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ABSTRACT: Conformational studies on 1,2-dimethoxyethane (DME), a monomer model 
compound of poly(oxyethylene), have been carried out by using NMR technique. The observed 
temperature dependence of the vicinal coupling constants was analyzed on the basis of the 
rotational isomeric state scheme. For the C-C bond, the 13CH satellite side bands provide the 
desired information. Conformational energy E., representing the energy of the gauche state 
expressed relative to the trans, was found to vary in a range -0.5 to -I .2 kcal mol-t, depending on 
the solvent system. Values of JT and fa for the vicinal 1H-1H coupling were determined 
concomitantly: JT =I 1.4 ± 0.3 and fa= 2.3 ± 0. I Hz. For the rotation about the C-0 bond, the 
vicinal 13C-1 H coupling constant associated with the terminal methyl group was studied. Adoption 
of fa= 1.3 Hz leads to an estimate of E" = 0.8 to 1.1 kcal mol- 1 for the energy difference between the 
gauche and trans states. In these treatments, the neighbor-dependent character of the bond rotation 
along the chain was rigorously taken into account. The values of E. and EP derived for the polymer 
are comparable with those of DME. The results are compared with those reported previously by 
Viti et a/. and Mastuzaki et a/. 

KEY WORDS 1,2-Dimethoxyethane I Poly(oxyethylene) I 13CH Satellite 
NMR 1 13C NMR I Vicinal Coupling Constant I Potential Energy Calcu
lation I Conformational Energy I 

In a series of papers, 1 - 3 we have investi
gated conformational characteristics of poly
oxide chains having a general formula fCH2C
(R1)(R2)0tn• in which gauche 0 · · · 0 interac
tions take place around the skeletal C-C bond. 
The major purpose of these studies is to 
evaluate the gauche oxygen effect associated 
with these polymers in terms of the extra 
stabilization energies, which have been defined 
as the difference between the conformational 
energies calculated by using conventional 
semiempirical expressions1 and those derived 
from the analysis of the experimental data on 
some relevant conformation-dependent prop
erties such as the unperturbed dimension. 
dipole moment, and bond conformation. In 
the case of poly(oxyethylene) (POE), where 
R1 = R2 = H, the semiempirical energy calcula-

tion (0.6 kcal mol- 1) failed to reproduce the 
observed preference (- 0.4 kcal mol- 1) for the 
gauche over the trans state.4 ·5 The discrepancy 
amounts to ca. I kcal mol- 1 • In the poly
(oxypropylene) (POP) chain,2 two gauche 
states occurring around the skeletal C-C bond 
are sterically unequivalent to each other. The 
gauche oxygen effect estimated for the ga con
formation, in which the articulated methyl 
group is situated trans to the preceding 
oxygen, is in the same order of magnitude as 
that of POE. Such a stabilization effect, how
ever, was found to be largely suppressed in the 
sterically more hindered g fJ conformation, in 
which the preceding oxygen atom is syn to 
both the following oxygen and the methyl 
group. A value of Eg=0.5kcal mol- 1 (ex
pressed relative to trans) was derived from the 
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Figure 1. (a) The preferred conformations about the C-C bond, and definition of the trans and gauche 
vicinal 1 H-1 H couplings. (b) Definition of the trans and gauche vicinal 13C-1 H couplings for the C-0 
bond. 

NMR and dipole moment analysis on poly
(oxy-1,1-dimethylethy1ene) (PODME) and its 
model compound. 3 This value was favorably 
reproduced by the conformational energy 
calculation, indicating that the gauche oxygen 
effect is effectively nil in this polymer system. 
Theoretical interpretation of these phenomena 
has been attempted according to the molecular 
orbital theory.6 At present, however, the 
results show success only in certain limited 
cases. 

With this background, we have attempted to 
determine these conformational energies from 
the NMR studies on the corresponding mono
mer model compound. Our approach is 
essentially the same as that proposed by 
Gutowsky, 7 who estimated conformational 
energies from the observed temperature depen
dence of the coupling constants for various 
1 ,2-disubstituted ethanes. Along this line, vari
ation of the couplings in the 13CH satellite 
side bands of POE and I ,2-dimethoxyethane 
(DME) has been first analyzed by Connor and 
McLauchlan.8 From the observed temperature 
dependence of (i.e., the sum 
of the two rotationally averaged coupling con
stants), they concluded that the gauche form is 
more stable than the trans around the C-C 
bond. The rotational isomeric state (RIS) 
scheme for the skeletal C-C bond is shown in 
Figure I (a), where definitions of the trans and 
gauche couplings are also included. The 
coupling constants 3 1HH and 31 being ob
tainable from a given spectrum, are usually 
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taken to be rotational averages such as 

31 HH = 31 AB = 31 A'B' 

= 1G_t;c +( 1/2)(1 +1 (I) 

and 

31 'HH = 31 AB' = 31 A'B 

= 1 1n·, +1' 1cc 
T. t G. 9 

(2) 

where .r;c and I;c are fractions of the trans 
and gauche conformers, respectively. 

Later, Matsuzaki, and Ito9 studied the 13CH 
satellite side bands of POE and DME by using 
a spectrometer with a higher resolution. From 
the N vs. L ( = 3 1HH- 31 plot, they pro
posed a linear relation between these two 
quantities: N = - aL + b, a and b being in
variant with the solvent and temperature. The 
best-fit values of the trans and gauche coupl
ings were chosen as follows: 1T = 21.1, 1 G = 1.8, 
1'c,= -1.5, and J'T+1::{= 14.6, all units 
being Hz. The energy differences between the 
gauche and trans states estimated therefrom 
areinarangefrom -0.25to -0.5kcalmol- 1 : 

the value changes somewhat with polarity of 
the media. On the other hand, Viti et a/. 10 

investigated the same conformational equilib
rium by the Abraham method. 11 Use of the 
trans and gauche coupling constants ( 1T = 
11.91, h=5.76, 1'c,=2.36, and 
12.71 Hz) estimated from the electronegativity 
(3.5) of the methoxyl group gave the energy 
differences ranging from -0.5 to -0.8 kcal 
mol- 1 . Although ·the approaches are quite 
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different between Matsuzaki's and Viti's 
group, both assume that the values selected for 
the trans and gauche couplings are constant, in 
their fitting procedure, regardless of the 
solvent and temperature. As is cited above, 
however, the numerical assignments of J/s 
and JG's are very much different from each 
other. There is an apparent inconsistency be
tween these two research groups. The conse
quence of such a discrepancy will be discussed 
in a later section. 

In this paper, we report the results of our 
studies on DME and POE. In addition to the 
analysis of 3 JHH and 3 for the C-C bond, 
we also examined the temperature dependence 
of the vicinal coupling constant 3 JcH for the 
moiety 13CH2-0-C-1H. The coupling under 
consideration carries information about the 
rotational isomerization around the C-0 
bond: 3 JCH may be expressed as a rotational 
average of the trans and gauche coupling con
stants (see Figure l(b)) such as 

3lcH=JGfc;0 +(1/2)(JT+J(:;)f;0 (3) 

where Jc;0 and J;0 denote fractions of the trans 
and gauche conformers for the C-0 bond. 
Following Connor,8 the neighbor-dependent 
character of the bond rotation along the chain 
has been taken into account rigorously within 
the RIS scheme. 

The conformational energies for the C-C 
and C-0 bonds established in this paper may 
be used in the calculation of conformational 
properties of the POE chain such as unper
turbed dimensions and dipole moments. This 
will be the subject of the forthcoming paper. 12 

EXPERIMENTAL 

Reagent grade samples of DME and POE 
(MW = 4,000) are commercially available 
and were used without further purification. 
Deuterated solvents such as cyclohexane-d12 

(c-C6 D 12), 1,4-dioxane-d8 ((CD2CD20h), 
chloroform-d (CDC13), methanol-d4 

(CD30D), dimethyl-d6 sulfoxide ((CD3hSO), 
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and heavy water (02 0) were purchased from 
Merck Sharp & Dohme Co. 

The 13CH satellite side band spectra were 
recorded on a JEOL-FX-100 spectrometer 
equipped with a FT system operating at 100 
MHz. The FT spectra contain 8192 data 
points for 300Hz spectral width. In the 
measurements, about 100 transients were ac
cumulated with a 90° rf pulse of 14 {LS du
ration. The pulse repetition time was 10 s. 
NMR sample tubes with a diameter of 5 mm 
were used. 

The 13C natural abundance undecoupled 
NMR spectra were recorded on the same 
spectrometer operating at 25.15 MHz. The FT 
spectra contain 8192 data points for 500Hz 
spectral width: 300 to 500 transients were 
accumulated with a 90° rf pulse of 20 {LS du
ration, the pulse repetition time being 10 s. 
NMR sample tubes with 10 mm diameter were 
used. The temperatures were maintained 
within ± 1 oc during the NMR measurements. 

EXPERIMENTAL RESULTS 

Typical examples of the 13CH satellite side 
band spectra of DME and POE are shown in 
Figure 2. These spectra were analyzed by 
assuming an AA'BB'X spin system for the 
moiety OCH2-CH20. Separations between the 
peaks as indicated by N and L in the figure 
vary with polarity of the media: as the di
electric constant of the solvent increases, N 
becomes larger while L tends to be smaller. 
Also shown in the figure are the stick spectra 
calculated by the LAOCOON 3 program. The 
probable errors of the calculated coupling 
constants, as determined by comparison with 
the observed spectra, were less than 0.05 Hz. 
The vicinal 1 H-1 H couplings, 3 JHH and 3 J HH• 

thus determined are summarized in Table I. 
Proton-coupled 13C spectra were obtained 

by gated decoupling. Examples of the spectra 
for DME and POE are shown in Figure 3. The 
methoxyl carbon of DME gave a quartet due 
to couplings with the directly-bonded protons, 

643 



K. T ASAKI and A. ABE 

(a) lbl (c) 
5Hz 

illJJl 
Figure 2. Typical examples of the 13CH satellite side band spectrum. (a) DME in c-C6 D12 , (b) DME in 
(CD3 ),SO, and (c) POE in (CD2CD20)z, all taken at 80' C. Also shown are the stick spectra calculated by 
the LAOCOON 3 program. 

while the methylene carbon in POE yielded a 
triplet. As inspection of the spectra for DME 
should reveal, each peak of the quartet bears a 
triplet due to vicinal couplings with methylene 
protons. The values of the vicinal 13CH3-0-
C-1H couplings in DME could be determined 
directly from the spectra. For POE, each peak 
of the triplet exhibits a somewhat more com
plicated pattern arising from geminal cou
plings with the adjacent methylene protons as 
well as vicinal couplings with the methylene 
protons separated by an oxygen atom. To be 
accurate, long-range couplings with methylene 
protons of four bond apart also need to be 
considered. The vicinal 13CH2-0-C-1 H cou
pling constants in POE were, therefore, de
termined with the aid of computer program 
LAOCOON 3. The spin system was taken to 
be A2B2C2D2X. For the example shown in 
Figure 3(c), the calculated spectrum is illus
trated for comparison. The values of 3 JCH 
obtained in this manner are listed in Table II. 

As is usually assumed in the Gutowsky 
treatment, 7 values of JT's and JG's may be 
taken to be invariant over a wide range of 
temperature. Determination off;e ( = I -
and J;0 ( = I from eq 1-3 should be 
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straightforward provided that reliable values 
of the trans and gauche couplings are available. 
However, this should not be the case for the 
present compounds: values of JT's and JG's 
reported in the literatures are divergent. In this 
work, we start with the conformational analy
sis of the molecular system. 

CONFORMATIONAL ENERGY 
CALCULATION 

In the RIS approximation, the statistical 
weight matrices for the internal bonds of the 
POE chain is cus
tomarily expressed as1.4 ·5 

Uz= p p (4) 

l 
(J 

·: J Vee= (J 

(JUJ 

(5) 

l p 

0J p 

pw 

(6) 
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Table I. Experimental values of 3 JHH/Hz and 3 J for DME 
and POE, observed in solvents as indicateda 

(a) DME 

Temp c-C6 D 12 (CD2CD20h CDC13 CD30D (CD3),SO D 20 

c 3JHH 3 3JHH 3JHH 3JHH 3JHH 

20.0 6.32 3.02 
28.0 6.01 4.25 6.30 3.15 6.20 3.49 
31.0 6.50 2.71 
40.0 6.01 4.32 6.03 4.25 6.26 3.19 6.24 3.19 6.17 3.54 6.46 2.79 
50.0 5.96 4.35 5.99 4.30 6.23 3.30 6.17 3.28 6.14 3.58 6.43 2.85 
60.0 5.96 4.36 5.98 4.32 6.19 3.41 6.18 3.33 6.12 3.63 
70.0 5.95 4.41 5.97 4.38 6.12 3.55 6.14 3.39 6.12 3.70 6.35 3.05 
80.0 5.96 4.42 6.06 3.64 6.07 3.46 6.10 3.75 6.35 3.10 
90.0 5.93 4.47 5.94 4.44 6.07 3.66 6.04 3.54 6.08 3.81 6.29 3.19 

100.0 5.91 4.52 5.93 4.49 6.04 3.77 6.01 3.60 6.06 3.86 6.25 3.25 
110.0 6.06 3.94 6.19 3.33 
120.0 6.04 3.99 6.12 3.41 
130.0 6.02 4.05 6.13 3.50 
140.0 6.00 4.07 

(b) POE 

Temp (CD2 CD20h D20 

c 3JHH 3 3JHH 

25.0 6.29 2.52 
40.0 6.10 4.10 6.28 2.62 
50.0 6.07 4.20 6.21 2.74 
60.0 6.05 4.25 6.17 2.82 
70.0 6.04 4.29 6.18 2.90 
80.0 5.99 4.35 6.14 2.97 
90.0 6.01 4.37 

100.0 5.98 4.47 

a Concentrations of the sample are 5% (v/v) for DME and 5% (w/v) for POE. 

p 

p 

0 

(7) 

Here U2 is applicable to the second bond of the 
chain and given in the row form. Subscripts 
CC, CO, and OC specify the bond to which 
each matrix should be applied. The statistical 
weight parameters p and (J were assigned to the 
first-order interaction defined for the C-0 and 
C-C bonds, respectively, the weight of unity 
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being assigned to the trans state. 13 The second
order interaction taking place by a g ± g + (or 
g+ g±) rotation about the two consecutive C-0 
and C-C bonds is designated with w. An 
energy contour diagram obtained for the rota
tion around the C-0 and C-C bonds of DME 
is shown in Figure 4. The potential energy 
functions required in these calculations were 
mostly taken from the previous paper. 1 To 
take account of the observed gauche preference 
over the trans state, the torsional potential 
energy function of the C-C bond was modi-
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Figure 3. Proton-coupled 13C spectra of(a) DME inc
C6D12, (b) DME in (CD3hSO, and (c) POE in 
(CD2 CD20h, all taken at sooc. The calculated stick 
spectrum is also illustrated for POE. 

fied by inclusion of an extra stabilization term 
/),.£:Thus, 

E10,( c/Jcc) = (£0/2)( l -COS 3¢cc) 

- (/),£j2)(1 +cos 3¢cd (8) 

where /),£is the correction term for the gauche 
oxygen effect14 defined as /),£ = 0 for - 60°::; 
¢cc::;60o and /),£=0.95kcalmol- 1 for 60°< 
¢cc < 300°. The height of the torsional barrier 
located on both sides of the trans state (£0 ) 

was taken to be 2.8 kcal mol- 1 . This expres
sion, when used in combination with the equa
tions introduced previously1 for the nonbond
ed van der Waals and Coulombic interactions, 
leads to a value of E (0°, 120°) = - 0.4 kcal 
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mol- 1 for the gauche minimum as expressed 
relative to the trans state (cf Figure 4). 

Following the procedure developed by Suter 
and Flory, 16 the conformational partition 
functions z, average energies (£), and 
averaged rotation angles < ¢) were estimated 
for the five nonequivalent states. The regions 
associated with the individual states are indi
cated by squares in Figure 4. Calculations were 
carried out for the energies £( ¢co• ¢cd taken 
at lOo intervals: all regions for which E::; 3 
kcal mol- 1 relative to the tt minimum are 
included. The results are summarized in Table 
III. Statistical weight parameters may be in 
general defined as 

1J = 1Jo exp (- EJ RT) (9) 

where 17 represents any one of the statistical 
weights p, CJ and w, and T is the temperature. 
The preexponential factor 1Jo and the average 
energy Eq can be deduced16 from the z and(£) 
values given in Table III. The results are listed 
in Table IV. It should be noted here that Po 
departs significantly from unity. The con
sequence of this departure will be discussed 
when the conformational properties of the 
polymer chain is treated in the forthcoming 

paperY 
With the statistical weight parameters thus 

evaluated, the fraction of confrn-mers may be 
calculated for given bonds of the chain. For 
DME, analytical expressions such as shown 
below can be obtained by some simple mani
pulation: 

=pCJ/(1 +pCJ) (10) 

where 

p=2{(1 +p+pw)/(1 +2p)} 2 (ll) 

and 

/ ·co= 1 _/·co 
. g . r 

=qp/(1 +qp) (12) 
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Table II. Experimental values of 3 lcH/Hz for DME and POE, 
observed in solvents as indicateda 

(a) DME 

c-C6 D12 (CD2CD20)z CDC13 CD30D (CD3)zSO 

Tempj"C 3fcH Temp;oc 3feH Temp;oc 3 lcH Temp/"C 3feH Temp/"C 3feH 

40.0 1.89 40.0 1.87 40.0 1.68 40.0 1.87 24.8 1.75 
50.0 1.89 50.0 1.87 50.0 1.70 50.0 1.88 41.6 1.85 
60.0 1.92 60.0 1.93 60.0 1.73 60.0 1.90 58.8 1.92 
70.0 1.94 70.0 1.93 70.0 1.74 70.0 1.93 71.3 1.89 
80.0 1.97 80.0 1.92 80.0 1.83 80.0 1.95 92.7 1.94 
90.0 1.99 90.0 1.99 90.0 1.85 117.0 2.10 

100.0 2.01 100.0 1.86 

(b) POE 

(CD2CD20)z D2 0 

Temp/"C 3feH Tempj"C 3JeH 

20.0 1.83 40.5 1.61 
40.0 1.87 57.9 1.66 
50.0 1.87 70.1 1.73 
60.0 1.93 81.3 1.68 
70.0 1.93 92.0 1.83 
80.0 1.92 
90.0 1.99 

a Concentrations of the sample are 30% (v/v) for DME and 30% (w/v) for POE. 

180r-----.------,------r-----,------.-----. 

1 20 

"' .. 

-180 -120 -60 0 60 120 180 
tfco /deg 

D20 

Temp/"C 

24.8 
37.5 
50.7 
68.5 
85.5 

102.0 

Figure 4. Potential energy contours for bond pair C-0, C-C of DME, expressed in kcal mol- 1 relative 
to the trans-trans (0, 0) minimum. The X denotes local minima. The diagram for the range 
- 180° s <Pees -60° may be generated by inversion through the origin (0, 0). 
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3 lcH 

1.62 
1.66 
1.67 
1.76 
1.81 
1.92 
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Table III. Partition functions, average energies, 
and averaged rotational angles estimated from 

the potential energy contour map for the 
temperature of 25'C 

Rotational 
(£) (1/>o,), (1/>oo) 

:: 
state kcalmol- 1 deg 

tt 1.00 0.61 0.0, 0.0 
tg± 1.88 0.23 0.0, 117.0 
g±t 0.09 1.72 98.1, 0.0 
g±g± 0.18 1.33 98.1, 117.0 
g+g± 0.06 1.87 -85.0, 110.6 

Table IV. Parameters for the statistical weight 
factor deduced from energy calculations 

kcal mol- 1 kcal mol- 1 kcal mol- 1 

-0.38 1.11 0.53 0.99 0.61 0.88 

where 

q=2{1 +a(! +w)+p(2+a+2aw+aw2 )}! 

{1 +2a(l +pw)+2p(! +a)} (13) 

Fractions were calculated to be J;c = 0. 78 and 
J;0 = 0.12 for the temperature of25oC. For an 
infinitely long POE chain, the bond confor
mation can be easily calculated by the eigen
value method. 5 

J;c =a In A-/8 In a (14) 

J;0 =(1/2)8lnA-/8lnp (15) 

where A is the largest eigen-value of the stati
stical weight matrix defined for the repeat unit, 
i.e., 

(16) 

Here Vee' Uc0 , and U0 c are given in eq 5-7. 
The values ofJ;c andJ;0 were found to be the 
same as those for DME. 
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ESTIMATION OF CONFORMATIONAL 
ENERGIES FROM THE NMR DATA 

As is manifestly shown in the expression 
given in eq I 0 and II, the temperature depen
dence of J;c largely arises from factor a in 
DME. Contributions from p and w emerge 
through factor p, and thus should be minor. 
Since the trans and gauche coupling constants 
are assumed to be invariant with temperature, 
the thermal variation of 3 JHH and 3 J as 
expressed in eq 1 and 2, should solely take 
place through the fraction term J;c ( = 1 -
f(c). Similarly, p is the major factor respon
sible for the temperature dependence of fco 

co g 
(=1-f, ) (cf eq 12 and I3), and therefore, 
for that of 3 lcH (cf eq 3). 

For POE, the correlation among the in
dividual statistical weight parameters is 
implicit in the expression given by eq 14 and 
I5. Nevertheless, essentially the same treat
ment is applicable to the polymer chain: i.e., eq 
14 and 15 can be used in place of eq 10 and 12, 
respectively (see seq.). 

To elucidate conformational energies from 
the NMR measurements, we adopt following 
express-ions for the statistical weight param
eters 

a=0.99exp( -E"/RT) (17) 

p=0.6! exp( -Ep/RT) (18) 

w=0.88exp( -EwfRT) (19) 

where numerical values of the preexponential 
factors are those estimated by the energy cal
culation, and taken from Table IV. The effect 
arising from the difference in the shape of the 
potential well (Figure 4) is thus taken into 
account. In this section, we treat E" and EP as 
unknown parameters, instead of adopting the 
numerical results previously calculated. We 
estimate the magnitude of E" from the analysis 
of the experimental values of 3 JHH and 3 J 
A probable range of EP is similarly deduced 
from the study on 3 lcH· In the following 
treatment, a value of Ew = 0.53 kcal mol- 1 is 
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used as calculated (Table IV). 

Analysis of the 3 JHH and 3 J' HH Data 
According to the expression given in eq I, 

10, and 11, vicinal coupling constant 3 JHH may 
be treated as a function of JG, and 
E", factor P being deduced from the calculated 
values of EP and Ew. For chosen values of E", a 
set of best-fit values of JG and J' T+J" G were 
selected by performing the least-squares treat
ment on the experimental 3 JHH data (Table 
1). 17 Results for DME measured in c-C6 D12 , a 
typical nonpolar solvent, are shown by the 
solid curves in Figure 5, where values of JG 
and J + J;; thus obtained are plotted 
against £". As the magnitude of E" becomes 
large, approaches unity, and thu·s the 
major contribution to 3 JHH tends to arise from 

(20) 

and 

(21) 

As is seen in Figure 5, the results of the 
preceding analysis are compatible with these 
approximations. Introduction of these rela
tions into eq· 1 and 2, followed by elimination 
of and yields 

3JHH= -(J/2)3 (22) 

As indicated in Figure 6. the 3 JHH vs. 3 J plot 

7 

the term (cf eq 1). As is seen in this 
figure, J G as well as J' T + J;; approach 
asymptotic values for the range E" < -0.6 kcal 
mol- 1 . A set of values of JT and deduced 
similarly from the experimental 3 J data (in 
c-C6 D12 ) are plotted against £" by the broken 
curves in Figure 5. If we adopt a semi
empirical criterion18 which dictates JG!JT=0.2 

6 

3 4 

to 0.4 for the gauche (J G) and trans couplings 
(JT) in the moiety 1H-C-C-1H, a value of E" 
larger than - 0. 3 kcal mol- 1 becomes im
probable. 

To facilitate the analysis, we introduce an 

assumption20 such that 

2 0.0 r-T--.---,----,--..,--.,-----,---,---,----, 

' l J+•Jti' ......... ...._: _________ _:___::__---] 

-------------
.!;"1 0.0 

0.2 0.4 0.6 0.8 1.0 

- Ed/kcal moC 1 

Figure 5. The best-fit values of JT, la, J 0, and 
against -E. for DME in c-C6 D 12 . The 

results for 3 '"" are indicated by the solid curves, and 
those for 3 J by the broken curves. 

Polymer 1., Vol. 17, No. 4, 1985 

Figure 6. Plot of 3JHH vs. DME/c-C6D 12 (0), 
(CD2CD20), (e), CDCI3 (6), CD,OD (ct), (CD,),SO 
(,&), and D20 (@ ); POE/(CD2CD20)2 (IZI), D20 (0). 
Solid lines with the -(1/2) slope are drawn for repre
sentative sets of data. 

Table V. Values of (lj2)JT+la estimated from 
the temperature dependence of 3 '"" 

and 3 J ( cf Figure 6) 

Solvent 
Hz 

DME 
c-C6D,z 8.15 
(CD2CD20), 8.15 
CDCI3 7.90 
CD3 0D 7.80 
(CD3),SO 7.95 
D20 7.90 

POE 
(CQ2CD20), 8.20 
D20 7.80 

649 



K. T ASAKI and A. ABE 

DME 

POE 

Table VI. Values of JT, JG, and E. for 
the C-C bond, estimated from the 

observed 3 J HH and 3 J 

Solvent 
Hz Hz kcalmol- 1 

c-C6 D12 11.7 2.3 -0.5 
(CD2 C0z0lz 11.7 2.3 -0.5 
CDC13 11.2 2.3 -0.9 
CD30D 11.2 2.2 -0.9 
(CD3lzSO 11.3 2.3 -0.8 
0 20 11.2 2.3 -1.2 

(CD2CD20lz 11.8 2.3 -0.5 
0 20 11.2 2.2 -1.2 

generally conforms to the - ( 1 /2) slope for 
given solvent systems. To avoid overlaps, the 
solid lines of this slope are drawn only for 
representative sets of data in the figure. 
Numerical values of the (1/2)1T +h term esti
mated from Figure 6 are listed in Table V. The 
values tend to lower somewhat from 8.15 Hz in 
c-C6 D 12 to 7.80 Hz in CD30D. Practically, no 
difference was found between DME and POE. 
Use of these (lj2)lT+lG values allows us to 
determine lT, lG, and E,, either from eq 1 or 2, 
by the least-squares method. In this study, the 
variance 6 defined below was minimized by an 
iterative process: 

where 

and 

l = 3 l 3 l (25) 

Here the suffices given to 3 lHH and 3 l 
indicate whether they were obtained by the 
experimental observations (Table I) or by 
calculations with a given set of parameters. 
The summation was taken over all the data 
collected at different temperatures. In the 
neighborhood of the minimum, variation of 6 
was plotted against the ratio lGflT as well as 
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Figure 7. The temperature dependence of 3 JHH and 
3 J for DME. The results for 3 JHH are shown in the 
upper section, and those for 3 J in the lower section. 
The curves drawn through the experimental points were 
calculated by using the best-fit values of JT, fa, and E •. 
The ordinate scales are indicated on the right to the 
individual curves. The solvents used in experiments are 
also shown. 

lG. The curves derived for hilT and lG were 
all found to be quite flat around the minimum. 
For selection of a probable set of parameters, 
we adopted two conventional criterions18 ·19 : 

hilT= 0.2 to 0.4 and lG = 2 to 4Hz. In most 
cases, the minimum in 6 was displaced slightly 
from the range of lG/lT and/or lG set forth 
above. A set of parameters lT, lG, and E, 
which gives the minimum in 6 within the 
requirement for the coupling constants was 
chosen as the best values (see Table VI). The 
values of lT, lG, and E, chosen for POE by the 
same criterion are also included in the table. 

Compatibility of these sets was tested 
against the experimental data in Figure 7, 
where values of 3 lHH and 3 l are plotted as a 
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Figure 8. The temperature dependence of 3 JHH and 
3 for POE. See legend to Figure 7. 

function of temperature. For a nonpolar sol
vent such as c-C6 0 12 and (C02C020h, the 
experimental observations are very well repro
duced by the theoretical calculations (solid 
curves) based on eq I and 2. The values of Ea 
( -0.5 kcal mol- 1) estimated from the observ
ed 3 JHH and 3 J in c-C6 0 12 are reasonably in 
accord with the result derived from the confor
mational energy calculations (- 0.4 kcal 
mol- 1 ). Small, but somewhat systematic 
deviations are observed in a solvent such as 
COCI3 , C0300, (C03hSO, and 0 20 (cf 

Figure 7). These solvents are highly polar 
and/or capable of forming hydrogen-bonds. 
Figure 8 shows a similar comparison for 
POE. Agreement is very satisfactory for 
(C02C020h. In 0 20, however, deviation is 
somewhat more marked for 3 J the same 
tendency being noted for OME (cf Figure 7). 

Analysis of the 3 lcH Data 
As is shown in. Table II, the experimental 

values of 3 lcH do not exceed 2Hz. Such obser
vations immediately suggest that the fa value 
defined in eq 3 may be fairly small in OME. 
The temperature dependence of 3 lcH arises 
through the fraction term ( = I 
which may be treated by using eq 12 and I 3. In 
practice, for a given value of EP, a set of JG and 
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Figure 9. The best-fit values of h and plotted 
against E, for DME in c-C6 D12 . 

J T + J 'a was determined from the observed 
temperature dependence of 3 lcH by the least
squares method. In these calculations, the 
value of E" was taken from the previous anal
ysis. (As may be shown by some simple mani
pulation, what values we choose for Ea are 
relatively unimportant within the range E" = 0 
to - I kcal mol - 1.) An example of the analysis 
(OME in c-C6 0 12) is shown in Figure 9, where 
JG and JT+J'G thus obtained are plotted 
against EP. For the C-0 bond, it has been 
known that the trans form exists pre
dominantly in equilibrium: > As 
is suggested in eq 3, 3 lcH should vary more 
sensitively with alteration in the JG value than 
with JT + J Over a range of fa= 1.0 to 
1.5 Hz, EP varies from 0.6 to 1.2 kcal mol - 1 . At 
present, however, an unambiguous choice of 
fa is difficult for OME. In view of the simi
larity in the chemical structure, the magnitude 
of the gauche coupling constant estimated for 
I .4-dioxane (CH2CH20h may be suggestive. 

The observed value of 3 lcH for 1,4-dioxane 
is 3.93 Hz in c-C6 0 12 : this value remains nearly 
invariant in most solvents over a wide range of 
temperature. In this compound, spatial ar
rangements around each skeletal C-C or C-0 
bond are approximately a regularly staggered 
conformation. The 3 lcH under consideration 
corresponds to the sum of one half of the trans 
(JT) and one half of the gauche coupling (fa). 
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Table VII. Values of E" for the C-0 bond, 
estimated from the observed 3 fcH 

DME 

POE 

by adopting J G = 1.3 and 
lr+l(;=8.4Hz 

Temp range EP 
Solvent 

C kcalmol- 1 

c-C6 D12 40.0-100.0 0.8 
(CD2 CD20)2 40.0-100.0 0.8 
CDC13 40.0-100.0 1.1 (±0.1)' 
CD30D 40.0- 80.0 0.8 
(CD3hSO 24.8-117.0 0.8 ( ± 0.1)' 
D20 24.8-102.0 1.1 (±0.1)' 

(CD2 CD20h 20.0- 90.0 1.0 
D20 40.0- 92.0 1.1 ( ± 0.1 )' 

' As the temperature increases, values of EP tend to 
decrease within the range indicated. 

If we adopt a ratio fa!JT=0.2 as a lower limit 
acceptable for the proportion between these 
two couplings,21 JG may be as low as 1.3 Hz. 
The value (Ja = 1.8 Hz) derived by setting JG 
JT = 0. 3 exceeds some of the experimentally 
observed values of 3 JCH for DME, and there
fore not instructive. 

In DME, the gauche 13C-O-C-1 H ar
rangement associated with the trans confor
mation of the C-0 bond is nearly regularly 
staggered. By setting fa= 1.3 Hz, we obtain 

from the curve (c-C6Du) in 
Figure 9, leading to a value of EP =0.8 kcal 
mol- 1 • Both JT and J given above represent 
the couplings associated with the gauche con
formation about the C-0 bond. The sum. 
JT + J = 8.4 Hz, is consistent with the cor
responding value (7.9 Hz) of 1,4-dioxane, 
providing a sound ground for the present 
analysis. With reasons stated above, however, 
use of these parameters may lead to a some
what lower estimate of EP. 

On the premise that the solvent effect on the 
coupling constants should be small, the same 
JG and values were adopted in the 
analysis of the other experimental results. The 
conformational energy parameters EP obtain-
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Figure 10. The temperature dependence of 3 fcH for 
DME and POE. The curves drawn through the experi
mental points were calculated by using the best-fit values 
of JG, lr+J(; and£ •. See legend to Figure 7. 

ed from the 3 lcH data (Table II) by using eq 3, 
12, and 13 are summarized in Table VII. The 
values of E" for CDC13 , (CD3)zSO, and 0 20 
exhibit some temperature dependence, and the 
results are indicated by the range. A similar 
treatment on the POE data yields results 
shown in the last two rows of Table VII. In 
these calculationsJ;0 ( = 1-/;0 ) was evaluat
ed by using eq 15. The values of- EP thus 
estimated for POE are in good correspondence 
with those obtained from DME in the same 
solvent. The compatibility of the parameters 
given in Table VII may be tested against the 
experimental 3 lcH vs. temperature data as 
shown in Figure 10. The observations are well 
reproduced by the calculated curves. 

DISCUSSION 

In the present treatment, the neighbor
dependent character of the bond rotation 
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along the chain was rigorously taken into 
account in the expressions given by eq 
In the first step, the conformational energies 
E" were tentatively deduced by adopting the 
values of EP calculated in the preceding sec
tion. The values of E" thus deduced were used 
in the estimation of EP in the following step. In 
principle, such procedures should be iteratively 
repeated until a set of mutually consistent 
values of E" and EP is obtained. However, E" 
and EP were found to vary quite insensitively 
with each other: thus, in practice, iterations 
were terminated after the first trial. As pre
viously discussed by Connor,8 the effect arising 
from the neighbor-dependence of the bond 
rotation is practically insignificant in DME as 
well as in POE. Both Viti et a/. 10 and 
Matsuzaki et a/.9 have neglected contributions 
from the neighboring bond rotations in their 
treatment. 

The values of E" obtained for DME are 
negative, ranging from -0.5 (c-C6 D 12) to 
-1.2kcal mol- 1 (D20) (cf Table VI). The 
magnitude of E" tends to be larger in highly 
polar or hydrogen-bond-forming media. A 
similar trend was found by Viti et a/. 10 as well 
as Matsuzaki et a/. 9 The coupling constants 1T 
and 1G determined in this work are, however, 
somewhat different from those of the previous 
authors.9 •10 Our values derived on the basis of 
a simplified two-parameter (1T and 1G) model 
are 1T = 11.4 ± 0.3 and fa= 2.3 ± 0.1 Hz. Viti et 
a/. 10 adopted Abraham's method, 11 and de
duced a set of coupling constants from the 
electronegativity (3.5) of the methoxyl group. 
In their procedure, the 3 1HH data are entirely 
discarded on the ground that 3 1HH is less 
sensitive to changes in temperature. In fact, 
conformational energies estimated from their 
3 1HH data by using their coupling constants 
(JG=5.76 and 12.71 Hz) are posi
tive (e.g., mol- 1 for the neat 
liquid), contrary to the negative values 
-0.5kcal mol- 1) derived from the 31HH data. 
This is an apparent inconsistency within their 
own treatment. Viti et a/. 10 employed the 
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reaction field theory22 to elucidate the confor
mational energies for the vapor phase from 
those in solution. By definition, values 
obtained in various solvent systems should be 
constant, independent of polarity of the media. 
Their results indicate, however, that the 
value varies with the dielectric constant of the 
solvent as much as the does. Thus, esti
mation of the value in this manner is 
problematical. 

In the 31 HH vs. temperature plot shown in 
Figure 7, some systematic deviation is noted 
between the calculated curve and the experi
mental data points for solvents such as CDCI3 , 

CD30D, (CD3)zSO, and D20. These devi
ations may be corrected by adopting a some
what larger 1T and a smaller 1G value in eq 2. 
For this trial, we temporarily relax the condi
tions, and We note 
here that Matsuzaki eta!. 's assignment9 (1T = 
21.1 and 1 = - 1.5 Hz) lies along this line. 
Changes of 1T and fa required in the above
mentioned amendment are, however, generally 
moderate, and the values do not exceed those 
of Matsuzaki et a/.9 No such deviation was 
observed in nonpolar solvents such as c-C6 D 12 

and (CD2CD20)z, and in these cases, the agree
ment between the calculated and experimental 
results are satisfactory. Matsuzaki et a/.9 ob
tained N and L values directly from the ob
served spectrum without resort to any com
puter-aided spin analysis program. This would 
possibly be the major cause of the difference 
between their results and ours. 

In the present analysis, the values of 1T and 
1G were found to fall in the range usually 
adopted for the trans and gauche couplings, 
respectively. While these 1T and 1G values are 
not much affected by the solvent used, vari
ation in the conformational energy E" is 
sizable. The gauche form tends to be more 
stabilized as the dielectric constant of the 
medium increases. Such a phenomenon is 
known in common among 1 ,2-disubstituted 
ethanes carrying polar substituents: e.g., I ,2-
dihaloethanes.23 An increase in the gauche 
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fraction was also observed in the hydrogen
bond-forming solvent such as CDCI3 and 0 20 
(cf Table VI). From the recent Raman studies 
on POE in aqueous solution, Matsuura and 
Fukuhara24 suggested that the gauche arrange
ment, 0-C&C-0, may be stabilized by hydro
gen-bonds with water molecules. 

As for the conformational energy EP about 
the C-0 bond, no relevant experimental data 
are available for DME. Infrared and Raman 
studies25 on some simple dialkyl ethers, such as 
diethyl ether or ethyl methyl ether, yielded 
conformational energies in the range from 1.1 
to 1.5 kcal mol- 1 for the difference between 
the gauche and trans states in the neat liquid, in 
solution, as well as in the gas phase. The 
results of electron diffraction studies26 on ethyl 
methyl ether led to a value of 1.2 kcal mol- 1 . 

As pointed out in the preceding section, our 
treatment essentially rests on what value we 

choose for h· An increase in JG by 0.1 Hz 
(thus, J G = 1.4 Hz) enhances EP from 0.8 to 
1.0 kcal mol- 1 in the c-C6D 12 system. Ambi
guity associated with the choice of JG makes us 
reluctant to claim much accuracy for the pres
ent results. The numerical difference between 
simple ethers and DME may be insignificant. 
As shown in Table VII, the magnitude of EP 
tends to be slightly larger in CDCI3 and 0 20. 
An opposite trend was observed for the C-C 
bond. With reasons stated above, however, 
quantitative discussions are improbable. 

In the present analysis, we adopt a value of 
p0 = 0.61 in the expression p =Po exp (- EP/ 
RT) (cf eq 18). This value was suggested from 
the results of the conformational energy calcu
lations. If we tentatively employ a simple 
Boltzmann factor for p by setting Po== 1.0, a 
value of EP = 1.0 kcal mol- 1 may be derived 
from otherwise the same analysis. The role of 
the preexponential factor is significant. 

The effect arising from the alteration in the 
statistical weight factor w was also examined. 
In practice, the value of Ew was modified in the 
foregoing treatment. Since w is always accom
panied by p ( I) in eq II and 13, neither 
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( = 1 - nor f; 0 ( = 1 - P(0 ) are affected 
significantly by changes of Ew in the range 
Ew=0.5±0.5kcal mol- 1 

Conformational energies estimated from 
the observed temperature dependence of the 
coupling constants in c-C6 D 12 were found 
to be in a reasonable agreement with those 
calculated by using semiempirical potential 
energy functions in the preceding section. 
Fractions of various conformers can then 
be enumerated by using these expressions. 
Astrup27 estimated fractions for several re
presentative rotational isomers from the elec
tron diffraction studies on DME in the vapor 
phase. Values of f;c = 0. 77 ± 0.12 and = 
0.63 ± 0.06 obtained from his results are in 
good agreement with our estimation. How
ever, his analysis gave a larger fraction for tg ± 

g± (+tg±g+) (0.53±0.07) than tg±t (0.23± 
0.07). This result is inconsistent with ours. 
The aforementioned agreement may thus be 
incidental. 

Finally, we should emphasize that the E" 
and EP values derived for POE exhibit a good 
correspondence with those for DME. These 
values are also in general agreement with 
those adopted previously in the calculation 
of conformation-dependent properties of the 
polymer chain. Kugler and Fisher28 carried 
out neutron scattering studies on mixtures of 
deuterated and undeuterated POE in the 
molten state. The characteristic ratio for the 
mean-square end-to-end distance is reported 
to be 6.9. Whether or not this value exceeds 
those usually found in solution at the e condi
tion is controversial. Based on the information 
established in this work, molecular confor
mation of the POE chain will be examined in 
the forthcoming paper. 12 
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