe experiments 
reported in the present paper. 

2. Experimental 

2.1. Subpicosecond laser source 

The subpicosecond laser source is a non-mode-locked 
home-made dye laser system described elsewhere [ 46j and 
sketched in Fig. 2. The basic system produces 500 fs, 400 fl 
pulses around 610 nm starting from a single seeded Q- 
switched Nd:YAG laser ( 10 Hz, 6 ns) a Tunable high power 
pulses in the 400-800 nm region are obtained by focusing 
the 500 fs red pulses into a water cell in order to generate a 
white light continuum which is then filtered and amplified in 
dye amplifiers pumped by the second or third harmonic of 
the same Nd:YAG pump. Subpicosecond UV excitation 
pulses can be obtained after amplification and frequency dou- 
bling of the continuum or of the basic 500 fs red pulses. 

2.2. Pump-probe set-up 

Time-resolved transient absorption spectra were measured 
by the pumpprobe technique. The 610 nm laser pulses pro- 
vided the pump pulses for ethyl violet (II) [ 12-141. Filtering 
and amplification of the continuum provided the pump pulses 
for amino-rhodamine (IV) at 550 nm [ 171 and for auramine 
( III) and DCM (V) at 425 nm [ 161. The triphenylphosphine 
derivative (VI) was pumped at 305 nm by Frequency dou- 
bling the amplified basic red pulses up to 1 mJ [ 18,191. In 
the latter case, the residual fundamental beam was separated 
from its harmonic and used to generate a white light contin- 
uum in a 1 cm water cell, which was used as the probe in the 
pumpprobe set-up. When pump pulses were tuned at 610 
nm or at 550 nm, part of the incident beam was used to 
generate the continuum probe [ 13,14,17], but when pump 
pulses were tuned at 425 nm a second beam was produced at 
7UO nm, according to the scheme shown in Fig. 2, to generate 
the continuum probe [ 161. In a!1 cases, the probe was split 
into two beams sent, respectively, through the sample and a 
reference cell. Both transmitted beams were simultaneously 
analysed with a polychromator (Jarrell-Ash, resolution 3 
nm) and a computer-controlled double diode array detector 
(Princeton Instruments Inc.). The polarization of the pump 
light was set at the magic angle (54.7”) relative to the polar- 
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ization of the probe light. Data were accumulated over up to 
2000 laser shots without pulse discrimination. The samples 
were recirculated. The change in optical density of the sam- 
ples are obtained with an error of + 0.005. 

2.3. Time-resolvedfluorescence set-up 

Fluorescence decays were recorded with a 4 ps resolution 
streak camera ( ARP Strasbourg) and collected at the magic 
angle. A properly advanced reference pulse and the fluores- 
cence decay were both measured on the same camera trace. 
An accumulated decay trace was obtained by superposition 
of the reference pulse of each trace to eliminate the jitter in 
triggering the camera sweep. For amino-rhodamine and ethyl 
violet, fits with monoexponential or multiexponential decays 
were searched with a commercial software [ 12,173, but for 
the substituted triphenylphosphine the fluorescence decays 
were fitted with exponentials reconvoluted by the response 
function of the camera [ 18,19]. 

2.4. Samples 

Auramine 0 was purchased from Aldrich and used without 
further purification. Details about other solutes and solvents 
suppliers were given in previous publications [ 12-14,16- 
191. In time-resolved experiments, the sample concentrations 
were chosen JO that the excitation light was well absorbed in 
a 1 mm cell (OD H 0.3 to 1.2). Solutions were deaerated with 
a nitrogen flow when needed. The experiments were per- 
formed at room temperature. 

3. Results and discussion 

3. I. Transient spectroscopy of ethyl violet, amino- 
rhodamine and auramine 

3.1.1. Ethyl viulet (II) and amino-rho&mine (IV) 
The main features of the time-resolved transient absorption 

spectra that we measured for ethyl violet (EV) and amino- 
rhodamine ( ARh) samples in ethanol are recalled in Figs. 3 
and 4 respectively [ 13,14,17]. The transient spectra AD(t) 
represent the excited sample optical density, at a given pump- 
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Fig. 3. Time-resolved photoinduced change in optical density (AD, left 
scale) of a solution of ethyl violet in ethanol after subpicosecond excimtion 
around 6YO nm. Pump-probe delays: ~urvr a, 1 ps; curve b, 3 ps; curve C, 
13 ps. Do, spectrum of the unexcited sample (right scale). 
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Fig. 4. Time-resolved photoinduced change in optical density (AD, left 
scale) of a solution of amino&&mine in ethanol after subpicosecond 
excitation at 550 nm. Pump-probe delays: curve a, 1 ps; curve b, 5 ps; curve 
c, 15 ps; curare d, 50 ps. Do. spectrum of the unexcited sample (right scale). 

probe delay, minus that of the unexcited sample Q,. It is seen 
that immediately after excitation, transient absorption 
(AD > 0) is observed for both dyes below 520 and 480 nm, 
respectively, net gain (AD < 0, no ground state bleaching) 
above 640 and 600 nm and bleaching in the range of the 
ground state absorption. 

The main common feature of the time-resolved absorption 
spectra of EV and ARh is a fast change in shape within 5 ps 
after excitation. For ARh, the transient absorption rapidly 
decreases around 460 nm, whereas a new absorption peak 
keeps growing near 430 nm. For EV, AD remains constant 
between 450 and 500 nm whereas a broad peak rises in the 
390-430 nm range. Simultaneously, a fast decrease in the 
gain signal is observed for both compounds in the red wave- 
length range whereas the bleaching observed between 480 
and 540 nm for ARh and between 510 and 600 nm for EV 
remains constant or increases slightly. Once the red gain 
signal has vanished, a slight but reproducible, red absorption 
band remains together with the blue absorption. Complete 
deactivation is achieved in about 50 ps for ARh and 25 ps for 
EV. In a viscous solvent such as decanol, EV and ARh exhibit 
slower but similar spectral changes as those found in ethanol 
and their LE fluorescence decays were found to be non- 
exponential [ 13,14,17 ] . 

We proposed a similar scenario in these molecules [ 151, 
attributing the initial red gain and initial blue transient absorp- 
tion to the locally excited (LE) state directly populated by 
the laser excitation and the delayed, blue-shifted, absorption 
band to a photoinduced non-emissive transient state reached 
from the LE state. We also attributed the absorption which 
appears at long pump-probe delays in the red wavelength 
range to this transient state. Since we did not observe such a 
transient state for ARh solutions containing hydrochloric acid 
[ 171, that is when the electron donor site of the aniline 
subunit is blocked by protonation [ 8,201, we concluded th;Qa 
the photoinduced process involves intramolecular charge 
transfer. 

3.1.2. Auramine (III) 
Although Auramine (Aur) is used as a fluorescent sensor 

[ 471, due to its large sensitivity to solvent viscosity originally 
evidenced by Oster and Nishijima [ 211, the photoinduced 
processes in this molecule are not well known. We report 
here a picosecond study of this compound. The time-resolved 
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Fig. 5. Time-resolved photoinduced change in optical density (AD. left 
scale) of a solution of auramine in ethanol after subpicosecond excitation at 
425 nm. Pump-probe delays: curve a I ps; curve b, 2 ps; curve c. 4 ps. Do, 
spectrum of the unexcited sample ( right scale). 

spectra measured for Aur solutions in ethanol are given in 
Figs. 5 and 6. 

Immediately after excitation (Fig. S(a), At = 1 ps), 
bleaching and net gain are respectively observed below and 
above 470 nm but the spectra do not show any positive AD. 
Then, the gain signal decreases leaving place to a transient 
absorption around 480 nm (Fig. S(c), Ar=4 ps) while the 
negative AD in the ground state absorption range keeps 
increasing and a temporary isosbestic point is evidenced at 
460 nm. Since an increase of the bleaching signal is no longer 
possible once the excitation process is finished, we explain 
the spectral changes by the assumption that both the LE state 
absorption and the ground state depletion contribute to the 
transient AD spectra below 460 nm. Thus the decay of the 
LE state population, which can be followed by the gain decay, 
leads to the apparent increase ofthe bleaching. The isosbestic 
point at 460 nm and the transient absorption increase at 480 
nm can be explained by the formation of a non-emissive 
transient state from the LE state in a similar way as for EV 
and ARh. For such a model the differential optical density 
reads: 

AD( At) = -1?.43t( (#A) +UU(h)]NJt) 

-~(a~(A)+u,(h)}N,(r)) (1) 

where L is the cell length, o, the ground-state absorption 
cross-section, akE the difference of the stimulated emission 
a,” and the absorption cross section u:” of the LE state, ai 
that of the transient X state, and NLE and Nx the LE and X 
states populations, respectively. If we consider a fast and 
unique deactivation process from LE towards X, leaving the 
total excited population NLE( t) + N,( t) constant on a pico- 

Fig. 6. Time-*solved photoinduced change in optical density (AD, left 
scale) of a solution of am-amine in ethanol after subpicosecond excitation at 
425 nm. Pumpprobe delays: curve a, 4 ps; curve b, 10 ps; curve c, 50 ps. 
Do. spectrum of the unexcited sample (right scale). 
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Fig. 7. Time-resolved photoinduced change in optical density (AD, left 
scale) of a solution of auramine in decanol after subpicosecond excitation 
at 425 nm. Pump-probe delays: curve a. 10 ps; curve b. 100 ps; curve c. 300 
ps. Do, spectrum of the unexcited sample (right scale). 

second time scale, isosbestic points with AD = constant St 0 
are expected at wavelengths where akE( A) = c$( A) _ 

For delay times longer than 4 ps (Fig. 6) both transient 
absorption and bleaching signal decay and at 50 ps delay the 
ground state absorption has almost completely recovered. 
The time-resolved spectra observed in decanol are shown in 
Fig. 7. As observed for EV and ARh, the spectra1 changes 
are similar to those observed in ethanol but they occur at a 
slower rate. 

3. I..% Relaxation mechanism and kinetics 
The time-resolved spectra give evidence for the fast for- 

mation of a non-emissive transient species in the excited state 
in all compounds. One can thus conclude to a common relax- 
ation mechanism in the three compounds and claim that com- 
parison with ARh brings support to Rettig’s proposal that the 
photoinduced process in di- and triphenylmethane dyes 
involves an excited state charge transfer [ 8,10,25,27]. Since 
Oster and Nishijima’s work, the photoinduced process in di- 
and triphenylmethane dyes has been described as a barrierless 
process involving internal rotation of the phenyl rings. 
Bridged triphenylmethane dyes where the rotation of two 
phenyls is blocked were indeed found to have a fluorescence 
yield IO to 60 times larger than the unbridged corresponding 
compounds [ 25 ]. We thus propose to illustrate the probed 
process in EV, ARh and Aur by Fig. 8. 

The photoinduced charge-transfer reaction is described by 
an adiabatic process in the S, state involving the rotational 
motion of the substituted aniline moiety. The charge transfer 
is barrierless and a crossing of the excited and ground state 
potential curves is drawn in the region of the twisted CT state 
to explain its non-emissive character. When going from EV 
to ARh and Aur, the energy gap between So and the locally 
excited state increases since the ground state absorption is 
blue shifted. The same shape of the excited state potential is 
assumed since the CT state formation time is about the same 
for the three compounds in ethanol ( u 4 ps for EV and Arh, 
N 3 ps for Aur). The formation time is smaller than the 
solvation time ( 16 ps in ethanol [48] ) indicating the role of 
intramolecular modes in the CT process [49]. In Fig. 9, it is 
seen that the decay rate of the twisted CT state decreases 
exponentially when the &-So energy gap increases from EV 
(-7~s) toARh(-13ps) andAur( -30ps). 
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Fig. 8. Scheme of free energy curves illustrating the photoinduced adiabatic 
charge transfer in ethyi violet (EV ) amino-rhodamine ( ARh) and auramine 
(Aur) solutions in ethanol with similar kinetics. The free energy curve of 
the excited %te is tuned to higher energies when going from EV to Aur. 
The charge transfer state is non emissive and its decay rate decreases when 
the energy gap between the free energy curves increases. The back charge 
transfer leading to the ground state is in the invened regime. 
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slow down the formation rate [ 17,21,22]. The observation 
of a slower decay of the CT state in a viscous solvent suggests 
that rotational diffusion of the phenyl rings is also involved 
in the deactivation pathway. These results may bring support 
to previous demonstrations that electron transfer in the 
inverted region requires not only solvent dynamics but also 
high- and low-frequency intramolecular modes 1521. 

3.2. Transient spectroscopy of the nzerocyanine dye DCM 

The merocyanine dye DCM (V) exhibits a single, broad, 
intense and strongly red-shifted fluorescence band in polar 
solvents [ 32-341, which was attributed to a highly polar 
excited state (1~ N 26 D) [ 32,331. On the other hand, this 
molecule undergoes trans-cis photoisomerization, but the 
photoisomerization yield decreases when the solvent polarity 
increases [ 33 1. The formation of a polar TICT-like state in 
competition with the photoisomerization was proposed to 
explain the effect of solvent polarity [ 11,34 1. Recently, sev- 
eral groups carried out ultrafast/fast spectroscopy experi- 
ments on DCM solutions [ 16,35-39,531. The question 
whether the primary events probed in this molecule are the 
solvation of the excited state [ 35,37,38] or the rapid forma- 
tion of a charge-transfer state [ 16,36,39] is much debated. 
Our results are in favor of the latter mechanism [ 161. 

Fig. 9. Charge-transfer state decay rate of ethyl violet, amino-rhodamine and 
auramine plotted against the energy gap AE between the locally excited 
(LE) state and the ground state So. Assuming similar free energy curves in 
the excited state for the three molecules Fig. 8 the change in the: LEG& 
reflects the change in the free energy gap between the charge-transfer state 
and the ground state. The decay rate is found to decrease exponentially when 
AE increases. 

It is worth comparing this result to the energy gap depend- 
ence found by Asahi et al. for the charge recombination (CR) 
rate of compact ion pairs [ 451. The authors interpret their 
observation by analogy with the theory of radiationless tran- 
sitions in the weak coupling limit [ 50,S 11, stressing the role 
of intramolecular high frequency modes in the charge recom- 
bination. From systematic investigations they could give evi- 
dence to a variation of kR proportional to exp( - PAGO), 
where A@ is the absolute value of the free energy gap 
between the contact ion pair and the ground state. The CT 
decay rate of EV, ARh and Aur are plotted in Fig. 9 against 
the LE-So gap. As long as the SI adiabatic potential is roughly 
the same for the three compounds, the values of A@ are just 
shifted by a constant value from the LE-So gap. The slope 
leads to a value of p = 1.9 eV - ’ which is smaller than most 
of the values reported by Asahi et al. for several series of 
charge-transfer complexes [45]. Within this theory no sol- 
vent polarity effect is expected on the charge recombination 
rate. This was indeed previously observed for EV i 121. In 
decanol, both the rates for the CT state formation and the 
decay rates were found to decrease in the three compounds. 
From stationary experiments, solvent viscosity is expected to 

3.2.1. Evidence for a CT state formation 
Fig. 10 shows the time-resolved spectra observed for a 

solution of DCM in the weakly polar solvent tetrahydrofuran 
(THF) within 5 ps after excitation. In this solvent the fluo- 
rescence Stokes shift is about 4400 cm - ‘. For pump-probe 
delays from 1.5 to 4.5 ps, although no change in the popula- 
tion of the excited state is expected (nanosecond lifetime), 
the transient spectra exhibit the following changes: a red- 
shifted net gain band rises around 615 nm together with new 
differential absorption maxima around 540 nm and 420 nm. 
A temporary isosbestic point (constant AD for a given lapse 
of time at a given wavelength) in the time-resolved spectra 
is observed at 580 nm. For delays ranging between 5 and 40 
ps, a further small evolution of the transient spectra is 
observed and was discussed in a previous publication by 
comparison with other solvents [ 161. For delays longer than 

Fig. 10. Change in optical density (AD, left scale) of DCM solutions in 
tetrahydrofuran within 4.5 ps after excitation at 425 nm giving evidence to 
a temporary isosbestic point in the gain spectra at 580 nm: curve a, 0.5 ps; 
curve b. 1 .S ps; curve c. 2.5 ps; curve d, 4.5 ps. Unexcited solution optical 
density Do (right scale) and steady-state fluorescence spectra (F1. arbitrary 
unit). 
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50 ps no major change in shape could be detected in the time- 
resolved spectra. At all wavelengths, the AD( 2) curves have 
a nanosecond decay. 

The observation of a temporary isosbestic point in the net 
gain spectra can be interpreted by Eq. ( 11, with the consec- 
utive formation of two emissive states: LE and X. AS long as 
the total excited-state population remains constant, a tempo- 
rary isosbestic point can be observed at a wavelength where 
the difference ag = cr, - CT, of the stimulated emission a, and 
the absorption cross-section ET, of the LE state is the same as 
that of the transient state. The isosbestic point is observed for 
a negative A at wavelengths where the ground state does not 
absorb (a, = 0) indicating that at these wavelengths both LE 
and X states have positive gg and thus a dominant stimulated 
emission cross-section. The red-shifted gain maximum as 
well as the differential absorption rising at 540 nm (Fig. 10) 
can be attributed to the transient X state. When the solvent 
polarity i$ increased from THF to methanol and acetonitrile 
[ 161, the gain maximum is shifted from 615 to 650 nm, 
indicating that the intermediate X state is polar. These exper- 
imental facts support the hypothesis of the formation of an 
emissive CT state from the emissive LE state of DCM [ 341. 

3.2.2. Charge-transfer kinetics and solvent dynamics 
We made similar observations in various solvents and the 

lapse of time during which the temporary isosbestic point was 
observed was found to be solvent dependent [ 161. This lapse 
of time does not depend only on the charge-transfer rate since 
spectral changes such as red-shift of the charge-transfer gain 
band due to solvation dynamics and narrowing due to vibra- 
tional cooling destroy the isosbestic point. However, the max- 
imum amplitude of the transient absorption band at 540 nm 
that we attributed mainly to the CT state is reached iti 2-3 ps 
in acetonitrile, w 4 ps in THF, ~8 ps in methanol or benzon- 
itrile, and 12-15 ps in ethylene glycol, suggesting that sol- 
vation time [48,54] is an important parameter in the 
charge-transfer kinetics. In acetonitrile, the 540 nm band is 
already observed during the excitation pulse indicating that 
the charge-transfer rate has a subpicosecond component. It is 
worth noting that a temporary isosbestic point was recently 
reported by Emsting’s group for DCM in methanol, at a 
femtosecond time scale but at a shorter wavelength [ 391. 
one may perhaps reconciliate their observation and ours by 
considering that the LE state decay is non-exponential and 
that femtosecond experiments provide an observation time 
window for the initiation of the LB + CT reaction, the isos- 
bestic point between the LE and CT state gain spectra being 
rapidly destroyed by the solvation induced red-shift of the 
CT state gain spectrum. whereas picosecond experiments 
provide an observation window for the tail of the reaction 
monitoring the slowest part of the solvation dynamics. 

3.23. Charge transfer and structural change 
Concerning the hypothesis of aTICT nature of the emissive 

CT state, one cannot tell from our experiments whether the 
CT process is accompanied by single-Bond twisting. A reac- 

Table 1 
Fast component of the decay of the LE state of MAP in solvents of various 
dielectric constants E and viscosity 77 

Solvents tLE (ps) f 10% 

Dioxane 16 
Diethylether 13 
Ethyl acetate 11 
THF 7 
Triacetin 40 
Ethanol 10 
Acetonitrile < 3 

“Ref. [56). 
b Ref. [57]. 

E 

2.21 (25”) a 
4.33 (20”) = 
6.02 (25”) a 
7.58 (25”) a 
7.11 (20”) b 

24.55 (25”) a 
37.50 (20”) a 

r) (cP) 

1.44 (15”) a 
0.24 (20”) a 
0.43 (25”) a 
0.55 (20”) a 

22 (20”) b 
1.08 (25”) a 
0.37 (30”) a 

tion involving internal rotation is not excluded. Information 
on the geometrical change in the course of a reaction is dif- 
ficult to obtain by time-resolved electronic spectroscopy 
unless the spectra of the species involved are already well 
known. 

3.3. Time-resolved fluorescence of MAP 

The dimethylamino-phenyl diphenylphosphine (MAP, 
VI) can be viewed as a neutral triphenylmethane dye (II) 
with a phosphorous atom as the central atom [42]. This 
compound shows a single fluorescence band in non-polar 
solvents and one additional red-shifted band in polar solvents 
[ 18,19,42]. In a solvent of medium polarity, the steady state 
spectrum could be decomposed into two sub-bands and from 
the observed polarity-dependent Stokes shift, the long-wave- 
length band could be attributed to a highly polar excited state 
( p - 20 D) [ 18,191. A precursor-successor relationship 
LE + CTcould be established from fluorescence decay meas- 
urements in both the short-wavelength and the long-wave- 
length region of the steady state spectrum [ 18,191. 
Furthermore, both selected spectral regions show the same 
long (ns) decay component indicating that a rapid equilib- 
rium establishes between the LE state and CT state popula- 
tions during the excited lifetime. 

3.3. I. Solvent polarity and CT kinetics 
The short-lived component of the LE state decay is given 

in Table 1 for solvents of increasing dielectric constant. It is 
seen that the charge-transfer rate increases with polarity in 
non-protic solvents [ 18,191, which is expected for a barrier 
crossing CT process in the Marcus normal region. Assuming 
a pre-exponential factor of lo’* to 10’” s- ’ for the rate con- 
stant, the barrier in THF is estimated at about 2 kcal mole- ‘. 
In the polar protic ethanol, the LE state decay is found to be 
slower than in the less polar THF. In DMABN, the C state 
formation process is known to possess a higher activation 
barrier in protic solvent. This was attributed to the decrease 
of the electron-donor character of the dimethylamino group 
as the result of hydrogen bonding with the solvent [ 551. This 
may also explain our result. 
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3.3.2. Solvent viscosity and CT kinetics 
In triacetin which has the same polarity as THF but has a 

viscosity 40 times larger, the fast decay of the LE band is 
slowed down by a factor of 6 whereas we found a factor of 
1.5 for DMABN [ 18,191. Solvent viscosity effects on MAP 
were also reported in alcohols at high pressures [43]. As 
discussed above the solvent-viscosity effect on the excited 
state decay of triphenylmethane dyes is explained by the 
friction that the solvent opposes to the phenyl ring rotation 
[ 21,221. A similar process may be involved for the charge- 
transfer process in MAP 1421. Furthermore, since MAP has 
a pyramidal shape, the phenyl ring rotation may be hindered 
by internal constraint. This constraint could be the source of 
an intramolecular barrier to the CT process, although more 
complex structural change involving the pyramid opening 
cannot be ruled out [ 191. 

4. General discussion 

The experiments described above are in favor of a pho- 
toinduced mechanism involving intramolecular charge shift 
or charge transfer in the three classes of compounds examined 
here. Di- and tri-phenylmethane dyes as well as amino-rho- 
damine provide examples for barrierless adiabatic reactions 
leading to a non emissive charge-transfer state. The laser dye 
DCM and the substituted triphenylphosphine MAP provide 
examples for quasi-barrierless and small barrier activated 
reactions leading to an emissive charge-transfer state. In all 
cases intramolecular dynamics and solvent dynamics are 
likely to be involved, although the direct characterization of 
solute structural changes which are supposed to accompany 
the reaction remains to be made. Many experimental and 
theoretical studies were devoted to the role of solvent dynam- 
ics in electron transfer reaction kinetics during the last fifteen 
years. Describing the solvent as a dielectric continuum, the- 
oretical treatments [58-60] evidenced that the upper limit 
for the electron transfer rate should be the reverse of the 
longitudinal relaxation time TV. By considering both intra- 
molecular and solvent dynamics Sumi and Marcus ]49] 
found that for reactions which require more solvent reorgan- 
ization energy than nuclear reorganization energy the reactant 
decay may be non exponential with an initial component 
shorter than TV. Grote and Hynes [ 6 1 ] showed that for acti- 
vated reactions the friction that a solvent opposes to the bar- 
rier crossing is determined by events on the time scale of the 
reciprocal of the barrier frequency and the role of short time- 
range solvent dynamics in barrier crossing electron transfer 
reactions in non-Debye solvents was stressed [62]. From 
experimental studies of dipole solvation dynamics by time- 
resolved fluorescence Stokes shift and molecular dynamic 
simulation it is now well-known that solvent dynamics occur 
on various time scales and average solvation times (7,) are 

+ven for a variety of solvents (see references in Refs. 
148,541) . Ultrafast spectroscopy experiments on bianthryl 
gave evidence for solvent controlled charge-transfer proc- 
esses with the rates being that of solvation [ 631. On the other 

hand, recent investigations showed that the electron transfer 
reactions in the inverted regime require three degrees of free- 
dam involving solvent motion and both low- and high-fre- 
quency intramolecular modes [ 521. Theoretical description 
of photoinduced TICT reactions taking into account both 
intmmokcuhr twisting and solvent frequencies were applied 
to DMABN. The results could give evidence to solvent- 
dependent paths on a two-dimensional excited state free 
energy surface [ 441. 

In this work, the rate found for the barrierless charge- 
transfer process in EV, ARh and Aur in ethanol is larger than 
1 jr..,, which indicates the role of intramolecular modes in the 
charge-transfer reaction. The tentative explanation of the CT 
state relaxation rate in terms of energy gap law indicates the 
role of intramolecular high-frequency modes in the charge 
recombination process and the decrease of the rate in decanol 
indicates the role of long time-range solvent dynamics likely 
as a friction opposed to the phenyl ring rotation. From our 
experiments, it is difficult to extract the charge-transfer rate 
in DCM but the solvation time appears to be an important 
parameter in the observed spectral changes. It is worth noting 
that DCM was used as a molecular component of a fluoroion- 
ophore for cation sensing applications [ 641, and the possi- 
bility of using the photoinduced charge transfer as a trigger 
for cation ejection was studied [ 65,661. The absence of well- 
known viscosity effect on the fluorescence yield of this mol- 
ecule might indicate that the charge-transfer process does not 
involve large amplitude structural change such as the rotation 
of the whole anilino group. The charge-transfer rate observed 
for MAP in weakly polar solvents is smaller than 1 / rs and 
the rate is likely to be controlled by a small intramolecular 
activation barrier. The viscosity effect observed m medium 
polarity solvents can thus be explained by the role of the long 
time-range of the solvent dynamics in the crossing of the 
small barrier [ 611. In acetonitrile, where the process is 
expected to be quasi-barrierless, the rate is too rapid to be 
aoGuratcly measured with our streak camera, it might be con- 
trolled by the subpicosecond solvent dynamics. 

5. Conclusion 

Time-resolved transient absorption and gain spectroscopy 
with subpicosecond excitation and time-resolved fluores- 
cence decay measurements with a streak camera were applied 
to the study of the photoinduced processes in three classes of 
flexible donor-acceptor compounds all containing one ani- 
lino group as the electron donor. The experiments give evi- 
dence for the fast formation of a transient state through a 
barrierless or small barrier activated process in all cases. The 
transient state could be attributed to an emissive charge-trans- 
fer state in the cases of the laser dye DCM and the dimethy- 
larnino-substituted triphenylphosphine MAP, and to a non 
emissive charge-transfer state in the case of the amino-rho- 
damine ARh. By comparison with the latter compound for- 

ation of a non-emissive charge-transfer state was also 
concluded for the di-phenylmethane auramine and the k- 
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phcnylmethane ethyl violet. No direct information could be 
obtained on the structural changes which were deduced from 
the observed viscosity effect. In several cases the observed 
charge-transfer kinetics was found to be Gster than the SOI- 
vation time indicating the role of intramolecular modes in the 
reaction. These studies support the assumption of a common 
mechanism proposed for these compounds [ 101. 
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