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Abstract. The principles of ps transient

grating

Henseler

spectroscopy ~ are presented. The

capabilities of this technique for the study of photoinduced processes are illustrated by

several new results. These include

reorientation dynamics of two ionic dyes in long-chain alkanenitriles,

of the local viscosity
determination
photoinduced

electron-transfer  reaction.

1. Introduction

Ifflash photolysis can be considered to
be a special application of photography,
transient grating spectroscopy is its holo-
graphic counterpart.  While, in flash pho-
tolysis, one records the amplitude changes
of a probing light beam, in transient grat-
ing spectroscopy, the information is con-
tained in both the phase and the amplitude
of the diffracted probe beam.

The use of holography to study photo-
chemical and photophysical processes was
introduced in the 80's by Brauchle and
Burland [I]. This method using cw lasers
has proven to be well suited to investigate
slow processes in solids [2]. Transient
grating spectroscopy is predominantly used
in solid state physics [3], but it has been
applied by Fayer and co-workers to inves-
tigate photophysical processes in solids,
liquids, and flames [4]. In this paper, we
describe several new results to illustrate
how ps transient grating spectroscopy can
be a valuable and powerful alternative to
the now classical flash-photolysis  tech-
nique.

2. Principles  of Transient

Spectroscopy

Grating

In atransient experiment, the sample is
excited by two spatially crossed and time-
coincident laser pulses producing an inter-
ference pattern (Fig. Ja). This spatially
modulated excitation creates in the sample
spatial distributions of ground state, excit-
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ed state, and/or photochemical intermedi-
ate and product populations. Consequent-

ly, similar modulations of the refractive
index and absorbance are generated. The
amplitude of these grating-like distribu-
tions can be measured by a third, time-
delayed laser pulse striking the grating at
Bragg angle (Fig. 1b). The relationship
between the diffracted intensity and the
amplitude of the modulations at the prob-
ing wavelength can be calculated by the
following equation proposed by Kogelnik
for a plane-wave hologram [5]:

n Aco (

where Idif and line are the diffracted and
incident light intensities, respectively, d
the optical path length, niand &, the mod-
ulation amplitudes of refractive index and
absorbance gratings at the probing wave-
length A, () the Bragg angle and 1q the
average absorbance of the sample at A.
The first term in the square brackets de-
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scribes the modulation of the refractive
index, the phase grating. The second term
is related to the modulation of absorbance,
the amplitude grating. The exponential
term accounts for the unmodulated ab-
sorption of the sample. If the probing
wavelength is close to the absorption max-
imum of the monitored species, I, goes to
zero and the contribution of the phase
grating can be neglected. In this case and
for small /dirl/inc ratios, Eqn. J can be
simplified to:

The modulation amplitude al depends
directly on the concentration changes, .de
of each component i with an extinction
coefficient €:

3)

grating detection
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pulse
Fig. 1. Schell/utic
illustration of the
diffracted principle of tran-
pulse (Idif) sient grating spec-

troscopy

These last two equations indicate that
the intensity of the diffracted signal is
proportional  to the square of the concen-
tration changes in the sample. Therefore,
the kinetics of any population can be de-
termined by monitoring the diffraction
intensity at the correspondi ng wavelength
as a function of the time delay between the
two pump and the probe pulses.

This technique is a zero background
detection method, contrarily to flash pho-

tolysis, where a small variation of light
I
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intensity has to be detected over arelati ve-
ly intense light beam. For this reason, a
few tens of 11l of pump energy are enough
to create a detectable transient grating,
minimizing the risk of sample degradation

and the occurrence of optical nonlinear

phenomena.  Moreover, as the diffracted

signal keeps the propagation characteris-

tics of the probe beam, it can easily be
isolated from fluorescence or scatter of the
sample.

Transientgrating  spectroscopy can also
be descri bed wi thin the framework of non-
linear optics as a four-wave-mixing  proc-
ess, where the square of the modulation
amplitude can be considered as a compo-
nent of the third-order nonlinear suscepti-
bility, and the Bragg condition is equiva-
lent to the phase-matching  condition [6].

3. Experimental  Setup

The transient grating setup is depicted in Fig.
2. Asingle pulse of the output train of a passively
mode-lockedQ-switchedNd:YAG laser (Lwnon-
ics PML) isfrequency doubled after two passes in
an amplifier (Continuum SF 6/ /-07). 10% of the
532-nl1Dbutput is sent along a fixed optical delay
line and then split into two components 01'70and
30% intensity which are brought into interfer-
ence on the sample cell. To ensure perfect time
coincidence between the two pump pulses, the
30% component is deviated along a short adjust-
able optical delay line. For ground-state recovery
measurements, a small fraction of the 532-nm
laser output is sent along a variable optical delay
line consisting of a retroreflector mounted on a
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Fig. 2. Picosecond transient grating set-up: |.

passively mode-locked Q-switched Nd:YAC la-
ser, 2. single pulse selector, 3. Nd: YAG amplifier,
4. short cavity dye laser, 5. dye laser amplifier, 6.
motorised optical delay, 7. sample, 8. vacuum
photodiode, 9. photomultiplier tube
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motorised translation stage. The polarisation of
this beam is controlled by a Lyot filter combined
with a Clan-Taylor prism polariser. The probe
beam has a counter-propagating direction rela-
tive to one of the pump beams and the diffracted
beam has a counter-propagating direction rela-
tive to the other pump beam. Half ofthe diffracted
signal isreflected by abeamsplitter intoavacuum
photodiode. For measurements with the dye la-
ser, 90% of the 532-nm output is used to pump a
short cavity dye laser operating with Rhodamine

590 and an amplification cell filled with Kiton
Red (Continuum PDIO). The dye laser pulses are
sent along the motorised delay line as described
above. The duration of the 532-nm and dye laser
pulses are ca. 30 ps and less than 10ps, respec-
tively. The total pump intensity on the sample is
ca. 5mJ/cm2, and the probe pulse intensity is ca.
10times smaller. The photodiode signal is then
amplified and fed into a PC-based multichannel
analyser board (Canberra Accuspec Nal) for
pulse-height analysis. The pulse energy of afrac-
tion of one of the pump beams is measured with
a photomultiplier tube. Its output signal is sent
into a discriminator whose levels are set so that
only laser pulses within a small energy range can
generate a signal opening the gate of the mul-
tichannel analyser board. Ateach position of the
delay line, the diffracted intensity is averaged

over 200 laser pulses.

4. Results and Discussion
4.1. Molecular Reorientation Dynamics
in Solution

The rotational reorientation time of a
solute molecule, Trot, can be obtained by
combining the diffracted intensities meas-
ured with a probe light polarised parallel,
ll~ir), and perpendicular, Pdir(t), to the
polarisation of the pump light [7]:

where r(t) is the polarisation anisotropy, ro
being the initial anisotropy which amounts

to 0.4 when the transition dipole involved

in the probing process is parallel to that
involved in the pumping stage. Depending

on the wavelength of the probe pulses, the
rotational dynamics of the molecule in
different electronic states can be investi-
gated. Fig. 3 shows Ity and Pdir(t)
measured with rose Bengal in the ground
state in butyronitrile, the insert being the
polarisation anisotropy decay as calculat-

ed from Egn. 4.

The rot<).tional diffusion time of a mol-
ecule can reveal important information on
its environment  and on its interaction with
the solvent. Fig. 4 shows the rotational
diffusion time of the ionic dyes rose Ben-
gal and Rhodamine 6G inthe ground state
in a series of polar solvents of increasing
viscosity. The solid lines have been caleu-
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lated according to the Stokes-Einstein-

Debye hydrodynamic  theory, which pre-
dicts a linear relationship between Tmi and
viscosity. In long alkanenitriles, the rota-
tion times deviate substantially from the
theoretical ~ predictions.  This effect had
previously been measured with Nile red, a
neutral but polar molecule [8]. The long
alkanenitriles are composed of a strongly
polar and hydrophil icend and of an almost
non-polar hydrophobic end, and they are,
therefore, similar to surfactant molecules.
The ionic dyes are only soluble in polar
solvents, while Nile red is also slightly
soluble in non-polar solvents. As all these
dyes can be dissolved even in the longer
alkanenitriles, the structure of the solva-
tion layer must be similar to the structure
of a reverse micelle. The polar or charged
solute is predominantly  surrounded by
the CN group of the solvent, while the
alkyl chain points away. With such a mi-
celle-like structure, the movements of in-
dividual solvent molecules are more re-
stricted than in the case of small solvent
molecules like MeCN around a polar sol-
ute. Therefore, friction can be expected to

be substantially larger than in a normal

solvation layer. Consequently, the micro-
viscosity around the solute molecule is
larger than the macroscopic viscosity. To

account for the discrepancy between nor-
mal and anomalous polar solvents, the
local viscosity of valeronitriJe and hex-
anenitrile  around the solute molecule
should be ca. 1.4 times larger than the
macroscopic  viscosity. In octanenitrile,

4)

the local viscosity should increase by a
factor of 1.9. These values are very rea-
sonable considering that this micellisation
effect should increase with the length of
the alkyl chain.

4.2. Nonradiative Decay of a Cyalline in
Reverse Micelles

Once excited to the first singlet state,
cyanine dyes are known to relax very
rapidly to the groulld state through a 11011-
radiati ve decay coupled to cis/trans-
isomerization.  Experimental  studies have
shown that the excited lifetime is propor-
tional to a fractional power of viscosity,
raT/a, where a can vary form 0.1 to |
depending on the system [9]. Theoretical-
ly, this behavior has been explained with a
model where the effect of solvent friction
depends on the frequency of the potential
barrier [10][11].
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This dependence has been used to de-
termine the local viscosity of the interior
of reverse micelles of various sizes. A
reverse micelle is usually composed of
water surrounded by the surfactant in a
non-polar solvent [12]. We have studied
different types of reverse micelles in hep-
tane with Aerosol OT (sodium bis(2-
ethylhexyl)sulfosuccinate) as surfactant
and in which water is replaced by MeOH.
The microviscosity in the micelle was
determined from the ground state recov-
ery time of a cyanine dye, diethyl-3,3"-
thiacarbocyanine iodide (DTCI), dissolved
in the polar solvent pool. The lifetime to
microviscosity  relationship was calibrat-
ed with the recovery time of DTCI in
reverse micelles containing water, whose
microviscosity is known [13]. The meas-
ured recovery times are listed in the Table
as a function of the polar solvent to sur-
factant molar ratio, R. It can be seen that
the viscosity experienced by DTCI de-
creases strongly as R increases. This is due
to an increase of the size of the polar
solvent pool. The radius of the water pool
within Aerosol OT, rwp' has been experi-
mentally found to be proportional to R:
rwp— 15XR [14]. The Table shows that,
for the same R value, the microviscosity is
smaller in the MeOH than in the water
pool. This difference can originate from
two effects:

1) As a MeOH molecule is more than
twice as large as a H,0 molecule, the
size of the MeOH pool must be larger
than that of the water pool for the same
R value. Therefore, the dye mo]ecule,
whose shape can be approximated to
an oblate spheroid with a long axis of
15A and a short axis of 6 A, can move
more free]y.

2) H,0 isabetter H-bonding solvent than
MeOH, and, therefore, coupling be-
tween the dye and the charged head of
the surfactant through solvent mole-
cules could be more important in H,0.
Similar measurements  with non H-

bonding polar solvents as MeCN are in

progress.

These results show that the knowledge
of the structure and viscosity of the interi-
or of these reverse micelles is of primary
importance in view of their application as
microreactors  [14].

4.3. Dynamics of Photoinduced
Electron- Transfer Reactions

An important step in intermolecular
photoinduced electron-transfer  (e.t.) reac-
tions is the separation of the geminate ion
pair into free ions with arate constant ksep.
A direct determination of this rate has
recently been shown to be possible with

Table. Ground-State
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Recovery Time, lg> of DTel

in Aerosol OT Reverse Micelles
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in Heptane,

Microviscosity, T\ and Water Pool Radius, rey asa Function of the Polar Solvent to Surfactant Molar

Ratio, R. The microviscosity values in water pools are taken from [12].
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Fig. 3. Time evolution (if
the diffracted intensity
measured  with prohe
pulses at 532 nm polar-
ised parallel  (upper
trace) and perpendicu-
lar (lower trace) to the
pump pulses with rose
Bengal in hutyronitrile
at 293 K. Insert: decay
of the polarisation ani-
sotropy with the same
system and best single
exponential ~ fit (solid
line).

Fig. 4. Rotational diffu-
sion time of rose Bengal
and Rhodamine 6G at
293 K vs. 1l and hest
linear fits according to
Stokes-Ei nstei n-Debye
hydrodynamics  theory
(solid lines). 1. acetoni-
trile, 2. propionitrile, 3.
butyronitrile, 4. valero-
nitrile, 5. hexanitrile, 6.
octanenitrile, 7. dimeth-
ylsulfoxide, 8. dimethyl-
formam ide, 9. benzoni-
trile.



CHEMIE IN FREIBURG/CHIMIE A FRIBOURG

400

3 |4
o ) Rhodamine 6G/TMPDA in acetonitrile
2
‘@
foy
L
£
-
2
0
s
£
T T T T T T T T
-100 0 100 200 300 400 500 600
time delay (ps)
o . o
*
g b) Nile red/TMPDA in acetonitrile Lot ¢
~ *
>
— .
= .
o *
2 . *
g » ¢
. s . T e .
Fig. 5. Time evolution 3 . R
of the diffracted inten- ° s, ot
. - )
sity due to the ground = % Lot
) = \ -
state recovery of a) ° L3 i . | | |
leodamme GQ andb) o 1 2 3 4
Nile red with 0.5m

TMPDA in MeCN

time delay (ns)

some donor/acceptor systems using time
resolved resonance Raman spectroscopy
[15]. Although the electronic absorption
spectrum of the geminate ion pair is the
same as that of the free ions, k., can be
estimated from the free ion yield and the
rate constant of back-electron transfer, Ky,
[16].

These two parameters have been deter-
mined with the A/D couple Rhodamine
6G/TMPDA (N,N,N',N'-tetramethylphe-
nylenediamine) in MeCN. In this case, the
e.t. takes place from a neutral species to an
excited cation to generate a radical cation
and a neutral radical [17]. Fig. 5a shows
the diffracted intensity due to the ground-
state recovery of Rhodamine 6G. The fast
decay is due to the back e.t. within the
radical pair and the very slow decay, a
plateau at that time scale, corresponds to
diffusional recombination of the free rad-
icals. From Egns. 3 and 4, the diffracted
intensity is equal to the square of the
concentration changes. Therefore, &y, is
obtained from the fast decay of the square
root of the diffracted intensity and is equal
to 1.23 x 10'9s-!. The radical yield, &, is
equal to the square root of the ratio of the
diffracted intensity at the plateau to the
diffracted intensity at the maximum, ie.,
@,.=0.53. The rate constant for the separa-
tion can be calculated with these two val-
ues, kyep = Dok /(1-D;) = 1.39 x 1010571,
This is almost 30 times larger than the
value reported for the separation of a gem-
inate ion pair [18]. This difference may
reflect the effect of the Coulomb interac-
tion between two charged ions. Further
investigations on the effect of electric

charge and molecular size on kg, are in
progress.
Finally, Fig. 5b shows the diffracted

intensity for the ground state recovery of
Nile red and TMPDA in MeCN. In this
case, the intensity decays very rapidly to
almost zero and rises again after a time
delay of ca. 1 ns. This rise corresponds to
the formation of athermal grating. Mostof
the absorbed excitation energy is dissipat-
ed as heat, causing a local temperature
rise, which induces a change of refractive
index. The slow rise is due to the acoustic
transit time, i.e., the time needed for the
heat to propagate. This time is equal to the
fringe spacing of the grating divided by
the speed of sound in the solvent. To
resolve the kinetics of the thermal grating,
alarge incidence angle, i.e., a small fringe
spacing, has to be used. With a pump
wavelength of 355 nm, transit acoustic
times as short as 100 ps can be obtained in
MeCN. This contrasts strongly with the
thermal lensing spectroscopy, where the
time resolution is limited to several hun-
dreds of ns. To avoid interference between
thermal and amplitude gratings, the acous-
tic transit time can be easily lengthened up
to more than 200 ns by using a small
incidence angle.

5. Conclusions

The above results show that transient
grating spectroscopy is a versatile tool to
study the dynamics of photoinduced proc-
esses. Although the optical arrangement is
more complex than for flash photolysis,

CHIMIA 48 (1994) Nr. 9 {Sepiember)

this method is more sensitive and requires,
therefore, less excitation intensity. Nonra-
diative transitions can also be investigated
by monitoring the light diffracted by ther-
mal gratings with a time resolution that is
not achievable with other conventional
techniques.

The detection of amplitude gratings is
optimal in the ps timescale. In the ns time
scale, thermal gratings can interfere, while
in the fs time scale nonlinear phenomena
depending on the third order nonlinear
susceptibility can render the interpreta-
tion of the diffracted signal more difficult.
However, by varying the polarisations of
the two pump and the probe beams, it is
possible to separate these different contri-
butions [19].
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