Published on 17 August 2015. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 03/09/2015 05:03:48.

PCCP

CrossMark
& dlick for updates

' ROYAL SOCIETY
OF CHEMISTRY

Identifying the major intermediate species by

combining time-resolved X-ray solution scattering

Cite this: Phys. Chem. Chem. Phys.,
2015,17, 23298

Received 25th June 2015,
Accepted 14th August 2015

DOI: 10.1039/c5cp03686k

www.rsc.org/pccp

Identifying the intermediate species along a reaction pathway is a first
step towards a complete understanding of the reaction mechanism, but
often this task is not trivial. There has been a strong on-going debate:
which of the three intermediates, the CHI, radical, the CHI,—I isomer,
and the CHI," ion, is the dominant intermediate species formed in the
photolysis of iodoform (CHIz)? Herein, by combining time-resolved
X-ray liquidography (TRXL) and time-resolved X-ray absorption
spectroscopy (TR-XAS), we present strong evidence that the CHI,
radical is dominantly formed from the photolysis of CHI; in methanol
at 267 nm within the available time resolution of the techniques
(~20 ps for TRXL and ~100 ps for TR-XAS). The TRXL measurement,
conducted using the time-slicing scheme, detected no CHI,—I isomer
within our signal-to-noise ratio, indicating that, if formed, the CHI,—I
isomer must be a minor intermediate. The TR-XAS transient spectra
measured at the iodine L; and Lz edges support the same conclusion.
The present work demonstrates that the application of these two
complementary time-resolved X-ray methods to the same system can
provide a detailed understanding of the reaction mechanism.

A chemical reaction is the transformation of reactants to products
and often involves many short-lived intermediate species.
Identification of such species is a first (but not trivial) step
towards understanding the mechanism of the reaction. Various
time-resolved techniques have been developed to monitor the

and X-ray absorption spectroscopyt

Kyung Hwan Kim,?® Jeongho Kim,© Key Young Oang,?® Jae Hyuk Lee,#°

Daniel Grolimund,® Christopher J. Milne,“® Thomas J. Penfold,§°

Steven L. Johnson,” Andreas Galler,? Tae Wu Kim,?° Jong Goo Kim,?®

Deokbeom Suh,?® Jiwon Moon," Joonghan Kim," Kiryong Hong,' Laurent Guérin,
Tae Kyu Kim," Michael Wulff} Christian Bressler? and Hyotcherl Inee*®®

dynamics of reacting molecules, but different techniques may
deliver conflicting answers. Time-resolved optical spectroscopies are
routinely used for studying the dynamics of chemical reactions.'™®
Optical spectroscopy is highly sensitive to particular states or
chemical species of interest. Therefore, time-resolved optical
spectroscopy is very powerful for detecting the fate of transient
species irrespective of their abundance, but it gives only limited
information on the molecular structure. In contrast, time-
resolved X-ray liquidography (TRXL) and X-ray absorption
spectroscopy (TR-XAS), which make use of X-ray pulses instead
of optical laser pulses as a probe, are directly sensitive to
changes in the molecular structure. TR-XAS can selectively measure
the information on electronic and geometrical configurations
around the target atom, and is thus suited for studying the
interaction between, e.g., a central metal atom and surrounding
ligands in transition metal complexes®? as well as the structural
change near an absorbing atom in proteins.”>™* In contrast, since
the scattering signal comes from every atom in the sample
(including the solvent), TRXL can be applied to study the reaction
dynamics of small molecules containing heavy scatterers'®>’ as
well as global structural changes of proteins.”*>* Both TRXL and
TR-XAS suffer from relatively low cross sections, and thus a
high X-ray photon flux and/or samples of high concentration
are required to compensate. However, each tool is useful for
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assessing the structural properties towards elucidating global
reaction pathways. A comparative study of a reaction using
these two complementary X-ray methods can yield more con-
vincing results and better insight into the reaction details, but
such studies have been rare so far.

The photodissociation of iodoform (CHI;) in methanol is an
interesting system due to the ambiguity about the major
intermediate species (Scheme 1).*”7*>?° A previous study using
TRXL* reported that the formation of a CHI, radical is the
major reaction channel and the formation of a CHI,-I isomer
or a CHI," ion was not detected. In contrast, a subsequent laser
spectroscopic study®® reported that the isomer is formed in a
few picoseconds (ps) and dissociates into CHI," and I~ ions in
~700 ps. To resolve this conflict, here we used both TR-XAS
and TRXL to measure the sub-nanosecond kinetics. By comparing
the results obtained by these two complementary methods, we
expect a more convincing conclusion on the identity of the major
intermediate species on the time scale of 0.05-2 nanoseconds (ns).

The TRXL data were measured at the IDO9B beamline of the
European Synchrotron Radiation Facility, following an experimental
protocol described in the ESI.t Briefly, a solution of iodoform
dissolved in methanol at the concentration of 1-20 mM was
circulated through the sapphire nozzle. A ~2 ps laser pulse
with a 267 nm center wavelength was used to initiate the
photodissociation of the sample, and a time-delayed ~ 100 ps
X-ray pulse was used to monitor the progress of the reaction. To
extract the transient signal, the difference scattering curves,
AS(q,t), were obtained by subtracting the scattering curve
measured at —5 ns from the scattering curves at positive delays.
To probe early events occurring within the X-ray pulse width
(~100 ps), the laser-time-slicing scheme was employed (see
ESIT). In the laser-time-slicing scheme, by deconvoluting
the instrument response function from the scattering curves
measured at time delays earlier than the time resolution, we
can achieve the effective time resolution of ~20 ps and extract
the dynamics occurring earlier than 100 ps.””

Fig. 1a shows one-dimensional difference scattering curves
at four different time delays: —20 ps, 100 ps, 300 ps, and 1 ns.
The scattering curve measured at —20 ps time delay was scaled
up to compensate for partial contribution of the X-ray pulse to
the transient signal. The four scattering patterns are identical
to each other within the noise level, indicating that the major
intermediate species are generated within our time resolution
and stay up to 1 ns without any further change in the molecular
structure. The temporal change of the peak intensity at g =
2.205 A%, displayed in Fig. 1b, gives a clear view of the kinetics
on the sub-nanosecond time scale. The rise of the signal is well
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Fig.1 Time-resolved X-ray scattering measurements of the iodoform
photolysis. (a) Difference scattering curves, gAS(qg.t), at four different time
delays; —20 ps (black, scaled), 100 ps (red), 300 ps (blue), and 1 ns (violet).
(b) The temporal change in the intensity at a negative peak position
(g = 2.205 A%, marked with a green dashed line in (a)) is displayed from
—200 ps to 300 ps. The three time points, at which the difference
scattering curves shown in (a) were measured, are indicated with green
vertical dashed lines. The signal change in this time range is well described
by a single error function with a width of 80 ps FWHM (bottom panel).

described by a single error function with a width of 80 ps full-
width-half-maximum (FWHM), which corresponds to the
instrument response function (IRF) of the ID09B beamline.
Based on the constant shape of the scattering patterns at
different time delays and the time trace well explained by the
IRF alone, we conclude that there is no signature of further
chemical reaction occurring on the sub-nanosecond time scale.
This conclusion is in contrast to the result from the previous
transient absorption measurement,”® which identified the dis-
sociation of the CHI,-I isomer with an ~700 ps time constant,
and suggests that the isomer is not the major intermediate
formed in the photolysis of iodoform.

To identify the major intermediate species formed on the
sub-nanosecond time scale, which is the point of controversy,
the difference scattering curve at —20 ps was analyzed. Using
the Debye equation, the theoretical difference scattering curves
were calculated for three candidate reaction pathways (CHIL, + I,
CHI,-I, and CHI," + I") as shown in Fig. 2. The molecular
structures calculated by density functional theory were used to
calculate the solute contribution. Solvent hydrodynamics and
the contribution from solute-solvent interaction were also con-
sidered. The details of the theoretical analysis are described in
the ESL{ In Fig. 2, the experimental curve at —20 ps and the
theoretical curve are compared for each candidate pathway. It is
clearly seen that the CHI, + I channel fits the experimental curve
much better than the CHI,-I isomer channel or the CHIL," + I~
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Fig. 2 Theoretical difference scattering curves at —20 ps time delay for
three candidate reaction pathways: (a) dissociation into the CHI, radical
and |, (b) CHI>—I isomer formation and (c) dissociation into CHI,™ and I~
ions. Experimental (black) and theoretical (red) curves are compared at the
top and the residual (blue) obtained by subtracting the two curves is
displayed at the bottom.

channel, giving a substantially smaller x> value (1.6) than the
others (4.9 and 4.7, respectively). The difference in fit quality
between the three reaction channels can be explained in terms
of the contributions of solute, cage, and solvent as shown in
Fig. S2 in the ESIL.{ The solute and cage terms of the CHI,-I
isomer channel have very different shapes from those of the
CHI,, + I channel because the CHI,-I isomer has an additional
I-T bond compared with CHI,. The CHI," + I~ channel gives a
much larger cage term than other channels and therefore it
yields a poor fit to the experimental curve, especially in a low
g-region, despite the structural similarity of CHI, and CHI,".
We also fitted the experimental scattering curve with a linear
combination of theoretical scattering curves for the three
reaction pathways and found that the contributions of the
CHI,-I isomer channel and the CHI," + I channel converge
to zero within the error range. In addition to the optimized
isomer structure, which has a C-I-I angle of 113° and an I-I
distance of 3.174 A, we also examined the various possible
structures of the isomer with the C-I-I angle varying from 133°
to 93° and the I-I distance varying from 3.674 to 2.674 A.
However, none of them fit our experimental data as well as
the fit in Fig. 2b (Fig. S3 in the ESIt). This result shows that the
CHI, radical, rather than the isomer or the CHIL," ion, is the
major intermediate in the iodoform photolysis. The estimated
yield of the CHI, radical was ~ 8%, which is similar to the value
obtained from our previous study.”> We note that the TRXL
measurement should be equally sensitive to the structure of the
CHI, radical and the CHI,-I isomer because X-rays scatter from
every atom in the molecules.

In contrast to optical spectroscopy that can readily probe
even very dilute samples, TRXL and TR-XAS require rather high
sample concentrations. To check for any concentration depen-
dence,*® we also measured the TRXL signal of a more diluted
sample (1 mM). While the difference scattering curve from the
diluted sample is noisier (due to much lower signal intensity),
we can confirm that the scattering curves measured from the
concentrated and diluted samples have the shapes identical to
each other within their noise levels (see Fig. S4 in the ESIt) and
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thus have the same reaction intermediates (see Fig. S6 in the ESI).
This indicates that, regardless of the sample concentration, the
CHI, radical is the major intermediate.

The TR-XAS measurement was performed at the microXAS
beamline of the Swiss Light Source at the Paul Scherrer Institute,
following a typical experimental protocol®**° as described in the
ESL.f Briefly, a ~150 fs laser pulse at 267 nm was used to
dissociate CHI;, and a tunable monochromatic X-ray pulse of
~100 ps duration subsequently probed the X-ray absorption in
the transmission mode. The TR-XAS data were measured around
both iodine L, and L; edges, which correspond to the formation
of a core hole in the I 2s and I 2p;, orbitals, respectively. The
absorption spectra near the L; edge of iodine show an additional
absorption feature at the energy right below the absorption edge,
which corresponds - in the atomic picture - to the 2s — 5p
transition in iodine.>*?° This feature is very sensitive to the
chemical state of iodine and can be used for identifying
chemical species.>**°

Fig. 3a shows the difference XANES spectra measured
around the iodine L, edge at three different time delays: 100 ps,
300 ps and 1 ns. The most distinct feature peaked at 5.1857 keV,
and is located at a lower energy than the main edge and thus
corresponds to the 2s — 5p transition. The peak positions,
amplitudes and shapes of the three transient spectra are almost
identical to each other within the noise level, likely indicating that
the major intermediate species are generated within the first 100 ps
and remain constant up to 1 ns. To examine the kinetics on the
sub-nanosecond time scale, we performed a time scan at a peak
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Fig. 3 The TR-XAS measurement of iodoform photolysis at the L; edge of
the iodine atom. (a) Difference XANES spectra measured at the time delays
of 100 ps, 300 ps, and 1 ns. (b) The temporal change in the difference
absorption intensity at a peak position (E = 5.1857 keV) marked with a
green dashed line in (a) is displayed from —0.4 to 0.6 ns. The time trace in
this time range is well explained by a single error function with a width of
93 ps FWHM (red). Inset shows a longer time range up to 2 ns.
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position (E = 5.1857 keV) of the difference XANES spectrum by
changing the time delay between laser and X-ray pulses from
—1 to 2 ns. As shown in Fig. 3b, the rise of the time trace is
governed by a single error function with a width of 93 ps
FWHM, which is equivalent to the IRF of the microXAS beam-
line, while no other kinetic component was identified.

This observation was confirmed by measuring the transient
absorption spectra near the L; edge of iodine (see Fig. S7 in the
ESIT). As for the spectra at the L; edge, the peak positions,
amplitudes and shapes of the transient L;-edge spectra measured
at 100 ps and 2 ns are almost identical to each other within
the noise level. Also, the time trace at the energy of a negative
peak (E = 4.5623 keV) exhibits the same dynamics as observed
in Fig. 3b, thus excluding any additional kinetics on the 0-2 ns
time scale.

To identify the major intermediate species formed on sub-
nanosecond time scale, the difference absorption spectrum
measured at the L; edge and 100 ps was analyzed. First, we
performed a fitting analysis by using static spectra of iodine-
containing analogue species obtained from previous TR-XAS
studies as a basis set. In particular, we used the static XANES
spectra of I, and CHIj; to represent the spectral features of - - -I-I
and - - -C-I groups, respectively. For free I species, we used the
static spectrum of a neutral I atom produced from the photo-
induced reaction of I" into L.*° To generate theoretical differ-
ence XANES spectra from these static spectra, we considered (1)
the depletion of the - - -C-I group and the formation of the free I
species for the CHI, + I channel and (2) the depletion of
the - - -C-I group and the formation of the - --I-I group for the
CHI,-1 isomer channel. The quantum yield of photoproduct
formation was used as a free fitting parameter for both reaction
channels to adjust the overall amplitude of the theoretical
difference XANES spectrum. Although neither of the fits are
perfect especially for the negative feature around 5.1825 keV,
probably due to the limitation of the analysis using the analogue
species, we clearly see that the CHI, + I channel fits the
experimental curve much better than the CHI,-I isomer channel
(see Fig. 4b). Secondly, we simulated theoretical absorption
spectra that correspond to the 2s — 5p transition using time-
dependent density functional theory (TDDFT).** To incorporate
the effect of the solvent, the simulated spectra were generated
from 100 MD configurations with 30 surrounding solvent mole-
cules as described in the ESI.T As can be seen from the simulated
absorption spectra in Fig. S8 of the ESI,{ the absorption peak of
the I radical is located at the same energy (5.1857 keV) as the
main positive peak in our experimental difference absorption
spectrum while the absorption peaks of the CHI,-I isomer and
the CHI," ion are located at higher energies by ~4 eV than the
main positive peak. Therefore, the experimental difference
absorption spectrum is better explained by the formation of
the I radical in the CHI, + I channel.

The CHI,-I isomer, the major intermediate found by Raman
and optical spectroscopy measurements,”® was not detected,
within the current signal-to-noise ratio, by either TRXL or TR-XAS
measurements. Instead, the CHI, radical was found to be the major
intermediate. A possible explanation for this discrepancy is that the
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Fig. 4 (a) Static XANES spectra of various iodine-containing species
measured at the L; edge of the iodine atom. These spectra were used
as a basis for the fitting analysis shown in (b). (b) The fitting analysis of the
L1-edge difference XANES spectrum measured at 100 ps for two candidate
reaction pathways: (i) CHI, radical + | and (ii) CHI,—I isomer formation.
Experimental (black) and theoretical (red) difference XANES spectra are
compared with each other.

CHI,-I isomer might have a much higher oscillator strength
than the CHI, radical in the spectral window investigated in the
previous study, resulting in a transient signal dominated by the
response from the CHI,-I isomer. To check this possibility, we
calculated the transition energies and oscillator strengths of
the excited states as well as the resonance Raman frequencies
for the CHI,-I isomer and the CHI, radical in various solvents
including methanol (see the ESIT for details). Indeed, the CHI,-I
isomer has considerably higher oscillator strengths than the
CHI, radical for both absorption and Raman scattering (see
Tables S2 and S3 in the ESIf), irrespective of the solvent.”
In contrast, the X-ray-based methods used in the present work
are more sensitive to the global structure of the reacting
molecules and thus equally sensitive to both the CHI, radical
and CHI,-I isomer species. Thus, the missing signature of the
CH,-1 isomer in the TRXL and TR-XAS measurements suggests
that the yield of the isomer might be too low to be detected by
TRXL or TR-XAS.

Conclusions

In this work, TRXL and TR-XAS measurements were performed
to identify the reaction intermediates of iodoform photolysis.
Both methods confirm that the major intermediate is the CHI,
radical, which is formed within the available time resolution
of the techniques (~20 ps for TRXL and ~ 100 ps for TR-XAS).
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In contrast, any evidence for the formation of the CHI,-I isomer
was not observed within the current signal-to-noise ratio. The
identical results obtained from these two complimentary tools
increase the fidelity of our conclusion, which gives an insight
into the identity of reaction intermediates of the iodoform
photolysis.
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