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(Methylthio)methanethiol, CH;SCH,SH, and (methylthio)methanethiol-d;,, CH,SCH,SD, were prepared,
and their infrared spectra were obtained in the gaseous, liquid, and solid states. The obtained spectra have been as-
signed. The frequency shifts by D-substitution, gaseous-liquid transition. and liquid-solid transition have also
been discussed. The normal coordinates of these thiols have been treated by a modified Urey-Bradley force field.
The force constants used in the computation have been transferred from those previously reported, but we adjusted
them to produce the experimental wave numbers. The calculated wave numbers correspond well with those
observed. The stable molecular conformations of the normal and deuterated species have been determined by

the aid of the normal coordinate treatment.

In the gaseous and liquid states, at least three to four forms from

among TT, TG, GT, GG, and GG’ have been confirmed to exist. In the solid state, though, CH;SCH,SH or

CH,SCH,SD exists in only one form: GG.

Recently, the molecular vibrations and confor-
mations of alkanethiols have been extensively
studied.1~® At present, however, we can find no
report on the vibrational and structural analysis of
(methylthio)methanethiol. In this paper we will
discuss the vibrational assignments; we prepared CHj,-
SCH,SH and CH,SCH,SD and recorded their in-
frared spectra. From the vibrational data thus ob-
tained, we will first treat the molecular vibrations of
these molecular species in detail. (Methylthio)-
methanethiol, CH,SCH,SH has a molecular unit in
common with CHZSCH,-D and CH,;SCH,-SCH,.
We previously reported the existence of rotational
isomers on the CH;SCH,D species.”? As for the CH,-
SCH,SCHj species, we also postulated the existence
of rotational isomers around the C-S bond.® There-
fore, we will now try to establish the existence of rota-
tional isomers on the CHsSCH,SH and CH,SCH,SD
species. In order to determine the molecular con-
formation and confirm the vibrational assignment,
the normal coordinate treatment has also been carried
out for normal and monodeuterated (methylthio)-
methanethiol. For the organo-sulfur compounds with-
out the SCS skeleton, Scott and El-Sabban carried
out® the normal coordinate treatment by the use of
the valence force field; they thus obtained a set of
valence force constants. In the present study, the
molecular vibrations were treated with a modified
Urey-Bradley-type potential function, and the force
constants were determined on a part of the SCS
skeleton. The obtained force constants were then
compared with Scott and El-Sabban’s force con-
stants.
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Experimental

(Methylthio)methanethiol, CH,SCH,SH, was prepared
by the method of Fehér and Vogelbruch.”

Bp 61°C/47 mmHg, (reported® bp 60°C/47 mmHg).
The purity of the sample was above 989%,, as estimated by
gas chromatography. The deuterated species, CH,SCH,SD,
was prepared from normal (methylthio)methanethiol by the
direct exchange of thiol-hydrogen with D,O in the presence
of a small amount of catalytic potassium carbonate. The
gaseous spectra (4000—550 cm—1) were recorded by means of
a 10-cm gas cell equipped with KBr windows under an ap-
propriate vapour pressure. The liquid spectra (4000—200
cm™!) were recorded by means of a liquid cell equipped with
GsI windows. The solution spectra (4000—550 cm—1)
were recorded in carbon disulfide. The solid spectra (4000—
200 cm') were recorded near the temperature of liquid
nitrogen with a low-temperature cell. The instrument
used for the infrared measurement was a Perkin-Elmer Mo-
del 621 Spectrophotometer.

Vibrational Assignment

Tables 1 and 2 show the vibrational data obtained
for CHgSCH,SH and CH,SCH,SD respectively. In
the obtained spectra of the 3000—1000 cm—! region,

Fig. 1. Structures and conformations of (methylthio)-
methanethiol.
T = trans, G = gauche.

9) F. Fehér and K. Volgebruch, Chem. Ber., 91, 996 (1958).
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TaBLE 1. INFRARED FREQUENCIES -(cm~1) AND ASSIGNMENTS OF (METHYLTHIO)METHANETHIOL®

Gaseous Liquid CS; soln " Solid® Assignment®
3010 sh, vw
(3003 w 2985 sh, s 2985 sh, w Vo-H
2996 sh, vw
2987 w
2980 w 2975 s 2974 s 2971 m Vo-H
(2951 w
2941 w
2937
2932 vs 2915 vs 2913 vs 2914 s Vo-u
2927
(2918 sh, w
2913 sh, w
<2905 sh, vw
2902 sh, vw
~2850 w 2854 w 2852 w 2853 vw over or combi
~2835 sh, vw 2829 w 2827 w 2825 vw over or combi
2605 sh, vw, br 2610 sh, vw, br —
2545s, vvbr 2550 m, vbr 25155, vbr Vs-H
2500 sh, w 2500 sh, w —
2430 sh, vw —
1461 w 1437 sh, vw 1438 sh, w
1451 m
1447 m
1445 m 1435 vs 1433 s 09gn,
1441 m
1435 m
1428
1426 m 1422 vs 1418 s 0cn,
1423
Gi(l)g :'NV 1415 sh, vw —_ over -or combi
1395 vw 1393 m 1393 m 1383 w ¢,
1323 vvw 1318 w 1317 w 1313 vw 0%H;
1220 sh, m 1220 sh, m —_ 0% cH,
1224
1219 s 1214 vs 1212 vs 1217 vs 0% cm,
1211
1200 sh, m 1201 sh, m — 0% cn,
1164 w 1162 w 1169 w O%H,
1137 sh, w 1135 sh, w — over or combi
1000 sh, vw 994 sh, vw 992 sh, vw — 0%cH,
995
(989 w 988 s 985 s 992 vs 0% CH,
983
980 w 977 sh, vw 975 sh, vw — 0%cH,
970
962 w 960 s 959 s 961 m 0%cH,
955
935 vw 934 sh, vw 933 sh, vw — OcsH
928 vw 927 m 926 m 925 w OcsH
917 vw 917 sh, vw 916 sh, vw — 0°csH
805 vw 805 vvw 807 vw 0%cH,
765
(758 2 755 sh, s 756 s — Vo-s
753 sh, m
751 sh, m 745 vs 746 vs 745 vs Vo-s
747 sh, m
740 sh, m 740 sh, w 740 sh, w — Vo-s
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TaBre 1. Continued
Gaseous Liquid CS, soln Solid® Assignment®’
71
aw 705 sh, m 705 sh, s — Vos
698 w
694 w 697 vs 700 vs 697 vs Vo-s
687 sh, w
693 sh, vw 696 sh, vw — Vo-§
670 vvw 669 sh, vw 669 vw — Vo-s
639 vw 639 w 638 w 643 w Vo-s
345 sh, vwvw —
335 vw 338 vw
~295 sh, vvw —
~285 vvw — s
272 sh, vvw — skel
~260 vw —
237 vw 235 vvw
220 sh, vvw —

s, -strong; m, -medium; w, -weak; v, -very; sh, -shoulder; br, -broad; and ~, poorly estimated bands.
a) Above 3100 cm~1, 2800—2650 cm~—?, and 2400—1500 cm~—! regions are omitted.

b) —, bands disappeared in the solid state.

c) v, -stretching; &4, -degenerate deformation; d°, -bending; J5, -symmetrical deformation; d¥, -wagging; J¢, -twisting; J*,

-rocking; and Jgke1, -skeletal deformation.

there appeared nearly the same number of bands as
we expected for one conformation. In the 1000—
200 cm—1 region, however, a fairly larger number of
bands appeared than that expected for one form.
Therefore the question of the existence of rotational
isomers comes to mind.

Now we can see five possible molecular conformations
of (methylthio)methanethiol: TT (C,), TG (Cy),
GT (Cy), GG (Cy), and GG’ (Cy), all of which are
shown in Fig. 1. All of the fundamental vibrations
of each conformation are infrared-active.

Ligquid-state  Specira. The liquid-state spectra
of CH,SCH,SH and CH ;SCH,SD are shown in Figs.
2 and 3 respectively. The obtained spectra of normal
(methylthio)methanethiol are similar to those of bis-
(methylthio)methane.®)
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Fig. 2. Infrared spectra of (methylthio)methanethiol in the
liquid state.

Five C-H stretching vibrations are expected for one
conformation. In this region, we observed five bands.
The bands at 2854 and 2829 cm~! (2828 cm~! in D-
species), however, may not be due to the fundamentals.
The characteristic bands of normal thiols (or deu-
terated thiols) are expected in the 2600—2500 cm™!
(or 1900—1800 cm') region. The very broad bands
around 2540 and 1860 cm~! are assigned to the S-H
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Fig. 3. Infrared spectra of (methylthio)methanethiol-d; in

the liquid state.

and S-D stretching vibrations respectively. From the
assignments of dimethylsulfide and CH,S (CH,S)-
CH; (n=1-—3),9 the bands appearing around. 1430
cm1 are assigned to the CH, degenerate deformation,
and a band around 1390 cm™! is assigned to the CH,
bending vibrations, although, these vibrations are not
independent of each other. For the CH,; symmetrical
deformation, the band at 1318 cm™! of the pormal
species and the band at 1317 cm~! of the deuterated
species are assigned. The band maxima at 1214 and
1164 cm™! of the normal species, and at 1210 -and 1158
cm™! of the deuterated species, are assigned to the CH,
wagging and twisting vibrations respectlve]y The
CH, wagging and twisting bands are shifted in ca. 5
cm™! to the lower-frequency region by D-substitution.
The two shoulder bands around 1210 cm~! of both
the normal and deuterated species may be due to the
rotational isomerism. The strong bands accompanied
by weak shoulder bands at 988 and 960 cm-! of the
normal species and -at 974 and 961 cm~! of ‘the deu-
terated species are assigned to the CH, rocking vib-
rations. The CSH bending vibration is expected
around 900—800 cm~!." Nothing appears, in this
region. Although the medium bands with -weak
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TABLE 2. INFRARED FREQUENCIES (cm~—!) AND ASSIGNMENTS OF (METHYLTHIO)METHANETHIOL-d;*
Gaseous Liquid GS; soln Solid? Assignment®
3010 sh, vw
3005 w 2985 sh, s 2985 sh, w Vo-n
2996 sh, vw
2990
(2980 w 2975 s 2974 s 2971 m Vo-u
2965
(2946 sh, w
2942 sh, w
2937
(2932 vs 2915 vs 2914 vs 2913 s Vo-H
2927
(2915 sh, w
2905 sh, w
2894 sh, w
2880 sh, w
2864 sh, vw
2853 w 2854 w 2852 w 2853 vw over or combi
2844 sh, vw
2835 sh, vw 2828 w 2827 w 2824 vw over or combi
1900 vw, vvbr 1900 vw, vvbr —
1850 s, vvbr 1850s, vvbr 1830s, vvbr Vs-p
1810 sh, w 1810 sh, w —
1460 w 1437 sh, w 1438 sh, w
1451 m
1447 m
1443 m 1435 vs 1433 s 0%%m,
1440 m
1437 m
1428 m
(}gg m 1421 vs 1418 s 9%cn,
1423 m
Ggg :vv 1418 sh, w — over or combi
1395 vw 1393 m 1393 m 1383 w 6%m,
1322 vww 1317 w 1317 w 1314 vw 0%cH,
1217 sh, m 1214 sh, m — 6% cn,
1219
1213 s 1210 vs 1207 vs 1210 vs 0% cn,
1207
1200 sh, m 1200 sh, m — 0% cn,
1158 w 1156 w 1162 w 0%,
1137 sh, vw 1135 sh, vvw — over or combi
988
(981 w 974 s 973 s 977 vs O%cH,
978
970 w 970 sh, vw 969 sh, vw — 0% cH;
967 sh, w
962 w 961 s 959 s 961 s 0%cH,
954 w
870 vw —_ over or combi ?
840 m 842 m 6rcgz
808 vw 807 vw — 0% ch,
774 w 774 sh, vw 774 sh, vw — Vo-s8
765
(5o m 758 sh, m 757 m — Vo-s
754 m
(749 sh, m 746 vs 747 vs 747 vs Vo-s

746 sh, m
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TaBrLe 2. Continued

Gaseous Liquid CS, soln Solid® Assignment®
(726 o 725sh, vw 728 sh, ~ Vo-s
711
705 w 707 vs 708 vs 707 vs Vo-s
700
695 w 695 s 695 s — Vo-s
670 vvw 670 vw 670 vw — Vo-s
~660 vvw 661 vw 661 vw 663 w Vo-s
658 sh, vw = Ve-s
600 vvw 600 sh, vw 600 sh, — 8Pcsp
594 vvw 594 w 593 w 597 w 6bcsp
587 vvw 587 sh, vw 587 sh, — 8csp
338 sh, vvw —
330 vw 330 vw
~295 vwvw —
~285 vwvw - o
272 sh, vvw — skel
~260 vw _—
235 vw - 225 vvw
219 vvw —

s, -strong; m, -medium; w, -weak; v, -very; sh, -shoulder; br, -broad; and ~, poorly estimated bands.
a) Above 3100 cm-?, 2800—1950 cm-1, and 1800—1500 cm~! regions are omitted.

b), c) See b), c) of Table 1.

shoulders around 930 cm—! are fairly higher than those
expected, these bands may be assigned to the CSH
bending vibrations. In the deuterated species, a band
accompanied by two shoulders around 600 cm—! is
assigned to its also. The bands appearing in this re-
gion are many more than those expected for one con-
formation. The obtained band at 805 cm-! of the
normal species, and the 840 and 808 cm~—! bands of
the deuterated species may be assigned to the CH,
rocking vibrations. The C-S stretching vibrations
may appear in the 800—600 cm— region. Three
bands are expected for each conformation. In the
infrared measurements, eight bands were observed—
at 755, 745, 740, 705, 697, 693, 669, and 639 cm——for
the normal species, and nine bands—at 774, 758, 746,
725, 707, 695, 670, 661, and 658 cm—1—for the deu-
terated species. The numbers of observed bands show
the possibility of rotational isomerism. In this region,
the bands of the normal species are shifted to a higher-
frequency region by D-substitution. In the 400—200
cm~! region, we observed eight bands, including very
weak shoulder bands, for both the normal and deu-
terated species. In this region, the bands obtained
are also many more than those expected for one form.

Gaseous-state Spectra. The gaseous-state spectra
of CH;SCH,SH and CH;SCH,SD are shown in Figs.
4 and 5 respectively. We could not observe the S-H
stretching, S-D stretching, CH, twisting, or CH,
rocking vibrations. In the C-H stretching region,
the resolution was fairly good. In both species, very
strong and sharp PQR bands were obtained around
2930 cm—1. Those bands are shifted by ca. 20 cm™!
to a higher frequency region than that in the liquid
state. In the CH,; degenerate deformation and the
CH, bending region, rotational bands of the water
vapor in the atmosphere are overlapped. Therefore,

TV

1 1 1 1 L 1 1
1500 1400 1300 1200 1000 900 800 700 600

Transmittance

]
3100 2900
Wave number, cm-1

Fig. 4. Infrared spectra of (methylthio)methanethiol in the
gaseous state.
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Fig. 5. Infrared spectra of (methylthio)methanethiol-d; in
the gaseous state.

the band assignments are very difficult. In the CH,
wagging region around 1200 cm™!, very strong RQP
peaks appeared at 1224, 1219, and 1211 cm™! for the
normal species, and at 1219, 1213, and 1207 cm! for
the deuterated species. The Q-branch of the D-
species shifts lower 6 cm~! than that of the normal
species. In the CHj rocking region, a lower-frequency



3040

shift upon D-substitution is also observed. In the C-S
stretching region, fairly complex spectra were obtained.
The bands in this region may be mutually overlapped.
In this region, a higher-frequency shift upon D-sub-
stitution was observed. In order to confirm the exist-
ence of the rotational isomers on CH,SCH,SH species,
we attempted to investigate the temperature depen-
dence of the intensity of the gaseous bands in the 850—
600 cm—! region (33—124°C). However, we could
not obtain intensity changes sufficient to decide the
energy differences because of the rotational isomerism
in this temperature region.

Solid-state  Spectra. Near the temperature of
liquid nitrogen, we obtained the solid-state spectra of
CH,SCH,SH and CH,SCH,SD shown in Figs. 6 and
7 respectively. Although we repeated annealing above
and below their melting points, the samples were not
completely crystallized. In the C-H stretching region,
the difference between the liquid and solid spectra
was not observed. In the S-H or S-D stretching re-
gion, a large lower-frequency shift due to the liquid-
solid transition was observed. The reason for this
lower frequency shift is not clear. In the solid state,
however, it is supposed that the intermolecular hydrogen
bonding is formed more strongly than the liquid, and
that the S-H (S-D) stretching band is shifted lower
on a weakening of the S-H or S-D bond. In the CH,
degenerate deformation, CH; symmetrical deformation,
CH, wagging, CH, twisting, CHj rocking, CSH or
CSD bending, CH, rocking, and the skeletal defor-
mation regions, the liquid-solid transition shifts stay
within ‘ca. 10 cm1. 'In the C-S stretching region,
the frequency shift due to the liquid-solid transition
was not .so clear.

From the infrared spectra we have obtained, the
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Fig. 6. Infrared spectra of (methylthio)methanethiol in the
solid state.
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Fig. 7. Infrared spectra of (methylthio)met'hanethiol-dl in
the solid state, '
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following questions arise. The first concerns the ex-
traordinary breadth of the S-H and S-D stretching
bands. The second concerns the very large lower-
frequency shift (ca. 330 cm~!) of the CSH bending
vibration upon D-substitution. The third concerns
the large higher-frequency shift (ca. 35 cm™1) of the
CH, rocking vibration upon D-substitution. The
first can be explained as the result of the rotational
isomerism; it may also be due to the hydrogen bond
just as in the alcohols. As for the second and third
problems, these large frequency shifts will be explained
in the following section.

Normal Coordinate Treatment

We made the normal coordinate treatment for the
five most probable forms: TT, TG, GT, GG, and
GG’. The molecular parameters used in the compu-
tations were as follows:

r(C-H)=1.094,
r(C-S)=1.814,
r(S-H)=1.335A.

$(CSC)=99°,
¢(CSH)=96.5°,

TaBLE 3. MobpirFiED UREY-BRADLEY FORCE CONSTANTS?!
OF (METHYLTHIO)METHANETHIOL

K(C-H) 4.286 CH, and CH, groups
K(C-S) 1.691 CH,-S, S-CH,, and CH,-SH bonds
! or CH,-SD bond
K(S-H) 3.500  S-H bond
'K(S-D)  3.591 S-D bond
H(HCS) 0.030 CH; group
HHCH) 0.366 CH,; group
"H(CSC) 0.244 CH,-S-CH, angle
H(SCS) 0.150 S-CH,-S angle
H(SCH) 0.170 CH,; group
H(HCH) 0.335 CH, group
H(CSH) 0.060 CH,-S-H or CH,-S-D angle
F(HCS) 0.763
FHCH) 0.200
F(CSC) 0.210
F(SCS) 0.500
F(SCH) 0.390
FHCH) 0.200
F(CSH) 0.580
£ 0.060 CH; group
—0.005 CH, group ‘
Y 0.054 CH,-S and S-CH, bonds
0.035 CH,-SH or CH,-SD bond
b —0.115 CH; and CH, groups
b —0.189 GCH,-S, S-CH,, and CH,-SH bonds
or CH,-SD bond '
n 0.033 CH, group (£HCS and £HCH)
¢ 0.070 CH, group ( ~HCS and / CSC, trans)
g —0.050 CH, group (£HCS and £ CSC, gauche)
l 0.005 S-CH,-S
a) K, stretching (mdyn/A); H, bending (mdyn/A); F, re-
pulsion (mdyn/A) ; F'=—0.1F; &, intramolecular tension

(mdyn-A); Y, internal rotation (mdyn-A); p and ',
stretching interaction (mdyn/A); n, angle interaction
(mdyn-A); ¢ and g, trans- and gauche couplings (mdyn.
A); and [, angle interaction (mdyn-A).
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Obsd» Galed  pppw Caled  pgpw  Cald  pppw Caled  pED® Caled  pED®
2985 2999 wg_y (100) 2999 vg_x (100) 2999 vg_g (110) 2999  yg_ 5 (100) 2999 vg_g (100)
2985 2999 wg_x(100) 2999  vg_g (100) 2999  v5_g (100) 2999  vg_g (100) 2999  vg_g (100)
2975 2963 vg_x(100) 2964 v (100) 2964 vz (100) 2964 vz (100) 2964 vz (100)
2915 2910 wg_x(100) 2910 vz (100) 2910 »g_g (100) 2910 vo_z (100) 2910 vg_x (100)
2915 2901 wg_g (100) 2901 v g (100) 2901 v g (100) 2901 v 5 (100) 2901 vg_z(100)
2545 2542 vg_y(100) 2542 vg_y (100) 2542 vg_5 (100) 2542 vg_g (100) 2542 vg_g (100)
1435 1441 6%, (100) 1441 8%y, (100) 1441 8%y, (100) 1441  8%gg, (100) 1441 8%, (100)
1422 1441 &gy, (100) 1441 8%, (100) 1441  84q, (100) 1441 8%, (100) 1441 8%, (100)
1393 1396 6Py, (100) 1397 &bey, (100) 1396 &bcy, (100) 1397 &bcq, (100) 1397 6%, (100)
1318 - 1317 &%z, (100) 1317 8%z, (100) 1317  8%g, (100) 1317 6%, (100) 1317 &%, (100)
12200 1224 6%y, (100) 1221 6%cg, (100)
1214 1211 6%¢p, (100)
12007 1214  6%¢g, (100) 1211 6%¢m, (100)
1164 1158 &%y, (100) 1158 6%, (100) 1158  &tcy, (100) 1158 8%y, (100) 1158  dtcm, (100)
9940) 991 6%, (100)
988 989 &% ¢, (100) 990 4, (100) 990 4 cx, (100) 990 4%, (100)
9779 968 &% cm, (100)
960 . 968 6%y, (100) 967 ¢, (100) 967 % cm, (100) 967 6o, (100)
934¢) 932 &bggu (75) . 933 8bew (74)
: & cn, (10) & cm, (11)
927 931  &Pes (78)
8om, (11)
9179 928 bgsy (73) 926  &bcsm (74)
vg-5(13) _ vo-g(11)
805 805 ¢, (96) 791 67y, (86) 814 6cy, (90) 801 6y, (78) 797 6%cr, (76)
v ' rg-s(11) vo-s(14)
755¢) 746 vo_g(100)
745 745 w5 (100)
7400 740 wg_g(100) 733 vg_5(100) 742 vg_g(100)
705¢) 714 vo_5(100) 702 »g-g(100)
6bCSH (12) 6bCSH (12)
697 698 vg_s(100)
OP¢sm (13)
6939 698 g_g(100)
6Pcsn (30)
669 687 vg_s(100)
8Psx (30)
639 633 vo_s(90) 630 vo_s(86) 620 »g_5(98) 616 »g_g(95) 615 vg_5(96)
P50 (20) OPscs (21) OPg0s(19) 0Ps0s (20) dPs0s(20)
OPgsm (13) 0Pgsm (14) SPgsm (14)
8®¢sc (10)
345¢) 335 dPgsc (50)
dPs0s (29)
vo-s(11)
335 336  dPasc (50) 332 dPgsc (50)
dPs0s (28) P50 (30)
’Vc_s(lo) vc_s(IO)
29500 289  Sbgeg (40)
SPesc (22)
vg-s(21)
285¢) 289 dbgcq (40)
&Pgsc (21)
Yc-8
272 245  Sbgsg (31)
0%esc (35)

Tc-5(25)
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TaBLe 4. Continued
Obsdv  Caled  prpw Caled PED” Caled  prpn Caled  pEpw Caled  pEpw
260 239 Obg0s (34)
dPesc (37)
7c-5(19)
237 235 P05 (37)
OPegc (38)
7¢-s(15)
220 220 8Pegc (67) 223 8Pcsc (66)
OPs0s (31) OPses (28)
192 7¢-5(99) 193 7¢-5(93) 187 76-5(91)
183 7¢-5(90) 181 7¢-5(88)
174 7¢-5(99) 174 70-5(99) 169 70-5(92) 169  75-5(93) 168 70-5(88)
73 10-5(98) 71 76-5(97) 70 10-5(94) 69 1¢-5(95) 69 70-5(94)

a) From Table 1.

b) v, -stretching; §9, -degenerate deformation; 6P, -bending; J%, -symmetrical deformation; %, -wagging; &%, -twisting; Jr,

-rocking; and 7, -torsion.
c) Bands disappeared in the solid state.

The other bond angles were tetrahedral. The force
field used was one in which we added some correction
terms to the simple Urey-Bradley force field. The
correction terms are: the bond-interaction constant
of C-H bonds (p), the bond-interaction constant of
C-S bonds (p"), the angle-interaction constant between
£LHGCS and £HCH in the CH; group (n), the trans
and gauche coupling constants between /HCS and
£CSC in the CH; group (¢ and g), and the angle-
interaction constant between SCH angles in the CH,
group (I). Most of the force constants relating to the
CH; group were transferred from those of dimethyl
sulfide.”” Some of the force constants relating to the
CH; group were used by being changed within their
dispersion.'® The other force constants were referred
to those of 1,2-ethanedithiol,'V n-propanethiol,'®
polymethylene  disulfide,’ and  bis(methylthio)-
methane.’¥ It has been supposed that the potential
constants of CH,SCH,SH and CH,SCH,SD are com-
mon except for the S-H or S-D stretching constant.

The force constants of (methylthio)methanethiol
obtained in the present study are listed in Table 3.
The calculated wavenumbers are listed in Tables 4
and 5, together with the observed wavenumbers. Figs.
8 and 9 show the observed and calculated frequen-
cies (1250—200 cm™?), together with the observed
band intensities. The calculated frequencies, in gene-
ral, reproduced the observed frequencies well. The
problems described in the previous section, that is, the
very large lower-frequency shift of the CSH (CSD)
bending and the large higher-frequency shift of the
CH, rocking upon D-substitution, can also be well
explained in the calculated wavenumbers.

C-H Stretching Region. The calculated C-H
stretching frequencies did not reproduce the observed

10) T. Ogawa and T. Miyazawa, Spectrochim. Acta, 20, 557 (1964).

11) M. Hayashi, Y. Shiro, T. Oshima, and H. Murata, This
Bulletin, 38, 1734 (1965).

12) M. Hayashi, Y. Shiro, and H. Mruata, ibid., 39, 112 (1966).

13) M. Hayashi, Y. Shiro, and H. Murata, ibid., 39, 1857 (1966).

14) M. Ohsaku, unpublished work,
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Fig. 8. Observed frequencies and relative intensities, and
calculated frequencies of (methylthio)methanethiol (1250—
200 cm~?).
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Fig. 9. Observed frequencies and relative intensities, and
calculated frequencies of (methylthio)methanethiol-d; (1250
—200 cm—1).

The sets of the calculated wave numbers with close
together are shown by the complete open circle which
attached to the incomplete open circle.

frequencies so well. The reason may be that we as-
sumed the values of all the C-H stretching constants
to be equal. This poor agreement might be overcome
by distinguishing between two K(C-H) force constants
in relation to the CH; and CH, groups.

S—H and S-D Stretching Regions. The S-H or
S-D stretching vibration mainly depended on the
S-H or S-D stretching constant, K(S-H) or K(S-D),
and the GSH or CSD repulsion constant, on F(CSH)
or F(CSD). We at first used the common value
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TABLE 5. OBSERVED AND CALCULATED FREQUENCIES (cm~!), AND POTENTIAL ENERGY
pisTRIBUTION, PED, (%) OF (METHYLTHIO)METHANETHIOL-d,
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Calcd

Obsaw  Caled  prpw Caled  pgpw  Caldd  pppw Caled  pEDV Celed  pED®
2985 2999 1o m(100) 2999 »o-m(100) 2999 3g_z(100) 2999 »o_z(100) 2999 vz (100)
2085 2999 wo_y(100) 2999 vo-m(100) 2999 »o(100) 2999 »o_gx(100) 2999 wg_x (100)
2975 2963 o (100) 2964 vo_m(100) 2964 v_z(100) 2964 »o_m(100) 2964 oz (100)
2915 2910 vo_g(100) 2910 »o_w(100) 2910 »om(100) 2910 wo_g(100) 2910 we_z(100)
2915 2001 »g_g(100) 2901 »_z(100) 2901 vo_g(100) 2901 wo_g(100) 2901 wg_g (100)

1850 1845 »s_p(100) 1845 »g_p(100) 1845 »_p(100) 1845 »g_p(100) 1845 »g_p(100)

1435 1441 O%m,(100) 1441 8y, (100) 1441 &gy, (100) 1441 8y, (100) 1441 8y, (100)

1421 1441 8%y (100) 1441 8%gm, (100) 1441 8%q, (100) 1441 8%q, (100) 1441 &g, (100)

1393 1396 Obey,(100) 1396 &bm,(100) 1396 &%m,(100) 1396 ey, (100) 1396 &b, (100)

1317 1817 8%q,(100) 1317 6%m, (100) 1317 6%cm,(100) 1317 0%m,(100) 1317 6%, (100)

12179 1220 6%, (100) 1217 8%, (100)

1210 1211 6%z, (100)

12000 1214 6%, (100) 1211 6%, (100)

1158 1158 Oty,(100) 1158 otom,(100) 1158 &%g,(100) 1158 otcm,(100) 1158 g, (100)

974 990 &, (100) 990 &cm,(100) 990 &g, (100)

9709 989 ey, (100) 989 6%cx, (100)

961 968 6%, (100) 968 &, (100) 967 cx, (100) 967 8¢z, (100) 967 8%m, (100)

840 823 8om, (78) 828 & m, (80) 832 &cm, (75)

0%csp (11) &Pggp (11)

8082 804 &%, (96) 815 6%, (85)

: vg-5(10)
7749 197 vg_s(72) 793 o_s (68)
0Pesp (16) 0Pesp (17)
7589 760 vg-s(90) 753 vo-(100)
0%cm, (10)
746 746 vo-g(100)
725 733 v¢-5(100) 730 »c-g(100) 722 »o-g(100) 722 vc-5(82)
6%cm, (16)
707 738 vo-g(83)
OPgsp (12)
695¢) 683 vc-s(75)
SPesp (27)
OPses (11)
670 660 vc-s(8l) 676 vc-5(82)
SPcsp (30) Pesp (30)
P55 (20)
661 670 1’0-3(84‘)
&Pcsp (25)
6589 644 v (88)
8sp (35)
P50 (19)
600°) 581 Sbosp (71)
rg-5(50)

594 574 &Pcgp (66)
vg-5(60)

587 572  6Pcsp (62) 569 dbgp (55) 571 8P¢sp (66)

vg-s(52) vg-5(56) vc-5(63)

338 333 8Pgs0(50)

dP50s(28)
’Vc_s(ll)

330 335 06Pcgc(51) 328 6%cgc (50)
OPgcs (28) dPgcs(30)
vg-5(10)

295¢) 289 dbges(39)

6%esc (23)
vo-5(21)
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TaBLE 5. Continued

Calcd Caled

Caled Calcd

Obsaw  Caled  pppw jaled  pEDY aled  pEDY aled  prGo oed pED®

285%) 287  OPges (40)

0%sc (23)
vo-s(19)

2729 241  dPges(34)
Pcsc (39)
7¢-5(17)

260°) 237  6Pg0s(36)

9°csc (39)
. 7c-s(14)
235 231  Obg05(38)
dPosc (39)
Tc-s(12)
219 218  6P¢sc (66) 222 6P¢sc (66)
%505 (31) 505 (31)
178 7¢-5(100) 178 7¢-s(100) 169 70-5(92) 169 70-5(91) 169 7c-5(94)
138 75-5(98) 140 76-5(97) 134 75-5(95) 139 70-5(96) 133 1¢-5(89)
73 To-8 (98) 69 To-8 (98) 70 Tc-8 (94‘) 67 Tc-8 (95) 67 To-8 (95)

a) From Table 2. b), c) See b), c) of Table 4.

for the S-H and S-D stretching constants, which
gave higher S-H and lower S-D stretching fre-
quencies than the observed ones. This phenomenon
is known!® to be common when the stretching con-
stants of K(X-H) and K(X-D) are used. Therefore,
we assumed that the K(S-D) to be 1.026 times!6:1?)
the K(S-H) constant, that is, K(S-H)=3.500 and
K(S-D)=3.591 mdyn/A; we thus obtained adequate
calculated results.

1500—550 cm=1  Region. Two calculated CHj
degenerate deformation frequencies were fairly higher
(5—20 cm~1) than the observed values; also the spac-
ing of the calculated wavenumbers did not explain
the observed spacing. The CH,; degenerate defor-
mation vibrations depend mainly on the potential con-
stants, H(HCS), F(HCH), and #(CH,), and on the
angle interaction constant, n. Each of these four con-
stants relates almost equally to both frequencies. The
observed CH, wagging vibration in the liquid spectra
is shifted 4 cm~ by the D-substitution. In the calcu-
lated frequency, this tendency is also seen. The calcu-
lated CH; rocking vibrations are mainly due to the
potential constants, H(HCS), H(HCH), and #(CH,).
They depend on the two rocking bands nearly equally.
The CH; rocking vibration of normal and monodeu-
terated band maxima were obtained in the liquid spectra
at 988 and 960 cm1, and at 974 and 961 cm1, respec-
tively. The spacings of the observed spectra are 28
and 13 cm™! for the normal and deuterated species.
In the calculated wavenumbers, however, these spacings
were not reasonably explained. The potential field
of the CH; group of the molecule may not have a C;
symmetry. The similar spacing of dimethyl sulfide
was explained” in terms of the non-bonded interaction

15) G. Herzberg, “Spectra of Diatomic Molecules,” D. Van
Nostrand Co., Inc., Princeton, N. J. (1950), pp. 519, 537, and 561.

16) T. Shimanouchi and I. Suzuki, J. Chem. Phys., 42, 296 (1965).

17) T. Shimanouchi, I. Nakagawa, J. Hiraishi, and M. Ishii,
J- Mol. Spectrosc., 19, 78 (1966).

between two CHj groups. In this treatment, however,
such interactions were not taken into consideration,
since the constants could not be directly transferred.
The calculated wavenumbers of the CH, rocking and
the C-S stretching changed fairly much according to
their molecular conformations.

Skeletal Deformation Region. The skeletal bend-
ing vibrations are mainly affected by the force constants,
H(CSC), H(SCS), F(CSC), and F(SCS). The calcu-
lated frequencies fairly well reproduced the observed
ones.

Molecular Forms

From the results of the calculated frequencies, we
have seen that the CH, wagging, CH, rocking, CSH
(CSD) bending, CH, rocking, C-S stretching, and
skeletal deformation vibrations are fairly much affected
by the internal rotation angles. In the observed spec-
tra, there appeared three bands for the CH, wagging,
four bands for the CH, rocking, three bands for the CSH
bending, eight bands for the C-S stretching, and eight
bands for the skeletal deformation regions on the nor-
mal species. On the deuterated species, we have seen
three bands for the CH, wagging, three bands for the
CH, rocking, two bands for the CH, rocking, nine
bands for the C-S stretching, three bands for the CSD
bending, and eight bands for the skeletal deformation
regions. One CH, wagging, two CH; rocking, one CSH
or CSD bending, three C-S stretching, and two to three
bands for the skeletal deformation can be expected
for each conformation. Therefore, if all of the ob-
served bands are fundamentals, we can expect at least
three or four conformations to coexist in the liquid and
gaseous states.

The numbers of the bands appearing in the solid
state suggest that only one form stays in the solid state.
It was seen from the calculated results for the various
molecular conformations that, in the region below
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TABLE 6. OBSERVED AND CALCULATED FREQUENCY SHIFTS, A (cm—1),») OF’
(METHYLTHIO)METHANETHIOL BY D-SUBSTITUTION

Obsd® Calcd
Mode - )
He) D A TT, 4 TG A GT,4 GG, 4 GG, 4
0% e, 1217 1210 7 4 0 4 0 0
O, 1169 1162 7 0 0 0 0 0
0 cn, 992 977 15 0 1 0 0 1
OPcsn 925 597 328 356 351 357 357 362
0 cn, 807 842 —-35 1 —-32 —1 —27 —-35
Voos 745 747 -2 —57 —14. —60 -1 —11
Yo-g 697 707 —10 —35 —16 —35 —40 —20
Yo-s 643 663 —20 —27 —53 —24 —54 —61
Oskol 338 330 8 0 2 2 1 4
Oskol 235 225 10 "2 1 2 4 4

a) A=vg—vp. b) Solid bands. c¢) H, CH,SCH,SH.

1500 cm=2, their rotational angles affect the wave
numbers. The calculated wave numbers themselves,
however, are not definite enough for us to decide the
molecular conformation, since the force constant has
an arbitrary value. The isotopic frequency shifts,
however, give us more information about the molecu-
lar conformations if we compare the calculated results
with the observed results, because the isotopic shifts
of the calculated frequencies are, in general, little af-
fected by the ambiguity of the force field.

In the obtained spectra, we observed frequency shifts
in the S-H (S-D) stretching, CH, wagging, CH,
twisting, CHj, rocking, CSH (CSD) bending, CH,
rocking, C-S stretching, and skeletal deformation re-
gions. The calculated results have also shown shifts.
Table 6 shows the observed results in the solid spectra
and the calculated frequency. shifts upon ‘deuteration.
In Table 6, the plus signs of 4 show the lower frequency
shifts, while the minus signs show the higher ones,
upon D-substitution. In the wagging region, the ob-
served frequency ‘shift is 7 cm~!; the calculated fre-
quency shifts are: TT (4cm™1), TG (0 cm™t), GT
(4 cm™1), GG (0 cm™1), GG’ (0 cm™1). The observed
frequency shift of the CH, twisting vibration is 7 cm~1.
On the other hand, the shift is not seen in the calcu-
lated frequencies. In the CHj rocking region, one of
the observed shifts is 15 cm=; we can see the cal-
culated frequency shift in the TG and GG’ confor-
mations—1 cm~!. In the CSH (CSD) bending re-
gion, we observed a frequency shift of 328 cm~1 upon
deuteration. The calculated shifts of the TT, TG,
GT, GG, and GG’ conformations are 356, 351, 357,
357, and 362 cm~! respectively. In the CH, rocking
region, the observed frequency shift is —35 cm™!; the
calculated frequency shifts are: TG (—32cm™?),
GT (—lcm™), GG (—27cm™1), and GG’ (—35
cm™1). The shift of the TT form is in the reverse direc-
tion—1 cm~!. The higher frequency shifts of the ob-
served results in the C-S stretching bands become
wide, ——2, —10, and —20 cm™?, from short to long
wavelengths. The conformations of TG, GG, and GG’
show the above-mentioned tendency. In the skeletal
deformation region, the shifts of the five forms of the
calculated results show nearly the same behavior,

d) D, CH,SCH,SD.

Above all, the calculated frequency shifts of the TG,
GG, and GG’ conformations explain well the observed
frequency shifts due to D-substitution. On the other
hand, in the skeletal deformation region, the calculated
wave numbers of the GT, GG, and GG’ conformations
correspond well to the observed wave numbers in the
solid state. The calculated wave numbers of the TG
form do not explain the observed wave numbers of the
skeletal vibrations. In the case of the GT form, the
isotopic shifts, are not reasonably explained either.
Therefore, we excluded the TG and GT forms from
the stable form in the solid state. There, the pos-
sibility of the GG and GG’ forms remains. In the cases
of the GG and GG’ forms, the repulsion forces between
the S-H (S-D) and CH; groups may be stronger in
the GG’ form than in the GG form, so long as a strong
hydrogen bond is not formed between S~H (S-D) and
CHj groups. We, therefore, postulated the stable con-
formation in the solid state to be the GG form.

The molecular conformations existing in the liquid
and gaseous states were also taken into consideration
among the five conformation. Since the distance be-
tween S-H (S-D) and CHj groups is not so close in
the GG’ conformation, we did not neglect the GG’
form, unlike the case of bis(methylthio)methane.®)
The molecular form in the solid state, GG, also exists
in the gaseous and liquid states. Therefore, we will
discuss' mainly the liquid and gaseous band which dis-
appear in the solid state. In the CH, wagging region
of the liquid and gaseous spectra, we observed three
bands of the normal species and also of the deuterated
species.  Among these three bands, two shoulder bands
disappeared in the solid state. According to the cal-
culated results of the normal species, the band at 1220
cm™! ‘corresponds to the TT and/or GT conformation,
and the band at 1200 cm~? corresponds to the TG and/
or GG’ conformation. In the deuterated species, the
band at 1217 cm! corresponds to the TT and/or GT
form, and the band at 1200 cm~? corresponds to the
TG andfor GG’ conformation. In the CH, rocking
region, two very weak shoulders and one very weak
shoulder band are observed in the normal and deu-
terated species respectively. These shoulder bands
correspond to the TT, TG, and/or GG" conformations,
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TABLE 7. JF-MATRICES OF THE MODIFIED UREY-BRADLEY AND VALENCE FORCE FIELDS?
AD
R, R, R, R, R, R, R, Ry R,
R, 4.879
4.663
R, 0.509 3.633
0. 3.213
R, 0.025 0.509 4.879
0.026 0. 4.663
R, 0.025 0.509 0.025 4.879
0.026 0. 0.026 4.663
R, 0. —0.059 0. 0. 2.744
0. 0. 0. 0. 3.213
R, 0. 0. 0. 0. 0.161 3.011
0. 0. 0. 0. 0. 3.213
R, 0. 0. 0. 0. 0.260 0.260 4.760
0. 0. 0. 0. 0. 0. 4.663
R 0. 0. 0. 0. 0.260 0.260 0.025 4.760
0. 0. 0. 0. 0. 0. 0.026 4.663
R, 0. 0. 0. 0. 0. 0.337 0. 0. 3.712
0. 0. 0. 0. 0. 0. 0. 0. 3.800
B®
Rlo Rll R12 R18 R14 RIS RIG
Ry 0.675
0.615
R, 0.042 0.675
—0.015 0.615
R,, 0.075 0.075 0.594
0. 0. 0.536
R;, 0.042 0.042 0. 0.675
—0.015 —0.015 0. 0.615
Ry, 0.075 0. 0.042 0.075 0.594
0. 0. 0. 0. 0.536
Ry; 0. 0.075 0.042 0.075 0.042 0.594
0. 0. 0. 0. 0. 0.536
Ry 0.070 —0.050 0. —0.050 0. 0. 1.129
0.150 —0.150 0. —0.150 0. 0. 1.422
PoL))
RIG Rl'l R1s RID RZO R2l R22 RRS
R;, 0. 1.141
Rys 0. —0.004 0.613
0. — 0.615
Ry 0. —0.004 0.002 0.613
—0.150 —_ 0. 0.615
Ry 0. —0.004 —0.009 0. 0.613
0. —_ —0.015 0. 0.615
Ry, 0. —0.004 0. —0.009 0.002 0.613
—0.150 — 0. —0.015 0. 0.615
R,, 0. 0 —0.004 —0.004 —0.004 —0.004 0.479
0. —_ 0. 0. 0. 0. 0.536
Ry, 0. 0. 0. 0. 0. 0. 0. 0.817
0. — 0.184 0. 0.184 0. 0. 0.814
DV
RZ( R25 R2G
R, 0.054
0.054
Ry 0. 0.054
0. 0.054
R, 0. 0. 0.035
0. 0. 0.035
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TaABLE 7. Continued

ED
R, R, R, R, R, R, R, R
Ry 0.327 0.509
0. 0.349
Ry, 0. 0.509 0.327
0. 0.349 0.
Ry 0.093 0. 0.093 0.
0. 0. 0. 0.
Ry 0. 0.509 0. 0.327 0.
0. 0.349 0. 0. 0.
1 0.093 0. 0. 0.093 0. 0.
0. 0. 0. 0. 0. 0.
Ry 0. 0. 0.093 0.093 0. 0. 0.
0. 0. 0. 0. 0. 0. 0.
Ry 0. 0.169 0. 0. 0.169 0. 0. 0.
0. 0.251 0. 0. 0.251 0. 0. 0.
Fb
RS RG R7 RS R0 RIO Rll R12
Ry 0.384 0.384
Ry 0. 0.260 0.167
0. 0.349 0.
Ry 0.260 0. 0.167 0.
0.349 0. 0. 0.
Ry 0. 0.260 0. 0.167 0.
0. 0.349 0. 0. 0.
Ry 0.260 0. 0. 0.167 0. 0.
0.349 0. 0. 0. 0. 0.
Ry, 0. 0. 0.093 0.093 0. 0. 0.
0. 0. 0. 0. 0. 0. 0.
Ry 0. 0.459 0. 0. 0.317 0. 0. 0.
0. 0.322 0. 0. 0. 0. 0. 0.

a) Figures are listed in order: Urey-Bradley, valence; matrices are symmetrical; and the non-listed parts are all zero;

valence constants from Ref. 5.
b) See an appended map.

In the CSH or CSD bending region, two shoulders of
three bands disappeared in the solid state. On the
normal species, the weak shoulder band at 934 cm—!
may be due to the TG and/or GG’ form, and the band
at 917 cm1, to the TT and/or GT form. The bands
at 600 and 587 cm™! of the deuterated species cor-
respond to the TG, and to the TT, GT, and/or GG’
form, respectively. In the CH, rocking region, we can
expect more than one band in view of the calculated
frequencies. We obtained one band for the normal
species and two for the deuterated species. The band
at 808 cn! of the deuterated species corresponds well
to the TT andfor GT conformation. In the GC-S
stretching region, we observed that five (or six) bands
of the normal (or deuterated) disappeared in the solid
state. The calculated frequencies of the TT, TG, GT,
and GG’ forms correspond well to the bands which
disappeared in the solid state. In the skeletal de-
formation region, eight bands were observed in both
the normal and deuterated species. If all of these
eight bands are due to the fundamentals, more than
four conformations coexist in the gaseous and liquid
states. Since the most stable GG form in the solid
state has two bands in both the normal and deuterated
species, the remaining six bands may due to the other

conformations: TT, TG, GT, and GG'.

We have discussed the conformations coexisting in
the liquid and gaseous states. In the liquid and gase-
ous spectra, the isotopic frequency shift cannot be used
for the conformational analysis, since the selection of
the corresponding pairs from among many bands is
difficult. We can postulate that at least three to four
conformations, including the GG form, coexist in the
liquid and gaseous states. However, we cannot decide,
from the results we have obtained, how many con-
formations, and which conformations among the
TT, TG, GT, and GG’ forms, persist, except for the
GG form, which exists in all three states. The exist-
ence of the GG’ form cannot now be denied.

Force Constants

In order to confirm the reasonableness of our ob-
tained Urey-Bradley force constants, we attempted to
compare these Urey-Bradley constants and Scott and
El-Sabban’s force constants.”) Scott and El-Sabban
reported valence force constants for various organo-
sulfur compounds which did not have the SCS skeleton.
Table 7 shows the non-zero parts of both types of F-
matrix elements. The coordinate numbering is shown
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Fig. 10. Coordinates numbering for (methylthio)methanethiol.

in Fig. 10. The figures are listed in this order: Urey-
Bradley, and valence force constants. No angle con-
stant of #(SCS) in the valence force field was obtained.
In the diagonal elements, f;; (¢=1—26), our values
agree well with Scott and El-Sabban’s. Even for the
off-diagonal parts, f;; (¢%j), the modified Urey-Brad-
ley force elements and valence elements are in fairly
good agreement. This shows that there is a good trans-
ferability of the obtained force constants for a wide
range of organo-sulfur compounds. The newly-de-

termined values for the SCS angle may be used on the

valence force-type potential, e.g., fioq,scs=1.141 and
j;s,scszo-?’g‘l' mdyn/A
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