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The recombination of laser-dissociated iodine molecules dissolved
in CCly is explored by time-resolved x-ray diffraction. The x-ray
pulses employed in our experiments were generated by the ESRF
synchrotron in Grenoble. The solvent contribution to the mea-
sured signals was eliminated using appropriate experimental pro-
cedures. Motions of iodine atoms were then studied from 200 ps
to 10 ps. Different relaxation processes are shown to operate in
this time domain. It is proved that the iodine recombination fol-
lows two reaction paths, taking place in the electronic states X and
A/A’ of I, respectively. In spite of widely different experimental
approaches, laser optical and x-ray studies provide a similar pic-
ture of this prototype reaction.

1. Introduction

Monitoring the temporally varying molecular structures
during a chemical reaction represents a great challenge.
Two major methods are employed in this domain. The
first is time-resolved optical spectroscopy, which cap-
tures the corresponding ultrafast energy changes [1].
This method is very efficient and permits one to scan
variations of the molecular energy during the process
under consideration. However, extra information is re-
quired to link experimental frequencies and molecular
geometry. The second method includes time-resolved
x-ray diffraction and absorption. Since the wavelength
of the x-rays is comparable to interatomic distances in
molecules, this allows one to visualize atomic motions
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during a chemical reaction, directly and without any in-
termediate [2-4]. Large scale installations such as syn-
chrotrons or linear accelerators are required in this field.

Time-resolved x-ray diffraction is a very powerful tech-
nique. Its power can be illustrated on a few examples.
One of them is a study of a myoglobin (Mb) mutant,
explored with 150-ps x-ray pulses [5]. Another example
refers to human haemoglobin, examined by wide angle
x-ray diffraction [6]. This technique was also applied to
the study of some prototype chemical reactions. The re-
combination of photo-dissociated I in liquid CCly solu-
tions was explored in this way, and atomic motions were
visualized in real time [7, 8]. However, this last study
was limited to a time domain between 10 us and 200 ps.
We thus decided to extend this study to shorter times
between 200 ps and 10 ps. The new results reached in
this way are presented in this paper. They are largely
compatible with those provided by ultrafast optical spec-
troscopy.

2. Experiment

2.1. Generalities

The principle of our experiment is as follows [9]: we
start by exciting a dilute I/CCly solution by picosec-
ond optical laser pulses. This generates a mixture of the
electronic states A, A’, and 'm,, which mainly dissoci-
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Fig. 1. Low-lying electronic states X, A/A’, and m, of I3. The
states X and A/A’ are attractive, whereas the state !
pulsive. Here, o and 3 represent the geminate recombination of
two I atoms in X and A/A’ respectively, whereas ~ represents the
non-geminate recombination though the solvent

Ty 1S Te-

ate into ground state atoms (Fig. 1). The states A, A’
are closely spaced and can be viewed as a single elec-
tronic state A/A’. Hot iodine molecules I} with a “bond
length” Ry ~ 4.5 A are formed in the solvent cage in less
than 1 ps. Then they transform into either I — Iy or
I5 — 2I. Only the first of these processes is fast enough
to be considered here; it can be realized in two differ-
ent ways. (i) The relaxation of I} is along the X state
potential. The time 7, = 150 ps is characteristic of
this process called vibrational cooling. (i) The relax-
ation of I} is along the A/A’ potential. The atoms reach
the bottom of this energy surface very rapidly, in times
73 < 10 ps. They remain trapped there for the rest of
our experiment. These processes are explored here using
time-resolved x-ray diffraction.

Several sorts of x-ray signals are employed in this
field. The signal AS(q,7) = S(q,7) — S(q)eq describes
the energy flux S(g,7) scattered in a solid angle in the
presence of a pump minus the equivalent quantity.S(q)eq
measured in its absence; here, ¢ is the scattering wave
vector, and 7 the pump-probe time delay. The signal
ASinst(¢,t) = Sinst(q,t) — S(q)eq differs from AS(g, T)
in that the incident x-ray pulse is supposed to be very
short; t is then the time elapsed after the laser exci-
tation. Finally, AS[r,7] and ASi [r,t] are Fourier
sine transforms of AS(q, 7) and ASinst (g, t), respectively.
The signal ASist [r, t] is particularly important. It is ex-
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pressible in terms of atom—atom distribution functions
9u,v(r,t), where r is the distance between the atoms p
and v. This signal thus provides information about how
the geometry of a system varies during a chemical reac-
tion.

2.2. Technical details

The experiments were done on beamline ID09B at the
European Synchrotron Radiation Facility in Grenoble.
This beamline provides a quasimonochromatic x-ray
source with intense x-ray pulses with a relative band-
width of 3%. A 1-kHz femtosecond laser was used to
dissociate iodine, and a chopper was used to reduce the
x-ray frequency to 1 kHz (see Fig. 2). The sample was
injected into the laser/x-ray beam by a laminar jet, and
the scattering was recorded on an integrating CCD de-
tector with fast readout. A single-harmonic undulator
with a magnetic period of 17 mm provided an intense
quasimonochromatic beam with a 3% bandwidth around
18.15 keV with 5 x 108 photons per pulse. The experi-
ment was performed in the 16-bunch mode with 100 ps
x-ray pulses. The exposure time per image was about 2
s, and 1200 scattering images were taken per hour. The
images were integrated azimuthally and were corrected
for the polarization and space-angle effects. Optical ex-
citation was realized with 0.5-ps laser pulses at 530 nm,
a wavelength where the Iy absorption in CCly attains its
maximum. Finally, the Io/CCly solution was injected
into the beams using a sapphire nozzle producing a 0.3-
mm-thick sheet of liquid. Its speed was adjusted to in-
ject a fresh sample for every new x-ray pulse. For more
complete information concerning instrumental problems,
compare with Ref. [10].

An additional precaution was taken in our experi-
ments. In order to study the iodine recombination dy-
namics in all possible details, the diffraction background
of the pure CCly solvent was subtracted from that of
the Io/CCly solution [11]. However, a complication
arises when a chemical reaction takes place. The solvent
changes its temperature which contributes an unwanted
thermal background in AS(q,t). A second experiment
was thus performed to evaluate this effect. The solution
was treated transiently with shorter 0.1-ps pulses at an-
other wavelength of 390 nm, to heat the solvent through
multiphoton absorption without inducing any chemical
change. Once the thermal response of the solvent was
known, it was subtracted from the I5/CCly signal by a
suitable scaling.
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3. Theory

3.1. Basic considerations

The theory underlying the present work is a statisti-
cal theory for time-resolved x-ray diffraction [12]. The
electromagnetic fields are treated using Maxwellian elec-
trodynamics, and the molecular system is described by
quantum mechanics. This theory takes a simpler form in
the present case due to the time-scale separation of the
ultrafast optical and relatively slow chemical processes.
In spite of this simplification, some approximations are
still necessary. In fact, only electronic degrees of free-
dom are considered quantum-mechanically, whereas the
others were assumed to be classical. None of these as-
sumptions is believed to be restrictive.

A specific feature of the present problem is that some
processes studied here are fast as compared with the du-
ration of probing x-ray pulses. The observed signal is
then distorted by the measuring device, and this dis-
tortion must be taken into account. In fact, the ideal
signals ASing [1,t], ASinst(q,t), and the measured sig-
nals AS[r,7], AS(gq,7) are related to one another by
the relations [12-14]:

AS((L T) = /dtlx(t - T)ASinst((L t)v

AS[r, 7] = /dtlx(t — 7)ASinst[r, t], (3.1)
where I,(t) is the incident x-ray intensity. The above
integrals are called convolution integrals; they must be
evaluated to connect theory and experiment. In our
work, the functions ASinst [r,t], ASinst(q,t) are deter-
mined theoretically and are checked comparing their
convolution with the experimental AS|[r,7], AS(q, ).
Some details are given below.

3.2. Model calculations

The subsequent calculations are based on the following
model: (i) Only the electronic states X and A/A’ inter-
vene in the I recombination [9]. (i) The distribution
functions gx(r,t) and ga,a/(r,t) in a diluted solution
are simple Gaussians, centered at the instantaneous I-I
distances rox + Arx(t) and rp a0 + Ary a/(t). Here,
rox and rop/as denote the equilibrium I-I lengths, and
Arx(t) and Ary () stand for their laser-induced in-
crements. (#it) Interatomic I-I potentials are all assim-
ilated to the Morse potentials. (iv) Iodine atoms stick
a relatively long time at the turning points of the I-I
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Fig. 2. Schematic illustration of the experimental set-up employed
in the present x-ray diffraction experiments. The x-rays pulses are
generated by an undulator. The spectrum is centered at 0.67 A
and its band width is dA\/X = 0.03

potential [12]. This can be pictured assuming the ex-
istence of two molecular species. ”Small” molecules are
sticking the left turning point of these potentials, and
“large” molecules are sticking their right turning point.
This model is sufficient to interpret our experiments.

Some mathematical details complete the description.
The potential of a Morse oscillator has the form U(Ar) =
D[1 — exp(—b(Ar))]?, where U is its energy and Ar =
r — 1o its elongation. It also depends on the dissocia-
tion energy D and on a parameter b. This parameter
is related to the fundamental frequency of this oscillator
by the relation w? = (2D/u)b?, where u is the reduced
mass. Our Morse oscillator is supposed to be in contact
with the thermal bath; its energy U thus decays with
time. Then, putting U = U(t) = Ugexp(—t/7,), one
finds easily

U(Ar) = DIL — exp(—b(Ar)),

Ary = —(1/b)In(1 + \/U/D),

U(t) = Uy exp(—t/1y),

Ar(t)x = —(1/b)In[1 £ /Uy/D exp(—t/27,)]. (3.2)

The positive sign corresponds to the “small” molecule
and the negative sign to the “large” molecule. The Morse
potentials turn out to be sufficient to describe our exper-
iments.

We are now in measure to present the final expres-
sion for ASins[r,t]. It is obtained by inserting these
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Fig. 3. Time-resolved x-ray signals AS[r,¢]. They are plotted as
functions of the I-I distance r and time delays ¢ from —40 to 400
ps. The points represent the experimental data, and the full curves
are theoretical. These signals vary with time, but no peak shifts
are observed

formulas for Ar(t)L into the distribution functions gx
[rox + Arx(t)] and gaar[roajar + Arajar(t)]. As the
present model attributes to gx(r,t) and g ar(r,t) a
Gaussian form, four expressions of the form Aexp| —
a(r —ro — Ar(t))?] are generated. Two of them corre-
spond to the “small” Is molecule in its electronic states X
and A/A’; and the two others correspond to the “large”
I> molecule in the same electronic states X and A/A’.
As a consequence, we have

ASinst[r, ] /Const = [€ exp(—ax (1 —7xo — Arx (4 (t))?)+
+(1 = &) exp(—ax(r — rxo — Arx( (1)) —
—exp(—ax (r —rx0)*)] + (nasar /nx) [E(Aa/ar /Ax) X

X exp(—apa (r—rasaro — Arayar ) (6)*)+

+(1 = &) (Ansar/Ax) X

x exp(—ap/a(r —ra/ar + Arpay (1)) —

—exp(—ax(r — Txo)2)]- (3.3)

The subscripts X, A/A’ are added to different quantities
such as rg, Ar or a to indicate the electronic state to
which they refer. Moreover, £ denotes the fraction of the
“large” molecule in solution, whereas n,,5//nx is the
branching ratio of molecules recombining on the A/A’
and X surfaces, respectively.
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3.3. Numerical treatment

The Morse potentials are different in the electronic states
X and A/A’ of I, as are also the parameters D,b, and
T, describing them. The values of D and b were taken
from the literature data for the X, A, and A’ states
of Iy [15]. To determine the parameter b, the relation
w? = (2D/p)b? was employed with the frequency w
taken from [15]. Moreover, the “compact” state A/A’
was described writing Da/ar = (1/2)[Da + Das] and
basar = (1/2)[ba + bas]. We then found bx = 1.91 A~!
and by a0 = 2.22 A-1. Finally, the equilibrium I-I dis-
tance 7o was taken equal to 2.5 A for I, in the state X,
and to 3.1 A for I, in the state A/A’.

The remaining parameters were determined using
standard mean square procedures. Static parameters
were all optimized simultaneously, fitting the observed
signals at t = 400 ps, where dynamical contributions
to AS]r,t] are negligible; a “NonlinearFit” program of
Maple was employed for that purpose. From the other
side, the parameters describing dynamical processes —
being all located under the integration sign — were op-
timized separately from one another. Residual sums of
squares were calculated and were divided by the number
of degrees of freedom. About 10 iterations were required
each time to reach the accuracy which was desired. As a
large number of r,t points (about 40 x 40) were consid-
ered, fast integration methods were necessary to realize
the optimization process under good conditions. The
reliability of this model can be judged noticing that 9
parameters were optimized to fit 40 x 40 = 1600 experi-
mental points with a very good accuracy.

4. Results and Discussion

4.1. Experimental and theoretical signals
AS[r, 7]

The experimental (convoluted) signals AS[r, 7] will now
be examined for the time delays from —40 ps to 400 ps.
Considered as functions of r, these curves exhibit two
peaks, a negative peak at r = 2.5 A, and a positive peak
at 7 = 3.1 A (Fig. 3). The negative peak comes from the
depletion of the X state, the positive one from the pop-
ulation of the A/A’ state. Note that the signals AS|[r, 7]
first appear at negative 7’s around 40 ps. On the other
hand, considered as functions of 7, the signals |[AS[r, 7|
first increase up to around 50 ps and then decrease again
(Fig. 4). No significant peak shifts in AS[r, 7] were ob-
served in our experiments. At times longer than 400
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ps, our new signals coincide with those measured in our
earlier work [7,8].

These findings are now interpreted theoretically. The
signals ASj,g[r,t] were first calculated as described
above and were convoluted with the 100-ps x-ray pulses
I.(t). The results reached in this way were then com-
pared with experiment. They prove the existence of two
signal-shaping mechanisms. (1) The finite pulse width
is responsible for the appearance of x-ray signals at neg-
ative delays. (2) The recombining I-I motions represent
the second signal shaping mechanism. In fact, if the
times 7, and 73 are comparable to the instrumental res-
olution A7 as it is the case here, this mechanism gener-
ates the rise and the fall of |AS[r, 7] illustrated in Fig. 4.
A higher resolution would be required to detect peak
shifts in AS[r,7] directly. On the other hand, we also
checked that the above-mentioned temporal variations of
|AS[r, ]| vanish at lower temporal resolutions entirely.
Effects of a similar nature have been reported in other
fields of physics; they are known under the general name
of motional narrowing [16]. An excellent agreement be-
tween theory and experiment should be emphasized. It
strongly supports the above interpretation.

In the Table, we present the parameters characteris-
tic of the I-I recombination. They were extracted ei-
ther from x-ray or from optical studies. The quantities
Tpx and T,/ as represent the I-I recombination times in
the electronic states X and A/A’, respectively. In turn,
na/ar/nx designates the ratio of molecules following the
A /A’ and the X reaction channels. Finally, bx and by /as
are the constants of the Morse potentials in the above
two electronic states; they are simply related to the cor-
responding fundamental frequencies of I5.

4.2. Comparison of the results of xz-ray and
optical studies

Images of the I3 — Iy recombination in CCly provided by
the present time-resolved x-ray and by the earlier time-
resolved optical studies will now be compared to each
other. The present study confirms the presence of two
reaction channels located in the electronic states X and
A /A’ respectively (Fig. 5). This feature of the iodine re-
combination is thus confirmed by both these techniques.

‘ x-ray diffraction data Spectroscopic data

ToX 130 ps 150 ps
TuA /A’ 4 ps < 10 ps or < 30 ps
nA/A’ /TLX 70% 40%
bx 1.9 A1 1.9 A1
ba /A 2.2 A1 22 A1
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Fig. 4. Time-resolved x-ray signals AS[r,t]. They are shown as
functions of time ¢ for two distances r = 2.5 A and 3.1 A. The
points represent the experimental data, and the full curves are

theoretical ones. The rise and fall of these signals with ¢ represent
a fingerprint of the recombination dynamics at a medium time

resolution
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|4X) |2(X)
(X)

Fig. 5. Chemical symbols describing the iodine recombination

Moreover, the parameters describing it are similar; com-
pare with data contained in Table. For example, an X-
state vibrational relaxation time 7,x = 130 ps is found
here, while the inverse rate constant kx' = 150 ps was
reported in spectroscopic studies [9]. The correspond-
ing values for the A/A’ state are 7,4,a» = 4 ps and
k;/lA, < 10 ps [9] or k;X/IA, < 30 ps [17]. The compar-
ison is less precise in this case, but the results remain
compatible with each other. On the contrary, the occu-
pancies of the two reaction channels are different. The
A/A’ pathway dominates in our studies with 70% oc-
cupancy as compared with 40% in optical spectroscopy
[17]. In spite of these differences, it can be stated that
x-ray diffraction and optical spectroscopy provide a sim-
ilar description of the iodine kinetics. Note that this re-
sult was reached with experimental technologies which
widely differ from each other.
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5. Conclusions

Time-resolved x-ray diffraction and absorption
have made important progress in the past decade.
Synchrotron-based x-ray sources attain currently time
scales of the order of 100 ps, whereas the new XFEL
sources will reach subpicosecond time scales routinely.
This made possible the direct detection and assignment
of ultrafast structures during the course of photophys-
ical, chemical, or biological processes. Time-resolved
x-ray experiments may also provide real time snapshots
of temporally evolving molecular structures. No doubt,
this movement in the direction of short times will
continue in the next future.

This research was presented at the 5th In-
ternational Conference “Physics of Liquid Mat-
ter:  Modern Problems” (Kyiv, Ukraine, 2010),

http://www.plmmp.org.ua.
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BI3VAJII3AIIS XIMIYHUX PEAKIIIN
PEHTTEHIBCBKUM BUITPOMIHIOBAHHAM

C. Bpamoc, M. Byag, 2K.-K. Jletixnem, P. Byremve,
K. Pooicarcora

Peszowme

Metonom nudpakiiil peHTreHiBChbKIX IIPOMEHIB 3 PO3IIOIJIOM y Ya-
ci JociizKeHo peKOMGiHaIi0 MOJIeKyI oy, 1m0 po3unneHi B CCly,
micss gucoriamil ix azepoM. IMIysnbcu peHTTeHIBCHKUX MPOMEHIB
OTPUMAaHO HA CUHXPOTPOHI €BPONEHCHKOrO IEHTPY CUHXPOTPOHHO-
ro BunpoMmiHioBaHHs y I'peno6ui. Brecok posumuHuKa y BUMipIo-
BaJIbHI CUTHAJIM BUKJIIOYEHUI 3aCTOCYBaHHSIM BiJIIIOBiIHOI MeTO-
nuku. Pyx arowmiB #tomy mociimkeno y gaci Big 200 go 10 mc. ITo-
Ka3aHO HASBHICTb PI3HUX pesIaKCAI[iIHHUX IPOIECIB y IIbOMY IIPO-
MixKKy 4acy. JloBesieHo, mo pekoMbiHaIlid ie ABOMa NLJISXaMU B
enektponni crann X ta A/A’ monexymu Iy Bigmosimmo. Hessa-
JKaIO4Yu Ha Pi3HI eKCllepUMeHTaJIbHI METOJUKH, 1[0 BUKOPUCTOBY-
IOTH JIa3epHE 1 PEHTreHiBChbKe BUIIPOMIHIOBaHHSI, BOHU JaIOTh CXOXK1
KapTUHU ITi€] PeaKIii.
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