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Force field was systematically determined in terms of the group symmetry coordinates for series of CH,-
(OCH,),,OCH, (m=1—3), the polymer (-OCH,~),, and their deuterated derivatives, and of CH;(SCH,),SCH,,

(-SCHy-),,, and their deuterated derivatives.

Twenty-five force constants for the oxymethylene molecules and

twenty-two force constants for the thiomethylene molecules were adjusted by using 178 and 126 observed wave-

numbers, respectively. The force constants obtained were compared with those for related molecules.

The

results of the normal coordinate treatment on the polymers were discussed in comparison with the results in pre-

vious works.

The intramolecular force field is one of the essential
factors that characterize the properties of a molecule.
The data concerning the force field are, therefore, of
great importance in various fields of chemistry and
physics, and the accumulation of such data is highly
desired. In fact, systematic researches to establish the
molecular force constants have been initiated by
Shimanouchi ¢t al. and the results so far obtained have
been compiled as standard reference data.!~3 The
force constants thus published include those for un-
branched chain molecules of alkanes, dialkyl ethers,
dialkyl sulfides,) fluoroalkanes, chloroalkanes, bromo-
alkanes, and iodoalkanes.?

The force constants in these studies have been ex-
pressed in terms of the symmetry coordinates of the
atomic groups constituting the molecule. This type
of force field, called the group coordinate force field
(GCFF)® or the local symmetry force field, has been
proved to be suitable for describing the intramolecular
potential of such classes of molecules as those men-
tioned above.

Having established the force field for dialkyl ethers
ROR’, where R and R’ are alkyl groups,? and studied
closely a conformational stability of dimethoxymethane
CH,OCH,0OCH,," it seems timely to work thoroughly
on the GCFF for a series of CH3(OCH,)»OCH, and
the polymer (-OCH,-)». In the present work, there-
fore, the force constants in the GCFF were derived
for the oxymethylene chain molecules and the sulfur
analogues, namely the thiomethylene chain molecules.
The force constants determined and the results of the
normal coordinate calculations are reported in the
present paper.

Normal Coordinate Treatment

The force constants in the GCFF were calculated
for the oxymethylene and thiomethylene chain mole-
cules by means of the normal coordirate treatment.%
The calculations were carried out by using a computer
program MVIB?® which has been developed for treat-
ing vibrations of chain molecules.

Molecules Treated. The calculations were per-
formed on the following molecules; the oxymethylene
series: CH,;OCH,OCH, gauche-gauche form (to be ab-
breviated as G,), CH,OCD,OCH; G, CD,;OCH,-
OCD; G, CD;OCD,0CD; G, CH;(OCH,),OCHj,

TABLE 1. ATOMIC MASSES FOR THE OXYMETHYLENE AND
THIOMETHYLENE MOLECULES
Atom Atomic mass® [u
Hydrogen, protium 1.007825
Hydrogen, deuterium 2.014102
Carbon 12.011®
Oxygen 15.9994b)
Sulfur 32.06™

a) Atomic mass in units of unified atomic mass unit.
1 u=~1.660531 x 10-27 kg. b) Isotope-abundance weight-

ed atomic mass.

G,;, CH3(OCH,);OCH; G; (-OCH,), G, and
(-OCDy—),, Gw, and the thiomethylene series: CH;-
SCH,SCH; G,, CH,SCD,SCH, G,, CH;(SCH,),SCH,
G,, CH,(SCH,);SCH; G (-SCHy-), Ge, and
(-SCDy-), Gw. The observed infrared and Raman
wavenumbers were taken from the literature: CH,-
OCH,0OCH;,*% CH,0CD,OCH,,* CD;OCH,OCD,,%
CD;0CD,0CD,,% CH,(OCH,),OCH,,” CHj;-
(OCH,),OCH,,»  (-OCH,-),,,* 19 (-OCD,-),,% 1%
CH,SCH,SCH,,"» CH,SCD,SCH,,'» CH,(SCH,),-
SCH,,'Y CH,4(SCH,),SCH,,» (-SCH,-),,'®» and
(-SCDg-),,.1

Atomic Masses and Structural Parameters. The val-
ues of the atomic masses and the structural parameters
used in the normal coordinate treatment are listed in
Tables 1 and 2. Isotope-abundance weighted atomic
masses were used for carbon, oxygen, and sulfur, since
the experimental vibrational wavenumbers were not
resolved into components of individual isotopic species
except for hydrogen under the spectral resolution uti-
lized.

The structural parameters for the polymers are based
on the results of the X-ray diffraction analyses,%16)
and are in conformity with the 9/5 helix for poly(oxy-
methylene) and the 17/9 helix for poly(thiomethylene).
Some of the structural parameters were recalculated by
making use of equations for helix parameters.!” The
geometries of the oligomer molecules, CH,(OCH,)n-
OCH; and CH,(SCH,)»SCH, (m=1—3), were deduc-
ed from those of related molecules.’®)

Group Symmetry Coordinates. The symmetry co-
ordinates in the methyl group, CH,(O) or CH,(S),
and the methylene group, (O)CH,(O) or (S)CH,(S),
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TABLE 2. STRUCTURAL PARAMETERS FOR THE OXYMETHYLENE AND THIOMETHYLENE MOLECULES

Values
Structural parameter
p CHs(gnC:le)_m;))cHa (-OCH,-), CH“((E,C:H{")_’”?,S)CHa (-SCHy-)x

Bond lengths

r(C-H)/A» 1.100 1.100 1.100 1.100

7(C-0)/A 1.410 1.4219 — —

r(C-S)/A — — 1.816 1.816
Valence angles

£ (CG-0-C)/° 111.8 112.40 — —

£ (0-C-0)/° 110.8 110.82 — —

£ (0-C-H)/° 109.8 109.8 — —

£ (C-8-C)/° — — 98.6 97.1

2. (S-C-8)/° — — 117.4 117.40

£ (S-C-H)/° — — 108.8 108.8
Dihedral angles

7(0-C-0-C)/° 60.0 78.005 — —

7(S-C-S-C)/° — — 60.0 66.866

a) 1A=1x10"m.

TaBLeE 3. ForckE consTANTs IN THE GCFF FOR THE OXYMETHYLENE AND RELATED MOLECULES
Intragroup force constants Valuesz:»)

Symbol® Description X=Y=0 X=CH,, Y=09 X =Y=CH,»
Sxyen, (02 CH, scissor. 0.596 (6) 0.590 (4) 0.589(2)
S@om, (v)4 CH, rock. 1.088 (45) 0.820(31) 0.766 (5)
JSomms CH, wag. 0.812(17) 0.764(11) 0.622(3)
Sx)crae)-6 CH, twist. 0.756 (9) 0.699 (16) 0.639 (4)
SJxon, @-p XCY deform. 1.356 (16) 1.153 (26) 0.941(8)
S@om; (v)-2p CH, scissor./XCY deform. —0.049(20) 0.076 (21) 0.047(12)

Intergroup force constants Values?-®)

Symbol® Description X=0 X =CH,»

Somocny s CH,-O stretch. 4,673 (24) 5.037(22)
f(x) CH0(CH;)-28 CHz scissor. /CHZ—O StTCtCh. —0. 223 ( 16) -0 . 176 (24)
J@cn:0(cH:) 58 CH, wag./CH,-O stretch. —0.551(27) —0.588(22)
Jx)0H,0(cH,)-DS XCO deform./CH,-O stretch. 0.2149 0.386(18)
SJx)cr,0(cH,)-sB CH,-O stretch./COC bend. 0.177(31) 0.363(16)
Sxyom; (0)-ss X-CH, stretch./CH,-O stretch. 0.663 (20) 0.314(28)

a) Force constant values in units of aJ=mdyn A. b) Errors in the force constants, given in parentheses, apply
to the last significant figure(s). c) Ref. 3. d) Ref. 1. e) Force constant values in units of aJ A2=mdyn A-!
for fxyomomy-s and fix)cm,(0)-ss, and of aJ A-=mdyn for the others. f) Constrained in the final least-squares

calculation.

were constructed in accordance with the group sym-
metry of C;, and C,,, respectively. General expres-
sions to give the group symmetry coordinates with
arbitrary valence angles have been formulated.® The
coordinates and their signs were thus defined on the
basis of these formulations, with the structural para-
meters given in Table 2. The group coordinates for
the molecules treated in this work are similar to those
for ROR’ and RSR’ molecules?) with different coeffi-
cients only for the CH, scissoring, CH, wagging, and
OCO or SCS deformation coordinates. Full details of
the coordinate definition are found in Table 1 of Ref. 3.

Force Constants. The force constants in the GCFF
are given in terms of the group symmetry coordinates

given above and are classified into intragroup force
constants and intergroup force constants.'-®) The in-
tragroup force constants for the terminal methyl group
and the intergroup force constants between the methyl
group and the adjoining oxygen or sulfur atom were
constrained to those determined previously for CH,OR
or CH,SRY and were not adjusted further in the
present work. Other force constants were refined by
the least-squares method in order that the calculated
wavenumbers of normal vibrations agreed more closely
with the observed ones. In the course of the refine-
ment calculations, some of the force constants were
found to be ill-determined with large errors. Such
force constants were eventually assumed to be equiv-
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TABLE 4. ForceE cONSTANTS IN THE GCFF FOR THE THIOMETHYLENE AND RELATED MOLECULES

Intragroup force constants Values?:?)
Symbol® Description X=Y=8 X=CH,, Y=S89 X=Y=CH,®
Soen, (vy-2 CH, scissor. 0.534(5) 0.551(5) 0.589(2)
Jwom - CH, rock. 0.921(48) 0.804 (15) 0.766 (5)
Jmom - CH, wag. 0.571(27) 0.607(11) 0.622(3)
Jxon, 0 CH, twist, 0.571(3) 0.626 (4) 0.639(4)
J@en, @ XCY deform. 1.115(18) 0.846 (41) 0.941(8)
Jen, @20 CH, scissor./XCY deform. 0.031(30) 0.161(35) 0.047(12)
Intergroup force constants ValuesP-®

Symbol® Description X =8 X =CH,» -
Sfxremscny-s CH,-S stretch. 2.955(51) 2.959(57)
Jocm,s cny)-as CH, scissor./CH,-S stretch. 0.0 0.09
JSxcmscry)-ss CH, wag./CH,-S stretch. —0.271(84) —0.217(44)
Sxcm,s ey -ps XCS deform./CH,-S stretch. 0.2265 0.226(30)
Jxrcnas cny)-sB CH,-S stretch./CSC bend. —0.239(54) 0.058(27)
S, )88 X-CH, stretch./CH,-S stretch. 0.629 (50) 0.473(26)

a), b), c), d) See footnotes a), b), c), d), respectively, to Table 3. e) Force constant values in units of aJ A-2
=mdyn A~ for Frcmscrn-s and fxycm, s)-sss and of a] A-1=mdyn for the others. f) Assumed.

TaBLE 5. OBSERVED AND CALCULATED WAVENUMBERS FOR (-OCH,-),
Symmetry Bobed Pearea/cm™! and P.E.D.»
species cm™?! This work Sugeta® Piseri and Zerbi® Tadokoro et al.®)
3 2869  1(99) 2897 2920 2924
1491 1484  2(100) 1501 1491 1508
1339 1334  6(96) 1342 1324 1330
920 932  S(85) 928 962 916
539 528 D (57),B(57) 536 499 587
a, 2978 2961  3(99) 2978 2971 2977
1381 1378  5(94) 1385 1419 1425
1097 1093  4(84) 1109 1110 1118
903 923 S(110), 5(25) 905 928 922
235 227 T (96) 234 223 237
€ 2980 2969  3(99) 2984 2979 2982
2924 2868 1(99) 2896 2919 2926
1471 1465  2(100) 1481 1486 1506
1434 1440  5(88) 1446 1418 1407
1286 1291  6(92) 1289 1303 1318
1235 1240  4(63),5(24) 1240 1224 1169
1091 1093 S(78) 1098 1077 1072
932 938  S(111) 938 916 930
630 633 D (74) 633 649 634
455 472 B(80) 453 466 483
20 T (92) 21 26 22

a) Potential-energy distributiors (P.E.D.) calculated in this work are given in parentheses following the symmetry
coordinates; 1: CH, symmetrical stretching, 2: CH, scissoring, 3: CH, antisymmetrical stretching, 4: CH,
rocking, 5: CH, wagging, 6: CH, twisting, D: OCO deformation, B: COC bending, S: C-O stretching, and

T: C-O torsion. b) Ref. 7. c) Ref. 19. d) Ref. 8.
alent to those for similar atomic groups so that the
remaining constants converged properly. The calcu-
lations also revealed that the interaction force con-
stants between the coordinates belonging to the second-
neighboring atomic groups were required for satisfac-
tory fitting of the observed and calculated wavenum-
bers. These constants include the interactions be-

tween the CH, rocking and CH, rocking coordinates,

CH,, wagging and CH, wagging, efc. of the neighboring
methylene groups with an oxygen or sulfur atom in
between, and the interaction between the COC (or
CSC) bending and COC (or CSC) bending coordi-
nates of the neighboring COC (or CSC) groups. The
constants associated with the CH, symmetrical and
antisymmetrical stretching coordinates were not refin-
ed in the present study.
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TaBLE 6. OBSERVED AND CALCULATED WAVENUMBERS FOR (-OCD,-),
Symmetry Vobsd Pealea/cm™t and P.E.D.®
species cm~* This work Sugeta? Piseri and Zerbi® Tadokoro et al.9
a; 2107 1(97) 2123 2140 2121
1120 1102 2(88) 1112 1126 1126
1015 1018 6(66), S (23) 1017 1031 1013
850 836 S(51),6(30) 838 838 828
508 501 D(56),B(54) 511 470 557
a, 2235 2209  3(98) 2225 2220 2193
1050 1050  5(57),S(11) 1046 1106 1154
970 973 S (89), 5(70) 973 974 1026
835 822  4(73),S(29) 819 813 769
212 207 T (97) 213 205 212
e 2235 2232 3(95) 2243 2241 2207
2106 2106 1(97) 2122 2138 2121
1156 1146  4(40),B(19) 1144 1142 1178
1128 1118  S(61),2(25) 1121 1131 1145
1078 1072 5(90), S(73) 1071 1078 1047
1064 1057  2(69) 1058 1045 1044
909 900 6(79) 906 896 916
838 838  S(55),4(22) 836 806 810
618 616 D (70) 615 632 618
363 373 B(72),4(20) 365 369 372
19 T(93) 20 25 21

a), b), c), d) See footnotes a), b), c), d), respectively, to Table 5.

A full list of the force constants finally determined
for the oxymethylene and thiomethylene chain mole-
cules, together with the calculated results for all the
molecules treated, has been deposited with the Chem-
ical Society of Japan (Document No. 8247). In Tables
3 and 4, some important force constants are compared
with those for related molecules. The calculated wave-
numbers and assignments are given in this article only
for the polymers.

Results and Discussion

In the present study, twenty-five force constants in
the GCFF were determined for the oxymethylene chain
molecules from 178 observed wavenumbers and twenty-
two force constants for the thiomethylene chain mole-
cules from 126 observed wavenumbers. The calcula-
tions with these force constants gave overall root-
mean-square deviations of 9.6 and 8.2 cm~1, respec-
tively, for the oxymethylene and thiomethylene mole-
cules, between the observed and calculated wavenum-
bers.

Table 3 shows that the values of the diagonal force
constants for the (X)CH,(Y) group increase system-
atically in going from (CH,)CH,(CH,) to (CH,)CH,-
(O) and (O)CH,(O). For the sulfides in Table 4,
on the other hand, the values of the CH, scissoring,
CH, wagging, and CH, twisting force constants de-
crease in going from (CH,)CH,(CH,) to (CH,)CH,(S)
and (S)CH,(S), but the value of only the CH, rock-
ing constant increases. The CH,-O stretching con-
stant for the (O)CH,-O(CH,) group (4.67 mdyn A-1)
is found to be considerably smaller than that for the

(CH,)CH,-O(CH,) group (5.04 mdyn A-1). This con-
trasts with the essentially same value (2.96 mdyn A-1)
of the CH,-S stretching constant for the (S)CH,-S-
(CH,) and (CH,)CH,-S(CH,) groups.

The calculated results for poly(oxymethylene) and
poly(oxymethylene-d,) are given in Tables 5 and 6 in
comparison with those reported previously.?-81% The
agreement between the observed and calculated wave-
numbers is less satisfactory in the earlier studies. The
nature of the normal modes is represented by the po-
tential-energy distributions (P.E.D.).! The P.E.D.’s
for the undeuterated species is almost the same among
the studies, but some of the P.E.D.’s for the deuterated
species differ considerably from one another. For ex-
ample, the vibration at 1156 cm—! (e,) is assigned in
this work to the CD, rocking, but was assigned to
the CD, wagging and CD, scissoring,” to the C-O
stretching and CD, scissoring,!®) or to the G-O stretch-
ing and CD, wagging,® and the vibration at 1078
cm! () is assigned in this work to the CD, wagging
and C-O stretching, but was assigned to the CD,
rocking,”) to the CD, rocking and C-O stretching,?
or to the CD, scissoring and C-O stretching.®) We
believe that the present assignment based on the sys-
tematic treatment is more likely than the previous
ones.

The assignment of the observed bands of poly(thio-
methylene) and poly(thiomethylene-d,) is now estab-

T The potential-energy distribution, as defined by (P.
E.D.);;=100X L;;%f;;/4;,> may exceed 100 because of neg-
lecting the contribution of off-diagonal force constants. This
effect is particularly enhanced for polymers,
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TaBLE 7. OBSERVED AND CALCULATED WAVENUMBERS FOR (-SCH,-), anp (-SCD,-),

Symmetry (-SCHy-)a (—SfJDz—)n
species Fopea/om1 Poarea/Cm1 P.ED.®» Fopea/cm1 Pearoa/om1 P.ED.®
a, 2905 2905 1(100) 2128 1(98)
1373 1386 2(99) 1025 2(92)
1180 1179 6 (99) 844 6 (96)
648 658 S (90) 618 S (83)
355 340 D (99), B(47) 330 D (101), B (46)
a, 2940 3(100) 2183 3(99)
1225 1231 5 (109) 962 954 5(108), S (25)
882 886 4(95) 752 732 4(51), S (40)
729 738 S (104) 670 4(47), S (45)
117 T (98) 103 T (99)
e 2965 2938 3(100) 2178 3(99)
2910 2905 1(100) 2128 1(98)
1361 1372 2(99) 1012 1014 2(92)
1173 1180 5 (108) 908 902 5(113), S (30)
1120 1117 6(99) 797 6 (97)
743 743 S (87) 697 700 S (95)
711 712 4(95), S(35) 648 653 S (66), D (22)
674 688 S (66), D (23) 529 4(136)
299 300 D (75) 298 D (76)
299 291 B(176), 4(57) 264 B(171), 4 (40)
3 T (95) 3 T (95)

a) Potential-energy distributions (P.E.D.) are given in parentheses following the symmetry coordinates; 1:

CH,

symmetrical stretching, 2: CH, scissoring, 3: CH, antisymmetrical stretching, 4: CH, rocking, 5: CH, wagging,
6: CH, twisting, D: SCS deformation, B: CSC bending, S: C-S stretching, and T: C-S torsion.

lished, as given in Table 7, in the light of the force
field determined in the present work. The vibrational
assignment of this polymer was first made by Hendra
et al.,'® who acknowledged, however, that their as-
signment based on empirical basis was very tentative.
The normal coordinate treatment of poly(thiometh-
ylene) and the deuterated derivative has been report-
ed by Ohsaku.l¥) His calculation is unfortunately er-
roneous as evidenced by the unlikely number of nor-
mal vibrations belonging to each symmetry species.

The group coordinate force field derived in this
work for the ~-OCH,0O- and ~SCH,S- groups may be
applied to other molecules consisting of similar atomic
groups. The accumulation of the force constants for
various types of atomic groups will eventually make
possible the calculation of normal vibrational wave-
numbers and modes of a large number of molecules.

The authors wish to thank Mr. Tomoya Takuwa
for his assistance in the computational work. Numer-
ical computations were carried out with a HITAC
M-200H computing system at Hiroshima University.
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