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The microwave ground state spectra of antiperiplanar and synclinal normal propyl fluoride
have been measured by microwave Fourier transform spectroscopy and analysed for methyl
torsion fine structure. Additionally, the spectrum of the synclinal form in the first excited state of
the methyl group has been investigated due to methyl torsion. The difference of the values
determined for the barrier heights in the ground and first excited state of the synclinal form is
discussed by an approximate treatment of the coupling of CH; and C—C torsional motions.

As high J transitions were measured a centrifugal distortion analysis was necessary.

I. Introduction

Some years ago Hirota [1] investigated the micro-
wave spectrum of the antiperiplanar (trans) and
synclinal (gauche) rotational isomers of normal
propyl fluoride, CH;CH,CH,F. He determined the
rotational constants, the dipole moments and the
barrier heights hindering methyl rotation using lines
of the first excited state of methyl torsion since the
barriers are too high to yield splittings in the
ground state, which could be resolved by Stark
spectroscopy.

We reinvestigated the spectra of the two rota-
tional isomers of normal propyl fluoride with the
higher resolution of microwave Fourier transform
(MWET) spectroscopy to resolve the methyl torsion
fine structure in the ground state.

To verify some structural assumptions made by
Hirota [1] to analyse the methyl torsion splittings,
it was an important point of this work to determine
not only the barrier height but also the moment of
inertia of the methyl group and the angles between
the internal rotation axis and the principal axes.

Reprint requests to Prof. Dr. H. Dreizler, Abteilung Che-
mische Physik im Institut fir Physikalische Chemie,
Christian-Albrechts-Universitdt, Olshausenstr. 40, D-2300
Kiel 1, F.R.G.

II. Experimental

Normal propyl fluoride was prepared by the
reaction of normal propyl bromide, CH;CH,CH,Br,
with silver fluoride, AgF, and used after vacuum
destillation.

The spectra were recorded in the range of 8 to
26 GHz by use of the microwave Fourier transform
spectrometers described in [2, 3, 4].

Sample pressure was around 0.3 mTorr and cell
temperature was around — 60 °C.

III. Ground State Spectra

A part of the measured frequencies and their
assignments are listed in Table a and 1b for the
antiperiplanar and synclinal rotamer of normal
propyl fluoride in the ground state, respectively.
Only a reduced set of lines could be reproduced in
this publication. The complete list of measurements
is available in the Universitétsbibliothek Kiel under
the number TNA 1 *. Figure | gives an example of
the recordings.

The measurement of narrow split multiplets
(4v =200 kHz) in the range 18 to 26 GHz (K-band)

* Universitatsbibliothek, Westring 400, D-2300 Kiel 1,
F.R.G.
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Flg 1 .],(7,(+ = 187 n- I7g 10 and 187 32— 1789 transition of
synclinal normal propyl fluoride in the ground state with
CHj3 torsion splitting. A section of 8 MHz out of a 25 MHz
range of the power spectrum is given. The frequency
increases from left to right. Sample interval 20 ns, 640 k
cycles, 1024 data points supplemented by 3072 zeros,
pressure 0.3 mTorr, temperature —60 °C.

were refined by line contour analyses [5]. Because
the spectra in the range of 8 to 18 GHz were
recorded some time ago, when no line contour
analysis was possible in our laboratory, splittings
with 4v = 200 kHz in this range are not used for the
fine structure analyses and indicated by “n” in
Tables 1 a and 1b.

The assignment was checked by the consistency
of the analysis of centrifugal distortion and torsional
fine structure. The two perturbation effects were
calculated separately. The calculated spectra were
refined by an iterative procedure to fit the mea-
sured ones.

The observed and by line contour analyses refined
splittings between A and E species 4v,,s were used
to analyse the torsional fine structure by the internal
axis method (IAM) by a program written by Woods
[6, 7] and modified by W. Kasten (program —
AC3IAM). For the two rotational isomers the
Fourier coefficients w,(s) (s the reduced barrier),
the angles ¥ (g,i) between the g=a, b, ¢ inertia
axes and the internal rotation axis i/, and the
moments of inertia /, of the methyl group could be
fitted.

No regular utype transitions could be measured
because the antiperiplanar form has a plane of
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symmetry perpendicular to the c-axis and the
1.~dipole moment of the synclinal form is small [1].
But by mixing of nearly degenerate K-doublets
some u.-type transitions of the symmetry species E
become observable. The intensity of these lines
increases with K_, see Figure 1. An explanation of
this effect is given by Herschbach [8]. These u.-type
transitions E* are connected with the regular pu-
type transitions A and E. Because p.- and pu,-type
transitions show a different centrifugal distortion
effect, the program was modified to include cen-
trifugal constants up to fourth order (Watson’s A
reduction is used [9]).

The results for the torsional analyses are given
in Table 2 column 1 and 4 for the antiperiplanar
and synclinal form, respectively, in comparison with
Hirota’s [1] values in column 2 and 5 of Table 2,
determined with use of splittings of the first excited
state of the methyl group. The internal rotation
parameters were used to calculate the deviations
from the rigid rotor lines (program FC3IAM). The
deviations were added to the frequencies vy, in
Table la and 1b. The hypothetical unsplit lines
Vunsplit WeT€ evaluated as a mean value.

The frequencies vy, were used in a least
squares analysis to fit the constants in the following
Hamiltonian (Watson’s A-reduction is used [10,
11, 12], program ZFAP4 and ZFAP6):

H=1/2(B+ C)P*+[4—1/2(B + C)] P2
+1/2(B - C) (P}- P}
— AP — A;x P2 P2 — Ay P*— 28, P2(P2— P?)
~Bg[P5 (Px— Py + (P — P Pil
+ @ PO+ @y PP+ d g, PP P+ Dy PS
+2¢,P*(P; - P})
+ g PPiPz (Pe— P5) + (P5— P Pl
+ pefP(Pe— P+ (Pe— P P} (1)

For the antiperiplanar form only the centrifugal
distortion constants up to fourth order could be
determined.

The results for the centrifugal distortion analyses
are given in Table 3 column 1 and 3 for the anti-
periplanar and synclinal rotamer, respectively.

The internal rotation and centrifugal distortion
analyses were repeated iteratively until no further
changes in the derived parameters were observed.



Table 1a. Part of the measured frequencies vy, of antiperiplanar normal propyl fluoride with CHj; torsion fine structure in the ground state. The complete list is available in
the Universititsbibliothek Kiel under the number TNA 1, see text. /: symmetry species, v,,ii: hypothetical frequency without torsion splitting, Avoys, 4Veac: experimental and
calculated torsional splittings, n: not used for the fine structure analysis, see text. Frequency in MHz.

Jo KL K% J Ko K+ vons r Vunsplit Avobs Aveale J' KL K% J K- K+ Voo I Vunsplit AVobs Aveale
1a.1. A-transitions: 5 1 4-35 0 5 25 196.761 A 25 196.617
la.1.1. @-brancht 25 196.%45 E 0.216 0.224
8 1 7-8 1 8 8 578.818 A,E B8 578.812 0.0 0.038 2 % Bad & 8 muohese B Gl
9 1 8-9 1 9 10 720.242 A,E 10 720.234 0.0 0.048 25 960.725 E 0.221 0.227
10 1 9 -10 1 10 13 097.135 A 13 097.088 - 1&.2.2. R=branchs
13 097.065 E Celblnt DHOSE 5 0 S-4 1 4 14 066.430 A 14 066.633
11 110 -11 1 11 15 707.913 A 15 707.860 - A3 PECeltE, - e A
15 707.834 E 0.079 0.070 6 0 6-5 1 5 21 864.605 A 21 B64.735
- - bl
12 1 11 -12 1 12 18 550.697 A 18 550.639 <l pheRue E el 0-201
18 550.609 E 0. 089 0.083 5 y 9-9 2 8 8924.891 A 8 925.292
- ] =0
13 1 12 -13 1 13 21 622.977 A 21 622.914 8 9an.a8z B DHB01 0562
21 622.882 E 0095 0.096 44 4 10 -10 2 9 17 435.432 A 17 435.803
14 1 13 -14 1 14 24 921.609 A 24 921.528 17 405888 £ =0.557  -0.574
24 921.492 E 0.117 0.111 44 3 34 -13 2 11 16 210.052 A 16 210.491
16 210.70 -0.657  -0.65
la.1.2. R-brancht 2 F 0. 636
1S 1 15 —14 2 12 20 797.728 A 20 798.163
2 0 2-1 0 1 14 514.726 A,E 14 514.726 0.0 0.002 e o662 0. 661
2 1 1-1 1 0 14 754.998 A,E 14 754.998 0.0 0.003  1a 2 17 -17 3 14 11 335.955 A 11 336.562
1 .855 E -0.902  -o.
2 1 2-1 1 1 14 278.148 A,E 14 278.148 0.0 0. 001 1 35685 B0 QRS
. 20 219 -19 3 16 24 463.674 A 24 464,283
s 0 3 -2 0 2 21 767.476 RA,E 21 767.476 0.0 0.003 S 0908 -0.907
T 1 3 -2 1 2 21 416.015 AE 21 416.015 0.0 0.001 . » x popranche
3 2 1 -2 2z 0 21 782.15 A 21 782.148 B BB b W GhAEES B G
21 781.551 E 02533 0805 24 041.219 E 0.649 0. 644
3 2 2-2 2 1 21 774.848 A 21 774.846 6 2 S-7 1 6 15 965.995 A 15 965.59
21 775.447 E =0.593 =0. 600 15 965.377 E 0.618 0.621
1ia.2. B-transitions: 6 2 4 - 7 1 7 22 767.459 A 22 767.040
1a.2.1. @-branch: 22 766.848 E 0.611 0.616
1 1 0-1 0 1 23476.768 A 23 476.627 12 3 10 -13 2 11 20 611.968 A 20 611.336
23 476.556 E 0.212 0.217 20 610.926 E 1.042 1.043
2 1 1 -2 0 2 23717.036 A 23 716.888 12 3 9 -13 2 12 23 089.140 A 23 088.506
23 716.814 E 0.222 0.218 23 088.284 E 0.856 0. 855
13 3 11 -14 2 12 12 775.699 A 12 775.067
4 080.706
3 1.2-3 03 000 £ 0.216  0.219 12 774.692 E 1.007  1.004
4 1 3 -4 O & 24 572.293 A 24 572.149 14 311 -15 2 14 9 102.057 A 9 101.459
24 572.077 E 0.216 0. 221 9 101.159 E 0.898 0.903



Table 1 b. Part of the measured frequencies v, of synclinal normal propyl fluoride with CHj; torsion in the ground state, see also Table 1 a.
* indicates “dipole forbidden” transitions, see text.

JOKL Ky J Ko K+ Vo r Vonapiit Avos AVeare J' K. K: J K. Ke Vs r Vil Avope Mreare
1b.1. A-transitions: 6 1 S-6 0 6 20 432.906 A 20 432.879
ib.1.1. @-branch: 20 432.866 E 0.038 0.037
5 1 4-5 1 S 11 804.209 A,E 11 B804.204 0.0 0. 029
7 1 6-7 0 7 24696.036 A 24 695.995
7 1 6-7 1 7 21 753.902 A 21 753.860 24 695.974 E 0. 062 0. 043
21 753.839 E 0.063 0. 053
5 2 3-5 1 4 25338.998 A,E 25 338.995 0.0 0.016
8 2 6-8 2 7 8 383.416 A,E B8 383.416 0.0 0. 030
6 2 4-6 1 5 24692.114 AE 24 692.111 0.0 0.017
9 2 7-9 2 8 12 259.432 A 12 259.392 -
12 259.373 E 0. 059 0. 043 7 2 S-7 1 6 24 533.164 AE 24 S533.161 0.0 0. 020
10 2 8 -10 2 9 16 953.872 A 16 953.824 - 8 2 6-8 1 7 25 019.981 A,E 25 019.977 0.0 0.025
16 953.800 E 0.072 0. 057
11 2 9 -11 2 10 22 417.037 A 22 416.986 5o R s
22 416.961 E 0.076 g oGre 128 R-ovens
s T E SOTEANT B 50 IRES 1 1 1 -0 0 0 18 799.029 A,E 18 799.027 0.0 0.009
- - - n
10 717.312 E 0. 065 0.050 2 0 2-1 1 1 9 29.387 A,E 9 296.387 0.0 -0. 003
14 3 11 -14 3 12 15 093.7839 A 15 093.737 _
=l 5. ara® O ST 3 0 3-2 1 2 19 277.736 A,E 19 277.736 0.0 0. 001
4 1 3 -3 2 2 11 903.644 A,E 11 903.644 0.0 -0. 005
1b.1.2. R-branch: 5 1 4-4 2 3 23 067.043 A,E 23 067.043 0.0 0. 001
1 0 1-0 0 0 9 381.09 AE 9 381.09 0.0 0. 002 6 2 4-5 3 3 9 706.976 A,E 9 706.978 0.0 -0.016
2 0 2-1 0 1 18 714.319 A,E 18 714.319 0.0 0. 005 T 4 FTeE T 4 Ui 9SrUGS & 51 DE7.TRE
21 237.768 E -0.059 -0. 050
2 1 1 -1 1 0 19 552.582 A,E 19 552.581 0.0 0.007
7 2 S-6 3 4 20 732.845 A,E 20 732.846 0.0 -0. 008
2 1 2-1 1 1 17 971.673 A,E 17 971.673 0.0 0.003
8 1 8-7 2 24 842.013 A 24 B42.062
. 24 842.087 E -0.074 -0. 065
1b.2. B-transitions:
1b.2.1. @-branch: 8 2 7-7 3 4 23530.592 A,E 23 530.597 0.0 -0. 031
1t 1 0-1 0 1 10 208.459 A,E 10 208.457 0.0 0.009 9 3 6-8 4 S5 17 983.376 A,E 17 983.379 0.0 -0.023
2 1 1 -2 0 2 11 046.723 A,E 11 046.721 0.0 0.011 10 3 8-9 4 5 25 773.432 A,E 25 773.437 0.0 -0. 030
3 1 2-3 0 3 12 391.298 A,E 12 391.295 0.0 0.015 11 4 7-10 S & 16 495.583 A 16 495.613 -
16 495.682 E -0.099 -0.077
4 1 3-4 O 4 14 337.785 A 14 337.772 -
14 337.766 E 0.019 0.020 12 4 9 -11 S5 & 25 850.275 A,E 25 850.288 0.0 -0.019
5 1 4-5 0 5 16 990.383 A 16 990.358 - 13 1 13 -12 2 10 24 622.514 A 24 622.626
16 990.345 E 0.038 0.028 24 622.682 E -0.168 -0.175



Table 1b (continued)

Table 1 b (continued)

J' K. K% J K_ K+ Vs I Vunsplit Avobs AVeale Jo' KL Ki J Ko Ky Vs I Vunsplit
13 5 8 -12 6 7 15 552.578 A 3 3 0-4 2 3 11 606.853 A,E 11 606.824
15 552.877 E 15 552.607  -0.299  -0.29
15 486.400 E* 66.178  66.173 5 4 2-6 3 3 11 915.066 A
11 914.819 E 11 915.040
13 5 9-12 6 6 15 485.344 A 12 064.045 E*
15 485.130 E 15 485.374  -0.214  -0.203
15 551.608 E* -66.264  —66. 264 5 4 1 -6 3 4 12 064.79 A
14 5 9-13 6 8 25379.577 A 25 379.603 - :f g?g'gﬁf E. 12 064.767
25 379.732 E -0.155™  -0.151 .
7 = ;
14 5 10 -13 6 7 25 239.381 A 25 239.409 2 B8 & 4 :g ;gé ggg 2 NpE—
~ : ]
25 233.301 E 0.080 0.070 S
1S 6 9 -14 7 B 14 754.181 A _
14 756.762 E_ 14 754.215  -0.561 -0.567 7 8 2-8 a4 § ig ;gg'ggg 2 R —
14 752.887 E 11.294 11.290 o e
15 6 10 -14 7 7 14 742.260 A 2 B el A EugEaEd B
16 741,760 E_ 14 742.274 0. 460 0. 461 oyl T .
14 753.635 E -11.395 -11.395 22 e 1et
16 1 16 -15 2 13 13 533.398 A 13 533.567
® y IS 5as.652 E ® -0.254  -0.248 R R A@=9 85 5 ZWA0R A
22 978.623 E_ 22 977.985
16 6 10 -15 7 9 24 501.225 A 22 976.805 E
4 501.672 E 24 S01.255 -0.447  —0.453
ga 27% gaa E® 25. 227 25.230 9 6 4 -10 5 5 13 430.367 A
c 13 429.748 E_ 13 430.329
16 6 11 -15 7 8 24 475.234 A 13 434.532 E
4. 4 475.263 0.353 0.358
32 égo.ggé E‘ z —25.315 —25.3?5 9 6 3 -10 5 6 13 435.096 A
13 435.586 E_ 13 435.059
17 710 -16 8 9 13 992.059 A 13 450816 E
13 932.826 E 13 992.097 -0.767  -0.762 -
is BBo. max E® \ A 0782 10 7 4-11 & 5 23691.742 A,E® 23 691.702
10 7 3 -11 6 6 23 692.007 A 23 631.960
17 7 11 -16 8 8 13 990.053 A "
13 989.409 E_ 13 990.091 0.644 0.643 23 691.897 E
- -1.592
1% 991,645 E L SR Lo 11 7 S5-12 6 6 14 145.938 A 14 145.89
*
18 7 11 -17 8 10 23 697.292 A 14 148,309 E
23 637.948 E 23 637.326 ~0.656  -0.654
" 0 65 11 7 4 -12 6 7 14 146.710 A_ 14 146.666
23 693.373 E 3.919 3. 921 15 ine se7 EE
18 7 12 -17 8 9 23 692.770 A B
23 692.216 E 23 692.804 0.554 o.547 13 8 6-16 7 7 iz gg;'ggg 2. 14 857291
23 696.799 EX -4.029 -4, 028 )
13 8 S5 -14 7 B 14 857.474 A 14 BS7.413
14 857.408 E*
1b.2.3. P-branch: 14 9 6 -15 8 7 25 108.164 A 25 108.103
25 108.008 E*
3 3 1 -4 2 2 10 901.214 A 10 301.133
10 901.128 E 0.088™ 0.074 14 9 S5 -15 8 8 25 108.164 A,E™ 25 108.112

1Vons

0.0

0. 247
-148.979

-0. 169
149. 053

0.471
-27.051

-0. 364
27. 132

0.725
-1.096

-0.597
1.221

0.619
-4.165

-0.490
4.280
0.0
0.110"

-0.371
0.503
o.101™

0. 066

0. 156

0.0

Avealc

=0. 015

0. 243
-148.977

-0.163
149. 057

0. 461
-27. 035

-0. 361
27.134

0.718
-1.096

-0.593
1.222

0.621
-4.164

-0.504
4,282
0.014
0.129

-0.361
0. 495
0. 033

0. 055

0.162

0. 009
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Ulv d be 4 @i UL LG LUVGO WL VU LV ULl Yobs Vi Oy ihviiiidid

J' K. K% J Ko K+ Vobs r Vunsplit AVobs Aveale J¢ KL K% J  K_ K&  vebs r Vunsplit AVops AVeale
1c.1. A-transitions: 6 1 S-6 0 6 20 385.391 A 20 386.461
1c.1.1. @-brancht 20 386.996 E -1.605 -1.591
6 1 -6 1 1 .7 .
5 b 12 §{§ agf 2 LR SL7. 084 -1.739 i, T 7 1 6-7 0 7 24603.514 A 24 604.929
. - . 24 605.637 E -2.123 -2.091
7 1 6-7 1 7 21 . .
21 33?_233 2 5 BEt.ESE -2. 270 -2, 2%9 5 2 3 -5 1 4 25541.660 A 25 542.112
) - 25 542.379 E -0.719 -0.721
8 2 6-8 2 7 8228.498 A 8 229.358
8 229.801 E —1.30% —1.317 6 2 4-6 1 S5 24878.324 A 24 878.793
24 879.048 E -0.724 -0.727
9 2 7-9 2 8 12 047.581 A 12 048.814 v B =T L B BAEH.GR B biESLGE
12 049.431 E -1. -1, = £ "
Lo 850 teiBaa 24 691.690 E -0. 839 -0. 835
11 2 9 -11 2 10 22 081.642 A 22 083.710
22 0B4.744 E =, s, 8 2 6-8 1 7 25136.301 A 25 137.001
or 408 B 072 25 137.358 E -1.057 -1.051
13 310 -13 3 11 10 411.501 A 10 412.931
10 413.665 E -2.164 —2.145 1c-2.2. R-branch:
1 1 1 -0 0 O 18 837.451 A 18 837.722
14 3 11 -14 3 12 14 693.981 A 14 695.885
14 696.843 E -2.868  -2.851 S SEReRE B =888 <.S06
15 312 -15 3 13 19 868.123 A 19 870.547 S 9 F~2 1 2 13205500 A 18 313.563
19 871.759 E -3.636  -3.619 i piel B ~0es  ~Ne7
5 1 4-64 2 3 22683.846 A 22 683.895
e, 1.4, H-Branchi 22 684.026 E -0.180 -0.167
1 -1 1 O 19 486.826 A 19 487.014 7 1 7-6 2 4 21 004.863 A 21 003.444
20 19 487.093 E -0. 267 -0.271 21 002.714 E 2.149 2.138
. 1 18 656.015 A 18 656.157 8 1 B8-7 2 5 24 651.805 A 24 649.961
zoz-boe 18 656.228 E -0.213 -0.1%4 24 649.036 E 2.769 2.745
2 1 2-1 1 1 17 918.671 A 17 918.761 6 2 4-5 3 3 91535675 A 9 153.236
17 918.823 E -0.152 -0. 131 9 155.963 E -2.288 -2.291
7 2 S-6 3 4 20 121.836 A 20 121.638
20 122.561 E -0.725 -0.724
1ic.2. B-transitions:
1c.2.1. @-branch: 8 2 7-7 3 4 23026.325 A 23 025.471
23 024.637 E 1.688 1.681
1 1 0-1 O 1 10 270.181 A 10 270.460
10 270.625 E —0. 444 -0.405 45 4 B -11 5 7 25 536.340 A 25 S535.542
25 548.974 E -12.634 -12.622
2 1 1 -2 0 2 11 100.992 A 11 101.314
11 101.483 E -0.491 -0.482 412 4 9 -11 S5 6 24 883.207 A 24 882.273
24 B67.976 E 15. 231 15. 227
X 4 2 -3 0 3 12 432.498 A 12 432.927
12 433.141 E -0.643 -0.628 14 5 9 -13 6 8 24 204.050 A
24 224.721 E 24 202.966 -20.671 -20.649
4 1 3 -4 0 4 14 358.362 A 14 358.938 24 090.724 E® 113.326 113. 336
14 359.226 E -0.864 -0.857
14 510 -13 6 7 24 072.658 A
5 1 4-5 0 S5 16 981.344 A 16 982.134 24 048.658 E 24 071.523 24. 000 23.971
16 982.529 E -1.185 -1.177 24 182.656 E* -109.998 -110.013
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Table 2. Internal rotation parameters of normal propyl fluoride in the ground and first excited methyl torsion state.
A fitting calculation of the constants of this table leads with the reduced set of lines of Table la, b and c only
approximately to the given values. To get the constants the complete set of measurements available in the Universitats-
bibliothek Kiel under the number TNA 1 is used, see text. Column 1: Parameters of the antiperiplanar rotamer in the
ground state fitted with splittings of Table 1 a. Column 2: Parameters of the antiperiplanar rotamer in the first excited
methyl torsion state determined by Hirota [1]. Column 3: Parameters of the antiperiplanar rotamer in the first excited
methyl torsion state fitted with splittings given in Table 1b of [1]. Only transitions with K_=2 are used. I, and < (g.i)
are taken from column | and kept fixed. Column 4: Parameters of the synclinal rotamer in the ground state fitted
with splittings of Table 1 b. Column 5: Parameters of the synclinal rotamer in the first excited methyl torsion state deter-
mined by Hirota [1]. Column 6: Parameters of the synclinal rotamer in the first excited methyl torsion state fitted with
splimngs of Table I'c. w,(s): Fourier coefficient, s: reduced barrier height: /,: moment of inertia of the methyl group.
¥ (g,i): angle between the inertia axes g =aq, h ¢ and the mternal rotation ax1s i: F: reduced mterna] rotation constam
V3: barrier height to internal rotation; 4. = cos* X (a.7) + cos® & (b.i) =1 — cos® < (c,i): /_=cos? X (a,i) — cos? & (b, i).

o standard deviation of the fit; 4v: mean experimental methyl torsion splitting. Assumptions in square brackets.

Standard errors in units of the last digit in brackets.

Column 1 2 3 4 S 6
w(s) = —0.7010(29)-10~* 0.380(47) - 1073 —0.2810(26) - 1073 0.12108(54) - 10~3
I,Jamu A’ = 3.157(6) [3.194] [3.157] 3.168(395) [3.194] 3.170(24)
{(a D[°] = 26.71(23) [27.0] [26.71] 55.54(40) [57.23] 56.04(20)
<): (b H[°] = 63.29(23) [63.0] [63.29] 38.74(38) [37.66] 38.47(19)
(¢, ) [°] = [90.00] [90.0] [90.00] 74.49(92) [73.61] 74.11(52)
F[GHZ] = 186.00(48) [184.1] [186.00] 168.0(19) [166.46] 167.8(13)
s = 67.926(33) 68(1) 68.1(13) 76.505(95) 80.2(5) 79.840(43)
V3[kcal/mol] = 2.7104(84) 2.69(4) 2.719(53) 2.758(35) 2.865(17) 2.874(24)
I3[kJ/mol] = 11.340(35) 11.25(17)  11.37(22) 11.54(15) 11.987(71) 11.03(10)
o [kHz] = T2 402.7 6.6 26.0
v [MHz] = 0.704 9.604 8.482 7.216
Correlation coefficient matrix:
wy (s) 1.00 wi(s) 1.00 wi(s) 1.00
I -0.87 1.00 L —0.82 1.00 I, 0.98 1.00
X(a, i) —096 0.85 1.00 Ay —-0.12 -0.25 1.00 Ay —-0.91 —0.95 1.00
A —-0.89 081 —-0.24 1.00 A 099 0.98 —0.94 1.00

IV. Spectrum of Synclinal Normal Propyl Fluoride
in the First Excited State of the Methyl Group

A comparison between the values for the hinder-
ing potentials determined by us using ground state
splittings, see Table 2 column | and 4, and deter-
mined by Hirota using splittings of the first excited
state of the methyl group, see Table 2 column 2
and S, shows that for the antiperiplanar form the
agreement is good but for the synclinal form there
is a difference of 107 cal/mol.

Because Hirota has made some structural as-
sumptions and because it is possible that the struc-
ture in the ground state and first excited state
differs, we reinvestigated the spectrum of the syn-
clinal form in the first excited state of the methyl
group torsion to determine not only the hindering
potential but also the angles ¥ (g,i) between the
principal inertia axes g =a, b, ¢ and the internal
rotation axis /, and the moment of inertia of the
methyl group 7,.

A part of the measured frequencies and their
assignment are listed in Table 1c. As for the ground
state lines, the complete list of measurements is
available in the Universititsbibliothek Kiel under
the number TNA 1.

Using the same procedure as for the ground state
spectra we get for the torsional and centrifugal
distortion analysis the results given in Table 2
column 6 and Table 3 column 5, respectively.

Because the sixth order centrifugal distortion
constants are not well determined and the correla-
tion coefficients are high and a centrifugal distor-
tion analysis up to fourth order is insufficient for
high J transitions, we performed an analysis using
the ground state sixth order centrifugal distortion
constants of Table 3 column 3 as fixed values, see
Table 3 column 5.

As one result of the torsional analysis we can
verify the value for the hindering potential deter-
mined by Hirota [1], although his structural as-
sumptions for < (g./) and I, are somewhat differ-
ent from our fitted parameters.
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Table 3. Rotational and centrifugal distortion constants of normal propyl fluoride in the ground and first excited methyl
torsion state. A fitting calculation of the constants of this table leads with the reduced set of lines of Table 1 a, b and ¢
only approximately to the given values. To get the constants the complete set of measurements available in the Univer-
sitatsbibliothek Kiel under the number TNA 1 is used, see text. Column 1: Constants of the antiperiplanar rotamer in the
ground state fitted with the hypothetical unsplit frequencies of Table 1a. Column 2: Constants of the antiperiplanar
rotamer in the ground state determined by Hirota [1]. Column 3: Constants of the synclinal rotamer in the ground state
fitted with the hypothetical unsplit frequencies of Table 1 b. Column 4: Constants of the synclinal rotamer in the ground
state determined by Hirota [1]. Column 5: Constants of the synclinal rotamer in the first excited methyl torsion state fitted
with the hypothetical unsplit frequencies of Table 1 c. The sixth order centrifugal constants are taken from column 3 and
kept fixed. Column 6: Constants of the synclinal rotamer in the first excited methyl torsion state determined by Hirota [1].
Watsons A-reduction is used. Conversion factor: 505 376 amu AZ2; o: standard deviation of the fit. Standard errors in units
of the last digit in brackets. Assumptions in square brackets.

Column 1 2 3 4 5 6
A [MHz] =26 986.6160(25) 26 986.73 14 503.76303(76) 14 503.69 14 554.1057(30) 14 553.97
B [MHz] = 3748.36348(39) 3748.32 5085.83422(28) 5085.71 5067.8570(10) 5067.74
C [MHz] = 3509.92740(35) 3509.88 4295.27013(23) 4295.28 4283.6197(8) 4 283.65
4, [kHz] = 0.8743(25) 6.3184(17) 5.9569(62)
A,k [kHz] =  —2.735(49) —30.226(12) —28.869(42)
A, [kHz] = 67.28(22) 78.4732(20) 75.952(48)
o; [kHz] = 0.074823(71) 1.86063(18) 1.75016(62)
ok [kHz] = 0.598(22) 13.3093(47) 12.867(32)
@, [Hz] = 0.0116(23) [0.0116]
®,x[Hz] = 0.212(32) [0.212]
Py, [Hz) = —1.225(41) [-1.225]
@y [Hz] = 2.733(23) [2.733]
p; [Hz] = 0.00349(29) [0.00349]
osx [Hz] = —0.040(25) [—0.040]
ok [Hz] = 0.57(19) [0.57]
% = —0.979687 —0.845116 —0.847283
I,[amu A?] = 18.726913(2) 34.844474(18) 34.723947(7)
Iy[amu A% =  134.825772(14) 99.369342(55) 99.721835(20)
I.[amu A% = 143.984745(14) 117.658723(63) 117.978727(22)
o [kHz] = 9.0 5.0 14.0
highest correlations:
(4, 4;¢) | =0.997 (4, B) | =0.985 [ (B, C) | =0.951
| (AK’AJK) =0.990 | (A/,AJK) | =0.985 | (A, B) =0.872
(4y,4%) | =0.980 (4,C), =0974 (4, C) =0.787

Because the angles ¥ (g,/) and the moment of
inertia /, determined for the synclinal rotamer in
the ground state and first excited state, see Table 2
column 4 and 6, are similar, we believe that it is
a good approximation to assume the same for the
antiperiplanar form. So we use the splittings of
Table IV in [1] and the values of ¥ (g,/) and I, of
Table 2 column 1 in this work to calculate a pre-
sumably better value for the hindering potential of
the antiperiplanar rotamer in the first excited
methyl torsion state. We get: V3= 2719(53) cal/mol,
see Table 2 column 3.

V. Discussion

At first we give a summary of the hindering
potentials V3 determined in the ground state v, =0

and first excited state of the methyl torsion v, =1
for antiperiplanar and synclinal normal propyl
fluoride: :

2710(8)
2719(53) * cal/mol ,
2758(35) cal/mol,
2874(24) cal/mol .

V3 (antiperiplanar, v, = 0): cal/mol,
V3 (antiperiplanar, v, = 1):
v,=0):

r,=1):

V3 (synclinal,
V3 (synclinal,

As mentioned above, the agreement is only good
for the antiperiplanar form. For the synclinal form
there is a difference we want to discuss now.

Because the parameters < (g,/) and /, show no
essential changes for ¢,=0 in comparison with
r,=1, see Table2 column4 and 6, we believe
structural reasons can be excluded.

* Error reflects only uncertainty of s.
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Fig. 2. Energy level pattern with

and without interaction between

the first excited CHj torsion state

v,v:=10 and the first excited

C—C torsion state 01. The A—E
E splitting is enlarged.

without interaction

The discrepancy may be explained in the follow-
ing way:

Using the ground state values of F and s, see
Table 2 column 4, a calculation of the torsion energy
levels E, , yields

Ey,=107.0cm™" and E,,=313.8cm™'.

By comparison a calculation of E,,. using the
values determined for the first excited methyl
torsion state, see Table 2 column 6, yields

1,=3209cm™".

The difference between E,, and Ej, of 7.1 cm™!

may be interpreted by interaction of the first ex-
cited methyl torsion level with some other low lying
vibrations, as the central C—C torsion changing the
angle t appears to be.

In the vibrational spectrum the v, =1-0 transi-
tion was found to be at wj=209.9cm™~' and the
v, = 1-0 transition at w3 = 140.76 cm™! [13].

In the following we assume that by interaction
between the v,r,= 10 and 01 level the 10 level is
shifted by 7.1 cm™' to higher and the 01 level to
lower energies, respectively, see Figure 2.

Hirota [14], see also Butcher [15], Kuhler [16, 17]
and Kasten [18], have discussed the Hamiltonian for
a molecular model containing, as degrees of vibra-
tional freedom, a methyl torsion () and a heavy top
torsion, as the C—C torsion (7) in this molecule.

Following Hirota the kinetic energy is given by

=%Z Ig-wé-f-%l,'iz+1,-dzZ/‘.g'wg
g g

+S8-a-t+1G 14,

(2)

with interaction

where I,(g=a, b,c) are the components of the
inertia tensor, @, are the components of angular
velocity of overall rotation, 7/, is the moment of
inertia of the methyl top, & the angular velocity of
the methyl torsion, 4, = cos (g, /). i is the internal
rotation axis, 7 the angular velocity of the C-C
torsion, and S and G~ ! are given by

S =Zm,-(a,->< r) e, (3)
J

and

G '=3 mri2+ Y mir?, (4)
k j

where "k indicates the frame and ;" the methyl
top atoms, m;. [ =j. k are the atomic masses. g, is
the vector between the jth methyl top atom and
the center of gravity of the three methyl top atoms,
e, is the unit vector of the internal rotation axis, and
r) is given by

I=j.k, (%)

where r; is the instantaneous and r) the equilibrium
vector.

The r/ of (5) are determined by the Eckart
condition:

Do (Pxrp)+ > m(r?xr)=0.
k j

ri=(r—r))/t,

(6)

With use of (2) the following Hamiltonian results:

H=Hg+ FopX+ (1/2) Mp?
—2Lpyp,—2(Fyp,—Lp)?

+1/2 V3(1 —cos 3a) + Vgrsin3a+ V(r) (7)
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where Hy is the rigid rotor Hamiltonian, p, and p,
are the angular momentum operators of the CH;
and C—C torsion, respectively, P,(g=a, b, c) are

Table 4. Partial rg-structure of synclinal normal propyl
fluoride in the first excited methyl torsion state calculated
with the rotational constants of Table 3 column 5. The
angle ¥ CCH(CH;) is determined from I, of Table 2
column 6 and not fitted. Assumptions in square brackets
are taken from Table 3 of [l1]. Additional the angles
X (g, i) between the inertia axes g and the C—CHj; bond
axis, assumed to be the internal rotation axis i, are derived
from the fitted structure for comparison with the cor-
responding values of Table 2 column 6.

[r(C—C): 1.534 A]

% CCH (CH3): 110.65°
[r (C—F): 1.379 A]

(% CCH (CH,): 109.64°]

[r (C—H): 1.094 A] [« CCF: 110.0°]
x CCC: 111.4°

derived parameters: dihedral angle: 62.6°

X (a, 1): 56.53°

X (b, i): 38.16°

X (c, i): 73.84°

Internal Rotation from the Microwave Ground State Spectrum

Table 5. Some elements of the extended tensor of inertia
and its inverse tensor of synclinal normal propyl fluoride
in the first excited methyl torsion state, using the assump-
tion, that the max. change of the C—C torsion angle 7 is
about 10°. Only the elements important to calculate the
perturbation correction, see text, are given.

I, =3.169amuA? Fy=175.87 GHz
S =1.146 amu A2 L = 21.55GHz
G~'=9.349 amu A2 M =113.32 GHz - rad?

El .=
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the components of the angular momentum operator
of the overall rotation, V3 is the threefold expansion
coefficient of the hindering barrier of the methyl
top, V(7) is the potential of the C—C torsion, and
Vs is the interaction potential between the CH; and
C—C torsion. The determination of Vg is the aim of
this interpretation.

At first it is necessary to assume a presumable
structure to calculate the parameters F, M and L.

Because there is no rg-structure known, we use
Hirota’s structure assumption [1] with three excep-
tions.

For the angle ¥x CCH(CH3) we believe 110.65° is
a better value than 110.14° given in [1], because our
torsional analyses yields for the inertia moment of
the methyl group a mean value of about 0.03 amu A?
lower than assumed in [1]. Additionally, we use the
rotational constants of the first excited torsional
state of the synclinal form, see Table 3 column 5, to
fit the angle ¥ CCC and the dihedral angle (pro-
gram MWSTR). The results are given in Table 4.

To calculate the parameters Fy, M and L (pro-
gram KUI) we assume additionally that in the 01
state the maximum change of the C—C torsion
angle 7 1s about 10°, because the wavefunction,
using the approximation of a harmonic oscillator
[19], has a maximum at 7=9.2°. The results are
given in Table 5.

Next the (Vstsin3a—2Lp,p,)-term may be
treated as a perturbation on the hindered rotor
energy levels of the methyl top and the C—C tor-
sional levels, which are approximated as those of a
harmonic oscillator. The basis functions used are
the Mathieu functions for the CHj torsion and the
Hermite functions for the C—C torsion. The second
order perturbation correction to the v, level is

[ E

vhvt 00U

5 | V(vyo| sin 3a|vh0) v, | T| v}y — 2 Lo 0 | py| via) (v, | pe| Uiy |2

(®)

vaoUy

because there are no matrix elements connecting states of different ¢ (= A or E).
Using the approximation that the 10 level is only perturbed by the 01 level, the difference between
the perturbation energies of the A and E species 4E] = E{pg— E{go IS

AE| =

Vs{1A|sin3a [0AY{0|z|1)—2L{1A |p, 0AY0|p. 1) ?

ElAO_EOAl

Vs{1E|sin3a |0EY{0|z|1>—2L{1E|p,|0EY{O|p,|1)|?
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Because the magnitude of the matrix elements in
the nominators of (9) is nearly independent of the
symmetry species:

(1A sin3x 0A)=xi-{1E sin3x 0E) (10)
and

(A p, 0A>Yx~i-(1E p,|0E), (11)

one gets the difference between the reduced per-
turbation energies of the A and E species 4b1:

Vs{1A|sin320AY {0/ 7/1>—2L{1A|p, 0AY0|p, 1) 2

Internal Rotation from the Microwave Ground State Spectrum

and get

Vs, = 2.93 10 GHz/rad = 2.79 kcal/mol - rad
=11.67 kJ/mol - rad ,

Vs, = — 5.64 10° GHz/rad = — 0.54 kcal/mol - rad
=—2.26kJ/mol - rad .

Unfortunately ‘there are two results without a pos-
sibility to exclude one.

Ab} = (4by— 4b))

’ (12)

(Evao— Eoar) - (Evgo— Eogr)

where
4
Abz-, = ﬁ (E"xArx o Er,Er,) s U= 0,1.

To calculate the interaction potential Vs we use

Eiao— Eoar ® Ejgo— Eop1 R 01— @3
=55cm~'=1649 GHz,
(1A sin3x0A)=0.4345[20],

see Fig. 2,

(1A' p, 0A) =i-3.041 [20].
O 1 1)=(M/2wy)"*=0.1130rad [21] .

O p. 1)=—i(w/2M)"?
=—i-4425rad"'[21],

Aby=—4.21510"6[20] ,

Aby = 2.503 1074[20],

Abj =—0.687 104 20] ,
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