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Abstract

The dynamics of bimolecular chemical reactions lsarexamined in liquid solutions using
infra-red absorption spectroscopy with picosecame tresolution. On such short timescales,
the transient absorption spectra reveal vibrationatle and quantum-state specific energy
disposal, followed by vibrational relaxation as #wergy is dissipated to the surrounding
solvent. Comparison with energy disposal measun&n&r gas-phase reactions under
single-collision conditions offers direct insighigo the modification of the energy landscape
and the nuclear dynamics in the presence of theesbl The reactions of CN radicals with
organic molecules in chlorinated solvents exemplifg dynamical information that can be
obtained. The potential to extend such experiments range of reactions and solvents is

discussed.
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Collisional encounters that transform reagent atgadicals or molecules to the products of
a chemical reaction may be complete in tens or tadsdof femtoseconds, yet careful
observation of the outcomes of these encounterbearsed to reconstruct a detailed picture
of the process of chemical charfgfelsolated collisions can be observed in experisémit
employ molecular beam methods under high vacuunditons, and, in combination with
laser-based probes, electronic, vibrational, roteti and translational energy content of the
products can be resolved, as well as preferredttres of scattering and of orientation of
rotational or electronic angular momeffa.n favourable cases, such as for the reaction F +
CD, —» DF + CD;, methods such as velocity map imaging (VMI) reaatelations between
the vibrational energy content of both productsgd amdeed whether specific vibrational
modes of the products are excited. Moreover, Vikflegiments can simultaneously map out
the differential cross sections that quantify thgwdar scattering distributions for products in
selected quantum stat®$. The outcomes of such experiments can be integreoth
gualitatively and quantitatively in terms of then&matics of the reaction, locations and
angular dependence of energy barriers on a potesriergy surface (PES), the shapes of
transition states (TS) and of the PES in the pret post-TS regions, crossings between
PESs, and the nuclear dynamics on the PESlere, theoretical and experimental studies of
fundamental chemical reaction mechanisms meet,caitidal comparisons can be drawn
between the outcomes of quasi-classical trajec{Q&T) or quantum mechanical (QM)
scattering calculations and experimental data. s&lmmparisons rigorously test the quality
of computed PESs and expose subtle dynamical bmlvawuch as quantum scattering

resonances, tunnelling, and non-adiabatic dynafmics.

The value of studying isolated collisions is nowlvestablished, yet reaction withinliguid

medium is of considerable importance for synthesisjronmental chemistry, and chemical
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biology, and the very short (~100 fs) intervalswesn collisions with solvent molecules

might result in chemical reaction dynamics thatfareemoved from those under the rarefied
conditions of gas-phase studfés.® Not only might the solvent modify the energy lacape

of a reaction and exert physical constraints on rtistions of the reacting species, but

coupling of the motions of the reactants to theeal bath may leach any excess energy from
the reagents, for example through solvent frictaomd may therefore damp the motions of the
products, leading to rapid thermalization of aljgees of freedom. The solvent can therefore
mask many of the signatures of the chemical dynsnsach as vibrational, rotational and

translational energy release, that have been scessitilly exploited in gas-phase, small

cluster and gas-surface scattering studies to labout fundamental reaction mechanisms.
Some of these signatures can persist in bulk lgwd timescales that are accessible to
modern laser spectroscopy methods, however, aadPdrspective illustrates how the nascent
vibrational energy content of the products of cleahireactions in solution, and any

vibrational mode specificity of the release of tleaergy, can be exploited to learn about

solvent modifications of reaction pathways.

For exothermic reactions with early barriers, itMsll-known that under isolated, gas-phase
conditions, the chemical dynamics will tend to almanenergy into the vibrational motion of
the reaction productss Hochstrasser and co-workers recognized that ieanénfra-red
absorption spectroscopy on the picosecond timescaikel be employed to search for similar
behaviour in reactions in solutidh! making use of the anharmonic shifts of vibratiomai
bands from the fundamental frequencies to identibrationally excited, nascent reaction
products. Ultraviolet photolysis of ICN in solution CDC} revealed that ~20% of the DCN
products of the reaction of CN radicals with CP@lere formed with one quantum of

excitation of the €D stretching mode, but for equivalent experimemsCHCE, only
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vibrationally ground state HCN was observed. These reactions are known to produce
highly vibrationally excited products under isothteollision conditiong?**!41>and the
conclusion was drawn that the solvent modifies rémction energy landscape to suppress
vibrational energy release. In more recent ingesions, Crim and co-workers observed both
the rates of removal of CN radicals and producabrICN in reactions with various organic
species in a range of chlorinated solvents, usiegpectively, transient visible and IR
absorption spectroscopy!® One intriguing outcome of this work was that @i radicals
were removed more quickly than the apparent ratefoomation of HCN, although
importantly (for reasons discussed below) the IBbprmonitored vibrationally ground state
HCN products. With supporting evidence from eleait structure calculations, Crim and
co-workers proposed an intermediate role for corgdeof the CN radicals with the
chlorinated solvents that decoupled the loss ofGNeabsorption feature from the growth of

the HCN IR absorption band.

Both Hochstrass&t and Crint®?° also carried out studies of reactions of Cl atomith
various organic molecules in liquid solutions. 3&ereactions to produce HCI are
considerably less exothermic than the equivalefartdl D) atom abstraction reactions of CN
radicals and, with a few exceptions, are known teofavour production of vibrationally
excited HCI under gas-phase conditiéhslo vibrational excitation of HCI was reported for
the solution-phase reactions. The first observatbra modest fraction of vibrationally
excited DCN from the CN + CDglreaction remained a tantalizing restlhowever, and
encouraged us to consider further investigatiorreafction dynamics in solutidA. We
exploited recent developments in IR laser and datetechnology that permit use of
broadband IR pulses in conjunction with IR-sensitarray detectors to capture spectra over

~500 ¢t bandwidth with picosecond time resolutioh.The reactions of CN radicals with
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organic molecules to form HCN and DCN were attkacthoices for these experiments for
several reasons: (i) they are exothermic by ~12@nkl' and therefore release sufficient
energy to be able to produce products with subisiantbrational excitation; (ii) the
vibrational motions, well described in a normal raquicture for HCN as the=I stretch
(v1), the bend \() and the GH stretch ¥3), are all IR-activé*?® so that mode-specific
energy release might be observed; and (ii) asdhatsove, selected reactions have been
extensively investigated under gas-phase conditismsomparisons with condensed phase
data should provide insights into the modificatioh the energy landscape and nuclear

dynamics by the solvent.

Much of the remainder of this article presents aaraew of the outcomes of a series of
investigations of CN radical reactions with cyclgblee, tetramethylsilane (TMS) and
tetrahydrofuran (THF), using the chlorinated sotgechloroform (CHG and CDCY), and
dichloromethane (DCM, Cil, and CDCl,). A number of factors dictate the choices of
organic co-reagent and solvent, ranging from theelgupractical considerations of
miscibility of samples, solubility of ICN, and theeed to avoid overlap of strong solvent
bands in the IR with the vibrational bands of HOMI &CN, to the systematic investigation
of dynamics of abstraction of primary and seconddrgtoms (for TMS and cyclohexane
respectively). A by-product of these experimergsthat data are also obtained for the
dynamics of the reactions of the CN radicals wité thlorinated solvents, the formation of
complexes of CN radicals with the solvent, and get@ recombination of | atoms and CN

radicals to form the isomer INC of the originallyqiolysed ICN?



Figure 1 shows transient IR spectra of HCN formatbiving UV photolysis of ICN (0.14
M) in a 1.0 M solution of cyclohexane in DCM, widissignment of spectral features. The
major part of the observed signals derives fromrélaetion of CN radicals with cyclohexane,
with a <30 % contribution from CN reactions withetBolvent (which can be subtracted in
data analysis). The spectra were obtained in the €lretching region, and the band at 3263
cm’is assigned to the fundamental absorption of tiigational mode, denoted a} (i.e., \
=0 - v3 = 1, with 4 specifying the number of quanta of theHCstretching mode) on the
basis of FTIR spectra of static samples of HCNdlutson in DCM. In what follows, the
notation HCN(yv2v3) indicates HCN products with specific numbers oéuta of excitation
of the three vibrational modes. Several pointseardent from such spectra. Firstly, HCN is
observed to form not only in its vibrational grousite, HCN(000), but also with up to 2
guanta of excitation in the bending mode and orsmtyum of excitation in the C-H stretching
modes, HCN(A1) (with n<2). Secondly, the vibrationally excited producte &ormed at
earlier times than the HCN(000), and the growththe latter products at longer times
suggests a substantial fraction forms by vibratioe#axation, instead of directly by the
chemical reaction. Measurements in treNGstretching region confirm this general picture,
with comparably slow growth of signal on thg band (at 2094 ci, but spectral congestion
in this region and overlapping absorptions frontdess assigned to INC (at 2065 ¢rand
CN-solvent complexes (at 2037 jnprevent as definitive an analysis of bands agi$iom

vibrationally excited HCN?

The analysis of time-dependent band intensities lmmmade quantitative using a kinetic
model that incorporates rate coefficients for fotioraof nascent HCN in specific vibrational

levels, and collisional relaxation, which is takEnoccur in steps of a single vibrational



guantum. Integration of the rate equations giviese tdependent populations of the
vibrational levels, and spectral band intensitientdepend on the difference in population of
levels connected by an IR transititin This method provides an excellent descriptiotthef
experimental observations, as exemplified in figzitgy the fit to a representative data set for
the CN + TMS reaction in CDgIThe values of the resultant rate coefficientsier reactive
processes are indicative of the nascent H@N@) populations. The fits neglect
intramolecular vibrational redistribution (IVR), éman be refined to separate the vibrational
relaxation of HCN at early times, within the initeolvent cage and in close proximity to the

radical co-product, from HCN relaxation after dgfon into the bulk solvent.

The broad conclusion from analysis of data for @akctions with cyclohexane, TMS, QEl,
and CHC} in various chlorinated solvents is that most & HICN is formed vibrationally
excited, with activity in the bending and-B stretching modes. The direct branching of the
reaction to HCN(000) is small, and the majoritytlois product forms through vibrational
relaxation of internally excited nascent reactiowdoicts. This conclusion provides an
alternative explanation for the differences in saté loss of CN and production of HCN
reported by Crim and co-worket5*® because their observations in the IR were of HOB)O
formation, the measurements were of the rates lofatronal relaxation of nascent HCN
molecules, instead of the rates of production ofNHtBrough the bimolecular reaction.
Indeed, their reported time profiles for build-up WHCN are in excellent accord with our
guantum-state specific measurements of HCN(00O)y genilar conclusions can be drawn
for DCN, although the extent and character of titwational excitation of the nascent

products differs from HCN.



The extent of vibrational excitation of the HCN CN is remarkable for a reaction carried
out in a liquid environment, and demonstrates ttaspite the fast timescale for collisions
with solvent molecules, the solvent friction is rsuffficient to damp the nuclear dynamics
associated with an early reaction barrier thatltasuC—H (or C-D) stretching excitation.
QCT calculations of isolated CN + RH reactions @ade that the source of bending
excitation of the products is a flat angular demsg to the PES in the vicinity of the
transition state, so the dynamics can take theiogathrough configurations with #C—H
angles that deviate considerably from the °18fwest energy geometfy. The same
behaviour clearly persists in solution, at leasttfee chlorinated solvents studied, and the
evidence from experiment and theory is that thepgriies of the TS are not significantly
altered by the solvent. It would therefore appemat the understanding of this class of
reactions, derived from gas-phase experiments aadtesing calculations for isolated
molecules, can be usefully applied to the reactignamics in the liquid phase. More
sophisticated calculations of the reaction dynanticg incorporate interactions with the
solvent support this view. The potential of mearcé is barely changed by the presence of
solvent in the critical region around the TS, argjectories sample very similar reaction

pathways to those for the gas phase, as illustrategure 3.

A detailed comparison between the outcomes of agmw®te phase dynamics measurements
described above and of earlier studies of CN rddezction dynamics with hydrocarbons in
the gas phase is desirable if solvent effects erettergy landscape and nuclear dynamics are
to be quantified, and the computational predicticcenfirmed. Classical dynamics
simulations for CN + gHi, in DCM allow us to model the reaction and analyse
mechanism with very high time resolution, and ssggleat at short times, reactions in both
the gas phase and solution in DCM are more oritesgical. Gas-phase experiments have
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not been reported for the particular reactions &f With cyclohexane or TMS, or for
deuterated reactions, however, and some uncedsingmain about the vibrational level
populations of HCN from the reactions that havenbiegestigated so fdf:*° It is apparent,
however, that under isolated collision conditiaihe HCN shows similar mode specificity to
that observed in solution, but with a greater degrevibrational excitation, with population
of up to 6 quanta of the bend and 2 quanta of the €tretch. Some degree of solvent
friction is therefore implied by our experimentgsulting in partial — but, importantly,
incomplete — damping of the nuclear dynamics thatl$ to vibrational mode excitation of
the HCN in solution. Further work on the gas-phdgeamics is encouraged to enable more
complete comparisons, however. The combinatiohigii quality gas-phase data with the
types of condensed phase measurements that osiettafR experiments demonstrate to be
possible offers a new probe of the molecular lentience of solvent in reactions in bulk

liquids.

Of course, not all solvents are alike, and thelteslescribed in the preceding paragraphs are
specific to chlorinated organic solvents. Somes@iancy of outcomes for these solvents
encourages the expectation that systematic trendbtrbe identified, however, once a
sufficient body of data is accumulated. As a fatglp towards exploring solvent-dependence
of the reaction dynamics, we carried out similamswements for solutions of ICN in THF
and @-THF, thereby studying the abstraction of H or @nas from THF, which also
constitutes the solvent environment. THF was s$eteas a representative polar, but non-
chlorinated solvent. For HCN, these experimentsevidndered by solvent absorption bands
that overlapped the € stretching region, but HCN formation could be mareanly
observed in the €N stretching region, and DCN bands in both thdd@nd GN stretching

regions were also free from significant solveneifégrence. INC bands were observed, as for
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chlorinated solvents, but the CN band attributedamplexes with the solvent was absent in
THF. First inspection of time-resolved HCN spectiantifies a marked difference from the
chlorinated solvents: bands associated with HCNY(Ofi®e much more rapidly, and
production of HCN(000) is essentially complete witl30 ps. Closer examination of the
data, however, reveals an induction period befbeegrowth of the HCN(000) signal, and
kinetic analysis suggests initial formation of drest product that might be vibrationally
excited HCN, or HCN complexed to the radical coedurct, with subsequent relaxation to
ground-state HCN. This interpretation is strongypported by classical dynamics
calculations in THF, as well as DCN data, whichtha G-D stretching region, show a clear
shift of the product absorption feature to higheavenumber with time, and fits isolate a
transient feature that grows in 10 ps and decatswb0 ps, a timescale commensurate with
the 50 ps growth of the DCN(000) absorption bafthe THF solvent therefore appears to
play a more active role in affecting the dynamitshe CN radical reactions, and work is in
progress to analyse data for THF / CRGInd THF / CIRCI, solutions of differing mixing

ratios to clarify this role.

Many further such experiments can be envisagedirigty of solvent types is available for
investigation, and studies are not restricted tor@hcal reactions. Both HochstrasSemd

Crim'®?° explored Cl atom reactions with organic molectfesolution, and we have taken
this work further. Crim and co-workers carried antextensive survey of the kinetics of Cl
reactions with various classes of organic co-soiut®CM, and a large body of work has
been carried out on the kinetics and dynamics ofi seactions in the gas ph&sé® The H-

atom abstraction reactions to form HCI are not>astheermic as the equivalent CN radical

reactions’’ and the propensity for formation of vibrationakcited products is lower.

Certain reactions, most notably those to form rasoa stabilized radicals, have been shown
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to form HCI(v=1) in significant fractions under gphase conditionS, and we are currently
analysing new experimental data for evidence ofhshehaviour in solution. F atom
reactions with hydrocarbons are an attractive tai@efuture condensed phase experiments
too, because of the complementary reactive saagtesxperiments carried out in molecular
beam experiments, the propensity to form vibrafigrexcited products, and associated QM
and QCT calculations that reveal a wealth of dymaimbehaviour:®> Planned experiments
on the condensed phase reactions must overcomgéeanf challenges. The firstis to find a
clean and efficient photolytic F atom source usangnolecule that is sufficiently chemically
inert to resist reaction with the solvent and ogw@utes of choice. The second is that HF and
DF bands in solution are significantly shifted ¢aver wavenumber and remain substantially
broader than the HCN bands shown in figure 1. ®Baleintensity is thus distributed over a
larger number of detector pixels, presenting ditties of discrimination against background

features, and above baseline noise levels.

This perspective has sought to convey that theystideaction dynamics, a mature and
insightful field for gas-phase and gas-surfaceigsiolhs and for reactions in clusters, has
excellent prospects for successful extension totieas in bulk liquid solutions. There is
much excellent published work on liquid phase dyiecamphotochemistry, energy transfer
and IVR that has not been reviewed here — the sisogeliberately confined to bimolecular
reactions for which the literature for gas-phaseahyics is much richer and more extensive
than for the liquid phase. What is evident fromr @xperimental and computational
investigations so far is that there is considerglofential to undertake studies of reactions in
solution on ultrafast timescales with quantum-stasolution of the energy disposal in the
products. Ideas of competition between vibraticarad translation energy release, captured

in the Polanyi rules for bimolecular collisioh$can be explored in solution, and the effects
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of solvent friction on the dynamics can be examindd short, dynamical studies can be
carried out that are competitive with gas-phaseeergents in terms of their information
content. A growing body of work on photodissocatin solution, and the disposal of
excess energy to rotational and vibrational degoédseedom, is providing complementary
information for unimolecular dynamics involving botground and excited electronic

states?®2930

The outcomes of some of these recent photodesmei experiments in
solutiorf® and those discussed here for bimolecular reactipmsstion the interpretation of
short-time dynamics in solution using approachesetan linear response theory, and call

for computational and simulation methods that ipooate the time-dependent dynamics

explicitly, providing fertile ground for the inteshon between experiment and theory.
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Figure Captions

Figure 1. Time-evolution of the absorption spectrum of HPMdducts of reaction of CN
radicals with cyclohexane (1.0 M) in solution irclidioromethane. The absorption feature
labelled A, centered at 3160 ¢mis attributed to HCN vibrationally excited witne
guantum of GH stretch and up to two quanta of the bending mdtie. band labelled C is
absorption by HCN from its vibrational ground stated this fundamental band is centered at
3263 cnt. The label B indicates absorption bands for bexaited HCN molecules, which
are anharmonically shifted to lower wavenumber tttenfundamental band and which are

observed most clearly at early times.

Figure 2: Time-dependence of integrated intensities of spklbands assigned to HCND)
(green), HCN(001) (blue), HCN@O) (red) and HCN(000) (black) (with = 1, 2) from the
reaction of CN radicals with TMS (1.0 M) in solution CDCk. Circles are experimental
data, and the solid lines are the results of @tthe kinetic model summarized in the right-
hand box. This model incorporates four reactianfotm HCN in the specified vibrational
levels and four relaxation processes in which eitfending or €H stretching vibration is

guenched by the solvent.

Figure 3: Visualizations of the CN + ¢El;, atomic motions extracted from numerous
calculated trajectories at the point where they pa®r their gas-phase (left) and liquid DCM
solution phase (right) variational abstraction siian states. Grey, red and black lines trace
the motions of, respectively, nitrogen, carbon dmgirogen atoms. The two plots
demonstrate the similarity of dynamics of reactatrshort times in the gaseous and liquid
environments. The experimentally measured bendagian of the HCN can be understood

from the large range of H#I\ angles observed in both sets of trajectories.
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Figure2
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Figure3
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