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Relative Intensities of Nonequivalent CH Bonds in the Local Mode Overtone Spectra of 1,3-
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The CH stretching overtone spectra of 1,3- and 1,4-cyclohexadiene have been recorded in the regions
corresponding toAv = 2—6. Bands are assigned as overtones of the various nonequivalent CH bonds.
Oscillator strengths have been calculated according to the harmonically coupled anharmonic oscillator (HCAO)
local mode (LM) model, wittab initio dipole moment functions. The theoretical values have been compared

to experimental values, and good agreement is found between predicted intensities and measured relative
intensities within an overtone band. For 1,4-cyclohexadiene, shoulders were observed approximately 100
cm! above and below the pure LM transition fAw > 4. These are assigned as)(combinations with a
low-frequency ring-puckering mode.

Introduction molecular structure and conformation. More recently, calcula-
tion of overtone intensities has become more reliable; functions
based orab initio dipole moments have been used successfully
to fit the relative intensities of bands due to the nonequivalent
CH bonds in, for example, propafdimethyl ether and
acetoné] 1,3-butadiené? and the axial and equatorial CH
bonds in cyclohexan®.

The variations among the CH bonds that would be expected
to arise from the differences in planarity and bond strength in
I andll are small, yet they are sufficient to lead to a separation
of several hundred wavenumbers between the bands in the
higher overtones. In addition, there may be differences in the
relative intensities of these bands. A preliminary study of some
of the overtones of these molecule has been repéftedie
have now recorded the CH stretching vibrationsAer= 2—6
and analyzed them within the harmonically coupled anharmonic
oscillator (HCAO) LM model. Fully optimized geometries and
dipole moment functions have been calculated at the HF level
of theory. Dipole moment functions have been generated as a
series expansion in the two CH stretching coordinates for the
aliphatic CH and a single CH coordinate for the olefinic CH.
_ : . We consider the effect of the different anharmonicities on
similarly inconclusive. Subsequent analyses of the féraifl relative intensities and discuss the probable nature of the

Ramar spectra of the ring-puckering and twisting modes_ N additional features observed in the spectra, apart from the pure
both molecules were successfully used to establish a barrier t0| M bands

planarity of 1099 cm! in | and the planar minimum iH . At
room temperature, a significant fraction bf molecules will
be in one of the first few vibrational levels of the low-frequency
puckering modé. The samples were obtained from Lancaster Synthesis Inc,
The gas-phase spectra of CH stretching overtones can provide98% purity, and used without further purification. Near-IR
remarkably accurate information on small differences in the spectra were obtained on a Digilab FT-IR at 1émesolution
bond lengths of nonequivalent CH bonds. The positions of band in the region from 3800 to 10 000 crh This region includes
maxima and anharmonicities are well described by the LM both the first and second CH stretching overtones. A long-
model®13 and can be related to bond lengths calculateakin ~ path “White” cell (Wilmad Glass, Buena, NJ) was employed
initio geometry optimizations, provided that reasonably large to increase signal. Spectra in the regions of the second, third,
split-valence basis sets are employé#é Because of this  and fourth overtones have been previously recoftedth a
sensitivity, the overtone spectra can be used as a probe ofBeckman 5270 spectrometer. A variable path-length gas cell
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The molecular structures of 1,3-cyclohexadieheafd 1,4-
cyclohexadienell) have been subjects of continuing interest,

I 11

particularly with regard to their planarity. There has been little
controversy concerniny for which the microwave spectrdm
shows a twiste, geometry. The aliphatic CH bonds occupy
axial and equatorial positions relative to the ring; the nearly
degenerate olefinic CH are denoted ol arid & contrast, early
analysed® of the IR and Raman spectra df could not rule
out the possibility of a nonplanar minimum, and various electron
diffraction*®rotational Ramaf and NMR measurements were

Experimental Section
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(Wilkes Scientific Corp., South Northwalk, CT, model 5720) bonds attached to different centers. Within this approximation,
with NaCl windows was used to increase signal. A heating | is described by a single CH oscillator for each of the two
jacket was constructed for the cell, and an operating temperaturenonequivalent olefinic bonds (G CHor) and an asymmetric
of 85 °C was maintained by circulating water from a constant CH, group for the aliphatic bonds (Gl CHeg). Similarly, II
temperature heating bath (Haake, Berlin). The evacuated cellis described by a single CH oscillator for gdnd a symmetric
was loaded with vapor above a liquid sample kept in a sidearm CH, group for CH,. The HCAO LM models for a symmetric
and maintained at a lower temperature to avoid condensationCH, group, an asymmetric GHyroup, and a single CH bond
within the cell. Spectra were recorded at a nominal resolution have been described in detail elsewh€ré;13and we only give
of 2 cnTL. a brief outline here. The eigenstates are labéled), |v20dr,
Spectra in the regions of the fourth and fifth CH stretching and|v1ldxv2ldqin | and|vld and|vwpld in 1. The number of
overtones were recorded with an intracavity laser photoacousticquanta in any oscillator is given hyand the+ symbol indicates
spectrometer (ICL-PAS), pumped with a Coherent Innova 200 that the appropriately symmetrized combinations must be used
argon ion laser. The details of the ICL-PAS have been describedfor equivalent bonds in the GHyroup ofll . The olefinic CH
elsewheré! The sample was attached to a vacuum line and in | are technically distinct, but both experiment and calculations
degassed. Approximately 30 Torr of sample was introduced indicate that they are too similar to be distinguished in practice.
into a 1 L spherical mixing chamber equipped with a pressure  For a single CH bond, the Hamiltonian is simply that of a
gauge. Xenon was added as a buffer gas to a total pressure oMorse oscillator:
about 300 Torr and allowed to mix overnight. An aliquot of

A~

the prepared sample mixture was introduced into an evacuated H-— E|om_ . 2 .
PA resonance celf 15 cm long, with an EK3132 microphone e C a0 )
at one end.

The dye laser frequency was tuned with a three-plate where®; and @i are the LM frequency and anharmonicity,
birefringent filter; resolution in the overtone region varies from respectively, andonis the energy of the vibrational ground
0.6 to 2 cnt!. For each dye region, initial calibration was state. The Chligroups are treated in a similar manner, with
achieved by passing a fraction of the extracavity beam into a Morse oscillators describing the diagonal Hamiltonian and the
Spex 14018 double monochromator (spectral band-pass 0.3off-diagonal terms given by harmonic terA?s3 The equations
cm™1) and by determining the frequency for different settings for the symmetric Chigroup are identical to the equations used
of the micrometer that rotates the birefringent filter. A small for the methylene group in propalfeand, for the asymmetric
amount of water was introduced as internal standard when final CH,, to the equations used for cyclohexdfe.The one
calibration of frequencies was requirEd The fourth overtone additional parameter needed to describe & @Qrbup is the
region was recorded with pyridine 2; two dyes, DCM and R6G, effective coupling parametey,, which contains both kinetic
were required to encompass the fifth overtone region. and potential energy coupling. The fundamental spectra are

Spectra were imported into SpectraCalc or Bomem Grams/too complicated to be assigned in LM terms. Thysis
386 (both from Galactic Corg9for analysis. The spectra were estimated from ab initio calculations of the force constants and
normalized to the intracavity laser power in the usual mafner the optimized geometrd? For a symmetric Ckigroup, as in

I,y = (y — ¢)® where the kinetic coupling = —%»(G12/

p—p 2—TQ) B Gl_l) and the potential coupling = Y5(F12/F17).1° Gj is thg
e T Wilson G matrix andF; are the usual force constants, where
andj refer to the two CH stretching coordinates. The effective
whereP; = intracavity powerP, = extracavity power, andi(1) coupling between CH stretching oscillators and the mixed dipole

represents the wavelength dependence of the output Coup|e|fn0ment function terms mainly affects the transitions to LM
transmission. Where possible, band maxima and intensitiescombination states, which typically appear only in the lower
were determined by curve-fitting with the spectral deconvolution overtones.

options in this software. Where an entire region was assumed The dipole moment function is expressed as a series expan-
to owe its intensity to a particular overtone transition, the area sion in the internal CH stretching coordinates. For an isolated
was determined by integration across the region. CH stretching oscillator we hate

Calculation of Overtone Intensities i=Sug 4)

The oscillator strength of a vibrational transition from the
vibrational ground state, g, to the vibrationally excited state, e, whereZi is 1! times theith order derivative of the dipole

is given by 022 moment function with respect to the internal coordingteTo
S 5 determine the expansion coefficienfg, we useab initio
fog=4.702EmD 7 gt (2) molecular orbital theory to calculate the dipole moment as a
function of a single internal coordinate, the CH bond length. A
whereveq is the vibrational wavenumber of the transition and one-dimensional grid consisting of seven points around the
Zieg= [@]zi|gLls the transition dipole moment matrix elementin  equilibrium geometry, with a step size of 0.1 A, i.e., a maximum
debye (D). Thus, we need both the dipole moment function displacement of:0.3 A, is calculated. This ensures a reasonable
and the vibrational wave functions in order to calculate mapping of the dipole moment function and limits round-off
vibrational oscillator strengths. errors!® We limit the expansion in eq 4 to fourth order.

We use the harmonically coupled anharmonic oscillator  For the CH group, a two-dimensional grid in the two internal
(HCAO) LM model to describe the CH stretching vibrational displacement coordinates is calculated. This provides both the
modes of the molecules. The coupling between CH bonds is diagonal and mixed terms, i.e., those that depend on two internal
significant only when they are attached to the same carbon coordinates, in the dipole moment expansion. Only second-
atomil12 therefore, we have neglected coupling between CH and third-order mixed terms are includ€d.
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TABLE 1: Observed and Calculated Frequencies and Intensities, and Assignments for CH Stretching Vibrational Spectra of
Vapor-Phase 1,3-Cyclohexadiene (I)

observed calculated
state 7 (obsdy rel intens 7 (LM)2b fb(LM) v (ai)ac f < (ai)
|10dxOldq 2800-2975 (FRY 1.19 2854 2.19% 10°° 2870 2.19x 10°°
|0l 1Ldq 1.00 2946 19X 10°° 2931 1.88x 10°°
|104 3000-3100 5.33 3037 1.1& 10°° 3035 1.18x 10°°
|10 3037 1.23x 10°° 3031 1.23x 10°°
|20 OLdq 5596 5571 1.40< 1077 5614 1.84x 1077
|OLdx| 2Ldq 5746 1.00 5751 1.0 107 57309 1.10x 1077
|10 10dq 5795 5809 1.4% 1077 5806 1.49x 1077
1204, 5949 1.07 5956 1.7& 1077 5953 1.78x 1077
|20dr 5949 5956 2.5 1077 5943 2.49x 1077
|34 OLdq 8173 1.58 8146 418 1078 8228 4.13x 10°8
|OLdx| 3Ldq 8431 1.00 8439 3.63 10°8 8410 3.66x 1078
|20 10dq 8518 0.28 8511 0.3% 10°8 8538 0.37x 10°8
|10 2Ldq 8625 0.33 8623 0.2 10°8 8614 0.20x 10°8
|30 8765 2.81 8757 3.62 10°8 8752 3.63x 10°8
|3Ldr 8765 8757 4.66< 1078 8738 4.68x 10°8
403 Oldq 10583 1.0 10581 5.68 10°° 10715 4.97x 1079
|0l 4Ldq 10989 10995 4.6% 107° 10963 4.57x 107°
|3 1ldq 11088 0.17x 10°° 11155 0.16x 10°°
|10 3Ldq 11281 0.17x 107° 11273 0.16x 107°
1404, 11441 1.2 11440 443 10°° 11434 4.44x 107°
|404y 11441 11440 5.56 107°° 11414 5.62x 107°
|5l OLdq 12874 e 12875 8.03x 10710 13073 6.31x 10710
|OLdx| 5ldg 13440 e 13420 6.11x 10710 13390 5.77x 10710
|50, 14006 e 14007 5.57x 10710 13998 5.59x 10710
|50y 14006 14007 6.9% 10710 13972 7.02< 10710
|60 0Ldq 15031 f 15003 1.52x 1070 15303 9.21x 1071
|OLdx|6Ldq 15705 f 15721 8.49x 1011 15691 8.16x 1011
|6Ldi 16455 g 16472 7.82¢ 10711 16444 7.85x 10711
|6Ldr 16455 16472 9.6% 101t 16412 9.84x 1011

2y in units of cnt. P Calculated with the experimentally determined LM parameters given in Table 3 and the HF/6-31G(d) dipole moment
function. ¢ Calculated with the HF/6-31G(@)b initio determined LM parameters and dipole moment functidfermi resonance interactions with
first overtone of CH deformation modes: Relative intensities too uncertain because of low laser power at extreme ends of spéRegeorded
with DCM. 9 Recorded with R6G dye.

The optimized geometry and the dipole moment at displaced parametersp andax for each of the nonequivalent CH bonds
geometries are all calculated with Gaussiad®¥e have used  in naphthalené? cyclohexané? andtrans-2-butene®® molecules
the Hartree-Fock level of theory with the 6-31G(d) and for which experimental LM parameters had been measured. We
6-311+G(d,p) basis sets as defined within Gaussian 94. Previ- then determined scaling factors for an olefinic and an aliphatic
ous calculations have shown that the HF/6-31G(d) method givesCH bond as the average of the ratios of calculated to
good relative intensities within a given overtoe!3 whereas experimental frequencies and anharmonicities for the appropriate
larger basis sets are required to improve on the absolute overton€CH bonds. Scaling factors were calculated with both the HF/
intensities?*2> Electron correlation seems to have little effect 6-31G(d) and HF/6-314G(d,p) methods. For an olefinic CH
on overtone intensities and was not used R&?é. bond, we obtained average scaling factors of 0.94%f@nd

The intensities calculated with the HF/6-31G(d,p) dipole 0.942 for wx with the HF/6-31%#G(d,p) method, and for an
moment function had not converged with a fourth-order dipole aliphatic CH bond, we obtained 0.954 and 0.970, respectively.
expansion for the highest overtonesycy = 5 and 6. This We estimate the error in thab initio ® and wx to be of the
convergence problem was alleviated by increasing the order oforder of 10 and 1 cmt, respectively. Overall the scaleb
the dipole moment function expansion to sixth order for the initio LM parameters should provide a good estimatéaind
diagonal terms. To obtain converged sixth-order derivatives, @x.
we increased the grid size to nine points and used a smaller

step size of 0.05 A, i.e., maximum displacementiedd.2 A. Results and Discussion
This nine-point grid allowed us to obtain intensities that showed
good convergence up thy = 6. The CH stretching spectra fdrv = 2—6 of | are presented

The LM parameters for an isolated CH stretching mode can in Figures 15, and those foll in Figures 6-10. The observed
be calculated fromab initio values of the force constant and peak positions, relative intensities, and assignments are given
the derivative of the force constant along the internal CH in Tables 1 and 2. In the lower overtone spectxa,= 2 and
stretching coordinate associated with the CH stretching fid8e. 3, there is some localization within a region, but transitions to
Fundamental IR frequencies of the normal modes have longthe LM—LM combination states are predicted to have significant
been calculated withb initio methods. At the HartreeFock intensity and are indeed observed. There are also numerous
level, these calculated normal mode harmonic frequencies areLM normal mode combination bands, indicating that coupling
of the order of 10 percent too high; thus, it is common to apply to other modes is still very important. The major bands have
scaling factors to the calculated frequencies. We have taken abeen tentatively assigned on the basis of both frequency and
similar approach here to obtain a theoretical estimate of the LM relative intensity. In the spectra of both molecules, the overtones
parameterd® To determine the scaling factors for the different with Av > 4 exhibit essentially pure LM behavior. The fairly
nonequivalent CH bonds, we calculated thk initio LM narrow, simple bands, separated by several hundred wavenum-
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TABLE 2: Observed and Calculated Frequencies and Intensities, and Assignments for CH Stretching Vibrational Spectra of

Vapor-Phase 1,4-Cyclohexadiene (l1)

observed calculated

state 7 (obsd}y rel intens 7 (LM)2b fb(LM) ¥ (ai)ae f < (ai)
11,00 2750-2940 (FRY 1.17 2896 1.65¢< 10°° 2880 1.63x 10°°
|1,00 2750-2940 (FRY 2886 2.92x 10°° 2870 2.89x 10°°
| 104, 2940-3170 1.00 3019 3.0% 10°° 3017 3.01x 10°°
12,00 5640 1.52 5632 1.3x 107 5621 1.77x 1077
12,000 5640 5633 2.65 1077 5622 3.37x 1077
11,100 5739 0.22 5783 2.29 1077 5751 2.43x 1077
|204, 5916 1.00 5921 3.8% 1077 5916 3.81x 1077
13,00 8223 1.21 8225 6.68 10°8 8241 6.55x 10°8
13,00 8223 8225 4.03% 10°8 8241 4.04x 1078
|2,10 ~8530 0.03 8535 0.69 10°8 8507 0.06x 10°8
12,10 ~8530 8515 0.05 1078 8487 0.60x 1078
|30 8700 1.00 8704 8.22 10°® 8696 8.23x 10°8
14,000 10668 1.00 10669 6.4Q 10°° 17032 6.37x 107°
14,00 10668 10669 8.0& 10° 10732 5.41x 107°
13,11 11117 0.05x 107° 11116 0.05x 107°
13,10 11115 0.31x 10°° 11114 0.24x 10°°
|404, 11371 1.15 11368 10.0 10°° 11358 10.1x 10°°
[5,00F 12980 12962 0.9% 10° 13095 6.41x 10710
15,000 12980 1.2 12962 1.04 10°° 13095 7.54x 10710
|50, 13930 1.0 13915 1.25 10° 13901 12.6x 10710
16,00 15095 f 15107 1.91x 10710 15330 0.73x 10710
16,001 15095 f 15107 1.40x 10710 15330 1.18x 10710
|60 16332 g 16343 1.74x 10710 16325 1.77x 10710

a3 in units of cnT™. P Calculated with the experimentally determined LM parameters given in Table 3 and the HF/6-31G(d) dipole moment
function. ¢ Calculated with the HF/6-31G(db initio determined LM parameters and dipole moment functidfermi resonance interactions with
first overtone of CH deformation modes Relative intensities too uncertain because of low laser output power at extreme ends of spectrum.

fRecorded with DCM9 Recorded with R6G dye.

TABLE 3: Local Mode Parameters for the CH Bonds in
1,3- and 1,4-Cyclohexadiene

bond (I)expta (I)Xexpta &)calcb &))Q:alcb Dcad  DXcal®
1,3-Cyclohexadiene

CHad 2997+2 70.2+0.4 3000 642 2999 64.1

CHef 3074+17 64.943.2 3055 62.8 3060 629

CHo® 3155+1 589+0.1 3153 589 3152 59.0

CHyd 3155+1 5894+0.1 3149 59.1 3145 592
1,4-Cyclohexadiene

CHaf 30416 74713 3003 64.0 3013 63.9

CHo® 3138+6  59.1+1.2 3136 59.3 3131 594

aUncertainties are 1 standard deviati@alculated at HF/6-31G(d)
level of theory. Calculated at HF/6-3HtG(d,p) level of theory? 1,3-
Cyclohexadiene. Fit oAv = 4, 5, 6. See text 1,4-Cyclohexadiene.
Fit of Av = 3, 4, 5, 6.

bers, may be assigned to each of the unique CH oscillators:
CHol, or, CHax, and CHqfor | and CHy and CH, for Il .

Ab Initio and Experimental LM Parameters. Observed
maxima §) that have been assigned as pure LM peaks have
been fitted to the Morse oscillator equation:

Plv=a& — (v + L)X (5)
The values of the experimental LM parametéisand @x,
obtained from this Birge Spter fit, are given in Table 3, along
with the calculated and scaledb initio values. The agreement
between the HF/6-31G(d) and HF/6-3%®(d,p) calculated

calculations indicate that their anharmonicities should be the
largest in the cyclohexadienes; however, the differences are still
significantly beyond the expected uncertainties indbdnitio

LM parameters.

We have investigated the possibility that the experimental
axvalues are in error for Ciland CHyx. TheAwv = 3 aliphatic
spectral region exhibits several bands for both molecules rather
than a simple LM profile. This indicates that there are still
strong couplings to other modes, often CH bend vibrations that
appear as combinations of { 1) quanta of CH stretch plus 2
guanta of a bending mode. Fermi resonant interactions affect
both position and intensity, making it difficult to assign the
bands easily. We determined the experimental LM parameters
using onlyAv = 4, 5 and 6 for the BirgeSpmer fits. Better
correlation is necessary when fewer points are used; however,
the values may better reflect LM behavior. The regression
yields a lower value for the anharmonicity of gHn | (70.2
+ 0.4 instead of 73.8- 1.1 cnt1). The uncertainty is much
lower, and we believe the accuracy of the result is better. This
anharmonicity is still higher than either theoretical value (Table
3).

The anharmonicity for CKlin Il is hardly changed (74.Z
1.4 instead of 75.6= 2.7 cnt?), leading us to believe that it
may indeed be unusually high. If this is true, it may also be
manifested in the relative intensities of the aliphatic and olefinic
bands. To test this possibility, we have calculated the intensity
using first the experimental and thei initio values for the

values is very good and suggests that the procedure used td-M parameters, along with the ab initio value far{vide infra].
obtain these parameters is reasonable. Comparison to theThe results are given in Tables 1 and 2. Bor> 4, the LM—

experimental LM parameters is very good for the olefinic CH
stretching modes ih andIl, with discrepancies less than 10
cm ! for @ and less than 0.3 cm for @x. The agreement is
reasonable for the Cigbond inl, whereas it is rather poorer
for the weakest aliphatic CH bonds: gHn | and CHyin Il .
For these two bond types, the calculated values»oare about
10 cnt! smaller than the experimental values. Tdi®initio

LM combinations are calculated to contribute less than 1% of
the total intensity and no bands are observed. The calculated
data for these transitions have been omitted.

The effective coupling parameter;, contains both kinetic
and potential energy couplings and is calculated fronftaed
G matrix elementd?12determined fronab initio optimization
and frequency calculations. We have calculatkdhitio values
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Figure 1. Room-temperature spectrum of 1,3-cyclohexadiene in the
region of Av (CH) = 2, recorded in the gas phase on a Digilab FTS-
40 FT-IR. Path length is 2 m, and pressure is 60 Torr.

for y' with the HF/6-31G(d), HF/6-31G(d,p), and HF/6-
311++G (2d,2p) basis sets. Fdr we get 13.0 cm! (13.0,
11.2 cnrt) and forll, 5.6 cntt (5.1, 3.5 cmid), with the larger
basis set results given in brackets. The small variation in the
calculated values for'guggests that it is reasonable to yse
= 13 and 5 cm' in the calculations fot andll, respectively.
The value of the effective coupling constant fois similar to
the value for cyclohexad®(15 cnt?), whereas! is quite small
compared to values obtained for the £gtoup in molecules
such as propand&(20 cnt?). However, it has been found that
the calculated overtone intensities of the dominant transitions
do not depend significantly on the values of the effective
coupling parametef® Furthermore, the effect of’ gon the
transition energies is minimal for the pure LM stateg)].
The splitting of the»0. and |20 states is seen mainly in the
fundamental region, where it isy2 and decreases with
increasing overtone. LM combination bands are evident mainly
in the Av = 2 overtone region, where the staté&|1ldqin |
and|1,100n 1l obtain intensity from both the effective coupling
term and the mixed terms in the dipole moment function.
1,3-Cyclohexadiene: Band Assignments and Intensities.
Molecule | is stable in the twisted conformer and has four
nonequivalent CH bonds.There is a well-established empirical
relationship between the optimized CH bond length fronalan
initio calculation and the location of the overtone band
maximumi#15 Theab initio calculations show the olefinic CH
to have nearly identical bond lengths (1.0762 and 1.0765 A,
from HF/6-31G(d) optimization), so separation of their overtone
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Figure 2. Room-temperature spectrum of 1,3-cyclohexadiene in the
region of Av (CH) = 3, recorded in the gas phase on a Digilab FTS-
40 FT-IR. Path length is 2 m, and pressure is 60 Torr.
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Figure 3. Room-temperature spectrum of 1,3-cyclohexadiene in the
region ofAv (CH) = 4, recorded in the gas phase on a Beckman 5270.
Path length is~10 m.

For Av = 3 (Figure 2), the aliphatic to olefinic intensity ratio
is calculated to be (1.0):(1.0) with either parameter set, again
in good agreement with the observed relative intensity of (1.0):
(1.1). As noted in the discussion of the LM parameters for the
CHaxand CHy, there was some uncertainty about the assignment
of the pure LM transitions, since there are multiple plausible
assignments for the bands in this region. A shoulder at 8518
cm1is tentatively assigned 420« |10, and another, centered

maxima is not expected to appear at the lower overtones. Thearound 8625 cmt, as|10i« [2ld; The relative intensities of the

CHax and CHq bond lengths are calculated to be 1.0905 and
1.0854 A and will be well separated in all cases. Inthe=

2 region (Figure 1), we assign the band at 5596t | 2[4 0,

and a second band of similar intensity at 5795 &0 |14, 1[dg

The weaker band at 5746 cinis probably due to the transition
to the |00y 2ldy State. The relative intensities of these three
bands, from a curve-fitting procedure, is found to be (2.1):(1.0):
(2.3), in general agreement with the calculations, LM (1.4):
(2.0):(1.5) and ab initio (1.67):(1.0):(1.35). The intense band
at 5949 cm! arises from transitions to tH&0g, and|20g states.
The aliphatic intensity is taken as the sum of all the bands in
the aliphatic region. At théwv = 2 level, the total aliphatic to
olefinic intensity is calculated to be (1.15):(1.00), with the
experimental LM parameters, and (1.33):(1.00) withahenitio

bands in the regions assigned as axial and equatorial are found
by direct integration of the entire area in the region. The,CH
and CHy ratio is found to be (1.4):(1.0), in good agreement
with the calculated ratios of (1.2):(1.0) (LM) and (1.1):(1.0) (ab
initio); see Table 1.

For the higher overtoneav > 4 (Figures 3-5), we see three
broad bands corresponding to the aliphaticahd CHqbonds
and the four nearly equivalent GHi. Again, the CH overtone
is assigned to the lowest frequency band, in agreement with
positions calculated with theb initio estimateds and@x values.
In the Av = 4 region, we see good agreement between calculated
and observed relative intensities for the aliphatic and olefinic
regions; however, differences between the calculations with the
experimental and ab initio estimated LM parameters are starting

parameters. This is in moderate agreement with the observedio show. The ratio between the axial and equatorial CH bands

relative intensity of (1.0):(1.1).

is calculated to be (1.3):(1.0) with experimentaland @x,
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Figure 4. Room-temperature spectrum of 1,3-cyclohexadiene in the Figure 6. Room-temperature spectrum of 1,4-cyclohexadiene in the
region of Av (CH) = 5, recorded in the gas phase with ICL-PAS, region of Av (CH) = 2, recorded in the gas phase on a Digilab FTS-

pyridine 2 dye, unnormalized. 40 FT-IR. Path length is 2 m, and pressure is 60 Torr.
1655¢[0eq is greater instability in the power. The uncertainty in the latter
16>, o was too great to allow for a reliable intensity correction.
107162 N The CHy and CHq bands show slight shoulders that might

be due to hot bands associated with the very low-energy (97
cm™Y) ring twist mode?3° Similar behavior was observed in
the 1,4-cyclohexadiene GHbands (vide infra).

At the highest recorded overtonAy = 6 (Figure 5), we
expected that the Cldand CHy overtones might appear as two
overlapping bands of similar intensity. Some indication of this
is found in the full width at half-maximum, which, &y = 5,
is 87 cn1! for the olefinic band ifl, compared to 75 crt in
II; at v = 6, the corresponding values are 142 and 109%cm
respectively. However, it was not possible to satisfactorily
deconvolute thé\v = 6 overtone into two bands. This is not

15000 15500 16000 16500 unusual, since some actual separation, and the appearance of a

Wavenumbers (cm) small valley between the band maxima, is generally required
Figure 5. Room-temperature spectrum of 1,3-cyclohexadiene in the for a deconvolution program to produce a successful fit.
region ofAv (CH) = 6, recorded in the gas phase with ICL-PAS, DCM The separation between the aliphatic and olefinic CH at this
(14850-16250 cn), R6G (16200-16850 cn?). overtone is so large (Gii= 150 34 cn}; CHy = 163 32 cn1?)

that they could not be recorded with a single dye. The aliphatic

whereas use of thab initio parameters gives only (1.1):(1.0). region was recorded with DCM, the olefinic with R6G; thus, it
This difference between the intensity calculations with the two was not possible to compare the intensities of the aliphatic to
LM parameter sets increases with increasing overtone number.olefinic CH. Even within the DCM dye region, it was not
The experimental values are estimated to be about (1.0):(1.0);possible to obtain relative intensities for axial to equatorial, since
however, these early specttare rather noisy (Figure 3) and the laser power again became very weak at the low end of the
there is a larger experimental error here. As predicted from CHax band.
the calculations, the intensities of the other bands in the manifold  1,4-Cyclohexadiene: Band Assignment and Intensities.

Relative intensity

are quite insignificant, and no bands are observed. The HF/6-31G(d) optimized bond length of the £ 1.0900

At Av =5 (Figure 4), we calculated Gito CHgq intensity A while that of the CH; is 1.0776 A. Excluding differences in
ratios of (1.3):(1.0) and (1.1):(1.0) with the LM armdb initio anharmonicities, the overtones should appear at energies similar
estimated» and @x values, respectively (Table 1). The ratio to those of the Ckkand CH, o in |. The spectrum of thav
for the calculated total aliphatic to olefinic intensity is (1.1): = 2 region (Figure 6) shows transitions to the pure LM aliphatic

(2.0) from the experimental LM parameters and (1.0):(1.0) from |2,0] and olefinic|2[g, states as broad bands with maxima at
theab initio LM parameters. Unfortunately, it was not possible 5640 and 5916 crii, respectively. The calculated band maxima
to test these predictions through comparison with experimental and relative intensities agree well with the observations. The
intensities. The entird\v = 5 spectral region was recorded assignment of the transition to the LM combination statél]
with the ICL-PAS system, using the dye pyridine 2. The is more problematic. Since the coupling in the Gitoup is
unnormalized spectrum (Figure 4) cannot be used for intensity. weak, the transition t¢1,10mainly gains intensity from the
The recorded intensity must be corrected for both the transmit- mixed term in the dipole expansion. We calculate the position
tance of the output coupler and for the laser power (eq 1). The of this peak to be 5784 cm with the experimental LM
tunable range of this dye does go just beyond the low end of parameters and 5751 cthwith the ab initio LM parameters.
the CHy band; however, the output laser power was only about Either the medium band at 5739 cior the weaker band at

3 mW at this point, compared to 60 mW near the dye laser 5782 cnt! might be assigned as this transition. An alternative
maximum. As the end of the tunable range is approached, thereexplanation is that the band at 5739 ¢hand the smaller band
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TABLE 4: Observed and Calculated Intensity of Aliphatic
Relative to Olefinic Band in 1,4-Cyclohexadiene
6-31G(d) 6-31%G (d,py

Av observed LM ai LMP ai
1 1.2 1.52 1.50 1.45 1.44
2 15 1.65 2.02 2.53 2.97 2
3 1.2 1.36 1.34 2.13 1.99 g
4 0.9 1.53 1.26 221 1.63 ;E‘,
5 1.2 1.82 1.26 2.04 1.32 2
6 2.23 131 2.24 1.36 2
a Series function for dipole moment expansion extended to sixth

order.? LM parameters from experimerftLM parameters fromab
initio calculations.

at 5782 cm! are some Fermi resonant coupled mixture of the . , , .
|1,10transition and a combination involving one quantum of 8000 8250 8500 8750
CH stretch and two quanta of another mode (e.g., 3032tcm Wavenambers (e o
+ (2 x 1358 cnTY)). Such a combination could easily shift Figure 7. Room-te;-mperature spectrum of 1,4-cyc|ohexa§1|(_ene in the
the relative frequencies of both bands, as well as mix the ;%g;g’p_gé;;ﬁg@% irsegorr];j’egnlg ;Tgs%i?epgagg e Digilab FTS-
intensities. The transition to th#&,1peak is calculated to have
an intensity that is higher than the sum of the intensities of the
5739 and 5782 peaks. Not much difference is seen between . a
the two different calculations. A complete assignment of the 4.0, :@iﬂ

!

various bands in thév = 2 region was attempted; however,
there are so many possibilities that no unequivocal assignments Av=4
could be made. Thus, thev = 2 region cannot yet be used to
distinguish between the possible anharmonicities for the aliphatic
CH.

The spectra and assignments fbrare much simpler than
for I, since each overtone is dominated by only two strong
bands, one for CKl and one for Clg. The observed and
calculated intensity ratios for the aliphatic and olefinic bands MWM
have been collected in Table 4. The experimental intensity ratio s
in the Av = 2 region is (1.7):(1.0) and agrees quite well with
the calculated intensity ratio of (1.6):(1.0) from the experimental 10500 11000 11500
LM parameters and less well with the value of (2.0):(1.0) from Wavenumbers (o)
the ab initio LM parameters, both calculated with the HF/6- Figyre 8. Room-temperature spectrum of 1,4-cyclohexadiene in the
31G(d) dipole moment function. The difference in the choice €91on 0fAv (CH) = 4, recorded in the gas phase on a Beckman 5270.
of parameters for the calculated ratios becomes more pronouncedPalth length is~10 m.
at the higher overtones. Regardless of basis setAfoe 3
the intensity ratio calculated with theb initio LM parameters
is always lower than that obtained with experimental LM
parameters. The difference becomes more pronounced with
increasing overtone level. Th&v = 5 region was recorded
with the ICL-PAS and the pyridine 2 dye. The relative
intensities are found to be about (1.15 0.2):(1.0) from
experiment, (1.8):(1.0) for the experimental LM parameters, and
(2.3):(1.0) for theab initio LM parameters. The uncertainty in
the experimental measurement makes it difficult to distinguish
between the two calculations; however thé initio LM
parameters seem to be preferable. The relative intensities at
Av = 6 are predicted to be (2.2):(1.0) from the experimental
LM parameters and only (1.3):(1.0) from ttabd initio LM
parameters. Since it was not possible to record the entire region
with a single dye, we were unable to determine which set of 13000 13500 14000
parameters might be preferred. Wavenumbers (cmr’)

It is apparent from the spectra of all the overtonesliof Figyre 9. Room-temperature spectrum of 1,4-cyc|ohe?<adiene in the
(Figures 6-10) that the CH regions do not give a pure single ~ €9ion of Av (CH) = 5, recorded in the gas phase with ICL-PAS,
band structure as would be expected, at leasifoe 4, from pyridine 2 dye, unnormalized.
the equivalence of the four aliphatic CH bonds. However, the
fundamental ring-puckering mode ii has a vibrational appreciable amount of time in a molecular structure that is not
frequency® of about 108 cm!. Thus, the first few vibrational planar. This will clearly affect the aliphatic CH bonds. We
levels of this mode are significantly populated at room tem- have estimated the variation in the gHond length of about 1
perature. Evidence for this is found in the far-IR spectfum. mA for nonplanar conformers up to an energy of 400 &m
a classical sense, this means that the molecule will spend anEven such a small variation will cause a significant broadening

Relative intensity

Relative intensity
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Figure 10. Room-temperature spectrum of 1,4-cyclohexadiene in the
region of Av (CH) = 6, recorded in the gas phase with ICL-PAS, DCM
(14850-16250 cm?), R6G (16206-16850 cn?).

15000

of the involved overtone bands. Furthermore, owing to the low
vibrational frequency of the ring-puckering mode, hot bands
and combinations of LM and ring-puckering mode bands can
occur. The spectra af\v 2 and 3 include too many
combination bands to be easily interpreted. However, thg CH
regions ofAv = 4 and 5 clearly exhibit a single strong band
flanked by two shoulders at approximatefyt 10 cnt?, which

are probably attributable to the puckering mode. In intensity
comparisons for v= 3, we have taken the area of the entire

band for the aliphatic intensity, since we assume that all bands

in this region obtain their intensity from the dominant pure LM

transition. The observation of these shoulders is of some interest

in relation to recent papers on the elimination offtbm | and

13132 |t has been suggested that in the photodissociation of

the latter molecule the reaction pathway would involve a

transition state in which the aliphatic CH bonds were stretched

by about 35% from their equilibrium values and that the

J. Phys. Chem. A, Vol. 102, No. 50, 19980237

and olefinic. Where comparison is experimentally feasible,
relative intensities of the CH overtone bands calculated from
ab initio dipole moment functions are in good agreement with
the observed relative intensities within each overtone. Shoulders
on the aliphatic CH overtone bands faw > 4 are attributed

to the population of very low-frequency ring modes, a ring twist
in the 1,3-cyclohexadiene and a pucker in 1,4-cyclohexadiene.
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