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Abstract

Time-resolved infra-red (IR) absorption spectroscopy is used to follow the production of HF
from the reaction of fluorine atoms in liquid acetonitrile (CH3CN). Photolysis of dissolved
XeF; using ~50 fs duration, 267-nm laser pulses generates F atoms and XeF on prompt (sub-
ps) timescales, as verified by broadband transient electronic absorption spectroscopy. The
fundamental vibrational band of HF in solution spans more than 400 cm™ around the band
centre at 3300 cm™, and analysis of portions of the time-resolved spectra reveals time
constants for the rise in HF absorption that become longer to lower wavenumber. The time
constants for growth of 40-cm™ wide portions of the IR spectra centred at 3420, 3320 and
3240 cm™ are, respectively, 3.04 + 0.26, 5.48 £ 0.24 and 7.47 + 0.74 ps (1 SD uncertainties).
The shift to lower wavenumber with time that causes these changes to the time constants is
attributed to evolution of the micro-solvation environment of HF following the chemical
reaction. The initial growth of the high-wavenumber portion of the band may contain a
contribution from relaxation of initially vibrationally excited HF, for which a time constant of
2.4£0.2 ps is deduced from IR pump and probe spectroscopy of a dilute HF solution in

acetonitrile.

Table of Contents graphic:

Solvent restructuring and vibrational cooling follow exothermic fluorine-atom reactions in
acetonitrile.
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Introduction

Gas-phase reactions of fluorine atoms with molecular hydrogen and with various organic
molecules are exothermic by approximately 130 — 150 kJ mol” and favour production of
vibrationally excited HF."* These H-atom transfer reactions exhibit a wealth of fascinating
dynamics, including tunnelling through low energy barriers associated with the transition
state,” ® Feshbach resonances that enhance reaction cross sections at specific collision
energies,” ® and non-adiabatic transitions between the ground and low lying potential energy
surfaces.”!! Many features of the gas-phase dynamics persist for scattering of F-atoms from
liquid hydrocarbon surfaces.'> Our experimental and computational investigations explore
how the mechanisms of reactions such as these are modified in solution in organic solvents.
We recently reported first studies of the dynamics of F-atom reactions in the liquid phase and
showed that the DF from F + CD3CN and F + CD,Cl, reactions is highly vibrationally
excited at its point of formation."> We observed vibrational cooling of the nascent DF by
coupling to the solvent bath and spectroscopic signatures of the restructuring of the solvent
environment around the newly formed reaction products. Our simulations illustrated that the
first hydrogen bonding interactions of DF with the solvent occur within a few hundred fs,
prior to which the DF undergoes hindered rotational diffusion.'*'* DF vibrational cooling is
an order of magnitude slower, with a time constant of 3 — 4 ps in these solvents, and solvent

reorganization persists over more than 10 ps.

This article reports an extension of our earlier studies to reaction of F atoms in liquid CH3CN.
We generate F atoms photolytically from XeF, dissolved in acetonitrile,’® and observe the
build-up of HF reaction products. Time-resolved electronic absorption spectroscopy (TEAS)
in the near ultraviolet (UV) region measures the reactive removal of F atoms, while time-

resolved vibrational absorption spectroscopy (TVAS) in the infra-red monitors both the
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growth of HF products and changes to their microscopic solvation environment. We also
report a time constant for vibrational relaxation of HF(v=1) using IR pump-and-probe
experiments that examine the coupling of the vibrational motions of HF solute to the solvent
bath. The outcomes provide further evidence for solvent restructuring around the products of

a chemical reaction on picosecond timescales.
Experimental

TEAS, TVAS and IR pump-and-probe experiments were carried out using the ULTRA laser
system, which is part of the Central Laser Facility at the Rutherford Appleton Laboratory.
Comprehensive details of the experimental procedures for time-resolved IR and UV/vis

16, 17

spectroscopy have been presented previously, and only an overview is included here.

TEAS spectra were obtained following 267-nm one-photon photolysis of 0.52 M solutions of
XeF; (99.99%, Sigma Aldrich) in dry CH3CN using a white-light continuum probe dispersed
onto a 512-pixel array detector. The photolysis pulses were 50 fs in duration and pulse
energies below 1 pJ were used for all measurements presented. IR-pump and IR-probe
measurements were conducted on dilute solutions of HF in CH3;CN prepared by UV
irradiation of XeF, / CH3CN solutions. The presence of HF was confirmed, and the shape of
the HF fundamental band determined, by steady-state FTIR spectroscopy of the samples.
The IR pump pulse was of ~2 ps duration, with a bandwidth of ~12 cm™ and was tuned either
to the centre of the HF fundamental band, or 60 cm™ to the high wavenumber side of the
band centre. The IR probe pulse was <100 fs in duration and spanned the 3000-3700 cm™
spectral region. After transmission through the sample, the probe pulses were dispersed onto
a 128-pixel mercury cadmium telluride array detector. TVAS experiments combined the
267-nm photolysis of XeF, with the broadband IR probing and detection to monitor the HF

products of the F + CH3CN reaction.
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In all experiments the excitation and probe pulses were linearly polarized at magic angle to
one another to eliminate any effects of rotational anisotropy. Spectra were obtained as a
difference between absorptions with and without the pump (UV or IR) laser incident on the
sample, so that depletion of ground state molecules appears as negative going bleach signals,

and positive going signals are signatures of transient intermediates or stable products.

The TEAS and TVAS experiments used 5-ml samples of the XeF, / CH3;CN solutions,
circulated through a Harrick cell with CaF, windows by a peristaltic pump. The solutions
passed through a 0.2 mm gap between the cell windows, which were sealed to the cell body
by Kalrez o-rings. The cell was continuously rastered in a plane perpendicular to the
propagation direction of the laser pulses. Extensive averaging of spectra ensured good
signal-to-noise levels even for the very weak (<10'4 OD) IR absorptions typical of the TVAS

experiments.

All experiments were conducted in CH3CN that had been carefully dried over a molecular
sieve prior to use. Glassware and Harrick cell components were stored in a drying oven
when not in use. Water contamination of samples was monitored periodically by FTIR
spectroscopy, and only the outcomes of those experiments with minimal water contamination

are reported here.
Results and Discussion
1. F-atom production by XeF, photolysis

The XeF product of one-photon, 267-nm photolysis of XeF, forms in its electronic ground
state and has a characteristic absorption band that is centred at 345 nm in solution in
acetonitrile.'"® Observation of this band allows us to follow the growth and decay of the F-

atom co-product of XeF, dissociation. The near-UV absorption band is assigned to the XeF
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(B — X) transition, which is perturbed by the presence of an F-atom co-product at short times
after XeF; photolysis.15 Figure 1 shows representative TEAS spectra that can be decomposed
into the XeF (B — X) spectrum and the perturbed B — X band attributed to XeF confined in
close proximity to an F atom by a solvent cage. We refer to this caged XeF and F-atom pair
as an FXe---F complex, but do not imply any chemical interaction beyond perturbation of the
electronic potentials of the XeF by the geminate F atom. Examination of the long-time (>100
ps) spectra, assigned solely to XeF because of reactive loss of F atoms, allows the two
contributions to the time-resolved spectra to be distinguished. Figure 1 also shows the time-
dependence of the integrated band intensities of XeF and the FXe---F complexes, together
with a fit to a kinetic model that incorporates formation of FXe---F and removal by reaction
or geminate recombination." XeF is known to be stable in acetonitrile for many

microseconds.'®
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Figure 1. Top: time-resolved electronic absorption spectra of XeF, / CH3CN solutions
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following 267-nm photoexcitation. The inset key shows the colours corresponding to
selected time delays. Bottom: time dependence of the XeF (B — X) band (blue) and the
feature to longer wavelength assigned to FXe---F complexes (red). Solid lines are fits to a
kinetic model previously used to describe the production and loss of FXe---F in other

solvents.'

Fits to data of the type shown in figure 1 yielded time constants for loss of FXe---F
complexes (and hence removal of F atoms) and growth of XeF of 3.3 £ 0.6 ps. This value is
in keeping with the 4.0 £ 0.2 ps time constant determined for loss of FXe---F in CD;CN."* 1
The reciprocal of this time constant is a rate coefficient that accounts for all loss pathways of

FXe---F complexes including reaction with the solvent and geminate recombination.

2. Vibrational relaxation and spectral diffusion for HF in CH3;CN

Our previous investigations of exothermic radical reactions in organic solvents'> '7 22

suggest that the HF products are likely to be vibrationally excited at the instant of their
formation from the F + CH3CN reaction, and that solvent restructuring occurs in the wake of
the reaction. We therefore measured the time constants for vibrational relaxation and spectral
diffusion for HF in CH3CN using IR pump and probe spectroscopy. The origin of the v=1 «—
v=0 absorption band in gas-phase HF is located at 3959 cm™, and at steady state in solution
in CH3CN is observed as a broad feature centred at about 3300 cml.  The large
anharmonicity of the HF vibrational mode shifts the gas-phase v=2 <— v=1 band 180 cm™ to
lower wavenumber than the v=1 <« v=0 band, and a greater anharmonicity and hence larger
shift from the fundamental band are expected for hydrogen-bonded HF molecules in solution.
Figure 2 shows examples of time-resolved IR absorption spectra following narrow-bandwidth
IR excitation at the centre or to the high wavenumber wing of the fundamental band.

Depletion of HF(v=0) by the IR pump pulse causes the negative change in optical density

6
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around 3300 cm™ at early times, and transfer of population to v=1 gives rise to a positive
transient feature corresponding to the v=2 <« v=1 absorption, the high wavenumber wing of
which is evident below 3150 cm™. The considerable breadth of the bands is a consequence of
inhomogeneous broadening associated with a range of solvation environments.”> Two time
constants are derived from analysis of the recovery of the ground state bleach signal:
repopulation of the ground state by vibrational relaxation occurs with © = 2.4 £ 0.2 ps,
whereas regaining the equilibrium band shape takes 2.1 £ 0.3 ps (1 SD uncertainties)
following selective excitation of a subset of HF molecules with absorptions in the wing of the
broad absorption band. Although these time constants are similar, the former value reflects a
re-equilibration of populations of vibrational levels, whereas the latter is controlled by

fluctuations in the microsolvation environment of the HF solute.
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Figure 2. IR pump and IR probe spectra of dilute HF solutions in CH3CN, with the narrow

bandwidth pump laser tuned close to the band centre (3300 cm’

, top) or the high-
wavenumber wing (3360 cm™, bottom) of the broad HF fundamental band. The decline in
the signal amplitude and a shift of the band centre to lower wavenumber with time result

respectively from vibrational relaxation and re-equilibration of the HF solvation

environment.
3. HF from bimolecular reaction of F atoms with CH3;CN

Figure 3 presents TVAS spectra obtained in the region of the HF fundamental band from
3075 — 3550 cm™ following 267-nm photolysis of XeF, in CH;CN. The black dashed line is
a superimposed steady-state FTIR spectrum of a dilute solution of HF in acetonitrile, which

2425 The considerable breadth of the fundamental band

agrees well with previous reports.
complicates the analysis of the TVAS spectra for three reasons: (i) the band intensity is
spread over all 128 pixels of the detector, so optical density changes measured at any single
pixel are low; (ii) the baseline level corresponding to no absorption by HF or the solvent is
hard to identify because of the limit of ~500 cm™ on the useable bandwidth of the probe IR;
and (iii) hot bands associated with vibrationally excited HF molecules will overlap the low
wavenumber side of the fundamental band (below 3100 cm™ from consideration of the
spectra in figure 2). The spectra have been shifted to a common baseline level using a
consistent procedure involving a linear interpolation between the high and low wavenumber
sides of the spectrum.”® We recognise that this procedure might skew the spectra, but checks

with alternative procedures, such as applying a flat baseline shift to all spectra, show that our

chosen method does not significantly alter the outcomes of the kinetic analysis that follows.
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Figure 3. Top: time-resolved IR spectra of HF from the reaction of F atoms with CH;CN.
The dashed black line is a steady-state FTIR spectrum of HF in acetonitrile, and the feature
masked by the grey shading is a solvent interference. The inset key shows the time delays
at which spectra were obtained. Bottom: time-dependence of HF absorbance summed over
three wavenumber intervals, (a) 3400 — 3440 cm™, (b) 3300 — 3340 cm™ and (c) 3220 —

3260 cm™. Solid lines are single exponential fits.

The HF IR chromophore is a sensitive reporter of its local environment, and the TVAS
spectra in Figure 3 show initial growth at the high wavenumber side of the HF fundamental
band. They then evolve into spectra more closely resembling the steady-state FTIR spectrum
on timescales of a few 10s of ps. Enhancements of the high-wavenumber sides of transient
IR spectra have been reported from studies of photo-induced dynamics in hydrogen-bonded
solvents such as water and interpreted as solvent heating effects resulting from deposition of

. . . . 27
excess energy — in our case from a chemical reaction — into the solvent bath.”” However, the
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band shift we observe is much faster than the reported decay times for these solvent heating
effects, and is better interpreted as a solvent relaxation around the reaction products to reach

an equilibrated solvent-solute environment.

Our recent study of DF production from F atom reactions in CD;CN revealed two
contributions to the evolution of the DF fundamental absorption band beyond the sub-ps

3. 14 The first of these contributions was

formation of hydrogen bonds to the solvent.
relaxation of vibrationally hot DF formed in the v=2 and 1 levels, resulting in a shift of the
absorption to higher wavenumber because of the large anharmonicity in the D-F stretch. The
second was a slower shift to lower wavenumber that we attributed to the response of the polar
solvent in the first few solvation shells around a nascent DF molecule. Similar effects are
expected to contribute to the TVAS spectra of HF shown in figure 3 but vibrational dynamics
are harder to discern because of the greater width of the fundamental band than for DF in
solution. We have not succeeded in decomposing the broad and featureless HF bands into
contributions from vibrational ground state and vibrationally hot reaction products in the way
that was possible for DF, so have applied a more simple method of analysis to extract kinetic
information. We integrate the band intensities in three separate regions, 3400-3440 cm’,
3300-3340 cm™ and 3220-3260 cm™ corresponding to the high, central and low wavenumber
portions of the spectrum respectively. The low wavenumber portion may contain
contributions from the overlapping HF(v=2<-v=1) hot band at early times if reaction
produces internally excited HF, and the high wavenumber end preferentially probes HF
molecules in weaker hydrogen bonding configurations than those absorbing at the band
centre. Figure 3 shows examples of time-dependent absorbances integrated over these three

spectral windows, together with fits to single exponential functions from which time-

constants were derived. The dynamics might suggest more complicated fitting functions are

10
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apropriate, but within the signal-to-noise levels of our data, more complex analysis is not

merited.

Separate analysis of 5 independent data sets by this method gives the time constants
summarized in Table 1. The specified uncertainties are 1 SD from these 5 measurements.
We label these time constants as t; (for the 3400-3440 cm™ range), 1, (for the 3300-3340 cm™
! range) and 13 (for the 3220-3260 cm™ range). An alternative method of analysis in which
the broad HF bands were decomposed by fitting to Gaussian functions, each of 70 cm™
FWHM, centred at 3500, 3420, 3320, and 3240 c¢cm™ yielded very similar time constants.
This decomposition also gave a satisfactory reproduction of the time dependence of the
overall HF band shape. The Gaussian function centred at 3500 cm™ showed an initial rise
then decay in intensity, commensurate with a shift of the fundamental band to lower

wavenumber.

A systematic trend is evident from this analysis and can be seen in spectra such as those
shown in Figure 3: the high wavenumber end of the HF fundamental band grows in most
quickly, followed by the central region and finally the low wavenumber side. This trend is
similar to that we reported for a shift to lower wavenumber of the DF fundamental band with
a time constant of 10 ps following F-atom reaction in CD;CN, which we attributed to a
reorganization of the solvent environment to accommodate reaction products.”” However,
for HF in CH3CN the shift is more rapid: a crude analysis in which a broad single Gaussian
function with floated central wavenumber (v.) is fitted to the transient HF IR absorption
bands, followed by a single-exponential fit to the time-dependence of v., gives a time
constant of 5.5+ 0.8 ps. This value is larger than the spectral diffusion time constant of
2.1 £0.3 ps obtained from IR pump and probe experiments described above, indicating a

greater perturbation of the solvent environment following the chemical reaction.

11
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Table 1. Time constants and 1-SD uncertainties from single-exponential fits to the time-
dependent HF band intensities integrated over three specified wavenumber ranges. The
values in parentheses are those obtained using the Gaussian decomposition of the HF band

described in the main text.

Wavenumber range 3400-3440 cm’™’ 3300-3340 cm’™’ 3220-3260 cm’™’

Time constant / ps 11=3.04 £0.26 7,=548 £0.24 13=7.4710.74

(11=3.29%0.17) | (1,=524+025) | (t13=8.10%0.93)

The ~3-ps time constant for the initial rise in HF absorption agrees well with the 3.3-ps decay
of FXe---F complexes reported above. However, the reaction might produce vibrationally
excited HF (vibrational levels up to v=3 are energetically accessible), in which case the
growth of the HF fundamental band will also be influenced by the time constant for
vibrational cooling of HF(v>0) in solution in CH3CN. The problems outlined earlier for the
analysis of the broad HF band prevent us from extracting any definitive evidence for initial
formation of vibrationally excited HF and subsequent relaxation, but we see some hints of
this behaviour. Our IR pump and probe experiments indicate that any such relaxation should
occur with a time constant of 2.4 + 0.15 ps (for v=1 — v=0), which is similar to that observed
for the growth of the high-wavenumber side of the fundamental band (with time constant t;).
Other signatures of initial vibrational excitation would include negative-going band
intensities in our transient spectra in the case of a vibrational population inversion, and
delayed onset to the growth of the fundamental band. Although we see evidence in all TVAS
data sets for negative changes in optical density at early times (e.g. for time delays less than 2

ps in figure 3), we recognize the aforementioned difficulty in determining the correct baseline

12



Physical Chemistry Chemical Physics

for zero absorbance in our spectra and therefore only tentatively propose that the HF is
initially formed vibrationally excited. Any delayed onset to growth of the HF fundamental
band is hard to resolve within the fluctuations in our integrated spectra over the first few

picoseconds of acquisition.

We attribute the observed shift in band intensity to lower wavenumber during the first ~20 ps
from initiation of reaction to secondary changes in the solvation environment of the HF in
acetonitrile. The primary solvent effect is the formation of hydrogen bonds from newly
formed HF to neighbouring solvent molecules, and evidence from our spectra and from
simulations, as well as the known fast solvent response for acetonitrile,” suggests this
process is complete on the sub-ps timescale. The experimental evidence comes from the fact
that a non-H-bonded HF molecule will have a vibrational frequency approaching the 3959
cm™ band origin for isolated HF in the gas phase, whereas all the transient features we
observe are in the 3000-3600 cm™ region. The secondary solvent effect that we observe with
5.5-ps time constant could result from diffusive separation of HF from XeF left behind after
initial XeF, photolysis, or from restructuring of first, second and perhaps further solvation
shells about the HF to accommodate this new solute and to dissipate some of the excess
energy of reaction. Hynes and coworkers have argued that relaxation of a perturbed
distribution of ground state vibrational frequencies in water is associated with making and
breaking of hydrogen bonds,” and we suggest that we may be observing a similar effect here.
Alternatively, we may be observing the cooling of initial bending excitation associated with
the FH---NCCH; hydrogen bond; recent molecular dynamics simulations of HCI in
acetonitrile showed the IR spectrum to shift to higher wavenumber upon bending of the HCI
away from collinear to the C3 symmetry axis of CH;CN.”  The significantly shorter time
constant than observed for DF in CD3;CN in otherwise similar experiments by Dunning et

al.”® cannot be accounted for by diffusive separation of XeF and HF or DF; the viscosity of

13
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CD;CN differs from that of CH;CN by less than 10% at 298 K,** and HF and DF diffusion
coefficients should differ by 2%. However, exchange of H-bonds will be faster for HF than
DF in solution both because of the lower moment of inertia of HF and hence faster (hindered)

rotational dynamics, and because tunnelling might contribute to this exchange.
Conclusions

Ultraviolet photolysis of XeF; in acetonitrile generates fluorine atoms that react with an ~3 ps
time constant to produce HF. We observe the loss of F-atoms through the perturbation they
induce in the near-UV XeF absorption spectrum, and formation of HF by the growth of its
fundamental vibrational band in the IR. The timescales for the two processes are
commensurate. Time-resolved vibrational absorption spectroscopy also reveals a shift of the
HF band to lower wavenumber with a 5.5-ps time constant. We attribute this spectral shift to
a response by the solvent to the chemical reaction, with structural reorganization to

accommodate the newly formed HF.
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