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The microwave spectrum of 1,2-difluoropropane has been investigated in the
10.0-40.0 GHz spectral region at dry-ice temperature (—78°C). Three all-
staggered rotameric forms are possible for this compound. Two of these rotamers,
denoted Conformer I and Conformer II, respectively, were assigned in this work.
These two forms both have a F~-C-C-F gauche atomic arrangement. The methyl
group is anti to the Cl1-F bond in Conformer I and gauche to this bond in
Conformer II. The third form, Conformer III, which has a F-C-C-F anti
arrangement, is likely to be present but could not be assigned, presumably
because of its small dipole moment.

Conformer II is 1.2(4) kJ mol~! more stable than I. The dipole moments (in
units of 1073 C m) are p,=5.12(4), p, =8.64(8), p.=0.11(2), and p,,,, = 10.05(8)
for Conformer I, and p,=1.108(3), n,=4.46(3), n.=8.30(6), and p,,,=9.49(6)
for Conformer II, respectively. Three vibrationally excited states of I belonging
to three different normal modes were assigned, while two excited states of two
different normal modes were assigned for II. The barrier to internal rotation of
the methyl group in Conformer I was determined from the splittings of the first
excited states of the methyl group torsional vibration and is 11.88(20) kJ mol ~'.

The microwave work has been assisted by ab initio computations at the MP2/
6-311+ + G** (frozen core) level of theory, as well as density functional theory
calculations at the B3LYP/6-311+ +G** level. Internal energy differences
between the three conformers of less than 0.5 kJ mol ™! were computed at both
these levels of theory. The best predictions of the rotational constants were
found in the MP2/6-311 + + G** computations which are therefore assumed to
predict the most accurate geometries for the conformers. Best predictions of the
dipole moment are found in the B3LYP/6-311 + + G** calculations.

CH;CHFCH,F, represents an
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important for the conformational preferences. This inter-

interesting conformational problem. The three all-stag-
gered rotameric forms shown in Fig. 1 are possible for
this compound. In Conformer I the F1-C1-C2-F2 link
of atoms is +gauche, about +60° from syn (0°); in
Conformer II the corresponding chain of atoms is
— gauche (approximately —60° from syn), while it is anti
(ca. 180° from syn) in Conformer III. The methyl group
is anti to the C1-F1 bond in I, +gauche in II and
—gauche in IIL.

Various intramolecular forces are presumed to be in
operation in 1,2-difluoropropane and their concerted
interaction will determine the structure and the con-
formational properties of the molecule. Polarisation of
the electrons of the C1-C2 bond by the strongly electro-
negative fluorine atoms is one effect expected to be
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action leads to a preference for the gauche arrangement
for the F1-C1-C2-F2 link of atoms (I and II) and is
often termed the ‘gauche effect’.!

The dipole—dipole interaction between the two polar
C-F bonds is another force that should be considered.
This force will destabilise a F-C-C-F gauche arrange-
ment (i.e. Conformers I and IT) with respect to the anti
form (Conformer III). There is also a close proximity
between the two fluorine atoms in I and II which might
lead to steric repulsion. This too would favour III.

In the closely related molecule 1,2-difluoroethane,
CH,FCH,F, the gauche form is 2.69(33) kJ mol ~! more
stable than the anti conformer.”> This fact must mean
that the gauche effect is rather large, prevailing over the
bond-dipole as well as steric repulsive interaction in this
prototype molecule.

The conformational properties of CH;CHFCH,F are



Conformer I Conformer 11

Conformer III

Fig. 1. The three all-staggered conformations  of
1,2-difluoropropane. Atom numbering is shown on
Conformer I. Conformers | and Il were assigned in this
work. Il is 1.2(4) kJ mol~" more stable than I. Conformer
I, which is predicted to have a small dipole moment, was
not found.

more complicated than those of CH,FCH,F, because of
the methyl group. It was expected that both the two
F-C-C-F gauche Conformers I and II of CH;CHFCH, F
as well as the anti form IIT would exist within a narrow
energy range, presumably with I and II more stable than
III, if a parallel to 1,2-difluoroethane can be drawn
which seems quite plausible. The challenge that this
delicate equilibrium situation poses prompted the present
research.

No experimental studies of the conformational proper-
ties of the title compound have been reported. However,
there have been a few theoretical studies: Molecular
mechanics calculations of energies and dipole moments
at two different levels have been made by Hammarstrom
et al.® In the standard MM2 procedure negligible energy
differences among I, II and IIT were predicted, whereas
I was predicted to be about 3.2 kJ mol~! more stable
than III, and 2.5kJmol™! more stable than II in a
modified MM2 computation. Stelevik and Bakken* com-
puted the low-frequency normal vibrations using force
constants derived from related molecules. The conforma-
tional energies of the three rotamers were predicted by
Stelevik® using an empirical computational scheme.
These calculations predict Conformer II to be the most
stable rotamer, 1.7 kJ mol ~! more stable than I, and as
much as 4.9 kJ mol ™! more stable than III. An INDO
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MO study of conformational effects upon vicinal **F-'3C
coupling constants have also been reported.®

MW spectroscopy is ideal for investigating complicated
conformational equilibria where polar conformers are
present because of its high selectivity and specificity. Two
of the three rotamers (I and II') that are possible for 1,2-
difluoropropane would each possess a rather large dipole
moment, which is a prerequisite for a strong MW spec-
trum. It is also an advantage that the compound is so
volatile that it can be studied at dry-ice temperature,
where intensities are larger than at higher temperatures.
All this makes 1,2-difluoropropane well suited for a MW
conformational investigation.

Advanced quantum chemical computations are often
found to be useful in predicting rotational constants,
dipole moments and energy differences for the various
conformers that are sufficiently close to the experimental
ones to be really helpful starting points in the spectral
analysis. In addition, they may give important informa-
tion about rotamers that for whatever reason have not
been assigned by MW spectroscopy. Such calculations
are therefore of interest in their own right.

The unique effect that fluorine sometimes is seen
to have on the structural and conformational proper-
ties! has been of interest to this laboratory.” 1,2-
Difluoropropane was chosen for study as a continuation
of our investigations of fluorine-containing molecules.

Experimental

A commercial sample was employed in this work. It was
purified by preparative gas chromatography before use.
The MW spectrum was studied using the Oslo spectro-
meter which is described in Ref. 8. The 10-40 GHz
spectral region was investigated with the microwave
absorption cell cooled to dry-ice temperature (194 K).
The spectra were recorded at a pressure of about 2-6 Pa
and stored electronically using the computer programs
written by Waal.® The accuracy of the frequency measure-
ments is presumed to be better than +0.10 MHz, and
the resolution was approximately 0.5 MHz.

Results and discussion

Quantum chemical calculations. The Gaussian 94 program
package'® running on the IBM RS6000 cluster in Oslo
was employed in all the ab initio calculations. The rather
large 6-311+ +G** basis set provided with the pro-
gram!® was used throughout. Two different computa-
tional schemes, MP2/6-311+ +G** and B3LYP/
6-311+ + G**, were utilised, because we wanted to com-
pare the results obtained in these two different ways.

In the first of these computational schemes, electron
correlation was included using the second-order Mgller—
Plesset (MP2) perturbation theory!! with frozen-core
electrons.'® In the second procedure, density functional
theory (DFT) calculations were carried out employing
the B3LYP'? method. Full geometry optimisation was
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made in the MP2 as well as in the B3LYP computations
for all three rotamers (Fig. 1) which were found to be
minima (‘stable’) on the potential energy hyper surface,
as no imaginary vibrational frequencies'® were computed
for any of them. The geometries calculated for the three
conformers are given in Table 1 together with some other
parameters of interest. Atom numbering is given in Fig. 1.

Some of these findings deserve comments. Both the
MP2 and B3LYP methods yield rather similar and small
energy differences (less than 0.5 kJ mol~!) between the
three conformers, with Conformer II as the slightly more
stable form (Table 1). The fact that III, which has a
F-C-C-F anti atomic arrangement, is calculated to be
almost as stable as I and 11 is not considered to be likely,
since the anti form of 1,2-difluoroethane is considerably
less stable [by 2.69(33) kJ mol "] than gauche,’ as noted
above. It is thus possible that both the MP2 as well as
the B3LYP procedures are not able to reproduce the
energy differences accurately, but make anti forms more
stable than they really are.

Comparatively small differences are seen for the struc-
tures computed by the two methods. Typically, the C-F
bond lengths are 0.5-1.0 pm longer in the B3LYP compu-
tations. These bond lengths vary between 138.9 and
140.2 pm for the three rotamers in the MP2 calculations.
The the C-F bond length determined for the closely
related molecule gauche CH,FCH,F** is 139.4(2) pm
which compares well to the MP2 values. The C1-C2
bond lengths are also calculated to be slightly longer in
the B3LYP than in the MP2 computations. The substitu-
tion value in gauche CH,FCH,F'* is 149.1(2) pm. This
value is closer to the MP2 (150.9-151.9 pm) than to the
B3LYP results (151.2-152.3 pm) of Table 1.

The F-C—C-F dihedral angles vary by less than 3° for
the same conformer in the two computational schemes
(Table 1). In the two conformers (I and II) that have a
gauche arrangement for this angle, values of about 70°
are computed. This is close to 71.3(5)° found in gauche
CH,FCH,F.1*

The rather large dihedral angle may reflect repulsion
between the two C-F bond dipoles which come rather
close to one another in Conformers I and II. Steric
repulsion may also play a role, because the non-bonded
F---F distances are computed (MP2 methods) to be
284 pm in I and 288 pm in II, respectively. This is
relatively close to 270 pm, which is twice the van der
Waals radius of fluorine.’® A decrease of the F~-C—-C-F
dihedral angle to the ‘normal’ value of 60° would result
in a smaller distance between the two fluorine atoms,
with increased dipole-dipole and steric repulsion as a
likely result.

The dipole moments (Table 1) are generally computed
to be smaller in the B3LYP than in the MP2 procedure
by several percent.

MW spectrum and assignment of the ground vibrational

state of Conformer I. The MW spectrum of 1,2-difluoro-
propane is very crowded with absorptions occurring
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every few MHz throughout the entire frequency range
owing to the presence of at least two rotamers each with
rich, perpendicular spectra.

The quantum chemical computations (Table 1) indi-
cate that small energy differences exist among Con-
formers I-1II. A search was first made for Conformer I.
This conformer is predicted to have its largest dipole
moment component along the b-axis. Searches were first
made for the strong "Q-branch transitions using the
rotational constants obtained in the MP2 computations
as the starting point because it is our experience'’ that
this computational scheme produces accurate rotational
constants (and structures). These Q-branch transitions
were soon identified close to their predicted frequencies.
The same was the case with the low-J a- and b-type R-
branch lines. The assignments were then gradually
extended to high values of the J quantum number. A
few selected transitions are listed in Table 2.*

A total of about 475 transitions were ultimately
assigned for the ground vibrational state, 452 of which
were used to determine the spectroscopic constants
(A-reduction, I" representation)'® shown in Table 3.
Maximum value of J was 76. Transitions with higher J
values were searched for, but could not be assigned
presumably because they are too weak owing to an
unfavourable Boltzmann factor. Three sextic centrifugal
distortion constants were included in order to obtain a
fit with a root-mean-square deviation similar to the
experimental uncertainty of about +0.10 MHz.

Vibrationally excited states of Conformer I. The ground-
state transitions were accompanied by series of trans-
itions presumably belonging to vibrationally excited
states of Conformer I. Three excited states belonging to
three different normal vibrational modes were assigned;
their spectroscopic constants are listed in Tables 3 and 5.

The most intense excited state (Table 3) has about
38% of the intensity of the ground vibrational state at
194 K. Its frequency was determined to be 130(20) cm ™!
by relative intensity measurements made largely as
described in Ref. 17. This is close to 120 cm ™! found in
the B3LYP calculations (not given in Table 1) and
117 cm ™! predicted by Bakken and Stelevik* for the first
excited state of the C1-C2 torsion.

The first excited state of another fundamental (Table 3)
was found to have about 18% of the intensity of the
ground vibrational state. A frequency of 231(25)cm™!
was determined by relative intensity measurements.!’
This mode is assumed to be the lowest bending vibration.
The B3LYP value for this fundamental was 249 cm ™!,
and the force-field value* was 266 cm ™ 1.

The first excited state of the torsional vibration of the

*The full spectra of the two conformers assigned in this work
are available from the authors upon request, or from the
Molecular Spectra Data Center, National Institute of
Standards and Technology, Molecular Physics Division, Bldg.
221, Rm. B208, Gaithersburg, MD 20899, USA, where they
have been deposited.




Table 1. Structure, rotational constants, dipole moment

MW SPECTRUM OF 1,2-DIFUOROPROPANE

and energy differences of Conformers I, Il and I of

1,2-difluoropropane as calculated at the MP2/6-311+ +G** (frozen core) and B3LYP/6-311+ +G** levels of theory. Atom

numbering is given in Fig. 1.

Procedure: MP2 B3LYP
Conformer: | ] m | ] m
Distance/pm
C1-F1 138.9 139.0 139.3 139.6 139.7 140.1
C1-C2 150.9 151.1 151.9 151.2 151.5 152.3
C1-H1 109.3 109.5 109.2 109.3 109.5 109.2
C1-H2 109.4 109.2 109.3 109.4 109.2 109.3
C2-F2 139.8 139.9 140.2 140.9 140.9 141.2
C2-H3 109.4 109.7 109.4 109.4 109.7 109.4
C2-C3 151.6 151.4 151.0 151.9 151.7 151.2
C3-H4 109.2 109.2 109.2 109.1 109.1 109.2
C3-Hb5 109.4 109.1 109.4 109.3 109.1 109.3
C3-H6 109.4 109.4 109.3 109.3 109.4 109.3
Angle/°
F1-C1-C2 110.4 110.7 108.6 110.7 111.5 108.9
F1-C1-H1 108.1 108.1 108.5 107.8 107.6 108.1
F1-C1-H2 108.1 107.9 108.4 107.6 107.7 108.0
C1-C2-F2 108.2 108.6 105.9 108.4 108.7 105.6
C1-C2-H3 109.4 107.6 109.5 109.4 107.3 109.4
C1-C2-C3 1121 113.9 113.5 112.7 114.7 114.3
C2-C3-H4 109.7 109.9 110.3 109.7 110.0 110.4
C2-C3-H5 110.5 110.0 110.0 111.0 110.4 110.5
C2-C3-H6 110.5 110.0 109.7 110.6 110.2 109.7
Dihedral angle?/®
F1-C1-C2-F2 67.8 -711 175.7 69.1 -73.7 174.5
F1-C1-C2-H3 —48.0 173.8 60.5 —46.1 1721 60.2
F1-C1-C2-C3 —-172.2 50.2 —-64.4 —170.6 48.3 —65.3
F2-C2-C1-H1 -51.4 169.7 56.7 -50.3 167.1 55.8
F2-C2-C1-H2 —-173.0 48.3 —65.4 -172.0 45.9 —66.7
C1-C2-C3-H4 185.2 179.5 181.0 185.2 180.5 180.8
C1-C2-C3-H5 —55.2 —60.2 —58.9 —55.1 —59.1 —58.7
C1-C2-C3-H6 65.5 59.7 61.0 65.8 60.9 61.1
Rotational constants/MHz
A 8452.6 6786.8 8082.2 8374.1 6766.1 7997.9
B 3497.1 4033.0 3546.7 34513 3955.8 3503.2
c 2706.8 3248.9 2687.2 2674.5 3180.8 2653.3
Dipole moment components? and total dipole moment/10"3* C m
[T 6.66 1.62 0.43 6.14 1.47 0.51
T 9.96 4.02 1.51 9.18 3.67 1.70
He 0.26 9.86 0.24 0.13 8.91 0.28
ot 11.98 10.77 1.64 11.04 9.75 1.80
Energy difference®/kJ mol ™"

0.35 0.0 0.27 0.07 0.0° 0.10

“Measured from syn=0°. Clockwise rotation correspond to positive dihedral angle. Along the principal inertial axes. °Relative
to Conformer Il. “Total energy obtained in the MP2 computations: —832081.40 kJ mol~". ®Total energy obtained in the

B3LYP calculations: —834 164.16 kJ mol~".

methyl group was also assigned and used to determine
the barrier to internal rotation of this group, as described
in the next section.

The fourth lowest fundamental vibration was calcu-
lated to have a B3LYP frequency of 358 cm™!. This
corresponds to a Boltzmann factor of 0.07 at 194 K.

This small value can presumably explain why this weak
excited state was not found in the crowded spectrum.

Barrier to internal rotation of the methyl group of

Conformer I. Several members of a third vibrationally
excited state were split into two components of equal
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Table 2. Selected transitions of the MW spectrum of

the ground vibrational state of Conformer | of
1,2-difluoropropane.
Transition Observed Obs. —calc.
Jk k., < Jk .k, frequency?/MHz freq./MHz
111 « 00,0 11163.54 0.10
2,4 - 245 17 236.68 —0.03
30,3 Al 20'2 18 28879 003
30‘3 « 21’2 1404293 0.04
41’4 Aot 31’3 23 09779 0.03
4,, “— 4,5 13517.10 0.10
52'3 «— 51'4 1329288 —004
542 « 4,, 31250.87 0.13
61,6 «~ 50'5 35 949.98 —007
633 « 642 23606.09 0.09
70’7 « 61,6 39 27006 —0.01
8,7 — 8,8 31048.15 —-0.13
937 - 844 18787.23 —0.04
10,47 - 954 15537.09 —0.05
12310 LY 3327297 0.10
1454 — 14410 39791.89 —0.10
165'11 « 164'12 35 13584 0.11
19514 — 19415 33327.68 0.18
21516 — 21449 38411.21 —-0.08

Coalescing R- and P-branch transitions®

10, - 11 21798.05 0.07
144, ~ 1544 28752.03 0.11
19,4 — 204 18456.61 —0.08
25, “ 265 12538.05 —0.01
30:5 — 29, 24671.21 0.02
35,, — 344 35359.00 0.06
42,6 « 43, 23019.17 -0.02
50,, — 49 22592.58 ~0.02
6133 « 605 28221.88 —0.06

440.10 MHz. ®The K_, doublet coalesce for high-K_;.

intensity, but of two different symmetries, the non-
degenerate A-level and the degenerate E-level. The sep-
aration between the two components amounted to as
much as 2.84 MHz for one transition, as seen in Table 4,

Table 4. Split transitions of the first excited state of the
torsional vibration of the methyl group of Conformer | of
1,2-difluoropropane used to determine the barrier to internal
rotation of this group.

Observed
frequency?
Transition /MHz (ve—va)/ Va/
Ji ke, = Jk .k, (Aspecies) MHz kJ mol ™"
96 < 9,; 20227.M1 1.1 11.93
835 « 8,6 2094792 1.23 11.95
14410 <« 1434, 26600.06 1.34 11.85
1349 « 13310 26907.23 1.51 11.95
1248 <« 1239 28084.38 1.86 11.83

Tss < 726 2922882 1.30 11.92
My7 M35  29819.61 2.03 11.81
10,6 « 10;; 3175577 220 11.76
18513 <« 18414 32761.53 1.64 11.92
17512 <« 17413 3342204 2.02 11.91
16412 <« 16547 35033.80 2.38 11.87
22516 <« 2254,; 38813.78 1.96 11.89
1459 « 14,10 3967985 284 11.77
21615 <« 21546 3982971 247 11.90

Average: 11.89(20)°

240.10 MHz. ®The uncertainty is estimated to represent one
standard deviation; see text.

where well resolved transitions are listed. Other lines
were seen to be rather broad, and partial resolutions
were also seen for some of them. Such a spectral feature
is typical for the tunnelling motion of a methyl group.
The broad lines with partially resolved 4- and E-
components were not used to determine the spectroscopic
constants, because they are not well suited for this
purpose. However, transitions with minor perturbations
together with the split transitions shown in Table 4
‘corrected’ for tunnelling using'® vo=(v,+2vy)/3 were
the ones selected to determine the best values for the
spectroscopic constants of the first excited state of the
methyl torsion. The results are shown in Table 5.

Table 3. Spectroscopic constants®® of the ground and vibrationally excited states of the Conformer | rotamer of

1,2-difluoropropane.

Vibrational state: Ground vibrational state

1st ex. C1-C2 tors. vibration

Lowest bending vibration

No. of transitions:
R.m.s. dev.®/MHz:

452
0.080

A,/MHz
B,/MHz
C,/MHz
AJ/kHZ
A jx/kHz
AK/kHZ
SJ/kHZ
Ox/kHz
®,/Hz
(I)JK/HZ
(DKJ/HZ
Max. value of J

8454.817 2(25)
3502.8163(11)
2708.5767(10)
0.767 7(39)
7.924(32)
0.164 2(81)
0.217 4(15)
4.075(41)
—0.1158(48)
—1.616(64)
—1.724(70)¢
61

203 73
0.096 0.101
8421.3249(40) 8437.6807(74)
3500.845 6(15) 3502.760 6(45)
2707.3115(14) 2707.866 3(43)
0.860 5(35) 0.848(50)
8.110(41) 19.628(86)
0.058(35) 0.1624°
0.1988(28) 0.2282(51)
4.612(63) 3.92(12)f
0.003 88(22) —
—0.084(33)¢ _
47 18

2A-reduction, /"-representation.’® ®Uncertainties represent one standard deviation. “Root-mean-square deviation. ?Further
sextic centrifugal distortion constants pre-set at zero. °Kept constant at this value in the least-squares fit. fAll sextic centrifugal
distortion constants pre-set at zero.
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Table 5. Spectroscopic constants®? of the first excited state
of the torsional vibration of the methyl group of Conformer
| of 1,2-difluoropropane.

No. of transitions: 59
R.m.s. dev.®/MHz: 0.226

A,/MHz 8445.488(17)
B,/MHz 3502.356 6(56)
C,/MHz 2707.1211(53)
A,/kHz 0.7677¢
AJK/kHZ 6.98(13)
Ag/kHz 0.164 27
8,/kHz 0.1895(95)
dx/kHz 4.019(22)
D,/Hz —0.11584
@ /Hz —1.616¢
q)KJ/HZ — 1-724d,e
Max. value of J 22

#<Comments as for Table 3. “Kept constant at this value in
the least-squares fit. °Further sextic centrifugal distortion
constants pre-set at zero. 'All sextic centrifugal distortion
constants pre-set at zero.

The following procedure was employed to determine
the barrier height. The direction cosines (Table 6) of the
methyl group (the C2-C3 bond) were taken from the
MP2 structure in Table 1. The methyl group was assumed
to have three-fold symmetry and its moment around the
symmetry axis was assumed to be 3.20 x 1072° um?. The
computer program used is reported in Ref. 19. It uses
second- and fourth-order perturbation treatment of the
tunnelling interaction and is based on the principal axis
method.'® The barrier height was varied in a systematic
manner until complete matching with the splittings was
found. The barrier height determined in each such case
is listed in Table 4. The barrier heights determined from
the various transitions vary relatively little, as seen in
the same table. The average height is found to be
11.89 k) mol~1. It is difficult to assess the accuracy of
this number because of a possible interaction with other
vibrational modes, as well as the simplified model used
in our approach. However, a standard deviation of
+0.20 kJ mol ™! seems reasonable. From the barrier of
11.89(20) kJ mol ! a torsional frequency of 209 cm ™! is

Table 6. Parameters used to determine the barrier to internal
rotation of the methyl group of Conformer 1.%?

Direction cosines with respect to the principal inertial axes
of the methyl group:*©

A,=0.8519 A,=0.4790 A.=0.2116

Moment of inertia of the methyl group/10~2° um?%¢
Miscellaneous parameters:®

R=0.95534 F=1.6531x10° s$=80.05

Barrier to internal rotation of the methyl group®/kJ mol~
T V,;=11.89(20)

1,=3.20

2See text. PDefined in Ref.18. °From MP2 structure.
dAssumed value; see text. °For assessment of one standard
deviation; see text.

MW SPECTRUM OF 1,2-DIFUOROPROPANE

computed for the torsional fundamental frequency of the
methyl group. The B3LYP value is 213 cm ™1,

The barrier of the related compound, CH;CH,F,
is14.012(17) kJ mol ~*.2° For the congener CH, CHFCH,
it is 13.74(10) kJ mol~1.2! Both these barriers are some-
what higher than that of the title compound.

Dipole moment of Conformer I. The dipole moment was
determined in the standard way by Stark effect measure-
ments.?? The results are shown in Table 7. The error
limits of one standard deviation quoted in this table are
assumed to encompass random as well as systematic
errors.

The MP2 value (Table 1) for the total dipole moment
is 11.98 x 1073° C m, which is 19% to high. The B3LYP
value is (same units) 11.04, which is 9% too high. This
confirms that the 6-311+ 4+ G** basis set designed to
give good energy values and structures at a reasonable
cost may lead to comparatively poor predictions of
electric properties.

MW spectrum and assignment of the ground vibrational
state of Conformer II. The quantum chemical calculations
(Table 1) as well as Stelevik® predict that Conformer 11
is the most stable one of the three rotamers possible for
this compound. This conformer is predicted to have a
sizeable component of the dipole moment along the c-
axis. Searches were therefore first made for the c-type Q-
branch transitions which were predicted to be the strong-
est ones of this rotamer, using the MP2 rotational
constants as starting points. These lines were soon found.
Additional Q-branch transitions of the b- and c-varieties
were then successively included in a least-squares proced-

Table 7. Stark coefficients? and dipole moment® of

Conformer | of 1,2-difluoropropane.

AvE~2/10"MHz V- 2cm?

Transition M| Obs. Calc.
T35 - T2 7 —57.7(6) -55.3
6 —42.0(5) —40.3
5 —27.4(2) —-27.6
4 —16.3(2) -17.2
836 «— 827 8 —161(2) —-156
7 —11.9(1) —-11.8
6 —8.72(10) —8.54
5 —5.56(7) —5.78
4 —3.35(5) —3.52
725 - 716 7 2.78(3) 2.75
6 1.91(2) 1.90
5 1.16(1) 1.17
4 0.615(8) 0.579
62‘5 «— 61.6 6 2.13(2) 2.31
5 1.32(1) 1.25
Dipole moment/10~3° C m
1,=5.118(39) 1,=8.642(78) n.=0.112(19)

ot =10.045(78)

?Uncertainties represent one standard deviation. 1 Debye =
3.33564x 10730 C m.
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ure. Finally, low-J b-and c-type R-branch lines were
identified and included in the fit. A total of about 330
transitions were ultimately assigned with a maximum
value of J=72. A few representative transitions are listed
in Table 8. The spectroscopic constants derived from 314
transitions are shown in Table 9. One sextic centrifugal
distortion constant had to be included in the least-

Table 8. Selected transitions of the MW spectrum of

the ground vibrational state of Conformer Il of
1,2-difluoropropane.
Observed
Transition frequency?/ Obs. —calc.
Ji_ k., ~  Jk,k, MHz freq./MHz
T4 “ 00,0 10038.77 —0.01
250 - 110 23779.72 0.14
303 — 244 16766.61 —0.17
330 - 2,0 37578.87 0.16
404 “ 313 26 435.45 —0.07
43, « 4,3 16 259.01 —0.06
53,2 « 5,3 13 405.37 0.03
625 - 616 18283.97 0.14
66,0 “ 65,2 34448.98 —0.07
74'4 « 73,4 19 403.93 - 0-01
836 - 857 21401.56 —0.01
86,2 - 854 34183.59 0.00
946 - 936 15067.31 0.00
1049 « 100,10 30333.30 —0.16
M4 «  MNgs 39984.24 —0.09
1255 « 12,4 19 062.57 —0.03
132,11 « 13112 35311.12 0.07
158,10 « 1544 19 870.92 0.05
164,12 «— 16313 31146.75 0.07
175,12 — 17413 25260.70 —0.05
186,13 « 18543 11245.53 0.08
207,13 «  20g43 26305.09 —0.01
238,15 «— 237'15 29 925.85 —0.14
26g,18 — 26549 33601.46 —0.06
2810’19 « 289'19 34 79275 006
334122 «— 334023 39 432.47 0.11
404328 — 40,28 25336.35 0.00
501635 « 504535 27015.58 0.04
6019’42 « 6018,42 27707.57 0.05
7222,51 « 7221,51 12969.41 0.04
240.10 MHz.

squares fit in order to obtain a root-mean square devi-
ation comparable to the experimental uncertainty of
+0.10 MHz.

Vibrationally excited states of Conformer II. It can be
seen in Table 9 that two vibrationally excited states have
been assigned. Relative intensity measurements'’ yielded
131(20) cm ™! for the first fundamental which is assumed
to be the first excited state of the C1-C2 torsional
vibration. The B3LYP value (not given in Table 1) for
the C1-C2 vibration is 120cm™!, and the force-field
value is 125cm™1.4

The second excited state is assumed to be the lowest
bending vibration. Relative intensity measurements
yielded 223(25)cm™! for this mode, compared to
245cm™' computed using the B3LYP methods, and
249 cm ™! predicted by Stelevik and Bakken.* No split-
tings were seen for the transitions of this excited state,
and this is one important reason for not assigning it as
the first excited state of the torsional motion of the
methyl group which is predicted to have split lines
provided the barrier to internal rotation is similar to that
of Conformer 1.

Futile searches for the first excited state of the methyl
torsion were made in spite of the fact that its frequency
is predicted (B3LYP) to be only 231 cm™!. The trans-
itions of this excited state are predicted to have somewhat
larger splittings than those seen above (Table4) for
Conformer I provided their barriers were similar. Their
intensities would then be reduced to half the value of the
intensities of unsplit lines (about 9% of the intensity of
the ground-state lines). The reduced intensities, in com-
bination with the crowded nature of this spectrum, are
presumed to be the reason why we were unsuccessful in
our attempts to find this excited state.

Dipole moment of Conformer II. The dipole moment of
Conformer II was determined in the same manner as that
of I, as described above. The results are shown in
Table 10. Both theoretical methods (MP2 and B3LYP,
Table 1) predict dipole moments which are larger than

Table 9. Spectroscopic constants®® of the ground and vibrationally excited states of the Conformer Il rotamer of

1,2-difluoropropane.

Vibrational state: Ground vibrational state
No. of transitions: 314

R.m.s. dev.®/MHz:

0.087

1st ex. C1-C2 tors. vibration
248
0.087

Lowest bending vibration
90

0.123

A,/MHz
B,/MHz
C,/MHz

A,/kHz

AJK/kHZ

Ag/kHz

& /kHz

SK/kHZ

@ /Hz

Max. value of J

6797.784 2(37)
4028.6337(36)
3240.929 4(36)
2.380(54)
8.094 1(96)
—6.516(31)
0.242 05(59)
3.2181(99)
0.00387(14)¢
72

6811.006 2(75)
4030.8367(75)
3233.8038(75)
2.30(21)
8.253(11)
—6.596(37)
0.246 82(69)
3.360(12)
—0.00065(19)¢
66

6787.914(14)

4031.754(14)

3242.206(14)
2.380°
8.437(48)

—6.58(12)
0.2435(37)
3.676(59)
0.00387°
37

#*Comments as for Table 3.
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Table 10. Stark coefficients? and dipole moment® of
Conformer Il of 1,2-difluoropropane.

Av E72/107% MHz V=2 cm?

Transition IM| Obs. Calc.

20 < Tio 0 —19.4(2) ~19.4
1 3.86(4) 3.86

1056 <« 10,6 10  —10.5(1) ~10.7
9 —8.66(8) —8.69
8 —6.83(6) —6.86
7 —5.39(7) —5.26
6 —3.85(5) —3.85
5 —2.69(5) —2.68

Dipole moment/107°C m

o= 1.108(3) p,=4.458(27) p,=8.302(59)

oo = 9.488(58)

2Comments as for Table 7.

the experimental one. The MP2 total dipole moment is
too large by about 13%, whereas the B3LYP value for
the total dipole moment is too large by approximately
3%.

Searches for Conformer IIl. This rotamer is predicted to
be only slightly less stable than I and II in the quantum
chemical computations above (Tablel), whereas
Stelevik® predicts III to be as much as 5.0 kJ mol ™! less
stable than II. Conformer III undoubtedly has a small
dipole moment (Table 1), which would make it hard to
find in a dense spectrum such as the present one even if
had been the most stable conformer. If Stelevik’s predic-
tion® were correct, it would be almost impossible to
assign its MW spectrum because in this case only a few
per cent of the gas composition would be Conformer III
with a small dipole moment and an extremely weak MW
spectrum.

The above assignments include a total of about 1500
transitions in the 10-40 GHz region. All the strongest
transitions seen in the MW spectrum, the majority of the
lines of intermediate intensity, as well as many weak lines
have been assigned. Unsuccessful attempts were made to
assign unidentified transitions of weak or intermediate
intensities to Conformer III. The starting points in these

MW SPECTRUM OF 1,2-DIFUOROPROPANE

searches were the MP2 rotational constants and the
B3LYP dipole moment components given in Table 1.

Energy differences. The internal energy difference between
Conformers I and II was determined by relative intensity
measurements observing the precautions of Ref. 17. A
value of 1.2(4) kJ mol ! was found with II as the more
stable. The uncertainty given here is one standard
deviation.

This energy difference is in reasonable agreement with
the theoretical values given in Table 1 and in good
agreement with Stelevik’s prediction® (1.7 kJ mol™1).
The reason why II is more stable than I is not obvious.
A weak stabilising interaction between the C1-F1 bond
and the methyl group may be of importance. This
stabilisation is possible in Conformer II, but not in I and
could be the major cause why II is preferred.

It is interesting to compare the present results
with those found for the isoelectronic compounds
CH,CH(OH)CH,F* and CH;CHFCH,OH.?* In both
these cases®®?* only rotamers similar to Conformer I
were found. Other rotamers were estimated to be at least
3kJmol™! less stable. This is another demonstration
that similar substituents influence the conformational
properties in rather different and unpredictable ways.

Structure. The observed and calculated rotational con-
stants of I and II are compared in Table 11. It is seen
that the MP2 rotational constants are in very good
agreement with the experimental ones, while the B3LYP
constants are in somewhat poorer agreement. The MP2
structures (Table 1) are therefore suggested as plausible
structures for Conformers I and II, and also for the
hypothetical Conformer III. It is expected that any full
experimental structures that is determined in the future
for these three forms will be very close to the MP2
structures.

Conclusions

This study has demonstrated that gaseous 1,2-difluoro-
propane consists of an equilibrium mixture of Conformers
I and II. Whether Conformer III co-exists with the other
two rotamers cannot be answered, presumably because

Table 11. Experimental® and theoretical® (6-3114 +G** basis set) rotational constants/MHz.

Exp. MP2 Diff./% B3LYP Diff./%

Conformer |

A 8454.8 8452.6 0.02 8374.1 0.95
B 3502.8 3497.1 0.16 3451.3 1.47
Cc 2708.6 2706.8 0.07 2674.5 1.26
Conformer Il

A 6797.8 6786.8 0.16 6766.1 0.46
B 4028.6 4033.0 -0.11 3955.8 1.81
c 3240.9 3248.9 —-0.25 3180.8 1.85

2Taken from Tables 3 and 9 above. °Taken from Table 1.
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of its low dipole moment and hence low intensity of its
MW transitions. Conformer II is more stable than I by
1.2(4) kI mol 1,

Both conformers have a gauche arrangement for the
F-C-C-F chain of atoms. The presence in the gas of
large fractions of I and II is evidence that the gauche
effect is of considerable importance for the conforma-
tional make-up of this compound.

Good predictions of the structures of the two con-
formers as well as the energy differences between them
are found using the 6-311+ + G** basis set in the MP2
as well as in the B3LYP calculations. However, the MP2
methods is presumed to be slightly superior to the B3LYP
computations in predicting the structures of the two
conformers, while the MP2 calculations are inferior to
the B3LYP methods in predicting correct dipole
moments.
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