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Solvent Dynamics probed by Photon Echo

Abstract

Solvent dynamics, which lies at the heart of ‘femtochemistry’ in solution, has
been studied by femto-second photon echo and chirped four-wave mixing. A
single Brownian oscillator is shown to provide an excellent description of the
optical dynamics in the case of resorufin in dimethylsulphoxide. For pinacyanol
in ethylene glycol at least three Brownian oscillators are needed to simulate the
spectral and dynamical data. The different solvent behaviour is ascribed to
hydrogen bonding effects in the case of ethylene glycol.

Introduction

The grasp of solvent dynamics is at the heart of the understanding of solution
chemistry and henceforth much work has been devoted to this subject both
experimentally and theoretically. In the past, liquid state dynamics has been
accessed by coherent resonance Rayleigh mixing [ Yajima et al., 1978], polariza-
tion spectroscopy [Song et al., 1978], resonance Raman scattering [ Brafman et
al.,, 1984; Nibbering et al., 19907, time-resolved hole burning [Brito-Cruz et al.,
1986 ], optical Kerr effect measurements [ McMorrow et al., 1988], and, more
recently, by femtosecond photon echo [Becker et al., 1989; Bigot et al., 1991;
Nibbering et al., 1991] and time-dependent Stokes shift measurements
[Rosenthal et al., 1991]. The conclusion of all these experiments is that solvent
dynamics has a component that proceeds on a femtosecond time scale. The same
conclusion was drawn from molecular dynamics simulations of liquids [ Maron-
celli and Fleming, 19897]. For a better grip on ‘femtochemistry’ in solution
detailed study of these ultrafast motions is therefore essential.

While the outcome of molecular dynamics simulations depends on knowledge
of the intermolecular potentials, the conclusions drawn from experiments depend
heavily on the dynamical model used to analyze the data. Recently it has been
realized [Nibbering et al.,, 1990] that the optical dynamics, which is used as a
probe for solvent dynamics, cannot be modelled using the optical analog of the
Bloch equations. The fundamental reason is that in liquids there is not a clear
separation of time scales, between bath fluctuations and optical coherence decay.
A model that allows for dynamics in this regime is the so-called stochastic
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modulation model. It has recently been applied successfully to the case of reso-
rufin in dimethylsulphoxide [Nibbering et al., 1991]. Here the dynamics on all
time scales -as expressed in the optical lineshape- were linked with the solvent
dynamics on a femtosecond time scale, as probed by the two-pulse photon echo.
However, this model does not account for the response of the solvent on optical
excitation of the probe molecule. This solvation effect occurs on all time scales,
but most notably at a sub 100 fs time scale [Rosenthal et al., 1991]. A model
that does account for this effect is the so-called multimode Brownian oscillator
(MBO) model. In this model the solvent motions that determine the dynamics
are treated separately (projected out) from the solvent motions that have little
effect on the optical dynamics. These Brownian oscillators are then used to
‘dress’ the electronic two-level system. Nuclear motion takes place on harmonic
potential surfaces which are linearly displaced on optical excitation.

Fig. (1) shows how a displaced Brownian oscillator affects the optical re-
sponse. Due to the fluctuations (damping) of the oscillatory movement, the
width of the electronic transition increases. Due to the displacement of the po-
tential surfaces, a nonequilibrium situation is created upon excitation with
respect to the nuclear coordinate, which leads to a red or a blue shift of the elec-
tronic transition frequency, depending on the position of the ‘particle’ and ‘hole’
relative to the equilibrium minimum of the potential wells.

In this paper we will present and discuss some of our recent results of femto-
second photon echo and chirped four-wave mixing experiments on resorufin in
dimethylsulphoxide (DMSO) and pinacyanol in ethylene glycol. We will show
that the MBO model provides an excellent fit to all experiments in the case of
resorufin. The first results on pinacyanol indicate that the solvent dynamics in
this case are more complex and that therefore more than one oscillator is needed
to model the dynamics. We further conclude that the dynamics for protic and
aprotic solvents are different.

Prior to presenting our data the basic relaxation function will be discussed
that emerges from the MBO theory. Further details on the MBO theory can be
found, for instance, in a paper by Yan and Mukamel [1988].

Fig. 1. Modelling of non-Markovian two-level dynamics by the Brownian oscillator model.
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Brownian Oscillator Model

A Brownian oscillator is characterized by three parameters: frequency w, damp-
ing y(¢), and displacement d. A particular two-level system may be dressed with
any number of oscillators, each with different parameters. Depending on
whether y(¢) is much larger or smaller than @ the Brownian oscillator is over-
damped or underdamped. The underdamped modes are responsible for the
vibrational structure in the optical spectra, while the overdamped modes dom-
inate the dynamics. When it is further assumed that the solvent dynamics are
fast compared to the oscillator dynamics the so-called Markovian limit of the
MBO model is obtained. For this case a very simple expression for the correla-
tion function of the strongly overdamped Brownian oscillator can be derived:

M, (1) =exp(—4;1) (1)

Here A, is the inverse correlation time of the oscillator’s correlation function,
and defined by 4,=w?l/y;.

The various kmds of (non)lmear optical responses that are probed in the dif-
ferent experiments are most conveniently expressed in terms of an overall line
broadening function g(¢) [Yan and Mukamel, 1990; Mukamel, 1990], which
consists of contributions from different Brownian oscillators g;(¢). We are par-
ticularly interested in the form of this function in the case of strongly overdam-
ped modes, because especially these modes contribute to line broadening and
other dynamical effects. The line broadening function of an overdamped oscil-
lator can be written as :

2
gj(z)=iﬁ [1—exp(—4;t)] +4L'2 [exp(—A4;t)+4;2—1] (2)
4; 43

/; is the reorganisation parameter, which is given by 4, = w; df /2. 4 is related to
the frequency w and displacement d of the oscillator by the relation: Az

2d2 [n(w)+1/2]. In the high temperature limit (k7> Aw;) this relatlon
becomes A7 ~2kT,/h, thus relating 4, an A, directly. Therefore in the high tem-
perature limit these strongly overdamped modes (SOMs) are characterized by
only two parameters (4, and 4,).

For further details on how to arrive at Egs. (1) and (2) we refer to [ Duppen
et al., 1993].

It should be noted that when the imaginary part in Eq. (2) is ignored the line
broadening function of the stochastic model is recovered [Nibbering et al.,
1991]. As mentioned, in this model solvation is not accounted for.

Liquid state optical dynamics

We will present results of a number of linear and nonlinear optical experiments
on the system resorufin in dimethylsulphoxide (DMSO). These results will be
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discussed in the context of the multi-mode Brownian oscillator (MBO) model in
its simplest form: a single, overdamped oscillator will be used to mimic the sol-
vent dynamics. For pinacyanol some preliminary stimulated photon echo mea-
surements will be shown. Here at least three Brownian oscillators are needed to
simulate the liquid state dynamics.

Two-pulse photon echo experiments

The fastest experiment is a two-pulse photon echo. In this experiment two short
optical pulses with wavevectors k; and k, excite the system in an impulsive way.
Conventionally the rephasing of the polarization leading to echo formation is
supposed to arise from a static distribution of transition frequencies (inhomo-
geneous broadening). Homogeneous broadening causes a decay of the echo
amplitude when the pulse separation t is increased. In a liquid the presence of
inhomogeneous broadening is not crucial for a photon echo to be generated.
Instead, the correlation function Eq. (1) provides the necessary phase memory,
but only for a time corresponding to the correlation time A ~'. Rephasing and
echo formation will thus be possible for pulse separations up to this time.

The experimental decay of the echo intensity is shown for resorufin in DMSO
in Fig. 2. These signals were measured with a beam geometry shown in the inset.
The two optical pulses were generated with a Colliding-Pulse Mode-Locked
(CPM) laser and amplified with a copper-vapor laser, which gave transform-
limited 50 fs pulses with a repetition-rate of 8.3 kHz. These pulses were subse-
quently chirped in a single-mode optical fiber to a duration of 1.2 ps with a cen-
ter wavelength of 620 nm and a bandwidth of 3000 cm ', and subsequently
compressed to a duration of about 9 fs using a combination of two gratings and
four prisms [Nibbering et al., 1991]. The pulses were crossed at an angle of
about 4.5° in a 60 um thick jet of the dye solution (10~* M). The nonlinear
signals in the phase-matched direction 2k, — k, were detected with a photo-
multiplier and a lock-in amplifier.

._-r_.l 2k k,

intensity
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pulse delay time (fs)

Fig. 2. Two pulse photon echo signal of resorufin in DMSO at room temperature as a function
of relative pulse delay time t (dotted line). The beam geometry is shown in the inset.
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The notable asymmetry in the trace of Fig. (2) indicates that dephasing of
resorufin in DMSO is not irreversible. Apparently partial rephasing occurs when
pulse 2 interacts with the sample at a time t after pulse 1, which makes it ligiti-
mate to call these signals photon echoes.

It can be shown [Nibbering et al., 1991] that for delta pulse excitation the
two-pulse echo intensity has the following expression:

Lpg(t, 7) ~exp[ —2Re[2g(t) + 2g(t) — g(1 + 1) }] (3)

with the delay time 7 defined to be positive (pulse k, after pulse k).

The result of Eq. (3) is remarkable, especially with regards to solvation. A
possible time dependent shift of the system frequency is incorporated in the
imaginary part of the lineshape function g(z). Since Eq. (3) only involves the real
part of g(z), it follows that the photon echo signal is insensitive to net rearrange-
ments of the solvent shells upon excitation of the probe molecule! The reason for
this behaviour is that only coherent superposition states are involved in the
generation of the echo signal, and that an inversion of phase occurs when the
second pulse is applied. Only fluctuations (damping) are important for the decay
of the signal. In the case of a strongly overdamped oscillator, the expression for
I,pe(2, 7) is identical to that of the stochastic model of optical dynamics [Nib-
bering et al., 1991; Duppen et al., 19937, since the line broadening function for
the stochastic model is identical to the real part of an overdamped g(z). So,
when Eq. (2) is inserted in Eq. (3) the same expression is obtained that was used
previously to analyze these data in the context of the stochastic model [ Nibber-
ing et al., 1991]:

_ 2

A
Lswull, r)~exp|: =% {2e"“+2e‘”“—e_”“+')+A(l+r)—3}] (4)

To compare this theoretical expression with experiment, the finite pulse width
and the detector response have to be considered. The assumption of delta pulses
that was made in Eq. (4) is an idealization of the actual pulse width of about
9 fs. However, as long as the pulses are short enough to ignore the system dyna-
mics during the optical interaction, the impulsive treatment is still valid. The
observed signal can then be calculated by convolving the calculated delay
dependence with the experimental time resolution. Also, the detector integrates
the echo signal that is generated after the interactions with both pulses over all
times . The experimental trace that was obtained for resorufin in DMSO there-
fore has to be compared to the following theoretical expression:

Sare(®)={]" di Lope(t, 1)} @ TC0) (5)

where T(t) is a measure of the time resolution and ® designates a convolution.
When Eq. (5) is fitted to the experiment on resorufin in DMSO, the smooth
curve in Fig. (2) is obtained. The parameter values of the fit are: 4 =41 THz
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(rad/sec) and 4 =27 THz (sec™'). In the MBO model 4 is a measure of the
Franck-Condon allowed frequency range of the optical transition and is related
to the reorganization parameter A, while 4 is the inverse of the correlation time
of the Brownian oscillator motion (t,= 4 ~'=37fs). In the stochastic model, 4
is the root mean square amplitude and A the correlation time of the frequency
fluctuations of the optical transition. Next to the electronic absorption at

595 nm only one vibronic transition at 576 nm was taken into account in the
calculation of the signal of Fig. (2). This gives rise to a very weak beat in the
observed decay. All other vibronic transitions are either too weak to contribute
to the nonlinear signals, or they are outside the bandwidth of the optical pulses.
The full vibronic structure of resorufin in DMSO will be discussed more exten-
sively below.

Chirped four-wave mixing

In chirped four-wave mixing [ Duppen et al., 1993] two or three chirped optical
pulses interact in a sample to generate a nonlinear signal. These chirped pulses
are strongly non-transform limited, but their optical phases are well-defined at
all times. The carrier frequency is explicitly time dependent, which for a linearly
chirped pulse can be written as:

(1) =wy+ bt (6)

Here w, (rad/sec) is an off-set frequency and b is the chirp rate (rad/sec?). Typi-
cally, in chirped four-wave mixing the durations of the pulses are long compared
to the dynamics. The time scale of the experiment is determined by the ratio of
the width of the optical transition and the chirp rate, i.e. by the time it takes the
optical field to sweep across the material resonance.

An experimental result of chirped four-wave mixing on resorufin in DMSO is
shown in Fig. (3). In this experiment two pulses were used with a beam geo-
metry shown in the inset. These pulses were generated with the same set-up that

i
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Fig. 3. Two pulse chirped four-wave mixing signal of resorufin in DMSO at room temperature
as a function of relative pulse delay time t (solid line). The beam geometry is shown in the inset;
the different shades in the pulses indicate the frequency chirp.
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was used for the photon echo experiment, only the compression stages were left
out. This means that the pulse duration was about 1.2 ps with a spectral width
of about 3000 cm ', while the chirp rate was 2.6 cm ~'/fs. As indicated in the
inset of Fig. (3), a relative delay t implies an instantaneous frequency difference
between both beams of dw = bt (Eq. 6). The solid dots in Fig. (3) present the
result of a numerical calculation [Duppen et al., 1993] using the same para-
meters as in the fit to the photon echo. Except for the overall intensity of the
signal there is no fitting parameter involved in the numerical calculation. Yet,
the calculated and measured traces of Fig. (3) agree very well. It is precisely this
consistency in the modelling of the ultrafast photon echo and the chirped four-
wave mixing signals that substantiates our Brownian oscillator approach to
optical dynamics.

Absorption and emission

It is straightforward to calculate the absorption and emission spectra of a two-
level electronic system dressed with Brownian oscillators. The absorption spec-
trum S ,(w) can be written as:

S, (w)=2wRe {Lx dt expli(w—w,,) t] exp[—g(t)]} (7)

were o is the frequency of the absorbed light and w,, is the transition frequency
of the electronic two-level system, which is centered in between the absorption
and the emission maxima. The line broadening function g(¢) for an overdamped
mode is given by Eq. (2). The steady state emission spectrum Sp(w) is:

Sr(@)=2(0)" Re {[ " drexplilw—wq) dexpl—g*01} (8

where o is the frequency of the emitted light and g*(¢) is the complex conjugate
of g(t). By inspection of Egs. (7) and (8) it is clear that the fluorescence spec-
trum Sz(w) is practically the mirror image of S,(w) around the center fre-
quency ,,.

In Fig. 4 the calculated absorption and emission spectra of resorufin in
DMSO at room temperature are compared with the experimental results.

Again, just as in the calculation of the photon echo decay and the chirped
four-wave mixing signal, a single overdamped oscillator was assumed to deter-
mine the optical response, with parameter values 4 =41 THz and 4 =27 THz.
The different vibronic components were considered as separate transitions, with
absorption intensities as indicated by the structure underneath the spectra. Both
the positions of these vibronic lines and their relative intensities are known from
a report on resorufin in a glass [ Van den Berg and Volker, 19887.

The enlarged part of Fig. (4) shows the origin region of the electronic tran-
sition of resorufin in DMSO. The one overdamped Brownian oscillator does not
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Fig. 4. Room temperature absorption and emission spectra of resorufin in DMSO. The fits are
based on the level structure and transition moments shown below the curve. The enlarged view

of the origin region clearly shows that the steady-state Stokes shift of 114 cm ~' is correctly predic-
ted.

only describe the absorption and emission spectra very well, but also, within
10% accuracy, the steady-state Stokes shift. The Brownian oscillator model
further predicts that the time-dependent Stokes shift occurs typically in about
the correlation time A ~'. The time scale of solvation for resorufin in DMSO is
therefore 37 fs. This fast reorientation of the solvent shells agrees with recent
results of molecular dynamics simulations [ Maroncelli, 1991].

Stimulated photon echo experiments

In the previous section we showed that a single Brownian solvent oscillator
provides an excellent description of the optical dynamics on al/ time scales. Two-
pulse photon echo and chirped four-wave mixing experiments on the system
pinacyanol in ethylene glycol, however, showed that the dynamics in this solvent
cannot be modelled by one Brownian oscillator. The question arises whether this
different dynamical behaviour is due to hydrogen bonding effects in this solvent.

In order to obtain greater insight in this question we performed stimulated
photon echo experiments.

Fig. 5 shows that the echo decay of pinacyanol in ethylene glycol extends over
a couple of hundred femtoseconds with oscillatory structure superimposed on it.
The very fast beating is due to coherent excitation of the vibronic structure in
the absorption spectrum. The initial fast and slower decays must be due to dif-
ferent overdamped solvent oscillators. The observed low-frequency modulation
may be due to a solvent librational mode. To analyze this complex echo decay
we need an expression for the stimulated photon echo (3PSE). In the MBO
model for the three pulse photon echo intensity the following expression is
obtained:

Lipse(t, T)oc| LR (t, T, 7) + Ra(t, T, 7)] 2 di
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Fig. 5. _ Fits to a three pulse stimulated photon echo on pinacyanol in ethylene glycol using three
Brownian solvent oscillators. The delay between beams 2 and 1 is 10 fs.

where the explicit forms of R, (z, T, t) and R,(t, T, 7) are:

R,(1, T, 1) =exp[ —g*(1) —g*(1) + g(T) —g(T+1) —g*(t+ T) + g*(1+ T+1)]
Ry(1, T, 1) =exp[ —g(1) — g*(x) + g*(T) — g*(T+ 1) —g*(t + T) + g*(t + T+1)]

with g(1)=3,g,(1), and g;(z) is given by Eq. (2) for the overdamped modes.
To simulate the 3PSE echo decay for pinacyanol in ethylene glycol we took

the following approach: first we determined from the absorption spectrum the
high-frequency mode (1360 cm ') to fix the fast beating pattern; then the ultra-
fast component in the echo decay (tens of fs) was generated by varying the para-
meters 4 and A of one oscillator; in the third step we followed the same proce-
dure to generate the long component (few hundred fs) in the echo decay; finally
we made an educated guess about the underdamped solvent mode from the
experimental echo trace. When all these independent simulations were judged to
be satisfactorily, calculations were performed including all three Brownian oscil-
lators. Our best result at this time is shown as the dotted curve in Fig. 5. While
the simulated echo signal does not provide an excellent fit to the experimental

absorbance/intensity (arb. units)

500 550 600 650 700 750

wavelength (nm)

Fig. 6. Absorption and fluorescence spectra of pinacyanol chloride in ethylene glycol at room
temperature. The smooth curves are fits using a set of three Brownian solvent oscillators.
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decay yet, it seems that we have captured the gross features of the bath dyna-
mics. (The discrepancy near zero delay time remains puzzling!) Of the three sol-
vent Brownian oscillators needed to describe the echo decay two are strongly
overdamped, while the third one is an underdamped mode with a frequency of
about 220 cm ~'. We tentatively assign these oscillators to inertial, diffusive and
librational solvent molecule motion, respectively. The librational and diffusive
components in the dynamics may be due to hydrogen bonding because they are
not significant in aprotic solvents. Further analysis of these echo decays,
however, is necessary to substantiate these conjectures.

In Fig. 6 we show the absorption and emission spectra of pinacyanol chloride
in ethylene glycol at room temperature. As can be seen, reasonable agreement is
obtained for the lineshapes in absorption and emission, as well as for the Stokes
shift. The noticable discrepancy between theory and experiment in case of the
emission spectrum may be due to pinacyanol isomer emission. This is subject of
further investigation.

Discussion

In the previous section it was shown that a number of different optical experi-
ments on resorufin in DMSO can all be explained consistently in terms of a
rather simple model, based on Brownian nuclear motion. The optical transition,
which involves electronic degrees of freedom, is dressed with nuclear motion in
harmonic potential wells. It turned out to be sufficient to consider a single over-
damped mode for a quantitative explanation of all observed experimental
features. Only two parameters are involved that are the same for all calculated
(non-) linear optical responses, from the ultrafast photon echo and chirped four
wave mixing results to the absorption and emission properties, including the
magnitude of the solvation Stokes shift. The modulation strength of the elec-
tronic transition is 4 =41 THz (in angular frequency units), while the inverse
correlation time is A =27 THz (t,= 37 fs). This indicates that the solute and sol-
vent dynamics occur on similar time scales, and the optical dephasing therefore
has a non-Markovian character.

For pinacyanol the situation is more complex; here we need at least three dif-
ferent Brownian solvent oscillators and the fits obtained, especially to the stimul-
ated photon echo decay, are not very satisfactory. As stated, the reason for the
different behaviour of the two solvents may be related to the occurrence of
hydrogen bonding in ethylene glycol. Further coherent optical studies of dif-
ferent probe molecules in this and other similar solvents are called for.

What remains to be answered is the physical significance of the Brownian
oscillator model; in what way should the overdamped mode be interpreted? One
way to address this question is to relate the results presented here to recent
molecular dynamics simulations of solvation dynamics [ Maroncelli, 1991] and
of two pulse photon echoes [Fried et al., 1992]. In these simulations it appears
that the time dependence of solvation is mainly due to reorientational motions
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of solvent molecules. However, the time scale for solvation-energy relaxation is
much faster than the times normally associated with single-particle reorienta-
tions (typically in the order of pico- to subnanoseconds). The solvation relaxa-
tion process apparently is due to a collective effect of the solvent molecules sur-
rounding the solute. Molecular dynamics simulations therefore strongly suggest
that the overdamped Brownian oscillator in the case of resorufin describes the
collective effect of the inertial motions of individual DMSO molecules around
the solute molecules. While the Brownian oscillator is strongly overdamped
(which predicts an unphysical exponential behavior of the oscillator at very
short times), the underlying single molecule rotational motions could well be
underdamped.
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