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Vibrational Overtone Spectroscopy of Three-Membered Rings
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We have recorded vapor-phase photoacoustic spectra of cyclopropane, ethylene oxide, and ethylene sulfide
in the third, fourth, and fifth CH-stretching overtone regions. We have used a harmonically coupled anharmonic
oscillator local mode model to facilitate analysis of the spectra. Fermi resonance between the CH-stretching
and HCH-bending vibrations is essential to explain the observed wide and multistructured CH-stretching
overtone bands. A number of weak combination bands can account for the remaining experimental features
observed to the blue of the CH-stretching regions. We have reassigned the fundamental spectra of these

three-membered rings.

Introduction The harmonically coupled anharmonic oscillator (HCAO)
local mode model has been shown to simulate CH-stretching

L 3 .
sulfide (GH4S) are some of the smallest existing ring systems. transitians in avertone spectra successfiily> When combined

These three-membered rinas have been of interest to Chemistwith electronic structure calculations of the dipole moment
9 - ?unction, relative and absolute intensities can also be predicted

because of their strained geometry and unique bonding. The'rwell.z“*” In the present paper we apply the HCAO local mode

small size and the availability ofllnfrared and Raman EXPEN model to describe the dominant CH-stretching transitions. We
mental data also made them suitable for early computational : Ny
use the Fermi resonance polyad model 6bBluand Quack to

predictions of vibrational frequencies and intensitie).Allen : )
. . . - test if the commonly found Fermi resonance between CH stretch
et al. accompanied their own experimental vibrational spectra d HCH bend vibrati h ff 28T
of ethylene sulfide with a summary of previous experimental and HCH end vi rations has any effect on our sp ene .
weak transitions seen to the blue of the dominant CH-stretching

work and with ab initio harmonic frequencies at the SCF/6- - - o
N Lo : L transitions are assigned as combination bands between CH-
31G* level! Simandiras et @ and Komornicki et af.calculated : "
stretching local mode transitions and lower frequency funda-

vibrational frequencies and intensities at the MP2/DZP and SCF/ mental vibrations
6-31G** levels for both cyclopropane and ethylene oxide. They, ’
along with Dutler and Rauk} used their calculations for
ethylene oxide to refine the interpretation of the experimental
infrared spectra by Nakana@&The computational studies from The gas-phase samples of cyclopropane (99%) and ethylene
the 1980s provide useful summaries of experimental frequencies 2Xide (99.5%) were used as supplied from Aldrich. The liquid-
as do more recent reviews for ethylene okidand ethylene phase sample ethylene sulfide (98%) also from_ Aldrich was used
sulfide13 after a freezepump—thaw cycle to remove dissolved gases.
While these small three-membered ring molecules provide _ Frequency-doubled light from a Nd:YAG laser (Spectra
good cases for testing theory, investigations of their CH- Physics LAB150, 10 ns pulses at 10 Hz) pumped a dye laser
stretching overtone spectra have been limited to cyclopropane(s'rah Cobra Stretch) to generate visible I|gh_t with a Ilne_ width
and monosubstituted cyclopropanes. The CH-stretching overtongtnder 0.05 cm* at 600 nm. The photoacoustic cell consists of
spectra have been reported for cyclopropane in the regions2 91ass cylinder of 2.5 cm diameter and 35 cm length, with
corresponding td\vcyy = 3 and 5-8.1417 Wong et al. found removable windows mounted at Brewster’s angle, ga_s_mlet/
the CH-stretching local mode frequency in cyclopropane to be Outlet valves, and a microphone (Knowles EK-3132) positioned
very high, with a frequency about 150 chhigher than found ~ Near the center of the cell. The pressure of cyclopropane and
in other cyclic alkanes such as cyclohexaheédhmed and ethylene oxide was maintained at 275 Torr, where the photoa-
Henry, who measured the liquid-phase CH-stretching overtone COUStic signal was strong and robust+@5 Torr changes in
spectra in the\vey = 2—6 regions of monosubstituted cyclo- ~ Pressure. Liquid ethylene sulfide was kept on ice to provide a
propanes, attributed the high CH-stretching frequencies to ring Constant pressure of 80 Torr in the cell. The pressure was
strain and bonding in the three-membered fifg.similar high measured on a gauge attached to the cell. After a series of
CH-stretching local mode frequency was found in the gas-phaseP1SmMS, the laser entered the photoacoustic cell near the center

overtone spectra recorded of cyclopropylamine in the regions With an approximate distance from the laser beam to microphone
corresponding ta\vcy = 2—7.19 of 1.5 cm. We monitored the amplified microphone signal as a

function of laser wavelength to collect photoacoustic spectra.
* Corresponding authors. E-mail: shsieh@email.smith.edu; henrik@ Laser pulse energies m_easured at the gas ceI_I ranged from 5 to
alkali.otago.ac.nz. 50 mJ, and a thermopile power meter (Ophir AP-10) at the
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Cyclopropane (gHg), ethylene oxide (gH40), and ethylene
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TABLE 1: Experimental and Calculated Bond Lengths (A) and Angles (deg)

cyclopropane ethylene oxide ethylene sulfide
X=0C) X=0) X=9)
exptP calcd exptF calcd exptF calcd
Rc—x 1.436 1.430 (1.436) 1.819 1.832
Re—c 1.510 1.505 1.472 1.464 (1.469) 1.492 1.477
Rc-n 1.074 1.081 1.082 1.085 (1.085) 1.078 1.082
JCc—X—-C 60 60 61.4 61.6 (61.5) 48.4 47.6
OH—-C—H 115.9 114.2 116.7 115.6 (116.3) 116.0 115.0

a2 From microwave studies of cyclopropane-t;1lby Endo and Chantf. ® B3LYP/aug-cc-pVTZ optimizations and the CCSD(T)/aug-cc-pVTZ
results for ethylene oxide in parentheseBrom Cunningham, Jr., et &and for ethylene sulfide assuming that their reportee0c-S bond angle
is actually the G-S—C bond angle, as would be consistent with their reported bond lengths.

output end of the cell monitored the laser power during scans. dimensional dipole moment grid that is calculated by displacing
The linear dependence of the photoacoustic signal on laserthe hydrogen atoms of the CH bonds B0.2 A from the
power was verified, and recorded spectra were normalized for equilibrium position in steps of 0.05 A along the axis of the
variations in laser power. The laser wavelength was calibrated bond. The energies from these grids also provide the force
by taking photoacoustic spectra of water vapor and comparing constant required in the calculation gf2* It has been found
line positions against known values. This results in wavenumber previously that nine-point grids are adequate to describe the
accuracy better than 1 crh Spectra in each overtone region potential force constants and the dipole moment expansion
required use of more than one laser dye (LDS867 and LDS821 coefficients?® We use the second, third, and fourth order force
for Avcy = 4; LDS751, LDS750, and LDS 698 fdkvcy = 5; constants, from the diagonal grids, to calculate the local mode
and R640, R610, and R590 fawcy = 6). Several nanometers  parameters?

of overlap between scans using different dyes allowed for We have used density functional theory (DFT) with the

compilation of continuous spectra. B3LYP correlation functional combined with the aug-cc-pVTZ
_ basis set. The dipole moments were calculated as analytical
Theory and Calculations derivatives of the energy, and a “tight” convergence criterion

The structures of cyclopropane, ethylene oxide, and ethyleneWas used in the geometry optimizations (gradient x 10°°
sulfide have either six (for cyclopropane) or four (for ethylene au, step size= 1 x 107° au, energy= 1 x 107" au). For
oxide and ethylene sulfide) equivalent CH bonds arranged in €thylene oxide, the molecule that has the smallest number of
either three or two methylene Ghgroups. In the zeroth order ~ basis functions in the ab initio calculation, we also optimized
approximation these CH oscillators can be modeled as isolatedthe structure and calculated a one-dimensional (1D) CH-
anharmonic local mode oscillato¥sThe coupling between CH- stre'tch_lng g.rld W|t_h the coupleql clus_ter with single and double
stretching oscillators is usually only significant if the oscillators ~€xcitations including perturbative triples [CCSD(T)] levels of
share a common heavy atom, and we have limited the Coup”ngtheory_ combined Wl_th the aug-cc-pVTZ basis sets. From this
to this casé® We have calculated peak intensities and positions 1D grid we determined force constants and hence the CH-
for the CH-stretching overtones using the harmonically coupled Stretching local mode parametéisanddx.2” These calculations
anharmonic oscillator (HCAO) local mode model. The Hamil- Were done with MOLPRO 20023.To facilitate analysis of

tonians for two coupled CH-stretching oscillators have been the previous fundamental spectra and assignment of combination

details?425 The HCAO local mode model requires local mode Normal modes with the B3LYP/aug-cc-pVTZ method. These
parameters, an effective coupling parameter, and a dipo|ecalgullatlons ‘were done with Gaysmari’%l.n addition we
moment function. The local mode oscillators are described by OPtimized (*tight”) the structures with the CCSD/aug-cc-pVDZ
the local mode frequency and anharmonicify, and @x, method usmg_GaussmnOS and performed a natural bond orbital
respectively. These are obtained either from ab initio calculated (NBO) analysisi*-=2
force constand or from a Birge-Sponer fit of the experimen-
tally observed band maxima of thAvcy = 4, 5, and 6 Results and Discussion
transitions. The coupling between the two equivalent local
modes contains both kinetic and potential energy contributions
and can be described by an effective coupling parameéter
which in turn can be estimated from ab initio calculations of
the structure (G-matrix) and force consta#ft®

The dimensionless oscillator strengftly of a vibrational
transition from the ground state g to an vibrational excited state
e is given by*

The calculated and experimental geometric parameters of the
three-membered rings are compared in Table 1. The B3LYP/
aug-cc-pVTZ calculated parameters are in reasonable agreement
with the experimental values. The B3LYP/aug-cc-pVTZ opti-
mized geometries in Z-matrix form are given in the Supporting
Information. For the smallest of the molecules (in computational
sense), ethylene oxide, we also optimized the structure with the
CCSD(T)/aug-cc-pVTZ method, which is given in parentheses
. o in Table 1. The CCSD(T)/aug-cc-pVTZ geometry is in excellent

feg: 4.702x 10 “[cm D ] Vegleg (1) agreement with the experimental structure and slightly better

than the B3LYP/aug-cc-pVTZ method. In addition we optimized

wherefigis the transition frequency in crm andzieg = [&lzi|g0 the structures with the CCSD/aug-cc-pVDZ method (not shown)
is the transition dipole moment in debye (D). The dipole moment and for ethylene sulfide also CCSD combined with the aug-
function needed in eq 1 is approximated by a Taylor series cc-pV(D+d)Z basis set, a basis set specifically designed for
expansion in the internal CH displacement coordinates aboutsecond row elements such as sufftiThis basis set improved
the equilibrium geometry, as described elsewRé&eé.The Rc—s but had little effect on the other parameters. The B3LYP
coefficients in the dipole expansion are obtained from a two- structures were slightly better than the CCSD structures.
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TABLE 2: Vibrational Frequencies (in cm 1) for
Cyclopropane

mode description caléd obsd
v1(Ayr) CH stretch 3134 3027
v2 (A1) CH. scissor+ CC stretch 1519 1479
v3(A1') CC stretch 1211 1188
va (A7) CH, wag 1095 1070
vs (A1) CH; twist 1153 1126
ve(A2") CH stretch 3220 3102
v7(A2") CH; rock 861 854
vg(E') CH stretch 3127 3024
vo(E') CH scissor 1476 1439
v10(E') CH, wag 1052 1028
v11(E) CC stretch 879 868
v12(E") CH stretch 3199 3082
v13(E") CHzrock+ CC plane 1213 1188
V14 (E”) CHZ twist 742 739

aB3LYP/aug-cc-pVTZ calculated harmonic frequencieBrom
Duncan’ Levin and Pearc&,and Butcher and Jon&sunless noted
otherwise £ From Pliva et aP. ¢ From Pliva and Johr.

TABLE 3: Vibrational Frequencies (in cm~1) for Ethylene
Oxide

mode description caléd obsc
v1 (A1) CH stretch 3093 3024
v2 (A1) CHj; scissor 1538 1498
v3 (A1) CCICO stretch 1299 1270
va (A1) CH, wag 1149 1159
vs (A1) CCICO stretch 888 877
v6(Az) CH stretch 3166 3065
v7(A2) CH;, rock 1177 1156
vg(Az) CHj, twist 1048 1020
vg(B1) CH stretch 3180 3065
v10(Ba) CH, twist 1169 1147
V11 (Bl) CHz rock 820 808
v12(B2) CH stretch 3087 2978
v13(B2) CH; scissor 1505 1470
v14(B2) CH, wag 1168 1120
v15(B2) CO stretch 843 822

aB3LYP/aug-cc-pVTZ calculated harmonic frequencieExperi-
mental values taken from Nakanaga unless spedified.Values
reversed as suggested by Simandiras &t @krom neutron inelastic
scattering from the solid at 5 K.

TABLE 4: Vibrational Frequencies (in cm 1) for Ethylene
Sulfide

mode description caléd obsd
v1 (A1) CH stretch 3125 3014
v2 (A1) CH; scissor 1497 1457
v3 (A1) CCICS stretch 1141 1110
V4 (Al) CH, wag 1045 1024
vs (A1) CCICS stretch 621 627
vg(A2) CH stretch 3201 3088
v7(A2) CH; rock 1200 1175
Vg (Az) CHz twist 899 895
vg(B1) CH stretch 3215 3088
‘V]_o(Bl) CHZ twist 954 945
1/11(81) CHz rock 837 824
v12(B2) CH stretch 3124 3013
v13(B2) CH; scissor 1475 1436
v14(B2) CH, wag 1079 1051
v15(B2) CS stretch 660 660

aB3LYP/aug-cc-pVTZ calculated harmonic frequencit$aken
from a review by Dorofeeva and Gurviéh.

Tables 2-4 summarize the observed fundamental vibrational
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Figure 1. Room-temperature vapor-phase overtone spectra of cyclo-
propane in theAvcy = 4 (top), Avcy = 5 (middle), andAvcy = 6
(bottom) regions. The HCAO calculated CH-stretching transitions are
indicated with sticks. The stick height corresponds to the relative
oscillator strength for each transition. Both spectra and calculated
transitions are expanded vertically in the regions to the blue of the
main band.

proximately balanced by the lack of anharmonicity in the
harmonic frequencies. Our assignment of the vibrational modes
and their description are based on the previous observations
and our B3LYP calculated vibrational normal modes and for
some modes differ from the literature assignment. The agree-
ment between the B3LYP/aug-cc-pVTZ calculated harmonic
frequencies and observed fundamental frequencies is well within
~40 cnTl, apart from the CH-stretching modes. The larger
discrepancy €100 cnt?) for the CH-stretching modes is not
surprising considering their large anharmonicities.

Our measured gas-phase photoacoustic spectra iNdbg
= 4—6 regions of the three-membered rings are shown in
Figures 1—3. Our spectra of cyclopropane in tiecy = 5
and 6 regions are similar to those previously publiskédin
Figures 13, the weak bands to the blue of the main CH-
stretching band have been enhanced. For all three molecules
the overtone spectra are dominated by the region around the
pure local mode CH-stretching overtongsQLl, as expected.

Bands in our photoacoustic spectra show some rotational
structure for transitions withvcy < 6. The loss of structure at
higher quanta is consistent with homogeneous broadening due
to increased IVR rates at higher energies and higher densities
of states'’-** None of the molecules are expected to have any
overtone-induced reactions that would decrease the lifetimes
of the vibrationally excited states. While earlier calculations
indicate that the barrier for ethylene oxide isomerization to
acetaldehyde (46 kcal/mol) would be energetically accessible
in the Avcy = 6 region3® more recent work indicates the barrier
to be too high (59 kcal/mol) for isomerization Avcy = 6.36

To emphasize the band shapes further, Figure 4 focuses on
the main CH-stretching band in thevcy = 5 region for all

frequencies available in the literature and compare them againstthree molecules. For each, a local mode model would predict

our B3LYP/aug-cc-pVTZ calculated harmonic frequencies for
the three-membered rings. B3LYP calculated harmonic frequen-
cies are often used for comparison with observed fundamental
transitions since the error in the B3LYP force field is ap-

basically a single band in the overtone spectra, since all the
CH bonds are equivaleft.The overtone spectra of benzene is
one examplé327In contrast, however, the three-membered rings
show multistructured bands not only in tihecy = 5 region
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Figure 2. Room-temperature vapor-phase overtone spectra of ethylene
oxide in theAvcy = 4 (top),Avcnh = 5 (middle), andAvcy = 6 (bottom)
regions. The HCAO calculated CH-stretching transitions are indicated
with sticks. The stick height corresponds to the relative oscillator

strength for each transition. Both spectra and calculated transitions are

expanded vertically in the regions to the blue of the main band.
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Figure 3. Room-temperature vapor-phase overtone spectra of ethylene
sulfide in the Avcy = 4 (top), Avcy = 5 (middle), andAvcy = 6
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Figure 4. Room-temperature vapor-phase CH-stretching overtone

spectra of cyclopropane (top), ethylene oxide (middle), and ethylene
sulfide (bottom) in theAvcy = 5 region.
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TABLE 5: Local Mode Parameters (cnm?t)

w wX
calcdt exptl calcd@ exptl
cyclopropane 3168.3 3169 55.6 59.9
ethylene oxide 3134.7 (3162.0) 3146 60.5(59.3) 63.0
ethylene sulfide  3167.9 3166 61.6 62.2

aWith the B3LYP/aug-cc-pVTZ method and for ethylene oxide with
the CCSD(T)/aug-cc-pVTZ method shown in parentheses.

Local Mode Parameters.Frequencies of the observed pure
local mode transitions are required to determine experimental
local mode parameters. Clearly this is difficult when the bands
are wide like that for theAvcy = 5 region of ethylene oxide.
We have used band maxima or, if visible, Q-branch-like features
to estimate the pure local mode peak positions (listed in
Supporting Information Table S1). The resulting frequencies
carry more uncertainty than those for molecules whose CH-
stretching transitions appear as single peaks. For the three-
membered rings, therefore, the transition frequencies chosen for
each overtone introduce uncertainty in addition to that from the
standard deviation of the straight line Birg8poner fit.
Furthermore, Fermi resonance can shift the most intense portion
of the band away from the expected position for a single CH-
stretching peak® For these reasons we have not included
uncertainties on experimental and @x values in Table 5, but
estimate these to be less than 20 érand 2 cn? for @ and

(bottom) regions. The HCAO calculated CH-stretching transitions are @X, respectively. Observation of additional transitions and/or
indicated with sticks. The stick height corresponds to the relative spectra of selectively deuterated molecules, which are unlikely

oscillator strength for each transition. Both spectra and calculated to be complicated to the same extent by Fermi resonance, would

transitions are expanded vertically in the regions to the blue of the
main band.

but also in theAvcy = 4 and 6 regions although to a lesser
extent. As discussed in more detail below, we attribute this
complexity to Fermi resonance between the CH-stretching and
HCH-bending modes. The significant widening of thecy =

5 band in the ethylene oxide compared to ftve-:; = 4 and 6
bands (Figure 2) could suggest an additional resonance with
other modes for thé\vcy = 5 band.

reduce this uncertainty. For cyclopropane, the molecule for
which the overtone bands have the least amount of structure,
the frequency determination is reasonable, and our experimental
local mode parameters are in good agreement with the values
found previously ofo = 3175+ 4 cnT! andox = 60.44 0.6

cm~1 obtained from fitting of additionalXvcy = 1, 3, 5-8)
transitionst® These values also compare favorably with the
experimental parameters obtained from fitting of thecy =

2—7 transitions for the two nonequivalent methylene CH-
stretching local modes in cyclopropylaming,= 3160 + 4
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(31744 5) et and wx = 58.6 &+ 0.6 (59.3+ 0.9) cnT?, TABLE 6: Calculated Total CH-Stretching Intensities?
respectively:® v cyclopropane ethylene oxide ethylene sulfide

_In addition we have calculated the local mO(_je parameters 20x 105 16x 105 72%10°6
with the B3LYP/aug-cc-pVTZ method and list these in 2 4.7 107 3.9x 107 6.2x 1077
Table 5. Our calculated frequencies and anharmonicities are 3 5.4x 1078 4.8x 10°8 51x 108
within 11 cnt! and 5 cnt?, respectively, of our experimental g g-éx 11ng j-é x 1&;’0 gg x 1&;’0

7 i 1 .OX .U X O X

values and have the same relative ordering as the experimental 0 28% 1011 49% 10-11 29% 101t

values. Since the agreement between the B3LYP/aug-cc-pVTZ
and experimental frequency is poorest for ethylene oxide, we *From HCAO local mode calculation with experimental local mode
have also calculated i and@x with the significantly better ~ Parameters and B3LYP/aug-cc-pVTZ calculajédzalues and dipole
CCSD(T)/aug-cc-pVTZ method. Recently, such CCSD(T) cal- moment functions. The intensities for cyclopropane are for threg CH
culations were found to provide accurate OH-stretching local groups and for ethylene oxide and ethylene sulfide for twe gidups.

mode parameters for ethylene gly8bThis level of theory gives
a frequency that is 16 cm higher and an anharmonicity that local mode parameters of Table 5 and the B3LYP/aug-cc-pVTZ

is 4 cnm? lower than the experimental values. Assuming that diPole moment function. To compare the HCAO calculated peak
the CCSD(T) calculations are as accurate as they were forPositions and intensities with our pho.toacoustlc spectra, we
ethylene glycol, we suspect that for ethylene oxide our present_the HCAO results as sticks in Flgures31The_ energy
experimental frequency is too low and the anharmonicity is too S€Paration between the two pure local mode transitipp&,]
high. However, we have used the experimental local mode 21d 2.0, decreases with increasingso that they are nearly
parameters in our local mode calculations. degenerate foAvcy = 4. The sticks in the main band therefore

The relative local mode frequencies for the three-membered represent the combined calculated oscillator strength from these

rings follow the bond length frequency correlation: the shorter two transitions. The HCAO local mode model also predicts
. . : ransition weaker local m mbination for exampl
the CH bond, the higher the CH-stretching local mode fre- transitions to weaker local mode combination states, for example

1 X ) . |v—1,1] and|»—1,11 transitions corresponding to one quantum
quency@ Ethylene splflde and cyclopropane have higher CH in one CH-stretching oscillator and the remaining 1 quanta
stretching frequencies and shorter CH bonds compared to

. . . . . in the other. These transitions occur to the blue of the pure local
ethylene oxide. It is also interesting to note that the relative P

local de f - f the th lecul d dmode transitions and have approximately one-tenth the intensity
ocal mode Irequencies of tne threée molecules are oraered ¢ y,q pure local mode transitions. The experimental spectra
similarly to the electronegativities of the O, S, and £H

¢ s. O . bstantiall lect i shown in Figures 43 all have features to the blue of the main
ragments. Lxygen IS substantially more electronegative com-, ., that are consistent in relative intensities with the HCAO
pared to S and CHwhich have similar electronegativities.

. . predictions. Thus it is clear from the Figures3 that the simple
Ahmed and Henry attribute the high CH-stretch frequency for HCAO local mode calculation accounts for the dominant
cyclopropane rings to the unusually high p-character in the ring’s features of the overtone spectra
strained CC bonds, which in turn causes increased s-character 1. ,a CH-stretching intensities for pure local mode and

; 8 .
in tEe C'i: bo_ndti. NCBHObcalgulatlznshsh?\;v thatthtr:e e“ef?g“ C q local mode combination transitions for the various overtones
s-character in the onas Is nignest for ethylene oxide, and ;. given in Table 6. The calculated total intensities for all three

tTﬁSi based .Zn tpe;xtentthof i-.cuara;cfter alone, onetvxt/rc]) u'? eXpetCFnoIecuIes show an approximately 10-fold drop in intensity with
_?_h ye?he oxide to éave he '9,’[ es reqtulgi?cly, ?0 b ethOerS”'each quantum increase in CH stretch, which is consistent with
us thé ncreéased s-character 1S not likely to be the Tu expectatior?? It is interesting that the fundamental transition

ext;))_la?atlonk. Donr?tlcg\Hog Ioge p;ulrs |(;1to thel CH annt:jondlnlg intensity for ethylene sulfide is significantly weaker than for
orbital weakens the ond and leads to a longer and wea lthe other two molecules, whereas for the overtones all three

bond in both ethylene oxide and sulfide. Second-order pel't'“'rb"’l'molecules have similar intensity. This illustrates again that

gon t?eorty ebstllmates .Wm,:;]n lthe NB% b?hss S.hovt\;]ﬂr's Ionelfpgur overtone intensities cannot be predicted based on fundamental
T(r)]na lon to be' atr_ger I?Ie yen_eém ?_ an 'g N ﬁ/enetsu ! el‘(']lintensities‘!0 As cyclopropane has six CH bonds versus four in
us, a combination orlone pair donation and s-character Could 50y of the other two molecules, one would perhaps have

qugdlltatlvglyhacc_ou_rllt f_or Lhe relatlvele]/ \l/veak bcl)fnéj n ectjhylerlle expected higher intensities for cyclopropane. Table 6 illustrates
oxide and the similarity between ethylene sulfide and cyclo- 5t the number of CH oscillators cannot be used as a simple

propane frequenues n Fhe Series .OT th.ree-membere.d rngs. C)thefndicator of relative overtone intensities in the case of heteroa-
effects might also contribute, but it is likely that no single effect tom rings?526
determines _the relative frequencies in this series of three- We do not obtain absolute intensities in our photoacoustic
membered rings. spectra. However, Wong and Moore have measured the absolute
The B3LYP/aug-cc-pVTZ calculated effective coupling pa- intensities of the main band in thevcy = 5 and 6 regions for
rametersy’ for the three-membered ring molecules are in the cyclopropan# and obtain oscillator strengths of 4:6 10-10
range of 3740 cnT, which is similar to the 40 cr¥ calculated and 6.9x 1071 respectively’526 Our calculated combined
for cyclopropylamine or the 33 cm deduced from observed  intensity of the|y,00 and |,00 transitions, which comprise
transitionst® All of these are significantly higher than the the main band, is 3.4 10-1%and 4.5x 10711 respectively, in
approximately 15 cm' coupling found for cyclohexar®.This reasonable agreement with experimental values.
large difference arises in part from the relatively large HCH  |n Table 7 we show the total CH-stretching fundamental
angle of 118 in the three-membered rings, compared to intensity calculated with the HCAO local mode model and with
cyclohexane’s 106 which causes a larger kinetic energy a harmonic normal mode approach (harmonic normal modes
coupling in the three-membered rinfs. and linear dipole moment function expansion) as found in most
Local Mode Calculations. The HCAO calculated frequencies  electronic structure programs. The differences between HCAO
and intensities of the CH-stretching transitions in the three- and harmonic intensities indicate that anharmonic wavefunctions
membered rings are given in the Supporting Information and nonlinear dipoles can make a significant difference to
Tables S2-S4. We have calculated these with the experimental fundamental intensity calculations.
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TABLE 7: HCAO and Harmonic Fundamental Intensities2

method cyclopropane ethylene oxide ethylene sulfide
harmonic 1.5x 107 1.8x 10°° 5.8x 1078
HCAO 2.0x 10°° 1.6x 10°° 7.2x 10°®

a Calculated with the B3LYP/aug-cc-pVTZ level method. Harmonic
intensities are obtained with harmonic normal modes and linear dipole
approximations. HCAO calculations as described in Table 6.

T T T T T T L) T L) T
11300 11500 11300 11500

13900 14100 13900 14100

16200 16400 16600 16200 16400 16600
Wavenumbers (cm-1)  Wavenumbers (cm-1)

Figure 5. Experimental (left) and simulated (right) main bands for
ethylene sulfide in thé\vcy = 4 (top), Avcy = 5 (middle), andAvcy

= 6 (bottom) regions. Peak positions and intensities for the simulations
are from the Fermi resonance model ofal and Quack with the
following arbitrary parameters¥s = 3100 cnt?, %, = 1450 cnr?,

Xss = —62 cnTl, Xsp = —29 cnTl, Xpp = —10 cnr?, and ks, = 35
cm. Each transition has been convoluted with Lorenztians with full-
widths at half-maximum of 50 cm to represent homogeneous line
broadening.

Fermi Resonance.The structure within each of the main
bands as well as minor peaks in the close vicinity of the main

Hsieh et al.

most likely local mode-normal mode combination bands.
Within a given overtone region such peaks generally appear to
the blue of the pure local mode transitions. While some of these
peaks could also be attributed to local mode combination
transitions (Figures 13), we have explored tentative assign-
ments for these weak peaks as lecabrmal combinations and
list these in the Supporting Information Table S5.

For all three overtone regions, cyclopropane has a set of peaks
~730 cnmt! and ~870 cnt! to the blue of each main CH-
stretching band (Figure 1). We attribute the first set to
combinations involving the lowest frequency gtdvist mode
and the second set to combinations involving either the low-
frequency CC stretch or GHock, (Table 2). Similarly, ethylene
oxide has sets of peaks800 cnt! and ~1000 cn1? to the
blue of each main CH-stretching band (Figure 2), likely
involving combinations with the CiHrock and CH twist,
respectively (Table 3). Ethylene sulfide, with its many low-
frequency vibrational modes, does not show as clear a pattern
of peak sets, yet peaks attributable to combinations involving
CCI/CS stretch, CS stretch, Gkbck, and CH twist do appear
(Table S5).

Conclusion

We have recorded vapor-phase photoacoustic spectra of
cyclopropane, ethylene oxide, and ethylene sulfide in the CH-
stretching regions corresponding Aacy = 4—6. The cyclo-
propane spectra agree with previous spectra inAhgy = 5
and 6 regions. In the spectra of ethylene oxide and ethylene
sulfide significant structure is observed in the CH-stretching
band, despite the equivalence of all CH bonds in each of the
molecules. We can account for this structure as Fermi resonance
coupling between the CH-stretching and HCH-bending vibra-
tions. Combinations of local modes and of local and fundamental
normal modes can account for the remaining weak spectral
features. Analysis of the fundamental normal mode frequencies
available in the literature have led to a reassignment of some
of these vibrational modes. For the three-membered ring
molecules we find that the CH-stretching local mode frequencies
are significantly higher than for methylene groups in larger rings
or alkanes.

band are likely due to Fermi resonance between the dominant

pure local mode CH-stretching transition and lower frequency
HCH-bending vibrations. These bending vibrations §GElssor,

in Tables 2-4) have frequencies that are approximately half
that of the CH-stretching vibrations and ideal for Fermi
resonance interactions. Simulation to illustrate the effects of
Fermi resonances between the CH stretch and HCH bend wa
done with the polyad model of Tial and Quacke Briefly, this

2D model includes one stretching and one bending vibration
and couplings between these modes, including off-diagonal
terms to describe the Fermi resonance. The model assumes th
the pure CH-stretching mode is the bright state, and it assigns
relative intensities within a given overtone region (polyad)
according to the calculated extent of bright-state character in

each peak. Reasonable parameters lead to plausible simulation

of the main bands. To illustrate this we show simulations for
ethylene sulfide in Figure 5. The simulated spectra were obtained
by convoluting each Fermi resonance transition with a 50cm
wide Lorentzian. The good agreement between simple one
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stretch and one bend Fermi resonance simulations and the

experimental data support our interpretation that most of the
structure of the main band is due to Fermi resonance.
Local—Normal Combination Peaks.Peaks that are attribut-
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