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ABSTRACT: Conformational characteristics of poly(methylene sulfide) (PMS) and its oligomeric model
compounds have been investigated. Carbon-13 NMR measurements for a dimeric model compound, bis-
(methylthio)methane, in the gas phase as well as in solutions were carried out, and the first-order
interaction energy E, representing the gauche stabilization of the C—S bond was determined from observed
vicinal C—H coupling constants. For example, the E, value for the gaseous dimer was evaluated as
—1.43 4+ 0.01 kcal mol~%, being in good agreement with the ab initio molecular orbital calculation
(—1.38 kcal mol™1) at the B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level. The conformational energy E,
showed solvent dependence; polar solvents stabilize the trans conformation, in which dipole moments
are parallel to each other and hence the molecule becomes polar. The characteristic ratio, dipole moment
ratio, and configurational entropy of unperturbed PMS were estimated by the rotational isomeric state
scheme and compared with those of poly(methylene oxide) (PMO). The PMS chain was indicated to be
more flexible than PMO. The difference in melting point between PMS (245 °C) and PMO (180 °C) was
suggested to come mainly from that in enthalpy (AH,) of fusion: AH(PMS) > AH,(PMO). The geometrical
parameters, electron densities, and atomic charges of trimers of PMS and PMO, obtained from the MO
calculations, showed that the gauche stability in the C—S bond of the PMS homologues comes partly
from antiparallel dipole—dipole interaction and ns — o¢_g hyperconjugation formed in the gauche state,
partly from steric S--+S repulsion occurring in the trans form. It was also shown that sulfur electrons
have such flexibility as to reduce the S---S repulsion and unfavorable (parallel) dipole—dipole interaction.
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1. Introduction

It is well-known that the alkoxy substituent at the
C-2 site of pyranose ring prefers the axial (gauche) to
the equatorial (trans) form (Scheme 1, X = 0).1 The
gauche stabilization has been estimated to be about
—0.9 kcal mol~1 in free energy (AG).2 This phenomenon
designated as the anomeric effect is a most familiar topic
in stereochemistry.®4 Two main causes of the anomeric
effect have been proposed: (1) Dipole—dipole interaction
between the C—0O bonds of the pyranose ring and alkoxy
substituent; the gauche state with smaller resultant
dipole moment is more stable.! (2) Delocalization of
lone pair electrons (npo) of the oxygen atom by a
hyperconjugation (no — o¢_g) with the antibonding
orbital (0¢_o);° the gauche conformation, in which the
lone pair is antiperiplanar to the acceptor C—0O bond,
is stabilized (Scheme 1).2 The former interpretation is
rationalized by the explicit solvent dependence of AG;
the trans state with a larger dipole moment becomes
more populated with increasing polarity of solvent.® The
latter has been supported by the following facts: the
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shorter O—C bond of the pyranose ring and the longer
C—0 bond of the alkoxy substituent in the gauche
(axial) form than in the trans (equatorial) form.4”=° The
concept of the anomeric effect, introduced to carbo-
hydrates, has been extended to all compounds having
X—C-Y bond sequences, where X and Y are electro-
negative atoms such as O, S, F, and CI.4
2-Alkylthiotetrahydrothiopyrans (Scheme 1, X = S)
also show the anomeric effect;51%11 the AG values have
been estimated to be —0.42 to 0.00 kcal mol~1, being
larger than those of 2-alkoxyltetrahydropyrans (X = O).
Thus, sulfur may be less effective in the gauche (axial)
stability than oxygen. The natural bond orbital analysis
has been attempted for CH»(OH),, CH2(SH),, CH»-
(SeH),, and CHy(TeH), and reached the following con-
clusions.’? The ny — d¢_x (X = O, S, Se, and Te)
interactions are much contributory for CH,(OH), but
less effective for CHy(SH),, CH,(SeH),, and CH,(TeH),.
The smaller anomeric effects of the higher homologues
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are probably due to other factors such as steric and
electrostatic interactions, which stabilize the trans form
in the order of O < S < Se < Te.

The simplest polymeric chain having the O—C—-0-C
bond sequence may be poly(methylene oxide) [-CH,0—]«
(PMO). This polymer has been widely used as engineer-
ing thermoplastics, because of its high crystallinity,
superior lubricity properties, and good chemical resis-
tance. The melting point ranges from 165 to 184 °C.13.14
In the crystal, the PMO chain adopts a 29/16 helical
structure,® in which all C—0 bonds are in the gauche
conformation. Because PMO is soluble in small number
of organic solvents, the conformational analysis has
mostly been carried out for model compounds,6-2! and
the conformational energy E, representing the gauche
stability relative to the trans state in the C—0 bond has
been estimated as —1.4,18 —1.5,1617 —2 52021 or —3,08
to —3.38%9 kcal mol .

Poly(methylene sulfide) [-CH2S—]x (PMS) takes a
17/9 helical structure of the all-gauche conformation
in the crystal.?2 This polymer is insoluble in almost
all organic solvents and melts around 220—260 °C;23:24
therefore, no quantity representing the 6 state has
been reported. The S—C—S—C bond sequence has been
implanted in other polymeric chains to derive the
first-order interaction energy E, of the C—S bond.
Dipole moment measurements for poly(1,3-dithiocane)?®
and poly(thiomethylene-1,4-trans-cyclohexylenemethyl-
enethiomethylene)?” gave the E, values of ca. —1.2 kcal
mol~1. Thus, PMS seems to exhibit a weaker gauche
preference than PMO.

In this study, we analyzed 3C NMR vicinal C—H
coupling constants observed from a dimeric model
compound of PMS, bis(methylthio)methane, in the gas
phase and solutions to evaluate the E, values, and
carried out ab initio MO calculations for the oligomeric
models to obtain the conformational free energies,
geometrical parameters, dipole moments, atomic charges,
and electron density distributions. By comparison be-
tween the observed and calculated E,'s, the reliability
of the MO calculations was confirmed. Using the con-
formational energies thus established, we calculated
configuration-dependent quantities such as the charac-
teristic ratio and dipole moment ratio for the 6 state
and the configurational entropy change on melting. The
similar theoretical treatments were also carried out for
model compounds of PMO.

In this paper, the conformational characteristics and
the anomeric effect of PMS are discussed in comparison
with those of PMO. Here, oligomeric model compounds
of PMS and PMO are respectively designated as PMS-x
and PMO-x, where x is the degree of polymerization,
viz., the number of heterogeneous atoms X's (X = S or
0) included (see Figure 1): dimers, bis(methylthio)-
methane (PMS-2) and dimethoxymethane (PMO-2);
trimers, bis[(methylthio)methyl]sulfide (PMS-3) and
1,3-dimethoxydimethyl ether (PMO-3); tetramers, bis-
[(methylthio)methylthiolmethane (PMS-4) and bis-
[(methoxy)methoxy]methane (PMO-4).

2. Materials and Methods

2.1. Sample Preparation. 2.1.1. Bis(methylthio)-
methane-13C (PMS-2-13C, 13CH3SCH,SCHj3).% Thiourea (40
g, 0.52 mol) was added through a dropping funnel to chloro-
methyl methyl sulfide (50 g, 0.51 mol) in a four-necked flask
equipped with a mechanical stirrer, a thermometer, and a
condenser. The mixture was heated at 100 °C for 1 h and at
120 °C for 8 h. After being cooled to room temperature, the
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Figure 1. Schematic representation of compounds treated in
this study: (a) dimers, bis(methylthio)methane (PMS-2) and
dimethoxymethane (PMO-2); (b) trimers, bis[(methylthio)-
methyl]sulfide (PMS-3) and 1,3-dimethoxydimethyl ether (PMO-
3); (c) tetramer, bis[(methylthio)methylthiolmethane (PMS-4)
and bis[(methoxy)methoxy]methane (PMO-4); (d) polymers,
PMS and PMO. The bonds and atoms (atomic groups) are
numbered as indicated, and x is the degree of polymerization.

reaction mixture was neutralized with sodium hydroxide (5
N), stirred at room temperature for 4 h, and filtrated. The
filtrate was subjected to extraction with ether. The ethereal
solution was distilled to yield 2-thiapropanethiol (bp 51 °C at
35 mmHg).

Aqueous solution of sodium hydroxide (15 wt %, 50 mL),
trioctylmethylammonium chloride (1.0 g), and methyl iodide-
13C (6.7 mL, 0.10 mol) was added under nitrogen to 2-thia-
propanethiol (7.9 mL, 0.09 mol) in a four-necked flask equipped
with a thermometer and a condenser. The mixture was stirred
at room temperature for 1 h and heated at 90 °C for 3 h. After
being cooled to room temperature, the product was extracted
with ether. The organic extract was distilled to give PMS-2-
13C (bp 60 °C at 34 mmHg, 4.9 g, 45 mmol). The total yield
was 19%.

2.1.2. 2-Methyl-1,3,5-trithiane (MTT).?*® The starting
material (1,3,5-trithiane) and solvents (toluene and tetra-
hydrofuran (THF)) were purified as follows. Trithiane was
continuously extracted, recrystallized with toluene, and dried
at room temperature under reduced pressure. Toluene was
washed with sulfuric acid, dried over calcium hydride, and
distilled. Tetrahydrofuran was dried over calcium hydride and
lithium aluminum hydride and distilled.

Trithiane (2.7 g, 20 mmol) was added under argon to THF
(200 mL) in a four-necked flask equipped with a thermometer,
and the mixture was cooled to —17 °C. After n-butyllithium
(1.5 M in hexane, 14 mL) was added dropwise, the solution
was stirred at —17 °C for 1.5 h, and methyl iodide (1.4 mL, 22
mmol) was mixed in at 0 °C. After being stirred at 0 °C for 20
h and warmed to room temperature, the solution was acidified
with hydrochloric acid and concentrated. The residue was
extracted with ether. The ethereal layer was neutralized with
sodium hydrogen carbonate solution and washed with water.
The mixture was continuously extracted with ether for 24 h.
The organic extract was dried over potassium carbonate,
filtered, and concentrated. The crude product was recrystal-
lized with methanol and dried at room temperature under
reduced pressure to give MTT (2.5 g, 16 mmol, 81%).

2.2. 13C NMR Measurements. Carbon-13 NMR spectra of
solution samples were measured at 125.65 MHz on a JEOL
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JNM-LA500 spectrometer equipped with a variable temper-
ature controller. During the measurement the probe temper-
ature was maintained within £0.1 °C fluctuations. In the
measurements, free induction decays were accumulated 16
times for PMS-2-13C or ca. 6000 times for MTT by using the
gated decoupling technique. The /2 pulse width, data acquisi-
tion time, and recycle delay were 5.8 us, 3.0 s, and 2.5 s,
respectively. The solvents were cyclohexane-di,, benzene-ds,
methanol-d,, chloroform-d;, and dimethyl sulfoxide-ds, and the
internal standard was tetramethylsilane. The concentrations
of PMS-2-13C and MTT were 5 vol % and 25 mg/0.50 mL,
respectively.

Carbon-13 NMR spectra of gaseous PMS-2-13C were mea-
sured at 180 °C and 67.8 MHz on a JEOL GSX-270 spectrom-
eter equipped with a variable temperature controller. About
a thousand of free induction decays were averaged using the
gated decoupling technique. The /2 pulse width, data acquisi-
tion time, and recycle delay were 4.0 us, 1.8 s, and 1.2 s,
respectively. The NMR sample was prepared as follows. About
2 uL of PMS-2-13C was injected into a standard 3 mm o.d. tube,
which was sealed at a height of ca. 4 cm from the bottom.
Placed in a 5 mm o.d. tube was the 3 mm tube, of which top
was fixed with a Teflon plug. Between the inner and outer
tubes, dimethyl sulfoxide-ds was filled up to the Teflon plug
for 2H field-frequency lock. The outer tube was also sealed.

2.3. Conformational Free Energy. Ab initio MO calcula-
tions were carried out for PMS-2, PMS-3, PMS-4, PMO-2,
PMO-3, and PMO-4 using the Gaussian 98 program® installed
on a Compag XP1000 workstation. At the B3LYP/6-31G(d)
level, the geometries were fully optimized, and the zero-
point energies, thermal energies, and entropies were also
calculated. Then a scale factor of 0.9804 was used to correct
for the frequency overestimation.332 With the geometries
determined, the self-consistent-field (SCF) energies were
calculated at the B3LYP/6-311+G(2d,p) level, and atomic
charges and dipole moments were computed by the Merz—
Singh—Kollman method.333* The conformational free energies
of the individual conformations at 298.15 K and 1.0 atm were
evaluated from the SCF energy, thermal energy, and entropy.

For comparison with the 3C NMR experiment for gaseous
PMS-2-13C, the conformational free energies at 453.15 K (180
°C) and 3.6 atm® were calculated in the same way as above.

2.4. Configurational Entropy. The configurational en-
tropies per mole of skeletal bonds of PMS and PMO were
calculated from36-40

()

Sy = R(ln 2+ 7910 Z)

dT

where z is the configurational partition function per skeletal
bond, given by

z=27"" )

with Z and n being the partition function of the whole chain
and the number of skeletal bonds. The Z function can be
calculated from

n-1
z=J3%[1u)J )

where J* = [100] and J is the 3 x 1 column matrix of which
elements are unity. The statistical weight matrices Uj's (i =
bond number) are scaled so that the weight of the lowest-
energy conformation is unity, as given below.

3. Results and Discussion

3.1. B8C NMR Data from PMS-2-13C and MTT.
Figure 2 shows examples of 13C NMR spectra observed
from the labeled methyl carbon of PMS-2-13C and
methylene carbons of MTT. The 3C NMR signal from
PMS-2-13C was split into four by direct couplings and
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Figure 2. 13C NMR spectra observed from the labeled methyl
carbon of PMS-2-13C (a) in the gas phase at 180 °C and (b) in
benzene at 70 °C and (c) methylene carbons of MTT in benzene
at 70 °C.

further into three by vicinal couplings. For MTT, vicinal
couplings of the methylene carbon with three protons
(Figure 3c) produced two triplets, which indicate that
the MTT ring does not flip-flop even at 70 °C.

The vicinal coupling constant 3Jcy of PMS-2-13C
provides information regarding the conformation around
the C—S bond. The observed 3Jcy value corresponds to
the average of vicinal ¥C—1H, and 3C—H, coupling
constants (see Figure 3):

3 3

ay Jen, T 9en, 2735 pe+ 231 pg + °Jg P, @
CH 2 2

where pt and pg are the trans and gauche fractions of

the C—S bond. Therefore, the definition of the bond

conformations dictates that

Pet Py =1 (%)
and
p
pg+ = pg* = ?g (6)

where pg- and pg- are the gauche+ and gauche—
fractions. From these equations, we have

33, 4335 — 2%,
p =
t 3JT_3JG

(M

Here the 3J7 and 3Jg values obtained from MTT dis-
solved in the corresponding solvent were used: 3Jt =
7.13 £ 0.02 Hz and 3Jg = 2.62 4+ 0.02 Hz in benzene at
70 °C; 331 = 7.12 + 0.09 Hz and 3Jg = 2.58 + 0.02 Hz
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Figure 3. Preferred conformations around the C—S bond and definitions of 3Jcn,, 3Jcn,, 3Jt, and %Jg: (@) trans and (b) gauche
conformations of PMS-2-13C and (c) MTT.

Table 1. Observed Vicinal 13C—'H Coupling Constants, C—S Bond Conformations, and Conformational Energies of

PMS-2-13C
dielectric
medium constant of medium? temp (°C) 3Jch (Hz) Pt Py E, (kcal mol~1)

gas 1.0 180.0 452 +£0.04 0.16 + 0.02 0.84 +0.01 —1.43 £0.01
cyclohexane-di» 2.02 15.0 4.64 0.10 0.90 -1.20
25.0 4.63 0.11 0.89 -1.21
40.0 4.62 0.11 0.89 -1.24
55.0 461 0.12 0.88 -1.27
70.0 4.59 0.13 0.87 —1.27
benzene-dg 2.28 15.0 4.57 0.14 0.86 —1.02
25.0 4,57 0.14 0.86 —1.05
40.0 4.56 0.14 0.86 —1.08
55.0 4.54 0.15 0.85 —1.08
70.0 4.53 0.15 0.85 -1.11
chloroform-d; 4.81 0.0 4.53 0.14 0.86 —0.94
10.0 4.52 0.15 0.85 —0.95
25.0 451 0.15 0.85 —0.98
40.0 4.50 0.15 0.85 —1.01
55.0 4.48 0.16 0.84 —1.01
methanol-da4 32.6 0.0 4.59 0.13 0.87 —0.98
15.0 4.56 0.15 0.85 —0.97
25.0 4.55 0.15 0.85 —0.98
40.0 4.54 0.15 0.85 —1.00
55.0 4.48 0.18 0.82 —0.92
dimethyl sulfoxide-dg 45.0 25.0 4.49 0.15 0.85 —0.96
55.0 4.47 0.16 0.84 —1.00
80.0 4.44 0.18 0.82 —1.00
110.0 4.41 0.19 0.81 —1.01
135.0 4.40 0.20 0.80 —1.05

aAt 20 °C.

in chloroform at 50 °C; 3Jt = 7.27 4+ 0.05 Hz and
3Jc = 2.54 + 0.02 Hz in methanol at 55 °C; 33 =
6.92 4+ 0.07 Hz and 3Jg = 2.71 £ 0.04 Hz in dimethyl
sulfoxide at 135 °C. Well-defined spectra obtained
from MTT at comparatively high temperatures were
employed in the analysis. Because MTT was insoluble
in cyclohexane, 3Jg and 3Jt values obtained from the
benzene solution were used for PMS-2-13C in the gas
phase and cyclohexane. Listed in Table 1 are the p
and pg values thus evaluated, together with the experi-
mental 3Jcy values.*!

According to the rotational isomeric state (RIS)
scheme,” the statistical weight matrices U;’s of PMS-2
and PMO-2 may be given as

Our MO calculations showed that the gtg~ and g—g*
conformations of PMS-2 and PMO-2 are essentially
absent because of severe steric repulsion between the
CHj; terminals; therefore, the (2,3) and (3,2) elements
of Uz are set to zero. From the above matrices, we
have

_ 20+ 1
Y2+ 40+ 1 (10)
20(0 + 1) (11)

S 22+ 40 +1

The experimental E, values obtained from eqs 7 and

ol 11 10 are also listed in Table 1. In principle, the E, value

U,=lo0 00 (8) incregses with increasing polarity of solvent and de-
0 00 creasing temperature.

. 3.2. MO Calculations. Free energies of possible

111 conformers of PMS-2, PMS-3, PMO-2, and PMO-3,

N obtained from the MO calculations, are shown in

U;=[o" 10 ) Table 2. The g*g~ and g—g© conformers of the

ol01 dimers are not included for the reason described above.

where o is the statistical weight which can be related
to the conformational energy E, by o = exp(—E//RT).

The free energy of each conformer is represented as
the difference from that of the most stable all-gauche
state.
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Table 2. Free Energies (AGk) of Conformers of Dimers,

Trimers, and Tetramers of PMS and PMO, Evaluated by

ab Initio Molecular Orbital Calculations at the B3LYP/
6-311+G(2d,p)//B3LYP/6-31G(d) Level?

AGy (kcal mol—1)

statistical
k conformation Mk weight(s) PMS-x PMO-x
Dimer (x = 2)

1 tt 1 o2 5.12 (5.88)>  5.08

2 tgt 4 ot 154 (1.38)>  2.15

3 g'g" 2 1 0.00 (0.00)®>  0.00

Trimer (x = 3)°

1 tttt 1 o4 9.66 9.26

2 tttg* 4 o3 d d

3 ttgtt 4 o3 d d

4 tgttgt 4 0? 2.76 3.35

5 tgttg- 4 o2 2.94 3.80

6 tgrgtt 2 o2 2.78 4.03

7 tgtgtgt 4 ot 1.50 2.08

8 tgtgt 2 0 %w 6.02 6.46

9 tgg g 4 ) 3.28 3.46
10 grttgh 2 o2 2.85 3.96
11 gfttg 2 0? 3.16 4.60
12 gttgtg*t 4 ot 1.61 1.71
13 gtgttg- 4 ot 1.69 1.57
14 gtgfgrg" 2 1 0.00 0.00
15 gtgtg g 2 ) 3.07 2.08

Tetramer (x = 4)

1 tg"gtgrgtg" 4 ot 1.24 1.98

2 gttgtgtgtgt 4 ot d 1.61

3 grgftghgrg’ 4 ot 1.61 1.66

4 gtgtgtgtgtgt 2 1 0.00 0.00

a Relative to those of the all-gauche conformation. Calculated
for the dimers, trimers, and tetramers at 298.15 K and 1 atm.
b For comparison with 13C NMR experiment for gaseous PMS-2-
13C, the AGk values for PMS-2 at 453 K and 3.6 atm are shown in
the parentheses. See ref 35. ¢ According to the least-squares
fittings of egs 13 and 14, the E; and E,, values were respectively
determined as follows: —1.54 and 2.09 kcal mol~! (PMS-3) and
—1.72 and 1.98 kcal mol~! (PMO-3). @ The local minimum of the
potential was not found by the geometrical optimization.

The statistical weight matrices for the second and
third C—S bonds of PMS-3 and PMO-3 are respectively
given by egs 8 and 9, and that for the fourth bond may
be expressed as

g_l 11
u,= oll w (12)
g

1 w1

where o is the Boltzmann factor for the second-order
X++-X (X = S or O) interaction occurring in the g*g™
conformations for the third and fourth C—X bond pairs.
The Us of the trimers is equivalent to Us. Equations 8,
9, and 12 are equivalent to statistical weight matrices
employed in the previous study.!” In the calculation of
the configuration entropy, the statistical weight for the
lowest-energy state, i.e., the all-gauche conformation,
must be defined as unity. The conformational free
energy of each conformer is given as the difference
from that of the all-gauche state. Therefore, in egs 8, 9,
and 12, a weight of unity is assigned to the gauche
states.

For PMS-2 and PMO-2, the free energy difference
between gtg™ and g*t states may be adopted as the
conformational energy E,: —1.54 kcal mol~* (PMS-2) and
—2.15 kcal mol~1 (PMO-2). In the RIS scheme, the AG
values of PMS-3 and PMO-3 are approximated as a
function of E; and E,; for example, the AG value of the
tg™g~t conformation may correspond to —2E, + E,,. The
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E, and E, values were determined by minimizing the
following function:

BER
S(E) = K ZAk (E) (13)

where

AZE) = (ZL(E)Eg — AG,)*M, exp(—AG,/RT) (14)

with K and My being the total number (=>iMy) of
conformers and the multiplicity of a conformation k. The
function L(&) gives the number of conformational energy
E: (¢ = o or w) included in the conformation. The
squared difference between AGk and the sum of E¢'s is
multiplied by the Boltzmann factor exp(—AG/RT) so as
to weight low-energy conformations. The temperature
T was set to 298.15 K. Consequently, the E, and E,,
values were respectively determined as follows: —1.54
and 2.09 kcal mol~! (PMS-3) and —1.72 and 1.98 kcal
mol~—t (PMO-3).

3.3. Comparison between Theory and Experi-
ment. Our MO calculations gave E,s of —2.15 and
—1.72 kcal mol~! for gaseous PMO-2 and PMO-3,
respectively. Abe et al.*? evaluated an E, value of
—2.5 £ 0.2 kcal mol~! from 13C NMR measurements for
gaseous PMO-2. From dipole moment measurements for
PMO-2 and PMO-3 in n-hexane at 25 °C, Uchida et al.*3
evaluated the gauche energy to be —1.74 kcal mol~1. Our
MO calculations well reproduced these experimental
observations. Flory!” estimated the E, and E, values
as —1.5 and 1.8 kcal mol~1, respectively, so as to
reproduce the characteristic ratio of PMO as well as the
data of Uchida et al.*3 Abe and Mark8 offered an E,
value of —1.4 kcal mol~? for unperturbed PMO. From
vibrational spectra, Sakakibara et al.** estimated the
enthalpy difference between the tg and gg conformations
of liquid PMO-2 as —1.2 kcal mol~. As stated above,
the experimental E, values of PMO-x’s have been found
within a wide range. One reason may be the solvent
effect. As has often been pointed out for the anomeric
effect,® polar solvents stabilize the more polar (trans)
conformation; i.e., the gauche preference decreases
with increasing dielectric constant of solvent. The
other reason may be the chain-length dependence. Our
calculations indicate that the gauche stability (—2.15
kcal mol~1) of PMO-2 exceeds that (—1.72 kcal mol-1)
of PMO-3. For PMO-4, therefore, the free energies
of the tgtgtg*tgtg*, g'tgtgtgtg’, and gtgttgtgtgt
conformations were calculated (see Table 2). The E,
value of PMO-4 depends on the bond position; bonds
2, 3, and 4 show E,'s of —1.98, —1.61, and —1.66 kcal
mol~1, respectively. The outer bond seems to have a
smaller E, than the inner bond. This tendency can
be found for PMO-3; bonds 2 (tg*g*tg™*) and 3 (g*tgtg™"
or gtg*tg™) have E,'s of —2.08 kcal mol~! and —1.71
or —1.57 kcal mol™1, respectively. If the solvent and
chain-length effects are taken into account, therefore,
our MO calculations support Flory, Mark, and Abe’s
estimation!’18 of E, = —1.4 to —1.5 kcal mol~! for
unperturbed PMO. The terminal bonds of PMO probably
have a smaller conformational energy than the inner
bonds. However, the terminal effect is negligible in the
calculations of configuration-dependent properties such
as the characteristic ratio, dipole moment ratio, and
configurational entropy of long chains.
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Table 3. Dipole Moments of Conformers of PMS-3

k conformation w'©a (D) ugONP b (D)

1 tttt 4.52 477
2 tttg" c o

3 ttght c c

4 tgttgt 2.71 2.81
5 tgrtg 3.52 3.64
6 tgtgtt 2.39 2.64
7 tgtgtg" 151 1.09
8 tgtgt 3.29 3.85
9 tgtg g 117 1.67
10 grttgt 1.79 1.45
11 grttg 2.99 2.13
12 grtgtg’ 1.69 1.57
13 gtgttg 1.48 1.66
14 gtgtgtgt 1.45 1.52
15 g gtg g 1.23 1.65
RMSE,® D 0.37

a Evaluated from ab initio MO calculations at the B3LYP/6-
311+G(2d,p)//B3LYP/6-31G(d) level. ® Estimated as the sum of
bond dipole moments. The C—S bond dipole moment mc-s was
determined by the least-squares fitting according to eq 15 to be
1.23 + 0.08 D. ¢ The local minimum of the potential was not found

by the geometrical optimization. ¢ The root-mean-square error

between uy'°'s and u£NP's.

Our NMR analysis for gaseous PMS-2-13C at 180 °C
and 3.6 atm gave an E, value of —1.43 £ 0.01 kcal mol~1,
which was closely reproduced by our MO calculation
(E, = —1.38 kcal mol™1). Thus, it can be concluded that
the MO calculations at the B3LYP/6-311+G(2d,p)//
B3LYP/6-31G(d) level provide fully quantitative data for
both PMS-x’s and PMO-x’s. The MO calculations gave
an E, value (—1.54 kcal mol~1) common to PMS-2 and
PMS-3 but AGy's of 1.24 and 1.61 kcal mol~* for the
tg*gtgTg*tgt and gtgTtgtgtgt conformations of PMS-
4, respectively; no explicit chain-length dependence of
E, can be seen for PMS-x’s. Both experiments and
calculations show that PMS-x’s have somewhat weaker
gauche preference than PMO-x’s.

As stated in the Introduction, because it is difficult
to obtain experimental data on the 6 state of PMS itself,
other polymers including the S—C—S—C bond sequence
have been subjected to conformational analysis. From
dipole moments and their temperature coefficients of
poly(1,3-dithiocane)?® and poly(thiomethylene-1,4-trans-
cyclohexylenemethylene thiomethylene)?” in benzene,
the conformational energy E, was indirectly estimated
to be —1.2 kcal mol~1. This estimate agrees well with
our NMR data (E, = —1.02 to —1.11 kcal mol~?1) for
PMS-2-13C in benzene.

3.4. Dipole Moment. The C—S bond dipole moment
mc—s was determined on the basis of the MO calcula-
tions for PMS-3; the mc_s value was optimized so as to
minimize the f function

f(me_g) = Zcut”o — u?PY’M, exp(—AG,/RT) (15)

MO s the dipole moment of the conformer k,

where u,
obtained from MO calculations, and %" is calcu-

lated from

ﬂEOND = mcfsz b:( (16)

with b¥ being the unit vector in the C — S direction
of the ith bond of the conformer k. As a result of
the optimization, the mc-s value was determined as
1.23 + 0.08 D. Then, the root-mean-square error (RMSE)
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Table 4. Conformational Energies and Geometrical
Parameters of PMS, Used in Calculations of
Characteristic Ratio, Dipole Moment Ratio, and
Configurational Entropy

conformational energy, kcal mol—1

E, —1.052

E., 2.09b
bond length,c A

C-Ss 1.833
bond angle,® deg

ocsc 100.06

0scs 117.36
dihedral angle,® deg

¢trans 000

Pgauche+ +113.07
bond dipole moment, D

Mc-s 1.23d

aFrom 13C NMR observed from PMS-2-13C in benzene at 25.0
°C (Table 1). P Evaluated by the least-squares fitting for the MO
free energies (Table 2) of PMS-3, according to eqs 13 and 14. See
text. ¢ From the all-gauche conformation of PMS-3. 9 Determined
by the least-squares fitting for dipole moments (Table 3) of
conformers of PMS-3, according to egs 15.

between uy'“'s and «°""'s was 0.37 D. In Table 3, the

ug°NP values are compared with 4'®'s. From the table,

it can be seen that u.°""'s agree fairly well with «"°'s.
This indicates that the calculation based on eq 16
is applicable to these thioacetals. The mc_s value
obtained here is close to that (1.21 D) so far used for

polysulfides.4546

3.5. Configuration-Dependent Properties of PMS
and PMO. The characteristic ratio ([#2[g/nl2) and dipole
moment ratio ([°0Ihm?2) of unperturbed PMS were
calculated by the RIS scheme.l” Here, r is the end-to-
end distance, | is the bond length, m is the bond dipole
moment, and the angular brackets denote the ensemble
average. The statistical weight matrices (Ua and Ug) of
PMS and PMO correspond to Uz and Uy, respectively.
Although the 6 state of PMS is imaginary, it should be
meaningful to investigate these configuration-dependent
properties of PMS and compare them with those of other
polymers. The conformational energies and geometrical
parameters used in the calculations are listed in Table
4. In Figure 4, the F2[g/nl%2 and [A°(Inm? values are
shown as a function of the degree of polymerization, x.

The characteristic ratio increases monotonically with
X. The ?[g/nl? value calculated for x = 300 is 7.6. On
the other hand, the dipole moment ratio decreases with
increasing x. The [Z?[Inm? value at x = 300 is 0.17. For
PMO of x = 300, the conformational energies and
geometrical parameters offered by Flory*” and Abe and
Mark*8 yield [#2[g/nl?s of 8.0 and 9.2, respectively. The
experimental [¥?[g/nl?> values (7.5* and 10.5 + 1.5%0)
estimated for unperturbed PMO are considerably scat-
tered.

The configurational entropy Scons of PMS of x = 300
at 25 °C was calculated from eq 1 to be 2.7 cal mol~!
K151 For PMO of x = 300 at 25 °C, the energy
parameters of Flory*” and Abe and Mark*® yielded Sconf's
of 2.0 and 2.3 cal mol~* K1, respectively. The melting
point is given by T, = AH/AS,, where AH, and AS,
are enthalpy and entropy of fusion. For PMO, the AS,
value was experimentally estimated as 3.9 cal mol~!
K~1,52-54 and the melting point was 180 °C. The entropy
AS, of fusion can be broken down into ASgn and
AS,,*755 where AS, = (U/B)AV,, with a, 8, and AV, being
the thermal expansion coefficient, compressibility, and
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Figure 4. Characteristic ratio [#?[¢/nl?> and dipole moment
ratio (#2(Inm? of unperturbed PMS as a function of the degree

of polymerization, x, calculated using the conformational
energies and geometrical parameters in Table 4.
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Figure 5. Electron density distributions and atomic charges
of (a) all-trans, (b) all-gauche, and g*tg*t conformations of
PMS-3 and PMO-3. The atomic charges of hydrogens are
summed into the bonded carbons.

volume change on melting, respectively. Flory’s*” and
Abe and Mark’s*® parameters yield AS¢nf's of 2.9 and
3.1 cal mol~! K1 for PMO at 180 °C, respectively, and
a ASonf Value of 2.8 cal mol~! K=1 was experimentally
obtained.%® Accordingly, the contribution of ASgs to
AS, amounts to 70—80%. For PMS of x = 300 at the
melting point (245 °C), our conformational energies
(Table 4) gave a ASqns value of 3.4 cal mol~—1 K=1, which
is larger than that of PMO. Probably, PMS has a larger
AS, than PMO, being more flexible in the molten state.
However, PMS melts at a much higher temperature
than PMO. This must be ascribed to the difference in
AHy: AHY(PMS) > AHy(PMO). Such thermal properties
of polysulfides, e.g., poly(ethylene sulfide),*%5” have been
discussed in comparison with those of polyethers.

3.6. Electron Density Distribution, Atomic
Charges, and Anomeric Effects. lllustrated in
Figure 5 are the optimized geometries of the all-trans,
all-gauche, and g*tg*t conformations of PMS-3 and
PMO-3, together with the electron density distributions
and atomic (group) charges obtained by the Merz—
Singh—Kollman method at the B3LYP/6-311+G(2d,p)
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Table 5. Bond Lengths and Bond Angles of All-Trans,
All-Gauche, and g*tg*t Conformations of PMS-3 and
PMO-3, Obtained from ab Initio MO Calculations at the
B3LYP/6-31G(d) Level?

conformations of bonds 2, 3, 4, and 5

tttt gtgtgtg*t gttgtt
PMS-3
bond length, A
C1—Sz 1.827 1.826 1.828
S,—Cs 1.835 1.830 1.819
C3—Ss 1.835 1.835 1.847
S4—Cs 1.835 1.835 1.825
Cs5—Se 1.835 1.830 1.841
Se—C7 1.827 1.826 1.830
bond angle, deg
0C1S2Cs 98.29 100.38 100.46
[0S,C3S4 108.35 117.36 112.34
0C3S4Cs 97.30 100.06 100.28
0S4CsS6 108.35 117.36 112.30
0CsSeCr 98.29 100.38 99.54
PMO-3
bond length, A
C1—02 1.412 1.421 1.422
0,—C3 1.394 1.400 1.385
C3—04 1.398 1.417 1.427
04—Cs 1.398 1.417 1.384
C5—0s 1.394 1.400 1.414
O6—Cy 1.412 1.421 1.413
bond angle, deg
0C10,C3 112.40 113.62 113.78
002C304 105.74 113.29 109.77
0C304Cs 113.03 113.39 114.45
004Cs0¢ 105.74 113.29 109.85
0Cs06C7 112.40 113.62 112.48

a8 For atom and bond numbers, see Figure 1.

level. The bond lengths and bond angles of the conform-
ers are listed in Table 5. The all-trans conformer of
PMS-3 is curved toward the methylene groups; bond
angles [0SCS's (108.35°) are larger than JCSC's (98.29°
and 97.30°). On the other hand, the all-trans PMO-3 is
curved toward the oxygen atoms; JOCQO's (105.74°) are
smaller than O0COC’s (112.40° and 113.03°). This may
be due to the difference in van der Waals radius between
sulfur and oxygen (1.80 A for S and 1.52 A for 0).58

In all-trans PMO-3, all the oxygen atoms are nega-
tively charged because oxygen has an electronegativity
(3.5) larger than carbon (2.5).%° In all-trans PMS-3,
however, the differences in charge between S and CH;
are slight, and the central S atom has a positive charge
of +0.015. The sulfur electrons are so flexible as to
reduce the S---S repulsion and unfavorable (parallel)
dipole—dipole interaction. The electronegativity of sulfur
is almost the same as that of carbon.>®

In all-gauche PMS-3, all the sulfur atoms and methyl-
ene groups have negative and positive charges, respec-
tively. The dipole moments formed along the bisector
of OCSC angle are canceled out and stabilize the
all-gauche conformation. The all-gauche conformer has
a larger S---S distance (3.13 A) than the all-trans one
(2.98 A). These tendencies can also be found in the all-
gauche PMO-3. However, magnitudes of atomic charges
of PMO-3 are about twice as large as those of PMS-3.
The O---O distances of the all-gauche and all-trans
PMO-3's are 2.35 and 2.23 A, respectively.

As stated in the Introduction, the no — o¢_o hyper-
conjugation has been rationalized by shorter O—C bonds
in the gauche conformation.* In the g™tg™t conformation
of PMO-3, the 02—C3 (1.385 A) and 04—C5 (1.384 A)
bonds in the gauche state are shorter than C3—-04
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(1.427 A) and C5—06 (1.414 A) in trans one. The similar
tendency can also be seen for the g*tg*t conformer of
PMS-3; the gauche S—C bonds are 1.819 and 1.825 A
long, and the trans bonds are 1.847 and 1.841 A long.
On average, the gauche bonds are shorter than the trans
ones by 2.5% in PMO-3 but by only 1.2% in PMS-3. The
gauche stability of polythioacetal may come partly from
the favorable (antiparallel) dipole—dipole interaction
and the ns — of_g hyperconjugation occurring in the
gauche conformation. It should be emphasized that the
flexibility of sulfur electrons reducing the S---S repulsion
and unfavorable (parallel) dipole—dipole interaction in
the trans conformation is a most significant feature of
polythioacetal. Nevertheless, uB°NP’s of PMS-3 are in
fairly good agreement with xM©’s,

4. Summary

Conformational analysis of PMS and its oligomeric
model compounds has been carried out by 3C NMR
experiments, ab initio MO calculations, and the RIS
calculations. The results have been discussed by com-
parison with those for PMO and its oligomers. The first-
order interaction energy E, of PMS-2 in the gas phase
and solutions was evaluated by dihedral angle depen-
dence of vicinal C—H coupling constants: for example,
—1.43 4+ 0.01 kcal mol~! (gas phase at 180 °C and
3.6 atm); —1.21 kcal mol~! (cyclohexane at 25 °C);
—1.05 kcal mol~! (benzene at 25 °C); —0.98 kcal mol~!
(chloroform at 25 °C); —0.98 kcal mol~! (methanol at
25 °C); —0.96 kcal mol~! (dimethyl sulfoxide at 25 °C).
The E, value (—1.38 kcal mol~1) obtained from the
MO calculations at the B3LYP/6-311+G(2d,p)//B3LYP/
6-31G(d) level for gaseous PMS-2 at 180 °C and 3.6 atm
was in good agreement with the experiment. The gauche
stability of the C—S bond tends to decrease with
increasing polarity of solvent. Our ab initio MO calcula-
tions showed that the conformational energy E, of the
PMO oligomers has chain length dependence: dimer,
—2.15 kcal mol=%; trimer, —1.72 kcal mol~—1; tetramer,
—1.6 kcal mol~2. In addition, the outer C—O bonds have
smaller E, values than the inner ones. In contrast, the
PMS oligomers do not exhibit these tendencies.

The characteristic ratio and dipole moment ratio and
configurational entropy of PMS of x = 300 were calcu-
lated to be 7.6 (9.2), 0.17 (0.091), and 3.4 (3.1) cal mol~*
K~1, respectively. Here, the values in the parentheses
represent the corresponding quantities of PMO of x =
300. Thus, unperturbed PMS would be more flexible
than PMO. The difference in melting point between
PMS (245 °C) and PMO (180 °C) was suggested to stem
from that in the enthalpy factor.

By comparison of the geometrical parameters and
atomic charges and electron density distributions of
PMS-3 and PMO-3, the gauche preference of the thio-
acetals was indicated to come partly from the anti-
parallel dipole—dipole interaction and the ns — o%_g
hyperconjugation formed in the gauche conformation.
Sulfur electrons are so flexible as to reduce the unfavor-
able (parallel) dipole—dipole interaction and steric S---S
repulsion occurring in the trans state. This electron
flexibility, which has not been found for polyacetal, is a
most noticeable characteristic of polythioacetal.
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