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Perfluorocyclopentene, like cyclopentene, is expected to have a nonplanar structure with a low barrier to
inversion. However, in contrast to cyclopentene, no cluster of bands that could be assigned to the ring-
puckering vibration has been reported in the infrared and Raman spectra. To address this problem, ab initio
molecular orbital calculations have been carried out to determine the structure and harmonic vibrational
frequencies of the puckered molecu@)( and the molecule constrained to planariBs,j. The molecule is
nonplanar at all levels of theory, with a dihedral angle of.Z¢he calculated barrier to inversion (32050

cm™1), and puckering frequency (42 ch), have been used in a one-dimensional, quadratic, and quartic
potential function to calculate the puckering spectrum. The predicted spectrum is characterized mainly by a
number of close-lying transitions extending over the range 40 to 56.dmlight of the calculations, some
assignments in the vibrational spectra have been revised.

Introduction the conformations and vibrational potential energy surfaces have
The role of chlorofluorocarbons in atmospheric ozone de- Peen determined through study of the spectra. As the most
struction and in greenhouse warming has initiated much research/éPresentative example of pseudo-four-membered-ring mol-
on replacements, and on their spectral and thermodynamiceCU|es with relatively low barriers to inversion, cyclopenteng
properties. Some hydrofluorocarbons have found industrial (CsHs) has been at the center of numerous spectroscopic
applications. In this context, the cyclic fluorocarbons and investigations?~1> Theoretical studies addressing the large-
hydrofluorocarbons have received much less attention. However,@mplitude puckering motion have also been reported, as well
as members of the class of small cyclic molecules that are &S @b initio computational work, one at high levet! These
characterized by low inversion barriers to ring puckering, they Studies have yielded the dihedral puckering angle, the inversion
are of interest—3 barrier, and the puckering vibrational frequency. However, some
The infrared (IR) and Raman spectra have been reported foruncertainty remains in the values of the two former quantities.
perfluorocyclopentene s).4 The assignments of the observed It is suggested that_an investigation of the \/_lb_rat|onal spectra
bands have been based on measured depolarization ratiosOf CsFe. and a consideration of its double-minimum potential
relative band intensities, and group frequency correlations. function for the low-frequency ring-puckering vibration in the
However, because of extensive mixing betweerFGnd G-C context of other perfluorocyclocarbons, will provide an answer
motions, the assignments are somewhat specul@tie. for the apparent absence of puckering structure in the spectra,
theoretical ab initio molecular orbital calculations of the @and will contribute to a better understanding of the vibrational

equilibrium structures, vibrational frequencies, and inversion SPectra of the class of perfluorocyclocarbons and partially
barrier have been reported. fluorinated cyclocarbons, and of four-membered and pseudo-

A puzzling feature in the IR and Raman spectra of perfluo- four-membered-ring compounds in general.
rocyclobutane (gFg) and perfluorocyclopentene has been the The relative ease of carrying ouf[ hlgh-level ab initio r_nolecular
absence of any bands or structure in the spectra that could peorbital calculations for the determination of the potential energy
unambiguously assigned to the puckering vibrati®hA recent surfaces has_made possible the pred_ic_ti_on of the vibrati_onal
investigation of GFg has proposed an explanation for the SPectra. In this work we report on ab initio molecular orbital
apparent absence of puckering structure in the infrared absorp-calculations of the molecular structures off; puckered and
tion spectrun®, despite the fact that it is a puckered, nonplanar planar, and the vibrational frequencies and transition intensities.
molecule, with a low barrier to inversion. For cyclobutane no For comparison similar calculations have been carried out for
absorption was detected in the far-IR that could be assigned toCsHs. In light of the calculations some of the vibrational
the ring-puckering vibration, but puckering transitions have been assignments have been revised. A treatment is presented which
measured in the mid-IR from sum and difference tones with allows prediction of the puckering vibration and the associated
another fundamentdfl® For 1,1,2,2-tetrafluorocyclobutane a vibrational structure that should be present in the IR spectrum.
broad band observed in the IR spectra at80 cm ! has been )
assigned to the ring-puckering moHeThe problem of the ~ Calculations
reported absence of puckering structure in the perfluorocyclo-  standard ab initio molecular orbital calculations were carried
pentene spectra forms a key aspect of this paper. _out on GFg and GHg using the GAUSSIAN 94 suite of

A ngmber of review art|cle§ have appeared on the ring- programst® The GHg calculations were for purposes of
puckering vibrations of small ring molecul&s® In all cases comparison, both with the4Es results and with the previously
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TABLE 1: Optimized Structures of CsFg (A (1 A = 0.1 nm), the molecule to planarity has had only very minor impact on
and deg) the bond lengths and angles. Furthermore, the calculated C
Cs Cao bond lengths are only marginally different from those measured
HE  B3LYP MP2 HE  B3LYP MP2 in a gas-phase electron diffraction study of cyclopent&ria.

e 1310 1334 1340 1309 1334 1338 all the calculations the largest discrepancy involves theCC
[%2:33 T I I e Taes 1358 bond lengthr(2,3) (Figure 1) which in GFs is about 1.5%
r(3,4) 1.543 1.563 1.545 1.551 1.568 1.557 smaller than the measured and calculated |ength for the same
r(1,6) 1304 1324 1330 1304 1324 1.330 bond in GHg.1*20Use of the larger basis has resulted in only
r(3,8) 1326 1.354 1356 1.329 1.357 1.360 slight changes in the optimized structures of boiRg@nd GHs.

r(3,9) 1.331 1.359 1.363 1.329 1.357 1.360

The dihedral angles have experienced the largest change. For

:82'23 igig igii igi? igﬁ igi; iggg CsFs they have changed from 20.&nd 23.9, to 20.0 and

' ’ ' ’ ' ’ ’ 24.3 for the HF and MP2 calculations respectively (Table 2).
C3C4C5 1051 1054 1048 1059 106.0 106.1 The good agreement obtained for the dihedral angle sbfsC
C2C3C4  103.0 1034 1029 104.0 1040 1043 petween the MP2 calculations and experiment suggests that a
CclC2C3 112.4 112.6 111.8 113.0 113.0 112.7 L . f
C1CoE7 1276 1270 1274 1274 1268 1271 S|m|Iar_good agreement may hold fogkg, and that its dihedral
C3C4F11 1123 1117 1124 1105 1104 1103 angleis therefore 24
C3C4F10 109.0 109.2 108.7 1105 1104 1103 Force constants and harmonic vibrational frequencies were
C4C3F9 1105 1104 1101 1112 1109 111.0 gptained by analytic second differentiation of the energy with
ggggig ﬂig ﬂig ﬂi? iﬁg ﬂgg ﬁig respect to nuclear displacements. The frequency calculations
C2C3F8 1122 1121 1123 1115 1117 1115 Were appliedtothe computed minima. No frequency calculations
were undertaken at the MP2 level of theory fojFgbut were
undertaken for gHs. For molecules as large asskg, MP2
frequency calculations are very costly and the resulting frequen-
cies are frequently not better than those calculated at lower
theoretical leveld? This was shown to be the case for perfluo-
rocyclobutang& where the deviations of the scaled HF/6-31G-
(d) calculated frequencies were less than the deviations of the
scaled MP2/6-31G(d) frequencies for the majority of the
experimentally measured frequencies. The theoretical frequen-
cies calculated at the HF/6-31G(d) and B3LYP/6-31G(d) levels
have been scaled by the factors 0.895 and 0.9614, respectively,
and for the puckering mode in the DFT and MP2 calculations
the recommended scaling factors of 1.0013 and 1.0485 were
treated with second-order (MP2-frozen core) and fourth-order used:®
(MP4-frozen core), perturbation expansions, and density func-  The barrier heights, dihedral puckering angles, and puckering
tional theory (DFT). The DFT technique employed the Becke3 frequencies are given in Table 2. Itis seen that the barrier heights
(B3) exchange functional which was supplemented with the and dihedral angles are roughly comparable fgf@nd GHs,

Figure 1. Perfluorocyclopentene.

Lee, Yang, Parr (LYP$ correlation functional. but the puckering frequencies are much smaller for the heavier
The majority of the calculations were performed with the molecule. On the other hand, relative tqFg the puckering
6-31G(d) basis set. This basis set is of doublepe with frequencies are comparable, but the dihedral puckering angle

polarization functions on all heavy atoms. To ascertain the is significantly larger for @Fs.® Furthermore, much better
importance of diffuse functions in the basis on the energies andagreement is obtained between the scaled HF/6-31G(d) and
geometries, the HF and MP2 optimizations were also carried B3LYP/6-31G(d) calculated puckering frequencies and the
out with the 6-3%G(d) basis. The MP4 energies were calculated experimental frequency for 8ls than for the MP2/6-31G(d)
at the MP2/6-31G(d) and MP2/6-35(d) optimized geom- calculation. This supports the point made above on the relative
etries, but only for gHg. The geometry was also optimized with values of HF and MP2 frequency calculations. Finally, in these
the carbon ring of the molecule constrained to planam@y, ( comparisons an important difference in the characterization of
symmetry). However, the nonplanar structu@g §ymmetry) is the ring-puckering dynamics concerns the ratio of the barrier
the more stable at all levels of theory. height to puckering vibration frequency. The ratio is much larger
The optimized ground-state structures at various levels of for the fluorinated molecules.
theory are listed in Table 1. Apart from the dihedral angles there It remains a feature of ab initio molecular orbital calculations
are no significant differences (greater than 2.5%) in the that they are still unable to provide precise estimates (i.e., within
structures for the different levels of theory, and constraining a few cnt?l) of the barrier heights of the four- and pseudo-

TABLE 2: Barrier Heights (cm ~1), Dihedral Puckering Angles (deg), and Puckering Frequencies (cm) for CsFg and CsHg

CsFs HF 6-31G(d) B3LYP MP2 HF 6-31G(d) MP2

barrier height 159 89 266 183 396

dihedral angle 20.3 16.5 23.9 20.0 24.3

puckering freq 42 32

CsHs HF 6-31G(d) B3LYP MP2 MP4 HF 6-3tG(d) MP2 MP4 exp

barrier height 113 97 288 225 134 340 273 232
dihedral angle 21.7 20.0 26.1 21.1 26.7 26.0
puckering freq 135 137 127

aReference 1.
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four-membered ring molecules. This is illustrated by the the planar C,,) and puckered) structures of gFg, Table 3.
extensive series of calculations ogHg carried out by Allen As indicated above, most vibrational frequencies are little
and co-workers# They pointed out the difficulty of predicting  changed (less than 5%), in going from the puckered to planar
the barrier height, and although they proposed a value of 235 structures and a good correlation can be established. This shows
+ 20 cnt?, which is within experimental range, it must be the lack of sensitivity of the vibrational frequencies to the
recognized that prior knowledge of the expected value must puckered structure, and in particular confirms that the large-
have influenced their final choice of calculations. Furthermore, amplitude puckering vibration can be separated from the other
the convergence of their MP4 and MPenergies to the  vibrational modes.

experimentally deduced value must be considered partly for-  Also included in the table are the experimental values
tuitous since the energies were not calculated at the optimizedpptained from the IR and Raman spedr@verall good
structures but for the geometry determined at a lower level of agreement is established between the observed and calculated

theory. We have repeated the MP4 calculations f¢fCThe frequencies. Most vibrations are heavily mixed and the descrip-
barrier heights calculated at the MP2/6-31G(d) and MP2/6- tions in terms of bond stretching, angle bending, and so on,
31+G(d) optimized geometries are 225 and 273 &ror the previously reported,are in broad agreement with the forms of

two b4asis sets, respectively. When zero-point vibrational ef- the calculated normal coordinates. However, some assignments
fects* are included they are reduced to 200 and 2§03(;m proposed by Harris and Longshéigave been revised in light
compared to an experimentally deduced value of 232'c®0  of the calculations. The most important of the revisions to the
the value determined with the |argel’ basis is in marg|na”y better proposed assignments concerns the puckering vibration.

agreem'ent W,ith experiment. . ) Perfluorocyclopentene is a pseudo-four-membered ring, with
The inclusion of electron correlation and a larger basis, 5y expected low barrier to inversion. A line centered at 100
clearly, have both increased the barrier height substantially. The .1 the Raman spectrum was assigned to the ring-puckering
inclusion of diffuse functions is more of relevance fafgthan fundamentaf. For a number of reasons this assignment is
CsHs and is reflected in the differences in the MP2/6-31G(d) considered by us to be unsatisfactory. First, no multiline
and MP2/6-33G(d) energies. The fluorines possess lone pair gpectrum or broad band that could be attributed to the ring-
electrons. Because of the better agreement achievedsfés C 1 \ciering vibration was observed, in contrast to cyclopertene
between the MP4 single point calculations and the experimen- 4y 1 1 2 2-tetrafluorocyclobutate Second, in light of the
tally deduced. barrier height than the MP2 calculations, similar iy ational frequencies for the puckering modes of cyclopentene
MP4 calculations were seen as useful faiF§& H_owever,_ the and perdeuteriocyclopentene, 127 and 108 kgnrespec-
number of “heavy” atoms precluded them being c_arrled out. tively,1213a frequency of 100 cm seems too large for the much
Nevertheless, inspection of Table 2 allows an estimate t0 be 416 massive perfluorocyclopentene. Third, a comparison with
made_for the barrier height ofs€. The upper and lower bounds cyclobutan&°and perfluorocyclobutatesuggests a frequency
are given by theﬁﬂMPZ/G-&EL_G(d) and HF/6-3+G(d) values less than 50 cmt. Finally, a compelling argument against
of 396 and 183 crmt, respectively. For €Hg, the MP2/6-3% G- assigning the puckering mode to the 100 érband is the large
(d) value is too large by about 80 cfrwhen allowance is made  igcrepancy with the calculated frequencies of the puckering
for the zero-point effect (see below). Assuming that the error 1o ¢, about 40 cm). The close similarity of the calculated

for CsFg is similar, or less since the 6-315(d) basis is more o4 encies for 45 ) and GFx (42 cntd) should be
relevant for GFg, a value for the barrier height in the vicinity no'ged. s ( ) @Fs ( )

of 3204 50 cntlis arrived at. .
For cvclopentene. hiah-level ab initi lculations have shown In the low-temperature far-infrared spectrum recorded down
or cyclopentene, hign-ievel a 0 cajcuations have Shown 4, 34 cnT?, Harris and Longshofaletected no absorption below

that apart from the puckering made, nine of the r_emaining a2 188 cn1l. The fact that they did not observe the band at 100
vibrational frequencies change by more than 10°tm going cm~1, which was however observed in their Raman spectrum,

from the puckered to the planar geometfitBespite cancel- sugoests that an assignment for the 100-cirand to an
lations resulting from both positive and negative changes, an mogdge (G=C torsion) vg\l/hich correlates with ary mode (IR
overall change of 25 cmt remains in the total zero-point inactive) in the Ia’narQ ) conformation, may be more
vibrational energy. This must be considered a contribution to appropriate. The gbsencezuof a band at ak;out Zoldmthe
:geoirpﬂlr:'c:% ds?:t/\e(g pci(f(lfﬁgt'% ;]ZV?(;?'EZ iagjeé?;%cgcim%e far-IR spectrum measured down to 33 ¢htan be attributed
frequencies respectively are changed l5)y 'more than 16 om to its predicted very low intensity. Thus the band seen at 100
. . - cm~1 should not be assigned to the puckering mode, but rather
going from the puckered to the planar geometries, but in contrastto the lowest frequency”amode, for which the calculated

the Iargeslt change is only 18 Cﬁpompared to a largest change results, 101 cmt in HF calculation forCs structure, are in much
of 79 cn 1 for the same calculations ons&s. The total change
better agreement.

in the zero-point vibrational energy is much smaller faF§ . ) )
than for GHs, —7 and +1 cnmit in the HF and B3LYP Other bands that are particularly prominent in the IR spectra
calculations, respectively. Thus, the contribution of the zero- of the cyclic fluorocarbons and hydrofluorocarbons are the bands

point vibrational energy to the puckering inversion barrier is &t about 980 crm, largely ring stretching:>®252% For GsFg
similarly much smaller. _they must be aSS|gnec_>I to the two intense bands at 1’0(18_ a
in Cp,), and 985 & (b, in Cy) cm™2, in close agreement with

the calculations, where very strong bands at 996 and 983 cm
are obtained in the HF calculations. The calculations provide

The fundamental vibrations divide into two groups of 18 a confirmation for the assignment of the<C stretch to the band
and 15 & symmetries for the puckere@s structure, which at 1770 cmt. It is of the order of 150 cmt higher than in
correlate with 11 aand 7 i, and 6 a and 9 b, respectively, cyclopentene where it is assigned to the band observed at 1617
for the planarC,, form (& and b vibrations are defined to occur  cm. This parallels the calculations which also yield a 150&m
in the molecular plane). The vibrational frequencies and difference for the &C stretching vibration frequencies in the
transition intensities (Raman and IR) have been calculated fortwo molecules. For the vibrations with frequencies less than

Vibrational Assignments for CsFg
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TABLE 3: Calculated (Cs and Cy,) and Observed Vibrational Frequencies (cm?), and IR and Raman Intensities for GFg?

puckeredCs planarC,, exp
HF B3LYP HF B3LYP Cs
IRv IR int R int IRv IR int IRv IR int IRv IR int IRvorR,int
a 1809 15 100 1748 26 1a 1812 14 1750 21 1770, s
1391 2 30 1340 <1 1393 <1 1342 <1 1386, R
1368 18 10 1287 29 1358 15 1278 21 1327, s
1152 13 4 1120 28 1153 1 1120 5 1144, sh
996 75 2 978 86 997 68 978 68 1008, s
656 1 34 639 2 646 1 632 1 663, m
616 1 3 600 1 609 3 595 2 603, ms
418 2 15 410 2 420 2 412 2 430, m
340 <1 7 326 <1 322 <1 314 <1 347, vw
304 1 1 296 1 311 1 302 1 312, m
240 <1 2 235 <1 238 <1 234 <1 252, ss, mw
1255 19 6 1192 43 b 1258 19 1194 34 1219, s
1226 100 3 1153 100 1219 100 1146 100 1180, s
603 2 5 589 2 618 <1 598 <1 617, R
497 <1 7 480 <1 497 <1 478 <1 499, R
214 <1 <1 213 <1 236 1 228 1 234, ss, mw
171 1 1 164 1 172 1 163 1 187, s
42 <1 <1 32 <1
a’ 1206 1 21 1132 1 A 1208 0 1130 0 1211, ss, sh
696 <1 21 655 <1 690 0 651 0 721, vw
403 1 12 394 1 417 0 402 0 419, ss, sh
258 <1 <1 255 <1 274 0 267 0 274, ss, mw
238 <1 <1 230 <1 241 0 231 0 234, ss, mw
101 <1 2 94 <1 94 0 88 0 100, R
1396 69 <1 1360 85 b 1395 66 1359 70 1389, s
1338 37 24 1255 46 1329 29 1248 34 1300, s
1116 1 <1 1073 4 1113 2 1072 6 1106, sh
980 68 <1 955 78 979 63 952 63 985, s
839 <1 <1 825 <1 841 <1 826 <1 889, mw
584 7 2 570 7 582 7 568 6 627, sh
436 1 10 423 1 424 1 415 1 444, ss, s
307 <1 1 300 <1 318 1 308 <1 312, m
252 <1 <1 250 <1 255 <1 252 <1 252, ss, mw

2The IR and Raman intensities have been arbitrarily scaled such that the strongest intensity for eachwsé @0-arris and C. T. Longshore,
ref 4. All entries are IR of gas, unless IR solid state (ss) or Raman gas (R).
400 cnt?!, many of which are characterized by very low The same approach that was employed faFsCin the
intensities, considerable ambiguity remains in the assignments.treatment of the puckering structure expected in the infrared
spectrum is adopted het&riefly, the puckering energy levels
Ring Puckering and wave functions are determined from a one-dimensional
The ring-puckering mode is of aymmetry, correlating with ~ Hamiltonian, ‘eq 1, for which the puckering potential is
by symmetry for the planar structure. As such it is allowed in eépresented by quadratic and quartic terms in the mass-weighted
the IR and Raman spectra as a fundamental. However, both itsiNg-puckering coordinateQ = ”?zllzz- The effective mass is
IR absorption intensity and Raman activity are calculated to be 9iven bym,, andZ is the puckering coordinate.
very small (Table 3). The ring-puckering mode may also appear

in the spectra as a combination band. In this context it has been H = —(h%2)(6%9Q%) — (Nm)Q* + (BImAQ* (1)
observed in the IR spectrum of cyclobutane where the funda-
mental is IR inactiveé:1° Although it is argued that for &5 the A two-parameter expression of this form has proved quite

ring-puckering fundamental and its associated vibrational gaisiactory in interpreting the ring-puckering spectra of many
structure have not yet been correctly identified, it must be active ¢5 - membered and pseudo-four-membered?rmpmpounds.
in some weak bands that may be assigned to combination bandsrpo |ack of an observed ring-puckering spectrum fafFC

it?volzj/int? thde puckerir&g r’r;)ode. Comfna;rison Vr\]’ithF@ (Wgak,d precludes the use of a more sophisticated form for the potential
frog ar; | re”:jolli 23 tOltJt ﬂGO © r:)nt: tt N omalte with additional parameters. However, the applicability of an
undamental), and 1,1,2,2-tetrafluorocyclobutane{80 cn ) analytical quadratic/quartic form for the potential is supported

QP 1
suggests th_at weak ban_ds re_moved some&henT = may be by the good match found with the potential energy determined
representative of puckering sideband structure. The weak bandsoy a number of single-point calculations (HF/6-31G(d)), along
n th%IIR abs(iq(;pttlon S:Phectrum at 1057 3”29182((;%5[3? the puckering coordinate, Figure 2. In this point-calculated
possible candidates. 1hey are remove _an cm potential the barrier is believed to be too small, but the form is
respectively, from the strong bands at 1008 (nn_g stretch)_and clearly correct, and in the absence of observed puckering
1770 ot (C=C stretch), and are of the predicted relative vibrational structure, cannot be easily improved upon.

intensity, 0.0+0.03, of the fundamental. Furthermore, the ) . ]
combination band assignments proposed by Harris and Long- For & potential of the form of eq 1 the relationship between
the coefficients and the barrier heighbt,is given by eq 2.

shoré do not fit at all well, even if significant anharmonicity
is allowed for, according to their analyses: 1076 (63445)
and 1850 (631 1219) cnt. B = A%4b 2)
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200 cm~! with the maximum transition intensity centered at about
49 cnml. Transitions starting from levels higher thari re
associated with much smaller intensities due both to rapidly
decreasing Boltzmann factors and decreasing transition intensi-
ties. WithA/ym, = 20 cnt! and accordinglyB/(ym,)? = 0.307
cml, wherey = 47?vy/h, a cluster of transitions is obtained
over an approximately 16 cmi range with maximum at about

49 cnT?, in accordance with the proposed interpretations of the
bands at 1057 and 1820 cfn

The extent of wavelength dispersion of the vibrational
structure is largely governed by the magnitude of the ratio of
barrier height to puckering frequency. This ratio is similar for
C4Fs and GFg but much larger than the corresponding ratio for
C4Hg and GHs. For the case of the large ratio, that is, a small

-20 0 20 frequency for the puckering mode relative to the barrier height,

Dihedral Angle many vibrational levels occur below the barrier height. FeifsC

Figure 2. Puckering potential determined from single point HF/6- the level spacings, although decreasing, nevertheless only vary
31G(d) energies. over a range of some 16 crh For the room temperature
molecule it is these levels that are associated with the maximum
intensities, so that only a limited spread of transition frequencies
is obtained. In parallel with &5, where the sideband structure
for a combination band involving the puckering mode, was
shown to be largely concentrated in a narrow range displaced
some 60 cm? from the fundamental, so forsEg the vibrational
structure associated with the puckering vibration is expected to
be found predominantly in a narrow frequency range. This finds
support in the broad band observed at-80 cnt! in the IR
spectrum of 1,1,2,2-tetrafluorocyclobutane assigned to the ring-
puckering modé?! No distinct Q branches could be resolved.

For the puckering vibration which is @, in the Cy,), the
rotational contours are of type C, which in the case of the planar
structure corresponds to a transition polarized normal to the
molecular plane. Using the ground state rotational constants
determined in the MP2 calculation, and for the vibrationally

Qp excited state incorporating small decreases in the rotational
Figure 3. Potential energy curve for the ring-puckering vibration. constants in accordance W|th_the MP2 calculated constants for
Transitions with intensities greater than 10% of the transition with the planar form, a type C rotational contour has been calculated.

1004

cm-1

\

E
(8]

400

200 o

maximum intensity are indicated. It is marked by an intense Q branch with half width of about 2
cm~1, and weak P and R like wings.

The choice of values for the two coefficien®m, and B/m/? Without the participation of other vibrations as hot bands,

of @ andQ’, respectively, are constrained by the value of the vibrational structure due to the puckering vibration should be

barrier height (eq 2). The choice of the former coefficievity,, marked by resolved, relatively narrow lines. This is the case

has been determined by the value of the puckering vibrational for many of the four-membered and pseudo-four-membered ring
frequency ¢p), and by the requirement to achieve matching with  compounds possessing low inversion barriers. However,d&r C
the experimentally assigned spectrum, that is, with the broadin addition to the puckering mode, there are calculated to be
sidebands at 1057 and 1820 chnemoved some 50 cm from nine vibrations with frequencies less than 400 &mAt room
the fundamentals. temperature, all of these can be expected to have relatively large
The final values adopted for the barrier height and puckering populations in their first excited vibrational states. The excita-
vibration frequency arb = 320 andv, = 42 cntL. Justification tions of these vibrations slightly alter the potential function for
for the choice ofb has been given above, and the scaled HF/ the puckering vibration. As a consequence, each line in the
6-31G(d) calculated frequency has been adopted on the ground$pure” puckering vibration spectrum will be accompanied by a
of the good agreement found forsidg (Table 2) and the host of near-lying lines. This is exactly what is seen in the
similarly good agreement found between the HF calculated and cyclopentene spectrum, with the exception that only one
experimentally deduced frequency for cyclobuténe. vibration is of sufficiently low frequency to participate; thus,
The potential well and the associated energy levels are in the far-infrared spectrum of cyclopentene a weak side peak
depicted in Figure 3. Only transitions with intensities greater occurs within -2 cni* of each strong absorption peak.
than 10% of the maximum are depicted. Itis seen that the levels The relatively limited spread of the vibrational puckering
6% (12) and 6 (13) are still below the barrier, and are only structure (16 cm?), taken together with both the occurrence of
split by 5.3 cntl. This contrasts the behavior of cyclopentene numerous hot bands due to excitation of the low-frequency
where only the levels0(0) and 0 (1) are below the barrier,  vibrations, ad a Q branch peak half-width of about 2 cthn
and the levels 1 (2) and T (3) are approximately at the height can readily account for the absence of discrete peaks in the
of the barrier. The limited spread in the transition frequencies measured spectra. Rather, the puckering vibrational structure
is evident in that most lie in the range from about 56 to 40 should appear as a broad band. This has been seen to be the
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case for 1,1,2,2-tetrafluorocyclobutane, where a half-width of (3) Carreira, L. A,; Lord, R. C.; Malloy, T. BTop. Curr. Chem1979
some 40 cm! has been obtained in the gas-phase far-IR 82 1.

spectrumﬂ (4) Harris, W. C.; Longshore, C. T. Mol. Struct 1973 16, 187.
(5) Tuazon, E. C.; Fateley, W. G.; Bentley, F Appl. Spectroscl971,
. 25, 374.
Conclusion

(6) Miller, F. A.; Capwell, R. JSpectrochim. Actd971 27A 1113.
From a series of ab initio molecular orbital calculations carried (7) Claasen, H. HJ. Chem. Physl195Q 18, 543.

out for GFs and GHg an inversion barrier height of 328 50 (8) Fischer, G.; Purchase, R. L.; Smith, D. W.Mol. Struct 1997,
cm~tand puckering frequency of 42 cihhave been established 405 159. _
for the puckering mode of 455, and a dihedral angle of 24 (9) Stone, J. M. R.; Mills, . MMol. Phys 197Q 18, 631.

The barrier height and puckering frequency have been used in  (10) Miller, F. A.; Capwell, R. JSpectrochim. ACtd971, 27A 947.
a quadratic/quartic potential to predict the appearance of (11) Durig, J. P.; Harris, N. CSpectrochim. Actd971, 27A 649.
combination bands involving the puckering mode, as broad (12) Laane, J.; Lord, R. CI. Chem. Phys1967, 47, 4941.
bands extending over the range 40 to 56-&nfrom the - gleghv'”erlgia'éfé%?653"’“3’;"2""7“' L. E. Laane, J.; Harris, W. C.; Bush, S.
. L. . . J. em. 3 .
associated fundamental. This interpretation has been proposed ¥ i )
. . . (14) Allen, W. D.; Csaszar, A. G.; Horner, D. A. Am. Chem. Soc

for the weak bands in the infrared absorption spectrum at 1820 1992 114 6834.
and 1057 cm. The IR and Ramap absorption spectra .have (15) Champion, R.; Godfrey, P. D.; Bettens, F.L.Mol. Spectrosc
been calculated and shown to be in good agreement with the1991, 147, 488.
observed spectra. The calculations have suggested some revision (16) Gaussian 94Revision E.2; Frisch, M. J.; Trucks, G. W.; Schlegel,
of previous vibrational assignments. In particular, the band at H- B-: Gill. P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;

Lin the Raman spectrum has been assianed atorSionKelth’ T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
100 cnv+ in the p g Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.;

and not the ring puckering mode. Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
; qo S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
Acknowle_dgment. The .Australlan Researgh Council I.s Baker, J.; Stewart, J. P.; Head- Gordon, M.; Gonzalez, C.; Pople, J. A.
thanked for its support of this work. The calculations upon which Gaussian, Inc.: Pittsburgh, PA, 1995.
this work is based were carried out using the Fujitsu VPP and  (17) Becke, A. D.J. Chem. Phys1992 97, 9173.

the Silicon Graphics Power Challenge of the ANU Supercom-  (18) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

puter Facility. (19) Scott, A. P.; Radom, LI. Phys. Chem1996 100, 16502.
(20) Davis, M. |.; Muecke, T. WJ. Phys. Chem197Q 74, 1104.
References and Notes (21) Mao, C.; Nie, C.; Zhu, ZSpectrochim. Actd988 44A 1093.
(1) Rosas, R. L.; Cooper, C.; LaaneJJPhys. Cher199Q 94, 1830. (22) Miller, F. A.; Harney, B. M.Spectrochim. Actd972 28A 1059.

(2) Laane, JPure Appl. Chem1987 59, 1307. (23) Bauman, R. P.; Bulkin, B. J. Chem. Phys1966 45, 496.



