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ABSTRACT

Microwave spectra of trans and gauche propyl fluoride and its isotopically substituted
species have been measured. The rg structures of the trans and gauche isomers of this mol-
ecule are determined from the observed moments of inertia. It is found that the CCC angle
values are largely different between two isomers, while the CCF angle values stay un-
changed. The r; structures of ethyl fluorosilane and ethylmethyl sulfide are re-examined
in order to compare the results with those of propyl fluoride. The differences in the struc-
tural parameter values between the rotational isomers are discussed for the present mol-
ecules and the analogous molecules such as ethanethiol and ethaneselenol.

INTRODUCTION

This investigation of the r, structure of propy! fluoride was inititated due
to our interest in the structures of ethyl fluorosilane [1]}, ethylmethyl sul-
fide [2, 3], ethanethiol [4, 5] and ethaneselenol [6].

For the trans and gauche isomers of ethylmethy!l sulfide, it has been found
that the CCS angle value of the trans isomer is much smaller than that of the
gauche isomer. This fact is understood if the ethyl group tilts toward the
lone pair electrons on the sulfur atom in a similar manner to the methyl
group. However, the difference in the CCSi angle values between the trans
and gauche isomers is also found for ethyl fluorosilane which has neither the
lone pair electron nor the multiple bond responsible for the tilt of the ethyl
group.

In order to compare the results with those of ethyl fluorosilane, we have
determined the r, structures of the trans and gauche isomers of propyl
fluoride whose microwave spectra and r, structures have already been re-
ported by Hirota [7]. The microwave spectra of the two isomers of propyl
fluoride and its isotopically substituted species were measured and the r,
structures were obtained from the observed moments of inertia.

The r, structures of related molecules, such as ethyl fluorosilane and ethy!l-
methyl sulfide, have already been reported by one of the present authors.
However, the procedures and the formula used in the analyses were different

*Dedicated to the memory of Prof. T. Shimanouchi.
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from those used for propyl fluoride. The r structures were re-evaluated for
these molecules.

The structures are discussed by comparing the present structures of propyl
fluoride with those of analogous molecules.

EXPERIMENTAL
Sample preparation

Samples of the normal and isotopic species were prepared by the following
reactions with the appropriate commercial chemicals.
(1) Reactions from propyl alochol to propyl fluoride.

CH,CH,CH,0H *2% CH,CH,CH,Br —*-14° © | CH,CH,CH,F (1)

ethylene glycol

(2) Reactions to prepare the appropriate isotopic propyl alcohol.

o LiAID,
| s s> CH; DCH, CH,OH (2)
CH,CH,COCI 2412, “”‘”’4 CH,CH,CD,0H (3)
CH,CH,CHO L—E%‘% CH,CH,CHDOH (4)
2
O

Mg <z
CDsl Et-;: CD;Mgl Ft.0.60°0 CD,CH,CH,OH (5)
13CH,I and CHD,I were used for *CH,CH,CH,OH and CHD,CH,CH,OH,
respectively.

CH,CD,Br ——» CH3CD,MgBr 222 °“= CH,CD,CH,0H (6)

CH,O gas was generated from paraformaldehyde by pyrolysis. CH;CHDBr,
13C enriched ethyl bromide and '*C enriched paraformaldehyde were used
for CH,CHDCH,OH, CH*CH,CH,OH and CH,CH}3CH,OH species, respec-
tively.

(3) Reactions to prepare the appropriate isotopic ethyl bromide.

CH,CHO 222, CH,CHDOH 2% CH,CHDBr (7)
Et,0
CH,COC! LE‘tA”’“ CH,CD,OH 22X, CH,CD,Br (8)
2

For CH4*CH,CH,F and CH;CH}3CH,F species, the samples prepared con-
tain about 50% of '*C while the other samples contain about 90% of '*C or
D. The deuterated and !'3C enriched reagents used were purchased from
Merck Sharp and Dohme, Canada.
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Spectral measurements

A conventional 100 kHz Stark modulation spectrometer was used for the
measurements of the spectra at dry-ice temperature.

RESULTS
Microwave spectra

The gauche isomer of propyl fluoride is reported to be more stable than
the trans isomer by 0.47 kcal mol™? and actually the microwave spectra of
the gauche isomer are much more intense than those of the trans isomer.
For the gauche isomer, the c-dipole component is much smaller than the a-
and b-components and a- and b-type transitions were measured. The asym-
metry index x is —0.845 and the observed frequencies of the transitions with
J < 6 and k, < 2 show appreciable amounts of centrifugal distortion contri-
butions. Rotational constants were then obtained to fit about twenty-three
observed transition frequencies with the rigid rotor and five van Eijck type
centrifugal distortion terms [8].

For the trans isomer, the ¢-dipole component equals zero and the isomer
is very close to the symmetric top molecule (x = —0.980). The observed a-
and b-type transitions exhibit very small centrifugal distortion contributions
so that the rotational constants were obtained to fit the observed frequencies
with J < 8 and k, < 1 with the modified rigid rotor formula which contained
the first term (d;) of the centrifugal distortion terms.

The rotational constants are listed in Table 1. Details of the observed tran-
sition frequencies and the centrifugal distortion constants obtained have
been deposited with the British Library Lending Division at Boston Spa,
Yorkshire, U.K. as Supplementary Publication No. SUP 26293 (19 pages).

r, Structure

The present data are sufficient to determine the r; coordinates of the
atoms in the molecule by the substitution method. The atom-labelling
scheme of the two isomers is given in Fig. 1.

For the trans isomer, coordinate values of all the atoms in the molecule
are not small, so the solutions of the Kraitchman equations are valid for all
the coordinate values except for those of the fluorine atom.

For the gauche isomer, the x, coordinate values of the hydrogen atoms
H* H’ and H’® are so small that the solutions of the Kraitchman equations
are unreliable, while all the coordinate values of the hydrogen atoms H3, H®
and H!® which are equivalent atoms of H* H’ and H®, respectively, for the
trans isomer, are not small and the solutions of the Kraitchman equations are
reliable for these coordinates. Then, the assumptions r(CH?) = r(CH?%),
r(CH®) = r(CH’) and r(CH®) = r(CH!°) were used to fix the x. coordinate
values of the H*, H® and H® hydrogen atoms.
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TABLE 1

Rotational constants (MHz) of propyl fluoride®

substitution®

A

trans Isomer
1CH,CH,CH,F
213CH,CH,CH,F
3 CH}*CH,CH,F
4 CH,CH}*CH,F
5CD,CH,CH,F
6 s-CH,DCH,CH,F
7 a-CH,DCH,CH,F
8 s-CHD,CH,CH,F
9 a-CHD,CH,CH,F
10 CH,CD,CH,F
11 CH,CHDCH,F
12 CH,CH,CD,F
13 CH,CH,CHDF

gauche Isomer

1 CH,CH,CH,F

2 1*CH,CH,CH,F

3 CH}*CH,CH,F

4 CH,CH}*CH,F

5CD,CH,CH,F

6 CH,DCH,CH,F-1

7 CH,DCH,CH,F-3

8 CH,DCH,CH,F-4

9 CHD,CH,CH,F-1,3
10 CHD,CH,CH,F-1,4
11 CHD,CH,CH,F-3,4
12 CH,CD,CH,F
13 CH,CHDCH,F-6
14 CH,CHDCH,F-7
15 CH,CH,CD,F
16 CH,CH,CHDF-9
17 CH,CH,CHDF-10
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26986.736(50)
26958.659(42)
26598.450(79)
26631.088(40)
23143.577(49)
26507.972(85)
25215.391(50)
23637.232(72)
24721.109(55)
22041.306(63)
24253.290(38)
22121.072(43)
24304.218(22)

14503.767(41)
14379.520(53)
14305.528(53)
14318.819(29)
12966.544(68)
14366.124(49)
13832.794(34)
13640.804(46)
13700.012(89)
13547.216(99)
13062.085(56)
12778.303(34)
13589.828(44)
13563.426(45)
12911.854(48)
13680.840(25)
13626.945(34)

3748.353(8)
3642.229(8)
3738.017(9)
3742.150(7)
3312.339(8)
3544.744(12)
3608.703(9)
3478.819(10)
3424.903(10)
3691.946(8)
3723.163(7)
3694.428(7)
3724.401(4)

5085.815(16)
4959.769(18)
5054.745(21)
5059.673(11)
4529.000(26)
4764.387(20)
4869.772(13)
5023.393(18)
4577.738(43)
4711.376(42)
4812.269(22)
4901.867(13)
4974.680(17)
5010.519(17)
4894.921(19)
5004.309(10)
4973.028(13)

3509.937(8)
3416.267(7)
3494.211(7)
3498.410(7)
3125.867(7)
3323.837(10)
3389.139(8)
3282.942(8)
3218.737(9)
3435.091(7)
3468.980(7)
3440.885(7)
3472.023(3)

4295.294(12)
4195.497(15)
4261.886(17)
4267.052(9)

3862.658(21)
4059.443(14)
4176.918(10)
4174.858(14)
3959.828(26)
3955.037(30)
4066.990(17)
4130.334(10)
4264.101(13)
4157.441(14)
4142.795(14)
4164.244(8)

4270.673(10)

aFigures in parentheses indicate uncertainties attached to the last digit calculated from
2.5 times the standard deviation, ®?The atom identification number of the substituted

atom by isotope (see Fig. 1).

The coordinate values of the fluorine atom were obtained by the first
moment equations, using the values of the other atoms for both isomers.

When calculating the coordinate values using the Kraitchman equations,
the remarks of Rudolph [9] were taken into consideration; that is, for the
trans isomer, coordinate values of the atoms on the symmetry plane were
used in the Kraitchman equation (egn. (6) in Rudolph’s paper). For every
hydrogen coordinate, there are several pairs of the parent-isotopic species
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GAUCHE

Fig. 1. Atom-labelling scheme of trans- and gauche-propyl fluoride (X = C) and ethyl
fluorosilane (X = Si).

useful to the solution of the Kraitchman equations, when an appropriate
coordinate transformation to the principal axes system of the normal species
is performed. The averages of the solutions obtained from the different pairs
were used for the r, coordinate values of these atoms [10]. Details of the
solutions of the Kraitchman equations have also been deposited at B.L.L.D.

The coordinate values thus obtained are listed in Table 2, and the differ-
ences between the observed and calculated moments of inertia are given in
Table 3.

The root mean square deviations (r.m.s.) of the observed and calculated
moments of inertia for all the isotopic species used (13 species for the trans
isomer and 17 species for the gauche isomer) are 0.4780 and 0.6816 amu A?
for the trans and gauche isomers, respectively. For the gauche isomer, the
I,,,1,.and I, values are —0.0770, 0.1119 and 0.0248 amu A?, respectively.

Structural parameter values calculated from the coordinate values are
listed in Table 4.
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TABLE 2

Atomic coordinates (A)? of propy! fluoride

Atom no. Xq Xp X
trans Isomer
1 H(Hs) —2.79107(19) 0.59283(80) 0.0
2 C —1.99447(17) —0.14278(236) 0.0
3,4 H(Ha) —2.12377(19) —0.77260(50) 0.88439(47)
5 C —0.61449(55) 0.52791(64) 0.0
6,7 H —0.49963(52) 1.16602(27) 0.88120(35)
8 C 0.47569(65) —0.50418(62) 0.0
9,10 H 0.43034(48) —1.13836(21) 0.89187(27)
11 F® 1.72818(100) 0.12279(243) 0.0

gauche Isomer

1 H 2.57584(36) —0.50821(172) 0.33578(195)
2 C 1.59117(28) —0.54952(82) —0.12122(365)
3 H 1.72836(45) —0.54769(138) —1.21425(62)

4 H 1.08510(66) —1.49714(59) 0.12258(3065)°
5 C 0.72664(62) 0.63532(72) 0.29870(154)
6 H 0.60268(65) 0.66861(58) 1.38973(33)

7 H 1.20448(35) 1.57878(39) 0.00143(1414)°
8 C —0.65083(50) 0.60231(55) —0.30963(108)
9 H —1.25596(31) 1.47173(38) —0.02276(1132)°
10 H —0.58328(61) 0.55080(64) —0.40877(27)
11 o —1.33710(106)  —0.52571(162) 0.12545(711)

aFigures in parentheses indicate the uncertainties attached to the last digit. ® Solved by the
first moment equations. ¢Solved by the assumptions, r(CH?) = r(CH#*), r(CH®) = r(CH"),
and r(CH®) = r(CH"), respectively,

Re-evaluations of the r, structures of the analogous molecules

It is desirable that the r, structures of the molecules analogous to propyl
fluoride are evaluated in similar procedures when the structural parameter
values are compared among the molecules. For ethyl fluorosilane and ethyl-
methy! sulfide, the rotational constants were determined so as to fit the
observed frequencies with the rigid rotor and centrifugal distortion formulae
of the Watson type (d,, djx, di, dgys and dgk) in the previous papers. On the
other hand, van Eijck [8] type centrifugal distortion formulae have been
used in the present work. Since some of the five centrifugal terms were neg-
lected in previous work, the rotational constants will be slightly shifted by
the use of the van Eijck type expression. Furthermore, when calculating the
coordinate values using the Kraitchman equations, the remarks of Rudolph
[9] were not taken into consideration.

Therefore the r, structures of ethyl fluorosilane and ethylmethyl sulfide
were carefully re-evaluated.
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TABLE 4

rs Structural parameters of propyl fluoride and ethyl fluorosilane?

Parameter CH,CH,CH,F CH,CH,SiH,F
trans gauche trans gauche
Skeleton nC*—C% (A) 1.534(1) 1.526(3) 1.539(14) 1.535(3)
HC—X% (A) 1.501(2) 1.506(2) 1.852(52) 1.851(5)
HX®—F) (A) 1.401(3) | 1.390(5) 1.613(95) 1.590(13)
a(CCX) 110038'(18 ) 112057’(19 ) 111035'(6"31 ) 113051’(§3 )
a(CXF) 109°58'(25')  110°3'(33") 109°23'(11°31")  109°4'(1°1)
s¢ 180° 62°36'(27") 180° 60°14'(45")
C—XH,—F NXH®) (A) 1,097(4)P 1.484(8)
NXH') (A) 1.095(1) 1.097(1) 1.47124) 1.482(7)
a(FXH) Oty gt 106°47'(52") 6t O el 107°11'(1°16")
a(FXH!%) 107713 (14) 107°43'(31) 107725(3°58) 106°58'(1°12")
a(CXH®) St ol 112°25'(39") 0 1Ot 112°9'(41")
@(CXH") 111035(8) 110°19'(15 11106 3°27) 110:21,(36,)
a(HXH) 109°1°(9") 109°22'(50") 110°13'(3°58") 110°52'(53")
C*—CH,—X r(CH% (A) 1.099(2) 1.087(2)
HCH) s(A) 1.094(1) 1.0%9(6)10 1.073(28) 1.085(2)
a(XCH®) O pmt ot 107°22'(18") Oral /g0 ap! 107°6'(23")
«(XCH') 108°57.(8) 107°53'(44') 109759 (5°26) 107°39'(20')
a(C3CH® 0ty ! 111°9'(24") Ot 0t 113°12'(24")
@(C*CH") 110026 (10") 110:14'(5;}') 109019 (2°36") 112:13,(28,)
Q(HCH) 107°18'(12")  106°57'(1°11") 106°28'(6°8') 101°56'(25")
cH, r(CH;) (A) 1.084(2) 1.086(3) 1.083(10) 1.087(2)
HCH? (A) 1.102(4) 1.104(3)
HCHY (&) 1093 1.102(9)P 1.07412) 1.104(8)P
cx(ccnla) 111°21'(25") 111036'(35') 112°14'(2°42") 11204’(35’)
@(CCH?) 0p ity gt 110°1'¢31") O gt Oyt 110°1'(35")
“(CFH4)3 110°59'(14") 110:17,(10?,) 111°30'(1°7") 112:35,(1056,)
a(H'CH?) O ationt 107°43'(42") 6, 1 00 106°45'(34")
«(H'CHY 107 41200 490°51'(1°87) 106 44 (108 ) 111°33'(1°41)
a(H3CH?Y) 107057'(27') 10609'(2 18") 107048'(2037') 103018'(3033 )
¢ 111°6'(17") 110°38'(44") 111 4%’(1 38") 111 330’(1'1’)
gd —14'(26") —58'(55) —29'(2°33") —30'(1°13")

aFigures in parentheses indicate uncertainties attached to the last digit. ? Obtained under
one of the assumptions of r(CH®) = r(CH!'?), r(CH®) = r(CH"), and r(CH?) = r(CH?). ¢y =
(¢(CCHY) + o(CCH?®*) + «(CCH*)]/3; unperturbed «(CCH). ¢ = (2/3)[(¢(CCH?) +
a(CCH*))/2 — «(CCH")]; tilt angle of the methyl group. ¢Skeletal dihedral angle around
the C*—X® bond.

Ethy! fluorosilane

As already pointed out in a previous paper [1], the b-dipole component
of the trans isomer is very small so that the b-type transitions could not be
measured. Then the A rotational constant could not be determined in suf-
ficient accuracy from the observed e-type transition frequencies since the
trans isomer is very close to the symmetric top molecule. In the previous
paper [1], the rotational constants were obtained so as to fit the observed
a-type transition frequencies with a modified rigid rotor formula which con-
tained the first term (d;) of the centrifugal distortion formula for all the
measured species. In order to check the results, the calculations were re-
peated, and identical results were obtained since the d; term of the van Eijck



17

type is the same as that of the formula used previously. However, it was
found that some of the reported observed frequencies of the transitions
having fast Stark effects exhibit relatively large differences from those calcu-
lated. Then, we decided to remeasure the frequencies of all the species of
both isomers for some of the important transitions. The rotational constants
of the trans isomer were obtained to fit about fifteen newly observed a-type
transition frequencies having J < 6 and k, < 1.

For the normal species, the A rotational constant was 17349.951 MHz
with a very large uncertainty of 11.653 MHz which is about two thousand
times larger than those of the B and C rotational constants.

For the isotopic species, the A rotational constants can be fixed if the AP,
values (equal to P, (isotopic) — P, (normal) where P, = (I, + I, —1,)/2) are
transferred from those of the analogous molecules and the A rotational con-
stant value of the normal species is regarded as correct. The AP, values
actually assumed were taken from those of the corresponding species of
trans-propyl fluoride and of methyl fluorosilane [10] and are given in
Table 5.

The moments of inertia and the coordinate values of the atoms in the mol-
ecule were calculated from the rotational constants thus obtained. It was
found that the uncertainty of the assumed A rotational constant of the nor-
mal species does not affect the calculated coordinate values so much since
the coordinate values remain unchanged as the A constant is shifted by
+100.0 MHz.

On the other hand, the AP, values assumed give large influences on the
calculated coordinate values.

For the gauche isomer, the rotational constants were obtained so as to fit
about twenty newly observed transition frequencies havingJ <6 and b, <1
with a modified rigid rotor formula which contained d;, d,;x and §; terms of
the centrifugal distortion formula.

Details of the observed frequencies, rotational constants, centrifugal dis-
tortion constants and the solved coordinate values of the atoms have been de-
posited at B.L.L.D. (Supplementary Publication No. S.U.P. 26293 (19 pp)).

The structural parameter values calculated from the coordinate values are
given in Table 4 and the observed and calculated moments of inertia are
listed in Table 5.

For the trans isomer, the r.m.s. value for all the isotopic species (9 species)
is 0.1229 amu AZ. Since the differences between the observed and calculated
I, values are negative for all the species used while 81, and 61, values are posi-
tive, some of the assumed AP, values seem to have small differences from the
actual values. However, we could not at present, make further corrections
for the assumed AP, values.

For the gauche isomer, the r.m.s. value for all the species (12 species) is
0.7515 amu A*? and the I,,, I,. and I, values are 0.1441, —0.1695 and
0.3919 amu A?, respectively. These values are considered to be reasonable
when we compare them with the corresponding values for gauche-propyl
fluoride.
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Ethylmethyl sulfide

For the trans isomer, the rotational constants were obtained to fit the
observed frequencies with a modified rigid rotor formula which contained
only the d; centrifugal distortion term in the previous paper [2]. The calcu-
lations were repeated and the reported rotational constants were well repro-
duced. For the gauche isomer, all the five terms of the centrifugal distortion
terms, d;, d;x, dx, gy and dgg, were considered for the determination of
the rotational constants in the previous paper [3]. The calculations were
carried out by use of the formula which contained all five terms (d,, d;x,
dg, 6; and R;) of the van Eijck type expression for the centrifugal distortion.
However, the rotational constants obtained were essentially equal to the old
values within experimental uncertainty. Therefore, the moments of inertia,
r, coordinate values of atoms, and the structural parameter values are almost
the same as reported previously.

DISCUSSION
Comparison of the r, structures of propyl fluoride and ethyl fluorosilane

As shown in Table 4, the r, structures of propyl fluoride and ethyl fluoro-
silane exhibit surprisingly similar features concerning the differences of
parameter values between the trans and gauche isomers, though the experi-
mental uncertainty sometimes exceeds the characteristic differences of the
values.

The structural parameter values of the trans and gauche isomers will be
hereafter denoted as r(C?C®), a,(CCX) and so on where X indicates the C?
carbon atom for propyl fluoride and the Si atom for ethyl fluorosilane,
respectively. Furthermore, the average of two parameter values will be de-
noted as of'(FXH®, FXH") and so on. The following features can be seen
from the table.

(1) Skeleton. r(C*C?) > ry(C*C®), rdXF) > r(XF), a(CCX) < 0,(CCX),
a;,(CXF) = a,(CXF). For propyl! fluoride, r,(C*X) < r,(C°X), while r,(C°X) =
r¢(C*X) for ethyl fluorosilane.

(2) F—XH,—C group. r;(XH) < ry(XH), «(HXF) = o2"(H°XF, H'°XF),
a,(CXH) = a3"(CXH®, CXH").

(3) C—~CH,—X group. r(CH) < r(CH), a(XCH) > o2¥(XCH®, XCH’). For
propy! fluoride, r,(C*CH) = r3"(C*CH®, C*CH’), while r,(C*CH) < r3*(C*CHS,
C?CH?’) for ethyl fluorosilane.

(4) CH; group. r(CH?#) < r#¥(CH?, CH*), o, (CCH') = o, (CCH"), o, (H'CH?#)
< o2'(H'CH?, H'CH*).

For propy! fluoride, a)(CCH*4) > a2"(CCH?, CCH?), while ay(CCH**)=
a?'(CCH?, CCH*) for ethyl fluorosilane. The methyl groups of both isomers
for both molecules have negligible tilt angle values except for the gauche
isomer of propyl fluoride which has a tilt angle value of about 1° toward the
H® and H” hydrogen atoms, though the uncertainty is close to its absolute
value.
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Comparison of skeletal structures between analogous molecules

The skeletal structural parameter values of analogous molecules are listed
in Table 6. The trans and gauche isomers of a series of molecules listed ex-
hibit similar features on their CCX angles; that is, the CCX angle value of the
gauche isomer is markedly larger than that of the trans isomer. On the other
hand, the CXY angle values remain unchanged within experimental uncer-
tainty except that of ethylmethyl sulfide where the CXY value of the gauche
isomer is larger by 1°20’ than that of the trans isomer, in a similar manner as
for the CCX angle. When the CXY angle is constant, the features of the CCX
angle can be illustrated well as in Fig. 2, where the skeletal internal rotation
axis is not coincident with the CX bond but is inclined by 6 against the CX
bond and passes through the carbon atom of the CH, group. The unper-
turbed CCX angle v is defined as the angle between the skeletal internal rota-
tion axis and the CH;—C bond, while the tilt angle ¢ is defined as the angle
between the skeletal internal rotation axis and the C—X bond. The skeletal

TABLE 6

Comparison of skeletal structural parameter values?

r(CH,C) (&)  r(CH,X)(A) r(XY)(A) a(CCX) o(CXY) &

CH,CH,CH,F (X = CH,, Y = F)

trans 1.534 1.501 1.401 110°38'  109°58'  180°
gauche 1.526 1.506 1.390 112°57' 110°% 62° 36’
CH,CH,SiH,F (X = SiH,, Y = F)

trans 1.539 1.852 1.613 111°35'  109°23  180°
gauche 1.535 1.851 1.590 118°51'  109°4’ 60° 14’
CH,CH,SCH, (X = §, Y = CH,)

trans 1.530 1.803 1.805 109°28’ 98°58'  180°
gauche 1524 1.806 1.801 114°42°  100°17 69°16’
CH,CH,SH (X = §, Y = H)

trans 1.529 1.820 1.322 108°34'  96° 180°
gauche  1.528 1.814 1.336 113°37"  96°30' 61°45’
CH,CH,SeH (X = Se, Y = H)

trans 1.525 1.962 1.440 108°43' 93°30°  180°
gauche 1.524 1.957 1.467 113°31 93°5’ 61°39'
CH,CH,CH,CI (X = CH,, Y = Cl)

trans  (1.534) (1.501) 1.814 (110°38") (109°58)  180°
gauche (1.526) (1.506) 1.798 114°14° 112°32' 63°44'
CH,CH,SiH,Cl (X = SiH,, Y = Cl)

trans  (1.539) (1.852) 2.070 (111°35'y (109°23)  180°
gauche (1.535) (1.851) 2.064 (113°51')  109°14' 62°14'

aLarger values are underlined; figures in parentheses indicate the value transferred from
the corresponding fluoride molecule,
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Fig. 2. Relations among oy, ag, v, 6, 7 and 6.

dihedral angle of the gauche isomer, 8, given in Table 4, is defined as the
angle around the CX bond. However, this angle should be defined as the
angle around the new axis. When the skeletal dihedral angle of the gauche
isomer around the the new axis is denoted by 7, the following relations
among v, 6, 8, 7, a; and a, are found.

Y=o, +0

tan 6 = (cos o, — cos o, )/(sin a; + cos § sin o)

1 + cos 7= (cos a; — cos o, )/sin 6 sin y (9)
For v and 6, the following approximate relations are also valid.

v =(1/3)(0 + 2a)

0 =(2/3) (e — ) (10)

The relations (10) are those which we use for the tilt of the methyl group.

The v, 8, 6§ and 7 values obtained from the CCX angle values are given in
Table 7. The values obtained from the CSC angle values are also given in the
table for ethylmethyl sulfide. It is found that the y values of propyl fluoride
and ethyl fluorosilane are very close to the CCX angle values of propane [11]
and ethyl silane [12], respectively. As for the 8 values, the values of propy!
fluoride and ethyl fluorosilane are very close to each other, close to the
methyl tilt angle value of methyl fluorosilane [10], and smaller than the
values of the molecules which have an S or Se atom. The skeletal tilt angle
values of sulfide, thiol and selenol are larger by about 1° 20’ than the methyl
tilt angle values of the corresponding molecules [13—15]. This fact suggests
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TABLE 7

Skeletal unperturbed angles and tilt angles?®

Angle Compound Angle Value
X=C, 88
a(CCX) CH,CH,CH,F v 112°13'(112°10") 112°24'(CH,CH,CH,)
0 1°35'(1°32")
8 62°36'
T 62°1'
CH,CH,SiH,F ¥ 113°5'(118°5") 113°11'(CH,CH,SiH,)
6 1°31'(1°31") 1°45’'(CH,CH,F)
5 60°14’
T 59°40’
CH,CH,SCH, ¥ 113°18'(112°57’)
€ 3°50'(3°29') 2°30'((CH,),S)
5 69°16’
T 67°41’
CH,CH,SH v 111°58'(111°56")
0 3°24/(3°22)
8 61°45’
T 60° 30’
CH,CH,SeH ¥ 111°57°(111°55")
€ 3°14/'(3°12) 2°((CH,),Se)
5 61°39’
T 60°28’
a(CSC) CH,CH,SCH, ¥ 99°56'(99°50') 98°51'((CH,),S)
] 58'(53")
5 69°16’
T 69°6’

2Figures in parentheses indicate the values calculated by eqn, (10).

that the skeletal tilt angle arises from two different sources, one from the
source which produces the tilted methyl group for the molecules such as
dimethyl sulfide and the other from that which produces the skeletal tilt
angle of propyl fluoride and the tilted methyl group of methyl fluorosilane.
A comparison of the skeletal bond lengths between the trans and gauche iso-
mers shows interesting features. The first five molecules given in Table 6 can
be classified into two groups. For fluorides and sulfide, the bond nearly
parallel to the skeletal internal rotation axis is equal or a little larger for the
gauche isomer than for the trans isomer, while the two other bonds for the
gauche isomer are much larger than those for the trans isomer. On the other
hand, for thiol and selenol, the CC bonds stay constant between the trans
and gauche isomers, while the other two bonds show the opposite features to
the cases of fluorides and sulfide.

In order to check the above features of the skeletal bond and angles, the
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skeletal structural parameter values were checked for propyl chloride and
ethyl chlorosilane.

For propyl chloride, Sarachman [16] and Yamanouchi et al. [17] re-
ported the results from microwave spectroscopy and gas electron diffraction
for the normal species. They found that both the CCX and CXY angles of
the gauche isomer are much larger than those of the trans isomer.

For ethyl chlorosilane, Typke et al. [18] reported the microwave spectra
of the normal and three deuterated species.

Since the reported rotational constants are not sufficient to get the r
structures for both molecules, the ry, values of r(XY), «(CXY), and § were
fixed so as to fit the reported moments of inertia with those calculated,
while the other parameter values are transferred from those of propyl
fluoride and ethyl fluorosilane.

For the trans isomers of propyl chloride and ethyl chlorosilane, the re-
ported moments of inertia are easily reproduced merely by adjusting r(XY)
values. The r.m.s. values for all the reported species (two for propyl chloride
and five for ethyl chlorosilane) are 0.7843 and 0.1447 amu A2, respectively
which are as good as the cases of propyl fluoride and ethy! fluorosilane. For
the gauche isomer of ethyl chlorosilane, the adjustment of r(XY), «(CXY)
and 6 values produced a good r.m.s. value (0.4745 amu A?). On the other
hand, a very large r.m.s. value was obtained for the gauche isomer of propyl
chloride when adjustments of r(XY), «(CXY) and é values had been made.
Then, adjustment of the a(CCX) value was also necessary in order to reduce
the r.m.s. value (0.2294 amu A?). The results are given in Table 6.

The § values for the chlorides are found to be a little larger than those for
the fluorides. The r(XY) values are similar to those for the fluorides. Con-
cerning the values of a(CXY), ethyl chlorosilane shows similar features to
those of ethyl fluorosilane, while the gauche isomer of propyl chloride has a
larger o(CXY) value by 1°30' than that of the trans isomer, similar to those
of ethylmethyl sulfide.
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