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We have measured the CH stretching vibrational spectrum of ethene gas in the regions corresponebng to 1
quanta in the CH stretching vibration with Fourier transform infrared and conventional absorption spectroscopy
and have determined the corresponding oscillator strengths. We have calculated the CH stretching vibrational
oscillator strengths for a series of alkenes: ethene, propene, 1,3-butaiée2dutene, andrans-2-butene.

The CH stretching intensities are calculated with a simple Morse oscillator local mode model for CH groups
and with the harmonically coupled anharmonic oscillator local mode model fora@H CH groups. The

local mode parameters, frequencies, and anharmonicities are obtained from experiments. The harmonic coupling
coefficients and the dipole moment functions are calculated with a range of ab initio methods. These include
self-consistent-field HartreeFock, density functional, correlated, and multireference theories, combined with
basis sets ranging from double- to quadruplguality augmented with polarization and diffuse functions.
Variation in calculated oscillator strengths with the choice of ab initio method is systematically studied and
compared with observed intensities. From this comparison between the calculated and observed values, we
can quantitatively understand the relative usefulness of various ab initio dipole moment functions in calculations

of vibrational oscillator strength for alkenes.

Introduction function seems to have little effect on the intensities of CH and
OH stretching overtones in most molecules. The exception is a

e few molecules that contain a triple bond to which the CH bond

spectroscopy-® Initially the local mode model was successfully is attached®
used to predict transition frequencies in high overtone spectra ’ ) . )
followed by predictions of relative intensities within a given  C@lculated fundamental intensities were found to improve
overtoné’8 Later more complicated band profiles like the methyl With the addition of electron correlation. Dipole moment
band shape in molecules with low methy! rotational barriers functions calculated with density functional theory (DFT)
were successfully simulatéd!2 The relative intensities and ~ Produce improved fundamental intensities compared to those
spectral profiles within a given overtone could be calculated in Obtained with the HartreeFock (HF) method. Nonlocal and
good agreement with experiment with a relatively simple local hybrid DFT methods give results that are similar to those
mode model. obtained with third-order perturbative MgliePlesset (MP3)

Calculation and measurement of absolute intensities are@nd quadratic configuration interaction including single and
difficult. Transition frequencies can be measured very ac- double excitation (QCISD) methods.The importance of
curately; however, transition intensities rely on several experi- €lectron correlation for fundamentals is perhaps related to the
mental parameters and are difficult to measure accurately.fact that fundamental intensities depend primarily on the first
Likewise, theoretically, transition frequencies can be calculated derivative of the dipole moment expansion. However, an
precisely solely from the molecular Hamiltonian, whereas @nharmonic potential energy surface and a nonlinear dipole
transition intensities require both energies and wave functions moment function are necessary for accurate prediction of even
from the molecular Hamiltonian as well as dipole moment fundamental transition frequencies and intensitiékakahashi
functions. et al1920found that for calculations of fundamental transitions

Recent'y’ there have been a number of Stud|es that havethe HCAO |0ca| mOde mOde| prOVided Similar transition
compared calculated and measured absolute oscillator strength§€guencies but improved intensities compared to the normal
of CH and OH stretching vibrational overtone transitions. These mode model. However, the result would depend on the number
have mostly been based on anharmonic oscillator (AO) and of vibrational modes included in the HCAO local mode model.
harmonically coupled anharmonic oscillator (HCAO) local mode  The intensities of first overtone transitions depend on both
models combined with empirical or ab initio calculated dipole first- and higher-order derivatives in the dipole moment expan-
moment functions in the internal local coordinat&<® sion. The intensities of these first overtone transitions are thus

These previous studies have shown that electron correlationmore difficult to predict both theoretically and intuitively as
in the ab initio methods used to obtain the dipole moment their intensities depend both on the choice of ab initio method
and on the possibility of cancellation of terms. The OH
* Corresponding author: e-mail chmhenry@uoguelph.ca. stretching transitions associated with hydrogen bonding often
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show increased fundamental intensities but decreased firstof 1 cnt! and was averaged over 400 scans. A Cary 5e-UV
overtone intensities. For example, the hydrogen-bonded OH vis—NIR conventional absorption spectrometer fitted with a
stretching transition in the water dimer is a factor of 5 more 20.25 m long path White cell was used to record room
intense than the asymmetric stretch of the water monomer for temperature (22.8C) CH stretching overtone spectra of ethene
the fundamental region, while it is about 2 orders of magnitude gas in theAucy = 2—5 regions. In the spectra of thevcy =
weaker than the corresponding water monomer transitions for 2 and 3 regions a pressure of 62.6 Torr was used, andzdes
the first overtongl—23 = 4 and 5 a pressure of 685.3 Torr was used. Background
Absolute CH and OH stretching overtone intensities calcu- spectra of an evacuated cell with the same experimental
lated with HF/6-31G(d) dipole moment functions have been conditions were recorded and subtracted from each of the sample
found to be larger than the observed values. The calculatedspectra.
intensities decrease as the basis set size increases beyond 6-31G-
(d).X6 We have found that overtone intensities calculated with Theory
HF/6-311G(d,p) and HF/6-311+G(2d,2p) dipole moment — The ogcillator strength of a vibrational transition from the
f_unctlons give absolute CH and OH stretghlng overtone intensi- ground state to an excited state is giverRs39
ties that are in reasonable agreement with observed intensities
(usually within a factor of 2 of the experimental valués}> 4am, _ _
Previous calculations have often focused on the intensities f= _zh"eg@WlO[ﬂz 1)
of individual transitions. However, the experimental peaks of 3¢
these individual transitions are often overlapped and peak
intensities need to be obtained from deconvolutions, which can

lead to significant errors for extensively _overlapped peaks. moment functionfi is the Planck constant divided byr2and
Moreover, even for water, where the experimental values have , ande are the mass and the charge of an electron, respectively.
been measured relatively accurately, the published intensitiest,o energies and wave functions are obtained from the
change between subsequent versions of the HITRAN databasejecylar vibrational Hamiltonian, and the dipole moment
The extent to which the interactions between stretching fynctions are calculated ab initio.
modes, and between stretching and other vibrational modes, is  vjprational Hamiltonian . We use a simple Morse oscillator
included in the theoretical model can also affect the calculated |5ca1 mode model for an isolated CH group and the HCAO
results. However, inclusion of the HOH bending mode in water |5cal mode model for coupled GHand CH groups. The
has only a small effect on the intensities of the dominant OH pamjltonians without zero-point energy of CH, gHind CH
stretching bands**These complications can be avoided if the ' groups can be expressed in Morse oscillator wave function

total observed i_ntensi_ty of a CH stretching_vibrz_ational band product basis setg([] [vv20)and|vivval), respectively, 228
rather than the intensity of individual transitions is compared

to calculated values. This is the approach we have taken here. Hep/he = @0, — dX, (0,2 + vy) )

Previously, the effect of the choice of anharmonic potential
was investigated by comparing calculated intensities obtained _ o~ ~ o~ 2 _
with the Morse potential and a generalized Morse potential cr/NC= @yvy + Dgvy = Xy (vy" + v,
(Deng-Fan poten'gial) for a series o'f molecufésdowever, the (I)XZ(UZZ +v,) — ;,'12(;;11;312+ + a1+a2) (3)
Deng—Fan potential was not consistently better, and we have
continued to use the Morse potential to model the CH stretching
potential in the present paper. The Morse oscillator parameters,
frequency and anharmonicity, are obtained from experimentally DXV, + V) — DXg(V5 + Vg) — Y Ad,T + e ay) —
observed transitions. We assume that only the CH stretching
vibration contributes to the total intensities of the observed
transitions in the CH stretching region.

Our aim is to systematically monitor how the calculated
intensity evolves when different ab initio theories and basis sets
are used to obtain the dipole moment function. Initially, we
calculate the dipole moment function of ethene with self-
consistent-field HartreeFock, hybrid density functional, cor-
related, and multireference theories, combined with basis sets

whereveggyis the transition frequencyOland|vCare the ground-
and excited-state vibrational wave functiomsjs the dipole

Hen/he= @y0; + @0, + @qv3 — @X,(v,° +vy) =

7/'13("7‘1"’13+ + a1+a3) - 3/'23(""2‘5‘3+ + a2+aa) (4)

where® andax are the frequency and anharmonicity in¢m

y' is the effective stretching coupling coefficient in chhand

v is the vibrational quantum number of the various oscillators.
The frequency and anharmonicity are obtained from a Birge
Sponer-type fitting of the observed pure local mode transifidns.
The stretching coupling coefficient is calculated ab initid as

ranging from double- to quadruptequality augmented with weos@) Fui
polarization and diffuse functions, and compare the calculated Y= —(2— + F‘)(wla)z)”2 (5)
oscillator strengths with experimental results. From this com- Me 1

prehensive set of results, we select a subset of ab initio methods . .
to apply to propene, 1,3-butadierss-2-butene, andrans2- wheren is the mass of the carbon atomis the reduced mass

: - . . f the CH oscillatorg is the angle between the two oscillators
butene and again compare with available experimental results.’ : ¥ ; ’
9 P P andF is the force constant. We have omitted the energy of the

vibrational ground state, as it does not contribute to the intensity
calculations.

Ethene (99.5% Aldrich) was used without further purifica- We investigate the accuracy of intensity calculations with
tion. The fundamental CH stretching spectrum of ethene gaslocal mode models as changes are made to the ab initio dipole
was recorded with a Nicolet 510 Fourier transform infrared moment functions. We calculate the vibrational oscillator
spectrometer with a 10.05 cm glass cell fitted with sodium strengths of isolated CH groups, coupled Cgtoups, and
chloride windows. The spectrum was recorded at room tem- coupled CH groups of the alkenesethene, propene, 1,3-
perature (21.8C) with a gas pressure of 51.3 Torr at a resolution butadienegis-2-butene, anttans-2-butene-and obtain the total

Experiment
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TABLE 1: Frequency, Anharmonicity, and Stretching Coupling Coefficient of CH Stretching Modes in Alkenes (cnT?)

molecule bond frequency anharmonicity coupling coeffi@ent
ethené 3167+ 3 58.64-0.6 y'=451+19
1,3-butadien® nonterminal 31224 58.3+ 0.6
cisterminal 3150t 6 58.0+ 0.9 yof =475+ 1.6
transterminal 31715 56.7+ 0.7
propené cisolefinic 3133+ 14 57+ 3 Yol =46.3+ 1.5
transolefinic 3142+ 11 5442
nonterminal 3104 7 57+ 1
in-plane methyl 3058 12 58+ 3 YVipop = 24.6+ 1.7
out-of-plane methyl 3036 12 60+ 2 Yopop = 16.7+ 1.6
cis-2-butené methine 3129k 2 59.94+ 0.3
in-plane methyl 3062 5 57.1+£ 0.5 Yipop = 23.1£ 1.6
out-of-plane methyl 306% 5 65.74+ 0.6 Yopop = 15.6+£ 1.7
trans-2-butené methine 310K 1 59.3+0.1
in-plane methyl 3076 2 60.94 0.2 Yipop = 23.8+ 1.7
out-of-plane methyl 306& 4 64.84+ 0.5 Yopop = 15.1+ 1.8

aFrom a Birge-Sponer fit of Avcy = 4 of ref 31 andAvcy = 5—7 of ref 32.° From ref 27.¢ From ref 33.9 From ref 34.¢ Coupling coefficient
is calculated ab initio and averaged with uncertainties corresponding to one standard deviation.

CH stretching oscillator strength for a given overtone by simple 6-311++G(3d,3p), 6-311++G(3df,3pd), aug-cc-pVDZ, aug-
addition of the calculated intensities of the individual transitions. cc-pVTZ, and aug-cc-pVQZ basis sets. We label these basis
Coupling between CH stretching oscillators is only included sets | to IX. We do the same calculations with third-order
for CH bonds that share a common carbon atom. The accurateperturbative Mgller-Plesset (MP3) and quadratic configuration
value of this coupling coefficient, which is calculated ab initio, interaction including single- and double-excitation (QCISD) ab
has a minimal effect on the absolute intensities. initio theories and the 6-31G(d), 6-3G(d,p), 6-31#G(d,p),
Dipole Moment Function. The molecular dipole moment 6-311++G(2d,2p), and aug-cc-pVDZ basis sets. Finally, we
functions are vector quantities. Tkecomponent of the dipole  use the multireference complete active space self-consistent-
moment functions of CH, Ci and CH groups can be field (CASSCF) theory with the aug-cc-pVDZ, 6-3t1+G(2d,-
expressed 8528 2p), and aug-cc-pVTZ basis sets. On the basis of these results,
we selected a subset of ab initio methods to apply to propene,
i 1,3-butadienegis-2-butene, andrans-2-butene.
M= ) & (6) The CASSCF calculation on ethene was run with a full
= valence active space comprising 12 electrons distributed among
6 the 12 valence molecular orbitals (4 from each C and 1 from
— A Al 2 2 each H). We have used Gaussian?®gr all ab initio
e & (Bl 250) + Dy T C,0G + C47G (7) calculations except the multireference calculations, which were
performed with use of MOLPRO 2062.

6

6

we="Y (@0, + a0, + aza;) + b,g,q, + b,g,q; + Results and Discussion
=
2 2 2 2 To calculate the total absolute oscillator strengths for the CH
BaGpls + €101 + CothGp" + G + €4 0™ + stretching vibrational spectra of the five alkenethene,
50,70 + CslUs” (8) propene, 1,3-butadieneis-2-butene, andrans2-butene-we

require the local mode parameters, frequency and anharmonicity,

wherea, b, andc are Taylor series expansion coefficients, which of the CH stretching oscillators. Values for these parameters
can be obtained from a series of ab initio calculations. We have are obtained from experiment and are given in Tabié334
omitted the permanent dipole, which does not contribute to the The calculated intensity depends linearly on the value of the
intensity. The expansion of the dipole moment function is local mode frequency (eq 1), and since the largest uncertainty
limited to the sixth order for the diagonal and the third order in frequency is 14 cmt, this leads to a maximum change in
for the cross-terms which depend on the two displacement intensity of less than 2%. The maximum standard deviation in
coordinates. A one-dimensional 15-point grid with displacements anharmonicity is 3 cm* (Table 1), which leads to a maximum
from —0.3 to 0.4 A in 0.05 A steps is used to calculate the change in calculated oscillator strengths of 16% for transitions
diagonal coefficienta and a two-dimensional 9 by 9 grid with ~ with Avcy < 6 in ethene, in good agreement with results from
displacements from-0.2 to 0.2 A in 0.05 A steps is used to  a previous study*
calculate the mixed coefficientsandc. The one-dimensional The stretchingstretching coupling coefficients are calculated
grid is least-squares fitted with a sixth-order polynomial and with all of the ab initio methods used to calculate the dipole
the two-dimensional grids with polynomials to fourth order. We moment functions and the average values are shown in Table
define they and z components in a similar fashion. Use of 1. The coefficient varies more with the basis set than with the
symmetry somewhat reduces the number of grid points requiredlevel of theory; however, the overall variation is small and has
for the CH, group of ethene and also reduces the numbers of little effect on the intensities of the dominant transitions. Within
grids required for the Ckigroups in the other alkenes due to the HCAO local mode model, the calculated total CH stretching
the plane of symmetry. overtone intensities are insensitive to the value of the coefficient,

We calculate the dipole moment function of ethene with HF which mainly distributes the intensity among transitions within
and Becke’s three-parameter hybrid method with the-Lee a given overtone. Our calculated coupling coefficients for 1,3-
Yang—Parr correction function (B3LYP) theories and the butadienecis-2-butene, andrans-2-butene are consistent with
6-31G(d), 6-3%G(d,p), 6-31%G(d,p), 6-31%+G(2d,2p), the previous calculated valués3*
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TABLE 2: Observed and Calculated Total Oscillator Strengths for Ethené
| Il 1 VI \Y) \Y VI VIl IX obs P

v
HF 1 15x105 12x10°% 11x10°% 11x10° 1.1x10° 1.1x10° 1.1x10° 1.1x10° 11x10°5 58x10°
2 40x 107 46x107 3.6x107 38x107 36x107 37x107 3.7x107 3.6x107 3.7x107 21x107
3 7.8x108% 57x10°% 41x10% 43x108% 36x10% 39x10% 3.6x108% 35x10% 3.6x108 39x 108
4 97x10°9 52x10° 42x10° 41x10° 29x10° 3.2x10° 27x10° 27x10° 29x10° 35x10°
5 1.3x10° 53x101° 56x 1010 45%x 1010 3.1x 1010 29x 1010 23x1010 27x101° 29x 1010 3.2x 10710
6 21x1010 72x101 86x10" 6.2x 101 47x 101 34x 101 31x 101 39x101 40x10" 55x 101
B3LYP 1 1.2x10° 1.1x10° 98x10°% 89x10°% 91x10°% 87x10% 86x10°% 87x10°® 87x10°
2 36x107 40x107 28x107 3.0x107 28x107 3.0x107 3.0x107 29x107 3.0x107
3 78x108% 6.2x10°% 40x108% 41x10% 3.7x108 39x10%8% 3.7x10% 35x108 3.7x10°8
4 89x10° 52x10° 40x10°9 35x10°% 31x10° 3.1x10° 26x10° 26x10° 28x10°
5 1.1x10° 43x10%0 51x101° 3.1x 1010 3.1x10% 27x101%0 1.9x101° 23x 1010 25x 10710
6 1.6x1010 46x101 79x 10 3.6x 101 42x 101 30x 101 23x 101 3.0x 101 3.2x 101
MP3 1 93x10°% 9.6x10°% 80x10°® 8.0x10° 7.6x10°
2 20x107 23x107 1.7x107 16x107 15x 107
3 59x10% 50x108% 3.3x10% 3.2x108 2.8x 108
4 77x10° 47x10° 33x10° 31x10° 2.7x10°
5 1.1x10° 46x101° 43x101° 32x 1010 3.1x 1010
6 1.8x 1010 59x 10 6.7x 10 39x 101 45x 101t
QCISD 1 1.1x10° 11x10° 9.0x106 87x10°% 8.4x10°¢
2 23x107 25x107 19x107 18x107 1.8x 107
3 6.2x108% 51x108% 34x108 34x108% 29x 108
4 78x10° 48x10° 34x10° 33x10° 2.7x10°
5 1.1x10° 47x101° 42x 1010 33x 1010 3.0x 10710
6 1.7x 1010 59x 10! 65x 10 40x 101 45x 1012
CASSCF 1 1.3« 10° 1.2x10° 1.2x 10°° 5.8x 10°©
2 1.8x 107 2.0x 1077 2.0x 107 2.1x 107
3 46x 108 48x 108 48x 1078 3.9x 108
4 51x 10° 55x10° 49x 107° 3.5x 10°
5 59x 10710 6.7 x 10710 5.5x 10710 3.2x 10710
6 9.3x 1011 73x 101 57x 101t 55x 101

al: 6-31G(d), Il: 6-3HG(d,p), lll: 6-31H-G(d,p), IV: 6-31H+G(2d,2p), V: 6-31#+G(3d,3p), VI: 6-311#+G(3df,3pd), VII: aug-cc-
pVDZ, VIII: aug-cc-pVTZ, IX: aug-cc-pVQZP The Avcy = 5 and 6 values are taken from ref 40.

In this work, we will focus on the quantitative effect of the recent phase shift cavity ring-down results for tihecy = 5
ab initio dipole moment function on the calculated intensity. and 6 regions with our various calculated oscillator strengths
We investigate HF, B3LYP, MP3, QCISD, and CASSCF in Table 2.
theories combined with Dunning and Pople type basis sets of We have arranged the calculated oscillator strengths in Table
double to quadruple zeta quality. The number of basis func- 2 in order of increasing number of basis functions. Basis set |,
tions for ethene increases in the order 6-31G{dp-31+G- II, and VII are of double quality, and basis sets VI, VIII,
(d,p) < 6-311+G(d,p) < aug-cc-pVDZ< 6-311++G(2d,2p) and IX are Dunning type basis sets of increasing angular
< 6-311++G(3d,3p) < 6-311++G(3df,3pd) < aug-cc-pVTZ momentum.
< aug-cc-pVQZ. If we focus on the HF results, we find, in agreement with
Ethene. The fundamental spectrum and the CH stretching previous studies, that as the size of the basis set increases the
intensities of ethene were first measured more than 50 yearscalculated oscillator strengths in general decrease. The oscillator
ago3°-38 Converted into oscillator strengths, these early intensi- strengths of the\vcy = 1 and 2 transitions, and th&vcy =
ties are 7.2x 1076, 7.7 x 1076, 7.9 x 1075 and 12x 107, 3—6 transitions, display different trends in their change with
which are slightly higher than our current measured oscillator basis set compared with the experimental values. The HF

strength of 5.8x 1076. The intensities of the\vcy = 2—4 calculations overestimate the observed intensities\aty =
overtones have not been reported previously; however, therel and 2 for all basis sets, whereas for the higher overtdnes
are a few previous measurements of thecy = 5 and 6 = 3—6, the smaller basis sets significantly overestimate the

overtone intensities. ThAvcy = 5 transition intensity was intensities and the larger basis sets give reasonable agreement
recorded with laser photoacoustic spectrosédand reported with the experimental values.

to have an intensity of 3.2 10719, Very recently, cavity ring- Electron correlation in the ab initio calculation of the dipole
down and FT-VIS spectroscopy have been used to determinemoment function is known to be important for the fundamental
oscillator strengths of 3.22< 1071 and 3.20 x 10719, and can make a significant contribution/stcy = 2. The latter

respectively*® Our conventional long path measured oscillator is clearly shown in Figure 1, which illustrates the calculated to
strength of 3.8x 10710 s in reasonable agreement with these observed intensity ratio of thévcy = 2 transition for the
recent values. The comparison with previous resultsNfagy various methods. ThAucy = 1 and 2 intensities for B3LYP,

= 1 and 5 gives us some indication of the uncertainty in our MP3, and QCISD are smaller than the HF results as expected
measured oscillator strengths. The CH stretching overtonefrom the addition of electron correlation. We find that the
intensity in the Aucy = 6 region was recorded with laser intensities of the higher overtoneAvcy = 3—6 change

photoacoustic spectroscofdy!and reported to be 4.8 10711 significantly less than the fundamental and first overtone
and 7.3 x 101L Recently, phase shift cavity ring-down intensities upon addition of electron correlation. Thus, the
absorption spectroscof}2 obtained a value of 5.5 1071% oscillator strengths calculated with B3LYP, MP3, and QCSID

We have measured the CH stretching vibrational oscillator dipole moment functions are very close to each other and to
strengths of ethene in the regions correspondinytgy = 1-5. the HF results forAvcy = 3—6. The Avcy = 3—6 oscillator

We compare our values for thevcy = 1—4 regions and the  strengths calculated with the MP3 and QCISD dipole moment
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Basis set Figure 3. Calculated to observed total CH stretching intensity ratio

Figure 1. Calculated to observed total CH stretching intensity ratio Of the Avcy = 16 transition in ethene. The intensities were calculated
of the first overtone transition in ethene. The intensities were calculated With the HF level of theory.

with the basis sets | to IX. ) ) .
Comparison of the HF results with the three Dunning type

25 basis sets shows essentially no chang&:@afy = 1 and 2. For
CIHF EICASSCF ZB3LYP EMP3 MQCISD the overtones\vcy = 3—6 there is a change of up to 40% in
7 20 HF intensities (30% for B3LYP) from basis set VII (aug-cc-
g pVDZ) to VIII (aug-cc-pVTZ) and a minimal difference of less
2 45 than 10% between the basis set VIII and IX (aug-cc-pVQZ)
° % results. The variation in HF calculated intensities with the three
g 1.0 Z I Dunning basis sets is shown in Figure 3, which clearly display
3 Z g 7 Z ) the convergence with increasing basis.set size. Comparison of
s 05 - é; g% g Z Z% the' four trllple-valenc'e Pqple type basis sets (III, v, V,'VI),
Z: Zii Z % % which basically on_ly (_Jllffer in the number of polarized functions,
00 - g; i 7 ’ - shows larger variations than found between the double- to

guadrupleg Dunning type basis sets. For the MP3 and QCSID
correlated methods the results with the Dunning dodifeH)

Figure 2. Calculated to observed total CH stretching intensity ratio ang t_he 6-311I-|+G(2dd,2p) tripleg (I\/_)hbasls sgts aredS'T)'larl
of the Aven = 1—6 transition in ethene. The intensities were calculated @Nd IN overall goo agreement with the observed absolute

with the 6-31#+G(2d,2p) basis set. intensities.

Our best calculated value for the fundamental intensity is still
functions are within about 10% of each other. Comparison of about 30% higher than our experimental value; however, the
the calculated and observed intensities for the different levels previous experimental values were all higher than our present
of theory with the 6-31%++G(2d,2p) basis set is shown in  value. For the highest overtone our QCISD/IV intensity is within
Figure 2. 20% of the recent accurate experimental value. ForAbegy

The lack of variation in thé\vcy = 2 intensities with basis = 5 overtone the agreement is even better (within 10%), and
set is remarkable and not observed for the other overtones. Aparfurthermore all levels of theory with basis set IV give similar
from the two smallest basis sets (I and Il), the intensity of the intensities except for CASSCF. Féyucy = 4 our QCISD/IV
first overtone shows very little variation to the basis set size at intensity is about 25% lower than our experimental intensity.
all levels of theory, as clearly shown in Figure 1. The overtone However, our experimental intensity Atvcy = 5 was 20%
intensities calculated with the correlated methods generally higher than the recent accurate result, and it is likely that our
decrease with basis set size to values slightly below the observedAvcy = 4 value is also too high as it uses the same method
values. that we used to measure thecy = 5 intensity.

To investigate the effect of multireference ab initio methods,  If we focus on the overtone intensitieA#{cy = 3—6), basis
we calculated intensities with CASSCF dipole moment func- sets Il (6-313%G(d,p)), IV (6-31H+G(2d,2p)), and VII (aug-
tions for a few of the basis sets (VII, IV, and VIII).The variation cc-pVDZ) give good agreement with the experimental values
in intensity with basis set for all but the two highest overtones and are basis sets for which it is feasible to do dipole grid
is small. Compared to the HF results, the CASSCF results arecalculations on larger systems. Thus, these ethene results would
similar for Avcy = 1 but differ for the overtones. Dynam- indicate that modest size basis sets are sufficient to obtain
ical electron correlation is important for fundamental intensity accurate absolute overtone intensities. On the basis of these
which is something that CASSCF does not provide but MP3 results for ethene, we choose the 6+%(d,p), 6-31%#G(d,p),
and QCSID, etc., do. The CASSCF results are significantly 6-3114++G(2d,2p), aug-cc-pVDZ, and aug-cc-pVTZ basis sets
better forAvcy = 2 but, somewhat surprisingly, are generally to calculate oscillator strengths with the HF and B3LYP theories
worse for the higher overtones. The only other good agree- and the 6-33+G(d,p) and 6-31+G(d,p) basis sets with the MP3
ment with experiment that stands outAscy = 5 with basis and QCISD theories for the other four alkenes.
set VIII, which is within 5% of the experimental value. It would 1,3-Butadiene.The observed and calculated total CH stretch-
appear that CASSCF methods do not do as well as the corre-ing oscillator strengths of 1,3-butadiene are shown in TaBle 3.
lated methods as illustrated in Figure 2. Since we have chosenButadiene is similar to ethene in that it possesses only olefinic
a full valence active space, we do not believe that choice of CH bonds, and as expected the local mode parameters are similar
active space is the reason for this poorer performance of as can be seen in Table 1. Thus, we would expect to see similar
CASSCF. intensity results to those for ethene. The experimental oscillator
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TABLE 3: Observed and Calculated Total Oscillator Strengths for 1,3-Butadiené

v Il 1 VI v VIl obs b
HF 1 1.8x 10°° 1.7x 107 1.5%x 10°° 1.6x 10°° 1.6x 10°° 1.1x 10°°
2 7.5x%x 1077 6.5x 1077 7.1x 1077 6.4x 1077 6.3x 1077 55x 1077
3 8.1x 1078 6.7x 1078 7.4%x 10°8 5.7x 108 55x%x 108 6.0x 10°8
4 7.2x 107° 6.4x 10°° 6.6 x 10°° 45x%x 10°° 4.1x 107°° 5.1x 10°°
5 7.5x 10710 8.0x 10710 6.7 x 10710 4.6 x 10710 4.0x 10710 5.3x 10710
6 1.0x 10710 1.1x 10710 8.6 x 101t 6.8x 101t 6.0x 101 99x 101
B3LYP 1 1.6x 10°° 1.4x 1075 1.3x 10°° 1.3x 10°° 1.3x 10°°
2 6.3x 1077 49x 107 5.3x 107 49x 107 4.9x%x 1077
3 8.6x 1078 6.3x 1078 6.8x 1078 5.7x 108 5.3x 108
4 6.9x 107° 5.8x 10° 55x 10° 45x 10° 3.8x 10°
5 5.8x 10710 7.0x 10710 46x 10710 4.4x 10710 3.3x 10710
6 6.4x 10711 1.0x 10710 48x 1071t 59x 101t 46x 10711
MP3 1 1.5x 1075 1.2x 10°°
2 3.5x 1077 2.9x 1077
3 6.8x 1078 4.9x 1078
4 6.3x 107° 47 x 10°°
5 6.3x 10710 5.6x 10710
6 8.1x 10711 8.4x 101
QCISD 1 1.6x 10°° 1.3x 10°°
2 3.7x 1077 3.3x 1077
3 7.0x 1078 54x 108
4 6.6x 107° 5.4x 10°°
5 6.5x 10710 6.7 x 10710
6 8.3x 10711 8.2x 1071t

a|l: 6-31+G(d,p), lll: 6-31H-G(d,p), IV: 6-31H-+G(2d,2p), VII: aug-cc-pVDZ, VIII: aug-cc-pVTZe From ref 27.

strengths were recorded with FT-IR and long pass conventionallong pass conventional spectroscégylhe intensities of the

spectroscopy, and the intensity of the highest overtong, = Avcy = 4—6 regions were determined from intracavity pho-

6 transition probably has substantial uncertaffity. toacoustic spectroscopy with the use of internal stand&rts.
The oscillator strengths were previously calculated with a HF/ Propene has both olefinic CH bonds and a methyl group that

6-31G(d) dipole moment functiotf.Our current HF/6-31+G- need to be included in the total CH stretching intensity.

(d,p) calculation is similar, but especially for the higher With the same basis set (lll), the HF calculated fundamental
overtones, it is improved due to small differences in basis sets, intensity is higher than the correlated results as was the case
a larger dipole moment grid, and a higher order dipole moment for ethene and butadiene. For the first overtone both HF and
expansion. B3LYP results are significantly higher than the MP3 and QCISD
The intensity patterns with the various ab initio methods are results. For the higher overtonesycy = 3—6, all theories give
similar to what we found with the ethene results. The MP3 and similar results with the HF and B3LYP results slightly larger.
QCISD calculated fundamental intensities with the 6-8Gt In general, the MP3 and QCISD calculated results are again
(d,p) basis set are in good agreement with the observed oscillatorvery similar. For basis set (Ill) the results are very close to the
strength as are the B3LYP results with basis sets larger thanobserved values. Results with basis sets IV and VIII are similar
aug-cc-pVDZ. for both HF and B3LYP theories as was observed for ethene.
The difference between the aug-cc-pVDZ and aug-cc-pVTZ The HF (B3LYP) calculated intensity of the first overtone is
calculated intensities for both HF and B3LYP theories is similar about a factor of 2 (1.5) higher than the experimental value,
for 1,3-butadiene to that for ethene shown in Figure 3. The similar to the result for ethene but not that for 1,3-butadiene
difference between the two basis sets is less in the B3LYP where the agreement was good.
calculation than for the HF calculation. cis- and trans2-Butene. The observed and calculated total
Again, little variation between the MP3 and QCISD results oscillator strengths otis- and trans-2-butene are shown in
are observed. Results with basis sets IV and VIII are similar Tables 5 and 6. The fundamental region was recorded with FT-
for both HF and B3LYP theories as was also seen for ethene.IR and the Avcy = 2—6 regions with long path length
The Avcy = 2 results do not show the same insensitivity to conventional spectroscogyOur HF/6-311-G(d,p) calculated
basis set size as was shown for ethene in Figure 1. However,oscillator strengths are comparable to those calculated previously
for the higher overtones, the results show the same sensitivitywith a HF/6-313-G(d,p) dipole moment functioff.In addition
to basis set size that we have noted for the other alkenes.  to the two olefinic CH bonds, the 2-butenes have two methyl
In general, the MP3 and QCISD calculations with basis set groups that need to be included in the total CH stretching
(1) give results very close to the observed values, as do the intensity. The results faris- andtrans-2-butene are very similar
HF and B3LYP calculations with basis sets larger than VII. as one might expect from the similar groups involved.
The exceptions are the fundamental transition intensity, which  The fundamental intensities are overestimated with all
the HF results overestimate by more than 50%, andAtg, methods for the 2-butenes. This is not observed for propene,
= 6 intensity, which seems to be underestimated in most and hence it is unlikely to be due to the presence of the methyl
calculations, probably indicating that the experimental value is groups. TheAucy = 2 transition intensities are overestimated
too high. with the HF and B3LYP theories and significantly underesti-
Propene The calculated oscillator strengths of propene with mated with the MP3 and QCISD theories. Similar results were
different ab initio methods and basis sets are compared with observed for 1,3-butadiene and propene although the MP3 and
the observed values in Table 4. The fundamental region wasQCISD results for propene were much closer to the observed
recorded with FT-IR and the first and second overtone with values.
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TABLE 4: Observed and Calculated Total Oscillator Strengths for Propené

v Il 1 VI v VIl obs b
HF 1 3.5x 10°° 3.4x 10°° 3.3x10° 3.2x 10°° 3.2x 10°° 2.9x 10°°
2 7.2x 1077 5.6x 1077 6.0x 1077 59x 1077 6.0x 1077 3.2x 107
3 8.9x 1078 6.2x 1078 6.7 x 10°8 6.0x 1078 59x 108 55x 108
4 7.7x 1079 59x 10° 5.7x10° 45x%x 10°° 42x10° 5.6x 10°°
5 7.0x 10710 7.6x 10710 5.6 x 10710 4.2 x 10710 3.7x 10710 5.1x 10710
6 8.2x 1011 1.2x 10710 7.2x 1071 5.6x 1071t 49x 1011 9.8x 101
B3LYP 1 2.8x 10°° 2.6x 10°° 2.5x 10°° 2.6x10° 2.4x10°°
2 5.7x 1077 4.1x 107 45x%x 107 5.0x 1077 46x 107
3 9.3x 1078 6.1x 10°8 6.4x 10°8 5.9x 108 5.8x 108
4 7.5%x 107° 5.7x10° 5.0x 10° 46x 10° 40x 10°
5 5.9x 10710 7.1x 10710 4.1x 10710 4.2x 10710 3.2x 10710
6 5.6x 10711 1.1x 10710 45x 1071t 53x 101t 39x 101
MP3 1 2.5x 107°° 2.3x10°
2 2.9x 1077 2.0x 1077
3 7.4x 1078 49x 108
4 6.9x 107° 48x 10°
5 6.2x 10710 5.8x 10710
6 6.9x 10711 9.1x 101
QCISD 1 2.7x 107°° 25x 10°°
2 3.1x 1077 2.3x 1077
3 7.6x 1078 5.0x 10°8
4 7.1x 107° 4.8x 10°
5 6.3x 10710 5.8x 10710
6 7.0x 10711 8.9x 1071t

a|l: 6-31+G(d,p), lll: 6-31H-G(d,p), IV: 6-31H-+G(2d,2p), VII: aug-cc-pVDZ, VIII: aug-cc-pVTZe From ref 33.

TABLE 5: Observed and Calculated Total Oscillator Strengths for cis-2-Butene*

v Il 1 VI \Y) VIII obs P
HF 1 6.1x 10°° 6.0x 10°° 5.8x 10° 5.6x 10° 5.7x10°° 3.1x10°
2 9.6x 1077 7.6x 1077 8.2x 1077 8.3x 1077 8.4x 1077 6.1x 1077
3 1.3x 107 9.3x 10°8 99x 108 9.3x 108 9.3x 10°8 8.7x 108
4 1.2x 1078 9.3x 10°° 8.9x 10° 7.6x 10° 7.2x 10° 6.8x 10°°
5 1.2x 10° 1.2x 107° 9.1x 10710 7.3x 10710 6.6 x 10710 6.1x 10710
6 1.4x 10710 2.0x 10710 1.2x 10710 9.7 x 10711 8.5x 10711 9.1x 1071t
B3LYP 1 4.9x%x 10°° 46x 10° 45x 10°° 43x 10°° 43x 10°
2 7.8x 1077 5.8x 1077 6.5x 1077 6.6 x 1077 6.7 x 1077
3 1.4x 107 9.3x 108 9.7x 1078 9.4x 108 9.3x 108
4 1.2x 1078 9.2x 10°° 8.2x 10° 7.8x 10°° 7.1x10°
5 1.1x 10° 1.2x 107° 7.3x 10710 7.3x 10710 6.0 x 10710
6 1.0x 10710 1.9x 10710 8.2x 10711 8.8x 10711 6.9x 10711
MP3 1 4.3x 10°° 3.9x 10°
2 3.4x 1077 2.4x 1077
3 1.1x 107 7.1x 108
4 1.1x 108 7.5x 10°°
5 1.0x 10°° 9.5x 10710
6 1.2x 10710 1.5x 10710
QCISD 1 4.6x 10°° 43x 105
2 3.6x 1077 2.7x 1077
3 1.1x 1077 7.3x 1078
4 1.1x 108 7.6x10°
5 1.1x 10° 9.4x 10710
6 1.2x 10710 1.5x 10710

2l 6-31+G(d,p), lll: 6-31H-G(d,p), IV: 6-31H+G(2d,2p), VII: aug-cc-pVDZ, VIII: aug-cc-pVTZ2 From ref 34.

The HF results with the basis sets VII, IV, and VIl are similar  (6-311++G(2d,2p)) as shown in Figure 2, thevcy = 3—6
and in very good agreement with the experimental values for transition intensities for ethene are insensitive to electron
Avcy = 3—6. For the B3LYP results, this agreement is extended correlation.
to include alsaAvcy = 2. For ethene, propene, and 1,3-butadiene, the results obtained
In Figure 4, we show the calculated to observed intensity with the B3LYP/IIl method are quite good; however, for the
ratios for theAvcy = 16 regions forcis-2-butene for the four  2-putenes, this method leads to somewhat larger disagreement
different ab initio theories with basis set Ill (6-3t5(d,p)). with experiment for the two highest overtone transitions.
This figure is qualitatively similar to those of the four other
molecules (not shown). For th&ucy = 3—6 transitions HF Conclusion
and B3LYP on the one side and MP3 and QCISD on the other
give similar results. The difference between the pairs is par- We have recorded the room temperature vapor phase CH
ticularly large for Avcy = 2. It is also clear that electron  stretching vibrational spectra of ethene corresponding to the
correlation does have an influence in all regions with this basis Avch = 1—5 regions and determined the oscillator strengths.
set. With the slightly larger basis set VII, correlation still matters ~ We have calculated the absolute CH stretching oscillator
for ethene. However, with the even larger basis set IV strengths for a series of alkeresthene, propene, 1,3-butadiene,
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TABLE 6: Observed and Calculated Total Oscillator Strengths for trans-2-Butene

v Il 1 VI v VIII obs P
HF 1 6.3x 10°° 6.2x 10°° 6.1x 10°° 5.9x 10°° 5.9x 10°° 3.5x%x 10°
2 9.4x 1077 7.4x 1077 7.9x%x 1077 8.2x 1077 8.2x 1077 55x 1077
3 1.3x 1077 9.0x 108 95x 108 9.1x 108 9.0x 108 7.6x 10°8
4 1.2x 108 8.8x 10°° 8.5x 10° 7.3x10° 7.0x 10°° 7.1x 10°°
5 1.1x 10° 1.2x 10°° 8.6 x 10710 7.0x 10710 6.3 x 10710 6.3x 10710
6 1.3x 10710 1.9x 10710 1.1x 10710 9.1x 1011 8.0x 10711 9.1x 1071
B3LYP 1 5.2x 10°° 4.9x 10°° 4.8x 10° 4.7x 107 4.6x 10°°
2 7.5x 1077 5.6x 1077 6.2x 1077 6.4x 1077 6.6x 1077
3 1.3x 1077 8.9x 108 9.3x 108 9.1x 108 9.0x 10°8
4 1.2x 108 8.6 x 107° 7.7x 10°° 7.5x 10° 6.8x 10°°
5 9.9x 10710 1.1x10° 6.7 x 10710 6.8x 10710 5.5x 10710
6 9.7x 10711 1.8x 10710 7.7x 101 8.2x 1071t 6.5x 101
MP3 1 4.5x 10°° 4.1x 10°°
2 3.2x 1077 2.3x 1077
3 1.0x 1077 6.7x 10°8
4 1.0x 1078 7.2x 10°°
5 9.9x 10710 9.1x 10710
6 1.1x 10710 1.5x 10710
QCISD 1 4.8%x 10°° 45x 10°°
2 3.4x 1077 2.6x 1077
3 1.0x 107 6.9x 10°8
4 1.1x 108 7.2x 10°°
5 1.0x 10° 9.0x 10710
6 1.1x 10710 1.5x 10710

a|l: 6-31+G(d,p), lll: 6-31H-G(d,p), IV: 6-31H-+G(2d,2p), VII: aug-cc-pVDZ, VIII: aug-cc-pVTZe From ref 34.

25 Basis set size has a stronger effect on calculated intensities
OHF @B3LYP EBMP3 BQCISD asv increases. In general, the oscillator strength decreases as
B 2.0 - 7 the basis set size increases. With the Dunning basis sets we
% find basis set convergence with the aug-cc-pVTZ basis set. The
8151 aug-cc-p-VDZ calculations give results comparable to those
3 g obtained with the larger 6-3#1+G(2d,2p) basis set. Fd¥vcy
< 1.0 7 Z = 2, cancellation of terms makes results sensitive to both basis
F: Z . sets and level of theory.
S 05 g Z In summary, we conclude that overtone intensities of useful
é g accuracy for spectral comparison in the rafgey = 3—6 can
0.0 + 7 Z . be obtained for alkenes with HF or B3LYP theory and a
1 2 3 4 5 6 relatively modest basis set. For most transitions the 6+&3-1
v (d,p) basis set is sufficient. However, results with this basis set

Figure 4. Calculated to observed total CH stretching intensity ratio display some sensitivity to electron correlation that essentially
of the Avcy = 1—6 transition incis-2-butene. The intensities were  disappears with a larger basis set like 6-3#1G(2d,2p) or aug-
calculated with the 6-3HG(d,p) basis set. cc-pVTZ.

cis-2-butene, andrans2-butene-with AO and HCAO local Acknowledgment. Funding for this research has been
mode models combined with ab initio dipole moment functions. provided by the Natural Sciences and Engineering Research
The local mode parameters, frequency and anharmonicity, wereCouncil of Canada and the University of Otago.

obtained from experiment and the stretching coupling coef-

ficients from ab initio calculations. References and Notes

Except for results obtained with the smallest 6-31G(d) basis
set, the calc_ulgted oscillator strengths agree Wit_h the observed gg :ggg g: Eﬁgg: gﬂgm Egigg ;8: 421(2);:
values to within a factor of 2. This agreement is remarkable 3y gage. M. L.; Jortner, Adv. Chem. Phys1981 47, 293.
given the absence of adjustable parameters and the spread of (4) Henry, B. R.Acc. Chem. Re<.985 18, 45.
intensities fromAvcy = 1 to 6 that spans 5 orders of magnitude. (5) Child, M. S.; Halonen, LAdv. Chem. Phys1984 57, 1.

The level of ab initio theory used to calculated the dipole (6) Hayward, R. J.; Henry, B. Rl. Mol. Spectrosc1975 57, 221.
moment function has an effect on the calculated fundamental 198(17)75'\"%88'59”* 0. . Henry, B. R.; Mohammadi, M.JA\Chem. Phys.
and first overtone intensities irrespective of which basis set is = (g) kjaergaard, H. G.; Henry, B. RL. Chem. Phys1992 96, 4841.
used. However, the overtone intensities for thecy = 3—6 (9) Cavagnat, D.; Lespade, L.; Lapouge, JCChem. Phys1995 103
regions are relatively unaffected by electron correction and the 10502.

level of theory chosen, provided a sufficiently large basis setis ~ (10) Rong, Z.; Kjaergaard, H. Gl. Phys. Chem. 2002 106 6242.
(11) Kjaergaard, H. G.; Rong, Z.; McAlees, A. J.; Howard, D. L.; Henry,

employed. _ B. R.J. Phys. Chem. 200Q 104, 6398.
For the case of ethene, the CASSCF method provides no (12) zhu, C.; Kjaergaard, H. G.; Henry, B. B. Chem. Phys1997,

improvement on the results obtained with the HF treatment 107 691. _ _
despite its much-increased computational complexity. It would _ (gf) mﬁféggggd'g-SG‘-‘?'S":;(;%MB-E-?C\%V:% Hb;hl}ieg%\/z{ei osd; gzazfgngton,
be useful in the fl_Jture to test the app!lca_plllty of CA_SSCF for ’(145 Kjaergaaré, H. G.: Hen}y’ B. Rdol. Phys.1994 83, 1099,

a molecule that is known to have significant multireference  (15) kjaergaard, H. G.; Bezar, K. J.; Brooking, K. Bol. Phys.1999
character in the ground electronic state. 96, 1125.



CH Stretching Overtones in Alkenes

(16) Kjaergaard, H. G.; Daub, C. D.; Henry, B. Rol. Phys.1997, 90,
201.

(17) Donaldson, D. J.; Orlando, J. J.; Amann, S.; Tyndall, G. S.; Proos,
R. J,; Henry, B. R.; Vaida, VJ. Phys. Chem. A998 102 5171.

(18) Lange, K. P.; Wells, N. P.; Plegge, K. S.; Phillips, J.JAPhys.
Chem. A2001, 105, 3481.

(19) Takahashi, K.; Sugawara, M.; Yabushita)JSPhys. Chem. 2003
107, 11092.

(20) Takahashi, K.; Sugawara, M.; Yabushita)SPhys. Chem. 2002
106, 2676.

(21) Low, G. R.; Kjaergaard, H. Gl. Chem. Phys1999 110, 9104.

(22) Schofield, D. P.; Kjaergaard, H. 8hys. Chem. Chem. Phy03
5, 3100.

(23) Kjaergaard, H. G.; Low, G. R.; Robinson T. W.; Howard, DJL.
Phys. Chem. 2002 106, 8955.

(24) Rong, Z.; Kjaergaard, H. G.; Sage, M. Mol. Phys.2003 101,
2285.

(25) Atkins, P. W.; Friedman, R. Svolecular Quantum Mechanics
3rd ed.; Oxford University: Oxford, UK, 1999.

(26) Mills, 1.; Cvita§ T.; Homann, K.; Kallay, N.; Kuchitsu, K.
Quantities, Units and Symbols in Physical Chemis@RC Press: Boca
Raton, FL, 1995.

(27) Kjaergaard, H. G.; Turnbull, D. M.; Henry, B. R. Chem. Phys.
1993 99, 9438.

(28) Kjaergaard, H. G.; Yu, H.; Schattka, B. J.; Henry, B. R.; Tarr, A.
W. J. Chem. Phys199Q 93, 6239.

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

J. Phys. Chem. A, Vol. 109, No. 6, 2005041

M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Cliford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C;
Head-Gordon, M.; Replogle, E. S.; Pople, J.@aussian98Revision A.5;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(30) Amos, R. D.; Bernhardsson, A.; Berning A.; et al. MOLPRO, a
package of ab initio programs designed by H.-J. Werner and P. J. Knowles,
version 2002.1, 2002.

(31) Duncan, J. L.; Ferguson, A. M. Chem. Phys1988 89, 4216.

(32) Fang, H. L.; Compton, A. Cl. Chem. Phys1988 92, 7185.

(33) Baylor, L. C.; Weitz, EJ. Phys. Chem199Q 94, 6209.

(34) Turnbull, D. M.; Kjaergaard, H. G.; Henry, B. Rhem. Phys1995
195 129.

(35) Wells, A. J.; Wilson, E. B., JJ. Chem. Phys1941 9, 659.

(36) Thorndike, A. M.; Wells, A. J.; Wilson, E. B., JJ. Chem. Phys.
1947, 15, 157.

(37) Hammer, C. F. PhD Thesis, University of Wisconsin, 1951.

(38) Golike, R. C.; Mills, I. M.; Person, W. B.; Crawford, B. Chem.
Phys.1956 25, 1226.

(39) Gutow, J. H.; Davidsson, J.; Zare, R. Ghem. Phys. Lett199],
185 120.

(40) Lewis, E. K.; Moehnke, C. J.; Manzanares, CClEem. Phys. Lett.
2004 394, 25.

(41) Wong, J. S.; Moore, C. Bl. Chem. Physl982 77, 603.

(42) Lewis, E. K.; Reynolds, D.; Li, X.; de Villele, G.; Leduc, C.;
Cedew, D. L.; Manzanares, C. EZhem. Phys. Let2001, 334, 357.



