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method should also be applicable to other polyelectro- 
lyte-Cu(I1) systems. The results no doubt help us to in- 
terpret the optical absorption data of the same systems 
less ambiguously. 
Summary 

The local structure of poly(Acr)- and poly(G1u)-Cu(I1) 
macroions could be estimated in frozen solutions by the 
ESR method. The plausible structures of Cu(I1)-residue 
complexes in poly(Acr)- and poly(G1u)-Cu(I1) are sum- 
marized as follows. For poly(Acr)-Cu(I1): (1) The Cu- 
(11)-Acr complexes of species la, IC, Id, 2a, 2b, and 2c all 
involving either two, three, or four side-chain carboxylates 
are formed in the a’ range of 0.4-1.0. (2) The complex 
species of lb, le, and 2d may be formed near a’ = 1.0 (in 
the pH range above 7). For poly(G1u)-Cu(I1): (1) The 
Cu(I1)-Glu complexes of species la, IC, Id, 2b, and N b  
prevail in the coil region (a’ 0.8-1.0 or pH 6-7), and in 
addition, the species lb, le, 2d, and N c  may also be 
present. (2) In the helix-coil transition region, the com- 
plexes of species la, IC, Id, 2b, 2c, and Nb are predom- 
inant. The structure of species Nb seems to be compatible 
with the a-helical backbone a t  least in the R range 16-64. 
(3) In the helix-aggregate region (a’ 0.24.3), the complexes 
of species la, IC, 2a, 2b, and iVb are preferentially formed. 
The complexes of la, IC, and 2a may be formed between 
two or more helical strands. 
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Random-Coil Configurations of Polymeric Chains with Sulfur and 
Oxygen Atoms in Their Structure: Dipole Moments of 
Poly( 1,3-dioxa-6-thiocane) 
E. Riande* and J. Guzmdn 
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ABSTRACT: Dielectric measurements were carried out on solutions of poly( 1,3-dioxa-6-thiocane) in benzene 
over the  range of 20-60 “C. The  dipole moment ratio of this chain has a value of 0.42 in the vicinity of 25 
OC, which increases moderately with increasing temperature. Conformational energies arising from first-order 
interactions between sulfur and oxygen atoms were obtained by analysis of the dipole moments in terms of 
the rotational isomeric state theory of chain configurations. The present study indicates that intramolecular 
interactions involving S and 0 atoms have higher energy in gauche than in trans states, in agreement with 
the results found in previous studies on the configurational properties of poly(thiodiethy1ene) glycol. 

The rapidly growing interest in elucidating structure- 
property relationships for polymeric systems has encour- 
aged the study of the molecular configurations which is 
central to an understanding of the physical properties of 

0024-9297/79/2212-1117$01.00/0 

any type of polymeric chains. The multitude of possible 
configurations, generated by different conformational se- 
quences, gives a polymeric material the unique properties 
that  set it  off so distinctively from any low molecular 
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Figure 1. NMR spectrum of poly(l,3-dioxo-6-thiocane). 

weight The configuration-dependent properties 
most widely employed to characterize random-coil con- 
figurations of macromolecular chains include mean-square 
end-to-end distances ( r 2 )  and dipole moments ($), as 
unperturbed by long-range  interaction^.^^^ Both properties 
have been intensively used in conformational studies of 
linear polyo~ides, ' ,~-~ studies that have been extended to 
the  p o l y f ~ r m a l s , ~ , ~  another important class of polyethers 
very similar in chemical structure to  the polyoxides. 

In an earlier work,1° the dipole moment ratio of poly- 
(thiodiethylene glycol), an alternating copolymer of oxy- 
ethylene and thioethylene units, has been analyzed using 
the rotational isomeric state model. The results obtained 
indicate that the energy that comes from first-order in- 
teractions between sulfur and oxygen atoms is lower in 
trans than in gauche states. It would then be interesting 
to  confirm this result, using other systems in which such 
interactions also occur. This circumstance has led to the 
present investigation which focuses on the statistical 
properties of poly(l,3-dioxa-6-thiocane) [(CH2)2S(CH2)20- 
CH20-] (PTXL), a chain molecule that may be considered 
a regularly alternating terpolymer made up from oxy- 
methylene, oxyethylene, and thioethylene units. Thus, the 
dipole moment ratio of the polymer has been measured, 
and the results have been compared with those calculated 
using the rotational isomeric state approximation. 

Experimental Section 
Preparation of the Samples. The polymer was obtained in 

condensation polymerization of thiodiethylene glycol with para- 
formaldehyde. The chemicals were reagent grade, and the po- 
lymerizations were carried out in nitrogen atmosphere in refluxing 
toluene and in the presence of p-toluenesulfonic acid (2%). Water 
was removed in a Dean-Stark distillation trap. The polymer was 
precipitated with n-hexane and washed several times with distilled 
water to eliminate the catalyst. Next, it was further purified by 
dissolution into chloroform, precipitation into n-hexane, and 
drying under vacuum. The polymer was liquid at room tem- 
perature. 

Characterization of the Samples. Liquid-liquid fractional 
precipitations were carried out at room temperature, using 
chloroform as solvent and n-hexane as nonsolvent. Four fractions 
were obtained, the first and the third being the only fractions used 
for the dipole moment determinations. The first fraction was 
analyzed for carbon and hydrogen with the following results: 
found C, 44.94; H, 7.57; calcd from formula, C, 44.55; H, 7.50. The 
nuclear magnetic resonance spectrum, shown in Figure 1, was 
obtained by a Perkin-Elmer R-12 spectrometer at 60 MHz, using 
deutered chloroform as solvent and tetramethylsilane as reference. 

4 5 6 z  ' 

Figure 2. Concentration dependence of the increments in di- 
electric constant and squared index of refraction for PTXL A: 
sample at 20 (0) and 60 "C (0). 

The spectrum clearly shows the purity and structure of the sample. 
Two triplets are observed at approximately 7 6.3 and 7.25 that 
correspond to the resonance of the adjacent protons to the ether 
and to the thioether groups, respectively, and a singlet that 
corresponds to the resonance of the acetal proton. 

Number average molecular weights were determined using a 
Perkin-Elmer vapor pressure osmometer, which was calibrated 
with benzil. Since the synthesis of PTXL was carried out using 
mild conditions to prevent oxidations in the chains as well as 
dehydration between two hydroxyl groups that could alter the 
regular alternance of the units of the terpolymer, the molecular 
weight of the fractions was relatively low. The results for the two 
fractions used in this study are given in the second column of 
Table I. 

Dielectric Constants and Refractive Indices. Dielectric 
constants of the solutions were measured by a capacitance bridge6 
operating at a fixed frequency of 10 kHz. The three-terminal 
dielectric cell6 was calibrated at each temperature of interest, using 
benzene, cyclohexane, and toluene.",'* The refractive indices of 
the solutions were measured at 546 mp, using a Brice-Phoenix 
differential refractometer. 

Results and Discussion 
Dielectric measurements were carried out on benzene 

solutions at 20, 30, 40, 50, and 60 "C. The dielectric 
constant and index of refraction for each PTXL solution 
were expressed relative to the corresponding values for the 
pure solvent, and the resulting quantities were plotted 
against the weight fraction w of polymer in the solution. 
As an example, plots of this kind are given in Figure 2.  
The slopes of the straight lines give values of the deriva- 
tives d(t  - q)/dw and d(n2 - n12)/dw. Values of the two 
derivatives at all of the temperatures are given in columns 
four and five of Table I. Mean-square dipole moments 
( p 2 )  were calculated from the standard equation of Gug- 
genheim13 and Smith14 

I 27kTM d(t - €1) d(n2 - nl) 
( P 2 )  = 4nplN~(t i  -t 212 [,,- dw 

where k is the Boltzmann constant, p1 is the density of the 
solvent, T is the absolute temperature, and NA is Avoga- 
dro's number. The values of ( 12) thus obtained for PTXL 
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Table I 
Dielectric Results for Poly( 1,3-dioxo-6-thiocane) Chains 

d(E - E ] ) /  d(n2 - 
sample 1 0 - 3 M ,  T , " C  d w  n 2 , ) / d w  (pZ)JnrnZ 

A 3 20 2.80 0.11 0.419 
30 2.70 0.12 0.425 
40 2.58 0.13 0.426 
50 2.48 0.14 0.429 
60 2.38 0.15 0.432 

B 2.5 20 2.81 0.11 0.419 
30 2.71 0.12 0.425 
40 2.60 0.13 0.426 
50 2.48 0.14 0.429 
60 2.38 0.15 0.432 

' t u  t l  t r,, t t ,  t,, f w w w  w w w w  w" 
Figure 3. Section of the PTXL chain in the all-trans confor- 
mation. 

chains coincide with the unperturbed values ( ~ ' ) g 1 3 ' ~ ' '  and 
may be expressed in terms of the ratio (F2)o/nrn2, where 
n is the number of skeletal bonds. The average of the 
skeletal bond moments was calculated using mc4 = 1.07 

The values of the dipole moment ratio thus obtained are 
listed in the fifth column of Table I. 

The theoretical calculations of the dipole moment ratio 
were made utilizing for the skeletal bond angles the fol- 
lowing values: LCCS = 114",19 LCCO = LCOC = l l O o , '  and 
LCSC = 100°.'9 It was also assumed that  the rotational 
states are located, as first approximation, a t  0" (trans, t ) ,  
120" (gauche positive, g+), and -120" (gauche negative, g-). 
The required energies of the intramolecular interactions 
occurring in PTXL may be obtained from earlier analysis 
on polyoxides,' p o l y f ~ r m a l s , ~ ~ ~  and poly(thiodiethy1ene 
glycol)." A brief summary of this information follows. 
Gauche states about skeletal bonds such as a and f i n  
Figure 3 have an energy approximately 900 cal mol-' higher 
than the alternative trans states.',20 Raman and infrared 
spectra2' of molecules with CH2-S bonds in their structure 
such as ethyl methyl sulfide show that the gauche con- 
formation is slightly more stable than the trans. According 
to  literature,21,22 a value of E,, = -0.1 kcal mol-' seems to 
be a reasonable choice for bonds c and d. Earlier studies 
on the statistical properties of poly(o~ymethy1ene)'~~ and 
p o l y f o r m a l ~ ~ ~ ~  have shown that bonds of type g and h 
strongly prefer gauche states, the energy of these states 
being about 1.2 kcal mol-' lower than that  of the corre- 
sponding trans. Finally, gauche states about b and e bonds 
bring sulfur and oxygen atoms separated by three bonds 
into proximity. Although a qualitative analysis of the 
Raman spectra of 2-oxo-5-thiohexaneZ3 seems to suggest 
that  the gauche conformation of these states is as stable 
as the trans, previous studies on the conformational 
properties of poly(thiodiethy1ene glycol) indicate that the 
energy of gauche states is higher than that of the alter- 
native trans states, and its value lies in the vicinity of 400 
cal mol-'.'' Pairs of gauche states of opposite sign g'g' 
give rise to pentane type interferences between atoms and 
groups separated by four bonds. Complete exclusion of 
these conformations has been considered to occur in the 
case of bond pairs of type ah, cd, fg, and ha of Figure 3. 
For the bond pairs bc and de of the same figure, the 
participating species are a CH2 group and an oxygen atom. 
Their interactions give rise to a repulsive energy of ap- 

D,5J8 mcs = 1.21 D,'8J9 rncx = 0.00 D;,l8 r n H 4  = 1.70 D." 
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Figure 4. Theoretical dependence of the dipole moment ratio 
of PTXL on the energy difference between gauche and trans states 
in which the interacting species are S and 0 atoms. 

proximately 0.4 kcal m0l-'.~2~ Interactions of this kind for 
bond pairs of the type ef and ab, where the participating 
species are a CH2 group and an S atom, are somewhat more 
suppressed than in the above case but by no means ex- 
cluded; a repulsive energy of about 1 kcal mol-' was ten- 
tatively assigned to these g*g' conformations.10 

The rotational isomeric state theory was used to calcu- 
late values of the dipole moment ratio a t  25 "C for PTXL 
chains containing n = 184 bonds. The statistical weight 
parameters assigned to each of the states of each bond of 
the structural unit are represented in Figure 3. First-order 
parameters are indicated above the formula and second- 
order parameters below. The latter parameters are applied 
to the bond pair flanking the skeletal atom or group in- 
dicated. From the information given above it can be ex- 
pected that  the values of the conformational statistical 
weights are: u = 1.20, up = 8, urr = 0.22, w = 0.56, w" = 
0, and w' = 0.20. Moreover, since the information about 
the value of the energy associated with first-order inter- 
actions between S and 0 atoms is meager, the calculations 
were carried out as a function of the rotational state energy 
difference E; = [E&*) - E ( t ) ] s  .-o. In the calculations, the 
end groups were properly taken into account. 

The dependence of the dipole moment ratio on E; is 
shown in Figure 4. I t  can be observed that this quantity 
is not so sensitive to the value of the energy associated to 
the first-order interactions between S and 0 atoms as it 
is in the case of poly(thiodiethy1ene glycol) (PTDG) chains. 
Actually, the coefficient a In ( p 2 ) / a  In u' is only 0.14, 
sensibly lower than the value of 0.54 corresponding to this 
coefficient in PTDG." The sensitivity of E;  to the other 
conformational energies has also been studied. The the- 
oretical analysis shows that the dipole moment ratio de- 
creases with increase of E; and decrease of EUp. Pairs of 
values of these conformational energies which reproduce 
the observed value of ( p' )  /nm' (0.42) are plotted in Figure 
5 .  It can be observed that  the value of E; is strongly 
dependent on the value chosen for the energy of the gauche 
states about the oxymethylenic bonds of the repeat unit. 
However, the sensitivity of E; to the set of conformational 
energies (E,,, E;, E,, and E;) is negligible in the present 
analysis, as can be observed in Figure 5 ,  where pairs of 
values of E; and E ,  which reproduce the experimental 
results are plotted. 

we found 
agreement between theory and experiment for values of 
E,, in the vicinity of 0.3 kcal mol-'. The results seem to 
support earlier data'' according to which rotations about 
skeletal bonds that give rise to first-order interactions 

Taking for EmP a value of -1.2 kcal 
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Figure 5. Pairs of conformational energies E; and E ,  , chosen 
so as t o  reproduce the observed value of (p2)/nrn2 (0.4i). Pairs 
of values of E; and E ,  are also shown. The  energies are given 
in kcal mol-’. 
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Figure 6. The temperature dependence of the natural logarithm 
of the dipole moment ratio for the P T X L  samples. 

between S and 0 atoms have gauche states of higher en- 
ergy than the alternative trans states. 

The theoretical value of the temperature coefficient d 
In (p2)/dT was found to be 0.70 X deg-’, in qualitative 
agreement with the experimental value 1.5 X W3, obtained 
from the plot of Figure 6. It should be stressed that d In 
( p 2 )  / d T  is generally a small quantity which corresponds 
to  changes of a few tenths of a percentage per degree. 
Consequently, it  is difficult to determine with accuracy. 

Consideration of PTXL to be a regular alternating 
terpolymer of formaldehyde, ethylene sulfide, and ethylene 
oxide can provide some information of interest by com- 
paring its configuration-dependent properties with those 
of its parent homopolymers. The comparisons for the 
dipole moment ratio are given in Table 11. Although the 
dipole moments of poly(ethy1ene sulfide) have not yet been 
measured, due to the insolubility of the polymer in most 
solvents, their values have been theoretically estimated by 
Abe,lg who found that (p2), , /nrn2 has a value in the vicinity 
of that  of poly(oxyethy1ene). The value of the dipole 
moment ratio of PTXL coincides, therefore, with the av- 
erage of the value of the same property for poly(0xy- 
methylene), poly(ethy1ene sulfide), and poly(oxyethy1ene). 
However, this is not a general rule. F o r  example, it can 
be seen in Table I1 that the value of the dipole moment 
ratio of poly(l,3-dioxolane), an alternating copolymer of 
oxymethylene and oxyethylene units, is vastly different 

Table I1 
Experimental Dipole Moment Results o n  
Poly( oxymethylene), Poly( oxyet hylene), 

Poly( 1,3-dioxolane), and Poly( 1,3-dioxa-6-thiocane) 

( p 2 ) /  103d  In 
polymer repeat unit  nm2 (p2 ) /dT  

POM CH,O- 0.25 6.0’ 
POE (CH,),O- 0.526 1 .56  
PES’ (CH,),S- 0.4919 
PXL CH,O(CH,),O- 0.17’ 6.0’ 
PTXL (CH,),S(CH,),OCH,O- 0.42 0.70 

a The  dipole momenk ratio of poly(ethy1ene sulfide) was 
theoretically calculated using the  rotational isomeric state 
model (ref 19). 

from the average of the value of ( p 2 ) o / n r n 2  for poly(oxy- 
ethylene) and poly(oxymethy1ene). In the same way, if 
PTXL is considered to be an alternating copolymer of 
1,3-dioxolane and ethylene sulfide, its dipole moment ratio 
is much more similar to that of poly(ethy1ene sulfide) than 
it is to that of poly(l,3-dioxolane), These comparisons 
show once more that the statistical properties of a ter- 
polymer or of a copolymer cannot in general be obtained 
by simply averaging the values of the same property for 
the parent homopolymers. 
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