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Raman and Infrared Spectra, Conformational Stability, Barriers To Internal Rotation,
Normal Coordinate Analysis, Vibrational Assignment, and ab Initio Calculations of
3,3-Difluoropropene
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The Raman spectra (3500 to 40 cinof gaseous, liquid, and solid 3,3-difluoropropene,,CHCFH, and

the infrared spectra (3500 to 60 cip of the gas and solid have been recorded. The spectra of the fluid
phases are consistent with two stable conformers in equilibrium at ambient temperature. The mid-infrared
spectra of the sample dissolved in liquid xenon as a function of temperat®& t —100 °C) have been
recorded. Utilizing two conformer pairs, the enthalpy difference has been determined todbd@2n?

(0.98+ 0.12 kJ/mol) with the cis conformer (H atom of the difluoromethyl group is cis to the double bond)
the more stable form. The cis conformer is also the more stable form in the liquid, and it is the only rotamer
present in the solid. The first overtone of the asymmetric torsion for the cis conformer was observed at 179.6
cm~t with four successive excited-state overtones observed falling to lower frequency. The corresponding
fundamental for the gauche conformer was observed at 97.65with three excited states falling to lower
frequency. Utilizing these torsional data along with the experimental enthalpy and gauche dihedral angle, the
potential function governing the conformational interchange has been determined and the potential coefficients
areV,; =215+ 16,V, = —111+ 17,V3 =633+ 6,V, =54+ 8,Vs = =25+ 4, andVs = —12+ 2 cm %

The gauche to cis barrier is 560 ci(6.70 kJ/mol) and the gauche to gauche barrier is 744'q&.90

kJ/mol). The vibrational assignment for the 21 normal modes for the cis conformer is proposed and several
of the fundamentals for the gauche conformer have been identified. The structural parameters, dipole moments,
conformational stability, vibrational frequencies, infrared intensities, and Raman activities have been obtained
from ab initio calculations, and the predicted conformational stability is consistent with the experimental
results. These experimental and theoretical results are compared to the corresponding quantities of some
similar molecules.

Introduction be 1024+ 8 cn! (1.22 & 0.10 kJ/mol) from the mid-infrared
spectra of the sample dissolved in liquid xenon as a function of
temperature. As a continuation of these studies, we have
investigated the infrared and Raman spectra of 3,3-difluoro-
propene, CHCHCF,H, for the purpose of determining its
conformational stability for comparison with the corresponding
substituted three-membered ring.

There have been no previous vibrational spectroscopic studies
of 3,3-dihalopropene, so we have recorded the Raman spectra
of the gas, liquid, and solid and the infrared spectra of the gas,
xenon solutions at variable temperature, and solid. We have
also carried out ab initio calculations employing the 6-31G(d)
basis set at a level of restricted Hartrdeock (RHF) and
Moller—Plesset to second order (MP2) to obtain equilibrium
geometries, force constants, vibrational frequencies, infrared
intensities, Raman activities, and conformational stabilities.
Structural parameters and conformational stabilities have also
been obtained from larger basis sets, i.e., MP2/6+33(d,p)
and MP2/6-31%G(2d,2p). The results of this vibrational
spectroscopic and theoretical study are reported herein.

We have carried out extensive studies on the conformational
stability of the allyl halides (3-halopropenes) over the years,
and it has been found that only the allyl fluoride molecule has
the cis conformer as the more stable rotafnéiSimilar studies
have been carried out for the halomethylcyclopropane mole-
cules? %> which are frequently used for comparison since the
three-membered ring has some bonding properties similar to
those in the ethylene group. Unfortunately, the conformational
stability of the fluoromethylcyclopropane molecule has not been
determined®17 As a continuation of our studies on these types
of molecules, we recently determined the conformational
stability of difluoromethylcyclopropan®, which is the first
dihalomethylcyclopropane molecule studied for the purpose of
determining the conformational stability. From the infrared and
Raman spectral investigation of this molecule it was determined
that the cis (H atom of the difluoromethyl group is cis to the
three-membered ring) is more stable than the gauche form in
both the gaseous and liquid phases and it is the only rotamer
present in the solid. The enthalpy difference was determined to
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TABLE 1: Structural Parameters, Rotational Constants, Dipole Moments, and Total Energies for 3,3-Difluoropropeng

internal RHF/6-31G(d) MP2/6-31G(d) MP2/6-3315(d,p) adjusted, MP2/6-311G(2d,2p)
parametér coordinates cis gauche cis gauche cis gauche cis gauche cis gauche
r(Ca—Hy) r 1.074 1.074 1.084 1.084 1.084 1.084 1.084 1.084 1.077 1.077
r(C=C) S 1.316 1.316 1.335 1.334 1.338 1.337 1.335 1.337 1.331 1.331
r(Cs—Ha) rs 1.076 1.076 1.086 1.086 1.087 1.087 1.086 1.086 1.080 1.080
r(Co—Hs) P 1.077 1.074 1.086 1.083 1.086 1.084 1.085 1.084 1.079 1.077
r(C—-C) T 1.491 1.495 1.484 1.491 1.486 1.493 1.482 1.492 1.482 1.488
r(Cs—Hyv) rg 1.078 1.080 1.094 1.094 1.092 1.093 1.091 1.093 1.085 1.086
r(Cs—Fs) P 1.346 1.347 1.374 1.376 1.370 1.372 1.368 1.372 1.370 1.373
r(Cs—Fo) Q 1.346 1.342 1.374 1.370 1.370 1.363 1.368 1.362 1.370 1.364
O(H1CCs) 2! 121.7 121.1 121.8 1211 1215 120.7 121.6 120.7 121.4 120.7
O(H4CsCy) €1 121.9 1215 122.2 121.8 122.3 121.6 122.4 121.6 122.2 1215
O(HsCoHy) 0 116.4 117.0 116.6 117.5 117.0 117.8 117.0 117.8 117.6 118.3
O(CeCsCy) € 122.8 124.0 122.0 123.0 121.7 123.5 122.4 123.3 121.7 123.4
O(H7CeCs) ) 113.3 112.8 113.6 113.8 114.0 113.8 113.9 113.8 113.6 113.8
O(FeCelFo) n 106.5 107.6 106.8 107.7 106.5 107.3 106.3 107.0 106.4 107.4
T(H7C6CsCy) T 0.0 112.4 0.0 113.0 0.0 113.0 0.0 1131 0.0 1141
A 9378 9144 8995 8811 9060 8872 9124 8902 9081 8867
B 3759 4235 3727 4215 3717 4185 3721 4193 3739 4220
C 2992 3143 2941 3107 2942 3096 2948 3107 2955 3121
|ual 2.346 1.638 2.533 1.735 2.823 2.031 2.369(15) 1.535(15) 2.705 1.910
|4l 0.000 0.730 0.000 0.793 0.000 0.771 0.0 0.53(4) 0.000 0.752
|l 0.740 1.356 0.773 1.449 0.885 1.512 0.70(3) 1.36(3)  0.835 1.460
[t 2.460 2.248 2.648 2.395 2.958 2.647 2.47(3) 2.12(5) 2.834 2.519
—(E+314) 0.782282 0.781986 1.518040 1.518031 1.774363 1.773149 1.888941 1.887834
AE/cm™t 65 2 266 260t 80 243

aBond lengths in angstroms, bond angles in degrees, rotational constants in megahertz, dipole moments in debyes, and energie8 fity hartrees.
is cis to G atom.
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Figure 2. Raman spectra of 3,3-difluoropropene in annealed solid.

The spectrum of the annealed solid (Figure 2) was obtained by
depositing the sample on a blackened brass block which was
maintained in a cell fitted with quartz windows and cooled with
. boiling liquid nitrogen. The frequencies for all the observed lines
1 . | 1 are listed in Table 1S.
3000 1500 1000 500 The mid-infrared spectra (Figure 3) of the gas and the
annealed solid from 3500 to 400 cinwere recorded with a
WAVENUMBER(cm™) Digilab model FTS-14C Fourier transform spectrometer equipped
Figure 1. Raman spectra of 3,3-difluoropropene: (A) gas; (B) liquid. With & Globar source, a Ge/KBr beam splitter, and a triglycine
sulfate (TGS) detector. The spectrum of the gas was obtained
purity of the sample was checked by comparing the mid-infrared with the sample contained in a 10 cm cell equipped with Csl
spectrum with that predicted by ab initio calculations and the windows. Atmospheric water vapor was removed from the
NMR and mass spectral data. All sample transfers were carriedspectrometer by purging with dry nitrogen. For the solid, the
out under vacuum to avoid contamination. spectrum was recorded by depositing a sample film onto a Csl
The Raman spectra of 3,3-difluoropropene from 3500 to 40 substrate cooled by boiling liquid nitrogen and housed in a
cm~! were recorded on a Cary model 82 spectrophotometer vacuum cell fitted with Csl windows. The sample was annealed
equipped with a Spectra-Physics model 171 argon ion laseruntil no further changes were observed in the spectrum.
operating on the 5145 A line. The spectrum of the gas was The far-infrared spectrum (500 to 30 c#) of the solid
recorded using a standard Cary multipass accessory. The(Figure 4) was obtained by using a Perkin-Elmer model 2000
spectrum of the liquid was recorded from the sample contained Fourier transform spectrometer equipped with a far-infrared grid
in a Pyrex capillary with a bulb on the eAdland representative ~ beam splitter and a DTGS detector. The spectrum was obtained
Raman spectra of the gas and the liquid are shown in Figure 1.by condensing the sample on to a silicon plate held in a cell
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Figure 5. Far infrared spectrum of 3,3-difluoropropene in the region
of 380 to 50 cm! in gas.
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Figure 3. Mid-infrared spectra of 3,3-difluoropropene: (A) gas; (B)
annealed solid.
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Figure 6. Far infrared spectrum of 3,3-difluoropropene in the region
of 104 to 74 cm? in gas.
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Figure 4. Far infrared spectrum of 3,3-difluoropropene in the region
of 500 to 30 cm? in annealed solid.

equipped with polyethylene windows and cooled with boiling
liquid nitrogen. The sample was annealed until no further
changes were observed in the spectrum.

The far infrared spectrum (Figures-3) of the gas from 380
to 50 cnt?, from which the torsional transitions were measured
(Figure 6), was recorded on a Nicolet model 200 SXV Fourier
transform interferometer equipped with a vacuum bench, Globar
source, liquid helium cooled Ge bolometer with a wedged
sapphire filter and polyethylene windows. Traces of water in
the sample were removed by passing the gas through activated
3 A molecular sieves, using standard vacuum techniques. The
gas was containedhia 1 mfolded path cell with polyethylene
windows. A 6.25um Mylar beam splitter was used to record
the spectra at a resolution of 0.08 tTypically, 256 scans WAVENUMBER (cm™)
were used for bOth. the sample and reference d_ata’ averagedlzigure 7. Far infrared spectrum of 3,3-difluoropropene in the region
and transformed with a boxcar truncation function to give @ 4190 to 140 cmt in gas.
satisfactory signal-to-noise ratio.

The mid-infrared spectra of the sample dissolved in liquified at variable temperatures ranging froad5 to —100 °C with
xenon (Figure 8A) were recorded on a Bruker model IFS-66 100 scans at a resolution of 1.0 thnThe temperature studies
Fourier interferometer equipped with a Globar source, Ge/KBr in the liquified noble gas were carried out in a specially designed
beam splitter, and a DTGS detector. The spectra were recordeccryostat cell, which is composed of a copper cellhnat 4 cm

190 170 150
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C Figure 9. Potential function governing internal rotation of 3,3-

difluoropropene as determined with the MP2/6-313(d,p) basis set.
The potential surface given by the dashed line was obtained by allowing
the torsional dihedral angle to vary by“lidicrements while all other
structural parameters were held fixed at the optimized value obtained
for the cis conformer. The potential surface given by the solid line
was calculated by allowing for optimization at the gauche to gauche
and gauche to cis transition states and at the gauche minimum by
relaxation of all the geometric parameters.

=

only the torsional dihedral angle was allowed to vary irf 10
increments from O(cis) to 180 (trans). The resulting potential
function indicated an additional minimum at F13vhich
l —// l [ I corresponds to the gauche conformer. The surface scan is given
3000 1500 1000 500 by the dashed line in Figure 9. Optimization at the cis and
WAVENUMBER (cm -1) gauche minima from the MP2/6-3315(d,p) calculations gives
Figure 8. Mid-infrared spectra of 3,3-difluoropropene: (A) xenon energies 0f~315.774 363 ane-315.771 349 hartree (1 hartree
solution at—55 °C; (B) calculated spectrum of the mixture of both =219 474 cm?), respectively, which are consistent with a more
conformers; (C) calculated spectrum of the gauche conformer; (D) gtaple cis conformer and with the gauche rotamer minimum
calculated spectrum of the cis conformer. lying 266 cn® higher in energy. Combined with optimization
at torsional dihedral angles of 360°, 9¢°, 15C¢° and 180 and
path length and wedged silicon windows sealed to the cell with using the MP2/6-31+G(d,p) basis set, this procedure leads to
indium gaskets. The temperature is monitored by two Pt & more meaningful potential surface, and these data are
thermoresistors, and the cell is cooled by boiling liquid nitrogen. illustrated by a solid line in Figure 9. Therefore, the theoretical
The complete cell is connected to a pressure manifold to allow Cis to gauche, gauche to gauche, and gauche to cis barriers are
for the filling and evacuation of the cell. After the cell is cooled 789, 778, and 520 cm, respectively, from this basis set.
to the desired temperature, a small amount of sample is The intramolecular harmonic force fields were calculated with
condensed into the cell. Next, the pressure manifold and thethe Gaussian 94 progréfat the RHF/6-31G(d) and MP2/6-
cell are pressurized with xenon, which immediately starts 31G(d) levels. Internal coordinates were used to form the
condensing in the cell, allowing the compound to dissolve.  symmetry coordinates listed in Table 2S of the Supporting
Information. The Cartesian coordinates obtained for the opti-
Ab Initio Calculations mized geometry were used to calculate the B-matrix elements
from the G-matrix program of SchachtschneiéferThese
The geometry optimization of 3,3-difluoropropene was B-matrix elements were use to convert the ab initio force fields
performed by the LCAO-MG SCF restricted Hartree~ock in Cartesian coordinates to a force field in desired internal
(RHF) calculations with the program Gaussian 94 using coordinates and the resulting force constants are listed in Tables
Gaussian-type basis séfsThe energy minimum with respect  3S and 4S of the Supporting Information. These force fields
to the nuclear coordinates was obtained by the simultaneouswere used to reproduce the ab initio vibrational frequencies for
relaxation of all geometric parameters using the gradient methodboth conformers without a scaling factor and they are given in
of Pulay?* Calculations were also carried out with full electron  Table 2. Scaling factor of 0.9 for all of the stretches and carbon
correlation by the perturbation metif8do second order, i.e.,  hydrogen bends, and 1.0 for heavy atom bends and the torsions
MP2/6-31G(d), and the determined parameters are listed inwere input along with the force field into the perturbation
Table 1. According to these ab initio calculations, the energy program to obtain the “fixed scaled” force fields, vibrational
difference between the cis and gauche conformers varies fromfrequencies, and potential energy distributions (PED). These data
alow of 2 cnT! to a high of 266 cm! from the MP2/6-31G(d) are also listed in Table 2.
and MP2/6-313G(d,p) calculations, respectively, will all calcu-  To aid the vibrational assignment, the theoretical infrared
lations fa.VOI'ing the cis conformer as the more stable rotamer. spectra of both the cis and gauche conformers were calculated
The optimized geometry was obtained from the MP2/6- as well as mixtures of the two conformers with various enthalpy
311+G(d,p) calculation for the cis conformer and then utilized differences between them. The infrared intensities were calcu-
to obtain a potential surface scan. In this potential surface scan,lated based on the dipole moment derivatives with respect to
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TABLE 2: Observed and Calculated Frequencies (cm?) for 3,3-Difluoropropene

cis gauche
vib. ab fixed IR Raman dp ab fixed IR Raman dp
no. fundamental initio® scaled int.c actd ratio obsd PED! initio? scaled intc actd ratio obsd PED!
A’ Species
vy =CH,sym. 3316 3146 6.0 57.64 0.58 3104 42%5%5,23S 3252 3086 2.5 12853 0.18 3044 66%3S5,10$
stretch
v, =CH,asym. 3253 3086 0.9 93.71 0.32 3054 5086S 3234 3068 2.2 40.70 0.28 2995 GBS
stretch
vs Cs—Hgstretch 3220 3055 3.7 86.63 0.12 3006 §285$,10 3333 3162 2.8 5045 0.73 3108 %%S,17S
vy Ceg—Hyzstretch 3155 2993 39.4 36.16 0.29 2966 10P0S 3146 2984 53.2 101.26 0.28 2952 1Q0S
vs C=C stretch 1745 1656 6.2 2425 0.17 1662 £68% 1746 1656 3.1 26.74 0.19 1662 G3BIS
ve =CHa scissor 1521 1443 49.0 471 052 1439 £63S 1501 1424 435 11.76 0.56 1421 IS
v7  C3CgH7 bend 1414 1342 319 17.46 0.50 1347 40%$,14S 1434 1361 40.5 252 0.40 1347 3H42Ss,
16S52,15S0
vg C=CH bend 1336 1267 3.3 9.96 0.33 18826%,29S94, 1344 1275 0.6 20.86 0.39 1288 35S,
2051,11$ 155,155,
vg C—C stretch 1227 1164 26.0 4.01 0.71 1176 &88S, 995 947 29.2 1.41 0.74 956 33835,
125,115 155,125,
v10 CRsym. 1156 1097 125.8 4.01 0.35 1105 @¢31Ss 1213 1151 71.2 1.90 0.75 1156 23234Ss,
stretch 125,10
r11 =CHywag 949 901 86 419 0.14 911 5439S 1037 998 43.3 4.69 0.75 988 443245619
vi2 CR,scissor 614 583 3.1 207 0.10 606 2937Ss3, 393 375 75 565 0.67 (383) 22953,
225,,11S 1453108
r13 CRywag 445 422 15.7 219 045 444 632395,12S 513 487 2.8 1.49 0.72 518 73S
vi4 C=CCin-plane 341 323 6.5 2.07 0.61 338 5055, 587 560 1.3 495 0.66 566 2288%0,17S9
bend 105,105,
A" Species
vis CegH7 bend 1420 1348 30.7 450 0.75 1354 65%1So 1460 1385 305 5.11 0.71 1376 4239S5,17S0
v16 CRrasym. 1134 1077 208.7 454 0.75 1061 90S 1145 1088 151.9 4.06 0.59 (1089) 4384So
stretch
v17 =CHyrock 1029 1011 306 2.15 0.75 1006 6730S9 1052 1019 424 250 0.63 1023 6986S9
v1g  C=CH bend 973 924 28.8 0.87 0.75 948 99S 973 923 29.4 5.11 0.16 946 98S
v19g =CH twist 714 688 23 4.81 0.75 683 4hR3S,16S, 738 704 10.4 4.64 0.38 712 2299S,
195,195
voo CRtwist 325 310 0.6 6.78 0.75 323 4428S517S9 284 270 05 1.24 0.67 274 26381S4,
225517S
v21 CHR; torsion 100 100 0.4 879 0.75 93 9iS 106 106 0.6 9.08 0.75 98 9iS

2 Calculated values are obtained by ab initio calculations with the MP2/6-31G* bast<Cadtulated using scaling factors of 0.9 for CH stretches
and 1.0 for all heavy atom bends and torsidhsfrared intensities are in km/mdl.Calculated Raman activities in*amu.® Frequencies are from
the infrared spectrum of the gas and xenon solutions except those in parentheses from the Raman spectrumdfdtentjakenergy distribution
predicted by ab initio calculation8 Frequencies are from the Raman spectrum of the solid.

the Cartesian coordinates. The derivatives were taken from theanalytical gradient method has been develofd&8The activity
ab initio calculations transformed to normal coordinates by ~ § can be expressed as

Ou out S = g(4505” + 78)

—|= L.
Q) 4\ox) " . - o
whereg; is the degeneracy of the vibrational modey is the
derivative of the isotropic polarizability, ang is that of the
anisotropic polarizability. The Raman scattering cross sections,
ﬁoj/ag, which are proportional to the Raman intensities, can
e calculated from the scattering activities and the predicted

whereQ; is theith normal coordinate; is the jth Cartesian
displacement coordinate, arg is the transformation matrix

between the Cartesian displacement coordinates and normal
wavenumbers for each normal mode using the relatioAskip

coordinates. The infrared intensities were then calculated by
ou,\?
(a_QZ) ] do; (2" (vo — Vj)4 h
' 45, ] 3

| _Nx (aﬂx)z N (fwy)z N
b3 \9Q 9Q; =
Q2 _hCVJ 87T2C'Vj

In Figure 8D, the predicted infrared spectrum of the more T ex kT
stable cis conformer is shown and in Figure 8C that for the
gauche conformer. The predicted infrared spectrum of the where vy is the exciting wavenumben; is the vibrational
mixture is shown in Figure 8B with the enthalpy difference of wavenumber of thgth normal mode, an§ is the corresponding
82 cnt! (value from xenon solution) with the cis conformer Raman scattering activity. To obtain the polarized Raman
the more stable rotamer. The experimental infrared spectrumscattering cross sections, the polarizabilities are incorporated
of 3,3-difluoropropene dissolved in liquid xenon-ab5 °C is into § by S[(1 — p)/(1 + pj)] where p; is the depolarization
also shown for comparison in Figure 8A. The agreement ratio of the jth normal mode. The Raman scattering cross
between the observed and calculated infrared spectra is excellensections and calculated wavenumbers obtained from the standard
and these data were quite valuable for supporting the vibrational Gaussian program were used together with a Lorentzian function
assignment. to obtain the calculated spectra.

The Raman spectra have also been predicted from the ab initio The predicted Raman spectra of the pure cis and gauche
calculations. The evaluation of Raman activity by using the conformers are shown in parts D and C of Figure 10,
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Figure 11. Temperature dependence of infrared spectra in the region
U of 3140 to 3060 cm' of 3,3-difluoropropene in xenon solution.

D
—J ]L JT l i The sample was dissolved in liquified xenon, and the spectra
3000 1500 1000 560 were recorded at different temperatures varying freBb to
WAVENUMBER (c™) —100°C. Only small interactions are expected to occur between
the dissolved sample and the surrounding xenon atoms and,

calculated spectrum of the mixture of both conformers; (C) calculated consequently, only small frequency shifts are anticipated when

spectrum of the gauche conformer; (D) calculated spectrum of the cis pass_ing from the gas phase to the _quuified noble gas
conformer. solutions?®-32 A significant advantage of this temperature study

is that the conformer bands are better resolved in comparison
) ) . with those in the infrared spectrum of the gas (Figure 3). This
respectively. In Figure 10B the mixture of the two conformers s particularly important since most of the conformer bands for
IS srlow_n with the experimentally determinéd value of 82 i molecule are predicted to be observed within a few
cm = with the cis conformer the more stable form. The 4y enumbers of each other. Also the areas of the conformer
experimental Raman spectrum of the liquid is shown in Figure hears are more accurately determined than those from the
10A for comparison and the agreement is considered Sat'SfaC'spectrum of the gas.
tory, although there are some significant differences particularly The bands used for the conformational stability studies from

In the low-frequency spectral region. the infrared spectrum of the xenon solution are those assigned
to the=C—H stretch at 3108 cri (gauche)=CH, symmetric
stretch at 3097 cri (cis), and=CH, twist at 712 cm! (gauche)

A comparison of the Raman spectrum of the gas with that of along with C wag at 444 cm? (cis). In all, 10 sets of spectral
the solid, indicates that the Raman lines observed in the spectrundata were obtained for these two pairs of conformer bands
of the gas at 1427, 1382, 1296, 944, 715, 569, 516, and 273(Figures 11 and 12). The intensities of the infrared bands were
cm~ which correspond to the Raman lines in the liquid at 1425, measured as a function of temperature, and their ratios were
1380, 1293, 944, 712, 576, 516, and 278 émisappear from determined. By application of the van't Hoff equatietin K
the spectrum of the annealed solid. Other lines were also= (AH/RT) — (ASR), whereAS is the entropy changeAH
observed in the Raman spectrum of the gas at 1358, 1089, 955Wwas determined from a plot ofIn K versus 1T, whereAH/R
and 383 cmt with no corresponding lines in the liquid, which s the slope of the line anl is the appropriate intensity ratio.
are also absent upon crystallization. These observations clearlyit is assumed thaAH is not a function of temperature.
indicate the presence of two conformers in the fluid phases. From a plot of the natural logarithm of the rati@ge7I310s
The disappearance of the Raman lines in the liquid at 712, 516,as a function of the reciprocal of the absolute temperature, the
and 278 cm! is especially important in identifying the cis form  AH value is determined to be 89 12 cnt! with the cis form
as the conformer remaining in the solid since only the gauche the more stable rotamer. Similarly, the pair at 712 (gauche) and
conformer is predicted from ab initio calculations to have 444 (cis) gives a\H value of 74+ 8 cn ! again with the cis
fundamental modes in this spectral region. Therefore, all of the conformer the more stable form (Table 3). The average of these
Raman lines persisting in the spectrum of the solid are attributedtwo values is 82+ 10 cnt! where the error limits are given by
to the cis conformer which indicates that this rotamer is the the standard statistical deviation of the measured areas of the
stable form in the solid phase. intensity data. These error limits do not take into account small

To gain information about the enthalpy difference between associations with the liquid xenon or other experimental factors
the two conformers similar to what is expected for the gas, a such as the presence of overtones or combination bands in near
variable temperature study in liquified xenon was carried out. coincidence with the measured areas of the fundamentals.

Figure 10. Raman spectra of 3,3-difluoropropene: (A) liquid; (B)

Conformational Stability
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Figure 12. Temperature dependence of infrared spectra in the region
of 750 to 400 cm? of 3,3-difluoropropene in xenon solution. b ‘ ‘ ’ ’
-40 -20 0 20 40
TABLE 3: Temperature and Intensity Ratios from WAVENUMBER (cm™!)
Conformational Study of 3,3-Difluoropropene ) ) ) ]
" Figure 13. Predicted infrared band contour ofs-3,3-difluoropro-
T(C) 10001 (K) laad1712 I 309713108 pene: (A) pure A-type; (B) pure B-type; (C) pure C-type.
—55 4.58 2.620 2.381
—60 4.69 2.634 2.487 Carbon—Hydrogen Modes.For the cis conformer, all four
:3(5) jgg g'ggi ggg‘;’ carbon hydrogen stretching modes belong to thepkcies. In
—75 5.05 2825 2539 the Raman spectrum of the gas, four pronoqnced lines are
-80 5.18 2.810 2.602 observed at 3104, 3053, 3016, and 2966 §mwhich are also
-85 5.31 2.876 2.667 present in the spectrum of the solid can readily be assigned to
=90 5.46 2.873 2.676 these four A modes in the decreasing wavenumber order for
:280 g-% g-ggz g%g the =CH, symmetric and antisymmetric stretchesC—H
AH? (cmY) 7448 89+ 12 stretch and g-Hy stretch, respectively, as predicted from the

ab initio calculations. Three additional lines appear at 3116,
aA_verage value oﬁ_H is 824+ 10 cnT? (0.98+ 0.12 kJ/mol), with 3007, and 2959 cni, which disappeared from the Raman
the cis conformer being the more stable form. spectrum of the annealed solid and they have been assigned as

the corresponding modes for the gauche conformer.
Vibrational Assignment The assignments of theCH, bending modes are consistent
with those of corresponding modes for similar molecifés.

Since there are no previous vibrational assignments proposedBetween 1500 and 1300 cthwe observed two A-type bands
for this molecule, the current Raman and infrared spectra haveat 1444 and 1426 cm, a C-type band at 1382 crhy and three
been used to provide a complete assignment for the normalQ-branches at 1361, 1347, and 1343~énin the infrared
modes for the cis conformer. All bands, which are observed in spectrum of the gas. The corresponding Raman lines in the
the fluid phases but disappeared in the crystal, have beenspectrum of the gas are observed at 1445, 1427, 1382, 1358,
assigned to the gauche conformer. The assignment was assistei348, and 1338 cnt, in which three of them (1444, 1347, and
by the wavenumbers predicted from the ab initio calculations 1336 cn12) remain in the Raman spectrum of the annealed solid.
along with relative intensities and infrared band contours. The These three bands have been assigned as=@id, scissors
assignments made for the fundamentals associated with thegnd the in- and out-of-plane (A Cs;CgH7 bends for the cis
carbon-hydrogen modes should be considered tentative in the conformer, respectively, whereas the remaining bands are
absence of selective deuteration studies. These assignments aigssigned the corresponding modes for the gauche form. The
summarized in Table 2. B-type band observed at 1006 chand the sharp Q transition

The cis conformer of 3,3-difluoropropene h@ssymmetry at 915 cm! have been assigned as tH€H, rock and=CH,
and the fundamental vibrations span the irreducible representa-wag, respectively, as the frequency order and band contours
tions, 14 A + 7A". From a reasonable set of structural are in good agreement with the predictions from the ab initio
parameters (Table 1) it is shown that theprincipal axis is calculations. The weak line at 695 cfrin the Raman spectrum
perpendicular to the symmetry plane for the cis conformer. of the solid was not observed in the Raman spectrum of the
Therefore, the out-of-plane modes are expected to give rise togas. Therefore, this transition should be a mode'o6mmetry
B-type infrared band contours and the in-plane modes shouldand it has been assigned as th€H, twist.
be A-, C-, or A/IC-hybrid type contours (Figure 13). The gauche  The assignments of the=<€C—H bending modes are consis-
form hasC; symmetry and gives rise to A-, B-,-€or any tent with those given previously for the corresponding modes
hybrid-type infrared band contour. in similar moleculeg:8 In the studies of 3-fluoropropene, the
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TABLE 4: Observed and Assigned Asymmetric Torsional

Transitions of 3,3-Difluoropropene | V
transition obsd (cm?) calcd (cnrt)2 AP
cis
10 92.58 91.91 0.67
2—0 179.65 180.80 —1.15
3—1 173.75 174.27 —0.52
42 166.99 166.67 0.32
5—3 156.97 157.64 —0.67
6—4 147.22 146.37 0.85
gauche
1+ — 0+ 97.65 98.01 —0.36
2+ —1F 93.46 93.33 0.13
FF—2+ 89.04 88.24 0.81
4+ — 3F 81.86 82.48 —0.62
5F — 44+ 75.95 75.32 0.63
a Calculated usingro = 1.759098F; = —0.099929F, = 0.031564,
F; = 0.004673,F, = 0.004440,Fs = —0.000373,Fs = —0.000188,
F; = —0.000022,Fs = 0.000008 and the potential parameter values

listed in Table 5° obsd— calcd. 240 230 220

C=C—H in-plane and out-of-plane bends are assi§riedhe WAVENUMBER (cm)
bands at 1292 and 996 ckin the infrared spectrum of the Figure 14. Far infra_lred spectrum of 3,3-difluoropropene in the region
gas, respectively. For 3,3-difluoropropene, the corresponding ©f 244 0 220 cm*in the gas.
modes for the cis conformer have been assigned to the band
at 1286 and 948 cni in the infrared spectrum of the xenon
solution.
Skeletal Modes.On the basis of the prediction of infrared
band contours (Figure 13), the=<€C—C in-plane bend should
be mainly a C-type band around 323 ©mnln the infrared
spectrum of the gas (Figure 5), a typical C-type band at 338
cm~1was observed, which remained in the infrared and Raman
spectra of the annealed solid. Therefore, we assigned this ban
to the C=C—C in-plane bending mode for the cis conformer.
For the C(H)E; group, there are bands at 608, 444, and 323 6
cmtin the infrared spectrum and these bands are due to the F(¢) =F,+ ) F, cosig
CF; scissor, wag, and twist, respectively, of the cis conformer &
with the assignments in agreement with those given previously
for the corresponding modes in difluoromethylcycloprop&he.  The relaxation of the structural parametep), during the
Asymmetric Torsion. The far-infrared Spectra of gaseous internal rotation can be inCOprfaTEd into the above equation
3,3-difluoropropene in different spectral regions are shown in Py assuming that they are small periodic functions of the
Figures 5-7. In the region of the asymmetric torsion (Figure torsional angle of the general type
6), a series of well-defined Q-branches are observed at 97.65, .
93.46, 89.04, and 81.86 crh The asymmetric torsion of one B(¢) =a+bcosg +csing
of the conformers must be due to this series of four pronounced
Q-branches with the fundamental at 97.6@mwith successive
“hot bands” falling to lower frequency. Since thé' modes of
the cis conformer give rise to B-type bands these Q-branches
must be due to the gauche conformer. Also, a number of sharp
bands are observed in the far-infrared spectrum of the gas
between 180 and 140 crhas shown in Figure 7. Of these, the

Yeen assigned at 323 cipand if the 230 cmt is a difference
band then the asymmetric torsion should be about 93cm
which is consistent with the overtone assignments for the
torsional mode of the cis form.

With the torsional transition assignments, the potential
function governing the conformational interchange has been
calculated. The torsional dihedral angular dependence of the
internal rotation constani(¢), can be represented as a Fourier

eries:

The structural parameters (Table 1) obtained from the optimized
geometries for both the cis and gauche conformers, utilizing
the adjusted structural parameters, were used to obtain the kinetic
constants.

The torsional potential is also represented as a Fourier cosine
series in the internal angle),

Q-branches at 179.65, 173.75, 166.99, 156.97, and 147.22 occur 6 [V
in the region in which one expects to observe the two-quantum V(¢) = ! (1 — cosi¢)
transitions of the asymmetric torsion of one of the conformers. ;

The assignment of these Q-branches is given in Table 4, and

the frequency for the first observed transition in the higher The kinetic terms, the asymmetric torsional frequencies for both

wavenumber series is too low for the overtone of the Q-branchesconformers, the experimental enthalpy, and the gauche dihedral

at 97.65 and 93.46 cm. Therefore, these overtones must be angle were used to fit the potential function utilizing a progfam

due to the torsional mode of the other conformer, i.e., the cis written in our laboratory.

rotamer. In the initial calculation of the potential parameters the
In the region of 244 to 220 cm, a series of weak Q-branches transition assigned as the<t O for the cis andt1l — F0

has been observed at 228.74, 230.45, 233.16, 236.36, and 240.36ansition for the gauche (Table 4) were used along with the

cm (Figure 14). According to the ab initio predictions, there value of 82 cmi! for AH and a dihedral angle of 113.6r the

are no fundamental modes in this spectral region and, thereforegauche rotamer. As the values for the potential parameters

these bands must belong to overtone and/or combination orconverged, three more transitions for the gauche rotamer as well

difference bands. For the cis conformer, the, @fist (A") has as four two quantum transitions for the cis conformer were added
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TABLE 5: Potential Function Parameter Values (cn?) for sponding three-member ring molecules are frequently compared
the Asymmetric Torsion of 3,3-Difluoropropene and Barriers to the corresponding ethylenic molecules, so a comparison of
to Interconversion (cm ) similar results obtained for difluoromethylcycloprop&eeems
potential experimental ab initio CsHsCHF, appropriate. We have previously reported the enthalpy value
constants value  MP2/6-311G(d,p) valug for the difluoromethylcyclopropane from xenon solution to be
Vi 215+ 16 372 229+ 5 102 + 8 cnt ! with the cis conformer the more stable rotamer
Va —111+17 —41 40+ 4 (Table 5). Therefore, this value is comparable to the enthalpy
& gﬁisﬁ 283 Eggi?’z difference of 82+ 10 cnt? for 3,3-difluoropropene, which was
vi—f o544 —7 ) also obtained from xenon solutions. However, for difluorom-
Ve —124+2 —12 - ethylcyclopropane, the ab initio calculations predict the gauche
AH (cm™) 82+ 39 269 102+ 8 conformer to be the more stable form but by only 15¢finom
gauche/cis barrier 560 520 1155 the MP2/6-31%G(2d,2p) calculation with the smaller basis set
;';é%ﬁ‘é?g:uli?‘g'ggrrier 6;34 778798 1123559 of MP2/6-311-G(d,p), the gauche conformer is predicted to
dihedral angle 113.8.0.1 113.0 1216 be the more stable rotamer for d|f|uoromgthylcyclopropang.
Therefore, it would be of interest to determine what size basis
“ Reference 18. set was needed to correctly predict the stability of this
1000 corresponding three-membered ring.
The predicted structural parameters from the MP2/643341
(d,p) and MP2/6-311G(2d,2p) calculations are very similar
for the two conformers except for the CC and CF bond distances.
The CC bond distance is predicted to be 0.007 A longer for the
- gauche conformer, whereas one of the CF distances is longer
i 500 744 while the other one is shorter than the CF distance in the cis
g 560 _ rotamer. The &C—C angle opens about T.8&hen one of the
639 fluorine atoms (gauche) is eclipsing the double bond. These
JL differences are consistent with those predicted for the corre-
sponding parameters for difluoromethylcyclopropane.
0 Utilizing a new computer program developed in this labora-
180 o 180 tory, which combinesthe ab initio predicted parameters and
Dihedral Angle o microwave previously reportétrotational constants we have

Figure 15. Asymmetric torsional potential function for 3,3-difluoro- Obt‘?"’_‘?d reasonabli, structural parameters. We utlllze(_j the
propene as determined from far infrared spectral data. The torsional @ initio parameters from the MP2/6-3tG(d,p) calculation

dihedral angle of Dcorresponds to the cis conformer. since this basis set gives carbamydrogen distances similar to
those obtained for, parameters for allyl fluoridé.By using
to the calculation. The final resulting values for the potential the six rotational constants for the two conformers and keeping

parameters are listed in Table 5, and the potential function is the differences of the parameters between the two conformers

shown in Figure 15. the same as the predicted ab initio values the “adjustéd
. _ parameters were obtained. All the carbdtydrogen distances
Discussion formed one set and the carbehydrogen angles another set.

From the study of the vibrational spectra of gaseous, liquid, 1he three heavy atom distances and the CCC angle were each
and solid 3,3-difluoropropene, the cis conformer has been treated as separate sets. As shown in Table 1, all of the adj_ug'_[ed
identified as the stable form in all three physical states, which To Parameters are close to those predicted from the ab initio
is similar to what was found for the difluoromethylcyclopropane. MP2/6-31HG(d,p) calculations with the major difference in-
This is the conformer one would expect to be more stable on the_ CC bond distance of the_ cis conformer. Nevertheless, itis
the basis of the relatively weak steric interaction of the hydrogen Pelieved that these determined parameters should be within
atom with the double bond. All the ab initio calculations predict 0-005 A of the actual distances and abofitfdr the angles.
the cis conformer to be the more stable form, which is consistent However, there is a large difference between the experimental
with the experimental enthalpy value of 8210 cntt (0.98+ dipole moment \{alue;s and those predicted from the ap initio
0.12 kJ/mol) from the variable temperature study in xenon calculations, which is normally found for predicted dipole
solution. This experimental value aH is expected to be similar ~ Moment values.
to the value for the gas since the dipole moment of the two  Because of the similarity of the structure parameters for the
conformers are predicted to have similar values and the two conformers one might expect the force constants to be very
molecular sizes of the two rotamers are nearly the s&nfé. similar for the two rotamers. However, there are some significant
However, the energy difference is predicted to be from 2'tm differences, which should be noted. Although theCdistance
from the MP2/6-31G(d) calculation to 266 cifrom the MP2/ for the gauche conformer is predicted to be at least 0.006 A
6-311+G(d,p) calculation. longer than that for the cis conformer, the stretching force

In the previously reported microwave stdéipf 3,3-difluo- constant for this bond is only slightly smaller for the gauche
ropropene, using relative intensity measurements it was con-conformer than the corresponding force constant for the cis
cluded that the cis conformer is more stable than the gaucherotamer. The major difference is for the<C—H bending force
form by 2604 80 cnt?, which is significantly higher than the  constant, when one of the fluorine atoms eclipses the double
value of 824 10 cnt! obtained in the present study. It is bond which increases the force consta#htffom 0.339 to 0.373
probably that the microwave value has a much larger uncertainty mdyn/A. Also, the bending force constant for the"C—C angle
than the quoted value since the measurement of relativeincreases by about 20% for the gauche conformer and the
intensities in microwave spectroscopy is quite difficult. Corre- bending force constant for the<C—F angle increases by about
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four carbor-hydrogen stretches, the average errors in the
frequency predictions for the normal modes are 12 and 1G-cm
for the cis and the gauche conformer, respectively. Thus, in the
present study, multiple scaling factors are not warranted for
aiding in the vibrational assignments for the fundamental modes.

On the basis of the prediction of the ab initio calculations,
there should be two fundamentals in the region of 1100 to 1000
cm1, the CR, symmetric and antisymmetric stretches. However,
we observed four pronounced bands in the Raman spectrum of
. the solid (Figure 16) in this region. We believe these “extra”
1200 11i00 1000 lines are due to factor group splitting where there are at least
two molecules per unit cell. Additional support for this
interpretation is found from the=CH, rock and the &C and
] ) ) ) C=C stretches each of which gives rise to two lines in the
Figure 16. Raman spectrum of 3,3-difluoropropane in the region of Raman spectrum of the solid. The splitting is consistent with
1210 to 960 cm! in the annealed solid. . . .

the limited number of lattice modes observed in both the low-

. . . frequency infrared and Raman spectra.
40%. These changes in the bending force constants result in a y P

large difference in the frequencies of the bending modes. For
example, the &C—C in-plane bend is assigned at 346 ¢m

for the cis conformer but it is at 566 crhfor the gauche form.
Similarly, the Ck deformation shifts from 444 cm for the

cis conformer to 516 cmt for the gauche rotamer. For this

reason, the bending modes are much more indicative of the Supporting Information Available: ' Table 1S, observed
’ g infrared and Raman wavenumbers (&)nfor 3,3-difluoropro-
presence of conformers for these types of molecules than the

stretching modes pene; Table 2S, symmetry coordinates for 3,3-difluoropropene;
gm ' . Table 3S, force constants in internal coordinates for cis 3,3-
For the cis conformer, the PED values for the primary

L difluoropropene; Table 4S, force constants in internal coordi-
contributions for the A modes are usually greater than 50% prop

A ; . nates for gauche 3,3-difluoropropene. This material is available
except for the=CH, and CF twists, which have relatively large g0 of charge via the Interet at http://pubs.acs.org.
contributions from two other symmetry coordinates. However,
for the A' symmetry species, the mixing is extensive with some
vibrations having no contribution of more than 30% from any
one symmetry coordinate, e.gig and v, As expected, the (1) Durig, J. R.; Zhen, M,; Little, T. S1. Chem. Physl984 81, 4259.
mixing is even more extensive for several of the modes in the LittIéZ)TDgfiJg'th i';czﬁggﬁggé 38“32'7'7“ L.; Joseph, P. J.; Groner, P.;
gaUChe. conformer .Sl.nce it has no symmetry. Therefore,_ .the (é) Durig, J. )Ié Geyer, T.J,; Lyittle, T. S.; Durig, D. J. Mol. Struct
approximate descriptions of the fundamentals are simplified 19g5 172 165,
eXpI’eSSion with many haVing the majOI’ contributions from that (4) van der Veken, B. J.; Herrebout, W. A.; Durig, D. T.; Zhao, W.;
particular symmetry coordinate, but there are some that are givenDurig, J. R.J. Phys. Chem1999 103 3A, 1976.
more for bookkeeping than for describing the molecular motions. _ (5) Durig, J. R.; Durig, D. T.; van der Veken, B. J.; Herebout, W. A.

The potential coefficients obtained from the torsional transi- 3. Phys. Chem. An press.
. . . (6) Durig, J. R.; Jalilian, M. RJ. Phys. Cheml198Q 84, 3543.
tions, the enthalpy difference from the xenon solution, and the  (7) pyrig, 3. R.; Tang, Q.; Little, T. SI. Mol. Struct.1992 269, 257.
gauche dihedral angle have statistical uncertainties (Table 5), (8) Durig, J. R.; Tang, Q.; Little, T. SI. Raman Spectrost992 23,
which only reflect the fit of the torsional frequencies and not 653.
the uncertainty of the value of the enthalpy which would mainly ___(9) Durig, J. R;; Godbey, S. E.; Faust, S.JAMol. Struct.1988 176,
effect the \4 term. _Fpr comparison purposes,_ we have obtained (10) Kalasinsky, V. F.; Wurrey, C. J. Raman Spectrost98Q 9, 315.
the potential coefﬂmen_ts of the torsional motion from the MP2/ (11) Fujiwara, F. G.; Chang, J. C.; Kim, H. Mol. Spectrosc1977,
6-311+G(d,p) calculation and they are also listed in Table 5. 41, 177.
The V; term will be different since the ab initio calculation (12) Mohammadi, M. A.; Brooks, W. V. FJ. Mol. Spectrosc1979
predicts the cis conformer to be more stable by 269%rather 77, 42.

1 ; ; (13) Wurrey, C. J.; Kirshnamoorthi, R.; Pechsiri, S.; Kalasinsky, V. F.
than 82 cm! as determined experimentally from the xenon J. Raman Spectrost982 12, 95,

WAVENUMBER (cm™)
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