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ABSTRACT: Conformational analysis of poly(ethylene oxiale-ethylene sulfide) (PEOES) has been carried

out by ab initio molecular orbital (MO) calculations for a model compound, 2-methoxyethyl methyl sulfide
(MEMS), and a refined rotational isomeric state (RIS) scheme developed here. The refined RIS scheme, including
the dependence of geometrical parameters as well as interaction energies on conformations of the current and
neighboring bonds, is formulated herein. Experimental observations of bond conformations of MEMS and the
dipole moment ratio and its temperature coefficient of PEOES in benzene were exactly reproduced by the
completely theoretical treatment of the M®IS calculations. Thermodynamic and solution properties and weak
interactions of PEOES are discussed and compared with those of poly(ethylene oxide) and poly(ethylene sulfide).

1. Introduction (a)

Physical chemists may have an ideal to elucidate all chemical 2
phenomena quantitatively on the basis of the first principles, :'PI’Q 3 5 7 Qa ) o
that is, the Schidinger equation. In polymer science, however, vd 2 4 6,’ b d f
this ideal has been regarded as chasing after rainbows, because 9 - 9 9
polymers are too large to be directly dealt with by quantum

(b)
mechanics. Even a single polymeric chain has an astronomical 4 4
number of degrees of freedom in conformation and configura- W 5/
s 99
()

tion. Statistical mechanics fulfills a role of the bridge between
microscopic and macroscopic phenomena; rigorous solutions
of quantum theory for a small molecule may be extended to
canonical ensemble averages of thermodynamics. J:‘( 4 %

Simple models for polymeric chains have been proposed: for N %
example, the freely jointed chain, the freely rotating chain, and 2 Yy
the chain with hindered rotationln this order, the chain
flexibility is reduced, and the models become realistic. The @ 2
extension of this line may reach the rotational isomeric state A
(RIS) model-2in which the internal rotations are interdependent
and expressed as a function of the Boltzmann factors of (10}
conformational energigs under the RIS approximation. The RIS Figure 1. All-trans conformations of (a) poly(ethylene oxiaé-
scheme has been applied to a number of synthetic and biologicalethylene sulfide) (PEOES), (b) 2-methoxyethyl methyl sulfide (MEMS),
polymers to evaluate a variety of configurational properties.  (c) 2-ethoxyethyl ethyl sulfide (EEES), and (d) poly(ethylene oxide)
However, the RIS scheme still leaves room for improvement. (PEO, X= 0) or poly(ethylene sulfide) (PES, % S). The bonds are
The geometrical parameters depend on conformations of not/2Peled as indicated.
only the current but also neighboring bonds; nevertheless, the
RIS model (referred here to as teerventional RIS model) This study has dealt with conformational analysis of PEOES
does not include the latter dependence. The bond length, bondds an application of the refined RIS scheme. Poly(ethylene
angle, and dihedral angle of, for example, poly(ethylene oxide- oxide) (PEO) and poly(ethylene sulfide) (PES) exhibit charac-
alt-ethylene sulfide) (PEOES, see Figure 1a) treated here,teristic weak interactions: PEO, the {€l)---O attraction’~>
depending on conformations of the adjacent bonds, may vary PES, the dipoledipole attractior?>® It is of interest to
within allowances of, at most, 0.016 A, 7,7and 42.2, investigate whether these interactions can also be found in
respectively (Table 1). The bond length is rigid, whereas the PEOES and how they affect its structures and properties. Ab
dihedral angle is very flexible. In this paper, an improved RIS initio molecular orbital (MO) calculations with and without
scheme is proposed and formulated so that the geometricalsolvent effects were carried out for a model compound of
parameters can be changed as a function of conformations ofPEOES, 2-methoxyethyl methyl sulfide (MEMS, see Figure 1b),
the current and adjacent bonds (it is hereafter referred to as thets intramolecular interactions were investigated, and the con-
refined RIS scheme). formational energies were evaluated. With the conformational

energies thus obtained and the geometrical parameters optimized

* Corresponding author. E-mail: sasanuma@facutly.chiba-u.jp. Fax: by the density functional calculations for 2-ethoxyethyl ethyl
+81 43 290 3394. sulfide (EEES, see Figure 1c), the refined RIS model was
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Table 1. Geometrical Parameters of PEOES, Used in the Refined 3. CH 3. CH SJ.CH 3 CH
RIS Calculations? J J T T
(a') ‘G/' CHS\G > CH3 G
conformatior?
H H |CH, H
a B 4 I 01 ¢ 0; ¢ o'
Bond a
t t t 1.416 112.9 107.4 0.0
t g* t 1.419 114.7 112.3 99.0 CH L— > H
g t t 1.419 1144 1071 7.6 2
gt gt t 1.421 114.9 110.9 90.4 1 _
g g t 1423 1158 1103  —68.1 K X=0orS)
t t gt 1.414 113.0 109.1 —-3.0
t gt gt 1.415 114.7 114.8 110.1 3 HH
t g gt 1416 1157 1144 844 ) T
gt t gt 1.416 114.5 108.8 2.9 (b)
g g g 1.418 115.4 113.8 100.0 0 l 0 l
g g g
g t gt 1.416 114.6 108.7 -9.8 Hy Hpg: S Hp
g gt gt 1419 1165  113.9 79.1 I Ig W HH
g g g Js
Hy Hy HY Hy
Bond b 3o hH ~
t t t 1.525 110.1 0.0 S J Hp
t gt 1.521 1112 1182 SIS U Y U
gt t t 1.533 109.8 3.1 1 o
gt gt t 1.531 110.9 126.4
gt g t 1.533 113.7 -105.4
t t gt 1525 1137 03 trans gauche+
+ +
: 9 g 1223 ﬂgg _1(1)51)07'9 Figure 2. Rotational isomeric states around the (a}&H, (X = O
g* tg g+ 1'534 113'5 42 or S) and (b) CH—CH, bonds with definitions of vicinal coupling
g g g 1537 116.3 1325 constants. The Greek letters represent first-order interactions.
gt g gt
g t gt 1.534 113.6 -25
g gt gt
g g gt 1.532 1158 —110.1
Bond ¢
t t t 1.836 99.4 0.0
t gt t 1.833 101.3 101.7
gt t t 1.841 99.4 19.5
gt gt t 1.837 100.4 99.4
gt g t 1.837 102.0 —100.3
t t gt 1.838 100.7 10.0
t gt gt 1.835 101.8 98.1
t g gt 1.839 102.4 -79.7
gt t gt 1.842 100.5 23.2 (S)
gt gt gt 1.839 101.4 97.8
gt g gt 1.838 103.6  —104.2
g t gt 1.842 100.4 -19.0
g gt gt 1.839 102.9 100.8
g g gt 1.845 101.5 -71.1
aObtained from the geometrical optimization for EEES at the B3LYP/
6-31G(d) level. For each bond, 27 conformers are defined. The geometrical
parameters of other conformers are derived fitgm = I35, Oup, = 055, ]
andees, = —¢z,, Where the overbar denotes minus sigr t andg= = Js ‘ J
g*. For bonds d, e, and f, the parameters are obtained from those for bonds )
¢, b, and a, respectively. The blank indicates that the potential minimum
was not found there, a, B, andy represent conformations of bongds- 1, K
j, andj + 1, respectively. Herej, denotes the current bontiLength of Figure 3. Second- ((a)sx and (b)a, X = O or S) and third-order

bondj. ¢ Angle formed between bongs- 1 andj. € Angle formed between

bondsj andj + 1. Dihedral angle of bond. See Figure 4 ((c) k) intramolecular interactions defined for MEMS and PEOES. The

arrows in part ¢ represent dipole moments.

applied to PEOES to yield the characteristic ratio, dipole
moment ratio, and their temperature coefficients. The above
procedure, being a combination of the first-principles (ab initio
MO) and statistical mechanics (the refined RIS) computations,
does not include any experimental factors. The quantum B ) o )
chemical data on MEMS were transformed by the refined RIS 2.1. Ab Initio MO Calculatpns. Ab initio MO calculations were
scheme to canonical ensemble averages on PEOES in the ga%amed out with the Gaussian03 programstalled on an HPC

. . . ilent-SCC T2 computer. For each conformer of MEMS, the
Eﬂhéll\sllesagﬂdm ttkk]ls Z?gglin?nf)?::glrﬁn.r;?oe gﬁzd if[:sontfe()r:qrgztrgtzsre()fgeometrlcal parameters were fully optimized at the HF/6-31G(d)
e . ) level, and the thermal correction to the Gibbs free energy (at 25
coefficient of PEOES were compared with the experimental «c ang 1 atm) was calculated with a calibration factor of 0.9135
observations to examine the reliability of the theoretical with the optimized geometry, the self-consistent field (SCF) energy
treatment adopted here. In this paper, thermodynamic andwas computed at the MP2/6-3+G(3df, 2p) level. All the SCF

solution properties of PEOES and the weak interactions of calculations were performed under the tight convergence. The Gibbs

MEMS and PEOES are discussed and compared with those of
PEO and PES.

2. Computations and Experiments
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Table 2. Conformer Free Energies of MEMS, Evaluated from Ab Initio MO Calculations

AG, kcal mol? dipole moment, D
statistical

k conformation multiplicity weight gas benzene uMo b uBOND ¢
1 ttt 1 1 0.00 0.00 0.46 0.42
2 ttg" 2 Ps —0.58 —0.58 1.94 1.85
3 tght 2 o 0.46 0.30 2.13 2.20
4 tg- g 2 ops 0.41 0.27 2.78 2.79
5 tgrg- 2 opswo —-0.56 -0.35 2.08 1.80
6 grtt 2 PO 1.05 0.94 1.85 1.81
7 gtg* 2 PoPS 0.60 0.52 2.28 2.27
8 gty 2 POPSK 0.41 0.31 0.34 0.41
9 g gt 2 po0 1.30 1.12 2.63 2.79
10 g-gtgr 2 PoUPSY 1.25 1.02 1.60 1.78
11 g gtg 2 POTPSHO 1.10 1.08 2.23 2.15
12 ggt 2 0

13 ggg" 2 0

14 gg g 2 0

a At the MP2/6-31%#-G(3df, 2p)//HF/6-31G(d) level. Relative to tt@& value of the all-trans conformation. A blank entry indicates that the geometrical
optimization did not detect the potential minimum; thus, the conformer is considered to be absent, and the null statistical weight is assignEdrtheret
interactions corresponding to the statistical weights, see Figures 2 &t 3he B3LYP/6-31H-G(3df, 2p)//B3LYP/6-31G(d) leveE Calculated from
Mc—o = 1.13,mc—c = 0.00, andmc—s = 1.24 D.

Table 3. Conformational Energies (kcal mot?l) of PEOES (MEMS),
PEO (DME and Triglyme), and PES (BMTE), Evaluated from Ab
Initio MO Calculations @

free energy was evaluated from the SCF and thermal-correction
energies, being given here as the difference from that of the all-
trans conformer and denoted @Gy (ki conformer). Dipole

moments and NMR coupling constants of MEMS were evaluated PEOES PEO PES
at the B3LYP/6-31+G(3df, 2p)//B3LYP/6-31G(d) and B3LYP/ MEMS MEMS DMEP triglyme® BMTE®
6-311++G(3df, 3pd)//B3LYP/6-31G(d) levels, respectively. The gas benzene gas gas gas
AGy values of MEMS dissolved in benzene were also calculated First-Order Interaction
with the integral equation formalism of the polarizable continuum g 1.04 0.94 1.30 1.05
model (IEF-PCM)10 at the MP2/6-31+G(3df, 2p)//HF/6-31G- E, 0.50 0.37 0.08 —0.08 0.89
(d) level. Geometrical parameters of EEES in benzene were E, -0.37 -0.37 -0.41
optimized at the B3LYP/6-31G(d) level and used in the refined Second- and Third-Order Interactions
RIS calculations for PEOES. Euo —038 -011 -1.02 -1.14

2.2. Sample Preparation.2-Methoxyethyl methyl sulfide was (S I o 0.45
prepared from sodium methyl mercaptide and 2-chloroethyl methyl E,. -0.26 —0.26 —0.19
ether!! 3-Methyl-1,4-oxathiane (MOT) was prepared as folld#s.  E, 0.08 0.07 —-042 -0.37 0.50
1,4-Oxathiane reacted witk-chlorosuccinimide to afford 3-chloro- ~ Ew's® 092 093 0.00
1,4-oxathiane. The Grignard reaction between this product and S, cal mortdeg? 10.1 10.4 4.8 5.0 5.3

methyl magnesium bromide yielded MOT. a Abbreviations: PEOES, poly(ethylene oxidk-ethylene sulfide); PEO
2.3. NMR Measurements:H (*C) NMR spectra were measured poly(ethylene oxide); PES, pF())Iy)(/((ethy)I/ene sulfide); I\/)I/EMS, 2-mezhoxyethyl
at 5,00 MHZ, (126 MHZ) on a JEOL ‘]NM'LAE'OO, Spectrometgr methyl sulfide; DME, 1,2-dimethoxyethane, @PCH,CH,OCHg; triglyme,
equipped with a variable temperature controller in the Chemical cH,0O[CH,CH,0]:CHs; BMTE, 1,2-bis(methylthio)ethane, GECHCH,-
Analysis Center of Chiba University. During the measurement the scH,. b Reference 4¢ Reference 39 The second-order €H-+-S interac-
probe temperature was maintained within0.1 °C fluctuations. tion. MEMS does not form #g™ conformations in the €0/C—C bond
The /2 pulse width, data acquisition time, and recycle delay were pair; therefore, this interaction energy is assumed teob&Determined
5.6 (5.0)us, 3.3 (2.0) s, and 3.7 (2.0) s, respectively. Here, the from a dimeric model compound, GESCH,CH;O0CH;CHz|SCH;. f At 25
values in the parentheses represent@NMR parameters. In  “C. With respect to the most stable conformation.
the 13C NMR measurements, the gated decoupling technique was

. e values as described in previous studiesggre shown and
employed. Before the Fourier transform, zero filling was conducted d with th f PEO (1 2-dimeth th DME and
so that the digital resolution would be smaller than 0.01 Hz. The compared wi oseo (1,2-dimethoxyethane, an

solvents were cyclohexarnk, (CD12), benzenes (CsDe), chlo- triglyme)* and PES (1,2-bis(methylthio)ethane, BMT) Table
roform-d (CDCL), dimethyl-ds sulfoxide ((C12),SO), and methanol- 3. Inasmuch as accurate MO calculations on the oxyethylenes
ds (CD;OD), and the solute concentration was ca. 5 vol %. The have shown a small chain-length dependence obtheerac-
NMR spectra thus obtained were simulated with the gNMR tion,* the conformational energies of DME and triglyme are
progrant® to derive the chemical shifts and coupling constants.  compared. The conformational energies of PEOES are nearly
equal to averages of those of PEO and PES, exceji, fpand

3. Results E. The long C-S bond weakens the (€H)-++O attraction

3.1. Conformational Energies of MEMS.Statistical weight (IEwo(PEOES) < |E,(PEO)), and the short €0 bond does
matricesJ; (j: bond number), of MEMS were formulated with  not permit the G-H---S contact k. = «). They interaction,
reference to those of PEO and PES (see Appendix). Thewhich was defined for PEO to represent the extra stabilization
intramolecular interactions are illustrated in Figures 2 and 3. in the gfg*g* conformations,is of no effect in PEOESH, =
The conformer free energies of MEMS in the gas phase and in 0). Bond conformations (trans fractions) of MEMS, calculated
the benzene solution, obtained from the MO calculations, are from the AGy values as described previoudfyare listed in
listed in Table 2. The statistical weights are calculated from Table 4. As found for PE®* and PES, the C-O and G-S
the conformational energies according to, for example,exp- bonds of PEOES have the trans and gauche preferences,
(—E4/RT), whereR is the gas constant, andis the absolute respectively.
temperature. The conformational energies of MEMS and Bond dipole moments along the-<© and C-S bondsmc-o
PEOES, determined by the least-squares method foAthe and mc—s, were, respectively, determined as 1.13 and 1.24 D
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Table 4. Bond Conformations of MEMS and PEOES

p[CO pE:C pICS
compound medium permittivity tempC case Il case IV case | case Il case V
MO Calculation
MEMS gas 1.0 15 0.83 0.52 0.15
25 0.82 0.52 0.15
35 0.82 0.52 0.16
45 0.81 0.52 0.16
55 0.80 0.51 0.17
benzene 2.2 15 0.79 0.56 0.18
25 0.78 0.55 0.19
35 0.78 0.55 0.19
45 0.77 0.55 0.19
55 0.76 0.54 0.20
PEOES benzene 2.2 15 0.78 0.53 0.28
25 0.77 0.53 0.28
35 0.77 0.52 0.28
45 0.76 0.52 0.29
55 0.75 0.52 0.29
NMR Experiment
MEMS CeD12 2.0 15 0.80 0.75 0.48 0.54 0.14
25 0.79 0.74 0.47 0.53 0.14
35 0.78 0.73 0.47 0.52 0.15
45 0.77 0.72 0.46 0.52 0.15
55 0.76 0.72 0.45 0.51 0.15
CeDs 2.2 15 0.78 0.74 0.47 0.53 0.20
25 0.77 0.73 0.47 0.52 0.21
35 0.76 0.72 0.47 0.52 0.21
45 0.76 0.71 0.46 0.51 0.21
55 0.75 0.70 0.45 0.50 0.21
CDCly 4.8 15 0.80 0.76 0.48 0.54 0.27
25 0.79 0.75 0.47 0.53 0.26
35 0.78 0.73 0.46 0.52 0.26
45 0.77 0.72 0.44 0.49 0.26
55 0.76 0.71 0.43 0.49 0.26
(CD3)2SO 46.7 15 0.75 0.70 0.45 0.49 0.25
25 0.74 0.69 0.44 0.47 0.25
35 0.74 0.68 0.42 0.45 0.26
45 0.73 0.67 0.41 0.44 0.26
55 0.72 0.67 0.41 0.44 0.26
CD3;0D 327 15 0.78 0.73 0.40 0.44 0.24
25 0.77 0.72 0.39 0.42 0.24
35 0.76 0.71 0.37 0.40 0.25
45 0.75 0.70 0.35 0.38 0.25
55 0.74 0.69 0.35 0.38 0.25
a By the RIS schemé For the3Jr and3Js values used in each case, see text.
- ¢J. m; bond j+1 3.2. Refined RIS Schemeln the RIS scheme, the bond
¥ length (bond dipole moment), bond angle, and dihedral angle
0. are multiplied by the statistical weight to be averaged. This
bondj-1 g operation is performed in the so-called generator magixj
bond j indicates the bond number or the current bond, and the bond is
conventional RIS refined RIS identified hereafter by the numbér§.Their productG;G,-+-Gn
|mj|=constant  |mj|=m (c, B, y) (n: number of skeletal bonds) yields the mean-square end-to-
G gl b end distance or mean-square dipole moment of the polymer. If
! : the statistical weight matriXJ;, is so defined as to be Q 9,
4 =o® $imelc B ) intramolecular interactions, expressed as a function of confor-
o, B,y : conformations mations of bondg§ — 2, ] — 1, andj, are included inU;.

Figure 4. lllustration of the conventional and refined RIS models.  According to the additivity of conformational energies, the
matrix is formulated with bonds | + 1 left out of consideration.
from the MO calculationsuM©’s.16 Then,mc_c was assumed On the other hand, the geometrical parameters of pdegend
to be null. The dipole momentgf°NP's) calculated fronme o on conformations of bonds— 1 andj + 1 as well ag, and the
= 1.13 D,mc_c = 0.00, andnc_s = 1.24 D are in fairly good effects of distant bondsj — 2 and=j + 2 may be negligible.
agreement witlkMO’s. Theme_o andme_s values are consistent In the refined RIS scheme, the generator mat8y,, includes
with those determined previouslyme—o = 1.18 D (PEOY statistical weights related to bongls- 2, j — 1, andj and
1.17-1.19 D (poly(propylene oxide) and poly(tetramethylene geometrical parameters for particulg and y and all a
oxide))!”and 1.17 D (poly(trimethylene oxide)mc-s = 1.23 conformations. Here, rotational isomeric states of bgnelsl,
D (poly(methylene sulfide}® 1.22 D (PES} 1.21 D (poly- j, andj + 1 are denoted as, 3, andy, respectively (see Figure
(propylene sulfide)}? and 1.22 D (poly(trimethylene sulfide)).  4). The Gg, matrices compose supergeneratomatrix I'; so
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that the product ofj's satisfies the consistency in conforma-

tional sequence. The mean-square moment and partition function

can be derived from components of the product of all he
matrices. The details are described below.

In the refined RIS scheme, the mean-square moniéfifis
given by

NRISTRIS tn

2 -1
M= 27 ZZZQSsl(k—l)Jrl, 5,0-p+1
k=10=1p=

where ngis is the number of rotational isomeric states of a
skeletal bond (herenris = 3), andZ is the partition function of
the polymeric chain, calculated from

@)

NRIsNRIS th

Z= ZZZQS%(k— 1)+1,5(0-1)+p
k=1o0=1p=

with gq, being the ¢, r) element of the product of all; matrices:

)

(g r) = Iﬂa = I (3)
d, I Jl:' j

The statistical weight matricet){ andU,) of the first and last
skeletal bonds have sizes 8f x t; ands, x t,, respectively
(here,s; = 3 andt, = 9, see Appendix). The size of tHgy
matrix is 1%, x 15t,. TheI; matrix for bondj is composed of
nine generator matrices:

Gy Gy Gy
rj =[Gyt Ggrgr Ggig- (4)
Gyt Gggr Ggg-

The rows and columns, respectively, correspond to the rotational
isomeric states of bongsandj + 1. TheGg, matrix of bond
is defined as

Ug [(UM)SRJIITII, (1/2)U,(M,)?
Gy, =10 (UgBI)IITII, (UgM,)®C,4
0 0 Ug

()

where® stands for direct product. g, the columns of th¢
state are equal to those df, and other columns are filled with
zero; therefore, we have

Uj=U;+ Ug + Uy (6)
The moment matrixM,, is defined as
m,0 O
M,=[0 M, O (7)
0 0 my,

forj=1and 2 or

Macromolecules, Vol. 40, No. 9, 2007

’ [

Myity
Myegty
Myigy
Myt
My-g+y

My-g-y
%

for j =3. Here,my, is either bond length or bond dipole
moment. Inasmuch adl, = diag (**mys,-**), we have 1,)?
= diag(++mys,*+). TheRs, I3, andCs are row, column, identity
matrices of size 3, respectively:

R;=[1 0 0] )
1
C;=10 (20)
0
and
100
;=10 10 (12)
001
The [[T||,, matrix is defined as
Tty 0
T, = Ty, (12)
0 Tgy
forj=1and 2 or
T, = [
Ty, 0
TtQ*V
Ttg*V
Tgﬂy
Tg*QW
gtgy
gty
Tg*gﬂ/
| 0 99y
(1

forj = 3. TheTy, (j = 2) andTys, (j = 3) matrices transform
a vector from thg th to (§ — 1)th frame of reference. Thky,
matrix is expressed as

— C0S0, sin6,4, 0

Sin 6,4, COSPys, COSH, 4, COSPys, SINPyp,

S04, SiNys, COSOys, SING 5, — COSPyg,
(14)

Taﬂy

wheref,s, is the bond angle, angly, is the dihedral angle for
the 8 state of bond with bondsj — 1 andj + 1 being in the
a andy states, respectively. THg, matrix is similarly defined.
The sizes of the block matrices G, are
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sxt sx3t sxt
3sxt 3sx 3t 3sxt (15)
sxt sx3t sxt

where 6, t) corresponds to the size Bf. For the terminal bonds
(i = 1 andn), theGg, andI'; matrices can be similarly prepared
from U; and U,. If the I'; matrices of the repeating unit are
combined into one, eq 3 can be rewritten as

X
1—‘all = IﬂlHl( Hi)rn

(16)
wherei is the unit number, andis the degree of polymerization.
For PEOES, théd matrices are given as

Hy =Tl Iy 17
and

Hi =Ty I (18)
Thescomputation of eq 16 is much more efficient than that of
eq 3.

The characteristic ratidg2lg/nl?, and dipole moment ratio,
[42In?, can be calculated from

[mtg/nl® or [ *nnt = EBAZE[Z(m)Z]_l (19)
£

wherem is the mean bond length or mean bond dipole moment,

given by
m= ZZZ Mgy, i Pagy, j
@ 7

Here,pys,,j is the probability of thexsy conformation for bond
j, calculated as in the conventional RIS schémdhe bond
angle and dihedral angle are also averaged similarly:

0, = Z;Z gy, i Pagy,
o« By

(20)

(21)

and

D= D D B Popri QD Pugr) T (22)
oy oy

Poly(ethylene oxidext-ethylene sulfide) 3493

7.0 0.570
6.5
_——tos6s
6.0 . o
~ { )
= %O\O /./ §
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. o \O \:;‘
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4.5 \
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0.0 0.1 0.2 0.4 0.5

4 03
X

Figure 5. Characteristic ratiol§?(d/nl?) and dipole moment ratidg>1
nn?) of PEOES as a function of the reciprocat{) of degree of
polymerization.

din

dT (23)

Seont = R(In z+T

from the conformational energies given there. Herés the
partition function per mole of monomer:
z=7"% (24)
The repeating unit of PEOES has six skeletal bonds, and those
of PEO and PES have three; accordingly, the three polymers
have clos&;oni/Nunit Values, whereyni is the number of skeletal

bonds in the repeating unit. The melting poift,(in K) is
related to the enthalpyAH,) and entropy AS,) of fusion by

AH,
T,= AS,

The configurational entropy accounts for-880% of AS,.6 The
melting points of PEOES, PEO, and PES are-48, 66-69,
and 215-220°C, respectively:22 Despite the simila&ont/Nunit
values, only PES exhibits the extraordinarily high melting point.
This stems from a largeAH, term due to dipoledipole
interactions in the PES crystal.

3.4."H NMR. Figure 6 showsH NMR spectra observed
from methylene protons of MEMS. Two vicinal coupling
constants?JHH (: 3JAB = 3~]A’B’) and 3\];_“_' (: 3~]AB’ = 3~]A’B),
derived from the gNMR simulatiori$, are given in Table 7.
The coupling constants are expressed as a function of trans

(25)

These averages, calculated from the statistical weight matrices,(ptcc) and gauchepﬁc) fractions of the G-C bond:
depend on temperature. Other physical properties, for example,

the scattering of radiation and optical anisotropy and activity,
having been related to the conventional RIS mddehay also
be formulated under the refined RIS scheme.

3.3. Configurational Properties of PEOESThe geometrical

parameters required for the refined RIS calculations for PEOES
were obtained from EEES as shown in Table 1. The bond dipole
moments were treated as constants, because there was no

sufficient information to investigate the conformation depen-
dence of than values. The dipole moment ratios and charac-

34 HH 3q/HH
a4 3

= B T (2
and
3y HH | 3ynHH
J! + \]HV
T =T (@)

teristic ratios of PEOES, calculated as explained in the precedingThe 3J¢"™'s andJ¢" values (Figure 2) were evaluated by two

section, are plotted in Figure 5 against the reciprogat)(of
degree of polymerization. Table 5 shows fii#g/nl? and (427
nn? values and their temperature coefficientsxat 100 and

methods: case |, NMR experiments for MOT (Table 8); case
II, MO calculations for MEMS itself (Table 9). Figure 7 shows
an example of the observed and calculdtddNMR spectra of

. The geometrical parameters were averaged according to eqMOT. The p ® and pgc values derived from the above

20—22 (Table 6). Compared in Table 3 are the configurational equations were divided by their sum to satipﬁp + py

entropiesS.onfs, of PEOES, PEO, and PES, calculated #f#!

oC = 1.

The results of cases | and Il somewhat differ from each other;
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Table 5. Calculated and Observed Configurational Properties of PEOES

X [&20nn? 10° d(In [&20VdT (K1) [M2g/nl? 10 d(In [A2g)/dT (K1)
calcct
refined RIS 100 0.56 1.1 6.0 0.22
o 0.56 6.0
conventional RIS 100 0.54 1.0 5.2 —0.09
00 0.54 5.3
obsd ca. 100 0.57 1.6 f f

a From the conformational energies of PEOES (MEMS) in benzene (TabbBjng the geometrical parameters shown in TableUsing the averaged
geometrical parameters (Table 8)n the dipole moment measurements, two samples (number-average molecular=w@ightL0® and 13x 10%) were
used?224 eRecalculated withmc—o = 1.13,mc—c = 0.00, andmc—s = 1.24 D.f No experimental data are available.

Table 6. Averaged Geometrical Parameters for PEOES Table 7. Observed Vicinal'H—H and 3C—!H Coupling Constants
a
~ Bond Length, A of MEMS
Teco 1.416 e
lec 1.526 o 3 3y c—0  cC-s
e 1837 solvent temp;C JHH N Cc-0 C-S
CsD12 15 6.03 7.84 3.23 5.23
_ Bond Angle, deg 25 608  7.76 3.29 5.21
fcoc 113.7 35 6.10 7.70 3.33 5.19
foce 1095 45 6.13 7.65 3.38 5.18
Occs 113.4 55 6.18 7.60 3.42 5.16
fesc 101.4 CeDs 15 6.00 7.60 3.31 4.98
i Dihedral Angle? deg 25 6.01 7.58 3.37 4.96
$4:(C—0) 11011 35 602 755 3.42 4.96
H2(C—C) 11139 45 6.06  7.49 3.46 4.95
(?gi( 1979 55 6.10 7.44 3.51 4.94
$g+(C—9) : CDCls 15 5.79 7.51 3.22 4.73
a At 25 °C. Obtained for each type with eqs-202 from the geometrical 25 5.85 7.45 3.27 4.75
parameters shown in Table 1, for exampeoc = Y cocdj/(number of 35 5.92 741 3.33 4.75
[1COC'S).5 $(C—0) = $(C—C) = $(C—S) = 0°. 45 6.07 7.29 3.39 476
55 6.10 7.26 3.44 4.75
(CD3)2SO 15 6.11 7.26 3.48 4.79
(a) 25 6.20 7.19 3.54 4.79
Obsd 35 6.30 7.10 3.58 477
45 6.31 7.01 3.63 4.77
55 6.33 6.96 3.67 4.76
CDsOD 15 6.29 6.95 3.35 4.84
25 6.41 6.86 3.40 4.83
35 6.49 6.73 3.45 4.80
Caled 45 6.61 6.61 3.50 478
55 6.60 6.60 3.55 4.78
21n Hz.
5Hz Table 8. Vicinal *H—H Coupling Constants of MOT2
(®) solvent EV A EVAL 3g4HH 3J¢ HH 3gpH
CsD12 10.57 2.21 3.30 3.24 2.92
\ \ CsDs 10.61 2.18 3.40 3.21 2.93
e T CDCl; 10.59 2.45 3.20 3.08 291
(CD3),SO 10.39 2.22 3.49 3.17 2.96
© CD:0D 1060  2.23 3.26 3.16 2.88
/\ /\ 2In Hz. At 25°C. For definitions of the coupling constants, see Figure
o S e N 7,30 = 33" andsgt = oMM + 3guft 4 syghH)/3,
SHz
— /CH

@?  methyl et where 23" and335™s are defined in Figure 2, ang™ and
Figure 6. (a) *H NMR spectra of methylene protons, A an CX . -
and B and B(right), of MEMS dissolved in €Dg at 25°C. 13C NMR p,~ are trans and gauche fractions of theXC (X = O or S)

i — 31CH'
spectra of methyl protons, (Il§H;O— and (c)CHsS—, of MEMS in bond, respectively. For X—_ Q’ two sets of<Js were
CD;0D at 35°C. adopted: case lll, those optimized for DME and PEO, namely,

35" = 2.0 Hz and °3°" + 33 H = 16.0 Hz23 case IV, the
the case Il data are closer to the MO calculations. The trans MO calculations for MEMS (Table 9). Thpf:o values thus
fraction decreases with an increase in temperature or solventderived are listed in Table 4. For % S, the3J" and 33"
polarity. values of 2-methyl-1,3,5-trithiaffwere tentatively used on the

3.5.13C NMR. Figure 6 shows observedC NMR spectra  assumption thatJ3" = 33 For example, substitution of

of methyl carbons of MEMS. The triplet directly gives the 33" =7.13, %951 =30 = 2.62, andBIcy = 4.98 Hz (GDs

vicinsal coupling fJcw) of *3CHs—O—CH; or *3CH3—S~CH,. at 15°C) into eq 28 yielded"> = —0.05. The MO calcula-
The3JcH values for the five solutions are listed in Table 7. The tions show a large difference betweb]@“ (1.91 Hz) andg‘]bCH

observedicy value is expressed as (4.21 Hz); therefore, the assumption®d§™ = 3™ gave rise

3.CH - 34 CH to the negativep"° value. For X= S, therefore, the calculated
Jr + 7 31CH
T G cX (28) JCH values (Table 9) were used (case V). Tpfé values are

3 34CH ,.CX
= + N
Jon =" B 2 Py also listed in Table 4.
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Table 9. Vicinal Coupling Constants of MEMS, Obtained from MO 4 and 5, the theoretical and experimental values of the bond
Calculations® conformations, dipole moment ratio, and its temperature coef-
CH3-O—CH,— O—CH;—CH,—S —CH,—S—CHs ficient?224are in close agreement; the configurational properties

of PEOES in benzene have been exactly reproduced only from
guantum chemistry and statistical mechanics. Between the

33hH 10.80 : ;
I repeating units, PEOES has a symmetry plane and a 2-fold
3 561 1.99 33hH 4.50 3jeH 1.91 . -
Iy 9.0 3yt 1075 ayo e symmetry axis; therefore, the dipole moment observed from
JgH 5-00 T 2'09 ol 4'21 PEOES is always free from the excluded volume effégt.A
% ’ 3JGHH : Jo ’ slight discrepancy in d(In&20/dT is seen between theory and
333 " 2.34 experiment; however, this result should be satisfactory, because
Jé 321 the conventional RIS scheme has often reproduced the experi-
@ In Hz. At the B3LYP/6-313-+G(3df, 3pd)/B3LYP/6-31G(d) level.  Mental temperature coefficients @llnn? and 2lg/nl* quali-
For definitions of the coupling constants, see Figure 2. tatively rather than quantitatively. So far, no one has synthesized
PEOES of molecular weights enough to yield the radius of
3pHH . . . .
Ja gyration by light scattering or viscometry, and hence the
3y characteristic ratio at thé® point remains unknown. The
- % Hp intrinsic viscosity jj]e of an unperturbed polymer is related to

Ha
Hy S CH,™ ghg mean-square end-to-end distance by the HBox equation:
3qwHH
‘](i I
Hy O Hg ng 3/2
™ M e = o377 M2 (29)

e wheredy is the viscosity coefficient at th® point, andM is
the molecular weight. Accordingly, if th® condition is found,
Obsd the present calculations would yield the viscosity as well as
the unperturbed dimension. It has been established that molten
| inert polymerg? are unperturbeé The calculations here also
! provide information on the polymer melt. For dilute polymer
Ji | I | M' ‘ solutions, the spatial configuration of the polymer has been
Y g/ U\ '.¥§J.'J L-\_%ﬂ. Wy e ' L_g_ \ determined from light scattering and viscosity measurem#@nts.
For polymer melts, the radii of gyration have been estimated
Caled from neutron scattering experiments using deuterium labeled
samples$! Such laborious experiments may be partly replaced
* by the theoretical treatments.

U M“ 4.2. Refined RIS Model.The refined RIS model includes
LU ..|| L ”} “ ‘“ details of the .chemical structure, namely, atom, bond_ length,
sl “%1‘_'“‘5“"‘_' il %—l_T%-;_"- bond angle, dihedral angle, and mtramolecular interaction, and
Ertlie A £ E X it needs no ad hoc parameter. Within the framework of the RIS

approximation, this model represents the polymeric chain as
precisely as possible. The exact agreement between theory and
experiment indicates that the intramolecular interactions are in
actual existence as reported here. Even simple models such as
the freely jointed chain and the Gaussian coil can provide the
molecular weight dependence of the radius of gyration in the
O statel32 However, this study has demonstrated that the
elaborate treatment is indispensable for the rigorous expression
of the unperturbed chain. With the weight-averaged geometrical
4.1. Comparison between Theory and ExperimentThe parameters (Table 6), the conventional RIS scheme also affords
bond conformations (Table 4) of MEMS and PEOES and the the dipole moment and its temperature coefficient close to the
dipole moment ratio, characteristic ratio, and their temperature observations (Table 5). However, the two RIS models have
coefficients (Table 5) of PEOES were calculated by the refined made a difference of 13 % ifiZlg/n|? and given the temperature
RIS scheme using the conformational energies (Table 3) andcoefficients of different signs. For polymers forming intramo-
geometrical parameters (Table 1) obtained from the MO lecular attractions and hence distorting the molecular geometry,
computations. Thus far, the treatment was thoroughly theoretical;in particular, the refined RIS scheme must be more suitable,
the only empirical factor, used in the MO theory, was the and its validity and advantages will be further examined through
permittivity (e; = 2.247) of benzene. The structural and energy its applications to other polymers.
data on MEMS, the moiety of the repeating unit of PEOES, 4.3. Solvent Effects.The MO calculations using the IEF
were applied to the refined RIS computations, and, consequently, PCM modet1° closely reproduced the experimental bond
the canonical ensemble averages on PEOES were given as theonformations of MEMS dissolved in benzene. In a previous
characteristic ratio, dipole moment ratio, configurational entropy, study?l®>we applied the Onsager mod&f*which assumes the
and so on. On the other hand, the analyses of the NMR andsolute as a sphere, to 1,2-dimethoxypropane, a model compound
dipole moment experiments needed the aid of the MO calcula- of poly(propylene oxide), calculated the conformational energies
tions in evaluatingJdit’s, 3JH's, andm's. As shown in Tables including the solvent effect, and compared the calculations with

Figure 7. 'H NMR spectra of 3-methyl-1,4-oxathiane (MOT) dissolved
in CgD;2 at 25°C. As shown, the peaks were assigned. The NMR
parameters were determined as followsr{ ppm andJ in Hz): da
3.24,08 = 3.93,0c = 2.83,0p = 3.53,0g = 2.29,0¢ = 3.97,0¢
2.79, 5)( = 106, ZJAB = _11.42,3JAC = 939, SJBC = 3.07,4JB|:
0-35y3~]DE = 2-2112\]DF = —11.47,3JDG = 10-57,3JEF = 3-3012JEG
_13.49,3J|:G = 3.24,3ch = 6.95.

4. Discussion
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NMR experiments, but the results were not satisfactory. For elucidate the structureproperty relationships, and design new
this decade, the solvation model has been improved. However,polymers.

there remain still more complicated solvent effects to be tackled.
Intramolecular (G-H)---O and N-H---N attractions, formed in
polyethers and polyimines, respectively, are switched to specific
polymer—solvent interaction#141535In aqueous solutions,
ionized polymers, for example, cationic poly(ethylene imine),
are coupled with hydrated counterions, and the solution proper-
ties depend largely on pff:37 It is uncertain whether th®
states of these systems can be considered to be similar to those

of inert system® (e.g., polystyrene in cyclohexane at 3L%8 111

that are ideal objects of the FlorjHuggins theory® The former U=Ilo000 (A1)
systems are subject to van der Waals forces, electrostatic forces, . 000

and hydrogen-bond-like weak attractions, and the latter are
dominated by van der Waals interactions.

1
4.4. Nature of the (C—H)---O Attraction. Of the confor- Uu,=10
0

Appendix A.

Statistical Weight Matrices of MEMS (PEOES). Statistical
weight matricesU;, of MEMS and PEOES were formulated
according to the 9« 9 scheme:

mational energies shown in Table 3, the, interaction,
corresponding to the (€H)---O attraction, seems to be
selectively affected by the solvation=0.38 (in the gas phase) 10000 0
— —0.11 kcal mot? (in benzene). The interaction energy is U;=(0 00 10 ows 0
somewhat reduced, but other energies are unchanged. Similar 000O0O
tendencies have been found for PE®0.4142The (C-H)---O |
interaction has often been termed a weak hydrogen bond. From

the word “bond”, we feel the interaction to be static and stable.

When it is found in molecular crystals and supermolectiies,

this impression may be reasonable. However, this study has dealt

with the polymers and model compounds in rapid molecular u,=
motions. In general, MO calculations are based on the Born
Oppenheimer approximatidiwhich assures that the electronic

state can be treated separately from nuclear motions; in a
molecule, the electrons can promptly adjust themselves to any

given nuclear arrangement. Accordingly, the{d)---O attrac-

tion is formed only when the related atoms come close to each

other. In MEMS, for example, the attraction appears only in

the tg=g™ conformations (see Figure 3a). The transitions from

these to other conformations extinguish the-¢@)---O interac-

tion. Such a transient interaction, being far from a chemical

bond, may be preferably termed an attraction. So far, we have Ug =
found weak attractions such as «(€)---O, N—H---N, and
N—H---O and elucidated how they determine the conformations,
configurations, secondary structures, crystal structures, physical
properties, and functions of the polymérs:14.1517.3545t is
probably organisms that best utilize such weak interactions on
earth. We think that the interpretation of vital phenomena in
terms of weak attractions will become one of the more important
subjects of chemistry.
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5. Conclusion
(A6)
The refined RIS scheme, a statistical mechanics technique
for polymers, including the dependence of geometrical param-
eters as well as interaction energies on conformations of the
current and neighboring bonds, has been developed and applied
to conformational analysis of PEOES with the geometrical and
energy parameters determined from ab initio MO calculations
for its model compounds. This study has suggested the pos-
sibility that conformational characteristics and configurational
properties of polymers in nonpolar solvents and in the melt can
be elucidated by the purely theoretical treatment and adduced
definite evidence for Flory’s idea of the unperturbed polymer:
229.3%jithout the excluded volume effect, the polymer config-
uration should be determined only from short-range intramo-
lecular interactions. Computational polymer science is going
to enable us to derive reliable data on structures and properties,
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1p0Po 00 O 00 0
00 O 1po powo 0 O 0
00 0 00 O 1 po®o Po
1p0pP000 O 00 0
U,=|00 0 1po powo 0 O 0 (A8)
00 0 00 O 10 po
1p0 P00 O 00 0
00 O 1p00 00 0
oPoooo 1 poWo Po
160000 00 O
0001000500 O
000000 1owgo
160000 00 O
U,=|000 10 00s00 0O (A9)
000000 10 o
160000 00 O
000160 00 O
Ioooooo 1owg ¢
and
I11100000
00011100
00000011
11100000
Uu,=[0oo11100 (A10)
00000011
11100000
00011100
I00000011

The otherU; matrices can be derived frolte = Us, Ug = Us,
Ue = Us, ande = Us.
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