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Molecular Structure of 2-Fluoropropane as Determined
By Gas Electron Diffraction
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The skeletal parameters, C~C, C~F, and C...F distances, of 2-fluoropropane have been determined by means
of gas electron diffraction. The r,-values obtained are: C~C 1.5144-0.004 A, €-F 1.4054-0.005 A and C---F 2.366
-4-0.006 A.*** By a joint analysis of the diffraction data and the spectroscopic moments of inertia, determination
of the remaining structural parameters has also been attempted, and the ¢, value of the CCC angle being found

to be 114.64+1.5°.

It is well-known that systematic elongations of both
C-C and C-Cl distances are observed in the series of
chloroalkanes, viz., from methyl to ethyl to isopropyl to
i-butyl chlorides.!=® 1In the corresponding series of
fluorides,* however, the structure of isopropyl fluoride,
or 2-fluoropropane, was not determined until recently.
The microwave spectrum of this molecule was observed
by Griffiths, Owen, and Sheridan, and the rotational
constants were obtained.) However, they did not
determine the structural parameters since their spectrum
was only for the normal species. Saito and co-workers
measured the microwave spectra of the normal and six
isotopic species and found a reasonable set of the ry-
structure.®

The molecule is unfavorable for determining the
structure from spectroscopic data, because the central
carbon is close to the center of gravity and there is no
stable isotope for fluorine. The C—C and C-F distances
are especially difficult to determine accurately. Such
being the case, it is desirable to obtain information on
the skeletal structure by means of gas electron diffrac-

| sM(s)

=
O'é %‘\-I—)vmfr

g
—0.1

oo = — =N T T AN TN
—— S Ve S, NS, A "V A

10 20 30
s/A-1

Fig. 1. Molecular intensity curve of 2-fluoropropane.
Experimental values (dots) are compared with the best-
fit theoretical (solid curve). The residuals are shown
below, where the broken curves represent the estimated
uncertainty in the intensity measurement.
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tion to complement the spectroscopic ry-structure.

In the present diffraction study, the C-C and C-F
bonded distances and the C:---F non-bonded distance
were determined. Furthermore, by a joint analysis of
the diffraction and spectroscopic data, determination of
the complete structure of this molecule was attempted.

Experimental

The sample was synthesized by Dr. Shuji Saito, Sagami
Chemical Research Center, the purity being checked by him
to be about 99.5%, by gas-chromatography. The diffraction
photographs were taken at room temperature by a unit with
an r3-sector” under the following conditions: camera length,
109.3 mm; accelerating voltage, 40 kV; beam current, 0.2
wA; exposure time, 2—4 min; sample pressure, 50—20 Torr.
The scale factor was calibrated by the diffraction pattern of
carbon disulfide. The total range of s covered was from 7 to
36 A-1.  Five plates were selected for the least square analysis.
The observed reduced molecular intensity is shown in Fig. 1,
together with the calculated intensity for the best-fit model.®

Analysis of the Diffraction Data

The skeletal parameters, C-C, C-F, and C---F dis-
tances, were determined by a least square adjustment
for molecular intensity. Routine procedure®1% was
followed for scattering factors, anharmonicity constants
and other details of the analytical processes. The final
results obtained from the analysis of five plates are given
in Table 1. Other structural parameters were fixed

TABLE 1. RESULTS OF THE LEAST SQUARE ANALYSIS OF
THE DIFFRACTION DATA FOR 2-FLUOROPROPANE®

Adjusted parameters Fixed parameters”

r,(C-F) 1.405(5) 7,(C---C) 2.535

r,(C-C) 1.514(4) 7o (C—Hygpnyn)  1.091

r,(C---F) 2.366(6) r,(C-Hg,.) 1.096

index of 6.(CCH,,,) 109.2
- 0.97—1.05 sec

resolution Go(HCHypyy) 107.7

a) Distances in A and angles in degrees. The num-

bers in parentheses indicate the limits of error atta-
ched to the last significant digit. For the definitions
ofr,, 7, and ¢, see Ref. 11. b) Those non-bonded
distances not shown in the Table were computed by
use of the parameters listed here. The local C,,
symmetry of the methyl groups is assumed. The C-
H bonds which lie on the CCC plane are in the trans
position to the C-C bond.
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to appropriately assumed values, also listed in Table 1.
Most of the assumed values were taken from the 7¢-
structure of propane.'® These values were eventually
replaced by those obtained by a joint analysis of the
diffraction results and the spectroscopic moments of
inertia, given in Table 4, and the least square calcula-
tion was repeated for the molecular intensity of a plate
or two. The most probable values of the adjusted para-
meters did not vary significantly.

The mean amplitudes of vibration were also fixed to
the calculated values. The force constants were ad-
justed by the method of Cyvin and Cyvin'® so as to
reproduce the fundamental frequencies observed by
Griffiths, Owen and Sheridan® and Crowder and
Koger.1® The method is an iterative process based on
the relation, F=L,AL,™!, where L, is the trans-
formation matrix obtained from a trial set of the force
constants, A is the eigenvalue matrix of the observed
values and F is the improved force-constant matrix.
The calculation is iteratively repeated until the calcu-
lated eigenvalues converge exactly to the observed
values. The force constants thus obtained are still
approximate, since the set can only be one of the many
possible sets which could reproduce the observed vibra-
tional frequencies. However, it is considered to be
sufficient for evaluating mean amplitudes as long as
the initial trial set is properly chosen.

TABLE 2. CALCULATED VALUES OF THE MEAN AMPLITUDES
OF VIBRATION AT 298 K (in A uniTs)

C-F 0.0540 H--H 0.13—0.26%
c-C 0.0562 C.--H 0.11—0.16
GC..-F  0.0814 F.--H 0.11—0.16
C-H 0.0784

a) The range indicates the distribution of the calcu-
lated values among the non-equivalent non-bonded
distances.

The set of force constants of 2-chloropropane deter-
mined by Cyvin and Cyvin'® was used as the initial
trial, where the diagonal constant for the C-F stretch-
ing of CH,F,!® 3.135 mdyn/A, was used. The mean am-
plitudes at 298 K thus calculated are listed in Table 2.

Joint Analysis of the Diffraction Results and
the Spectroscopic Rotational Constants

Determination of the structural parameters which
were not obtained by analysis of the diffraction data
was carried out by means of a joint analysis of the
diffraction intensity and the rotational constants on
the basis of the zero-point average structure. The
vibrational corrections for both r,-distances and rota-
tional constants were carried out by the ordinary
method.'® All the normal modes including the tor-
sional motion of the methyl tops were treated as small-
amplitude motions, since the barrier to internal rota-
tion as high as 3.0—3.5 kcal/mol® makes it unnecessary
to rely on the large-amplitude theory for the vibrational
correction.'?18)  The moments of inertia and the calcu-
lated values of the vibrational correction are listed in
Table 3. The values of r,—7,% are 0.0029 A, 0.0024 A,
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MOMENTS OF INERTIA OF 2-FLUOROPROPANE®
(1N amu A2 unrrs)

TABLE 3.

IO a1 I®
a 58.131 0.065 58.196(7)"
b 62.373 0.091 62.464(9)
¢ 105.533 0.064 105.597(7)

a) I®; Observed effective values for the ground
vibrational state (Refs. 5 and 6). Conversion factor
505376 MHz amu A% was used. A4I; Calculated
values of the vibrational correction. I® ; Moments
of inertia for the zero-point average structure.

b) Estimated uncertainties to be attached to the last
significant digit.

TABLE 4. STRUCTURE PARAMETERS OF 2-FLUOROPROPANE
COMPATIBLE WITH BOTH THE DIFFRACTION DATA AND
THE SPECTROSCOPIC MOMENTS OF INERTIA®

C-r Ty 1.405--0.005
cC Te 1.5144-0.004
C.-.F Ty 2.3664-0.006
~CCC é, 114.6--1.5
gg:‘z“‘” e 1.1340.03
LHCHMethyl P, 110+3
ZCCH,e b, 109.0 (assumed)

a) Distances in A and angles in degrees. b) The
values of r,—7,° for C—Hyeny and C-Hy,, are 0.020
A and 0.016 A, respectively.

and 0.0007 A for C-F, C-C, and C---F distances, respec-
tively.

For a complete description of the structure of this
molecule, eight independent parameters given in Table
4 are necessary. Three distances from electron diffrac-
tion and three moments of inertia from microwave
spectroscopy are therefore insufficient. Although the
rotational constants of 33C-species and singly deuterated
species are available,® none of them effectively provide
independent additional information. The following
two assumptions were then made: (1) The C—Hyewmy
and C-H.. are equivalent in their r-values. (2) The
CCH,,. angle is within the range of 10942 °. The
implication of the first assumption is essentially the
same as the equivalence of C-H distances in r.-values.
As for the second assumption, it was found that the
moments of inertia /@ are very insensitive to the CCHg,,
angle. A variation of CCH,, . as much as 2 ° produces
changes in @ of only about 0.01 amu A2.

Since there remain six parameters for the six inde-
pendent observables, they can be determined uniquely
for each combination of the six observed values which
are allowed to vary within their stated uncertainties.
Therefore, for the three distances from electron diffrac-
tion, the uncertainties can not be reduced by the joint
analysis as in other more favorable cases.'’1® The
other three parameters can only be determined with
large uncertainties, since they are strongly correlated
with the three distances from diffraction. Numerical
results are summarized in Table 4. The uncertainties
for ~CCC, C-H, and LHCH represent the maxima
and minima of the ranges of these parameters in which
the values compatible with the moments of inertia are
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found, as the C-F, C-C, and C---F distances are
varied within the stated limits of error. The uncertain-
ties associated with the limits of error of 7® are much
smaller. The CCC angle is determined with a reason-
able range of uncertainty. The C-H distance and the
HCH angle shown in Table 4 are larger than the com-
monly accepted range of methyl structure. Neverthe-
less, both C-H and HCH would decrease if the C:-F
distance decreases. This seems to suggest that the an-
harmonicity of the non-bonded C:--F distances, which
was assumed negligible in the present study, is sub-
stantially nonzero.

Discussion

The C-C and C-F distances of 2-fluoropropane are
compared with those of other fluoroalkanes in Table 5.
Although the comparison is somewhat obscured by
lack of the r,-distances for some of the compounds con-
cerned, the trends that both C-C and C-F distances
increase from methyl to ethyl, isopropyl, and #-butyl
are observed in the same way as in the chlorides. The
C-C distances of fluorides are smaller than those of
n-alkanes, e.g., propane.!9 The shortening seems to be
similar in nature to that often encountered in fluorine
substitution.?3)

TABLE 5. COMPARISON OF THE STRUCTURAL PARAMETERS
OF FLUORO-ALKANES (IN A UNITS)

c-C C-F Ref.
CH,F 7 1.3852(1) 20
CH,CH,F  r,  1.505(3)  1.398(5) 4
(CH,),CHF 1,  1.515(1)  1.407(2) 6
re  1.514(4)  1.405(5) a)
(CH,),CF 1,  1.516(5)  1.43(2) 21
r,  1.522(8)  1.427(8) 229
(CH,),CH, r,  1.532(3) 10

a) The present study. b) Estimated from the reported
r,-values, 1.520 and 1.425, respectively.

The 74-structure reported by Saito and co-workers®
is consistent with the rg-structure determined in the
present study. However, since the difference between
ro and r values is often as large as 0.01 A, the closeness
of ro and r, seen in Table 5 can be fortuitous.
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Computing Center and also on a FACOM 270-20
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the authors’ thanks are due.
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