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Abstract

The dynamics of reactions of CN radicals with chelwane,d;,-cyclohexane, and
tetramethylsilane have been studied in solutionshtdroform, dichloromethane and
the deuterated variants of these solvents usimgvidlet photolysis of ICN to initate
reaction. The H(D)-atom abstraction reactions pcedHCN (DCN) that is probed in
absorption with sub-picosecond time resolution gis#800 cn bandwidth infrared
(IR) pulses in the spectral regions correspondiogCtH (or C-D) and GN
stretching mode fundamental and hot bands. EqntdR spectra were obtained for
the reactions of CN radicals with the pure solvenitsall cases, the reaction products
are formed at early times with a strong propenftyvibrational excitation of the
C-H (or C-D) stretching ¥3) and H-C-N (D-C-N) bending {») modes, and for
DCN products there is also evidence of vibraticaditation of thev; mode, which
involves stretching of the#IN bond. The vibrationally excited products relaxthe
ground vibrational level of HCN (DCN) with time cstants of ~130 — 270 ps
(depending on molecule and solvent), and the mgjofi the HCN (DCN) in this
ground level is formed by vibrational relaxationstead of directly from the chemical
reaction. The time-dependence of reactive prodonaif HCN (DCN) and vibrational
relaxation is analysed using a vibrationally quamitate specific kinetic model. The
experimental outcomes are indicative of dynamic®&xathermic reactions over an
energy surface with an early transition state.h@ligh the presence of the chlorinated
solvent may reduce the extent of vibrational exictaof the nascent products, the
early-time chemical reaction dynamics in theseitigolvents are deduced to be very
similar to those for isolated collisions in the gdmse. The transient IR spectra show
additional spectroscopic absorption features cedtat 2037 ci and 2065 cm (in
CHCI) that are assigned, respectively, to CN-solvemmexes and recombination
of | atoms with CN radicals to form INC moleculeBhese products build up rapidly,
with respective time constants of& and 11-22 ps. A further, slower rise in the
INC absorption signal (with time constant >500 ps) attributed to diffusive
recombination after escape from the initial solveage and accounts for more than
2/3 of the observed INC.



1. Introduction

Current understanding of the fundamental mechanisfnehemical reactions has
developed from a combination of experimental meawents that probe nascent
reaction products and theoretical calculationsatéptial energy surfaces (PESs) and
scattering dynamics? For gas-phase and gas-surface reactions, forhwikaated
collisions can be examined, experimental methods veell established that can
resolve disposal of energy into product translaipmotational, vibrational and
electronic degrees of freedom, together with pretedirections of scatté’® In an
increasing number of cases, direct comparisonsbsamade with computational
predictions to probe ever more deeply the featofethe PESs which govern how

these reactions evolve.

Many reactions of biological and chemical impor&naccur in solution under
conditions of frequent collisions with the surroingl solvent molecules, yet much
less is known about how the reaction dynamics ohaag a result of solvent

interactiong.>®

Detection of nascent reaction products in sofutiequires
measurements to be made on an ultrafast (femtpicorsecond) timescale, before
collisions with the solvent molecules relax any mjuan-state specific signatures of
product excitation. Spectral features are broaddreinteractions with the solvent,
and information available from gas-phase experigydnt isolated molecules that can
undergo free rotational and translational motian,last. Thus, several previous
studies of reactions in solution have focussedabesrof appearance of ground-state
reaction products and the formation of comple¥esi®tt1213  Nonetheless,
experiments by Hochstrasser and co-workers denatedtrthe possibility of
observing vibrationally excited reaction produgissplution® 19+6% of DCN from
the reaction of CN radicals with deuterated ligetdbroform was shown to be formed
with one quantum of €D stretch excitation. In a recent publication, we
demonstrated significantly greater—i& stretch and bending vibrational mode
excitation of HCN products of the exothermic reawctiof CN radicals with
cyclohexane in solution in chlorinated organic solts'* The experiment employed
ultraviolet (UV) pump and broadband infrared (IR)sarption spectroscopy probe
methods with sub-picosecond time resolution, armveld that chemical dynamics in
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solution in bulk liquids could be investigated dewsel of detail approaching that for

gas-phase and gas-surface reactions.

Here, we report more extensive observations of diggamics of the H-atom
abstraction reactions of CN radicals with smallamig molecules (RH), CN + RH
HCN + R, in solution in common chlorinated solverdad the analogous reaction
with deuterated organic molecules (RD). Such reastare typically exothermic by
~10 000 crit, which is sufficient energy for population of up 3 quanta of €H
stretch (thess mode; up to 4 quanta of the equivalerDCstretch in DCN), 4 quanta
of C=N stretch (thes; mode) or ~14 quanta of bending vibration (thenode). We
use the nascent populations of the vibrational moofeHCN as a probe for the
dynamics of the reaction. The IR spectroscopy ©NHand DCN in the gas phase is
well known and the anharmonicities of the vibraéibmodes enable the spectral

signatures of vibrationally excited products toresolved->*°

In order to unravel the influence of the solventtioa reaction it is useful to compare
our studies in solution with those of the well-derized solvent-free dynamics of
CN + RH reactions in the gas phd&&® 192?122 These studies show that HCN is
formed with substantial vibrational excitation iotb the GH stretch and bending
modes. For the reactions of CN radicals with ageanf small organic molecules
(methane, ethane, propane, cyclopropane, isobutawpentane and chloroform),
Jackson and co-workers reported that up to 2 quantaH stretch are excited and a
population inversion is observed betweenwe? andvs=1 vibrational levels for all
except the reactions with methane and cyclopropafi€€omplementary experiments
led Macdonald and coworkers to conclude that alrawsty (>99%) HCN product of
the reaction of CN with ethane is formed with tlendhng vibrational mode excited
above its zero-point levéf. However, excited levels of the=® stretching mode

were not observed to be significantly populdfed.

The work presented here extends our investigatainthe reactions of CN with
cyclohexane in solution in dichloromethane @CH), chloroform (CHCJ) or
deuterated chloroform (CDg* to include solute concentration dependent datd, an

examines the dynamics of reactions of CN radicath wetramethylsilane (TMS) in



CH.Cl, and CDC}. The dynamics of H atom abstraction from primang secondary
sites are thus compared, as are H and D atom etistr®to form HCN and DCN. In
addition, we report results of the reactions of @Micals with the pure solvents
CH.Cl, and CHC4. In all cases, broadband transient IR absorp@ttroscopy with
ps time resolution probes the vibrational excitatiof the nascent HCN (DCN)
products formed in both the-€& (or C-D) and &N stretching regions of the IR
spectrum, and the subsequent vibrational relaxdyotine solvent bath. An extensive
body of data is therefore presented for the dynamfdiquid phase reactions of CN
radicals.

2. Experimental

Experiments were conducted using the ULTRA lasetesy at the Central Laser
Facility at the Rutherford Appleton Laboratory. €eTleapabilities of the ULTRA
instrument are described in detail elsewhété? therefore only details pertinent to
the current study are reported here. A 65 MHnititian:sapphire oscillator seeded a
regenerative amplifier operating at 10 kHz repaitrate and configured to produce
40-80 fs duration pulses at wavelength of 800 rirhird harmonic generation of the
800 nm output of the amplifier produced ~50 fs doraUV pump pulses at 266-nm
for ICN photodissociation to generate CN radicafgproximately 0.4 mJ of the fs,
broadband output pulse train of the amplifier puchpa optical parametric amplifier
(OPA), and difference frequency mixing of the sigaad the idler components
generated mid-IR probe pulses with ~500*dmandwidth and ~50 fs pulse duration at
the output of the OPA. The UV pulses were polariaemagic angle to the IR probe

laser polarization.

Solutions of ICN (98%; Acros Organics) and cyclodwes (>99.9%; Sigma Aldrich),
dio-cyclohexane (99.6 atom%; Sigma Aldrich) or TMS $:%%6; Sigma Aldrich) in
chlorinated solvents CHEI(>99.8%, Sigma Aldrich), C¥Cl, (>99.6%; Sigma
Aldrich) or CDCE (99.96 atom%; Sigma Aldrich) were continuously femivthrough
a Harrick cell with a 0.38-mm thick PTFE spacemsstn Bak or Cak windows.
Reaction was initiated by intersection of the UMsps with the flowing sample to

generate CN radicals by photodissociation of ICNpracess which is known to



produce CN radicals which are ~98% are in theiugdovibrational level with high
rotational excitatiorf>?® Transient IR absorption spectra were obtainedgugie
mid-IR pulses, focused to ~{Bn spotsize, with a centre frequency selected tbegro
the G-H stretching region (~3260 ¢thof HCN, the &N stretching region (~2095
cm® in HCN, ~1920 crt in DCN) or the GD stretching region (~2600 ¢t of
DCN. The IR radiation transmitted by the solutioasndispersed by a grating onto a
pair of 128-element mercury-cadmium telluride armgtectors (IR Associates),
providing full (i.e. ~500 cil) spectral coverage with every laser pulse. Therallv
instrument response time was ~200 fs. A referegmectrum of the laser pulse
(before the Harrick cell) was accumulated on adth@4-element array detector and
used to remove the effects of laser fluctuationsftransient absorption data. Shot-
to-shot subtraction methods removed solvent absorpainds and identified transient
features resulting from the UV-initiated chemistiy all experiments, the initial ICN
concentration was 0.14 M, and the concentratiah@fcyclohexane or TMS was 0.0,
0.75, 1.0 or 1.5 M. Spectra were obtained at tsdedut randomly ordered, time
delays between the UV and IR pulses in the rangel300 ps which were controlled
using a motorised delay stage on the UV beam paélte IR absorption bands of the
solvent did not overlap significantly the HCN barsiisdied, but in the case of DCN
spectra, there are some interferences from wealersobands. The low extinction
coefficient of ICN necessitated use P pJ energies per UV pulse in an ~1j
spotsize to generate CN radicals. This resultethenHCN transient signal being
offset by a broad background signal caused by sahmguting by the pump laser, and
the data presented here have had this offset steuira

In some solutions, the CN radicals may react nét with the cyclohexane or TMS
solute, but also with the solvent to produce thebpd product. The contribution of
reaction with solvent to the signals was determibgdneasuring the time-dependent
IR spectra of solutions comprised only of ICN aralvent following UV laser
excitation under otherwise identical conditionstjprior to or after the measurements
for solutions also containing the cyclohexane orSIMntegrated band intensities for
the former spectra were then subtracted from thaséhe latter spectra obtained at

identical pump-probe time delays to remove the rdmmion of the reaction with the



solvent. Additionally, analysis of the ICN/solvesample spectra allowed the

investigation of the dynamics of the reaction of 2icals with the pure solvent.

In a small subset of experiments, transient IR tspewere recorded over nano- to
micro-second time scales after initiation of thaateon. In these experiments, the 266
nm photolysis laser wavelength required to pho®lySN was generated from the
fourth harmonic output of a 10 kHz Nd:Y\{@aser with nanosecond pulse duration
and output power of 40 mW. Transient spectra werded using the same
broadband ultrafast IR probe pulses described alamekthe time delay between the
photolysis and probe laser pulses was controlledtrnically. All other aspects of

the experiment remained the same.

A linear pixel to wavelength calibration of all Ebsorption spectra was performed by
measuring the absorption spectra of static sangulels as 1,4-dioxane or cis-stilbene
using the broadband IR laser pulses and the speetess and array detectors
described above. The spectra were then placed wavanumber scale by direct
conversion from wavelength. An IR spectrum of atistsample of each reaction
mixture was also recorded using an FTIR spectronvgta 1 cm® spectral resolution
both before and after 266-nm irradiation with tlemosecond Nd:YVQlaser for ~15
mins. From the difference between these spectralamental bands of HCN (DCN)
reaction product were identified in the-l@ (C-D) and N stretch regions centred at
~3160 cntt (2600 cnt) and 2095 cm (1920 cni for DCN), respectively. These
band positions correspond to shifts from the wawdmers of HCN fundamental
bands in the gas-phase of-48 cni' for the G-H and ~—3 cmi® for the G=N stretch
(27 and —6 cili respectively for DCN) in these chlorinated solgenin our previous
study’* the locations of the €H vibrational hot bands of HCN were found to be
separated from the respective fundamental bandhidogame wavenumber interval
that is observed in gas-phase experim&hts. Thus, constant solvent shifts are
assumed for all other transitions in the same regach as vibrational hot bands of
the same mode or combinations of the fundamerdakitions with the diagonal hot
bands of other vibrational modes. Anharmonicitylef modes of HCN ensured that
absorption bands corresponding to vibrational gdostate and vibrationally excited

molecules could be distinguished in the spectra.



3. Results and discussion

Results are presented in this section in the fofrtinme-dependent IR spectra and
integrated band intensities obtained from Gauskiario the spectral features. The
data are analysed in terms of kinetic models theicdbe the branching of the
reaction to form HCN or DCN in specific vibrationkdvels, and the subsequent
relaxation to the vibrational ground state by satins with the solvent. Some of the
vibrational relaxation rates, as measured by w@staflR pump and IR probe
spectroscopy methods, were reported previotfslfThe G-H stretching region of
HCN is less spectrally congested than th@®Gtretching region of DCN or the=Ql
stretching regions of both HCN and DCN, and theeefoelds the greatest amount of
information about the reaction dynamics. The HGtadare therefore presented first,
followed by results for DCN, the interpretation which is guided by the HCN
experiments. Spectra obtained in theNGegion of HCN are further complicated by
overlapping bands that we assign to formation ¢ i(dy recombination of | and CN
from ICN photolysis) and CN radicals complexed atvent molecules, and these

features are also discussed.

3.1 Reactions of CN radicalswith RH: the C—H stretching region

Figure 1 shows transient IR absorption spectrdnénG-H stretching region of HCN
products of the reactions of CN radicals with a NI.Golution of cyclohexane in
CHCI3;, and 1.5 M TMS in CDGI CN radicals were formed at time t = 0 ps by 266-
nm photolysis of ICN. Analogous results were albtamed for the reaction of CN
radicals with other concentrations of cyclohexand &MS, in solution in these and
other chlorinated solvents, as specified in se@ioand with neat solvent (CH{CANnd
CH.Cly). A small number of experiments were performedI@N and cyclohexane
solutions in CHCI, in which reaction was initiated by 255-nm UV phdigsociation
of ICN (with the 255-nm light generated by OPA wavgth conversion from the
800-nm fundamental). In all cases the transierdctsp were very similar in
appearance to the spectra presented in figuredLnarsignificant differences were
noted between reactions initiated by 255 and 26&Jvhpulses.
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Figure 1: Time-resolved IR spectra in theHCstretching region of HCN products of UV initiated
reactions of CN radicals with (a) 1.0 M cyclohexam€HCk; (b) 1.5 M TMS in CDJ.

The spectra show two main absorption featuresreemat 3263 and 3160 chmwhich
occur at the same wavenumbers as the bands obsereed previously reported IR
pump-probe experiment§ and can be assigned to the fundamens{l &nd hot band
(32) transitions of the €H stretch of HCN. Shoulders observed to the low
wavenumber sides of the main bands are attribuded progression in the HCN
bending vibration Z; with n>1 denoting the number of quanta of bending vibratio
excited) in combination witlhAvs=+1 C-H stretching bands. Equivalent combination
bands for GH stretch excitation with diagonal hot bands in BN stretch are
expected to arise at similar frequencies but, gliole previous gas phase studiés,
192227 and evidence from the spectra obtained in tE& Gtretching regionvide
infra), we assume little or no excitation aboxe0 of the &GN stretching mode. We
found no evidence for the population of HCN in the2 vibrational level, which
would be observed in absorption as a band centre®@60 crit. No absorption
features were observed in this region above thelipasnoise levels of the spectra,
indicating an upper limit for HCN(002) at early &s1of 10% of the total HCN yield.



For the reaction of CN radicals with cyclohexand @aMS in solution in CKHCl, and
CHCI3, both the organic reagent and the solvent mayriborm¢ to the formation of
HCN products. In transient spectra of the reactdrCN radicals with the pure
solvents taken under otherwise identical experialer@nditions, the maximum signal
intensity of the HCN formed from reaction with thelvent does not exceed 50% of
the maximum signal intensity observed in the sohgicontaining cyclohexane or
TMS. The preferential reaction of CN with the @fuéxane or TMS solute is despite
the greater concentration (by a factor of 8 or rhofethe pure chlorinated solvent.
Even with account taken for the greater number o$sjple sites for H atom
abstraction for the reactions with cyclohexane amdS, we would expect on
statistical grounds that the signal intensity floe reaction with the solvent reached
~67% of the maximum intensity for reaction in ChHl@hd ~133% for reaction with
CH.Cl,; the observations may therefore reflect stericstramts on the reactions of
the chlorinated solvents with CN radic&fsThe low solubility of ICN in cyclohexane
or TMS prevented study of the CN radical reactiaith these organic molecules in

the absence of a chlorinated solvent.

The transient spectra recorded at different timaydebetween UV photolysis and IR
probe, and plotted on a wavenumber scale, weeglfitt a set of Gaussian functions
to quantify the time dependence of the intensityhef vibrational bands. The line
centres of the Gaussian functions were fixed adgogrtb the assigned wavenumbers
of the 33, 2731, 32 and 2737 bands, as described in section 2. The Gaussian lin
widths were assumed to be the same for all featmmesa value for the width was
obtained from Gaussian fits to the late tire8Qq0 ps) spectra for which only ti3g
band is observed. With this fitting procedure,imelicitly assume that the rotational
motions of the HCN have thermalized through solfantion for all time delays. In
all cases, fitting incorporated six Gaussian fuori corresponding to tH and3?
bands and®2?3} and2"3? combination bands with=1 and 2 quanta of bending
vibration. There was no evidence for excitationh@fher numbers of quanta of the

bend**
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Figure 2: Time resolved integrated band intensitiesn C-H stretching region spectra for HCN from
(&) an ICN / 1.5 M cyclohexane / GO, solution; (b) an ICN / 1.5M cyclohexane / CHGblution.
Circles are experimental measurements, with fitmtalel 1 (solid line) and model 2 (dashed line) as
described in the text. Black is HCN(000), purple HEN(OnO), red is HCN(001), and blue is
HCN(On1).

Examples of the time-dependence of integrated aretiee Gaussian fit functions are
plotted in Figure 2. In the figure, the intenstief the bend excited combination
bands withn =1 and 2 have been summed. In all cases, thermyaxiintensity of the
2232 pand was not more than 50% of that of 268 band, which itself was less than
33% of the maximum intensity of tI8% band. Inspection of transient spectra such as
those shown in figure 1, and the resulting timeethelences of the bands potted in
figure 2 shows that th&? and2”3% bands grow in at early time whereas Bjeand
231 bands are either absent, or negative at earlystiared show subsequent growth
over a longer time scale. The temporal profileh& 273 band typically peaks from

~10-50 ps before thd8% band, indicating an initial bending excitationtb& HCN in
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addition to nascent €1 stretching motion. Th&] band becomes the sole (or
predominant) feature at the longest time delaysgdtive signals for th&} and273}
bands at early time are attributed to a populatieersion between the=0 andvs=1
vibrational levels. The time-dependence of the ffectra therefore provides firm
evidence for reaction dynamics which preferentiédiym HCN vibrationally excited
with one quantum of €H stretch motion. This vibrational motion undergoe
subsequent relaxation by the solvent bath to theational ground state on timescales
longer than 100 ps. These quantum-state specyir@ardics are common to the
reactions of CN radicals with cyclohexane and TMS3he chlorinated solvents, and

to reactions with chloroform and dichloromethane.

The kinetics of the reaction of CN with an orgarmigdride molecule and the
subsequent solvent induced relaxation of any \imatly excited HCN product were
modelled by adopting the reaction scheme below. n-&guilibrium molecular
dynamics carried out by Glowackt al®® highlighted a breakdown of linear response
theory at short times following H abstraction, aiebwed that the fits to early time
data may be improved by incorporating two differel@N relaxation timescales: (i)
fast in-cage relaxation at short times when the HENnh close proximity to the
radical co-product; and (ii) slower relaxation aivated HCN following diffusion
away from the radical co-product. These more dedaihodels, which mostly improve
the short time kinetic fits, are not at odds whk following general deductions about
the reaction dynamics and mechanism, however.hdmtechanistic scheme below,
processes (1)4) are bimolecular chemical reactions which predH€N in specific
vibrational states, and processes-(8) are state-resolved vibrational relaxation steps
involving the transfer of energy to the surroundsodyent. The notation HCMfv,vs)
specifies the number of quanta of the three vibnai modes of HCN, the =Dl
stretch ¢;), the bend\;) and the €H stretch ¥3). The number of quanta of bending
vibration is set to be either 0 nr(which takes the values of 1 and 2) and the number
of quanta of €H stretch isvs=0 or 1, consistent with the spectral assignments
described above. Excitation of, and coupling te, @&N stretch were excluded in the
model, as were other intramolecular couplings betweibrational modes which

might allow, for example, relaxation of the-g stretch into bending vibrations.
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k
CN + RH - HCN(0n1) + R (1)

CN +RH 3 HCN(001) + R (2)
CN + RH 5 HCN(0nO) + R 3)
CN + RH 3 HCN(000) + R (4)
HCN(On1) 5 HCN(001) (5)
HCN(On1) S HCN(0n0) (6)
HCN(001) -3 HCN(000) 7)
HCN(0n0) <3 HCN(000) (8)

Reactions (£)(4) and collisional relaxation steps {§3) are treated as pseudo first-
order processes because the organic reagent Rikhargblvent are in large excess
over the CN radicals and the HCN product. The tilmeendent IR absorption signals
measured experimentally depend on: (i) time-dependencentration of HCN in
specific vibrational levels; (ii) the difference population between the vibrational
levels connected by IR transitions; and (iii) thagnitudes of the IR transition dipole
moments for the spectral bands. The set of difteakaquations which describes the
kinetics of steps (%(8) can be solved analytically for the time-deperdeof the
concentration of HCN in the different vibrationadvels. Expressions for time-
dependent population differences between the wvidmat levels probed by IR
absorption were then derived and formed the bdsisrultaneous fits to the data sets
such as those shown in each panel of figure 2.

In the case of thd8% and3} vibrational bands, we simply consider the diffeeiin

the populations of the upper and lower levels eflfR transition, with the population
of the level withv,=2 set to zero because we see no evidence formlmse from this

level. The appropriate expression for the intensftyhe 273} band is less clear-cut,
however, as contributions from levels with= 1 and 2 quanta of bending vibration
are incorporated into each population expressiod, \&ae compared fits using two
models which treat the population differences défdly. Model 1 assumes that the

time-dependent evolutions of the populations of ltkeding modes are identical in
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combination with both the upper and the loweHCstretching vibrational levels, and
population differences for the upper and lower lgevef the 231 band are
incorporated accordingly. Model 2 considers theitlithat the time-dependences of
the populations of bending levels differ when agged withvs=0 and 1, in which
case population differences between the upper @ndrllevels of the”3} band are
not incorporated in expressions used for the Aitgatio of 1.76 for the magnitudes of
the transition dipole moments for tBé hot band of the €H stretch and thd} C-H
stretching fundamental was calculated by Botschifinbut, as was argued
previously** this value was allowed to float in fits. Valuesthe range 1.0 — 1.2 were
typically obtained, and are consistent with theatreé intensities of these bands
observed in IR pump and IR probe experiments. Coatimin bands of the 1
stretching mode with bending vibrational diagonat hands were assumed to have

the same transition dipole moment as the pure fmedtal C-H stretching bands.

The analytical expressions for time-dependent tidmal level populations and
population differences were used for least-squeite$o numerous data sets of time-
dependent band intensities, such as those in figute derive values for the rate
coefficients ky—ks. We previously reported use of IR-pump and IRbgro
spectroscopy to determine first-order time constént the relaxation of HCN¢=1)
and the recovery of HCM£0) in CHCE, CH,CIl, and CDC4 of 1305, 14448 and
265+20 ps, respectively,and have since determined a time constant o£@8 P& for
HCN(vs=1) relaxation in CBCl,. To constrain the fits to the current data, wedi
the rate coefficients for the relaxation of one uan of C-H stretch ks andky) to
the reciprocal of the time constant for HCN in #pgropriate solvent. In all cases the
fits to Models 1 and 2 capture the main trendfhenttme-dependence of all data, and
any minor discrepancies between the fits and tha dee likely to be a result of
simplifying assumptions in our reaction mechanigng.( omission of intramolecular
vibrational redistribution processes; restrictioh vibrational relaxation to single-

guantum steps) and the modelling of the populalifierences of the IR transitions.
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Figure 3: Rate coefficients for the reaction CN H R» HCN + R using Model 1 (left column) and
Model 2 (right column) described in the text. Thestffour rows are for the reactions of CN with
cyclohexane in: (A) CDG} (B) CHCL; (C) CD.Cl,; and (D) CHCl,. The fifth and sixth rows are for
reaction of CN radicals with TMS in: (E) CDLlnd (F) CHCIL,. The final two rows show results of
reaction of CN radicals with chlorinated solver{ts) CHCk; and (H) CHCl,. In panels (A}(E), the
solid circles are the results of fitting to solutiocontaining 1.5 M cyclohexane or TMS, as appeteyi
open circles are for 1.0 M solutions, and the opimgles in (A) are for a 0.75 M solution. In (B)
(C), and (E) the contributions from reaction witte tsolvent were subtracted prior to fitting theadat
All results presented are for reactions initiatgd266 nm UV photolysis of ICN. The dashed vertical
lines separate the rate coefficients for the binubr reactions (1-4) from those for vibrational
relaxation (5-8), as defined by the kinetic schemthe main text. The rate constakisandk; were
fixed to the measured relaxation rates of HGN{) in the appropriate solvetitas described in the
text. The data presented are averages and undiesajh s.d.) in the values derived from 2-6 regikc

data sets.



Figure 3 compares the resulting rate coefficiertsved from the two kinetic fitting
models for the reaction of CN radicals with variamcentrations of cyclohexane
and TMS in chlorinated solvents, and the reactio@M radicals with chloroform and
dichloromethane solvents. A number of trends eGandied which are common to all
reactions and chosen solvents. Firstly, the ragdficeentsk; andk; for the formation
of C-H stretch excited HCN products of bimolecular reactre consistently much
greater thark,, the rate coefficient for the formation of HCNthre vibrational ground
state. Secondly, the rate coefficients derived frdtodel 1 and Model 2 are
guantitatively similar, except that tHg for the formation of bend excited HCN
(without C-H stretch excitation) is similar in magnitudelsoandk, for Model 1, but
tends to be lower in magnitude for Model 2. Thirdlye magnitudes dd;-k, tend to
decrease as the concentration of cyclohexane or iEM&luced (although this is not
clear-cut for the data shown in figure 4A). Théeraoefficients for bimolecular
reactionk;-k, were treated as pseudo first-order, in which ¢heg should depend
linearly on the concentration of the reagent RH= k., ;[RH], wherek,,, ; is the
second-order rate coefficient for tH2reaction and RH is cyclohexane, TMS or the
chlorinated solvent. This behaviour is roughlyldaled. The vibrational relaxation
rate coefficients are independent of the conceatraif the cyclohexane or TMS, as
might be expected for removal of vibrational enelging dominated by coupling
with the solvent. The rate coefficients for CNatean with CHCE and CHCI, can be
estimated from the sums kif-k, (using average values from fits to models 1 anid 2)
be (2.50¢ 1.41)x 10° mol* dn® s* and (2.3 0.77)x 10° mol™* dnm® s? respectively.
These reaction rate coefficients are a factor 05 {42.5) times larger than reported

values for the gas-phase reactions at 298 K.

The values ok;—k,; can be interpreted to be proportional to the readiranching to
form nascent HCN(@@), HCN(001), HCN(@0) and HCN(000) products,
respectively. Within the uncertainties of theseasugements, the branching ratios are
consistent for the different reactions investigatddCN with cyclohexane, TMS,
CHCI; and CHCI, and do not depend on the choice of solvent. Reecwith the
solvent are, however, slower than those with cyekaime and TMS. Approximate
branching ratios, HCN¢): HCN(001): HCN(@0): HCN(000), for the partitioning

of energy into the vibrational states of the nasd¢@N reaction product of 0.33:
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0.33: 0.33: 0.01 are derived from Model 1, with Mb# resulting in ratios of 0.4: 0.4:
0.1: 0.1 (both distributions are normalized to domnity). Thus, the rate coefficients
derived from both Model 1 and Model 2 provide ewice that all reactions
investigated preferentially (~680%) form HCN with one quantum of-@& stretch

excitation, and we deduce that vibrational ex@tataccounts for ~30-35% of the
energy available to products. The predominant 99%) source of HCN(000) is
through vibrational relaxation of nascent, vibratily excited products by coupling

to the solvent.

3.2 Reactions of CN radicalswith RH: the C=N stretching region

Similar measurements to those described in se8tibrwere performed in which the
HCN product of reaction of CN with cyclohexane dvi§ was instead probed in the
C=N stretching region at ~2100 émFigure 4 shows a representative time-dependent
transient spectrum for the reaction of CN radiedth 1.5-M cyclohexane in solution
in chloroform, and analogous measurements werepgdormed for the reaction of
CN with 1.5 M cyclohexane in CDghnd CHCI,, the reaction of CN with 1.5 M
TMS in CDCk and CHCI,, and the reaction of CN with neat &, and CHC}
solvents. The resulting spectra were all qualigdyi similar to the transient spectra
presented in figure 4, and show three positive gatem features which grow in with
time. A weak feature is centred at 2037 grand two stronger features arise with
centres at 2065 and 2094 ¢min addition, a negative feature is observedl@62xm

! (not shown in the figure) which shows almost moetidependence, and which is
identified as a photolysis-laser induced bleacHG.*>* In experiments with UV
pumping of mixtures of ICN in CDg| for which no hydride species are present, the
absorption features centred at 2037 and 2065 @main, but the band at 2094 cm
lis lost We assign this latter feature as fjeband of HCN(000), which is consistent
with FTIR spectra of reaction samples and our e&vilR pump — IR probe
experiments! The feature at 2037 ¢his very close in wavenumber to the
fundamental vibrational band of CN in the gas pffasad we assign it to free CN
radicals or, more likely, to CN radicals that areakly complexed to the chlorinated
solvent molecule$§*? The band at 2065 chis assigned to the+C stretch of INC,

based on reported band frequencies from matrixatiesl spectrd> We saw no
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evidence for the formation of CICN, which would bepected to absorb at ~ 2215
cm™.3? Hot-bands of HCN involving the=N stretching mode, or the-€l stretch in
diagonal combinations with the fundamentaNCstretching transition, are expected
to fall under or close to the CN and INC featured eould not be distinguished. For
example, absorption via tHg 31 combination band should be evident at early times
because of nascent excitation of theH stretching mode, but this band is expected to
arise at ~2079 cthand is difficult to extract from between the néighring INC and
HCN(000) features, although there is evidence fgpactra for its presence. The
band at 2094 cthmay incorporate overlapping contributions from 3@ bending
progression, which has expected anharmonic spacihgsly ~3 cni* and could not

be resolved experimentally.
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Figure 4: Time-dependent IR spectra in tENGtretching region of HCN, for reaction of CN reals
with cyclohexane (1.5 M) in CHEI The zero of time is defined by the UV photolysfsICN to
generate CN radicals. Features centred at 2037 (& 2065 crmt (B) and 2094 ci (C) are
assigned, respectively, to CN radical complexe wlie solvent, the N-C stretch of INC, and the

fundamental €N stretching band of HCN.

The time dependence of each of the spectral featuas quantified by simultaneous
least squares fitting of Gaussian functions to peat all time steps. Within the
signal-to-noise levels of the measurements, the b@#dch feature showed no time
dependent recovery, and was not analysed furthee. Gaussian function centres

were fixed at the central frequencies of the spédiands and the widths were
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constrained to a constant value. Figure 5 showsethidting time dependences for the
CN, INC and HCN(000) features for the reaction & @ith 1.5 M cyclohexane in
CHCI;. The CN and INC bands show fast rise times (Witie constants < 30 ps)
and appear before tHg band of HCN, which exhibits an induction periodupfto 50
ps suggesting the HCN(000) arises — at least inp@ilowing vibrational relaxation.

0 I200.400I600.800I1000
Time/ ps

Figure 5: Time dependence of the spectral bandershio figure 4 and centred at (a) 2037 %ntb)
2065 cm' and (c) 2094 cih These bands are respectively assigned to CN lese®with solvent,
INC and HCN(00), all of which result from UV phoysis of ICN in a solution of 1.5 M cyclohexane
in CHCL. The experimental data are shown by circles hadihes in panels (a) and (b) are fits to the
data, as described in the text. In (c) the contidouto the HCN signal from the reaction with the
solvent has been subtracted. Simulations of ¥peaed time-dependence of HCN(000) data using
rate coefficients derived from analysis of time-elegeent band intensities in the-Ig stretching region

are shown as the solid ( model 1 — see text) asdedb(model 2) black lines.

In this regard, the behaviour of thg band is similar to that of th&, band in the

C-H stretching region. The behaviour of the uppatesof the IR transition differs

for the two features, however, with the most naatifference being the absence of

(or, at most, only weakly evident) negative goiignal in the1l} band at the earliest

times (<200 ps). We take this observation as exeééhat the HCN(100) level is not
18



substantially populated by the reaction. In theekic model described in the previous
section, we assumed that theNCstretching vibration of HCN is not excited abatge
zero-point level following H-atom abstraction by Cadical. To test this assumption
further, the rate coefficients presented in Figdrevhich result from the kinetic fits to
the G-H region data, were used to simulate the kinetide®1} band using a model
in which the HCN(100) level is unpopulated at athés. The results of such
simulations, using the rate coefficients deriveairfrkinetic models 1 and 2, are in
reasonable agreement with the experimentally olbsertime-dependent band

intensities, as shown in figure 5(c).

The data shown in figure 5 are for reaction in soiuin CHCE, but very similar
behaviour was observed in CRCIIn solution in CDJ, the relaxation time constants
for C=N and CG-H stretching excitation were measured by IR-pumg HR-probe
experiments to differ by a factor of ~two (1220 and 263 20 ps respectively
For reactive production of HCN in CDCsolution, the temporal rise ihj band
intensity from 200 ps onwards is much better medelsing a time constant= 265
ps tharmt = 122 ps, providing further evidence that the HOMNY) probed via this band
is formed by relaxation of €H (and not &N) stretch-excited products. The transient
IR spectra for the €N region of HCN are therefore consistent with tieyse of the
reaction dynamics deduced from the results forGhel region in which the €H
stretching and bending modes of HCN are exciteth thie GN stretch remaining an

unexcited spectator mode.

The CN complex and INC spectral features show fesyinitial rises followed either
by an extended period of constant absorption (GNj slow further rise (INC). The
CN data shown, and those obtained for other saiststudied, can be fitted to a
single exponential function, as shown by the shiid in figure 5(a), from which an
initial rise time constant in the range= 8- 26 ps is derived, with no particular
dependence on whether the co-reagent presentlsheyane, TMS or pure solvent,
or the choice of chlorinated solvent. INC will fioiby the recombination of | and CN
after rotation of the CN radical, which is knownlie produced with high angular
momentum at short times in solution following ICMapodissociatioi>?® This
recombination pathway has been identified previpusith in solution (by time-
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resolved UV/vis spectroscopy) and within rare gadgrites after photodissociation of
ICN at 266 nnt>3* For our data in various solvents, the INC baridrisities fit well
to a bi-exponential rise, with two distinct timenstants oft; = 11-22 ps and
T, > 500 ps, as shown in figure 5(b). The fast ahiformation of INC occurs on
similar timescales to that of the CN-complex fonmat and is attributed to geminate
recombination within the original solvent shell.elfonger timescale growth of INC
is indicative of diffusive recombination after epedrom the initial solvent cage. The
amplitude of the slow signal is typically more th@vice the amplitude of the fast
signal, irrespective of the solvent used. The tfisrefore indicate thatl/3 of the
INC is formed by recombination within the initiadlgent cage, for all the chlorinated
solvents used. Time constants for INC and CN-sdah@mplex formation and
estimated fractions of INC formation by diffusivecombination in a variety of
solutions are displayed in Table 1. The data ssigtet in-cage recombination to

form INC is marginally more significant in CH{&Jland CDCY) than in CHCl..

Solvent| Organic INC CN-solvent
reagent complex
T1/ ps T2/ ps Diffusive 1/ps
recombination
fraction
CDCl; |15M 21.0+8.3 | 524 +£213| 0.74+£0.08 8.4+6.8
c-GsH1o

CDCl; | Solvent |21.9+7.3| 661+211| 0.73+0.19 26.2+10.8

CHCl; |15M 20.2+4.5] 1095 +3590.72 +0.04 146 +£6.5

c-GeHaz

CHCl; | Solvent | 20.9+5.4| > 2000 0.62 £0.19 17.1 + 3.3

CH.Cl, | 1.5 M 11.8+5.6| 757+276| 0.80+0.03 74+2.4
c-GeHaz

CH.Cl, | 1.5 M 17.9+3.8| > 2000 >0.9 144+ 3.5
™S

CH.CI, | Solvent |18.1+4.5| > 2000 0.86 £ 0.06 145+ 3.0

Table 1: Time constants obtained from bi-exporaiatnd single exponential fits respectively
to the time-dependence of the INC and CN-solvenigex IR absorption bands. Values are
presented for UV photolysis of 0.14 M ICN solutidnsthe solvents indicated, either in the
presence or absence of the organic co-reagenttey@oe or TMS. The estimated fractions

of INC formed by diffusive recombination are algidd.

20



To investigate further the lifetimes of the CN aidC species, we used the
nanosecond experimental setup described in Se2tiorvary the time delay between
UV photodissociation and IR detection over the edé&zl range of + 200 ns. The
INC was observed to persist across this full raoggme delays. The CN feature,
however, was not observed in these experimentgestigg a lifetime of only a few
nanoseconds. In the gas phase, ICN is ~28.3 kol more stable than INC, with a
barrier to isomerisation from INC to ICN of 18 kaabl*.*® Thus, at thermodynamic
equilibrium, we expect a negligible fraction of theC isomer. However, at the
earliest times of recombination of | and CN, eith@N or INC can form, and rapid
relaxation in solution may trap the metastable isi@ner. We see no evidence for the
spectral signature of INC in FTIR spectra of stagaction samples after ~15 mins
UV irradiation, which is consistent either with thsomerisation reaching an
equilibrium distribution under these static cormh, or reactive loss of any INC
formed. As was noted earlier, the recovery of I@Nofving initial photodissociation
is not observed in our experiments, but the IRnsity of the &N stretching
fundamental vibrational band of ICN has been expenitally determined to be a
factor of 117 + 10 lower than for INE. If the population of ICN formed by
recombination of | and CN on the timescales of thiafast experiments is
comparable to that of INC, only a ~0.5% changehia tCN bleach intensity is
therefore expected. Development of pink coloratiorthe solutions after several

minutes of UV irradiation is also indicative of plaction of b from liberated | atoms.
3.3 Thereaction of CN radicalswith d;»>-cyclohexane

Transient IR spectra of DCN formed from reaction ©ON radicals withd;-
cyclohexane in solution in CHEvere obtained in both the=® (~1920 cni) and
C-D (~2600 cn1) stretching regions. We retain these conveniabels for the
vibrational modes; andvs, but note that the two stretching modes of DCNrexteas
localised in the separate bonds as is the cagd@d. The GN stretching bands of
DCN do not suffer the interferences from INC and kkihds discussed in the context
of HCN spectra because of the shift of theNCstretching mode to lower
wavenumber. The DCN spectra were accumulated twer intervals between the
UV photolysis laser and the broadband IR proberlasel — 1300 ps, and show
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considerable variation with time delay. Bands wassigned using spectroscopic data
for gas-phase DCN, shifted to lower wavenumbercttant for solvent effects. The
shifts applied in the €N and G-D regions were, respectivelyp and —27 cm and
were determined for the fundamental bands and d@pghed to all other bands in the
same spectral region. In both theNCand C-D region spectra, there is evidence for
considerable vibrational excitation of the nasgaotucts, with many similarities and
some subtle differences to what was observed fatiens producing HCN. Analysis
of the DCN data is complicated by considerable tspkacongestion and some
overlapping solvent bands. Nevertheless, time ddg@nspectra are presented here
with proposed assignments and are analysed toederigrmation on the kinetics of
formation of vibrationally excited DCN and its védtional relaxation.

3.3.a Spectra of DCN in the C=N stretching region

A sequence of broadband IR spectra of DCN formethfreaction of CN wittd;»-
cyclohexane (1.5 M) in CHglat wavenumbers around 1920 tifthe G=N region)

is shown in figure 6, and the combs above the specdicate expected band
positions. In this region, the anharmonic couplofgthe bending modes to=N
stretching modes causes progressions of vibratiootabands diagonal in the bending
mode to extend to higher wavenumber. There is denable overlap of spectral
bands, but features can plausibly be assignedetfottowing transitions132% (n=0,
with then=0 feature dominating at later time$§2731, 1227, and perhaps alsig 27,
142731 and 13273%. The interpretation is complicated by the preseoicstructure
remaining in the spectra from transient featuresed by weak solvent bands, and a
solvent spectrum is also shown in figure 6 to iathcthe locations of these solvent
absorptions. The spectra show a clear evolutiah wicreasing time delay from
features at lower wavenumber towards intermediatd aigher wavenumber,
suggesting formation of DCN with substantial vibmaal excitation, and relaxation to
lower levels, and ultimately the vibrational grousthte by loss of energy to the
solvent. The vibrational excitation appears toiball three modes at early times,
with up to 2 quanta of €D stretch, 2 — 3 quanta of bending excitation, aache

DCN(1nl1) products exhibiting simultaneous excitation oftbstretching modes.
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Figure 6: Transient IR spectra in theNCstretching region for reaction of CN radicalstwit
1.5 Mc-CgD1, in CHCL. The three panels show spectra for pump — prader Idelays in the
range 1 — 130 ps (top), 133 — 510 ps (middle) &@-51300 ps (bottom), with individual
time delays (in ps) indicated in the inset keys.heTcombs indicate possible spectral
assignments, with the ticks representing diagomagnessions in the bending vibrational
modev, which extend to higher wavenumber as the numbguahta of bend increases. The
red lines are inverted and scaled FTIR spectra @fCgD1, solution in CHCJ to show the
positions of interfering weak solvent and co-readeamds. An animated version of this figure
is provided in Supplementary Information.
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Time-dependences of selected spectral featurestaryen in figure 7, and were
obtained by fitting Gaussian functions of fixed tidocated at the expected positions
of Avi=+1 transitions originating from the vibrationavekls (000), (010), (100),
(001), and (101) to derive integrated areas of dmcid. An alternative fit included
three further Gaussian functions centred on featassigned to absorption from the
(110), (011) and (111) levels to reduce the fiidesls. There was not a significant
change in the derived time dependences of the bderdsities, but indications of

overlap of the Gaussian fit functions encouragedlaighe smaller number.

As is evident in figure 7, all the features in #pectrum except the bands assigned to
the 1} and1}2] transitions (corresponding to detection of DCN(0@0d (010)) show
fast rises and decay towards the baseline levehger time delays. That some of the
data sets do not decay fully to baseline refldutswieak signal levels and incomplete
background subtraction because of overlapping sblvands. The features assigned
to possess greater amounts of vibrational excitatbow the fastest initial rises,
whereas those corresponding to lower vibrationaklge exhibit induction periods
before the onset of growth, and in some cases weaadative intensities suggest
greater population in the upper of two levels catee by a vibrational spectral
transition. Thel} band grows in over several hundred picosecondsdegaching a
constant value, which is indicative of its formatiprimarily by vibrational relaxation
of nascent, internally excited DCN molecules. §heulder to the high wavenumber
side of this feature, assigned to absorption by [@2N) products, also does not
decay to zero intensity at long times. The appaestended lifetime of DCN(010)
may be a consequence of stepwise relaxation ohtbrally excited DCN (either
through solvent collisions or IVR) that repopulatks lowest frequency mode over
the timescale of the measurements, or our datainthyate that relaxation of the
DCN(010) level to the (000) ground state is slowtematively, the long-time
behaviour of this shoulder may result from a bageshift in the spectra because of a
broad underlying solvent feature evident in fig@rehat is not completely removed by
our baseline subtraction procedures. Bands agbigmgossess a quantum af
(C-D) excitation peak before those with no excitatiorthis mode, even if the DCN

is otherwise (e.g. €N stretch) excited.
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Figure 7: Time-dependence of regions of the spesttiown in figure 6 that are assigned to
absorptions from DCN(101), (001), (100), (010) 4060). The solid lines are fits to bi-
exponential growth and decay (top three panelQirigle exponential growth (bottom two

panels) functions, as discussed in the text.
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A fit of the time-dependent band intensities to inekc model that accounts for
reactions to form nascent DCNy®), (Onl), (In0) and (hl) levels, together with
vibrational relaxation steps, and that allows fopplation differences between levels
connected by IR absorptions, requires evaluationaoflarge number of rate
coefficients. IVR, which might couple energy fromeoDCN mode to another, may
also merit inclusion in a full model. Such fullnktic schemes rapidly become too
intractable for sensible analysis of the availatd&, and we therefore adopted a more
approximate quantification of the rates of formatand loss of DCN in individual
(viv2v3) levels. For all bar DCN(000) and (010), the bameénsities show a rise and
then a decay with time, and we fitted these t@addrd model for exponential growth
and decay, with a time offset of up to ~45 ps tooaat for the delayed onset of
growth of signals. Single exponential growth fuoies were used to parameterize the
time-dependence of the DCN(000) and (010). Theltesf these fits are shown in
figure 7 and Table 2. We note, however, that thmgpsfied fitting cannot account for
the first 30 - 40 ps of the integrated absorptiggnals, which exhibit induction
periods that can include negative going featurgsbated to population inversions.
We have discussed a more complete treatment of sadh time data elsewhef?,
and argued that vibrational relaxation dynamicdithe initial solvent cage, with
the DCN in close proximity to the-CgD1; radical co-product, leads to a breakdown
of linear response type behaviour. In this cdse,nmodel of the relaxation kinetics
needs to be modified to incorporate diffusion oluthe initial solvent cage into bulk
solution, and must incorporate distinct relaxatloghaviours in the two different

microscopic environments.

3.3.b Spectra of DCN in the C-D stretching region

The C-D stretching region also suffers from spectral astign, as figure 8 shows.
Again, combs above the spectra indicate the exgqmisitions for the fundamental
3} band, hot bands of this mode, and various comibimiiands that incorporate’a
= +1 transition in the €D stretching mode with diagonal hot bands in thedosy
and (&GN stretching modes. Definitive assignments arepusisible, because of the
overlap of spectral features, but the proposalsansistent with the assignments for

the G=N spectral region, showing up to 2 quanta of exomaof the G-D stretch, 2
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guanta of the €N stretch and extensiveg(3) bending excitation in the nascent DCN
reaction products. We note that the spectral aperand the substantial internal
excitation of the DCN, raise questions about th&gasnent by Rafteret al of a
transient IR absorption feature they observed &525 2575 crif from the CN +
CDCl; reaction to DCN excited simply with one quantunCeD stretch®
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Figure 8: Transient IR spectra in the C-D stratghiegion for reaction of CN radicals with
1.5 Mc-CgD1, in CHCL. The left hand panel shows short time pump —eiaber delays in
the range 1 — 100 ps, with the 130 — 1100 ps tietayd plotted in the right hand panel. The
combs indicate possible spectral assignments, wWlith ticks representing diagonal
progressions in the bending vibrational mode An animated version of this figure is

provided in Supplementary Information.

Figure 9 displays the time dependences of intedretensities of selected features
from the spectra in figure 8, obtained using aofit8 Gaussian functions of fixed
width centred at the expected wavenumbers of baitisAvs = +1 originating from
DCN(000), (010), (100), (110), (001), (011), (1@nd (111) levels. Alternative use
of 5 fit functions at wavenumbers correspondingramsitions from the (000), (010),
(100), (001) and (101) levels (as employed in tleNGegion analysis in the
preceding section) made little difference to obsdntime dependences, but did
increase the residuals from the fits. The feat@gsgned as vibrationally excited
DCN decay towards the baseline level after a femdned picoseconds, whereas the
fundamentaB} band grows to a maximum level on this timescald maintains this
absorption for more than 1000 ps. The shouldeth@enband assigned as tB¢3]
band also appears to maintain above-baseline almsover this timescale, much as

was observed for DCN(010) data in theNCspectral region (see section 3.3.a). As
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was noted earlier, persistence of absorption iitiefrom bend-excited DCN may be
a consequence of stepwise decay of more highlyatrdorally excited DCN down

through a ladder of other vibrational levels to thel level, or slow relaxation of

DCN(010).
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Figure 9: Time-dependence of regions of the spesttown in figure 8 that are assigned to
absorptions from DCN(000), (010), (100), (110), Xp0(011), (101) and (111). The solid

lines are fits to a bi-exponential growth and defemgction, or a single exponential growth in

the case of DCN(000).

As was the case for=Dl spectral region data, we observe the generad titest bands
assigned to DCN with greater vibrational energytenh— particularly those with a
guantum of €D stretch excitation — peak at earlier times thands originating from
lower energy vibrational levels. All the bands sh&lvert induction periods before the
onset of growth, and this period is shorter for enbighly vibrationally excited
products. Both these observations are consistéthit preferential formation of
vibrationally excited DCN from the chemical reaaticand relaxation by loss of
energy to the solvent being the main route to DAGRJGand DCN(000) molecules.
They also hint at formation of DCN formed in vibaatal levels higher than (101).
The data plotted in figure 9 and the time constamtgable 2 further indicate that

bands associated with a quantunvo{C-D stretching) excitation arise more rapidly
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and peak at earlier times than those originatimgnflDCN with a quantum o¥;
(C=N) stretching excitation. This suggests some pdjmleaof vi-excited molecules

by IVR or collisional relaxation of DCN excited ihe higher frequencys mode.

As was the case with analysis of theNCregion data (section 3.3.a), fits of intensities
of spectral features to bi-exponential growth aaday functions, with an initial time
offset, provide a crude quantification of the tisependences of the DONY,Vs3)
reaction products. The outcomes of such fits hava in figure 9 and table 2, and
time constants for rise and decay of absorptiotufea associated with the various
DCN vibrational levels are broadly consistent frime analysis of data for the two
spectral regions. In the Supplementary Informatitis are presented to a more
complicated model that may apply if, as suggestatieg, relaxation of excitation in
the bending mode is slower than, and hence careteugled from, relaxation of the
two stretching modes. This model does not, howeawenrporate possible couplings

between the; andv; modes as discussed above.

vi (C=N) v3 (C-D)
(V1VaVvs) ./ ps T/ ps ./ ps T2/ ps
(000) 147+5 - 181+ 20 -
(010) 82+8 - 73+ 19 4400t 2000
(100) 127+ 90 175+ 123 92+ 23 261+ 91
(110) - - 71+ 23 211+ 144
(001) 56+ 26 78+ 41 39+ 18 295+ 188
(011) _ - 28+ 14 454+ 297
(101) 175 104+ 29 48+ 20 112+ 93
(111) _ - 28+ 9 315+ 267

Table 2: Time constants derived from bi-exponérgrawth and decay fitst{ andt,), or
single exponential growtit{only), to the time dependences of bands showiginds 7 and
9. For thev; region data, values are averages of fits to 3 sitls with uncertainties reported
as 1 SD. For the, region data, time constants are reported fromtdtene data set and
uncertainties are the standard error from theAfitalysis of a second data confirmed the

values reported, but with greater fitting uncetiem

29



3.4 Comparison of HCN and DCN resultsfrom CN radical reactions

Although the DCN and HCN data have much in commuth clear evidence for the
nascent products being formed with significant ameuof vibrational excitation,
there are some subtle differences. Most notabky, HCN data showed no strong
evidence of €N stretching excitation, and we described tEN®ond as a spectator
to the CN + RH- HCN + R reactions. We could not observe bandgatide of
C-H stretching excitation above thig=1 level. For CN + RD~ DCN + R reactions,
however, we have presented spectroscopic evideoitefbr GGN mode excitation,
and (tentatively) up to 2 quanta in the[Cstretching mode. These observations in
part reflect the differences in the character @& $tretching vibrations of HCN and
DCN, as well as the greater energy gap betweevibrational levels in HCN. In
neither case, however, is the maximum vibratioeakel populated limited by the
available energy of the reaction. Indeed, thetiwacof the total available energy
becoming vibrational excitation of the HCN at eatilyjes is ~30 %. While DCN
does show excitation in both stretching modes, aalyeimes the €D stretching

motion is more significant.

3.5 Comparison to CN radical reactionsin the gas phase

827 ysed IR

chemiluminescence and IR diode laser absorptiootsysEopy methods respectively

Jackson and co-workéf€? and Macdonald and co-workers

to quantify the extent of vibrational excitation HICN from reactions with small
alkanes in the gas phase. Excitation of thélGtretching and bending modes can be
attributed, respectively, to an early transitioatstand a flat bending potential in its
vicinity.'**®  These previous experimental studies did not, heweinclude the
cyclohexane and TMS reaction partners studied enctirrent work, nor reactions to
form DCN. The broad conclusions from the gas-phstselies are that the HCN
products were formed with greater vibrational eattdin of the bending and-El
stretching modes than we observe for reactions alutisn. This may be a
consequence of slightly lower reaction exotherrigsifor our chosen systerffsor

may reflect a change in the energy surface govgrminemical reaction in the
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presence of a solvent. In addition, solvent foictover the course of the reaction may
remove excess energy from the internal motions®fréaction products. We reserve
the details of an extensive computational studythaf gas and condensed phase
dynamics of CN radical reactions to another pubibica in which we consider the
effects of the solvent on the reaction energy laagds, location of the transition state,
and nuclear dynamicS. The general conclusions, however, from computer
simulations of the reaction of CN radicals with lojexane in ChECl,, are that the
free energy profile for the reaction, and hence themical dynamics, are not
significantly changed by the presence of the chigd solvent*3® This deduction
relates in part to the choice of a weakly interagtsolvent as the liquid medium in
which to study the chemical reaction dynamics, bevertheless leads to the
conclusion that the dynamics are surprisingly daesp like at short times within the

relatively dense and highly collisional environmeha liquid bath.
4. Conclusions

Experimental data for the dynamics of reaction€hf radicals with cyclohexane or
TMS in solution in CHG, CH,Cl,, CDCk and CDBCl,, and CN reactions with; -
cyclohexane in CHGIlwere obtained using transient IR absorption spsctpy with
picosecond time resolution. Similar spectroscalaita were collected for reactions of
CN with the chlorinated solvents as a by-producttluése experiments. The
exothermic H(D)-atom abstraction reactions are attarized by an attractive PES
with an early (variational) transition state fooleted collisions in the gas-phase, and,
in accord with expectations from the Polanyi ruldse HCN (DCN) products are
substantially vibrationally excited in the-8 (or C-D) vibrational mode. Bending
excitation also results from the nuclear dynamigsroa PES in which extensive
deviations are possible from the minimum energyireedr NEC-H- geometry at the

transition staté?

Remarkably, many features of these dynamics pefsisteactions in the room
temperature bulk liquid solvents, despite the vehprt (sub-ps) time intervals
between solvent-solute collisions. In particufar,both CN + cyclohexane and CN +

TMS reactions, we observe a population inversiorthe nascent €H stretching
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mode of HCN at early times, with the HCN most likeb be formed with one
guantum of GH stretching excitation and 0, 1 or 2 quanta ofdoeg excitation. The
highest vibrational level observed spectroscopicalbrresponds to HCN(021).
Vibrational relaxation by coupling to modes of tavent bath is the main route to
production of ground vibrational level HCN(000) aockcurs with solvent-dependent
time constants in the range 130 — 270 ps. No fstgni differences are observed for
primary and secondary H-atom abstraction from TM8 ayclohexane respectively.
Similar behaviour is observed for DCN from reactiah CN radicals with
perdeuterated cyclohexane. Although congestiompéttsa obtained in the regions of
the G-D and &N stretching modes prevent definitive assignmenthef populated
vibrational levels and the branching into theseelgv we present evidence for
formation of DCN with both one quantum of bath(largely G=N stretching) and/s
excitation. Analysis of the time-dependence indisaa preference for formation of
the more highly vibrationally excited levels, and-[OC stretch excitation, with
subsequent relaxation by solvent coupling, is tlamoute to DCN in its vibrational

ground state.

IR spectra obtained in the= stretching region of HCN show additional transien
features that we assign to formation of CN-solh@rplexes, and to recombination
of | atoms and CN radicals (from UV photolysis 6N) to form INC. Both species

form rapidly, with time constants of < 30 ps thatrbt depend strongly on the choice

of chlorinated solvent.

The experimental data, and computational studigsrted elsewhere, indicate that the
dynamics of CN radical reactions with organic males in solution in the common

chlorinated solvents chloroform and dichloromethaa&in many of the known

features of the reactions under single collisiomditions in the gas phase. The
solvent makes only minor modifications to the feseergy surface for the reaction
and, at short times, exerts few constraints onntldear dynamics. Whether such
behaviour persists for other classes of solverd,fanother chemical reactions is the

subject of ongoing investigations.
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