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Abstract: Several aspects of ultrafast photochemistry in the condensed phase are discussed and illustrated
by three examples from our laboratory.
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1. Introduction um, but has to consider effects arising frorfree, fluorescence is very sensitive but is
coherence (electronic and especially vibrdimited to emitting species. Absorption

With the impressive development of lasetional) and from non-equilibrium. Conse-does not suffer from this limitation but is
technology, it is now possible to routinelyquently, the dynamics of an ultrafast photanuch less sensitive. Over the past years, we
generate ultrashort laser pulses from thehemical reaction may strongly depend ohave been using and developing transient
UV to the IR. Therefore, over the past fewhe preparation of the initial excited state ograting techniques [6], which combine the
years the number of research groups entém-other words, on the temporal and spectratlvantages of both absorption and emission
ing the field of ultrafast spectroscopy hasharacteristics of the excitation pulse.  spectroscopies. These four wave-mixing
exhibited an impressive growth [1]. This It follows that several famous rules otechniques (2 pump beams, 1 probe beam
enthusiasm is due not only to the progreghotochemistry [5] no longer really holdand 1 signal beam) are background-free and
in technology but essentially to the fact thathen the photochemistry is ultrafast: theensitive to the photoinduced changes of
the femtosecond timescale is the timescadgnission quantum yield may depend on thHsoth absorbance and refractive index of the
of chemistry. Indeed, nuclear motion over excitation wavelength in opposition to Vavsample [7]. Another advantage, which is es-
few A, which is the essence of a chemicalov’s rule and upper excited states may dpecially important in the sub-picosecond
reaction, occurs in a few tens of fs. Aftechemistry contrary to Kasha's rule. timescale is that, by controlling the wave-
more than 50 years of improvement in time The alleviation of these rules opens téength, the polarisation or the timing of the
resolution [2], we have now the unprecethe photochemist new dimensions to exdifferent interacting laser pulses, one can
dented opportunity to follow the detailedplore. When ultrafast, the photochemistry isasily shift from a transient absorption-type
dynamics of a chemical reaction in realno longer limited to the lowest singlet orexperiment to a CARS or to a photon echo
time [3]. Moreover, the ability to control atriplet excited state in the vibrationalexperiment [8].
chemical process by using ultrashort taground state but can occur from upper elec- However, transient grating techniques
lored pulses of light has been demonstratébnic and/or vibrational excited states. Undo not completely replace the more con-
[4]. til now, this potential has barely been exventional spectroscopies and therefore tran-

In the liquid phase, processes such gdoited. This is not due to the lack of ultrasient absorption and fluorescence up-con-
solvent motion, vibrational cooling and vi-fast photochemical processes, but rather ¥@rsion measurements are also routinely
brational dephasing occur typically in theur limited knowledge on the dynamics operformed in our laboratory.
100 fs—10 ps range. Therefore, when compper excited states and of energy dissipa-
sidering a chemical process taking place tion in the condensed phase.
this ultrashort domain, the chemist can no In the following, we will try to illustrate 3. Results and Discussion
longer think in terms of thermal equilibri-these aspects by three examples from our

laboratory. 3.1. The First Few Picoseconds
of an Exciplex’s Lifetime
Since their first observation about 40

*Correspondence: Prof. Dr. E. Vauthey 2. Methodology years ago [9], exciplexes have been very
gg“’:rftsn':gn‘ifoefme";cal Chemist extensively studied [10]. In spite of this,
30,pQuai Emest_Aﬁsermet v Th.e most .Widely u;ed experimentathere is still no direct information on their
CH-1211 Genéve 4 techniques for investigating ultrafast photogeometry [11] and on the early events fol-
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that exciplex formation requires the diffu- One way of investigating the intrinsicFig. 1A. As a comparison, the fluorescence
sional encounter of a molecule in an exci€S dynamics is to eliminate the diffusiorspectrum of CPe* in a non-reacting solvent,
ed state, M*, and a quencher in the grourstep by using the quencher as the solvembluene, is also shown. The band below
state, Q. As the exciplex is mainly stabilisedhis approach has been used by seve&80 nm is the local fluorescence of CPe*,
by charge transfer interaction [10], its elecgroups to study the ultrafast dynamics af/hile the broad band above 550 nm origi-
tronic structure is close to that of a radicddimolecular electron transfer (ET) in elecnates from the (CPe’ DMA* exciplex.

ion pair. Consequently, the reaction frontron donating solvents [12]. In those casdsig. 1B shows the early fluorescence dy-
the encounter complex to exciplex can beowever, the product was a genuine ion paliamics measured by up-conversion at four
assimilated to a charge separation (C@&nd thus no exciplex emission was oldifferent wavelengths in this exciplex band
process. In a typical organic solvent, theerved. upon excitation of CPe. For comparison,
diffusional step requires several tens of We are investigating the dynamics ofhe fluorescence dynamics at 500 nm, due
ps. Moreover, when thermodynamically)CS in electron donating solvents like anito the local fluorescence of CPe* in DMA,
favourable, the CS step is in most casdimes using weaker electron acceptor molés also shown. From this decay, the time
much faster than diffusion, and no direct ineules, such as perylene (Pe) and cyanopenponstant of CS is about 300 fs. The time
formation on its dynamics can be obtainedene (CPe). Referring to the Scheme, M igrofile of the exciplex emission is strongly
Therefore, the time dependence of the exdhe acceptor, Q is the electron donating solkavelength dependent. At short wave-
plex population exhibits an initial rise withvent and the diffusion step is eliminated, Mength, an intense and fast decay compo-
a time constant close to that for diffusionadnd Q being in contact. The fluorescenceent with a time constant around 4 ps is ob-
encounter. Most exciplexes are relativelgpectrum obtained after excitation of CPserved. It becomes weaker and slower as
long lived and decay in the ns timescale. in N,N-dimethylaniline (DMA) is shown in the wavelength increases and at 675 nm, a
weak rising component appears. This
wavelength dependence corresponds to a

M+ Q Dify, (M*Q) ﬁ>(MJ:Q‘;)* Dis,, temporal variation of the exciplex fluores-
cence spectrum during the first few ps: a
decrease of the band intensity and a shift to

hv(|LF LF EF+CR longer wavelengths. After this, the spec-
trum remains unchanged and is essentially
¢ the same as that measured by steady state

M+Q (MQ) fluorescence. This initial spectral dynamics

CR : charge recombination; CS : charge separation; DIF : diffusion; can be ascribed to the transition from an ex-
DIS : dissociation; EF : exciplex fluorescence; LF : local fluorescence ciplex in the geometry of the neutral reac-
tant having a relatively small charge trans-

Scheme fer character to an equilibrated ex-ciplex

with a larger charge transfer. This process
I T I I I Y involves reorientational motion of the reac-
A tion partners and of the surrounding solvent
molecules as well. As solvation occurs, the
exciplex is stabilised and its emission spec-
- _ trum shifts toward longer wavelengths, a
process known as dynamic Stokes shift.
- ‘ . Moreover, the degree of charge transfer of
CPe in DMA (x4000) . . . :
an exciplex is known to increase with the
- solvent polarity. This increase is accompa-
nied by a decrease of the oscillator strength
L l ' ! ! for the emissionf. The initial decrease of
450 500 550 600 650 700 750 the band intensity observed here corre-
wavelength [nm] sponds precisely to a solvation induced
transition from a weakly polar, excimer-
like, exciplex (relatively larg to a highly
polar, ion pair-like, exciplex (smallef).
This interpretation is supported by multi-
plex transient grating experiments, where
the absorption spectrum of the primary
product was monitored [13]. In this case,
the anion part of the exciplex (CPe" ) was
found to become narrower and more in-
tense with time, confirming that the ex-
ciplex is getting more ion-pair like.

These ultrafast spectroscopy experi-
ments have allowed us to observe the fine
details of a CS process and the formation of
Fig. 1. A) Emission spectra of CPe in toluene and in DMA. B) Time pro- a very important intermediate in photo-

files of the normalised fluorescence intensity measured at several wave- chemistry.
lengths with CPe in DMA.

CPe in tol

fluorescence intensity
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energy gapAG.,, amounts to 1.7 eV andtem relaxes, the FC factor increases and, if
Free Energy Dependence of Charge therefore optical excitation with a 530 nnit reaches values allowing CR to compete
Recombination Dynamics photon (E = 2.3 eV) populates the excitedith relaxation, CR can occur before equi-
In the above example, the emissiostate far from equilibrium. Relaxation to thdibrium is reached. Excitation with a less
measured during the first few ps is due tequilibrium, which involves not only sol- energetic photon prepares the excited state
the non-equilibrated exciplex. Apart fromvent modes but also intramolecular and irin a region where the FC factor is larger and
the initial spectral changes, the formation dfacomplex degrees of freedom, occurs dherefore CR is faster.
the exciplex out of equilibrium has no inseveral timescales. After intramolecular vi- Fig. 4A shows the free energy depend-
fluence on its population dynamics, bebrational relaxation in a few tens of fs, thence of the CR rate constant measured with
cause the latter is very slow. We will nowibrationally hot excited molecules coolDACs composed of PMDA and methoxy-
discuss an example where the populatiaown in a few ps by interaction with thebenzene derivatives in VaCN after excita-
dynamics is so fast that it occurs almosturrounding medium. Solvent relaxatiortion at 400 nm [14]. The broken line is the
completely out of equilibrium [14]. proceedwia both inertial motion occurring prediction of a theoretical model, which
Fig. 2 shows the multiplex TG spectrumin about 100 fs and diffusive motion, whichtakes non-equilibrium dynamics into ac-
measured after excitation with a 30 fs pulsis viscosity dependent and takes place wittount [17]. The solid line is the prediction
at 530 nm in the charge transfer band ofatime constant of about 5 ps in the case of non-adiabatic ET theory, where CR is
donor—acceptor complex (DAC) composeaCN [15]. This implies that, for TMB- only possible from equilibrium. In this
of 1,2,4-trimethoxybenzene (TMB) andPMDA in VaCN, CR occurs while the ex-model, CR cannot be faster than solvation
pyromellitic dianhydride (PMDA) in val- cited complex is still hot and before the soland therefore the plateau observed in the
eronitrile (VaCN). The nature of a TG specvent has fully relaxed. free energy dependence corresponds to the
trum has been discussed in detail in [6b,c]. Another indication for the occurrence ofnverse solvation time of VaCN. The
Practically, a TG spectrum is similar to th@onequilibrium dynamics is that the meassbserved rate constants lie all above this
corresponding transient absorption spected CR time constant depends on the eglateau, indicating the occurrence of non-
trum, the major difference being that theitation wavelength. Indeed, it decreasesquilibrium CR. Another major difference
former is always positive and backgroundfrom 1 ps to 680 fs upon varying the excibetween these two models can be observed
free. The excited state of a DAC is essemation wavelength from 400 to 550 nm. Thisn the weak driving force regime 46
tially a geminate ion pair (GIP) and thereindicates that the further the excited state #s1 eV): the ‘equilibrium model’ predicts a
fore the intense band in Fig. 2 originatepopulated from equilibrium, the slower isdecrease of the CR rate constant with de-
from PMDA™ . The decay of the band is duthe CR. This can be understood by considreasing driving force, while the ‘nonequi-
to charge recombination (CR) to the groundring the semi-classical theory of hon-adidibrium model’ predicts the opposite. The
state and occurs with a time constant dfatic ET [16] (see Fig. 3). A high-energyorigin of this difference can be easily un-
770 fs. Fig. 3 shows cuts through the freghoton prepares the excited state very fderstood by considering the potential
energy surfaces of the ground and excitédtbm equilibrium and the initial value of thecurves illustrated in Fig. 4B. In the equilib-
states of a DAC along the solvation coordiFranck-Condon (FC) factor is small, hencaum model, the weakly exergonic CR is a
nate. For TMB-PMDA in VaCN, the freethe probability for CR is weak. As the systhermally activated process with an activa-

3.2. Nonequilibrium Effects on the
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Fig. 2. Multiplex transient grating spectrum measured after excitation Fig. 3. Cuts in the free energy surfaces of the ground and excited

with a 30 fs pulse at 530 nm in the charge transfer band of the
TMB/PMDA complex in VaCN. The weak spectral feature at time zero
is due to the optical Kerr effect of the solvent.

states of a DAC along the solvation coordinate. The thin parabolas
correspond to vibrational excited states of the electronic ground
state.
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tion barrier increasing with decreasingreases with increasing driving force (inthe S lifetime of ZnTPP amounts to 1.5 ps
driving force (path 1). In the nonequilibri-verted region). However, this effect hasvhile in the presence of a high TMB con-
um model, CR can occur before the excitegkever been observed for diffusional CS besentration, the decay is biexponential with
state population is trapped in the equilibritwveen two neutral molecules. To accourit.5 ps (40%) and 370 fs (60%) components.
um configuration (path 2). Several yearfor this discrepancy, it has been suggestddoreover, the initial intensity is reduced,
ago, Mataga and co-workers have indedHat the product — the radical ions — igdicating that an important fraction of the
reported rate constants for weak exergonformed in an electronic excited state anduenching occurs in less than 100 fs and
CR much faster than predicted by equilibritherefore the ET is no longer highly exereannot be resolved in this experiment.
um models [18]. Several very different hygonic. The detection of excited radical ion&ig. 6B shows the early dynamics of the S
pothesis have been proposed to account farliquids is very difficult due to their lack fluorescence in toluene with and without
this discrepancy [19]. Our investigatiorof emission and to their very short lifetimeTMB. In toluene, the Srisetime is equal to
clearly indicates that this behaviour origi{20]. Consequently, to test the above hythe S lifetime and corresponds to the-§;
nates to a large extent from nonequilibriurpothesis, we have investigated the opposiitgternal conversion. In the presence of
effects. reaction,i.e. the formation of an excited quencher, it is much faster and amounts to
This investigation has shown that theeutral product upon CR of two radical60 fs. Moreover, the amplitude of the sig-
preparation of the reactant strongly influions, initially formed by ET quenching of anal after the initial rise is independent of the
ences the CR dynamics. At the moment, waolecule in the second singlet excited stafgesence of quencher. This indicates that af-
are only investigating the effect of the excif21]. As shown in Fig. 5, the ensuing gemter the ultrafast Sfluorescence quenching,
tation energy. The next step is to study theate ion pair has two possible CR paththe resulting ion pair undergoes CR in a few
influence of the pulse shape, in order to testays: a) a highly exergonic one to the nedrundreds of fs to the neutral product in the
the feasibility of coherent control on such &al ground state and b) a moderately exeexcited state, ZnTPP*($+D. If CR to the
system. gonic one resulting in the formation ofneutral ground state (path a) was also oper-
one of the neutral product molecules in aative, the amplitude of the, Suorescence
3.3. CS from an Upper Excited State electronic excited state. Fig. 6A showsvould be strongly reduced, contrary to the
Followed by CR to an Excited State the decay of the Sfluorescence of Zn- observation. If an excited product can be
As discussed above, ET theory predictetraphenylporphine (ZnTPP) in toluendormed in a CR reaction, there is no evident
that, in the high exergonicity regimewith and without the electron donor 1,2,4reason why this should not also be the case
(-AGgr> 1.5 eV), the ET rate constant detrimethoxybenzene (TMB) [22]. In toluene for a highly exergonic CS process. Howev-
er, the experimental proof that this also hap-
pensin a CS remains a challenging task. We

140 B , are presently designing new experiments
T e, A experimﬁgtal data g that should hopefully answer this question.
a5 b e ety For example, we can now measure the
.......... ground state recovery dynamics of a radical
130+ Tt - > : ; ; .
....... A ion excited at different time delays after its
g 125 a e - formation by photoinduced ET. Fig. 7
> . T shows the dynamics of ground state recov-
o 120 A, - s .
A, ery upon excitation with a 30 fs pulse of the
1.5 | Ao — perylene radical cation, 1 ns after its forma-
110 | | tion by photoinduced ET with an electron
’ acceptor. Our preliminary measurements
105 - indicate that these dynamics exhibit a
| | | | ‘ ’
05 15 20 ma_rked dependence on the ‘age’ of the
-AG, [eV] cation.
A B
DA DA 4. Concluding Remarks
e have tried here to give a flavour o
A We have tried here t f f
é what ultrafast spectroscopy can bring to the
3 photochemist. The first example showed
S that it is possible to follow in real time
o all the details of a photochemical reaction,
o from the decay of the excited reactant to the
W formation of the ‘hot’ product followed by
hv
1. equilibrium
2. nonequilibrium TTTTTTTTTT Fig. 4. A) Comparison of the observed free energy dependence of
the CR rate constant of excited DACs with those predicted using
. . nonequilibrium and equilibrium models. B) Cuts in the free energy
solvation coordinate surfaces of the ground and excited states of a DAC along the sol-
vent coordinate in the case of a weakly exergonic CR.
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Fig. 5. Energy diagram of the states involved
in the photoinduced electron transfer of
ZnTPP (A) with an electron donor (D). (CS:
charge separation; CR: charge recombina-

A+ D tion).
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Fig. 6. Time profiles of the S, (A) and S, (B) fluorescence of ZnTPP in
toluene and in a 1:1 TMB/toluene mixture.
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Fig. 7. Ground state recovery dynamics of perylene radical cation excit-
ed at 540 nm 1 ns after its formation by photoinduced ET with an elec-
tron acceptor in acetonitrile.

its relaxation to the equilibrium. As illus-state of a transient like a geminate ion pa{llg]
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