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The microwave spectrum of 2-fluoroethylamine
CH,FCH,NH, has been investigated in the 18.0—
30.0 GHz spectral range. The two F—C—-C—N
gauche conformers denoted I and II and shown in
Fig. 1, were assigned. Both conformers are stabilized
by an intramolecular hydrogen bond. The enthalpy
difference is 0.1+0.3 kcal/mol* with conformer I
as the more stable. Conformer II is favoured by
entropy by 0.2+0.2 cal/(mol K). The existence of
large fractions of further conformers is ruled out.

The F—C—C—N dihedral angles are 64+2° in
I, and 63 1+ 2° in I1, respectively. The CCN angle has
a “normal” value of 110+ 1° in I, while this angle
opens up to 114.5+1° in conformer II possibly
because of a 1,3-repulsive interaction between two
hydrogen atoms.

Five vibrationally excited states belonging to
three different normal modes were assigned for
conformer I, whereas three excited states of two
normal vibrations were identified for II. The
vibrational frequencies of the normal modes were
determined by relative intensity measurements.

The dipole moments are pu,=1.148+0.003 D,
u,=1380+0008 D, u.=0.33240.021 D, and
Mo =1.826+0.012 D for conformer 1, and p,<0.03
D, u,=1337+0.008 D, p,=1.002+0.005 D, and
o =16714+0.010 D for II, respectively. The
14N quadrupole coupling constants of I are x,,=
2.02+0.13 MHz, and x,,=2.49+0.10 MHz. For II
the following values were found: x,,= —2.78 £0.14
MHz, and y,,=2.34+0.08 MHz.

Accurate quartic centrifugal distortion constants
were determined for the ground and first excited
state of the C—C torsional mode of both con-
formers.

* 1 kcal=4.184kJ.
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The structure and conformational preferences of
2-haloethanols have in recent years attracted great
interest. The free molecules have been studied by
electron diffraction, microwave, IR, and Raman
spectroscopy.!'2 These investigations have shown
that the preferred form by the 2-haloethanols is the
heavy-atom gauche conformation with an intra-
molecular hydrogen bond in all cases.

An amino group may replace the hydroxyl group
as proton donor. When this is done, both hydrogen
atoms may be used for hydrogen bond formation.
Such hydrogen bonds have been shown to exist in
ethylenediamine® and in trifluoroethylamine.* In
the case of 2-fluoroethylamine, the fact that both
hydrogens of the amino groups may be used for
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Fig. 1. The most stable conformations of 2-fluoro-
ethylamine. I is more stable than II by 0.1+0.3
kcal/mol. I is changed into II by an approximately
240° clock-wise rotation about the C—N bond as
viewed from N to C. Both conformers are stabilized
by weak hydrogen bonds.
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hydrogen bonding leads one to expect that the two
heavy-atom gauche conformers of Fig. 1 will be the
preferred forms of the molecule. Conformer I may
be changed into II by an approximately 240°
clock-wise rotation of the amino group as viewed
along the N—C bond.

No experimental work on the structure of this
molecule has been found in the literature, but
Pople et al.® have made ab initio MO calculations.
They found that the two conformers shown in
Fig. 1 were the energetically favoured ones with
I 0.63 kcal/mol more stable than II. These re-
searchers did not optimize the geometry in their
computations.

As will be shown later, there are some structural
differences between the two rotamers which might
have influenced the ab initio result.

IR and Raman work on this compound has now
been initiated in this department.®

EXPERIMENTAL

2-Fluoroethylamine hydrochloride was purchased
from Aldrich-Europe Division, Beerse, Belgium.
The hydrochloride was mixed with excess solid
sodium hydroxide and distilled. The product was
then purified by gas chromatography. Studies were
made in the 18 —30 GHz spectral region with the
cell cooled with dry ice to about —60 °C. Lower
temperatures could not be utilized because of
insufficient vapour pressure. Vapour pressures of
5—25 microns were employed. The spectra were
recorded on a conventional spectrometer with free-
running klystrons. In favourable cases this equip-
ment made it possible to resolve quadrupole cou-
pling components spaced by less than 0.5 MHz.

RESULTS

Microwave spectrum and assignment of conformer
I. Preliminary rotational constants were computed
by combining structural parameters taken from
related compounds. The rotational constants were
quite similar because of the small structural dif-
ference of the two rotamers. Bond moment calcula-
tions of the dipole moments were then performed
using the values of Ref. 7. The results for conformer
I were: y,=1.1 D, 4,=0.9 D and u,=0.5 D. For II
the following values were computed: u,=0.1 D,
#,=09 D, and u,=1.9 D. The agreement between
bond moment calculations and experiment is often
quite good, and conformer I was thus expected to

exhibit a relatively strong a- and b-type spectrum,
whereas comparatively strong b- and c-type lines
were expected for I1. A dense spectrum was expected
since many transitions of b- and c-type fall in the
investigated spectral range.

The microwave spectrum of 2-fluoroethylamine
was compatible with these predictions. It is rela-
tively strong and dense with absorptions occurring
every few megahertz throughout the entire micro-
wave spectral range. The 18 —22 GHz region was
first investigated because several low J lines of both
conformers were predicted to appear here. Several
such lines were readily identified by their Stark
effects, positions in the spectrum, intensities, and
characteristic quadrupole splittings caused by the
'*N nucleus. After a few trials the unrefined rota-
tional constants of conformer I were derived from
low J a- and b-type lines. These were used to predict
several more transitions which were subsequently
measured and included in the least squares fit in
which centrifugal distortion was also taken into
account. The molecular constants thus derived
allowed the frequencies of more transitions of still
higher J to be predicted. They were then measured
and included in the least squares procedure. By
repeating this process several times, a total of
about 150 transitions of the a-, b- and c-type
varieties were ultimately assigned. The highest J
c-type line was the 599 50— 59, ¢ 50 While a J=46—47
R-branch and a J=48—47 P-branch transition
were the highest values of J identified for per-
pendicular transitions. At such high values of J,
intensities are quite low. Still higher J-transitions
were searched for but could not be positively
identified because of insufficient intensities. Table 1
lists 41 selected lines.* As shown in this table
centrifugal distortion is a prominent feature of the
spectrum. In fact, it amounts to as much as 9690.01
MHz for the highest J transition. Several of the
entries of Table 1 have been “corrected” for resolved
quadrupole splittings in a manner to be described
in the section on the determination of the quadru-
pole coupling constants of the nitrogen nucleus.

The spectroscopic constants derived from 134
transitions are shown in Table 2. Because of the
large centrifugal distortion perturbation accurate
values were found for the quartic centrifugal

* The complete microwave spectra of two conformers
are available from the authors upon request, or from the
Microwave Data Center, Molecular Spectroscopy Sec-
tion, National Bureau of Standards, Washington D.C.
20234, US.A., where they have been deposited.
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Table 1. Selected transitions for the ground vibrational state of conformer I of CH,FCH,NH,.

Transition Observed Obs. —calc. Centrifugal distortion
frequency*® frequency -
(MHz) (MHz) Total Sextic
(MHz) (MHz)
a-type
1,2, 18 621.03 0.02 0.05
Lo.1 =202 19 430.80 -0.04 -0.21
o2 20 346.45 —0.04 -0.21
2,,-33 27 899.25 0.05 -0.21
2,135, 2922594 0.08 0.11
b-type
0p0— 1.1 19877.23 0.05 —-001
loy =24, 28 756.41 0.11 0.07
2,230 19 689.74 —0.06 —0.95
505514 18 416.61 —0.08 —2.46
Tor—= 716 26 848.36 -0.07 —10.44
31232 29 408.41 —0.05 0.30
514523 27250.57 0.00 2.54
98927 2841243 -0.07 —-4.73 0.01
114510, , 29 444.38 0.11 —3643 0.09
9451035 24156.90 0.01 —28.55
9,6— 1057 27 344.64 0.05 —4244 0.01
155> 166,14 20 651.30 0.05 —103.23 0.08
1576164 10 20 681.63 0.11 —103.96 0.08
c-type
312322 29 145.90 -0.11 0.44
6,565 23131.08 0.05 7.22
Ti6— 726 2052932 0.07 11.14
13,135, 28197.28 0.00 86.12 0.03
22316222449 19044.83 0.04 376.64 0.30
3352833628 29427.39 —0.03 1747.00 248
406 34 =40, 34 25465.23 —-0.07 2911.30 5.68
475 40> 475,40 21617.32 —0.03. 425229 10.95
53g.45 530,45 23456.93 —0.04 6522.79 20.18
595,50 = 5910.50 25677.15 —0.03 9690.01 3534
000~ 1110 20 740.01 0.04 —0.09
726818 29 386.90 —0.08 —4.57
1367~ 1454 2234942 —0.03 —77.61 0.04
1345 > 145 10 22193.10 —0.01 —75.23 0.04
Coalescing b- and c-type®
165 — 15, 22482.03 —0.07 —24.10 0.17
25,,>24,, 18 495.08 0.01 5523 0.36
31,530, 22983.03 —0.01 106.02 0.92
39,038, 29 003.15 —0.06 212.27 247
48,,547,, 25402.70 —0.04 705.53 —1.40
24,, 25, 24 471.64 0.05 —351.87 0.80
31,32, 29710.49 —0.09 —72397 2.85
39,5 —40,, 23223.16 0.10 —1203.31 8.18
46,, - 47,, 28 072.00 —0.09 —1974.26 19.20

“+0.10 MHz. Transitions with resolved quadrupole splittings have been corrected for this effect. ®The
K-doublets coalesce for high values of K _,. Subscripts refer to K _,.
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Table 2. Spectroscopic constants for conformer I of CH,FCH,NH,.*

Vibrational state Ground First ex. C—C torsion
Number of transitions 134 72

rms (MHz) 0.073 0.108

A, (MHz) 15 437.6657 +0.0082 15579.291+0.018
B, (MHz) 5302.3944 +0.0028 5263.682340.0063
C, (MHz) 4439.5230+0.0021 4 421.1920+ 0.0059
A, (kHz) 7.305+0.015 6.990+0.040
Ay (kHz) —37.544+0.077 —35.744+0.26

A¢ (kHz) 91.494+0.038 97.26+0.17

4, (kHz) 2.1469 +0.0031 2.106+0.013
o (kHz) 15.54+0.31 104+1.1

H; (Hz) 0.0176 +0.068 0.09+0.14

Hy,x (Hz) 0.60+0.14 42420

Hy, (Hz) —240+0.30 13.5+13

Hy (Hz) 4444027 -1.7+24

h; (Hz) 0.0006 1+ 0.0022 0.246+0.015
hyx (Hz) 042+0.14 -89+24

hy (Hz) 34+14 —69.6+11.6

¢ Uncertainties represent one standard deviation. rms is the root-mean-square deviation. The rotational
constants are those obtained directly from the least squares fit without correcting for centrifugal distortion.

distortion constants. The sextic coefficients are of
a much poorer quality. However, the inclusion of
these constants was necessary in order to obtain a fit
with a root-mean-square deviation comparable to
the experimental uncertainty.

Vibrationally excited states. The ground vibra-
tional state transitions were accompanied by a rich
satellite spectrum. The strongest of these absorp-
tion lines were about 30 9 as intense as the corre-
sponding ground state transitions. They are as-
signed as the first excited state of the C —C torsional
mode. The spectroscopic constants for this state are
shown in Table 2. They were derived from 72
transitions. Maximum value of J was 41 for the
c-type Q-branch transition, 40,3—41,, for the R-
branch and 29,,—28, 5 for the P-branch coalescing
b- and c-type K_;-doublets. Accurate quartic
centrifugal distortion constants were found for
this state whereas the sextic coefficients are very
uncertain as shown in Table 2.

Our reason for assigning this state as the first
excited state of the C—C torsion is, apart from its
low frequency, the fact that a 2° opening of the
NCCF dihedral angle of our molecular model (see
below) reasonably well reproduces the observed
changes of the rotational constants. These changes
were calculated to be A4A=131.7 MHz, AB= —52.9
MHz and AC= —13.0 MHz, respectively. This is
acceptably close to the observed values: A4 =141.63

MHz, AB= —38.72 MHz and AC= —-18.33 MHz,
respectively. The reason for the discrepancy between
the observed and calculated changes is presumably
that the torsional motion is more complicated than
a simple rotation about the C—C bond.

Relative intensity measurements were made fol-
lowing most of the precautions of Esbitt and
Wilson.®? Lines with unresolved quadrupole fine
structure were utilized and 195+15 cm™' was
derived for the C—C torsional frequency. This is
close to 152410 cm™! determined for 2-fluoro-
ethanol,® 181420 cm™! found for conformation
II of ethylenediamine® and the IR-value of 148
cm™! seen in 1,2-difluoroethane.'® These com-
pounds are isoelectronic to and prefer very similar
conformations to those of 2-fluoroethylamine.

The second excited state of the C—C torsional
motion was also assigned and the rotational
constants appearing in Table 3 were determined
from low J b-type Q- and R-branch lines as well as
from one a-type R-branch transition. Only A was
varied in the fitting procedure but the resulting
value for this coefficient is too uncertain to
warrant its publication.

15 transitions of the lowest bending more were
assigned and the rotational constants of Table 3
determined. These transitions are about 20 9, as
intense at 215 K as their ground-state counterparts.
The quartic constants were also varied in the least

Acta Chem. Scand. A 34 (1980) No. 1
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Table 3. Rotational constants® for vibrationally excited states of conformer I of CH,FCH,NH,.

Vibrational state A

C

(MHz) thz) (MHz)
Second ex. C—C torsional state® 15716.82+0.29 5225.778 +0.075 4403.7804+0.074
First ex. CCN bending state 15470.01+0.21 5273.061 +0.091 4425.575+0.065
First ex. C—N torsional state? 15397.21+0.14 5305.652+0.047 4436.1641+0.045
Combination of C—C tors. and
CCN bending ® 15609.104-0.33 5235.1040.22 4408.011+0.22

@ Uncertainties represent one standard deviation. ® 10 transitions. ¢ 15 transitions. 49 transitions. ¢8 transitions.
In all cases were one or more centrifugal distortion constants varied in the least squares fit, but the results were too

inaccurate to warrant their publication.

squares fit, but the results were quite inaccurate and
are therefore not reported here. Relative intensity
measurements yielded 227 + 25 cm ™ for this funda-
mental frequency.

In order to assign this mode to either the CCN
or the CCF bending mode, the two angles were
opened up by 0.5° each in our model calculations.
Very similar results for the changes of the rotational
constants were found in both cases. These changes
were also close to the experimentally determined
ones. It is thus not possible to determine un-
ambiguously from the microwave data alone
whether this is the CCN or the CCF bending mode
or some combination mode of the two. The last-
mentioned possibility is probably correct, but it is
nevertheless felt that this mode is closer to the pure
CCN bending mode than to the pure CCF bending
mode. This is believed since the lowest bending
mode of the isoelectronic gauche 1,2-difluoroethane,
Ve, is reported '° at 327 cm ™!, which is 100 cm™*
higher than found in our case.

8 transitions of a combination mode of the C—C
torsion and CCN bending mode were also identified.
The intensity of this spectrum is about 5 9 of the
ground state spectrum. Due to its weakness only
one R-branch line was tentatively assigned, while
the Q-branch transitions were ascertained by their
Stark effect in several cases. It is seen from Tables 2
and 3 that the rotational constants of this combina-
tion mode are about exactly that calculated from the
changes of the rotational constants upon excitation
of these two normal vibrations.

The final excited state which was assigned for
conformer I was the first excited state of what is
believed to be the torsional motion of the amino
group. These lines have about 10 9; of the intensity
of the corresponding ground state transitions at
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215 K. Attempts to reproduce the observed changes
of the rotational constants upon excitation by twist-
ing the amino group 2° in the model calculations
failed. In spite of this, the small changes of the
rotational constants of this state as compared with
the ground state are expected for the CN-torsional
motion since little mass is involved in this rotation.
It is thus quite probable that this mode is some-
what more complex than a simple torsion about the
CN bond. Relative intensity measurements yielded
350430 cm™ ! for this fundamental frequency. This
is roughly 90 cm™! higher than the corresponding
frequency of methylamine!! (2639 cm™!). An
increase of the torsional frequency of 2-fluoro-
ethylamine as compared to that of methylamine is
expected because of the hydrogen bond which is
present in the former molecule. This bond is
presumed to “hold” the proton more firmly in 2-
fluoromethylamine while no hydrogen bond exists
in methylamine. This should lead to a higher
C—N-torsional frequency in the former molecule
in agreement with the present finding.

Dipole moment. Stark coefficients of low J transi-
tions were used to determine the dipole moment.
In those cases where a quadrupole fine structure was
more or less resolved, comparatively large Stark
shifts were measured in order to minimize coupling
effects. A d.c. voltage was applied between the
Stark septum and the cell with the modulating
square wave voltage superimposed. The d.c. voltage
was calibrated using the OCS J=1-2 transitions
with pocs=0.71521 D.'? Each second order coef-
ficient shown in Table 4 was assigned a standard
deviation which is presumed to take into account
the additional uncertainty arising from quadrupole
coupling. A least squares fit using a diagonal weight
matrix was performed. The weights were chosen as
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Table 4. Stark coefficients and dipole moment of
conformer I of CH,FCH,NH,.

Av/E?
Transition (MHzV~2cm?) x 10°
Obs. Calc.
lo.s = 20,2 [M|=1 158+02° 160
1,1 -2, M =0 1.9240.02 193
211303 [M|=2 12440.2 12.5
4542, [M|=2 14.0+0.2 139
IM|=3 340403 340
[M|=4 63.1+0.6 62.3

#,=1148+0.003 D
4033240021 D

1, =1380+0.008 D
o =1.826+0.012 D

¢ Uncertainties represent one standard deviation.

the inverse squares of the standard deviations of
the Stark coefficients appearing in Table 4. This
table also gives the total dipole moment and its
components along the principal inertial axes. There
is good agreement between the observed dipole
moment components and those obtained by the
bond-moment method (p. 16). This is independent
evidence for the fact that the observed rotamer is
indeed conformer I.

The total dipole moment was calculated to be
1.5 D by the bond-moment method. The experi-
mental value of 1.826+0.012 D may perhaps
indicate some enhancement of the dipole moment
as a result of hydrogen bonding, but this is quite
uncertain because of the rather rough approxima-
tions used in the bond-moment method.

YN quadrupole coupling constants. Several of the
low and medium J transitions were split due to
quadrupole coupling of the '*N nucleus with the
molecular rotation. In order to determine y,, and
Xs» the following procedure was employed: Only
lines with no resolved quadrupole fine structure
were used in a least squares fit to predict the
hypothetical unsplit frequencies of the relatively
few remaining transitions exhibiting a resolved
quadrupole fine structure. The splittings, E,, from
the “unperturbed” frequencies were then least
squares fitted using eqn. (1)

E, = QfUJF)JJ+1)Y g <Pl > (0]
g

The symbols of this equation are defined in Ref. 13.

The splittings are relatively small in a nitrogen
containing molecule and normally overlap to lesser
or greater extent. The data to be fitted to eqn. (1)
are thus correlated and a symmetrical weight
matrix should have been used. Application of this
kind of weight matrix is not easy and the simpler
method using a diagonal weight matrix was chosen.
This choice is not expected to have influenced the
final results in any significant manner. The weights
of the diagonal matrix were taken as the inverse
squares of the standard deviations of the observed
splittings, E,, shown in Table 5. In those rather
frequent cases where two or more quadrupole com-
ponents were unresolved, the measured peak was
presumed to be most representative for the strongest
of these components and only this one was then
used in the least squares procedure. The standard
deviation of E, for this component was judiciously
increased as compared with a corresponding line
consisting of only one quadrupole component.
The results are shown in Table 5. After the least
squares determination of x,, and y;,, were performed,
the split lines were corrected for quadrupole effects
and used in the least squares fit to determine the
final values for the spectroscopic constants shown
in Table 2.

Assignment of conformer I11. Many strong lines
remained in the spectrum after the assignment of
conformer I had been accomplished. These transi-
tions were too intense to be attributed to uniden-
tified vibrationally excited states of this rotamer. A
search was therefore made for conformer II shown
in Fig. 1. The strongest low J lines of its spectrum
were, on the basis of the bond-moment calculations
described above, predicted to be the b-type Q-branch
Ji3-1—J3,-, and the c-type Q-branch J, ;_,—
J,.5-1. These transitions were predicted to fall in
the 25 —30 GHz-range. They were then searched for
and readily assigned. Low J b-type R-branch lines
were next found close to their predicted frequencies.
The full assignment of the spectrum of the ground
vibrational state of II was then derived in the same
step-wise manner as described for conformer I. A
total of about 150 transitions were ultimately as-
signed. Table 6 lists 42 selected lines of the b- and
the c-type. No a-type lines were identified because
of the small y,-component which is less than 0.03
D producing insufficient intensities for these transi-
tions.

The highest J value assigned was the c-type
66,0,56—66,, 56 Q-branch transition. Centrifugal
distortion is as large as 13609.71 MHz for this
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Table 5. '*N quadrupole splittings and diagonal elements of the quadrupole coupling tensor.

Transition F->F E,(obs) E (obs)—E(calc.)
(MHz) (MHz)
02, 2-3 —0.014+0.03¢ 0.04
1-2 046+0.04 —-0.04
0-1 —1.56+0.03 0.07
2,13, 34 —0.06+0.03 0.08
23 0.61+0.03 0.11
2,032 34 0.02+0.03 0.13
2-3 0.41+40.03 0.01
50,5514 5-5 —1.37+40.03 —-0.10
6—-6 043+0.05 -0.06
60,6 61,5 6—6 ~1.36+0.03 —~0.01
77 0.46+0.05 —0.08
70,7_’71,6 77 —157i0.03 -0.17
88 0.53+0.05 —0.05
91,86 92,7 9-9 —0.56+0.03 -0.14
10-10 —0.03+0.04 -0.21
09,011, 12 —0.08+0.03 0.05
1-1 0.48+0.05 -0.14
1-0 —1.2040.03 0.05
Lo =2, 23 —0.08 +0.03 0.14
152 0.67 +0.04 0.05
31‘2_’32‘2 4-4 —023i004 -0.07
353 0.36+0.03 -0.12
514524 66 —-0.264+0.04 —0.01
5-5 0.66 +0.04 0.00
6,56, 77 —-0.1940.04 0.08
66 0.74+0.03 0.07
71.6—-’72,6 8—’8 —0.1410.03 0.13
7-7 0.75+0.03 0.10
0p0—15,0 1-2 0.26+0.03 0.04
1-1 —1.03+0.03 0.10
3127404 5-5 —0.36+0.04 0.09
3-4 1.24+0.03 —-0.04

Yea=202+0.13

Xop = 2.49 iO.lO MHZ

¢ Uncertainties represent one standard deviation.

line. b- and ¢-, P- and R-branch lines were identified
up to the 46,,—45,, and the 45,,—-46,, transi-
tions. As shown in Table 7 accurate rotational and
quartic distortion constants have been determined
from 134 transitions. The sextic constants are of a
poorer quality, but it was necessary to include them
in order to obtain a good fit.

Comparison of the spectroscopic constants of
Tables 2 and 7 shows that the rotational constants
as well as the quartic coefficients centrifugal dis-
tortion are fairly similar. The entries for conformer
II are all a little bit smaller than the corresponding
values for I. This is expected because of the great
structural similarity of the two rotamers. The
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sextic constants, however, of the two forms differ
radically. This indicates that little physical signifi-
cance should be attached to them.

Vibrationally excited states. A strong satellite
spectrum having about 1/3 of the intensity of the
ground state was assigned as the first excited state
of the C—C torsional mode. Relative intensity
measurements performed on unsplit lines yielded
162+ 15 cm™! for this fundamental frequency. This
is definitely lower by about 30 cm™' than the
corresponding frequency of the other conformer.

A 2° opening of the NCCF torsional angle of our
geometrical model reproduces satisfactorily, albeit
not perfectly, the observed changes of the rotational
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Table 6. Selected transitions for the ground vibrational state of conformer II of CH,FCH,NH,.

Transition Observed Obs. —calc. Centrifugal distortion
frequency* frequency -
(MHz) (MHz) Total Sextic
(MHz) (MHz)
b-type ,
00— 1,4 19 587.21 -0.03 —0.01
lo1—2, 28 388.88 0.06 0.05
2,233 19 482.13 0.09 —-0.90
3132404 29 888.11 —0.05 -2.10
734857 22 605.47 0.06 -10.77 0.02
136, 145 14 22 476.60 —0.07 —70.80 0.12
1355 1454 22612.49 -0.13 —72.80 0.11
184,41 =194 3, 29 652.45 -0.10 —176.66 041
1851019713 29 643.54 0.05 —176.31 0.42
60,66, 5 21374.18 0.14 —4.95
Tor=Th6 25789.36 0.04 —9.53
2,120 29941.52 0.05 —0.53
312324 28 935.37 -0.02 0.26
4,,-4,, 27 835.96 0.02 1.30
Tie—T2s 25932.83 0.01 293 —-0.01
10, 0—10, ¢ 29 795.01 -0.07 —12.06 —0.03
c-type
00— 14,10 20 408.50 0.02 —0.08
3127404 24 963.08 0.03 -121
7,688 29 848.05 0.02 —4.71 0.01
561244 24 398.21 0.00 —53.31 0.05
115,12, ¢ 2374423 —0.03 —47.83 0.07
2y12;, 29 892.76 —0.02 —0.51
4, ,-4,, 27117.03 -0.01 1.78
6,565 22952.05 —0.13 6.65
13,4, 1334, 28 538.60 —-0.07 80.23 -0.02
205,17 204,44 29931.98 0.01 330.13 ~-0.08
294,25 29535 18 467.47 0.07 813.29 —0.15
4163541555 22906.47 0.00 2740.13 —-0.47
48, 41 485 44 19 858.04 -0.09 3995.10 —0.86
545,46 = 549,46 2204498 0.11 6184.65 —1.81
6155,—61,05, 19407.23 0.01 8089.98 -3.92
660,56 = 661,56 27 877.95 —0.01 13609.71 —9.18
Coalescing b- and c-type®
13,5124 29 668.70 —0.01 —45.07 0.07
20,019, 23921.76 —0.06 —28.85
27,326,, 18 208.75 —0.04 66.01 —0.69
33,632, 22 304.29 —0.08 121.26 —1.54
41,,—40,, 27 801.40 —-0.01 23494 —3.81
46,,—45,, 20989.27 0.07 600.42 -12.19
24,,-25,, 25292.15 0.01 —331.05 1.41
32,533, 19 519.00 0.06 —623.92 492
37,7, 38,6 26 370.57 0.00 —1007.25 10.20
45,, - 46,, 20 381.37 0.10 —1554.48 26.20

? 40.10 MHz. Transitions with resolved quadrupole splittings have been corrected for this effect. ® The K _ -
doublets coalesce for high values of K _,. Subscripts refer to K_,.
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Table 7. Spectroscopic constants for conformer II of CH,FCH,NH,.*
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Vibrational state Ground First ex. C—C torsion
Number of transitions 134 66

rms (MHz) 0.070 0.077

A, (MHz) 15 186.4940+0.0077 15 303.333+0.013
B, (MHz) 5222.0616 +0.0028 5192.3159 4+ 0.0045
C, (MHz) 4 400.7600 4+ 0.0023 4 385.441440.0040
A; (kHz) 6.943+0.013 6.716+0.017
Ak (kHz) —34.7754+0.068 —34.754+0.11

Ax (kHz) 86.028 +0.036 91.965+0.039

é; (kHz) 1.9911 +0.0027 1.9061 4+ 0.0032
dx (Hz) 13.17+0.27 14.7240.21

H, (Hz) —0.0008 +0.0065 —-0.0524+0.011
Hy (Hz) -~1.574+0.17 0.192+0.022
Hy, (Hz) 291+0.33 —4.10+0.50

Hy (Hz) —-0.68+0.34 6.69+0.65

hy (Hz) —0.0118 +0.0021 b

hyx (Hz) 0.481+0.083 b

hy (Hz) -220+15 b

% Uncertainties represent one standard deviation. rms is the root-mean-square deviation. The rotational constants
are those obtained directly from the least squares fit without correcting for centrifugal distortion. ® Fixed at zero in

least-squares fit.

Table 8. Rotational constants® for vibrationally excited states of conformer II of CH,FCH,NH,.

Vibrational state A, B, C,

(MHz) (MHz) (MHz)
Second ex. C —C torsional state® 15403.98 +0.79 5163.744+-0.14 4369.41+0.13
First ex. C— N torsional state® 15176.01 +0.19 5230.49+0.11 4404.344-0.12

 Uncertainties represent one standard deviation. ® 6 transitions. € 12 transitions. Centrifugal distortion constants
were varied in the least squares fit, but the results were too inaccurate to warrant their publication.

constants upon excitation. The spectroscopic con-
stants of this state derived from 66 transitions are
shown in Table 7. J-values up to 49 were used to
compute these parameters.

The second excited state of this mode was also
assigned and its rotational constants are shown in
Table 8.

This table also includes what is assigned as the
first excited state of the C—N torsional mode. As
in the case of conformer I an opening of the
‘torsional angle of the amino group in our calcula-
tions did not reproduce satisfactorily the observed
changes of the rotational constants upon excitation.
A frequency of 324430 cm~! was found for this
mode by relative intensity measurements. This
frequency too, is higher than that of methylamine,
a finding that can be rationalized in the same way
as discussed for conformer L.
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It was not possible to assign the first excited
state of the CCN-bending vibration despite several
thousand attempts using various procedures includ-
ing also a restricted form of the method described
by van Eijck.'* The most likely explanation for this
is perhaps that several low J b-type Q-branch lines
which are the most intense ones and therefore the
prime target for these attempts, overlapped with
other stronger lines. Alternatively, this bending
mode could fall at a considerable higher frequency
in this rotamer than in conformation II. This
would have decreased intensities so much that it
was impossible to make assignments. Coriolis
resonance is another rather remote possibility.

Inversion tunneling of the amino group has been
found in several amines. This feature is absent from
the microwave spectra of the two conformers. A
prerequisite for tunneling is the fact that there are
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Table 9. Stark coefficients* and dipole moment of
conformer II of CH,FCH,NH,.

Av/E?
Transition (MHz V™2 cm?) x 10°
Obs. Calc.
0p0— 1, M =0 139402 132
Tor= T [M|=5 254+0.3 249
’ IM|=6 356404 359
IM|=7 48.9+0.3 48.8
6,56, [M|=5 4.22+40.05 4.15
[M|=6 5.42+0.06 5.58
8,.—86 [M|=8 10.3+0.1 104
3,235, [M|=2 —-439+05 —449
[M|=2 —6.05+0.07 -6.02
U4, <003 D u, =1.33740.008 D

1, = 1.002+0.005 D o =1.671£0.010 D

“ p, assumed to be zero in the least squares fit
Uncertainties represent one standard deviation.

two identical forms of the molecule with an as-
sociated double-minimum potential. This is indeed
the case for both I and II which each possesses two
identical mirror image forms. For rotamer II a
simple rotation of approximately 120° about the
C—C bond transforms the one heavy-atom gauche
rotamer into its mirror image. In conformer I
rotations about the C—C as well as the C—N
bonds have the same effect. The direction of the
c-axis dipole moment component is expected to be
reversed for both conformers by this kind of
transformation motion. This should result in a
splitting of the c-type transitions into doublets, but
these were not resolved. The reason for this is
presumed to be the fact that heavy atoms are
involved in the transformation motion making the
splittings very small even if the barrier is reasonably
low.

Dipole moment. The dipole moment of conformer
IT was determined in the same manner as for I. If all
dipole moment components were varied, the com-
ponent along the a-axis was found to be imaginary.
Transitions which are very sensitive to pu, were
employed, and it was therefore found that this
component is less than 0.03 D. The result obtained
by assuming that g, is equal to zero is shown in
Table 9.

There is quite good agreement between the bond
moment calculations mentioned above and y, and
1, determined experimentally. p. is, however, found
to be too big by these calculations as is the total
dipole moment which was computed as 2.1 D.
There is thus no evidence for enhancement of the
dipole moment as a result of the hydrogen bond
in this conformer.

Quadrupole coupling constants. The *N-nucleus
quadrupole coupling constants were determined as
described for conformer I. The results are shown
in Table 10.

The fact that y,, is changed from +2.02+0.13
MHz in [ to —2.78 +0.14 MHz in conformer II is
evidence for a large rotation of the amino group
upon conversion of the two forms. This is, of
course, in agreement with the existence of the two
conformers assigned in this work.

Search for anti conformations. The assignments
made as described above include about 400 transi-
tions. Every strong line of the spectrum has been
identified. The great majority of intermediate
intensity and many weak transitions have also been
accounted for. Careful Stark effect studies have
been made among the majority of the remaining
unassigned medium intensity lines. In a few cases
partial resolution of the Stark effect was achieved
for these transitions which seem to be Q-branch
lines.

Three explanations seem plausible for these rather
few unassigned lines. They might, for example,
belong to one and/or both the two anti conformers
denoted III or IV and shown in Fig. 2. These forms
were computed to be 1.06 kcal/mol and 1.61
kcal/mol, respectively, less stable than I by the
ab inito method.®> Rotational constants were pre-
dicted to be 4=298 GHz, B=3.82 GHz and
C=3.57 GHz and the dipole moment components
were predicted” as p,=2.5 D, ,=06 D, and
u.=1.0 D for IIL. For conformer IV the following
predictions were made: 4=28.3 GHz, B=3.89
GHz, C=3.65 GHz, with p,=13 D, y4,=20 D,
and =0 D for symmetry reasons. Searches for
these forms were negative, and from the spectral
positions of the unidentified lines it is concluded
that they most likely belong to neither III nor IV.

The second possibility is that the unidentified
transitions belong to a third heavy-atom gauche
rotamer, a conformer calculated to be less stable
than I by 4.02 kcal/mol by Pople et al.®. The
rotational constants for this conformer are predicted
to be rather close to those of the two identified
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Table 10. '*N quadrupole splittings and diagonal elements of the quadrupole coupling tensor.

Transition F->F E,(obs.) E (obs.)— E (calc.)
(MHz) (MHz)
To,7 > T16 88 0.15+0.03° 0.01
77 —0.334003 0.02
211220 3-3 —0.324+0.03 0.04
312732 4-4 —0.28+0.03 —0.05
3-3 0.76 +0.03 0.06
4,3—4,, 555 —0.154+0.03 0.01
44 0.52+0.03 0.07
00— 11,1 1-2 —0.10+0.03 0.02
1-1 0.524+0.03 —0.06
lo,i =24, 23 —0.07+0.04 0.04
152 0.66+0.03 0.08
0-1 —1.204003 0.08
2,,2730,3 3-4 0.26+0.04 0.08
253 —0.47+0.03 0.06
3137404 4-5 —0.04+0.03 -0.17
34 —0.384+003 —0.05
21122, 353 —0.414+0.03 —-0.04
252 1.25+0.03 -0.03
-1 —1.34+0.04 —0.06
4,34, 5-5 —0.174+0.04 0.03
44 0.55+0.04 0.01

Xaa= —2.78+0.14 MHz

Yop=2.34+0.08 MHz

7 Uncertainties represent one standard deviation.

rotamers, but the facts that this form will have no
hydrogen bond and that the probable direction of
the amino group lone electron pair is nearly
parallel to the C—F bond indicate a high energy
for this conformer in agreement with the ab initio
result.

Thus, the third possibility that remains, namely
that these transitions are unassigned, vibrationally

H F H F
\\\ \\\
t ¢ t—oc
\ \
\ \
A \\
N N HOR
!
\

H H

/
N \

H N OH
H

m v

Fig. 2. Heavy-atom anti conformers of 2-fluoroethyl-
amine. No hydrogen bond is possible in these cases.
Neither of these were identified in the microwave
spectrum.
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excited state lines presumably for rotamer II, seems
most probable both because of their intensities,
Stark effects, and spectral positions.

It is thus concluded that the presence of any anti
form would have been noticed if its concentration
had exceeded 10 ¢; of the total. Conformer I and II
are thus conservatively estimated to be more stable
by at least 0.75 kcal/mol than any other form of the
molecule.

Absolute intensity measurements have also been
made for some spectral lines of both I and IIL
Although this method is rather crude,'® it gives
independent evidence pointing in the same direction.

Energy difference between the two conformers.
Relative intensity measurements® were made to
determine Gibbs free energy difference between the
two conformers. The peak intensities were taken
by slowly scanning over the spectral lines. The
carefully selected transitions were strong and,
hopefully, not seriously perturbed by overlapping
lines or Stark components. Lines with unresolved
quadrupole fine structure were used in order to
avoid complications from this effect. In several
cases high J lines with coalescing K_; doublets of
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Table 11. Intensity measurements,” equilibrium constants, and Gibbs’ free energy difference of conformers
I and IT of CH,FCH,NH, at 215+ 5 K*

Conformation Transition 04/t K= [[II—I]] (?(f:;;l/mol)
I 205121 a2 12 13 —o.1
. T 12 L0 00
I e 075 14 ~0.14
I 110 24 L1 —0.04
I PP 059 1 ~004
I 43::5;4;5”4 099 10 00
I 35 e 15 08 0.10
{I ;gf: [ 11353.1 1 0.84 0.8 0.10
I 3§:;2:3361{Z 1.6 11 -0.04
I e 17 07 030
I B 25 12 ~008
I 23:-27:28321-2 36 10 00
I e 26 1o 00
I 23:65:2632;4 18 12 ~008
Ko, = [[T% = 1.06+0.19 AG® = —0.0740.10 kcal/mol

¢ Uncertainties represent one standard deviation.

k=1 _ ﬁ(ﬁ)’(ﬂh@)&
(] o\ w ABC,
both b- and c-type were utilized. The peak intensities

of these lines were assumed to be equal to the sum 5

of the intensities of the individual transitions of ;[lnuguexp(——E,"/k T):l

which these lines were composited. The equilibrium
constant K was calculated from eqn. (2) which is a Z[l,plexp(—Eﬁ‘,/kT)]
slight modification of eqn. (2) of Ref. 16. g
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The symbols of eqn. (2) are defined in Ref. 16 except
for the sum symbols (the capital-letter sigmas).

Eqn. (2), as well as the relative intensity measure-
ments, is based on many assumptions and there are
several sources of errors both systematic and
random.!®'7 However, by using a large number of
measurements including both high and low values
of J, it was hoped that these may, to a large extent,
cancel. This optimism is in fact strengthened by the
findings of Table 11 which show remarkably con-
sistent values for the equilibrium constant. A precise
value of —0.0740.10 kcal/mol is found for the free
energy difference between I and II.

The entropy difference between these two
rotamers was approximated from eqn. (3).!°

1 —exp(— 1.4 x 162/215)

AS® =
S = R 144 195/215)

(&)

which yields AS°=—0.24+0.2 cal/(mol K), where
the error limit is assumed to be representative for
systematic and random errors.
Application of eqn. (4)
AG° = AH®°—TAS® )
gives the enthalpy difference as AH°= —0.11
kcal/mol. Error bounds are difficult to estimate,
and 0.3 kcal/mol is judiciously chosen. It is thus
concluded that conformer 1 is slightly more stable
than II by 0.1+03 kcal/mol. However, II is
favoured by entropy by 0.2+0.2 kcal/(mol K),
mainly because the torsional frequency of this

rotamer is lower by about 30 cm™".

<@aamzm
N

o
CONFORMER 1
| | 1
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Potential function for the rotation of the amino
group. There are insufficient data for constructing
a full potential function for the rotation of the amino
group keeping the rest of the molecule in a fixed
heavy-atom gauche position. The only information
that is available comes from the bottoms of the
potential wells of the two conformers. The regions
between them are quite uncertain. In fact, it is not
known at all whether the third gauche conformer
with staggered atomic positions is stable. A typical
potential function is sketched in Fig. 3. The CCNH,
dihedral angle is taken to be 0° for I and 240° for
IL. 120° corresponds to the third gauche conformer.
The full line in this region corresponds to a stable
conformer, while the dotted line corresponds to an
unstable form. Peak heights are probably in the
3 —46 kcal/mol range. This is somewhat higher than
in methylamine,'! where the three-fold rotational
barrier is 1.95 kcal/mol. The reason for assuming
that the barrier is higher for the title compound
than for methylamine is the hydrogen bond which
restricts motion about the C— N bond. This is also
reflected in the torsional frequencies as discussed
above.

Structure of the two conformers. Only one isotopic
species was studied for both rotamers and only
three rotational constants are thus available for
each conformer. A complete geometrical structure
cannot, therefore, be determined for the two forms.
A selection of parameters to be fitted must be made.
The FCCN dihedral angle and the CCN angle were
chosen because the rotational constants are sensi-
tive to variation in these parameters and because
they are chemically interesting. Further important

CONFORMER II CONFORMER 1
| | |

[ 60° 120°

180°*

240° 300° 360°

Fig. 3. Plausible shape of the potential function for rotation of the amino group about the C—N bond
for the heavy-atom gauche conformers. Full line corresponds to the existence of a stable third gauche
conformer. Dotted line indicates the probable shape for an unstable form.
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Table 12. Plausible structural parameters and observed and calculated rotational constants of the two

conformers of CH,FCH,NH,.

Assumed structural parameters common for conformer I and II

C-F (A4) 1.398 CCF (%)
C-N (A) 1.469 HNH (°)
C-C (A) 1.510 CCH (°)
C-H (A) 1.093 HCH (°)
N-H (4) 1.017 CNH (°)

Fitted structural parameters

Conformer [
FCCN (°) 64+2 from syn

CCN () 110+1
Hydrogen bond parameters

N--F A) 2.87
N-H,F (A) 2.55
(LN—HF () 99
LC—F, N-H, ()¢ 4
LC—F, N-H, () 70

Sum of van der Waals’ radii *
N---F 285 A H-F

Rotational constants (MHz)

Obs. Calc. Diff. (%)
15437.67 15414.38 0.15
5302.39 5302.92 0.00
4439.52 4426.45 0.29

109.70 HNCC (°)* 60 or 180
109.48
109.48
109.48
109.48

Conformer II
63+2 from syn
1145+1

294
2.63
97

5

68

Obs. Calc. Diff. (%)
15186.49 15197.49 0.07
5222.06 5216.61 0.11
4400.76 4415.85 0.52

?See text. ® Amino groups assumed to be in exactly staggered positions. ¢ Angles between C—F and N—H
bonds. ¢ Taken from Pauling, L., The Nature of the Chemical Bond, 3rd Ed., Cornell University Press, Ithaca, N.Y.,

1960, p. 260.

structural parameters as, for example, the HNCC
dihedral angles cannot be meaningfully fitted
because the rotational constants are relatively
insensitive to these angles as a result of the small
masses involved. The amino group hydrogens were
then assumed to be in exactly staggered positions.
The remaining bond lengths and angles which were
kept constant in the fit, were selected from accurate
structural studies of related compounds. They are
shown in Table 12.

This table also shows that good agreement exists
between the observed and calculated rotational
constants. The error limits of the FCCN dihedral
angle and the CCN angle are assumed to encompass
differences between the assumed structural param-
eters and the real ones.

The FCCN dihedral angles were found to be
slightly larger than 60° from syn. This was also

found for the two corresponding conformers of
ethylenediamine.? The CCN angle takes the normal
value of 110° in conformer I, but is about 4.5° larger
in II. The opening of this angle is perhaps a result
of non-bonded repulsion between the amino group
hydrogen not involved in hydrogen bonding, H,,
and the nearest hydrogen atom of the CH,F-group.

The hydrogen bond structural parameters, though
somewhat more uncertain than the two fitted
angles, indicate that the geometry is unfavourable
for strong hydrogen bonding. Electrostatic interac-
tion, however, seems to be nearly ideal as the C—F
and N —H, bonds are about 5° from being parallel.

DISCUSSION

There are probably several reasons why 2-fluoro-
ethylamine prefers two gauche conformers I and II.
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Hydrogen bonding is undoubtedly an important
factor for this preference. The hydrogen bonds in
these two conformers are very similar. The H,— N
and C—F bonds are nearly parallel as shown in
Table 12. This is very favourable for an electrostatic
stabilization of the observed conformer. Covalent
bonding between the H, and fluorine atoms is prob-
ably of little importance in this case because the
distance between these two atoms is roughly as large
as the sum of their van der Waals radii. It is,
therefore, concluded that the hydrogen bonds are
mainly electrostatic in origin in both conformers.

Unfortunately, it was not possible to find any
sign of a heavy-atom anti conformation and thereby
determine the energy difference between gauche and
anti conformations. However, in the isoelectronic
molecules CH,(OH)CH,F'® and CH;(NH,)-
CH,NH, !° high temperature electron diffraction
experiments have shown that the gauche conforma-
tions are so stable that hydrogen bonding alone
can hadrly account for this preference. It is quite
likely that the hydrogen bonds in these cases are
augmented by a rather large dispersion force be-
tween the proton acceptor and the proton donor.
This significant dispersion-force stabilization seems
to be present in all CH,XCH, Y-molecules provided
that X and Y are the electronegative atoms or
groups F, OH, or NH,. Even CH,FCH,F exists
with gauche more stable than anti by 0.93 kcal/mol. %
In this molecule there is, of course, no hydrogen
bond. Thus, it will come as no surprise if future
electron diffraction experiments indeed show that
the anti conformers of CH,FCH,NH, are less
stable than gauche by several kcal/mol.
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