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Abstract

Solution scattering from iodine in different solvents is used to derive the cross-
correlation between iodine and the solvent. In parallel, molecular dynamics
simulations are performed and the findings compared to the experimental
results. The close correspondence shows that it is possible to describe the
structural rearrangements of the solvent around a solute molecule. Time-
resolved studies of photoexcited molecules will therefore allow one to study
the relaxations of the solute as well as the solvent molecules.

1. Introduction

The first structural studies of photoexcited molecules with picosecond resolution were
performed using electron scattering [1]. Several limitations such as the small penetration
depth in condensed matter and the limited brilliance from pulsed electron sources make
it advantageous to use x-ray scattering. X-rays offer the advantage of allowing study of
molecules not only in the gas phase but also in the condensed phase which give access to many
rich phenomena. Present high-brilliance synchrotron and future x-ray laser sources offer a
challenging potential for picosecond and subpicosecond time resolution on a wide range of
systems. Encouraging model studies have already been reported [2, 3].

The principle of such an experiment is the excitation of photoactive species by a
(femtosecond) laser, which is synchronized to the x-ray pulses delivered from a synchrotron
or a plasma source. The short x-ray pulses probe the structural rearrangement induced by the
laser after a fixed time delay. From the scattering yield the molecular structure is reconstructed.
In practice these experiments are designed as pump—probe set-ups, where the scattering from
a large number of pulses is accumulated and compared to the scattering of the system in the
dark state.

3 Present address: Fachbereich Physik der Universitidt Konstanz, Universititsstrasse 10, D-78457 Konstanz, Germany.
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2. Materials and methods

2.1. Scattering set-up

The liquid solution is prepared in a thin-wall capillary under a steady flow from a syringe
pump (0.2 m s~!). Borosilicate capillaries of 300 wm diameter (Hilgenberg, Germany)
are exposed to an x-ray beam of 0.1 x 0.1 mm? size. The energy is set to 17.0 keV
by an Si(111) monochromator. The scattering is recorded by means of a MarCCD (Mar
Research, Germany) fibre-coupled scintillator CCD. The accessible range of momentum
transfer Q = 4 /A sin(26/2) is restricted to about 8.5 A~!. Additionally, the forward region
0-0.35 A" is shadowed by a beam stop for the transmitted beam. Details of the set-up at the
beam station IDO9B at ESRF are described e.g. in [4, 5].

The data are corrected for air and capillary scattering, detector efficiency, space—angle
conversion, polarization and absorption.

The temperature of the sample was kept at 300 K (Oxford Cryostream, UK) and a careful
alignment of all distances was achieved with a precision of 50 um. Data for the solutions and
their pure solvents were taken alternately in order to eliminate drifts and instabilities. The
solvents (CCly, CH,Cl,, C,Hs0H, spectroscopic grade, Aldrich) were used as received, to
prepare solutions of 0.0065-0.050 mol I, 1!

2.2. X-ray scattering

Scattering from a liquid solution can be described in terms of the statistical pair correlation of
the scattering sites [6, 7]. In order to extract the solute—solvent term it is convenient to express
the total scattering I (Q) as a sum over different contributions depending on the origin of the
scattering centres:

I(Q) = II—I(Q) + II—solvent(Q) + Isolvent—solvent(Q) + Isolvent,excess(Q)' (1)

The contribution of the iodine molecular factor /;_1(Q) is modelled by the Debye equation

assuming a fixed bond length r, of the ground state together with a Debye—Waller factor
allowing for mean displacements Ar from the equilibrium distance:

2

L(Q) = ff(Q)[l LI R QZ},

X

f(Q) being the atomic scattering function [8]. In a set-up without energy discrimination,
additional inelastic scattering is included following the Compton scattering parameters in [9].
The quantity Isolvent—solvent (@) is the well known scattering from the pure solvent which
normally dominates by far over all other contributions at the present concentrations of Ip.
The small contribution Zsojvent,excess(Q) Will stem from the excess structure change within the
solvent correlation caused by the mere presence of a solute molecule and/or by change in the
liquid structure due to energy transfer from the excited iodine to the solvent. In practice it
is not possible to separate this contribution, so it will be incorporated in the cross-correlation
below. In the case of excitations in the solvent such as pressure waves or heating, it has to be
evaluated independently.

We will now concentrate on the cross-correlation term I;_gojvent (Q): the contribution from
solute molecules and the solvent environment. As the positions of pairs of iodine and solvent
atoms are not fixed but described by a distribution of distances, the correlation is described by
a site—site correlation function g(r). The partial structure factors H,g(Q) are then obtained
via the Fourier transformation of the partial correlation functions gog(r) = (0(r) — Poo)/ Poo
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Figure 1. Scaling of the scattering cross-section to absolute units. Left: scaling of the full corrected
scattering to the gas scattering of CCly at high Q-values. Right: scaling of the difference between
the iodine—CCly solution and pure CCly to the expected gas scattering of one iodine molecule.

of pairs of atomic species of:

sin Qr

o0
Hip =7 [ P =055 ar )
which are finally weighted by the concentrations and scattering factors for the atom pairs to
give the scattering intensity.

The data were processed in several steps, the first of which was to scale the corrected full
scattering 1 (Q) to the gas scattering of one CCl4 molecule to express the data in electron units;
the gas scattering of CCly was calculated analogously to equation (2)—as a sum of elastic and
inelastic scattering. Secondly, the difference between the solution scattering and that in the
pure solvent was scaled such that the difference oscillated around the calculated iodine gas
scattering at high Q*.

In figure 1 we demonstrate the scaling of the measured 7(Q) to the gas scattering of
CCly (left-hand side) and the solution minus solvent difference to the gas scattering of I,
(right-hand side).

In order to derive the kernel of the structure function H;_cy(c), the iodine gas scattering is
subtracted from the result and the data are finally normalized by the atomic scattering functions
of iodine and the solvent scattering site. As the solvent consists of several scattering centres
and only one independent measurement is possible with nonresonant x-ray scattering, it is not
possible to separate individual correlation functions. In fact, the accessible g(r) is a weighted
sum of [-Cl and I-C components in the case of CCl4. On the other hand, for the halogenated
solvents the I-ClI correlation is dominant due to the larger number of electrons. The effective
g(r) function can be derived by Fourier inversion following the approach of Warren [6] with
a convergence factor to reduce the effect of the finite Q-range.

2.3. Molecular dynamics simulation

Theoretical liquid form factors were obtained by molecular dynamics (MD) simulations [10].
Model pair potentials were used to describe the solvents, the I molecules and their interactions.
The solvent CCly and CH,Cl, molecules were modelled as rigid sites: five sites (C, 4 x CI)

4 Other direct intensity scaling procedures would require high-precision flux calibration and knowledge of the excess
mixing volume etc.
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Table 1. Potential parameters.

cCly CH,Cl,

re—a (A) 1.769 1.772
ra—c (&) 2.89 2.924
occ (A) 3.8 3.96

ocict (A) 3.47 3.35

ocar (A) 3.6354 3.665
qc (e) 0.248 0.302
qci (e) —0.062 —0.151
ecc (K) 25.19 70.5

ecicr (K) 134.01 173.5
eccl (K) 58.10 110.6

for CCly and three sites (CHj, Cl, ClI) for CH,Cl, respectively. The pair potentials describing
the interactions between sites are based on Coulomb interaction with partial charges assigned
to each site and a Lennard-Jones 6—12 potential of the form

12 6

Vii(r) = 46(‘:7 - %) @

We have used Jorgensen’s OPLS parameters [11] for CCl and the parameters of Ferrario et al
[12] were used for CH,Cl,. These parameters and the geometry of the solvent molecules are
summarized in table 1.

In simulations with iodine, the intramolecular I-I distance was allowed to vary with an
intramolecular Morse potential from Nesbitt and Hynes [13]:

VMorse(r) = De(l - efb(rfre))2’ (5)

with D, = 12547 cm™', b = 1.91 A~! and r, = 2.67 A. No partial charges were assigned
to the iodine atoms and their interactions with the solvent sites were reduce to Lennard-
Jones potentials constructed using the Lorentz—Berthelot rules, oag = (oaa + ogp)/2 and
€aB = ./€aaepp for the interaction between sites A and B. The values oy = 3.8 A and
e = 240 K were determined by Bergsma et al [14] from a fit of the I-Ne and I-He interactions.

The pure solvents were simulated with 256 molecules at the experimental densities. One
iodine molecule was then inserted keeping the volume of the cell fixed. We consistently
used periodic boundary conditions (with Ewald summation for the electrostatics) and a
velocity Verlet integrator along with the SHAKE/RATTLE algorithm [15] to keep the solvent
molecules rigid. A time step of 1 fs was used and averages were taken over 1 ns.

Work on simulations for ethanol is currently in progress.

3. Results and discussion

We present the scattering cross-sections for the liquids CCls, CH,Cl, and CH3;CH, OH which
act on the iodine recombination very differently [16, 17]. These solvents span a range of
different electron densities and they have different cross-correlation perturbations [14]. Todine
in CCly has the longest lifetime for the cooling of vibrationally excited molecules and geminate
A/A’ relaxation to ground state, which is explained by the slow energy transfer to the solvent
and probably also by structural cage effects. On switching to CH,Cly, the relaxation times are
reduced by more than a factor of 2. Low-n alcohols such as ethanol on the other hand are known
to have extremely short lifetimes. In addition, they form a charge transfer state with I, which
should be associated with structural rearrangement. In figure 2 the partial structure functions
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Figure 2. Partial structure factors of the iodine—solvent correlation for the different solvents (upper
panel). The crosses represent the experimental data; the full lines represent the MD simulation.
The corresponding effective g(r) is plotted below for the back-transform as well as g_cj(r) from
the MD simulation. The iodine concentration was 50 mM.

Hi_golvent are displayed together with the effective pair distribution functions. Experimental
data are compared with the results from MD simulation. It is clear that the structure function
of the I, gas scattering is strongly perturbed in the low-Q region as well as at distinct values
where peaks are formed. From the correlation function one can deduce clear peaks for the
nearest-neighbour and next-nearest-neighbour distances. The strongest structuring is observed
for CCly which has the most rigid packing. For ethanol, only the cavity formed by I is visible,
with hardly any visible packing of radial symmetry.

We find that the iodine—iodine distance is relaxed from the value r, = 2.66 A in the gas
phase to 2.70-2.72 A in solution. This can also be observed in the cross-correlation next-
neighbour peaks, which are shifted in comparison to those from an MD simulation that has
been performed with 2.66 A bond length. Termination errors of the back-transform and MD
finite-size effects limit the discussion of the density of packing, as seen from the peak shapes.

In practice, the cross-correlation scattering masks the iodine scattering in part. This
makes it more difficult to derive the parameters of the structural changes of the solute
after photoexcitation. For example, from the gas scattering it would be possible to extract
information about bond breaking from the intensity change in the forward direction, which
gives the number of coherent scattering electrons. On the other hand, the high-Q scattering
does not differ substantially from gas scattering. This region can therefore act as a reference for
separating intramolecular and intermolecular changes. We calculate the difference in scattering
of photoexcited iodine in CCly in figure 3. In this case the MD simulation of the extended
A/A' state with a bond length of 3.15 A is used to simulate the difference in intensity between
the laser-excited and dark states scaled to electron units of one iodine molecule.
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Figure 3. The calculated effect of the solvation cage change after excitation of the iodine into
the expanded A/A’ state. The dashed curve marks the difference in scattering cross-section from
the Debye term, whereas the full curve takes into account the change in the iodine—CCly cross-
correlation term as calculated from the MD data.

At high Q the simulation (full curve) follows closely the pure gas scattering (dashed
curve), seen as a damped sinusoidal oscillation. By contrast, in the low-Q region modifications
to the gas scattering occur. These are due to the changes occurring in the structure of the

solvation cage, which reacts to the expansion of the I, molecule.

4. Conclusions

It has been demonstrated that the solvation structure of iodine (as a model for a range of small
molecules) can be extracted from the cross-correlations in solution scattering. The experiments
performed on chlorinated solvents agree well with MD simulations. This opens up a way to
understand scattering experiments on reaction dynamics in solution. Scattering will allow us
to obtain a much richer picture of the solute structural changes as well as the reaction of the
surrounding solvent, which is known to strongly influence the photoreaction. In order to give
a full description of laser experiments where a high energy density is absorbed in the solution,
one has to model the changes in solvent—solvent correlation, which may be thermal expansion,
propagating shock waves or vibrational heat transfer in the local surrounding of the solute
molecules. Work is currently under way to find a description of these effects.
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