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The CH stretching spectra of cyclopentene at 25 K in a molecular beam and at room temperature in a gas cell
are measured and compared. These spectra are modeled with an Hamiltonian written in curvilinear coordinates
and taking into account, in the adiabatic approximation, the coupling of the CH stretching vibrations with the
puckering motion and the angle deformations by Fermi resonance. The curves of the vibrational energy
calculated as a function of the puckering coordinate exhibit several crossings. From these crossing points, the
vibrational energy can follow different ways. The probability of following one or the other way is discussed
and determined from the fit of the two spectra. The presence of some stretching vibrations with an unexpected
asymmetrical variation is experimentally evidenced. A correct reproduction of the experimental spectra is
obtained.

I. Introduction

The dynamics of molecular vibrations in flexible molecules
have been of interest for some time because of their importance
in bond-selective photochemistry. Indeed, recently, Diau and
collaboratorshave shown that the ring-puckering motion plays X
an important role in the Sa-cleavage dynamics of cyclo-
butanone. Cyclopentene constitutes a prototype of non rigid
molecules interconverting via a puckering motion between two
equivalent non planar ring structures. A great number of
experimental investigatiofis'® has evidenced that the puckering
potential has a double minimum with a barrier to planarity of
some 230 cm! and that the equilibrium angle between the two Figure 1. Definition of the ring-puckering coordinaté (in A).
dihedral planes of the puckering ring is situated in the range of ) )
22° to 26°. Some mathematick 17 analyses have modeled the parameters to the calculation of the CH stretching s_pectrfa of
potential function by a polynomial forfd(X) = V, X2 +V, X4 the fully hy_drogenated cyclopentene appears as a logic achieve-
X being the puckering coordinate (Figure 1). Theoretical Ment of this work. . . .
studied819 reported that a part of the puckering barrier comes This paper presents a study of the first e_XC|ted CH stretching
from the vibrational zero point energy. spectra of cyclopentene recorded at Iow_(Jet coole_d molecular

The coupling between the ring-puckering motion and the beam) and at room temperature. The discrepancies ob;erved
higher energy vibrations has been pointed out in numerous P&tween both spectra are analyzed through the previously
studies820%4 The CH stretching has received particular d€veloped model and tentatively interpreted.

attention with the measurement of the CH stretching overtone 1€ Structure of the paper will be as follows: After the
spectra of the fully hydrogenated cyclopenf®#éand through presentation of the experimental procedure.for the .mplecqlar
the studies of different selectively deuterated compo@Adé. beam spectrum measurements, the theoretical basis is briefly
These latter studies have shown that the overtone spectra cafi¢c@lled. In the last part, the experimental spectra are compared
be correctly reproduced by treating the coupling between the 2Nd discussed.

ring-puckering motion and the other vibrations in the adiabatic
approximation and considering the rapid intramolecular vibra-
tional redistribution (IVR) between the CH stretching and the  Cyclopentene was purchased at Aldrich and dried with sodium
angle deformation vibrations through Fermi resonance couplings.filaments, degassed by the freeze-pump thaw method and
A model Hamiltonian has been written in internal curvilinear transferred under vacuum into a 10 cm path cell. The room-
coordinates. The same set of effective potential parameters catemperature spectrum was then recorded in conditions of
thus be used for different isotopic derivatives. Part of the used thermodynamic equilibrium by standard absorption spectroscopy
parameters are ab initio calculated, the others are determinecdbn a BioRad FTS-60A spectrometer (resolution 0.5-&m
from the fit of the overtone spectra of several selectively between 1200 and 3500 cf The vapor pressure was about
deuterated compounds. Applying this set of effective potential 30 Torrs at 296 K.

II. Experimental Section
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The jet spectra of cyclopentene have been recorded usingin the vibrational ground state and,mIin the first CH
the molecular beam-FTIR spectrometer device of Paris VI, stretching excited state. The intensity of these transitions are
already described in detail in a previous pageBriefly, CsHs given by
is seeded in argon at about 10% by sweeping the rare gas over
the organic compound cooled at 250 K. Combining the cooling "1 mE3-|0,n0= VlmOnP(fﬂm()QmW()m15100n(x)dx)2 2)
of a stainless steel double-wall hose cylinder containing liquid '
nitrogen and the heating of an electric resistance, both fitted to \yhere 14,4, is the wavenumber of the transition:EY —

an injector, the gas mixture is pre-cooled at about 240 K
upstream from the nozzle in order to achieve lower rotational
and vibrational temperatures. It is finally expanded through a
circular hole of 1 mm diameter and of 2 mm length and
evacuated by a 18 frh~! Varian four stage diffusion pump
backed by a 400 #h~! Roots pump (Edwards EH 500) and a
Leybold D60 (60 rf-h~2) rotary vane pump. In these conditions,
the background pressure is typically equal tox 5.0~ Torrs

with a stagnation pressure of 41 Torrs. The supersonic expansio

is finally probed by the IR beam of a Bruker IFS 120 HR

interferometer which crosses the molecular beam 16 times before
being focused on a InSb detector equipped with a cooled band-

pass filter centered around the CH stretching region (2900)cm

and mounted inside the expansion chamber. A typical spectrum
is the Fourier transform of 700 co added interferograms recorded

at 0.1 cn1? resolution.

Ill. Theoretical Approach

The CH stretching vibrations of cyclopentene are perturbed
by two main types of coupling: the coupling with the puckering

motion and the vibrational couplings between one CH stretching hc

mode and the other vibrations. Previous wétk&" have shown
that the most important and rapid vibrational couplings are the
couplings with the other CH stretching modes and with the

deformation modes of the angles adjacent to the considered CH

bond.

Because of the difference in the time scale of the ring-
puckering motion and of the other vibrations, the total Hamil-
tonian describing the two sorts of motions can be solved with

two equations: one describing the vibrations at each molecular
position during the ring-puckering motion and the other giving .
the ring-puckering states. In the second equation, the ring-

puckering potential becomes an effective potertiathich is

the sum of the ground-state ring-puckering potential and of the

vibrational energy variation during the motion.
The Schidinger equation of the ring-puckering motion of
fully hydrogenated cyclopentene is as follows

00000 +V200p,00 = Ep00 (@)

whereX is the ring-puckering coordinate, (Figure gfX) the
inverse of the reduced mass of the motig(X) is calculated

by using the basis bisector model of Malltyand fitted by a
polynomial form of order 8Vet is the effective potential. In
the vibrational ground state, it is the sum of the electronic ring-
puckering potential and of the zero point vibrational energy. It
has been evaluated with a polynomial form of order 4 by fitting
the far-infrared and Raman ring-puckering transitiéfhié/hen

the CH bond stretching vibrations are excited, the effective
potentialvéﬁ(x) is increased by some amount corresponding to
the vibrational energy variation during the ring-puckering
motion. The resolution of the Schtimger equation, diagonalized
on a basis of 80 harmonic oscillators, gives the eneEfgynd

the wave functionz/;ﬁ(X) corresponding to the ring-puckering
motion statg1, nC] The CH stretching spectrum is the sum of
all the transitions between the ring-puckering motion stit@§]

Eﬂ/hc), P the Boltzmann factory(X) the molecular dipole
moment, and[0| and |10 the vibrational wave functions
corresponding to the ground and excited vibrational states.
The vibrational energy variation which enters into the
effective potentiar\/gff(x) is obtained by the resolution of the
vibrational Schtdinger equation for different values of the ring-
puckering coordinate X between0.3 and 0.3 A by step of
0.01 A. The vibrational Hamiltonian is analogous to that

THetermined for the selectively deuterated cyclopentéiieis

written in curvilinear internal coordinates in order to use the
same set of effective vibrational potential parameters for all the
isotopic molecules.

Because of the large number of vibrational combination states
in a molecule like cyclopentene, even/at = 1, one has to
limit the number of degrees of freedom. As a consequence, we
only consider those of the three methylene groups. The six
methylenic CH bonds are modeled by Morse oscillators
HO

o 132

5 G Py P+ DOOIL — T +

b3

In this expression, the variables are the CH bond displacement
coordinates of th&" methylene groupgP the element of the G
Wilson kinetic matrix, and the effective coupling potentials
between the CH bondB; (X) anda; (X) are the Morse potential
parameters and are related to the harmonic wavenuaéx)
and anharmonicity;(X). Their values have been determined

1
_g? r

1
e Pr, P, T Efr" rjl,(x)rilrjl’} 3)

in ref 24 for the methylene groups 3 and 5 (relative to the carbon
3 and 5) and in ref 23 for the methylene group 4 (relative to
the carbon 4).

The combination states likely to perturb the CH bond
stretching modes by Fermi resonance involve essentially the
bending modes af\v = 1 and the HCC deformation modes
from Av = 3 to 6. The anharmonic potentials governing the
energy exchange between one CH bond stretching and the
deformation modes have been determined in ref 24 for the
methylene group 3 or 5 (Figure 1). These potentials parameters
are not completely independent from each other. Thus, as the
whole set of parameters must be transferred from one molecule
to another, all of the angle deformation modes have to be
introduced in our model even if effectively only the bending
modes combinations enter into resonance with the CH stretching
modes atAv = 1.

The zero order vibrational Hamiltonian contains terms
describing these fifteen angle deformations as anharmonic
oscillators

HC 3

e

5
1
JZ{E(gﬁn 0, 0P P, T Fo, (0010 +

oo, 0908 + fo o (X)a:.‘)} (4)

whereq,; are the valence angle displacement coordinates of the
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I'" methylene group. The G Wilson matrix depends only on the TABLE 1: Components of the First Dipole Moment
geometry of the molecule. Its elements, corresponding to Derivatives (debyek{A) as C_r’z_llCUlaifedl from the Atomic Polar
couplings of angles of different methylene groups, may depend 1 €nSOr Given by the ab Initio Calculations

on X. Inside each methylene group, all the angles have been C-H bond qu/or uYlor uor
kept equal to their tetrahedral values. a. CaHo axial —0.03805 0.16308 0.21315
The Fermi resonance interactions of the CH bond stretching o CsHgequatorial ~ —0.0552 0.22791  —0.12713
modes with the angle deformation combination modes are @ Csin plane —0.04334 0.20168 +0.18219
described by the higher order terms of the Hamiltonian. As in %‘:10 axial | _8'%28?28 8' _062%3?1
ref 24, only the anharmonic couplings with an important kinetic p in4p|gr?guator'a :0218125 0. 4015137
part, that is to say the couplings between one CH bond stretching o c.H;saxial —0.03805 ~0.16308 0.21315
mode and the deformation modes of the angles attached to the o CsH;.equatorial ~ —0.0552 —0.22791 —0.12713
same carbon atom, are considered. Thus, for each methylene o Csin plane —0.04334 —0.20168  +0.18219

group, the Hamiltonian higher order terms that are retained in

the present model are exactly analogous to those of ref 24 squares method to a sixth-order polynomial form and added to

VEi(X)
0

1 0
SR ] i S ) e VER) = hew () + V(0 ®)
hc 2;;; o, ei|paj. oy epr"pa“ i

The transitions between the puckering levels of the different

13 2 5[5 Eiggjlak| Bg?"ajl effective potentials\/gﬁ(X) and Vég(X)are then calculated as
—ZZZ Z PoPoli + |——| Pr. Py 0 [ + described previously and added to form the spectrum. As already
2654|&)\ oy [0 " dogg [ " pointed out, the transition intensities depend on the transition
13 255 dipole moment0|x(X)|10 The dipole moment function can be
_ZZZZ{fr, wa ()Or”ajlakl} (5) developed as a Taylor series expansion in the internal stretching
264445 " displacement coordinates around the equilibrium geometry
wherel represents the indices on the three methylene groups, 3 2 9u(X)
labels the two CH bonds of each group, arhdk are the five a(X) = ZZ o ri 9)
=1i= il

angles of each group. The angles are labeled as in ref 24:
1 for the bending modesy, and o3 are the HCC angle
deformations adjacent to the first bongd and oy and as are
the HCC angle deformations adjacent$oThe relevant terms
in the second-order expansion give

The first dipole moment derivatives can be determined from
the ab initio computed atomic polar tenséf48 Their compo-
nent values are given in Table 1. The transition intensities
betweenV2,(X) and VA(X) are then given by

2.0
Hi—r 1 3 25 d gu'ﬂ'\ |n 1 kE-|0K =
e D) e KL L BT 70 :
B i e Vlk,ok'PZZ(fwzk(x)B’aTril’:I-Eiln(x)l/}Ok'(x)dx) (10)
At the first excited vibrational level, they only give very weak ! !
corrections to the Fermi resonance forces. wherecih (X) are the eigenvector components of the vibrational

The effective Hamiltonian is expanded on a basis set whose normal mode of wavenumbes,(X) corresponding to the six
functions are products of Morse oscillator functions for CH bond CH stretching Morse oscillators. The effect of the rotation of
stretches and harmonic oscillator wave functions for deformation the entire molecule is taken into account by convoluting each
modes. In theAv = 1 polyad, there are 126 possibilities of transition by the theoretical asymmetrical top vibratiootation
combination states involving the 6 CH bond stretchings and profile corresponding to each component of the dipole moment

the 15 angle deformations. variation along the molecular principal axes determined by ab
Thus, the zero order Hamiltonian (egs 3 and 4) gives the initio calculations. The transitions involving, u, or u, dipole
unperturbed energy for the stdté = |vy,, vy, vwDwhered, = moment components have respectively A, B, or C type band
ay andwy = oj+1, (I = 1to 3;i = 1,2;j = 1 to 4) shapes. The B type has a PR profile with no Q branch. The A
and C type have a PQR profile characterized by a more intense
E(X,v) = Q branch and wider PR wings for the C type one. The
2 1 1\2 vibration—rotation profiles have been calculated at different
Z(Won(x)(?/r“ +‘) _Xn(x)(?/r" +—) ) temperatures (25 K and 296 K) by A PerffiWhen the
=

1 1\2 cyclopentene molecule is in a flat conformation, it ha€a
= - symmetry and the symmetry of the normal modesisBy, or

; + wb|(x)(”6| + 2) Xbl(x)(vél + 2) (7) B depending on the direction of the dipole moment variations

4 1 1\2 (ux, pz, or uy). But when the molecule is in the bent configu-
+ Z(wwk(x)(ywkl + —) - %WH(X)(UV\,kl + —) ) ration, its symmetry is only Cand the normal modes involve

k= 2 2 eitheruy dipole moment component (Asymmetry) oruyx and
Uz dipole moment components (Aymmetry).
The diagonalization of the vibrational Hamiltonian matrix gives ~ The low temperature spectrum exhibits essentially the sharp
the vibrational energy variations dag(X) and the corresponding  Q branches of the C type band shape induced by dilag
eigenvectors elementsi(X) for every X value between-0.3 component of the dipole moment variations. Indeed iingX)
and 0.3 A with a step of 0.01 A. The adiabatic vibrational energy component is generally too weak for its Q branch to be observed.
variations hen(X) of each normal mode are fitted by a least- The intensity of the transitiongl k5|0 k'[Jdepends on the
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Figure 2. Left: ground-state effective potential of the ring-puckering. In the case of a symmetric vibrationnal energy variation, the effective
excited potential is very similar. Right: In case a, is displayed the low temperature theoretical spectrum corresponding ta8X)elrecase
b, is displayed the low temperature theoretical spectrum corresponding to an(¥§ldThe transitiong1,0#-|0,10and|1,1%-|0,0C0are indicated.

integration term in eq 10. It has a non zero value only if the 1 T . T T _

product of all its terms is an even function Xf g 2
Thus, for a normal mode of '‘Asymmetry in the bent £ .| 1008

conformation (with a AC type band shape) associated to a dipole 2 3

momentouAX) = > cin(X) duAX)/ory which is an even E £

function of X, the intensity of the transitiond k&E—|0 k' Owill § oor foo0s 8

have a non zero value only if the product of the wave functions f

Yok(X) and y1(X) is also an even function oX. This is the g 04

case wherk = k'. At low temperature, such a normal mode &

gives rise to a spectrum exhibiting only one C type band shape § 02k ez g

which corresponds to the two transitiorj4,0|0,0&&nd § ‘ E:

|1,1#-]0,10] Indeed, owing to the small difference between the
two effective ring-puckering potentials in the ground and in the 0 1o

first excited vibrational states, these two transitions have

approximately the same wavenumbayef_, ~ AE; ;) (Fig- 0.2 : ' : -
ure 2a). On the contrary, if the normal mode hasa(X) 2680 2870 2800 2650 2840 2630
component which is an odd function ¥ the product of the wavenumber (cm'!)

wave functionsjo(X) andy(X) must be also an odd function  figure 3. Detail of the experimental infrared spectra corresponding
of X to give rise to transitions with a nonzero intensity, and to the lowest energy normal mode. Top: gas-phase room-temperature
thus,k’ must be equal t& + 1. At low temperature, this mode  spectrum obtained with a pressure of 30 Torr. Bottom: low-temperature
appears in the spectrum as formed by two sharp Q brancheget cooled spectrum.

due to the transitiongl,0#-|0,10and|1,14-]0,00separated by

the sum of the two lowest ring-puckering energy difference  The Figures 2b and 3 give an illustration of such a spectrum
(AEg,l + AEé,l). pattern. In Figure 3, which represents a detail of the experimental
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Figure 4. Experimental (A) and theoretical (B) infrared spectra of the CH stretching of cyclopentelgeTop (A): gas-phase room-temperature
spectrum obtained with a pressure of 30 Torr. Bottom (A): low-temperature jet cooled spectrum. Top (B): the spectrum is calculated with a
temperature of 296 K and a probability of 75% for the crossing. Bottom (B): the spectrum is calculated with a temperature of 25 K and equal
probabilities for crossing or no crossing.

spectrum corresponding to the lowest energy normal mode, one The room-temperature spectrum exhibits some extra hot bands
can notice that, at room temperature, other transitions have nonaround 2965 cm! and 2915 cm®. For symmetrical ring-
zero intensities: thél,34-|0,20and |1,24-|0,3Jtransitions puckering potentials, the most intense hot bands can be due
situated at approximately 25 cthapart from the wavenumber  either to the|1,25—|0,30or |1,33-|0,2transitions (in the case

Wn. of an odd function foduX)) which are situated approximately
at 25 cnt! apart from the main1,03-|0,10transition (for
IV. Discussion example the small peaks at 2878 and 2842 *in Figure 3)

or to the|1 k[#-|0kkransitions (in the case of an even function
of duA(X)) which are situated in the vicinity of the fundamental
transition. The observed extra hot bands around 2965 and 2915

An overview of the room-temperature and low-temperature
spectra of the methylenic CH bond stretching is shown in Figure
4. The cyclopentene molecule possesses six methylenic CH_~ 7 .
bonds. The CH bond stretching modes are likely to enter into cm ca_nnot co_rr_es_pond to su¢hk-|0 kCIransitions as they
resonance with the six overtone and combination modes of the@'€ NOt in the vicinity of the low-temperature bands nor to the

three CH bending modes. As a consequence, one would expect!12710,3J0r |1,35-/0,2transitions as they have complex
12 normal modes in that spectral region, four with B type features. These hot bands pattern presents similar characters to

structure and, thus, with no Q branch and eight with AC type the central features observed in the CH stretching spectrum of
structure. In the low temperature experimental spectrum, onethe monohydrogenated cyclopentéhenhich are due to transi-
can observe mainly five regions with sharp Q branches. Only tions issued from excited ring-puckering levels lying above the
one, around 2860 cm, also observed in the room-temperature barrier. They are the signature of asymmetry of the effective
spectrum, has the expected pattern of a normal mode-c€ A  potentials. Because of the cyclopentene symmetry, the effective
symmetry and oddu,(X). The other spectral regions are more puckering potential is symmetric in the ground vibrational state
complex and some differences can be observed between theand can only takes asymmetrical character in the excited
two spectral features. vibrational state from the additional vibrational energy variation



9456 J. Phys. Chem. A, Vol. 106, No. 41, 2002 Lespade et al.

TABLE 2: Effective Parameters Used in the Modeling of the Spectra (X is in A)

local parameters for the CH(CD) bond stretching modas ()
wo(X) = 3038.6+ 273X + 109X? — 4732X° — 338K* + 4369X5 + 1111508
wo(X) = 3073.5+ 135X — 338X% — 2208<® + 21000x*
2 (X) = 64.6— 2.5X — 34.5X% — 44.5¢ + 12504
% (X) = 62.6— 5.5X — 69.5¢% — 89.0x® + 2500K*

for thea-CH stretchesl€1,3)
for the 5-CH stretcheslE2)
for thea-CH stretchesl€1,3)
for the 5-CH stretcheslE2)

CH stretching-CH stretching interactionfg; (in mdyn/A)

0.05+ 2.08x? 0.004+ 0.1125¢  0.0205— 0.054X  —0.0054— 0.0167X  —0.008+ 0.903«?
— 0.0347%%? -+ 0.0104¢? +0.111x?
0.05+ 2.08x? 0.0205+ 0.054X  0.004— 0.1125¢  —0.008+ 0.9034? —0.0054+ 0.016 7 + 0.111%?
+0.0104¢? — 0.0347%?
0.004+ 0.112X 0.0205+ 0.054X 0.059+ 0.5555¢>  0.004+ 0.1125€ 0.0205+ 0.054X + 0.0104%?
— 0.0347%%? -+ 0.0104? — 0.0347%%?
0.0205— 0.054X 0.004— 0.112X 0.059+ 0.5555¢? 0.0205— 0.054X 0.004— 0.1125¢ — 0.034%?
+0.0104¢? — 0.0347%? + 0.0104
—0.0054— 0.0167%X  —0.008+ 0.903«? 0.004+ 0.112X  0.0205— 0.054X 0.05+ 2.08X?
+0.111x? — 0.0347%K? -+ 0.0104?
—0.008+ 0.903«? —0.0054+ 0.016%X 0.0205+ 0.054X  0.004— 0.1125K  0.05+ 2.08X?
+0.111x? +0.0104¢? — 0.0347%?
CH stretching-CH stretching interactionf; (in mdyn/A) in the equilibrium conformation (the ab initio constants are indicated in parentheses)
0.08 0.017 0.0141 —0.0058 0.005
0.08(0.079) 0.027 —0.01 0.005 —0.001
0.017(—0.009) 0.027(0.026) 0.067 0.017 0.027
0.0141(0.022) —0.01(0.003) 0.067(0.063) 0.0141 —0.01
—0.0058(0.001) 0.005(0.002) 0.017 0.0141 0.08
0.005(0.002) —0.001(0.004) 0.027 —0.01 0.08

parameters for the bends am™* (6 labels the HCH or HCD deformation and the HCC bends+ 1,4; see Figure 2 of ref 24):
ws(X) = 1290-30X? for theo-HCH bend (F1,3)

xol(X) = 4
ws(X) = 1308.5— 300X + 4000¢* for the S-HCH bend (=2)
Lol (X) = 2

frs101(X) = —0.28+ 0.17 X+ 5.55X (in mdyn)
fro01(X) = —1.65 (in mdyn/A)
fr5101(X) = — 0.03-0.18X+ 3.50) (in mdyn)

for thea-HCH bend (£1,3)

for the-HCH bend (£2)

fra101(X) = —1.65 (in mdyn/A)

wwi)(X) = 1123+ 82X — 150%? — 1000X3 + 4000x* i=1,2

wwi(X) = 1123-52X — 150%X? — 1000%® + 4000x* i=34 for thea-HCC deformation
2wil(X) =8 1=1,3

wwi(X) = 1110+ 52X — 150%? 4 4000x* =12

wwi(X) = 1110-52X — 150%? + 4000x* i=34 for the-HCC deformation
Fuit(X) =8 1=2

For a-HCC deformation moded=<1,3):

frowwn = frawaw, = —0.545-0.21X frwaws = frowguy = —0.545+ 0.21X (in mdyn)
rawaws = Trowgu, = —0.82X froww, = frowaw, = + 0.82X (in mdyn)
fryom, = Friow, = 0.385+ 0.3X fryows = Troowy = 0.385-0.3X (in mdyn)
frows = friow, = —0.15-0.4X fpow, = Trpow, = —0.15+ 0.4X (in mdyn)
fraw, = —0.82-0.45X frowaw = —0.82+ 0.45X (in mdyn)
rwaws = frowon, = 0 rwgws = Trowa, = 0 (in mdyn)
fr1r1w1w1 = fr1r1W2W2 =0.9+ 0.03 frerW3W3 = fr272W4W4 =0.9-0.03X (in mdyn/A)
For 5-HCC deformation moded$=2):
fr1w1w1 = frlwzw2 =—0.49-2.2X fr2W3W3 = fI'2W4W4 =—0.49+ 2.2X (|n mdyn)
rawaws = Trawawy = rawwy = Trawawy = (in mdyn)
fryom, = froow, = 0.485-0.3X fryows = Troomg = 0.485+ 0.3X (in mdyn)
rows — frlém = —0.05 0w, — frzéwz =—0.05 (in mdyn)
frawm, = — 0.28— 0.7X frowaw, = —0.28-0.7X (in mdyn)
rwws = Trowowy = —0.35 rowaws = Trowow, = —0.35 (in mdyn)
frirwaw, = frorpaw, = 0.9+ 0.03X frarawaws = Trorawaw, = 0.9 — 0.03X (in mdyn/A)

hcwn(X). This implies that some vibrational energy curves Indeed, in the overtone spectra, the ring-puckering effective
present asymmetrical variation versus the ring-puckering coor- potential barrier is too high for the transitions issued from the
dinate. ring-puckering levels above the potential barrier to have a
A. Calculation Parameters. The vibrational potential pa-  significant intensity. The only experimental indications for these
rameters describing the couplings between the CH bond parameters a = 0 would be contained in the first excited CH
stretchings related to the carbon 3 or 5 and the angle deformationbond stretching spectra of the selectively deuterated compounds.
modes attached to the same carbon atom have been determine@ihe analysis of the spectrum of cyclopentehé? has shown
in the bent conformatiof&in former studies of the 1,2,3,4,4,5/6d  that it is not very sensitive to the flat position. The spectrum of
cyclopentene and 4,4,5 bdyclopentene molecules. The values 1,2,3,4,4,5,5¢cyclopentene possesses hot bands and gives
of these parameters for the flat configuratioh=€ 0) are not indications on the CH stretch harmonic wavenumbg(0) but
easily accessible experimentally because the spectra are esnot on the other parameters and in particular on the angle
sentially due to transitions issued from the two lowest ring- deformation parameters since this spectrum is not perturbed by
puckering levels localized in the bottom of the potential wells. Fermi resonance. In ref 30, the vibrational energy variation
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wo(X) of the CH stretching of the monohydrogenated cyclo- 3100 . . T T T T T

pentene has been slightly modified with respect to the ab initio - -

determination used in ref 24 for a better reproduction of the

transitions implying the levels above the barrier height. In the 3 .

present study, all the potential parameters used in ref 24 have 3000 | ', '::._ o ]

been kept except fomg(X) (I = 1,3) determined in ref 30. SR R

The other parameters, not relevant in ref 24, correspond to the 2050 | B T ol . X

CH bonds related to the carbon 4 (apéx= 2) and to the ; . ‘-....IZ::::::::::::‘*“':::::::::::222.--"‘ .

coupling of the CH bond stretching or angle deformation modes ettt

related to carbon 4 and 3 or 5. For the apex CH bond stretching, 3 *F o, e oot 0w e

the values ofwiz(X) andyi(X) determined from the study of

the monohydrogenated 1,2,3,3,4,5;8¢iclopentené3! have g msor . e ]

been used. The CH bond coupling, angle deformation coupling - -

and Fermi resonance coupling parameters have been fitted for Y o e e s

a good reproduction of the spectra. The two first are harmonic

couplings and would normally be obtained from ab initio X(nky

calculations. Unfortunately, these ab initio parameters have oftenFigure 5. Calculated vibrational energy variations for the normal

unphysical values because the large amplitude ring-puckering™odes of Asymmetry.

motion is treated by Gaussian software as an harmonic motion L . . .

for the determination of the harmonic force constants. This leads "When temperature is increased, transitions ith1 gain some

to a pollution of the force constants of the vibrations the more intensity but appear in the vicinity of the two first transitions.

linked to the ring-puckering motion. The GHCH bond The doublet around 2955 crhcorresponds to.the second curve

coupling constants determined in this work and presented in rélated to a normal mode whos&,(X) dipolar moment

Table 2 have equilibrium conformation values comparable to COMPonent is an even function ¥f This doublet is formed by

those determined by ab initio calculatioRsOn the contrary, ~ the two tranS|t|ons|1,OE)—|O,%Dand |11,1E|—|0,ODspI|t by an

the ab initio values of the coupling force constants for the angle €nergy difference equal t8E, , + AE; ;. At higher temper-

deformation modes have no physical scale of magnitude. Thus,ature, the hot bands expected for such a mgtle¢—|0,3or

the corresponding coupling parameters have been fitted for thel1,35-10,2) would be observed near 2930 and 2980 &m

equilibrium conformation in order to reproduce the deformation  In the case of spectrum 2, the potential and the dipole moment

mode absorption of several isotopic derivatives already studiedfunctions present no more symmetry versusThus, a lot of

in the litterature?3 transitions are permitted. The doublet around 2955'dsnow
In the absence of some experimental information about the due to the two transitiongl,04-|0,1and|1,0#-(0,00split by

values of these parameters for the flat conformation, they havean energy difference equal tEg_, (~ the half of the spacing

been evaluated according to some tendency indicated by the al®f the doublet in the symmetrical case). An equally spaced

initio calculations. In particular, the angle deformation couplings doublet is also observed at 2971 tinlt is due to the

have been slightly modified to reproduce a blue shift of the |1,13-]0,10and|1,15-]0,0transitions. Indeed, the asymmetry

wagging wavenumbers. of the effective potential of the first excited CH stretching state
Once the parameters obtained for the two configurations at Prought by the addition of the vibrational energy variation

the equilibrium and foX = 0, their variations have been fitted ~ induces a large splitting of the two lowest ring-puckering levels

by a polynomial form of order 2 and displayed in Table 2. The AEg ;. This splitting corresponds to the energy difference

set of parameters used in this model is maybe not unique.between the two doublet$:*° At higher temperature, the hot

However, it has been successful in describing the spectra ofbands associated to this asymmetrical potential give rise to a

different isotopic species of cyclopentene. complex structure around 2965 chbetween the frequency of
B. Results.The adiabatic vibrational energy variations of the the two doublets. .
A’ symmetry normal modes obtained for evatyalue between A similar analysis can be done for the lower energy crossing

—0.3 and 0.3 A by step of 0.01 A by diagonalization of the curves of Figure 5.
vibrational Hamiltonian matrixes, are displayed in Figure 5. In The analysis of the molecular beam experimental spectrum
this diagram, four crossings can be noticed: twXat 0 and shows that characteristics of the both types of spectra (with

E = 2965 and 2920 crtt, and two near the positioné= +0.13 symmetrical and asymmetrical potentials) can be observed
A_(\(vhlch correspond to the ground-state effective potential (Figures 4 and 6). Furthermore, the presence of hot bands around
minima) andE = 2905 cnt™. 2965 and 2915 crmt when temperature increases indicates that

If we consider for example the spectral region between 2950 crossings between some vibrational energy curves are expected.
and 2980 cm?, which corresponds to the two upper curves of  Thus, by modeling the CH stretching spectrum of cyclopen-
Figure 5, the theoretical spectrum can be calculated by considertene, it has been supposed that, for each crossing, there is an
ing either two symmetrical non crossing (spectrum 1) (Figure equal probability for the adiabatic vibrational energy curves to
6 case b) or two asymmetrical curves resulting from the crossing have a symmetrical or an asymmetrical variation. At low
at X = 0 of the previously considered symmetrical curves temperature (25 K), the so calculated spectrum compares rather
(spectrum 2) (Figure 6 case a). well with the experimental one (Figures 4 and 6). But, at room

At low temperature, spectrum 1 is composed of one doublet temperature, an equal probability gives too weak hot bands near
at 2955 cm' and a peak at 2971 crh The single peak at 2971 2965 and 2945 cnt. In addition, the hot bands expected for a
cm! corresponds to the higher energy curve of Figure 5 related symmetric potential case, clearly observable in the room-
to a normal mode whosdéu,(X) dipolar moment component is  temperature spectrum at 2842 and 2878 tfar the mode near
an odd function ofX. As explained in section I, this peak is 2860 cnt! are not visible at 2980.5 cm for the two transitions
due to the two transitiongl k[#-|0 kOwith k = 0 andk = 1. at 2955.5 and 2957 cr. This indicates that the asymmetrical
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case b

r 11,0>---10,0> 11,0>---10,1>
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0

casea
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| 11,1>--10,1> 11,0>---10,0>

1
2980 2970 2960 2950 2940

wavenumber (cm")

T T T

-0.002

-0.004

-0.006

-0.008

-0.01

low temperature spectrum absorbance

-0.012

-0.014 L .
2980 2970 2960 2950 2940

wavenumber (cm' 1)

Figure 6. (Top) Theoretical spectra corresponding to the two highest energy adiabatic curves of Figure 5. Case a displays the sum of the spectra
corresponding to the two symmetric curves, case b that of the two asymmetrical curves with a crogsin@.gBottom) Comparison between
the experimental and the calculated spectra at low temperature. The calculated spectrum is the sum of the two spectra a and b displayed above.

vibrational energy variation may be favored when temperature the adiabatic approximation, implies a lot of effective parameters
is increasing. since a lot of vibrations are involved in the CH stretching modes.
A better agreement with the room-temperature spectrum is To reduce their numbers, all of the parameters obtained from
reached by increasing the probability of the asymmetrical casethe previous studies on isotopic derivatives of cyclopentene have
till 75%. The overall shape of these hot bands is not still very been used. The experimental spectra evidence the existence of
well reproduced. In particular, the upper transitions are too crossings of the adiabatic vibrational energy variation curves.
intense. They correspond to transitions from ring-puckering To our knowledge, it is the first time that such crossings are
levels situated at the vicinity of the potential barrier. In all of experimentally observed at this energy, in normal mode regime.

the previous studies, these transitions are also calculated t0055me “avoided crossings” have been enlightened in aniline and
intense’.#*0 This defect may be due to a bad reproduction of | o qyiprationnal state calculatioé2 They are character-

the form of the top of the barrier of the ring-puckering potential. istic of very congested spectra at high energy. In these works,
The less good reconstruction of the clump of peaks near 2915, (qcnnique of diabatic rotations is used to force the crossings

e may also results from_ the_gregter number of possible of the adiabatic curves to favor the local mode regime which
Crossings fo_r the correspondlng_V|brat|onal curves and from the prevails at these energies. In the case of cyclopentene molecule,
bad estimation of the probabilities at each crossing. . : .

a fine analysis of the low temperature spectrum indicates that,
when there is a crossing between two curves, the vibrational
energy may vary in a symmetrical or an asymmetrical way with

The CH stretching spectra of cyclopentene at low temperature approximately an equal probability. It can be noticed that the
in a molecular beam and at room temperature have beenfine structure of the low temperature spectrum indicates the
compared and analyzed. The modeling of the spectra, even withoverall form of the vibrational potential, even if only the lowest

Conclusion
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