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The high CH bond stretching vibrational states spectra (ffam= 1 to 6) are presented for two isotopomers

of cyclopentene: cyclopentene-1,2,3,4,4 8;%nd cyclopentene-4,4,5¢h- They are analyzed simultaneously

with a model Hamiltonian expressed in internal curvilinear coordinates. Because of the size of the molecules,
only the CH or CHD chromophore is considered in the calculations (two bond stretches and five angle
deformations). The results show a reasonable agreement between the experimental and calculated spectra for
the two molecules with the use of the same anharmonic potential.

I. Introduction }Z

The study of intramolecular vibrational energy redistribution 1
(IVR) has drawn the attention of scientists for a long time
because it may give detailed insight into molecular energy states
before photodissociation or laser-induced reacticriMany of , . AWL\ 4
the experimental investigations in the field of intramolecular 2 ~.  2X .
dynamics have been performed in the frequency domain. On X —= — _ -
the short time scale, IVR has been shown to be largely ed*‘ 2
uncorrelated to the total state densifjbut to be ruled by strong y
couplings with specific states. Moreover, anharmonic short time
resonance dynamics seems to be characteristic for certain
functional group3and transferable between different molecules 3
containing the same functional groups. The present work is
situated in the frame of IVR studies of the methylenic group. ax
The vibrational energy flow characteristic of this functional Yy
group has been studied in cyclic molecules such as cycloh&xene
or monohydrogenated cyclopenteffeBut the overtone spectra Figure 1. ) D_efi_nition of thg_rir_lg-puckering c_oordinate x when the
have been modeled in normal coordinates and thus, theMClecUle is in its bent equilibrium conformation.

anharmonic potentials describing the energy flow were not i fiexible molecules, the CH stretching vibrations are coupled
transferable from one molecule to another. In the present study, |arge amplitude motioh When the motion is slow enough
we have focused our attention on the intramolecular vibrational yith respect to the vibrational energy redistribution, as is the
energy redistribution in the overtone region of CH stretches of ¢55¢ in cyclopentene molecules, the coupling between the
two isopotomers of the cyclopentene molecule, one with one yjprations and the large amplitude motion can be treated in the
CHD methylene group, the cyclopentene-1,2,3,4,4¢h 8h) adiabatic approximation. Indeed, the ring-puckering period is
molecule and one with a GHgroup on the same carbon,  of the order of a few picosecor@svhich is much slower than
cyclopentene-4,4,5,84 (ds) (Figure 1). The vibrational energy  the rapid energy flow in cyclopentene. When there are strong
flow has been modeled simultaneously for the two molecules Fermi resonances, the characteristic time of the energy flow
with the assumption that the doorway states which rule the has been estimated to be less than 100 fs. The adiabatic
vibrational energy flow are linked to the methylene chro- approximation has proved powerful in describing the high
mophore. That is to say, the doorway states are combinationsyibrational states of nitromethatté3 or cyclopenten&:8 In
involving the deformations of the five angles attached to the particular, it clears up the discrepancy between the spectra of
functional group. In a first step, the combinations involving the the first CH stretching excited states of different isotopomers
CC stretches are disregarded because they are completelpf the same molecule. Indeed, the coupling between the two
delocalized along the cyclopentene ring. The results of the motions can be described by an effective potential that contains
calculations will demonstrate to what extent and for which a vibrational part corresponding to the variation of vibrational
wavenumber region this approximation is correct and the CH energy during internal motiofit213For the monohydrogenated
stretching overtones are coupled to the ring stretches. molecule, that vibrational energy breaks the symmetry of the
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effective potential modifying the large amplitude motion levels HorD
of the vibrationally excited molecule. As a consequence, the
spectra, which are the sum of all the transitions between the
two effective potentials corresponding to the ground state and
the vibrationally excited molecule, show an extra band consti-
tuted of all the transitions issued from large amplitude motion
levels above the potential barrier. In the monohydrogenated
nitromethane moleculdy = 1 spectruni? this component is Figure 2. Definition of the methylene chromophore angle coordinates.
the more important of the spectrum and is situated at 15'cm
above the transition issued from the fundamental level. In
monohydrogenated cyclopentene molecules, the transitions
issued from ring-puckering levels above the potential barrier lIl. Theoretical Approach
are situated at wavenumbers intermediate between the axial and
the equatorial one¥. Their intensities are less important than The theoretical approach in the analysis of the spectra has
is the case for the nitromethane molecule because the potentiapreviously been described in the first papers on cycloperfténe.
has a higher barrier. For hydrogenated molecules, when theThe difference in the present work resides in the writing of the
coupling between the CH stretches is effective (normal mode vibrational Hamiltonian. The previous Hamiltonian was ex-
regime), the vibrational energy flows from one CH bond to pressed in curvilinear normal coordinates. With the use of these
another in order to minimize its variation during the motién.  coordinates, the anharmonic potential terms cannot be transferred
Thus, the excited-state potential is not very different from the from one molecule to another because they are characteristic
fundamental potential and keeps the same symmetry. As aof the normal modes of the molecule. In this work, curvilinear
consequence, all the transitions between the two potentials haventernal coordinates are preferred because they allow a simul-
almost the same wavenumbers. The best example is thetaneous fit of different isotopomers of the same molecule with
symmetric CH stretching band of perhydrogenated nitromet#ttane. different symmetry. The simultaneous fit of the spectra of
The vibrational variation of that normal mode is very weak (0.5 different isotopomers can be done in symmetry coordif@tes
cos(@) in cm™Y). Thus, the two effective potentials are very Wwhen the compounds have the same symmetry. But when the
similar and all the transitions are at the same position, giving Symmetry is broken by deuteration, only internal coordinates
rise to only one band at the resolution of the spectrum. However, can be employed. This has the disadvantage of increasing the
for the higher overtones, the localization of the vibrational degrees of freedom, and thus the size of the basis states. In the
energy may induce, even in fully hydrogenated molecules, an Cyclopentene molecule, if one supposes that the doorway states
asymmetry of the excited effective ring-puckering potential as ruling the vibrational energy flow are linked to the methylene
in monohydrogenated molecules. This explains why the high chromophore, one has to consider the nine internal coordinates
energy state spectra of different isotopomers may be similar if attached to the Ckigroup: the two CH or CD stretches, five
they are not too much perturbed by Fermi resonances. angle deformations (because of the redundancy) and the two
These phenomena will be illustrated in the study of the CC stretches. The two CC stretches are strongly coupled to the

overtone spectra of the two cyclopentene molecules &b remaining part of the molecule giving rise to many.ring modes
ds). The structure of the present paper will be as follows: after Which are generally also coupled to the other vibratirighus,

presentation of the experimental details, the theoretical basis€ven if combin_ations of CC stretching and angle deformation
for the modeling of the spectra will be presented. The are anharmonically coupled to the CH stretches through the

experimental spectra are then discussed in view of the modeledkin€tic matrix, these couplings are very diluted inside bath
spectra of the two compounds. modes and can be neglected in a first step. As a consequence,

the high vibrational states of the two cyclopentene molecules,
3hy andd,, will be modeled by a vibrational Hamiltonidth,—,

describing the vibrations of the seven curvilinear internal
coordinates: the two CH or CD stretches and the five angle

overtone and DCM for the fifth. Each spectrum was measured
with a vapor pressure of 200 Torr.

Il. Experiment

Cyclopentene-4,4,5,8; (cyclopenteneal;) was purchased at ) .
MSD and monohydrogenated cyclopentene (cyclopentepe-3h deformations attgche_d to the methylene (F|gure.2). .
was synthesized by the organic route according to the procedure The total Ham|It(.)n|an. is the sum of the vibrational Ha}m|l-
described in ref 14. The products were dried with sodium tonlanHU_r(q,x),_whl(_:h will b.e developed below, and of a ring-
filaments, degassed by the freeze pump thaw method, andpuckerlng HamiltoniarH:(x):
transferred u.nder vacuum into the cells. Hy (06) = H,_(@X) + H.(x) 1)

The near-infrared spectraA{ = 1—4) were recorded by
standard absorption spectroscopy on a Nicolet 740 FTIR The ring-puckering Hamiltonian used for the description of the
spectrometer (resolution 1 cf) between 2700 and 8600 c large amplitude motion is well-know:17.18
and a BioRad FTS-60A spectrometer (resolution 2-Hm
between 8600 and 11 500 cfAn Infrared Analysis long path H,(X) K2 (9 9
minicell equipped with Cafwindows { = 1—7.2 m) was used. he ~  2nd &)Q(X)(&) + V(¥) 2

The visible spectraXv = 5,6) were recorded with the
intracavity photoacoustic spectrometer which has been describedn this expressiong(x) is the inverse of the reduced mass of
elsewheré® The pump lasersia 4 W Ar ionlaser (Coherent  the motion andv(x) the potential functiong(x) is calculated
Innova 70), chopped at 85 Hz. The photoacoustic cell is placed by using the basis bisector model of Mall®where the motions
inside the cavity of a linear Coherent 599 dye laser. The spectralof the ring atoms are assumed to be curvilinear and the HCH
line width is 0.7 cm!, and the absolute wavelengths are angle bisectors are constrained to be collinear with the CCC
measured with a Raman PHO spectrometer to witkencnr L, angle bisectors. A more elaborate model does not lead to any
We have used the following dyes: Pyridine 2 for the fourth real improvement of the fit of the far-infrared spectréim.
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TABLE 1: Ground State Ring-Puckering Potentials of the
Two Compounds (from Refs 14 and 18)

Veri(0,%) = —26 452% + 952x% + 754 020x*
Vert(0,X) = —24 959x2 + 000x3 + 696 164x*

aThe potentials are expressed in énandx in A.

Cyclopentene-3h
Cyclopentened,

The coupling between the large amplitude ring-puckering

motion and the vibrations is solved in the adiabatic approxima-

Lespade et al.

TABLE 2: Components of the First Dipole Moment
Derivatives (Debye/A) as Calculated from the Atomic Polar
Tensor Given by the Ab Initio Calculations

C—H bond uxlor auYlor uAor ||zl or||
o { CsHg (ax) 0.03805 0.16308 0.21315 0.271
CsHs (eq)  0.0552 0.22791 —-0.127 13  0.2667
in plane position 0.04334 0.201 68 0.18219 0.275

tion: the total wave function can be separated into two wave around the equilibrium geometry. It is a function of the dipole

functions, one for the ring-puckering motiop(x) and one for
the molecular vibrationg(x,q).
As a consequence, the Sctioger equation solving the total

Hamiltonian can be separated into two equations. The first

models the fast vibrations for every position of the molecule

moment derivativegn (X):

(%)

during large amplitude motion. In the second, the ring-puckering wherey;(x) is thejth componentj(= xy,2) of the dipole moment

potential is increased by the vibrational enerfy), obtained
by solving the vibrational equation.
For the ¢ — 1) overtone, the reconstruction of the vibrational

andr; is theith CH bond stretching displacement coordinate.
Such quantities can be obtained from a dipole moment sud#face
but are not available for the cyclopentene molecule. However,

spectra are completed in two steps. The diagonalization of thethe first moment derivativepjli(x) (i = xy,2) can be derived

vibrational Hamiltonian matrix for eack position gives the
vibrational energye,(X) = hc wn(v,X):

> H- (v X)cn(2, %) = how (0, X6, %) (3)

where theg, (v,x) are the eigenvector elements corresponding
to the wave functions of the combinations of vibrations of the
seven internal coordinates attached to the €tttomophore (the
two CH or CD stretches and the five angles).

The vibrational energg,(x) is then added to the fundamental
state ring-puckering effective potentighky(0x) to form the
excited-state ring-puckering effective potential.

Vi (v, X) = hew,, (v, X) + Ve (0, X) 4)
It should be stressed th¥t«(0,x) is different fromV(x) since
it is the sum ofV(x) and of the zero point vibrational energy
w(0X).1” The fundamental state ring-puckering effective po-
tential Ver(0,X) can be obtained for the two compounds by fitting

the far-infrared transition¥"18 They generally are fitted by a
fourth order polynomial form as a function of the ring-

from the atomic polar tensors introduced by Biarge, Herranz,
and Morcillo?® and reformulated by Person and New#orhich

are available from ab initio calculations. The first moment
derivatives derived from the ab initio calculation atomic polar
tensor are given in Table 2. They have been obtained with a
Gaussian 92 calculatiéfusing a 6-31G** basis set. In the bent
conformation, the first derivative of the dipole moment is slightly
tilted from the CH bond by 12for the equatorial bond and by
14 for the axial bond. Its magnitude differs by less than 2%
for the two conformations. This first-order term is dominant
for the Av = 1 spectrum. Thus the infrared intensity of the CH
stretching transitions between two statésk (3|1,k1|0,k Cand
|1,kCbeing, respectively, theth andkth ring-puckering levels

in the ground and first excited vibrational states corresponding
to wn(X) is given by:

Iﬂ —
|LKE-0KDO—

2
Vlk,Ok'Pz( f 1O (1| 08, ()1 (YA (6)

whereP is the Boltzmann factor, exp{(Eok — Eoo)/KT], 1k

puckering coordinate (Table 1). It should be noted that the andyox the ring-puckering wave functions of thiekland|0,k [

cyclopentenal, potential has only even power terms because
the molecule has &s symmetry in the plane conformation.

states andiy; is the vector of components;i(X)(j = x,y,2). In
the monohydrogenated molecule, there is no summation on

The spectra are made up of all the transitions between the ~For the overtone spectra, the higher order terms of the dipole

potential Ve(0,X) and the excited-state potential8les(v,X)
corresponding to the vibrational energ&éx) the eigenvectors
of which have a nonnegligible component of pure CH bond

moment expansion also have an important contribution in the
transition intensities. Since these higher derivatives are not
available, one can suppose with a good approximation that the

stretching. These transitions are calculated as explained in refquantity (0] (x)|Va[is the sum of the two quantitieB|zi(x)|vL)

16.

each of them being collinear to thith CH bond. Only their

Inside each polyad, the mode intensities are supposed to comélependence oRr is needed since the absolute intensity is not
from the CH bond stretching overtones only. They depend on calculated-” The infrared intensity of the CH stretching transi-

the quantity [0]u(X)|Vh\Owhere u(x) is the molecular dipole
moment andV,Othe eigenstate of wavenumbkecw, corre-

tions between two statef),k 3|,k is then given by:

n —
sponding to stretching quantum numbers equal to the considered  |okzjox0=

polyad v:

2
Vo= S Gl =

vy =

j=i

O,UAZO,U\AGZOD

vy is the quantum number in HCH bending coordinate agd

2
VieokP Y ([0 DIE ] 28, (3 () (7)

whereP is the Boltzmann factor, exp{(Eo — Eog)/kT]. In the
monohydrogenated molecule, there is no summation dhe
bond dipole approximation seems reasonable in that sort of

are the quantum numbers in the four HCC deformations. The cyclic molecule since some calculations performed on cyclo-
dipole moment function can be developed as a Taylor serieshexané® show that the intensity ratio between the two axial or
expansion in the internal stretching displacement coordimates equatorial transition intensities is not strongly modified from
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one overtone to another. In cyclopentene, the conformational coordinates about the equilibrium configuratfSn.

dependence of the magnitude of the dipole moment is very weak

at Av = 1. Thus, the assumption of no conformational H! — ; 2 s a0, Elo

dependence in the overtones is within the uncertainty of our = 2l + | —

calculations. For local modes, the direction of the dipole moment hc 2 ,ZJZ ar; [e T

is essentially important in the reproduction of the band shapes. 0 0

A breakdown of the bond dipole moment approximation would > agujak agria,-

lead to a bad reproduction of the spectrum profiles. Pa,Po, N + " Pr,Po, % +
e

pr| po.] 0‘j +

i |e

The Vibrational Hamiltonian. The quantum mechanical &f\ o ke
Hamiltonian in curvilinear internal coordinates?s: 1255
_ZZZ{fr-aa (X)I'i(l]-(lk} (11)
1 9 9 26666
H  =T+V= __h2g1/4z_g—1lzgij_gl/4 +V(q (8)
2 T 00; g The most important terms in the kinetic matrix development
_ _ are the ¢’ /or)e and Qg /or)e terms where the bond
whereg; are the Wilson matrix elements agd= defg;|. corresponding ta; is adjacent to the angles and ax. Thus,
The k_meélc part can also be expressed in a more simple e combination states which are the most kinetically coupled
expressiort: to the CH stretching are the overtone of the HCH or HCD
1 deformation and of the HCC angle deformations adjacent to
T= _Zpigij(q)pj +V'(q) 9) the considered _CH bond and combination states of these three
243 angle deformations. The other terms, although smaller, have a

) S _nonnegligible importance in the IVR.

i 6 j i . . .
term is smafi® in heavy molecules such as cyclopentene and is numerous since only the squares of the deformation coordinates

neglected. For methane, Wang and S#Sdrave shown thay’ give rise to diagonal contributions.
first contributes to the perturbative calculation of the transition
wavenumbers at the third order. In the present work, the first 2 520
. . . . L L 125 Ouo
term of the quantum mechanical vibrational Hamiltonian is only = N ora? £ (x)r2a2 (12)
developed up to the second orffesince, because of the size he 44&£ ar2 i Poy T oo, e

of the molecule, other approximations are made (in particular tole

the neglect of the CC stretching couplings).
At zero order, the CH or CD stretchings are described by
Morse oscillators and the angles by anharmonic oscillators:

Modeling of the Spectra.The effective vibrational Hamil-
tonian is represented in a basis set whose functions are products
of Morse oscillator functions for CH or CD bond stretches and

HO ) harmonic oscillator wave functions for bending modes. The
v _ _z{g?r p.p, + D, (ML — efau(x)n]z} + matrix elements are calculated for all the basis functions t.hat
hc 24 R are the product of the seven wave functions of all the possible

1 1 5 5 (1 combinations of the seven coordinate vibrations corresponding
o - T ey i . The zero order Hamiltonian (eq 10) gives
Oy PP+ f'(X)”}"‘ { (9aq, PPy, T to a given overtone. T q
Z{Z R N " .z,z 2 T the unperturbed energy for the stéd€= |uy,, vs, vy Whered
5 4 = oq andwj = o4+1:
ftxiaj (a0 + fo o (7 + foq o0 (Do) (10)

2 1 1\?
In this expression, the; variables are the CH or CD bond E(x, v) = Z(Wm(x)(”ri + E) - Xi(X)(”r + E) ) +
displacement coordinates angare the valence angle displace- =

ment coordinateso; is HCH or HCD, a; andos are the HCC 1 1)2

angle deformations adjacent to the first bandandoy andos a)(;(x)(v(; * _) L (x)(z/(; + _) +

are the HCC angle deformations adjacentAg¢see Figure 2). 4 1 1\2

The kinetic terms of th& matrix depend only on the geometry Z(ww (X)(UW 4 _) — (x)(uw + _) ) (13)
of the methylene chromophore. The ab initio calculations = K k2 : K2

indicate a small variation of the angles during the large
amplitude motion. In this study, this variation has been wherew,s stands for the bending harmonic wavenumber, and
disregarded since it leads @ matrix element changes of less  y, its anharmonicitywy; is the harmonic wavenumber of the
than two percent. All the angles have been kept to their jth HCC deformation (Figure 2) ang; its anharmonicity. The
tetrahedral value of 109 D;(X) is the dissociation energy of  expansion of the first-order Hamiltonian on the basis set gives
theith CH bond andy(x) the Morse potential parameter. They the Fermi resonance couplings, and the first and second-order
are related to the harmonic wavenumbgy(x) and the anhar- Hamiltonian expansion the cross anharmonicities.
monicity xi(x).2® Their dependence on the ring-puckering Then, the vibrational Hamiltonian matrix is solved for every
coordinate is directly linked to the variation af(x) which x value between-0.30 and 0.30 A with a step of 0.01 A. The
can be evaluated from the ab initio calculatiéns. result of the diagonalization gives the vibrational variations
The first order expansion of the vibrational Hamiltonian gives hcwn(X) and the corresponding eigenvector elemer(g) (i =
the anharmonic couplings involved in the Fermi resonances 1 or 1,2) of pure CH stretch overtone. The energies are fitted
between the CH overtones and combination states. Only theby a least-squares method to a sixth-order polynomial form and
most important terms of the kinetics energy are retained. They the eigenvectors to a ninth-order one. The transitions between
correspond to the Taylor series expansion of the Witsoratrix the effective potentialsVer (0X) and Ve (v,X) are then
elementsgq, and g, in the displacement or deformation calculated as described previously and added to form the
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TABLE 3: Effective Parameters Used in the Modeling of the SpectraX Is in A)
local parameters for the CH(CD) bond stretching modes {Em

wo(X) = (3044.5+ 268 — 43K — 4300¢ + 11 000¢%) for the CH stretches
wo(X) = (3044.5+ 268 — 439¢ — 4300¢ + 11 000¢)/+/1.857 for the CD stretches
% (X) = 64.6— 2.5« — 34.5¢ — 44.5¢ + 1250¢* for the CH stretches
% (X) = 32.6+ (—2.5¢ — 34.5¢ — 44.5¢ + 1250¢)//2 for the CD stretches

Thea(x) andD(x) can be readily obtained from these parameters (ref 27)
fr = 0.055+ 1.042x2 (in mdyn/A)

Parameters for the bends in ch{o labels the HCH or HCD deformation and thie HCC bendsi; = 1,4; see Figure 2):
ws(X) = (1306 — 250¢ + 4000 for the HCH bend
2o(¥) =8
froo(X) = —0.28+ 0.17 + 5.55¢ (in mdyn)
frso(X) = 5.55 (in mdyn/A)

ow, (X) = (1125+ 52x — 150¢% + 4000<*) i = 1,2 for the HCC deformaticn

ww (X) = (1125— 52x — 150¢ + 4000¢) i=34
2w (X) =9+ 8x i=1,2
Jw () =9 — 8x i=34

frowgny, = frow, = —0.545— 0.21x frowaws = frowaw, = —0.545+ 0.21x (in mdyn)
frowaws = Frowaw, = —0.82X frowawn = Frowam, = 0.8 (in mdyn)
frlawl = ff1r3W2 = 0.385+ 0.3 frerW3 = fr2<sw4 =0.385— 0.3 (il’] mdyn)
fr16W3 = fr16W4 = —0.15— 0.4x frzawl = ff2<5W2 = —0.15+ 0.4x (|n mdyn)
frwg, = —0.82— 0.45¢ frowaw, = —0.82+ 0.45 (in mdyn)
rwiwg = fr1W2W4 =0 roWiWg — frzwzwA =0 (il"l mdyn)
frorwawy = Fryrwow, = 0.94 0.0 frorawaws = Trarwans = 0.9 — 0.0 (in mdyn/A)
The effectie interaction matrix between the angle deformations@in mdynA)
o W1 Wo W3 Wz

0 — 0.04 0.04 0.04 0.04
Wi 0.04 - 0.141 0.02 0.04
Wo 0.04 0.141 — 0.04 0.02
W3 0.04 0.02 0.04 — 0.141
Wy 0.04 0.04 0.02 0.141 -

aThe parameters of the deuterated angle deformations are readily obtained by dividing the nondeuterated ones by the square root of the ratio of
the G matrix elements corresponding to deuterated and undeuterated angle deformations.
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Figure 3. Observed and calculated spectra of the first excited CH bond stretching in cyclopdnt@he-observed spectrum (top solid line) was
obtained by FTIR with a 10 cm path length cell and a pressure of 30 Torr. The dashed line represents the calculated spectrum with-a vibration
rotation theoretical profile which has been convolutgdab2 cnt?! half-width Lorentzian band (fwhh). (See text.)

spectrum of thei — 1) overtone. The effect of the rotation of calculations (A, B, C type, depending on whether the transition
the entire molecule is taken into account by convoluting each considered involves thg,, uy or u, dipole moment compo-
transition by the theoretical asymmetrical top vibratioatation nent)3® The B type has only a PR profile with no Q branch
profile corresponding to each component of the dipole moment and the C type has a sharp Q branch. To model the broadening
along the molecular principal axes determined by ab initio of the bands when the energy increases, this profile is convoluted
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3000 are slightly different from those listed in ref 17. The calculated
a spectrum is absolutely equivalent to that published in ref 17. It
2080 | ° . is composed of essentially three main absorptions corresponding
-~ to the transitions issued from the two ring-puckering levels in
§ 2960 | . T the potential wells and from levels above the barrier. The
-% spectrum of the cyclopenterg-compound is very different
£ 2940 1 7 (Figure 3). The calculated variation of the vibrational energy
g : . can explain this discrepancy (Figure 4). Because of the coupling
Z 2920 . . i between the two CH bond stretches, the vibrational energy flows
5 S from one bond to the other minimizing its variation during the
§ 2900 " . i motion (typically betweer-0.13 A for one bent conformation
g 2550 et | to 0.13 A for the other). The effective potentials of the excited
B i state remain symmetric and are not very different from the
3 2860 L | ground effective potential. As a consequence, the transitions
issued from the levels above the ring-puckering barrier have
2840 . : : : : . : wavenumbers very similar to that of the transitions issued from

04 03 -02 -01 0 01 02 03 04 the levels inside the potential well. Apart from the 3070ém

x(n &) band which corresponds to the ethylenic CH bond transitions,
one can observe three main absorptions because of a Fermi
3000 resonance between the CH bond stretches and the overtone of
- b HCH bending. For all the transitions, tjig component is very
2980 - . weak. The higher band at 2943 cthhas essentially azy
—.’E‘ : ° component and thus a PR envelope. When the molecule is bent,
° 2960 |- . . 1 its energy comes essentially from the equatorial bond stretch.
b In the plane conformation, it corresponds to the ;(b¢nd
2 2940 |- - " overtone which draws its energy from the symmetric stretch.
= . Lo, . The lower absorption at 2861 cfhhas a more pronounced axial
S, 29201 " . T character for the transitions corresponding to the bent molecule
g 2000 L - L and thus a .B-C hybrid type wih a Q _branch. When the
2 .. L molecule is in the plane conformation, it corresponds to the
S . . symmetric stretch and then has pg component. Thus the
2 2880 . " . .
g .. el L transitions issued from levels above the barrier have only aPR
5 oge0 |- i envelope. The band at 2910 chorresponds to an antisym-
metric mode with essentially @ component. It haa C type
2840 : : ‘ : : : . profile with a sharp Q branch. The transitions issued from the

04 -03 -02 -01 O 01 02 03 04 levels above the barrier give rise to the second Q branch at

x (in 3) 2913 cm L. The calculated spectrum reproduces reasonably well

the experimental one. All three modes can be called dynamically

Figure 4. Calculated vibrational energy variations for cyclopentene- normal modes because the vibrational energy variation is
3 (@) and cyclopentené (b) atAv = 1. The axial bent conformation - vy metric. The vibrational energy flows symmetrically from

corresponds to a value of = —0.13 A and the equatorial bent . .
conformation tox = 0.13 A. The ring-puckering wave functions ~©N€ bond to the another during the motion. By contrast, the

corresponding to the levels above the potential barrier are generally dynamically local mode of the monohydrogenated cyclopentene
delocalized but the first ones are centeredxat= 0 A (plane CH bond stretching has an asymmetrical variation because it
conformation). oscillates between the two axial and equatorial energies.

) ) ] 2. First Overtone. The first overtone spectra of the two
by a Lorentzian shape with a half-width adapted to the compounds have a more similar pattern to each other. The
experimental overtone spectrum. spectrum of the monohydrogenated cyclopentene is composed
essentially of two bands at 5643 and 5740 ¢morresponding
to the two axial and equatorial positions (Figure 2 of ref 17).

In the modeling of the overtone spectra, all the parameters The intermediate bands due to transitions issued from ring-
displayed in Table 3 have been adjusted in order to reproducepuckering levels above the barrier are less intense than in the
both the experimental wavenumbers and the transition intensitiesfirst excited spectrum because of the increase of the excited
of the two compounds. effective potential barrier height. In the spectrum of cyclopen-

1. First Excited Spectra. The first excited-state spectrum tened, (Figure 5), one can observe bands with the same contour
of cyclopentenad, is displayed in Figure 3. It has to be at5630 and 5728 cm. They effectively correspond to the axial
compared with that of cyclopentenei3published in ref 17. and equatorial transitions. The Fermi resonance is slightly
When there is no Fermi resonance, the CH stretching spectrumdetuned and the intermediate band is no more intense. However,
of the monohydrogenated compound depends essentially on théhe interactions between the CH stretches are still effective when
variation of the CH stretching wavenumber during the motion. the molecule is in the plane conformation and the vibrational
This variation can be evaluated from the ab initio calculdfion energy variation shows a similar dynamically normal mode
(Figure 4a). But the anharmonic couplings, which are not taken behavior as for the first excited spectrum. The strong absorption
into account in ref 17, slightly modify the harmonic CH at 5815 cm? corresponds to the combination of the two CH
stretching wavenumbers. It is for this reason that the local stretching modes. In the calculated spectrum, an arbitrary value
parameters for the CH bond stretching modes listed in Table 3 has been given to the second derivati¥@ dr19r (9%(x)/or19r2

IV. Discussion
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3. Second OvertoneThe second overtone spectra of the two
compounds (Figure 7) show small perturbations due to Fermi 8000
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resonances. Indeed, on the low-frequency side of the two main 04 03 02 01 0 01 02 03 04
bands corresponding to the axial (near 8280 9rand equato- i &

rial transitions (at 8430 cni for cyclopentene-3hand 8419 x(in A)

cm ! for cyclopentenal;), one can observe one or two weak Figure 6. Calculated vibrational energy variations for cyclopentene-

_ : ; ; 3h, (a) and cyclopentends (b) atAv = 3. The axial bent conformation
bands. In cyclopentene-3hwo kinds of mode begin to interact corresponds 1o a value of = —0.13 A and the equatorial bent

with the CH o_vertone_: th_e HCD bendmg_ moqe and the Wagaing .,ntormation tox = 0.13 A. In Figure 6(b);+ indicates a symmetric
mode. The diagonalization of the Hamiltonian matrix leads t0 normal mode regime.

three important vibrational energy variationg(x) (Figure 6a);

the first one gives the axial and equatorial transitions and the 4. Third Overtone. The third overtone spectra of the two
small bands around 8360 chwhich are the sum of the  compounds are completely different (Figure 8): they are
transitions issued from ring-puckering levels above the potential perturbed by Fermi resonances with combination states involving
barrier. The two othewn(X) are responsible for the small  gpecific modes of the two cyclopentene molecules: HCD
absorptions on the low-frequency side. Although the spectrum pending and HCC deformations for cyclopenteng-2imd

of cyclopentenet; seems very similar to that of monohydro- \wagging, and twisting modes for cyclopentethe-For the
genated cyclopentene, the vibrational energy variations arereproduction of these modes, the diagonal force constants of
different (Figure 6b). Two pairs abn(x) have a local mode  ref 31 have been used. To validate the effective interactions
regime similar to that observed in the monohydrogenated petween the angle deformations displayed in Table 3, the
compound. But because the two vibrational energy variations bending, wagging, and twisting mode wavenumbers of five
conserve the symmetric normal mode regime, each axial or cyclopentene isotopomers (cyclopentene-8,-hg,-4h (with
equatorial band is composed of three components, two localonly one CH bond on carbon 4), and cyclopentene-1,2)3,3-
and one normal. The small bands near 8350 toorrespond  of ref 31) have been adjusted with the same effective interaction
to the transitions issued from ring-puckering levels above the parameters. The results for cyclopenteng-2imd d, are
potential barrier when the excited effective potential has a local displayed in Table 4. Except for the HCD rock, which is not
vibrational variation. The lower pair @,(x) gives the band at  pure and does not enter in resonance with the CH bond stretch
8181 cm! which has an axial character since the equatorial at the energies considered, there is a good concordance between
transitions have no intensity for those effective potentials. The observed and calculated deformation modes. In cyclopentene-
mixing of normal and local modes is a consequence of the onset3h;, the combinations of three quanta in CH bond stretching
of Fermi resonances with the combinations of HCH bending and overtones of HCD bend or parallel HCC deformation split
and HCC deformation modes. the CH stretch overtone into three main components which give
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Figure 7. Observed and calculated spectra of the second overtone of the CH bond stretching in cyclopeni@nan8hcyclopentend; (b). The
observed spectra (top solid line) was obtained by FTIR &7 mpath length cell and a pressure of 200 Torr for cyclopenthreexd 90 Torr for
cyclopentene-3h The dotted lines represent the calculated spectrum with a vibratidation theoretical profile which has been convoluted by a

10 cnT? half-width Lorentzian (fwhh).

rise to six bands (three axial and three equatorial transitions). Theand equatorial transitions are more separated. The calculated
lower transition near 10 700 cthand the shoulder near 10 800 spectrum is the result of eight pairs of components with a local
cm~! have an axial character. The stronger absorption nearcharacter. The calculated spectrum shows some discrepancies
10 870 cn1l is the sum of two transitions, one axial and one with the observed one, in particular in the axial region. This is
equatorial. The upper part of the spectrum results from equatorialpartly due to a poor reproduction of the band shapes.
transitions. The variations of the vibrational energy for these 5. Fourth Overtone. The fourth overtone spectra of the two
three components are less important than would be the casecompounds are the least well reproduced (Figure 9). They have
without Fermi resonances. On the low energy side of the a more bulky shape than the lower excited spectra, which would
spectrum, there are also two weak axial transitions correspondingindicate that they are formed of numerous bands. The diago-
to combinations of two quanta of CH stretching and four quanta nalization of the vibrational Hamiltonian leads to nine pairs of
of angle deformations. wn(X) with some intensity for the cyclopentengmolecule and

In the third overtone spectrum of cyclopentahethe axial six components in the case of cyclopenteng-3he reproduc-
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observed spectra (top solid line) was obtained by FTIRhwit7 mpath length cell and a pressure of 200 Torr. The dotted lines represent the

calculated spectrum with a vibratiemotation theoretical profile which
cyclopentene-3hand 15 cm? for cyclopentened,.

TABLE 4: Calculated and Observed Angle Deformation
Modes (in cnT?)

cyclopentened,
calcd obsd
HCH bend 1456 1456
wagging 1284 1284
twisting 1188 1188
rocking 1012 1013
cyclopentene-3h  cyclopentene-3h
(axial) (equatorial)
calcd obsd calcd obsd
HCD bend 1303 1298 1306 1310
parallel HCC deformation 1245 1247 1252 1256
HCD rock 900 953 905 953

tion of the spectra shows that this is not sufficient, especially
in the axial lower part. Something is missing in the vibrational
Hamiltonian. At these energies, it would be the combinations

has been convoluted by a 25'chalf-width Lorentzian (fwhh) for

of HCC deformations and CC stretches that could enter into
resonance with the CH overtone. We have not introduced these
modes for two reasons: (1) the ring modes are delocalized in
the molecule and are not easily modeled inside the chromophore,
and (2) the number of states would increase enormously and
the diagonalization procedure we use would not afford such a
number of states. In molecules such as cyclopentene, where there
are many resonances, all the combination states have to be
introduced in the calculations.

This coupling seems to affect essentially the axial transitions
in cyclopentene-3hand the equatorial transitions in the cyclo-
pentened,; molecule. It seems logical that these combination
states, which have lower wavenumbers in cyclopentene-3h
affect modes at lower energies.

6. Fifth Overtone. The fifth overtone spectra are displayed
in Figure 10. They show two main absorptions: one axial near
15 250 cnt! and some equatorial bands above 15 600%cm
The splitting of the equatorial bands is still visible in the spectra
for each compound despite their bulky shape. The calculated
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Figure 9. Observed and calculated spectra of the fourth overtone of 15800 15600 15400 15200

the CH bond stretching in cyclopentener3h) and cyclopentenés

(b). The observed spectra (top full line) was obtained by photoacoustic wave numbers (cm)

intracavity laser spectroscopy with a pressure of 200 Torr. The dotted g re 10. Observed and calculated spectra of the fifth overtone of
lines represent the calculated spectrum with a vibratiotation the CH bond stretching in cyclopentener3h) and cyclopentenes
theoretical profile that has been convoluted byla 65 chralf-width (b). The observed spectra (top solid line) was obtained by photoacoustic
Iafrentz|an (fwhh) for cyclopentene-gand 45 cm* for cyclopentene-  jnuacavity laser spectroscopy with a pressure of 200 Torr. The dashed

dotted lines represent the calculated spectrum with a vibratiotation
theoretical profile that has been convoluted by a 95 chalf-width

spectrum of the cyclopentene3molecule is the resultant of | orentzian (fwhh) for cyclopentene-3and 65 cm for cyclopentene-
nine main components. But they generally give rise to only one d..
band with some intensity, either axial or equatorial. There is
only onewn(X) at intermediate energy, which gives rise to two spectrum is the sum of 22 bands. For the cyclopentane-
shoulders in the medium of the spectrum. The vibrational energy compound, the couplings with the chromophore angle states split
variation of all the components would give an energy difference the CH stretching overtone into a great number of components
of 200 cnt! between the axial and the equatorial transitions if which has the effect of essentially increasing the bandwidth.
observed. This is much less than the energy difference of moreThe statistical limit is almost reached.
than 300 cm! between the two main absorptions of the In Table 5 the main Fermi resonance couplings and cross
observed spectra. The variation of the CH bond stretch not anharmonicities resulting from the anharmonic potentials of
perturbed by Fermi resonance would also lead to an energyTable 3 are displayed. The former are defined asdfg, of
difference of 330 cm! between the axial and the equatorial ref 32. They have the same order of magnitude as the methyle
main transitions. The couplings between the CH bond stretching parameters of nitromethal#evhen the CH bond is perpendicular
overtones and the combination modes involving the angle to the NQ plane. In the cyclopentene molecule, there are
deformations have the effect of drastically decreasing the generally small variations of the parameters between the two
vibrational energy variations during the motion. axial and equatorial positions. It is apparent that the main Fermi

This phenomenon is also observed in the cyclopentkne- resonance couplings concerning the HCC deformations are
molecule. TheAv = 6 spectrum has some similarities with that = slightly more important than the bending ones. This is in
of cyclopentene-3h The main axial transitions are approxi- agreement with the normal mode parameteds the contrary,
mately at the same wavenumber. The equatorial bands ofthe cross anharmonicities are relatively different in the two
cyclopentenal, are slightly higher than that of cyclopentene- approaches: they strongly depend on the unperturbed wave-
3hy. There are fewer transitions in the medium. The calculated number of the deformation mode. It must be stressed that it is
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TABLE 5: Resultant Fermi Resonance Couplingsigg, for very similar. Up toAv = 3, the modeled spectra within the
Cyclopentenes, (in cm™') and Cyclopentene-3h adiabatic approximation reproduce in a good manner the features
0,6, o) Wi W, Ws Wy of the experimental spectra.
with respect to the first axial CH bond At higher energies, the overtone spectra glso sho_w evid(_ance
) 15.0 -26 -26 3.9 3.9 of a rapid energy flow due to anharmonic couplings with
Wy -2.6 22.1 -8.1 11.9 0.0 isoenergetic combination states. They have been modeled in
Wa —2.6 81 22.1 0.0 11.9 the framework of the HCH or HCD chromophore, ignoring in
Ws 3.9 11.9 0.0 9.5 0.0 a first step the possible couplings involving the CC stretching
Wy 3.9 0.0 11.9 0.0 9.5 - . . . . . - S
_ _ _ - modes, with a simple vibrational Hamiltonian written in internal
with respect to the same CH bond but in equatorial position curvilinear coordinates in order to reproduce the spectra of the
\‘fvl 12‘2 2?:? _152.'03 _131'% _3(').10 two compounds with the same anharmonic potential. Even with
Wo 23 —15.0 211 0.0 11.8 these approximations, the general features of the spectra of the
Ws -3.1 11.8 0.0 3.8 0. two isotopomers are reproduced. However, from the= 5
Wy -3.1 0.0 11.8 0.0 3.8 overtone, some intensity transitions are not very well reproduced,
for cyclopentene-3fwith respect to the axial CH bond indicating that other couplings are efficient at these energies.
1) 18.7 —6.1 —6.1 5.2 5.2 They possibly involve combinations of HCC deformations and
Wi —6.1 22.1 8.1 12.9 0.0 CC stretching. In fact, the first derivative with respect to the
aZ *gé 7182'19 2%% %03 1%'% CH bond stretch of the..° term leads to a nonnegligible
Wj 50 0.0 12.9 0.0 93 anharmonic coupling term. The CC bond stretches are delocal-

ized into ring mode® from 1037 to 600 cm!. The combina-

for cyclopentene-3hwith respect to the same CH bond tions of the wagging and the first ring mode would have

but in equatorial conformation

S 20.2 13 13 —0.6 06 sufficient energy to interact with the higher CH bond stretching
Wi -1.3 21.1 —15.0 12.9 0.0 overtones by both kinetic and potential anharmonic terms. Even
W, -1.3 —-15.0 21.1 0.0 12.9 if the coupling is weak (because of the delocalization of the
W3 —0.6 12.9 0.0 31 0.0 ring mode), it can modify somewhat the transition intensities.
Wy —0.6 0.0 12.8 0.0 3.1 . ; e fi
o Further work is in progress in this field.

resultant cross anharmonicities The comparison of the modeling of the cyclopenteng-3h

for cyclopentene-3fin axial and equatorial conformations: overtone spectra in normal coordindtesth the present work

with the bending): —20.5 cmt

with the HCC deformations adjacent to the CH bond: indicatqs that the use of inte.rnal coordinates, with more
12 cnr'? (axial) and 13 cmt (equatorial) constraints, conducts to essentially the same reproduction of
for cyclopentenedy: the spectra as the other procedure, since, in this paper, the
with the bending): —21 cnt? overtone spectra of two isotopic compounds have been fitted
with the HCC deformations adjacent to the CH bond: with the same anharmonic potential. The reproduction of the

1 i 1 i
12 e (axial) and 13 cm? (equatorial) second and third overtones are almost equivalent in the two

procedures. In the present study, the wavenumbers of the axial
transitions in the third overtone are a little too high but the
equatorial band at 10 955 crhis better reproduced than in ref

difficult to optimize all the model parameters simultaneously
and the solution displayed here may not be unique. For this

reason, it is of interest to test the solution on two isotopomers 7. For the fourth overtone, the axial transitons are not very well
of the same molecule. In the present work, the uncertainties of _° . ’ . Very
the parameters certainly come essentially from the neglect of reprod_uced in the two procgdures. The f'ﬂh overtone is slightly
the coupling of the CH bond stretches with the combinations petter |n.the present WOI‘|.( since the transition near 15 500 cm
of CC stretches and HCC deformations. is less intense, and thl_s corresponds better to the spectra.
Furthermore, the conclusion of ref 7 was the same as the present
one since the introduction of a ring mode weakly coupled with
the twisting improved the higher overtone spectta=t 6 or

The experimental spectra of two isotopomers of the cyclo- 7). As a conclusion, the description of the rapid vibrational
pentene molecule have been measured and analyzed with &nergy flow in internal coordinates can give good results in the
theoretical treatment that takes into account the COUp”ng frame of the methy|ene Chromophore even in a re|ative|y
between the CH bond stretches and the large amplitude ring-complex molecule such as cyclopentene. Its only disavantage

puckering motion within the adiabatic approximation. In the s that it introduces a greater number of states in the fitting
cyclopentene; molecule, this model clearly evidences the procedure.

progressive dynamical localization of the vibrational energy.
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