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Abstract

Solvent collisions can often mask initial dispasitiof energy to the products of solution
phase chemical reactions. Here transient infraaédorption spectra, obtained with
picosecond time resolution, demonstrate that trszerd HCN products of reaction of CN
radicals with cyclohexane in chlorinated organilveots exhibit preferential excitation of one
guantum of the C-H stretching mode and up to twanta of the bending mode. On
timescales of ~100 to 300 picoseconds, the HCN ymtsd undergo relaxation to the
vibrational ground state by coupling to the solveath. Comparison with reactions of CN
radicals with alkanes in the gas phase, known ¢olygre HCN with greater C-H stretch and
bending mode excitation (up to two and ~six quaaspectively), indicates partial damping
of the nascent product vibrational motion by thévesat. The transient infrared spectra
therefore probe solvent-induced modifications te tleaction free energy surface and

chemical dynamics.



In a chemical reaction, the partitioning of enebgyween translational, rotational, vibrational
and electronic degrees of freedom of the produetsedds upon, and therefore provides
information about, the potential energy landscaper avhich bonding changes occur).(
Early insights came from Polany)( who demonstrated the importance of the locabioan
energy barrier along a reaction pathway in detengirthe fraction of the available energy
that is released as product vibrational excitatioAn expanding array of experimental
technigues, complemented by theory, is enablindystid the dynamics of reactions in ever-
increasing detail under low-pressure, gas-phasditoms in which the molecules are largely
isolated from collisions and from the perturbatiohs surrounding medium such as a solvent

(1, 3-5).

Much synthetic, environmental and biological chengisccurs in solution, however, and the
solvent will have a pronounced effect on the dymasnoif chemical reaction§-8). The very
short time intervals between collisions in the idqyphase, and the hindered motions of
molecules surrounded by a solvent cage, prevenicappn of many of the velocity and
guantum-state specific experimental methods deeeldp examine gas-phase collisiof% (
Spectroscopic methods employing ultrafast lasensbeaused to measure the timescales for
reactions in solution1(>-13), study solvent-solute complexesi(15), and examine molecular
vibrational excitation, which can persist in sabutifor tens or hundreds of picosecontl) (
For a solution-phase bimolecular reaction, obsewatf vibrational quantum state specific
energy disposalmight provide comparable mechanistic insight to tindra-red (IR)
chemiluminescencel( 2) and more recent velocity map imagir@®) 6tudies of gas-phase
reactions, and therefore unravel the influencenefdolvent on the dynamics. This prospect
was recognized by Hochstrasser and co-workéfs 11), who employed transient IR

absorption to examine the products of reaction€loatoms or CN radicals with organic



solvents. These pioneering experiments providédeece that ~20% of the DCN products of
the CN reaction with CDGlsolvent are formed with one quantum of vibratiogatitation in

the C-D stretching mode.

Here, experimental outcomes are presented forui@phase bimolecular reaction, which
demonstrate a much greater degree of product wobhedtexcitation than was reported in prior
studies of related reactiond(( 14, 15. As a consequence, vibrational mode specific
dynamics can be explored, and are shown to betaffebut not quenched, by the presence of
a solvent. The reaction of CN radicals with cyewséne (eq. 1),

CN + c-GH12 — HCN + c-GH11 1)
and its deuterated counterpart are sufficientlytlesanic that several vibrationally excited
levels of the HCN (DCN) products are energeticaligessible. Indeed, experimental studies
of the gas-phase reactions of CN with small alkashesonstrate efficient channelling of
energy into as many as 6 quanta of the bendin@aqndnta of the C-H stretching vibrational
modes of the HCN product&{-21). The three vibrational modes of HCN are wellatidmed
as a C-N stretch (¥, a bend (¥) and a C-H stretch §y (22), and are all IR active. These
reactions therefore offer scope to examine howguaidi solvent alters the chemical dynamics
by contrasting the nature and extent of vibratiaalitation of the products in solution with

the outcomes of gas-phase reactive collisions.

Transient IR spectra were obtained with picosedimeé resolution using the ULTRA laser
facility at the Rutherford Appleton Laborator3). Figure 1 shows IR absorption spectra
recorded at various time delays400 ps) following narrow-bandwidth IR excitatioh tbe
C-H or C-N stretching vibration of HCN in solution CH,Cl,. The spectra were obtained

with broadband (~500 cf) IR probe pulses, and are a necessary precursbtetohemical



reaction studies described later because theyifgemambiguously the locations of bands of
vibrationally excited molecules and their relaxatrates in solution. The features centered at
3263 and 3160 crhare assigned, respectively, to theev0 — vs=landy=1 - v3 =2
bands of HCN, hereafter denoted 3y and3? (24), and the features at 2094 and 2073'cm
are thel} and1? bands. The negative-going signals for 3jeband correspond to a bleach
in the vibrational ground state population thabrexrs through vibrational relaxation, and the
positive-going signals for th&Z band derive from a transient population gfvi that relaxes
back to the ground stat®5). Similar descriptions apply to the spectra of th and1?
bands. Fits of the time-dependence of the intedrantensities of th&% bands to bi-
exponential functions yield time constants for thkaxation of HCN(y=1) and recovery of
HCN(v=0) in CHC}, CH,Cl, and CDC} of 13045, 144+8 and 265+20 ps respectively.
Corresponding analysis of thé band gives time constants for relaxation of thhl Gtretch

in these same three solvents of 157+38, 146117 1&@#83+20 ps. All uncertainties are 1

standard deviatio(SD) from fits to 3-6 data sets.

The results of reactive experiments for CN radicadgiated by 266-nm, ~50-fs UV laser
photolysis of ICN (0.14 M) in the presence of cydgane (1.0 M) in CkCl, solvent are
shown in figure 2. The ultrafast dynamics of ICNoflysis in solution have been well
characterized previouslg6, 27. The spectra in the C-H stretching region shomngtion of
both vibrationally excited and ground state HCNducts. The majority of the signal derives
from reaction (1), with a weak contribution fromaction of CN radicals with the solvent, as
shown in the lower panels of figure 2. The maindsoccur at the same wavenumbers as
those in figure 1A, and are assigned as3thand3} transitions of HCN, but additional

features appear to the low wavenumber side of thie tmands. These shoulders are assigned



to diagonal hot bands in the HCN bending vibrat{@f, with n=1 denoting the number of
quanta of excitation of the bend) observed in comton with the C-H stretching transitions.
These2"32 and2"3} combination bands are slightly displaced from 3hend3} features

by anharmonic shifting of the C-H stretching freqcygeand are observed because the reaction
deposits energy in the HCN bending vibrational modehe3? and2%3Z bands rise in
intensity at earlier times than ti3¢ and2?3} bands, but th8} band becomes the sole
spectral feature at longer time delag$)( Reaction (1) was also studied in CRGVhich

will exhibit different couplings to the reactionthaand product motions, and similar HCN
vibrational dynamics were observe2iB). These observations are clear signatures tleat th
reaction dynamics preferentially form HCN vibratadly excited with one quantum of C-H
stretching motion and up to two quanta of bendixgitation, followed by vibrational
relaxation to the ground state by coupling to thleent bath. Weakly negative signals on the
33 band at early times are a consequence of a papulmiversion betweenswl and v=0
vibrational levels. There is no evidence for therfation of HCN in higher vibrational levels
of the C-H stretching and bending modes: the combgure 2 indicate where absorption
features involving ¥3 are expected, but these and3heband were not observed. Signal-

to-noise ratios suggest an upper limit of 10% binamginto »=3 and ¥=2 products.

The spectra for different pump-probe time delaysewgted to six Gaussian functions with
centers fixed to the central wavenumbers of2#@?, 32,2731 and3} bands if = 1 and 2),
and widths constrained to that of tigband at large time delays. For reaction (1) inCly
figure 3 displays the time-dependence of the rastlintegrated peak areas. T2jE8%
intensity data have been combined, as have thasities of the2?3} bands, and the weak

contribution from reaction with the solvent hasrbsabtracted.



The time-dependent data were fitted to a kinetidehdhat incorporated reaction to form
nascent HCN(01), HCN(001), HCN(80) and HCN(000) with respective pseudo-first order
rate coefficients29) ki, ko, ks andks. The terms in parentheses denote numbers of @ja@dnt
excitation of the modes {wv3). The model also included vibrational relaxatiorsteps of a
single quantum (with rate coefficients—kg). It has analytical solutions for the time
dependence of the concentrations of HCM¢gvto which the data were simultaneously fit.
Allowance was made for the dependence of IR absorpsignals on the population
difference between levels connected by a spectpisdmansition, and the fits incorporated
differences in the transition dipole moments forNH®ith zero and one quanta of C-H stretch
(30). The fits were further constrained by fixing tta¢e coefficients for loss of a quantum of
C-H stretch to the values derived from the IR-puamul probe experiments for HCN in
CH.CI,. Fitted values ok; throughk, are displayed in figure 3 and can be interpreted a
being proportional to the reactive branching tonfonascent HCN(@), HCN(001),
HCN(On0) and HCN(000) products. The values indicate tthatreaction preferentially forms
HCN with a quantum of C-H stretch and significaminling excitation (< 2); the main
source of population of HCN(000) is through viboathl relaxation by coupling to the solvent

over timescales ~130 to 270 ps.

Reactions of CN with alkanes release ~10000 ofrenergy, and experimental investigations
of such reactions in the gas pha%&21) demonstrated that the excess energy is effigientl
coupled into certain internal motions of the praduthere is substantial excitation of both the
HCN bending mode (up to,v6), and the C-H stretching mode<£2). Our quasi-classical
trajectory calculations for isolated reactive @ins indicate that the bending excitation of
the HCN stems from a flat bending potential in W@nity of the transition state (TSBD),

although the high rotational excitation of CN radscfrom UV photodissociation of ICNG)



may contribute. Early H-atom transfer at an ex¢eh€-H distance causes the observed
excitation in the C-H stretching mode. The conddnphase experiments observe lower
vibrational excitation of HCN than was reported feolated collisions in the gas phase,
however. We deduce that the solvent partially segges the flow of the excess energy of the
reaction into product vibration, but that, despite presence of the solvent, many features of
the dynamics on an attractive PES with an earlyidraand loose bending potential persist.
Calculations indicate that the location of the $90t significantly affected by solvation, and
the reduction in the vibrational content of the H@MNrefore derives from solvent friction in

the post-TS regior3().

Figure 4 shows transient IR spectra in the C-Ntatieg region of HCN and DCN products
from CN radical reaction with cgBli> in CH,Cl, and c-GDi, in CHCk respectively.
Spectral features are assigned to the€-N fundamental band and, at early times, bands
involving this transition in combination with hotabds in the bending and C-H (or C-D)
stretching vibrations (in accord with the aforenn@méd promotion of excitation in these
modes by the chemical dynamics). For the CN +Hld:&reaction, there is no firm evidence
of excitation of the C-N stretch in the HCN produmit analysis is complicated by features at
2065 and 2037 cthassigned respectively to ING23) and to CN (either as free radicals in
solution, or weakly complexed with solvent molesu@®4, 15). The C-N stretching region
of DCN is free from the above interferences, andadditional, weak transient feature
(labelled as F in figure 4) is seen at 1877 cm plausible assignment to thé3! or 12273}
combinations of hot bands is consistent with trectien dynamics channelling energy into
the C-D stretching and bending motions, but alsbcates some C-N stretching activity in

reactions forming DCN. This latter observation nisy a consequence of subtly different



reaction dynamics for the D-atom abstraction, orrenmixed C-D and C-N stretching

character of the normal vibrational modes of DCN.

In conclusion, transient IR absorption spectroscbpg shown that the dynamics of the
reactions of CN radicals with cyclohexane in chiated solvents have many features in
common with their gas-phase counterparts. The H@Muyzts are formed with high degrees
of vibrational excitation (on average ~30% of thaikable energy), and ground state HCN
mostly results from vibrational relaxation via cting to the solvent on a slower timescale.
The dynamics are vibrationally quantum-state specifith preferential excitation of a single
guantum of the C-H stretching mode and up to twanta in the bending mode. This degree
of vibrational excitation is, however, lower thaashbeen reported for comparable reactions in
the gas-phase, indicating partial damping of theelibping HCN vibrational motion after the
transition state. The transient IR spectra ithist a strategy to explore not only the ways in
which a solvent modifies the potential energy laage for a chemical reaction in solution,

but also constrains the chemical reaction dynamics.



Figure 1: Transient IR spectra of HCN in solutionCH,CI, (left) showing the temporal
behaviour in the C-H (A) and C-N (B) stretching icegs following IR excitation on the
fundamental absorption2%). The right-hand plots show the time-dependentdhe
integrated intensities of the hot-band spectratufes in three solvents, GEl, (black),
CHCI; (red) and CDGl(blue), with bi-exponential fits to extract timenstants; the fast and
slow decay components correspond respectively tatiomal diffusion and vibrational

relaxation.

Figure 2: Transient IR spectra, obtained in thel Gretching region, of HCN products of
UV-laser initiated CN reactions in a 1.0 M solutiohcyclohexane in C§Cl, (upper row)
and pure CHKECIl, (lower row). The combs above the spectra indicsppectroscopic
assignments as described in the text. The spacraisplayed in time intervals selected to

highlight the evolution from vibrationally excitéd ground state HCN2p).

Figure 3: The upper panel shows the time-deperdehthe integrated intensities of spectral
bands in the C-H stretching region of HCN formeahirreaction (1) in solution in G&l,:
Blue is HCN(®1) (n=1,2); red is HCN(0O01); purple is HCN{0) and black is HCN(00O0).
Solid lines show fits to the kinetic model summadan the lower panel, which also displays
values of the rate coefficients obtained for eaelp.s Error bars on individual data points are
+2 SD from the least-squares fitting to band intéesi uncertainties in rate coefficients are 1

SD from fits to 4 data sets.

Figure 4. Time-dependent IR spectra obtained en@haN stretching regions of HCN and
DCN for UV-laser initiated CN reactions with i€, in CH,Cl, and c-GD;, in CHCk.

Features A and D are thg bands in HCN and DCN. Bands B and C, centered@b 2nd



2037 cnT, are assigned, respectively, to INC and to CNcaddj which may be complexed
with the solvent. For HCN, hot bands af and combinations of thi} transition with hot
bands of the other two modes overlap band B; foNNDiiese bands are in the region
indicated as E. Band F is discussed in the téx. dips in the DCN spectrum at 1899 (at the

center of region E) and 1946 ¢rare solvent absorption induced transient sigr2f (
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Figure 2
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Figure 3
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