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Photodissociation Dynamics of Cyclohexyl Cyanide and Cyclohexyl Isocyanide at 193 fim
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Photodissociation dynamics of cyclohexyl cyanide and cyclohexyl isocyanide at 193 nm has been investigated
by measuring rotationally resolved laser-induced fluorescence spectra of CN fragments in the ground electronic
state. From the spectra, rotational and vibrational energy distributions as well as translational energy releases
in the products were obtained. A nonstatistical energy partitioning among products, the cyclohexyl and CN
radicals, was observed, but the energy partitioning was very similar for both molecules with large translational
energy releases. The dissociation takes place from the excited triplet states, which are strongly repulsive
along the reaction coordinate via curve crossing from the initially prepared singlet state.

Introduction At 193 nm, photodissociation of GEN produced CN exclu-
sively in the ground electronic state, where the measured rotation
and vibrational energies of CN were 16 and 10% of the available
energy, respectively.It was claimed that the geometry and
nearest-neighbor repulsion should affect the measured rotational

Alkyl cyanides (R-CN) are more stable than their isomers,
alkyl isocyanides (RNC) by some 20 kcal/mol, and thus
kinetics and mechanism of isomerization of isocyanides to

cyanides in the ground electronic state have been extensively A ) ) S
studied! However, studies of photodissociation dynamics of €Nergy distribution. Apart from alkyl cyanides, photodissociation

these molecules are rather sparse. The lowest energy-allowedynamics of ethylene cyanieleand isomers of allyl cyanides
electronic transition may occur in theelectron systems in the I their first UV absorption bands were recently reportetiin
CN moiety in a simple molecular orbital picture, which is in these studies, the spectra of CN fragments were mgasured using
deep UV. The excited electronic state may still be bound, but LIF and frequency-modulated diode laser absorption spectro-
dissociation would take place resulting from couplings with SCOPIC techniques. The measured energy partitioning and
some dissociative coordinates. Since the nature of the excitegdistributions were well explained for these molecules by
state and the shape of potential-energy surfaces along thestatistical theories, from which it was concluded that the
reaction coordinates govern the nature of the corresponding finaldissociation should take place in the ground electronic state after
products state, studies of the photodissociation dynamics of alntérnal conversion.
pair of these molecules by measuring the energy release in the Photodissociation of cyclohexyl cyanide and cyclohexyl
products provide an excellent chance to understand the excitedsocyanide at 193 nm produces cyclohexyl and CN radicals.
electronic potential-energy surfaces of these CN-containing Since cyclohexyl cyanide is more stable than cyclohexyl
molecules. isocyanide by approximately 20 kcal/mol, the dissociation from

Photodissociation of C)CN and CHNC was investigated  cyclohexyl isocyanide is more exoergic. However, if the
by Simons and Ashfold in the vacuum ultraviolet region using dissociation occurs in the ground electronic state following
various atomic resonance lamp$he vibration and rotational ~ isomerization, the available energy should be the same and the
energy distributions of the CN fragments were measured from energy partitioning would be similar for both molecules. In this
the emission spectra of CN in the B state. The measured energysense, it is very interesting to measure the energy releases from
partitioning was explained by statistical theories invoking energy the photodissociation of both molecules, which also provides a
and angular momentum conservation constraints. The excitedclue to understand the detailed mechanism of dissociation. In
states responsible for dissociation were identified as 3p and 3sthe case of aryl cyanides, Bersohn and co-workers studied
Rydberg states that they are linear for both molecules. For photodissociation of phenyl cyanide and phenyl isocyanide at
CH;3NC, the measured rotational population distributions of CN 193 nm1° The internal and translational energies of CN
had a distinct shape at 147 nm, where the absorption to themeasured from the LIF spectra and time-of-flight mass spec-
excited state has in part bent character. Photodissociation  trometry were almost the same for both molecules, and the
of CH3CN was also investigated near 121.6 nm (Lymarby additional energy in phenyl isocyanide was found to be
Honma and co-workers by measuring emission spectra of CN distributed in the phenyl radical. It was suggested that the
from its B state and laser-induced fluorescence (LIF) spectradissociation occurs on a localized triplet surface via curve
of H fragments® Measured translation and vibrational energy crossing from the initially prepared state.
distributions were again well explained by the statistical theories, | thjs article, photodissociation of cyclohexyl cyanide and
from which it was concluded that the dissociation should take cyciohexyl isocyanide was investigated by measuring rotation-
place in the ground electronic state after internal conversion. ally resolved LIF spectra of the CN fragments. Vibrational and

" Part of the special issue “Richard Bersohn Memorial Issue” rotational population distributions in_ CN were measured from

*To whom correspondence may be addressed. E-mail: hikim@ the spectra as well as the translational energy releases from
kangwon.ac.kr. analyses of Doppler profiles in the spectra. The detailed
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dissociation dynamics were studied from these experimental g RU “I”“I”“I ”“”l “l”‘ M I“ M ‘ M I‘ I ‘ I
measurements together with some quantum chemical ab initio —0
molecular orbital calculations. 051015 20 256 30 35 40 45

R,., [T

Experiments 0510152025 30 35
The experiments were performed in a flow cell with
conventional pumpprobe geometry. The cell was evacuated
at a pressure of 1@ Torr with a mechanical pump, and vapor
of the liquid sample at ambient temperature was slowly flowed
through the cell at a pressure of about 50 mTorr, which was
controlled by needle valves. The stated purity of 99% of liquid
cyclohexyl cyanide and cyclohexyl isocyanide were purchased
from Aldrich and used without further purification. . : : * : * : ’
The photolysis light at 193 nm was the output of an ArF 389 388 387 386 385 B4 383 382
excimer laser (LEXTRA 50, Lambda Physik), which was WAVELENGTH (nm)
unpolarized. The photolysis light beam was shaped as a circle
(~5 mm diameter and-10 mJ/cni) with baffles inside the arms
attached to the cell. The baffles also minimized the scattered
radiation into the detector. The probe light used to measure the b) Ro—o “”||””U|”||”||””||||” I || I || 11 “ |

LIF spectra of CN at 389382 nm employing the BX 051015 20 25 30 35 40 45
transition was the output of a dye laser (HD-500, Lumonics) R

pumped by the third harmonic of an Nd:YAG laser (YM-800, 11

Lumonics). The horizontally polarized dye laser output was 05101520 25 30 35

counterpropagated collinearly to the photolysis laser beam. The
power of the probe light was kept as low as possible to avoid
saturation in the spectra, which was typically abouu3(ulse
(~5 mm dia.). The LIF signal vs photolysis laser power showed
a linear dependence up to 20 mJfemhich ensured one-photon
dissociation at the typical power used.

The fluorescence signal was detected with a photomultiplier .
tube (1P28A, Hamamatsu) mounted perpendicularly to the laser 369 388 387 386 38 384 383 382
beams through cutoff filters to reduce scattered radiation of the WAVELENGTH (nm)

photolysis light. The measured signal was fed to boxcars and Figure 1. LIF spectra of CN produced from photodissociation of

processed with a signal processor. The delay bgtween the PUMRPLY cyciohexyl cyanide and (b) cyclohexyl isocyanide at 193 nm
and probe laser was typically about 100 ns and it was controlled employing the B— X electronic transition.

with a digital pulse and delay generator. The sample pressure

of 50 mTorr and the 100 ns delay time should provide a N =23+ 2 for cyclohexyl cyanide and cyclohexyl isocyanide,
collisionless condition for most molecules. The measured respectively. The average rotational energies in CN from
fluorescence spectra were corrected for variation in the pump cyclohexyl cyanide and cyclohexyl isocyanide were thus ob-
and probe laser powers and stored in a PC. tained from the normalized distributions, which were 12.5

Quantum chemical ab initio molecular orbital calculations 1 3 k3/mol and 214£2.9 kJ/mol, respectively. Since the low-
were performed to obtain the heat of formations of some frequency bending modes of the CN group against the cyclo-
compounds and to find transition-state geometries with energieshexy| group were excited by one or two quanta in room-
for isomerization and molecular elimination reactions for the temperature parent molecules (e.g., 113 and 153 éon CN
molecules studied. The calculations were carried out with the in-plane and out-of-plane wagging, respectivéfifhese ener-
Gaussian 98 program package using 6-31 G**/MP2 level and/ gjes might be added to the observed rotational energies of the
or using the B3LYP/DFT level for conveniente. CN fragments. The vibrational population ratios in CN were
also obtained from the integrated intensities of the P branch
rotational transitions corrected by the Fran&ondon factor$,

A. Internal Energies of the CN Fragments.The LIF spectra ~ Which were 0.80/0.20 and 0.82/0.18 for= 0/1 from cyclohexyl
of CN (X, v, N) produced from photodissociation of cyclohexyl ~Ccyanide and cyclohexyl isocyanide, respectively.
cyanide and cyclohexyl isocyanide employing e 23, B. Translational Energy ReleasesTo measure translational
B — X electronic transition are presented in Figure 1. In the energies of the fragments, the Doppler profiles of the individual
spectra, the P branch bandheads of th@ @nd 1-1 vibrational rotational transitions in the spectra were analyzed. The laser
transitions clearly appear and the assignments for the R-brancHine profile was first measured from the rotational line profile
rotational transitions are given on top of the spettrahe after translational relaxation by collisions. A Doppler line profile
individual transitions would result from excitations of pairs of of one of the lowN rotational transitions was measured at a
the spin doublets correspondingte= N & %/, in these spectra. 2 us pump-probe delay and 5 Torr Ar, from which the laser
The rotational population distributions were obtained from line profile was measured after deconvolution of a Gaussian
integrated intensities of the peaks corrected by appropriate lineDoppler profile of CN at 300 K assuming complete relaxation.
strength factors that are proportional to the square of the At this time delay and even higher pressures of Ar, no change
electronic transition moment, the FrareRondon factors, and  in the profile and rotational relaxation to 300 K was observed.
the Hml—London factors (Figure 22 The peaks of the The estimated full width at half maximum of the Lorentzian
distributions were observed far = 0 atN = 14 + 2 and laser line profile was 0.27 cm'.

Results
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Figure 3. Doppler profiles of theRy—o (14) rotational transitions of

CN from photodissociation of (a) cyclohexyl cyanide and (b) cyclohexyl

isocyanide. The solid lines are estimated Doppler profiles for individual

rotational transitions, and the dotted lines are the measured laser line
In Figure 3, the Doppler-broadened spectra Kb~ 14 in profiles (see text).

the R branch rotational transitions from cyclohexyl cyanide and

cyclohexyl isocyanide are presented. The rotational transitions Zﬁgﬁoﬁefrl]%g?rﬁdig g‘f dPéogllé)(;]tgxfr??;Ozhglt’]ci)giessa?c]iggor?m
from the two spin doublet states were nearly overlapped at low (kJ/r%oI) et y y y

N and almost resolved at high under the given resolution of

Figure 2. Rotational population distributions of CN measured from
Figure 1 for (a) cyclohexyl cyanide and (b) cyclohexyl isocyanide.

our laser. Since the separation of the two transitiors at 14 Bad  [ER(CN)D [ Ein (cyclohexyl)
is 0.17 cntl, the measured profile was estimated as the sum of Cyclohexyl Cyanide
the two transitions with Gaussian profiles, assuming isotropic 24.3 %)21'%; 13 R4 %3:;715 2(??3
velocity distribution for CN. Then, the Gaussian Doppler profiles ©. R(43) (67& )13 ©0.23)
were extracted by deconvolution of the measured laser line .

. . Cyclohexyl Isocyanide
profile. The average translational energy of CNvat 0 and 2105 211429 R(14) 135+ 19 54.4
N = 14 was measured from the second moment of the profiles (0.10) (0.64) (0.26)
obtained from the best fit and then the center of mass R(49) 81+7

translational energy releases in the products were calculated t0 ag_ = h,(193 nm)— D, + ¥.RT parent energy® The quantity in
be 83+ 15 kJ/mol and 135 19 kJ/mol for Cyclohexyl Cyanlde parentheses is the fraction of the available energy.
and cyclohexyl isocyanide, respectively.
that of cyclohexyl cyanide. Since the photon energy at 193 nm
Discussion is 617.8 kJ/mol, including parent internal energies at room
temperature, the available energies after dissociation are 124.3
A. Energy Partitioning. The dissociation energy of CN from  and 210.5 kJ/mol for cyclohexyl cyanide and cyclohexyl
cyclohexyl cyanide calculated from the heat of formation of isocyanide, respectively. In Table 1, the measured energy
cyclohexyl cyanide, cyclohexyl, and CN radicals obtained from partitioning in the fragments are then listed as fractions of the
literatures is 494.4 4.6 kJ/mol® Since no thermodynamic  available energies. The larger rotational energy of CN and larger
data for cyclohexyl isocyanide are available from the literature, translational energy release from the dissociation of cyclohexyl
the heat of formation of cyclohexyl isocyanide was calculated isocyanide than those of cyclohexyl cyanide may simply result
from ab initio calculations. For comparison, the dissociation from the larger available energy for the cyclohexyl isocyanide
energy of CN from cyclohexyl cyanide, which is 495.4 kd/mol, dissociation, but the fractions are remarkably similar, which
was also obtained by the same ab initio calculations. The would imply similar dissociation mechanisms for both mol-
calculated dissociation energy of CN from cyclohexyl isocyanide ecules. It is also noted that the unusually large translational
is 409.2 kJ/mol, and the accuracy is expected to be similar to energy releases from the dissociation of such large molecules
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would be the result of dissociation along strongly repulsive
potential energy surfaces.

B. Electronic Transitions. The UV absorption spectra of
cyclohexyl cyanide and cyclohexyl isocyanide both show
continuously increasing absorption starting from around 210 nm.
According to quantum chemical calculations, the HOMOs are
men for CH3CN and a lone-pair orbital on C for GNC,
respectivelyt’ In both cases, the LUMO is* and the lowest-
energy electronic transition excites the molecules totthstate
where the equilibrium geometry is bent. In the spectra of
CH3CN, the first absorption band is assigned as the> 3s
Rydberg transition superimposed by the braa¢ 7* transition

Barrier = 170.5 kJ/mol
(o, =-4916795cmr1)

Barrier = 386.0 kJ/mol
(@, =-1363.1646 e )

with smaller transition probability. However, in GNC, the roc=2518A
first absorption band is assigned as the strongestrt that is ZCCN=146.1°
overlapped with the n— 3s Rydberg and ther — x* "s-'
transitions? Assuming the similar absorption spectra for cyclo- rc=1.935A

hexyl cyanide and cyclohexyl isocyanide to €HN and ZHCN=175.8°

CH3NC, an electronic transition at 193 nm would lead the Figure 4. Optimized geometries of the transition states for isomer-
molecules to the mixture ofa(z*) and (v,3s) states for ization between cyclohexyl isocyanide and cyclohexyl cyanide and
cyclohexyl cyanide and the mixture of mainly#ff) and (n,3s) molecular elimination reaction of HCN from cyclohexyl cyanide. The
states for cyclohexyl isocyanide, respectively, from which the local maxima are identified from analyses of vibrational modes with

dissociation takes place. The measured energy distribution mayOne imaginary frequency.

reveal the con_tnbut|on of each transition but ur_lfqrtun_ately, the_ and CHNC by VUV excitation produced CN from a long-lived
present experimental measurements cannot distinguish them in . o LD
either case. intermediate state, and hence stat|_st|ca_l energy partitioning was
; o ) i . o observed, but the excess energy in this case is much higher
C. Dissociation Mechanism To figure out the dissociation  gnq the molecules are much smaller. One might argue that, in
mechanism, consideration of spin correlation arguments is yhe ground state, isomerization from cyclohexyl isocyanide to
helpful. The dissociation products are cyclohexyl and CN mqre stable cyclohexyl cyanide or molecular elimination of
radicals both in the spin-doublet ground electronic state. HcN or HNC should occur. Finding transition states and barriers
Although the threshold for producing CN in the A state from  fo the jsomerization and molecular elimination was attempted
CHyCN was reported as 188.4 rifnan attempt to detect CN through similar ab initio calculations (Figure 4). With the
by emission from the A state for the present study was failed, ¢5jcyjated geometries and energies of the transition states, the
which ensures the CN radicals produced from cyclohexyl RrRkM rate was calculated to be 1.9 1¢° s! for the
cyanide and cyclohexyl isocyanide at 193 nm are exclusively jsomerization, but it still takes a long time for the dissociation
in the X state and there is not enough energy for producing of CN from cyclohexyl cyanide. Although the absolute quantum
electronically excited cyclohexyl radicals at this wavelength. yie|ds were not measured in the present experiments, all these
Since each of the product radicals has two possible spin statespgssiple pathways would be the cause of reducing the quantum
there are only four possible spin states that correlate to the pairyje|ds for the CN production channel.
of ground-state product radicals. One of them must be the " The glectronic excitation at 193 nm in cyclohexyl cyanide
ground singlet state, and the other three must be the three exciteq, g cyclohexyl isocyanide prepares these molecules in the
triplet states of the parent molecule, because the excited singletycited singlet state, and the dissociation of CN takes place from
state must correlate to either one of the product radicals beingine triplet states via curve crossing, which is strongly repulsive
in the electronically excited state. Therefore, the dissociation along the dissociation coordinates. The crossing rate should be
at 1_93 nm must take place either from the ground state or the f5¢¢ judging from nonstatistical energy partitioning in the
excited triplet states for both molecules. products, and the repulsive nature of the potential surfaces results
In the case of ground-state dissociation, the dissociation in large translational energy releases experimentally measured
occurs in the vibrationally hot ground electronic state following for these molecules. The lifetime of molecules in the dissociative
internal conversion from the initially excited state. In the hot state could be measured from angular distribution of the
ground state, fast intramolecular vibrational energy relaxation products, which can be measured from translational anisotropies.
should take place, resulting in statistical energy partitioning But, unfortunately, the resolution of our probe laser was not
among all degrees of freedom of the products. However, the high enough to resolve the Doppler profiles of the individual
measured average internal energy in CN is almost half of that rotational transitions in the present study. One thing to be noticed
in the much larger cyclohexyl radicals, which implies nonstatis- is the distinct shape of the rotational population distribution of
tical energy partitioning among products. Another argument that CN from cyclohexyl isocyanide, which is not Boltzmann-like
is against the ground-state dissociation is the dissociation rate.(Figures 1 and 2). Similar rotational distributions were observed
With 51 vibrational degrees of freedom in these molecules, the for CN in the photodissociation of CICN and BrCN excited in
Rice-RamspergerKasset-Marcus (RRKM) calculation with  the first UV absorption ban#:20In this case, prompt dissocia-
497 kJ/mol bond energy and with only 124 kJ/mol excess energy tion occurs from the repulsive state and the distribution was
shows that it should take over seconds or a minute for the explained by application of the rotational reflection principle,
necessary energy to be accumulated in one bond to be brokenfrom which the shape of bending potential energy surfaces could
During this time, the vibrationally hot molecules should be be examined. Quantum mechanical reactive scattering calcula-
thermally deactivated by collisions with walls or other molecules tions were also attempted for the®, photodissociation, and
producing no detectable CN for the present experimental time the similar rotational distribution was predicted in the case of
scale. In fact, it was reported that photodissociation ofCIH prompt dissociation from the repulsive surfaéém the present
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case of cyclohexyl isocyanide photodissociation, the observed

non-Boltzmann rotational distribution may result from the
dominant mr* character of the initially excited state, where the
molecular geometry (EN—C) is bent. However, further studies
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