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ABSTRACT: In this paper, we describe the thermal and spectroscopic analysis of copolymers containing 
sequential thioethylene units. Room-temperature analysis of copolymers confirms structures similar to 
poly(thioethy1ene) (PTE) for the thioethylene segment in copolymers with oxyethylene spacers. With 
poly(methy1ene) spacers, the overall conformation along the polymer chain is different from that of WE, 
leading to different crystal packing and reduced melting points. DSC shows multiple transitions for the 
oxyethylene copolymers. Variable-temperature spectroscopic analysis indicates a nonconcerted confor- 
formational disorder in the rigid regions of the oxyethylene copolymers at temperatures well below both 
DSC submelting and melting transition temperatures. Reorganization involving crystal thickening may 
be occurring at intermediate DSC exotherms seen just before the final melting endotherm. Conformational 
disorder occurs sooner and to a greater extent in sequential copolymers in which the spacer group consists 
of poly(methy1ene) units rather than oxyethylene between thioethylene segments, and there is reduction 
or absence of the premelt transitions in many of these samples. 

Introduction 
Oxyethylene and thioethylene polymers and oligomers 

appear structurally similar, yet possess vastly different 
chemical and physical properties. Poly(oxyethy1ene) 
(POE) is water and organic soluble,l crystallizes in a 7 2  
helix, and melts a t  ca. 68 "C.2 Poly(thioethy1ene) (PTE) 
is insoluble in virtually all solvents, crystallizes in a 21 
helix (or glide plane), and melts a t  over 200 0C.3-5 The 
ether groups of linear and cyclic oxyethylene oligomers 
complex readily with alkali metal salts, but interact 
weakly with transition metal ions6 Thioether com- 
pounds interact strongly with transition metal ions, but 
weakly with alkali ions.7 The physical and chemical 
differences between these two families of materials are 
directly related to carbon-heteroatom bond lengths and 
angles,8 outer shell orbital availability, electron pair 
configuration, and relative hardness or softness. 

We have been studying copolymers of thioethylene 
and oxyethylene possessing sequential repeat units to 
synthetically evaluate whether synergistic or averaged 
properties derive from the number and distribution of 
moieties along the polymer chain. We and others have 
previously reported the synthesis of sequential copoly- 
mers that, on heating, showed, unusual DSC thermal 
behavior with two endotherms on either side of an 
e ~ o t h e r m . ~ - l ~  This behavior is very similar to that of 
poly(buty1ene terephthalate) (PBT), which shows melt- 
ing-recrystallization-remelting phenomena associated 
with the existence of a thermodynamically stable high- 
temperature crystal Direct crystal-crystal trans- 
formations can lead to multiple peaks (two endotherms, 
no exotherm) on heating and single exotherms on 
cooling, as  seen for polyamides in general15 and nylon 
11 specifically16 in which different crystal forms (a and 
6) are stable a t  different temperatures. 

In the preceding paper in this issue, we examined a 
series of model compounds of structure CH3(CH2)9- 
S(CHZCHZS),-(CHZ)~CH~ to understand the molecular 
level (conformational) behavior associated with multiple 

@ Abstract published in Advance ACS Abstracts, November 1, 

0024-929719512228-7806$09.00/0 

1995. 

DSC transitions. Conformational motion at  the C-S 
bonds of the thioethylene segment was demonstrated 
to occur, involving gradual initial conversion of gauche 
to trans isomers that eventually resulted in concerted 
solid-solid transitions in some samples. This gauche- 
to-trans conversion was shown to begin at  a much lower 
temperature than the DSC transition observed first and 
is characterized in solid state 13C NMR by the reduction 
of y-gauche shielding and the introduction of p-sulfur 
shielding effects. This gauche-to-trans conversion was 
also observed by reduction of the CH2 rocking and C-S 
stretching bands associated with thioethylene segments 
in gauche conformations in FT-IR and FT-Raman 
spectra, respectively. The all-trans conformation at the 
thioethylene segment is related to increased distance 
between these molecules. In samples showing solid- 
solid transitions observed as first-order endotherms in 
DSC traces, discontinuous changes are observed in 13C 
chemical shifts, 2H splitting constants, and the intensi- 
ties and frequencies of certain IR vibration modes. All 
spectral data confirmed the formation of a unique 
crystal form stable a t  high temperature, with trans 
conformations at all C-S bonds and overall increased 
chain mobility. Thus, two types of thermally induced 
molecular processes are observed in these crystalline 
model compounds: nonconcerted increases in trans- 
thioether conformations, occurring gradually with in- 
creasing temperature below premelt transitions, and 
concerted conversion of all gauche-to-trans conformers 
seen as an endothermic DSC peak, which correlates 
with discontinuous spectral changes to confirm the 
conformational changes. The former involves increased 
librational motion with gradual expansion of the crystal 
lattice, and the latter involves a rapid, reversible 
transition between two thermodynamically stable crys- 
tal forms. 

The copolymers made earlier showed that Tm was 
enhanced by increasing the relative number of thioeth- 
ylene units in the copolymer. The copolymer with the 
highest melting point made previously had three thio- 
ethylene units separated by one oxyethylene unit. An 
additional goal of this paper was to  further study the 
effect of the spacer group between thioethylene seg- 
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ments on polymer properties by extending the number 
of thioethylene groups to four and incorporating poly- 
(methylene) segments in place of oxyethylene groups in 
a separate family of polymers. Key to this study is the 
detailed spectroscopic observation of crystal packing and 
segmental motion, leading to an understanding of the 
thermal behavior of the polymers in comparison to the 
oligo(thioethy1ene) model compounds. 

Experimental Section 

1,5-Dichloro-3-oxapentane (2-chloroethyl ether), sodium hy- 
dride (NaH), and the a,y-dibromoalkanes were used as ob- 
tained from Aldrich Chemical Company. 1,4,7-Trithiaheptane 
(2-mercaptoethyl thioether) was obtained from Nisso Maruzen 
Chemical Company and distilled before use. 1,4,7,10-Tetrathi- 
adecane (3,6-dithiaoctane-l&dithiol, 1) was synthesized as 
reported earlier.17 2,5,8,11,14-Pentaoxapentadecane (tetrag- 
lyme or tetraethylene glycol dimethyl ether) was dried over 
molecular sieves for 48 h before use. All other solvents were 
used without further purification unless specified otherwise. 

Thermal analysis was carried out with a Perkin-Elmer DSC 
7 equipped with an IBM microcomputer. The heat capacity 
values were measured as areas above the base line for 
endotherms and below the base line for exotherms. The 
endotherm heat capacities are approximate due to overlying 
exotherms on the heating run. Solution I3C NMR spectra were 
obtained on Bruker AC-200 and AC-300 spectrometers. All 
solid state spectroscopic analyses involved samples that were 
crystallized slowly from the melt. I3C CP/MAS and HP/MAS 
data were obtained on a Bruker MSL-200 equipped with a 
Bruker solids probe. Raman measurements were made on a 
Bruker IFS 88 spectrometer with an FRA 106 Raman module 
using a laser power of 500-600 mW to avoid sample heating. 
High-temperature spectra were obtained using an Omega 
high-temperature cell, with the sample packed in glass tubes 
of 5 mm diameter. Temperatures were corrected for laser 
heating by measuring the temperature increase at room 
temperature upon introducing a thermocouple into the path 
of the laser beam at 600 mW. IR analysis was performed on 
a Perkin-Elmer 1600 FT-IR operating at a resolution of 2 cm-’. 
An  Omega variable-temperature unit was used for the acquisi- 
tion of high-temperature IR spectra. Sample preparation 
involved melting the sample between two KBr IR windows and 
cooling back to room temperature. Samples were maintained 
at each temperature for 30 min before spectral collection. 
X-ray data were obtained on a Siemens XDP-700P using Cu 
Ka radiation. All measured temperatures (spectral and X-ray 
data) are estimated to be accurate to within +2 “C. Nominal 
temperatures reported in some sections do not agree exactly, 
although qualitative correlation with DSC transitions and 
between different methods is very good. 

Polymerization Procedure for 2a,b and 3a-e. Copoly- 
mers of structure [(CH~CHZS),-CH~CH~O], (2a and 2b, n = 
3, 4) were synthesized by polycondensation of dimercaptans 
and 2-chloroethyl ether in tetraglyme. Synthesis of [S(CH2- 
CHZS)Z-(CH~)~~,,, (3a-e, n = 5, 7-10) polymers was achieved 
by reacting dimercaptoethyl thioether with various a,y-dibro- 
moalkanes under similar conditions. The general synthetic 
scheme for copolymers is given in Figure 1. A typical 
procedure involved dissolving 3,6-dithiaoctane-l,8-dithiol(O.558 
g, 2.47 mmol) in 10 mL of dried tetraglyme. To this was added 
2-chloroethyl ether (0.354 g, 2.47 mmol) and NaH (0.24 g, 10 
mmol). The reaction was stirred for 12 h at room temperature 
under Nz and then poured into cold methanol and filtered. The 
filtrate was stirred in hot chloroform, and the solid-liquid 
mixture was poured into acetone. The precipitate was filtered 
and dried at ambient temperature under reduced pressure to 
yield 2b (0.42 g, 57% yield); 13C NMR (in 1,1,2,2-tetrachloro- 
ethane with DMSO-& insert): 6 30.3 (SCHZCH~O), 31.0 

(CH~CHZO). Copolymers containing poly(methy1ene) chains 
as spacers between the thioethylene segments (3a-e) were 
dissolved in hot chloroform and precipitated into cold metha- 
nol. 

(SCH&H2SCH&H20), 31.3 (CH~SCHZCH~SCHZCH~O), 71.1 

Tetraglyme 1 NaH 

n = 1, y = 1 : 2a 
n = 2, y = 1 : 2b 
n = 1, x =  3,5-8 : 3a, 3b-3e 

Figure 1. General synthesis of thioethylene copolymers 
studied here. 

Results and Discussion 
General Characterization Considerations. Dis- 

cussions of the DSC results in this paper deal with only 
the crystalline regions of the sample, as the T i s  of both 
homopolymers of POE and PTE are below room tem- 
perature and those of the copolymers should be as low 
or lower. The crystalline contents of these copolymers 
were estimated to be on the order of 20-40% by 
comparing the heat capacities of melting for the copoly- 
mers and PTE. The heat capacities for both crystal- 
lization and melting of these copolymers are in the 
range of 60-100 Jig, as compared to 160 Jig for PTE of 
ca. 55% crystallinity.3~9 

Other methods were used to examine the samples’ 
crystalline domains, amorphous regions, and partially 
ordered interphases; the interphase region is defined 
as one with rigidity intermediate between those of the 
crystalline and amorphous regions. The following meth- 
ods allow specific observation of some or all of these as 
indicated. X-ray analysis involves only the ordered 
arrangement of polymer chains over extended arrays, 
Le., it “sees” mainly larger crystalline domains. IR and 
Raman spectroscopies nonselectively probe all amor- 
phous, crystalline, and interphase regions of a semi- 
crystalline sample. 13C CP/MAS looks at the rigid 
domains (both crystalline and the rigid interphase), but 
does not readily observe mobile amorphous regions. At 
higher temperatures, the contribution from the rigid 
interphase to 13C CP/MAS spectra diminishes or disap- 
pears. 13C HP/MAS, on the other hand, looks more at 
the mobile amorphous component of a semicrystalline 
sample. At high temperatures, peaks often sharpen 
(due to increased mobility) and increase in intensity due 
to added contributions from the interphase to the mobile 
component). The discussions in later sections involve 
the use of each of these techniques to examine all or 
part of the solid copolymer samples at ambient and 
elevated temperatures. 

Syntheses. Synthesis of monomer 1 allowed the 
extension of the sequence of thioethylene units to six 
in the model compounds (reported in the preceding 
paper) and to four in the copolymer series. Initial 
attempts at phase transfer polycondensation between 
dimercaptans and dihalides did not yield copolymers of 
high molecular weight compared to polymers formed 
through the bis(isourea)  intermediate^.^ This was due 
to the early precipitation of polymers from the benzene 
organic phase. The high nucleophilicity of the thiol 
anions prohibited the use of chlorinated solvents in 
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Table 1. Yields, Viscosities, and Upper Melting Points of 
Solution-Precipitated Copolymers 

copolymer % yield [VI (dIJg) TmI1 ("C) 

2a 53.7 0.204 129 
2b 57.5 0.19" 135 
3a 65.0 0.49b 91 
3b 71.2 0.36' 104 
3c 88.2 0.33c 95 
3d 45.0 0.27c 89 
3e 71.9 0.28' 92 

a In 1,1,2,2-tetrachloroethane at 60 "C. Inherent viscosity at 
0.4 g/dL in chloroform at 30 "C. In chloroform at 30 "C. 
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which the polymers are soluble. The combination of 
tetraglyme and NaH worked reasonably well to give the 
yields, viscosities, and melting points for the copolymers 
reported in Table 1. Less than quantitative yields may 
be attributed to  poor solubility in tetraglyme or forma- 
tion of cyclic products, as described by others using 
phase transfer polymerization for analogous materials.18 
In general, intrinsic viscosity values of the copolymers 
were similar to  those reported for related copolymers.12 
Introduction of poly(methy1ene) spacers increased the 
solubility of the copolymers, leading to higher viscosities 
for these materials. 

During the course of preparing this manuscript, a new 
synthesis of related polymers appeared that extends the 
series to include additional sequences of thioethylene 
and oxyethylene units.lg The procedure described in- 
volves tailoring the pH of the reaction with a suitable 
buffer to allow selective SH deprotonation and efficient 
interfacial reaction, leading to the buildup of high 
molecular weight products. In fact, the polymers de- 
scribed have the highest MWs of any in this family that 
we are aware of, ranging from moderate for an  AzB 
polymer (with an inherent viscosity of 0.33 d u g )  to A2Bz 
and A B 2  materials with respective viscosities of 1.28 and 
1.55 d u g  and number-average M W s  (measured by SEC) 
of 16 000 and 73 000, respectively. These three copoly- 
mers had melting points of 110, 82, and 38 "C, respec- 
tively. I t  should be pointed out that, in the convention 
used here, A refers to thioethylene units and B to 
oxyethylene groups in the overall repeat unit; e.g. A2B2 
refers to the polymer [(CH2CH2S)2-(CH2CH20)21n. 

Increased solubility correlates with reduced melting 
points of copolymers with poly(methy1ene) spacers 
compared to copolymers with an oxyethylene unit as 
spacer. Copolymers 3a-e and 2a have similar thioet- 
hylene segment lengths (containing three thioether 
units) along the backbone. However, the dissimilarity 
in melting points between the series 3a-e and 2a 
suggests different crystalline packing. The question 
raised is as follows: Do the oxyethylene and poly- 
(methylene) moieties disrupt, enhance, or have little 
effect on the crystalline packing and thermal behavior 
of the thioether segments? We attempt to answer this 
question by first examining the melting behavior of all 
sequential copolymers in the PTE-POE series that  we 
are aware of, second, establishing the ambient-temper- 
ature crystalline properties of individual copolymers 
reported here, and last, evaluating motion and packing 
behavior with increasing temperature by using various 
physical and spectroscopic methods. 

Melting Point Correlation with Copolymer Se- 
quence. We previously published a preliminary cor- 
relation of melting points with sequence type and 
distribution for several thioethylene copolymers.1° Litt 
and co-workers recently added three data points to  this 
family, l9 and the polymers described here contribute 
several more. Figure 2 gives the overall plot of all of 
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Figure 2. Plot of T, versus mole fraction of thioethylene 
segments in sequential copolymers with thioethylene and 
oxyethylene units. 

these values, with melting points related to the mole 
fraction of thioethylene units in the polymer repeat unit; 
i.e., for polymer A,B,, the mole fraction used here is 
m/(m + n). This results in values of 0 and 1 for the 
homopolymers of POE and WE. On the plot, two values 
for PTE were used (190 and 210 "C) to represent the 
range reported in the literature (see ref 19 for further 
references). 

Several observations can be made about this plot. 
First, the circled values are from another 1ab0ratory.l~ 
Second, there are multiple points for mole fraction 
values of 0.4, 0.5, and 0.67. The first is for two 
copolymers with different sequences: an A2B2 sequence 
gave a melting point of 38 "C, while an ABAB2 composi- 
tion melted at  33 "C. Greater differences are seen for 
copolymers with an overall composition of 0.5, where 
the sequences and melting points increased in the order 
ABAB, 45 "C < A2B2, 55 "C < A3B3, 69 "C from our 
work, with a literature A2B2 polymer giving a higher 
value than ours (82 "C) because of higher MW. A 
similar rationale applies to two samples of A2B copoly- 
mer, ours with a T,  of 88 "C and the literature one with 
T ,  110 "C. 

A third observation deals with the linear least- 
squares analysis of this data (straight line shown in 
Figure 2). A correlation coefficient of 0.976 (slope 255 
"C/mol fraction) was obtained using both PTE T,  values, 
but not the T ,  value for POE of 68 "C. In fact, the 
intercept for the plot a t  0 mole fraction PTE (to give an 
extrapolated value for POE) was -63 "C, a value that 
misses the actual one by ca. 130 "C. A referee has 
pointed out that  such behavior probably results from 
eutectic-like lowering of the melting points of copoly- 
mers near the POE side of the plot;20 this is illustrated 
by the arbitrary line drawn to connect the y-axis a t  the 
POE melting point and the least-squares fit. Unfortu- 
nately, there are no data points available for the range 
of copolymer compositions from 0 to  0.3 thioethylene 
segment mole fraction, and this line's position is purely 
speculative. In any event, the goodness of fit of this data 
to a straight line strongly suggests a real correlation 
between T,  and overall copolymer composition, but one 
that does not depend strongly on the actual sequence 
placement in the repeat units. This last point (as 
illustrated for the small range of Tm's for 0.5 mole 
fraction copolymers of ca. 55 "C) confirms that, for short 
blocks of the very different thioethylene and oxyethylene 
repeat units, the crystal packing represents some kind 
of average in terms of strength of interaction that 
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Figure 4. Conformational preferences along the polymer 
backbones of 2b (top) and 3b (middle) and in thioethylene- 
oxyethylene segments of poly(thiodiethy1ene glycol) (bottom). 
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Figure 3. Room-temperature Raman spectra of solution- 
precipitated 2a, 2b, 3b, and PTE (top to bottom). 

determines the energetics of melting. We discuss this 
“averaging” of conformation and packing with respect 
to the results of molecular level spectroscopic analyses. 

Ambient-Temperature Analysis of Copolymers. 
Room-temperature Raman analysis of copolymers should 
indicate the influence of poly(methy1ene) and oxyeth- 
ylene spacers between the thioethylene segments on the 
coformational preferences at  the thioethylene segments. 
The Raman spectra of 2a, 2b, 3b, and PTE are given in 
Figure 3. It can be seen that thioethylene segments in 
copolymers 2a and 2b (top two spectra) mainly have 
C-S bonds in gauche conformations (giving a peak at  
753 cm-l), similar to PTE and the internal C-S bonds 
of the model compounds with longer thioethylene seg- 
m e n t ~ . ~ ’  The band due to trans segments a t  771 cm-l 
appears only as a shoulder for 2a and 2b and is not seen 
in the spectrum of PTE (bottom spectrum). The trans 
peak may be due to  segments adjacent to  the oxyeth- 
ylene units or those in the amorphous regions of the 
samples. It is weak in all three spectra despite the fact 
that  crystalline contents are estimated to be only 20- 
40% (estimated from heat capacity data of cpolymers 
compared to that of WE) ,  seeming to indicate that, even 
in the amorphous regions, gauche conformations are 
preferred. Thus, the gauche conformation a t  the C-S 
bonds is preferred even for copolymer 2a, which contains 
alternating sequences of three thioethylene units and 
a single oxyethylene moiety (see Figure 4 for the 
analogous conformational structure of 2bL21 When the 
C-S bond and the C-0 bond are in their preferred 
gauche and trans conformations, respectively, then the 
fourth atom from oxygen (a methylene unit) is at a 
distance of ca. 3.78 A. This distance can accommodate 
the CH2 and the oxygen atom without steric interac- 
tions, allowing complete gauche isomer adoption by all 
thioethylene segments. Similar behavior explains the 
even higher gauch population a t  C-S bonds in 2b. 

In 3b, however, the trans isomer peak for the thio- 
ether moieties is much more intense than the gauche 
peak (second from bottom trace in Figure 3). The ratio 
of the peaks at  770 (trans) and 753 cm-l (gauche) is 

approximately 2: 1. The conformation along the thioet- 
hylene segment in 3b is very similar to the decyl-capped 
model compound with three sulfur atoms; i.e., the C-S 
bonds closest to the poly(methylene1 segment are forced 
into trans conformations, while only the internal C-S 
bonds adopt gauche  conformation^.^' This should lead 
to a peak ratio of 2: 1 for trans and gauche peaks of 3b, 
which is consistent with what is seen in the Raman 
spectrum. The different effects of oxyethylene and poly- 
(methylene) spacers on determining conformation a t  
nearby thioethylene segments suggest that the average 
conformations along the backbones of the two sets of 
copolymers are those given in Figure 4. This difference 
in behavior can be explained as follows: if the oxygen 
atom is replaced by a methylene unit, the distance 
between this methylene unit and the methylene unit 
adjacent to sulfur and internal to the thioethylene 
segment (distance to the fourth atom ca. 4.0 A) is barely 
enough to accommodate the van der Waals radii of the 
two methylene units (2.0 A each) with the C-S in the 
gauche conformation. This interaction destabilizes the 
preferred thioether gauche conformation, resulting in 
the adoption of the trans conformation at  the C-S bonds 
adjacent to poly(methy1ene) groups in 3b. This effect 
is also seen in the model compounds where the terminal 
C-S bonds are in trans conformations induced by 
through-space interactions with the trans-methylenes 
of the decyl chains. This conformational behavior 
reduces intermolecular interactions between the poly- 
mer chains, resulting in lower melting points for the 
series of copolymers with the poly(methylene1 group as 
spacer. 

Room-temperature 13C CP/MAS spectra of 2a, 2b, 3b, 
and PTE are given in Figure 5. Most of the C-S bonds 
in the thioethylene segments are in the more stable 
gauche conformation in 2a and 2b (similar to  PTE), as 
identified by the main peak at  30.8 ppm (since CP/MAS 
spectra enhance observation of the rigid and crystalline 
regions of the sample, the more intense peaks should 
correspond to crystalline domains). This chemical shift 
also matches that of the central methylene units of 
model compounds with longer thioethylene segments, 
which have their C-S bonds on both sides in gauche 
forms. The methylene units a and f i  to oxygen are seen 
at 71.6 and 28.0 ppm, respectively. The former is 
insensitive to conformation, appearing a t  the same 
chemical shift in gauche, trans, and rapidly averaging 
environments. The latter is, however, sensitive to the 
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On the basis of the conformational structure give in 
Figure 4, copolymer 3b should have three CH2 peaks, 
similar to the model compound with three sulfur 
atoms.17 However, only two peaks are seen at  31.3 and 
31.9 ppm, although with a higher intensity for the 
former. This is consistent with the 2 : l  ratio of tt:tg 
groups expected if the tt peaks coincidentally overlap 
for the polymer and the 31.9 ppm tp peak is increased 
slightly by the broad amorphous and interphase bands 
underneath. The 13C HP/MAS spectrum (enhanced 
observation of the mobile regions of the sample) showed 
only broad peaks at  33.0 and 29.0 ppm. The peak at  
33.0 ppm is similar to that seen for the amorphous 
regions of 2b and is assigned to the mobile thioethylene 
segments (random conformations); this peak is down-  
field from the crystalline peaks by ca. 1-2 ppm. The 
peak at  29.0 ppm is assigned to the alkyl groups in the 
amorphous regions (similar to PE) and arises from 
conformational averaging of the poly(methylene1 units, 
causing an upfield shift of ca. 4 ppm. These two peaks 
underlie the two main regions in the CP/MAS spectrum 
in Figure 5 .  In semicrystalline samples, interphase 
regions give more peaks between these values, further 
complicating the CP/MAS spectrum and changing peak 
intensities even more. Nonetheless, we are confident 
of the assignments of sharp peaks in the CP/MAS 
spectrum because of the extensive model compound 
evaluations we have carried out. 

Room-temperature FT-IR analysis of copolymers 2a, 
2b, and 3b clearly indicates that  the thioethylene 
segments are predominantly in gauche conformations 
in 2a and 2b. The CH2 wagging mode was observed at  
1186 cm-l for 2a and 2b and at  1192 cm-l for 3b. In 
model compounds, this band moves to higher wavenum- 
bers (from 1186 to  1196 cm-l) as the length of the 
thioethylene segment decreases and the content of trans 
conformers increases.17 The C-S stretching bands at  
678 and 676 cm-l for 2a and 2b are similar to that of 
PTE at  672 cm-l and further confirm gauche conforma- 
tions. This band was observed at  682 cm-l for 3b, 
consistent with a trans-thioether conformation. In fact, 
the FT-IR spectrum of cpolymer 3b is very similar to 
that of the model compound with three sulfur atoms 
reported in the previous paper, which contained a 2:l 
ratio of tt:tg conformations around the thioether units. 

X-ray analysis was used to examine the differences 
in long range packing between the copolymers with 
oxyethylene and poly(methy1ene) units as spacers. Wide 
angle X-ray diffraction patterns (WAXD) of the copoly- 
mers 2a, 2b, and 3b are given in Figure 6. Similar 
packing occurs in copolymers with oxyethylene spacer 
units (upper two traces), and the patterns observed for 
2a and 2b correspond to that of PTE.s Copolymer 3b 
showed an entirely different diffraction pattern, which 
was very similar to  that of the model compound with 
three sulfur atoms in the backbone, indicating wider 
spacing between the polymer chains.17 This would 
reduce the strength of the intermolecular interactions 
in the crystalline domains and is consistent with lower 
melting points for the copolymers with poly(methy1ene) 
segments than those with oxyethylene spacers. 

Analysis of Thermal Behavior of [(CH2CH2S),- 
CH2CH201, polymers. Copolymer [(CH;!CH;!S)3-CH2- 
CH201, (2a) has a melting point similar to  that  of a 
product obtained from the bis(isourea) intermediate 
(125- 128 "C), indicating comparable structures and 
molecular weights.1° This copolymer showed two en- 
dothermic transitions on repeated heating runs, but did 
not undergo any visible transformation at  the first 
transition when observed under the optical microscope. 

8'0 65  50 3'5 2'0 
PPM 

Figure 5. I3C CP/MAS spectra of solution-precipitated 2a, 
2b, 3b, and PTE at room temperature (top to bottom). 

conformation of the adjacent thioethylene group. The 
28 ppm chemical shift corresponds to carbons ,B to 
oxygen, with the C-0 bonds in trans conformations and 
thioethylene groups in the other direction in gauche 
conformations (see Figure 4). These chemical shift 
values are in good agreement with those of the carbons 
a. and /3 to  oxygen in all-trans-poly(tetramethy1ene 
oxide), and these backbone conformations are similar 
to those postulated for poly(thiodiethy1ene glyco1).21,22 
The peak at  28.0 ppm is half as  intense as  the a-carbon 
peak, consistent with it representing the 30-40% of 
groups locked into the trans conformation around 
oxygen but experiencing a gauche interaction through 
the thioether bond; i.e., in the melt and in solution, 
conformational averaging with loss of most of the gauche 
shielding causes a large downfield shift for this peak. 
In the solid state spectrum, the peak for the amorphous 
carbons ,B to oxygen is shifted downfield and overlaps 
the broad amorphous thioether shoulder a t  33.0 ppm. 
This was confirmed by ambient-temperature HP/MAS 
spectroscopy (which enhances the amorphous and mo- 
bile regions of the sample), which showed a marked 
increase in the intensity of the broad peak at  33.0 ppm. 
This shoulder was observed in the 13C CP/MAS spectra 
of 2a and 2b, but was reduced in PTE due to its higher 
crystallinity. This assignment was further confirmed 
by the 13C CP/MAS spectrum (not shown) of an alter- 
nating copolymer of oxyethylene and thioethylene in 
which a single peak corresponding to OCH;! was seen 
at  71.9 ppm, while the CHzS group was observed as two 
peaks a t  32.8 (broad) and 28.4 ppm (sharp); the upfield 
resonance is due to crystalline regions and the downfield 
one is due to  random conformations of segments in 
amorphous domains. 

In the 13C CP/MAS spectrum of 3b, there are sharp 
peaks at  31.3, 31.9, and 33.3 ppm plus broad amorphous 
peaks under these. The peak a t  33.3 ppm is due 
(mainly) to the central CH2 units of the seven-carbon 
chain of 3b. This poly(methy1ene) unit is long enough 
to  adopt an all-trans conformation, similar to  the 
behavior of PE and the decyl end groups of the model 
compounds in crystalline domains. This gives a chemi- 
cal shift similar to the orthorhombic peak seen for PE. 
Thus, the conformational behavior of this part of the 
polymer is clearly confirmed by sharp peaks in the 13C 
CP/MAS spectra and will be useful in variable-temper- 
ature studies. 
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Table 2. DSC Data of Copolymer 2a 
[(CHZCHZS)~-CHZCHZO]~ after Different Thermal 

Historiesa (See Also Figure 7) 

5 16.3 15.5 20.8 26 

28 degrees 
Figure 6. Wide angle X-ray diffraction patterns of solution- 
precipitated 2a, 2b, and 3b (top to bottom). 

I I 
30 54 78 102 126 150 

Temperature ("C) 

Figure 7. DSC traces of 2a KCH&H~S)~-CH~CHZOI, either 
after solution preparation, cooling from the melt at 2 "C/min, 
cooling at 20 "C/min, quenching from the melt with liquid Nz, 
or annealing at 118 "C (top to  bottom). 
This indicates that  long range order in the solid state 
is maintained up to the actual melting transition. 
Figure 7 shows first-run DSC thermograms of copolymer 
2a samples that were either solution precipitated, cooled 
from the melt at 2 or 20 "Umin, quenched from the melt 
with liquid Nz, or annealed above the first transition 
(at  118 "C) for 2 h (top to bottom). Table 2 gives the 
transition temperatures and heat capacity (AH) values 
for these scans. A typical base line for the measurement 
of heat capacities from the DSC plot is shown on one of 
the traces. 

The solution-precipitated sample had a heat capacity 
in the same range as those of the melt-crystallized 

solution precipitated 116.0 128.8 55.0 83.0 
2.0b 107.0 96.0 111.0 124.8 37.0 80.0 
20.0b 101.0 96.0 110.8 125.5 25.8 87.0 
quenchedC 109.6 126.0 16.4 87.5 
annealedd 103.7 125.2 5.8 91.0 

T,, crystalline temperature; AHc, enthalpy of crystallization; 
T, and AH, endotherm peak and corresponding enthalpy values 
for lower (I) and higher (11) transitions. Cooling rates from the 
melt ("Urnin). Rapid cooling by immersion in liquid Nz. An- 
nealed for 2 h at 118 "C. 

samples, but with a slightly higher transition temper- 
ature. In addition, no exotherm peak was observed 
between the two endotherms for this sample, perhaps 
because the two endotherms overlap and combine to 
completely compensate for the exotherm. For the melt- 
quenched samples, as the rate of cooling from the melt 
increased, the crystallization temperature was lowered 
but with no significant change in the enthalpy of 
crystallization (AHc). In subsequent heating runs, two 
endotherms were observed with different intensities. 
Higher heat capacities for the initial endotherm (A"') 
were seen for samples that were cooled at  2 "C/min and 
solution precipitated (i.e., after slow crystallization). 
This thermal behavior is very similar to that seen for 
PBT and nylon 11, which show higher amounts of initial 
endotherms under slow cooling but higher amounts of 
the upper endotherms after rapid ~ o o l i n g . ~ ~ , ~ ~  The 
annealed sample showed virtually no evidence of either 
the lower endotherm or the intermediate exotherm and 
gave a melting enthalpy only slightly greater than those 
of the other samples. We interpret this to mean that 
the crystalline domains were locked into the form stable 
a t  higher temperature by annealing, and the sample 
therefore showed no melting of the crystal form stable 
a t  lower temperature because it was not present; 
therefore, no recrystallization into the higher temper- 
ature form occurred. Clearly, since the T i s  of both POE 
and PTE are well below room temperature, the sub- 
melting endotherm is associated not with amorphous 
regions but with the crystalline regions of the samples. 
If the molecular behavior associated with these transi- 
tions can be understood, it may be possible t o  control 
the crystallinity and, thus, the final thermal and physi- 
cal properties of the copolymers through processing 
modifications. 26 

The absence of an  observable physical transition 
under the microscope (polarized light with a hot stage) 
at the first DSC transition is consistent with a coopera- 
tive molecular transformation in crystalline domains, 
i.e., a crystal-crystal transition. Such behavior is also 
seen for PE, which exhibits a high-temperature hex- 
agonal phase arising from a trans-gauche equilibrium 
developing below the melt, especially a t  high pressure.24 
Annealing in this high-temperature phase for PE causes 
crystal thickening and the formation of more extended 
chain crystals, which are observed during subsequent 
thermal a n a l y s i ~ . ~ ~ , ~ ~  Under normal pressure, PE un- 
dergoes partial melting and recrystallization at  these 
temperatures. The melting-recrystallization is so rapid 
for PE that only the highest temperature endothermic 
peak representing the recrystallized material normally 
is detected. Thus, the transition temperature observed 
does not represent the properties of the original crys- 
t a l l i t e~ .~ '  I t  has been observed, however, that  more 
perfect solution-formed crystals display resolved DSC 
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transitions for the initial crystallites, their recrystalli- 
zation, and the subsequent melting of the high-temper- 
ature form.28 Such a crystalline transformation is more 
likely to occur in the thioether copolymer than in PE 
due to the lower energy barrier between the different 
conformers a t  the C-S bonds (activation energy of 0.1 
kcaymol compared to 0.5 kcal/mol for C-C bond rota- 
tion). While cooperative motion thus might be pre- 
sumed to lead to reorganization in the crystalline state, 
causing the intermediate exotherm, spectral evidence 
indicates otherwise. 

Copolymer 2b [(CH2CH2S)4-CH2CH20], had a higher 
melting point than 2a due to a higher thioether content. 
However, the difference (ca. 5 "C) is significantly smaller 
than the difference between [(CH2CH2S)2-CH~CH20Im 
and 2a (ca. 60 "C). The lower AH values and melting 
temperatures for the precipitated and melt-crystallized 
samples of 2b (compared to 2a) suggest that  a lower 
molecular weight polymer was obtained with the syn- 
thetic method used. Solution-precipitated 2b had AH1 
and A H I I  values in the same range as those of the melt- 
crystallized samples, but with slightly higher transition 
temperatures. The thermal behavior of melt-crystal- 
lized 2b is very similar to that of melt-crystallized 2a, 
although the influence of the cooling rate was less 
significant. This might arise from more rapid crystal- 
lization due to  the lower molecular weight (kinetically 
faster due to lower melt viscosity) and longer thioeth- 
ylene segment than in 2a (more stable crystals that form 
more rapidly). 

If the multiple endotherms seen in varying quantities 
for samples with different thermal histories are related 
to widely different crystal forms, wide angle X-ray 
diffraction (WAXD) studies should detect differences in 
unit cell dimensions between a melt-crystallized sample 
(which has multiple endotherms) and an annealed 
sample (which has only the higher melting endotherm). 
Such differences in crystal packing have been estab- 
lished for poly(propy1ene) samples showing different 
DSC  result^.^^-^^ Samples of 2a and 2b with the same 
thermal histories as those used for the thermal analyses 
described earlier were examined by WAXD. The pat- 
terns obtained (not shown) demonstrate that  there is 
little apparent difference in overall crystal packing 
between the different samples. Thus, the submelting 
endotherm cannot be attributed to melting or large scale 
transformation of one type of crystal into another, but 
must be related to small changes occurring within the 
crystalline domains, and perhaps only within some of 
those. Like PE, the submelting transition in these 
thioether copolymers may involve only occasional gauche- 
to-trans jumps made possible by thermal expansion of 
the crystal lattice. X-ray and spectral data support this 
possibility. 

The morphologies of samples of copolymer 2b with 
different thermal histories were analyzed by SAXS 
(given in Figure 8). Both melt-quenched and solution- 
crystallized samples show a broad peak at  ca. 60 A. The 
peak shifts to lower 28 (higher lamellar spacing) and 
merges with the quartz background peak after anneal- 
ing at  110 "C for both samples. This confirms crystal 
thickening without apparent crystal form modification 
upon annealing (confirmed by WAXD patterns not 
shown), a process that must be related to significant 
mobility of the chain segments within the crystals. 

Melt-crystallized 2b was analyzed further by variable- 
temperature Raman, 13C solid state NMR, and FT-IR 
techniques to further understand its molecular behavior. 
Figure 9 shows Raman spectra with increasing temper- 
atures. At 50 "C, little change is observed in the gauche 

Annealed at 110 'C for 2h : 
CB 58A0 

I 

I Melt quenched with liquid N, 

1 Solution precipitated 

1 2 3 4 5 
28 degrees 

Figure 8. Small angle X-ray diffraction pattern of 2b after 
different sample histories, as indicated. 

so0 850 aoo 750 700 650 660 

Figure 9. Variable-temperature Raman spectra of 2b up to 
temperatures above the submelting transition but below T,. 

content, although there appears to be a broad peak 
beginning to grow at  ca. 770 cm-I corresponding to trans 
conformers. At 118 "C (above the first DSC-observed 
endotherm), the C-S asymmetric stretch for gauche 
units (753 cm-l) shows broadening along with a sig- 
nificant increase in the trans isomer peak at  770 cm-l. 
The C-S symmetric peak (vertical reference line at 727 
cm-l) possesses a shoulder in the 50 "C spectrum (at 
720 cm-l), which sharpens and becomes the predomi- 
nant peak at  118 "C. Since the time scale of observation 
is very fast in Raman spectroscopy, even trans and 
gauche forms undergoing fast jump motions can be 
observed. Thus, in 2b an  increase in the C-S trans 
isomer content is observed without complete disappear- 
ance of the gauche peak, unlike the behavior of model 
compounds where complete gauche-to-trans isomeriza- 
tion was observed above the submelting transitions. 
High-temperature Raman analysis of PTE showed 
behavior similar to that of 2b, with the gauche isomer 
peak at  756 cm-I still present even at  180 "C, ca. only 

Wavenumbers (cm.') 
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*3c cp/MAS spectra of [(-CH,-CH,-S-),-CH,-CH,-O-]" 

27°C -CHqO- 

lattice expanded 

h 10ooc 

I3C HPD spectra of [(-CH,-CH,-S-),-CH,-CH,-O-In 

100°C 

-CHz-O- 
/ 

117°C 1 
80 60 40 20 0 

Figure 10. I3C CP/MAS and HPD/MAS spectra of [(CHz- 
CH2S)4-CH2CH20Im at the temperatures indicated. 

20-30 "C below the melting point.32 At this tempera- 
ture, PTE has been reported to undergo crystal thicken- 
ing (similar to the copolymers) as  observed by longitu- 
dinal acoustic mode (low-frequency Raman) and SAXS 
ana lyse^.^^,^^ This behavior in both homo- and copoly- 
mers supports the coexistence of the gauche and trans 
conformers within the crystalline domains; i.e., thermal 
expansion of the crystal lattice allows occasional trans 
isomer formation that can propagate through the do- 
main with rapid return to the more stable gauche 
isomer. As the sample temperature increases, the 
incidence or total number of such trans "defects" in- 
creases, as seen by increased trans peak intensity. 

High-temperature 13C CP/MAs and HP/MAS analyses 
were carried out on 2b, and selected spectra are given 
in Figure 10. At room temperature there are peaks at 
28.1 and 31.1 ppm (largest peak) for the methylene units 
p to oxygen and those between sulfur atoms (in their 
gg form), respectively, and at 71.6 ppm for methylene 
units a to oxygen. A broad peak is seen from 30 to 35 
ppm for rigid amorphous domains; a broad peak at this 
same value for the mobile amorphous region is observed 
in the HP/MAS spectrum (not shown). By using this 
data with the Raman results, the preferred conforma- 
tion a t  the C-S bonds is clearly found to be gauche (as 
drawn in Figure 4) a t  room temperature. When the 
sample is heated to 67 "C, the shoulder around 33 ppm 
increases, while the peaks at  31.1 and 28.1 ppm (now 
a t  30.8 and 28.0 ppm) are somewhat reduced relative 
to the 71.6 ppm peak. The additional peak intensity a t  
ca. 33 ppm cannot come from mobile amorphous regions 

PPM 

because the sample temperature is well above the Tg 
and lack of cross-polarization for such mobile domains 
essentially eliminates their contribution. That is, be- 
cause I3C CP/MAs sees mainly rigid regions, the relative 
increase in this peak presumably comes from crystalline 
thioethylene segments undergoing jump motion between 
conformers and, therefore, experiencing less gauche 
shielding. 

At 100 "C, the 33 ppm peak is resolved into two 
distinct peaks at  33.6 and 32.8 ppm. A temperature 
increase to 117 "C (spectrum not shown) causes these 
peaks (now at  33.9 and 32.9 ppm) t o  grow in intensity 
and the peaks (now) a t  31.5 and 28.5 ppm to shrink 
further. Even above the DSC-observed transition (117 
"C), molecular motion exists in only part of the crystal- 
line regions because, first, peaks are observable (CP/ 
MAS requires some rigidity) and, second, the peaks a t  
31.5 and 28.5 ppm are weak but still observable. Upon 
further heating to 127 "C, cross-polarization is lost 
because of sample melting. 13C CP/MAS analysis thus 
confirms conformational disorder occurring in the crys- 
talline domains at and above the submelting transition. 
This behavior is very different from that of the model 
compounds, which displayed concerted gauche-to-trans 
isomerization within the crystalline domains a t  the 
lower endothermic transition. However, it  is also clear 
that  molecular motion begins in the crystalline regions 
below the premelt transition, suggesting that noncon- 
certed libration develops gradually and continuously. 
Both observations are consistent with the less ordered 
crystalline regions of polymers; i.e., the crystalline 
domains are less perfect and domain sizes vary, both of 
which can result in "gradual" transitions, as observed 
on the macroscopic level or with analytical methods that 
"average" what is observed. 

13C HP/MAS spectra (Figure 10, lower spectra) a t  
temperatures close to the submelting transition and up 
through the melt show three sharp peaks a t  33.0,33.9, 
and 71.9 ppm. These peaks are due to the methylene 
units in mobile amorphous regions (as confirmed by 
peak sharpness). The upfield peak at  33.9 ppm is also 
seen in the CP/MAS spectrum at 100 "C, indicating 
similar mobile gauche conformations near the surface 
or beginning to develop within the crystalline domains. 

This molecular behavior observed upon heating 2b is 
observed in reverse upon cooling the sample from the 
melt to below its crystallization temperature. Figure 
11 gives various CP/MAS spectra upon cooling the 
sample analyzed in Figure 10. At temperatures down 
to 100 "C, cross-polarization is not possible due to high 
mobility; i.e., crystallization requires extended time a n d  
or supercooling. At 90 "C, peaks appear a t  34.0, 31.0, 
and 28.5 ppm, indicating that the sample initially 
crystallizes into the higher temperature form, with 
many of the crystalline thioethylene units completely 
gauche and some either held trans or exhibiting slow 
jump motion between the two conformers. This jump 
motion may be occurring in smaller crystallites or a t  
the surface of larger ones. 

Upon cooling down to 67 "C, peaks are still seen at  
33.9 and 32.8 ppm, but with increased intensity for the 
peaks at  28.5 and 31.5 ppm, indicating the transforma- 
tion of more trans-to-gauche conformations within 
crystalline domains. This spectrum looks very similar 
to the spectrum at  100 "C in the heating experiment, 
suggesting that the high-temperature phase formed 
upon heating requires some time to reform during the 
cooling cycle. This is confirmed by the additional 
changes observed in the 47 and 27 "C spectra. Despite 
the fact, then, that the sample shows a crystallization 
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Figure 11. Variable-temperature I3C CP/MAS spectra of 
[(CH&H2S)4-CH2CH2Olm upon cooling from the melt. 
exotherm between 110 and 100 "C in the DSC, there is 
residual trans content present (in rigid domains) that  
only slowly rearranges to the gauche conformation at  
temperatures well below the crystallization tempera- 
ture. Again, concerted molecular motion does not 
appear t o  be as strongly related to the DSC transitions 
observed as  it is in the model compounds. 

At room temperature, copolymer 2b has IR bands a t  
2965 and 2929 cm-l, corresponding to C-H asymmetric 
and symmetric stretches for the thioethylene segments. 
These bands coincide with the C-H asymmetric and 
symmetric stretches of PTE, indicating the presence of 
gauche conformations. There are weak bands corre- 
sponding to trans isomers a t  2950 and 2914 cm-l, which 
increase in intensity with temperature, while the bands 
a t  2965 and 2929 cm-l gradually decrease. Again, only 
gradual, apparently nonconcerted, changes are observed 
even upon going through the lower DSC endotherm. A 
similar trend is observed for cyclic model compounds 
containing 3-6 thioethylene units.35 Conformational 
isomerism involving atoms with lone pairs of electrons 
has been evaluated for small molecules where it was 
recognized that a lone pair in a trans position weakens 
a C-H bond and reduces its vibrational frequency.36 
This effect is seen in 2b, where increasing the trans 
isomer content a t  the C-S bond increases the low- 
frequency bands. 

The integrated intensities of the C-H stretching 
peaks gave an additional indication of concerted pro- 
cesses for the model compounds, clearly indicating a 
discontinuity a t  the ~ r e m e 1 t . l ~  Variation with temper- 
ature of the integrated area between 3050 and 2750 
cm-' for 2b showed no discontinuous reduction, but 
rather showed two intersecting lines with a more rapid 
reduction in intensity above 100 "C. Complete melting 
a t  130 "C, however, did cause a drastic reduction in the 
C-H stretching intensity. The FT-IR results support 
the NMR interpretation given here; i.e., no concerted 
gauche-to-trans isomerization occurs in this polymer, 
in contrast to the model compounds that clearly show 
no residual gauche content in the higher temperature 
crystal form. The conformational disorder observed in 
2b at  intermediate temperatures does lead to crystal 
thickening (as observed by SAXS), a process that 
requires significant segmental motion but that occurs 
without the disruption of overall crystalline order and 
the mostly gauche conformations at  the thioethylene 
units. 

A 

I ~ r -  
30 48 66 84 102 120 

Temperature ('C) 

Figure 12. DSC heating traces of [S(CH2CH2S)2-(CH2),Im 
solution-precipitated samples, where n = 3, 5-8 (3a-e) from 
top to bottom. 

Analysis of the Thermal Behavior of [S(CH2- 
CH2S)2-(CH2),Im. The first-run DSC thermograms of 
solution-precipitated samples of 3a-e are given in 
Figure 12. Apparent melting points are all within 10 
"C of each other, indicating that they are not influenced 
much by changing the length of the poly(methy1ene) 
segment, but are instead controlled by the crystalline 
packing of the thioethylene segments. Copolymers 
3a-e and 2a have similar thioethylene segment lengths 
along the backbone, but the dissimilarity in their 
melting points indicates different crystalline packing; 
i.e., the oxyethylene spacer between the thioethylene 
units is more easily accommodated within the crystal- 
line form preferred by the thioethylene segments than 
are the poly(methy1ene) spacers. We have observed 
that, in model systems, shorter lengths of thioethylene 
segments between decyl chains reduce the melting 
points to those of similar length linear alkanes due to 
the disruption of the preferred packing of the gauche 
thioether segments. That is, the intermolecular inter- 
actions between the thioethylene segments are reduced 
due to the alkyl chain forcing the terminal C-S bonds 
(of the thioether segments) to assume the less preferred 
trans conformation. A similar effect causes lower melt- 
ing points in the copolymer series 3a-e than in 2a and 
2b. 

The solution-precipitated sample of 3b did not exhibit 
any submelting endotherm, although it and all melt- 
crystallized samples showed two endotherms with an 
overlapping exotherm. The A H  values were not deter- 
mined on all copolymer samples because of the proxim- 
ity of the two endotherms (usually within 10 "C of each 
other, compared to '15 "C differences for 2a and 2b). 
Even annealing the samples above the submelting 
transition resulted in A"" values that were significantly 
less than those of solution-precipitated samples. How- 
ever, the values for various samples of 3b (treated in 
the same manner as both 2a and 2b) were determined 
and are e v e n  in Table 3. In copolymers containing an 
oxyethylene spacer, A H I I  values comparable to those of 
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Table 3. DSC Data of Copolymer 3b 
[S(CHzCHzS)z-(CH2)7Im after Different 

Thermal Histories" 

Characterization of PTE Transitions 7815 

solution precipitated 104.0 76.5 
2.0b 75.6 58.6 85.4 93.5 49.1 36.0 
20.0b 64.7 62.2 85.0 94.0 37.6 42.8 
quenchedC 84.1 93.8 21.6 57.1 
annealedd 79.2 95.8 7.6 44.6 

a T,, crystallization temperature; AH,, enthalpy of crystalliza- 
tion; T,  and M, endotherm peak and corresponding enthalpy 
values for lower (I) and higher (11) transitions. Cooling rates from 
the melt ("C/min). Rapid cooling by immersion in liquid Nz. 

Annealed for 2 h at 85 "C. 

60 "C \ 

900 840 780 720 660 600 

Wavenumbers (em.') 

Figure 13. Variable-temperature Raman spectra of 3b up to 
temperatures above the submelting transition. 

solution-precipitated samples were obtained (Table 21, 
while this was not the case for 3b. This may be related 
to reduced dipole interactions and increased molecular 
mobility a t  the thioethylene segments in 3a-e, causing 
less efficient recrystallization than in 2a and 2b. 

Because copolymer 3b had the highest melting point 
and showed two distinct endotherms with an exotherm 
between when crystallized from the melt (not shown in 
Figure 121, it was chosen for more detailed thermal 
analysis with regard to  the effect of sample history. 
Samples of copolymer 3b with various sample histories 
gave similar WAXD traces and Raman and 13C CPiMAS 
spectra when analyzed at  ambient temperature. Dif- 
ferences in crystal perfection without changes in crystal 
form and amounts of crystallinity (similar to 2b) there- 
fore must be the cause of the differences in thermal 
behavior of 3b samples. Moreover, SAXS analysis of 
copolymer 3b showed no peak for lamellar spacing in 
either solution-precipitated or annealed samples. 

Variable-temperature spectral analysis was applied 
to several samples of 3b. Raman spectra a t  various 
temperatures are given in Figure 13. The strong peak 
at  770 cm-l and weaker peak a t  ca. 750 cm-l confirm 

CPIMAS at 27OC 

CPIMAS at 50aC 

CPIMAS at 80% 

CPIMAS at 90% 

nPD at 27 "C 

HPD at 0O0C 

50 40 5.0 2'0 
PPM 

Figure 14. Selected 13C CP/MAS and HPD/MAS spectra of 
3b. 

the presence of both trans and gauche thioether con- 
formations, with the former predominating in the ambi- 
ent-temperature spectrum. Spectra at increasing tem- 
peratures clearly show a relative increase in the former 
and multiplicity with (perhaps) reduction in the latter. 
Even above the first transition temperature (ca. 85 "C), 
it  is not clear from these spectra that all of the gauche 
peak has disappeared. Thus, while the onset of confor- 
mational motion at  the C-S bonds begins a t  ca. 50 "C, 
no clearly concerted process was observed a t  the lower 
transition. High-temperature FT-IR analysis of 3b also 
did not clearly show shifts in bands, but did show a 
different rate of reduction in the C-H stretching 
intensity above 85 "C, the temperature corresponding 
to the initial endotherm. Upon going through the melt, 
however, the sample (observed a t  100 "C) did show a 
discontinuous drop in integrated intensity. 

High-temperature 13C CPflMAS and HP/MAS analyses 
were carried out on 3b up through the initial DSC 
endotherm, i.e., to 90 "C (Figure 14). At 50 "C, there is 
reduction in the peak at 31.3 ppm along with a shift to 
31.5 ppm; the all-trans-poly(methylene1 segment peak 
at  33 ppm is unchanged. This behavior is similar to 
what is observed in the model compounds, confirming 
an initial gauche-to-trans libration or an isomerization 
process for some of the thioethylene segments in crys- 
talline domains of 3b. At the same time, the peak at  
31.9 ppm shifts to  32.1 ppm and increases in intensity 
relative to the 31.5 and 33 ppm peak. At 80 "C, the 
peaks at  32.1 and 31.5 ppm both move downfield by ca. 
0.2 ppm and two new peaks appear, one as  a shoulder 
a t  31.0 ppm and the other a t  29.0 ppm, both caused by 
y-gauche interactions within the poly(methylene1 units. 
A new shoulder is also seen on the 33 ppm peak (ca. 
33.4 ppm), which corresponds to the peak in the 90 "C 
spectrum due to mobile thioethylene carbons. The 
spectrum obtained just above the DSC transition (90 
"C) is very different from the others. First, CP/MAS 
observation indicates that  cross-polarization is still 
possible, and the domains seen are still relatively rigid. 
However, the two sets of peaks seen a t  around 33.0 and 
30.0 ppm now result from the complete disappearance 
of gauche thioether units and trans-poly(methy1ene) 
segments. The first set of peaks (at  ca. 33.0 ppm) 
corresponds to the methylene units adjacent to  sulfur 
involved in jump motions between trans and gauche 
conformers, causing a shift to higher ppm values similar 
to what was observed for 2b. The second set arises from 
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the carbons of the poly(methy1ene) spacer in a confor- 
mationally disordered state experiencing rotationally 
averaged trans-gauche interactions. The multiplicity 
of both sets of peaks arises from different chemical 
environments (composition of attached groups) plus 
gauche-trans isomerization within the increasingly 
disordered crystalline domains. 

The 13C HP/MAS spectrum a t  90 "C shows liquid-like 
conformationally averaged peaks at  33.8,33.4,30.8, and 
29.6 ppm, which correspond to the peaks seen in the 
CP/MAS spectrum a t  the same temperature. The 
relative intensities of these peaks correspond to 4:2:2: 
3, as expected for this copolymer structure. In contrast 
to copolymer 2b, where some gauche conformations are 
maintained above the submelting transition, in 3b the 
disorder develops more extensively through the sample 
and within the residual crystalline regions. This co- 
polymer, perhaps because it is more like the model 
compounds in overall composition and is less tightly 
packed in its crystalline domains than 2a and 2b, 
appears to  display a more concerted crystal-crystal 
transformation. Examination of the DSCs and spectra 
of the other poly(methylene1 copolymers in this series 
indicates that  they display similar behavior. 

Conclusions. Room-temperature spectroscopic analy- 
sis of the copolymers confirmed conformations similar 
to that of PTE around the thioethylene segments in 
those with oxyethylene spacers, i.e., mostly gauche 
isomers. Those with poly(methy1ene) spacers, however, 
displayed conformational behavior more like that of the 
shorter oligo(thioethy1ene) model compounds reported 
in the previous paper (mostly trans conformations at  
the C-S bonds). This reduces the intermolecular 
interactions between the polymer chains in the latter 
and results in an entirely different type of crystal 
packing (as seen by WAXD and lower melting points) 
and molecular behavior a t  the lower DSC endothermic 
transition (concerted rather than nonconcerted gauche- 
to-trans isomerization). It is clear from a comparison 
of the results obtained from the model compounds with 
those from the copolymers that the models offer easier 
to  interpret spectral information that correlates more 
readily with thermal transitions. Polymers are more 
complicated and less well behaved for a number of 
reasons, including molecular weight distributions, varia- 
tions in crystal size and perfection, the presence of 
interlamellar polymer chains, and the occurrence of 
adjacent versus nonadjacent reentry of chains into 
crystal lattices. The observation of first-order premelt 
transitions in the DSC may (probably does) indicate 
concerted crystal-crystal transformation of some crys- 
tals or some regions of a given crystalline domain in 
the polymers, but the overall imperfections certainly can 
account for both the fact that the onset of motion within 
the crystalline domains appears to occur significantly 
below the premelt transition and the fact that  a 
significant portion of the crystalline regions does not 
undergo concerted transformation at  the premelt (at  
least for the oxyethylene-containing copolymers). None- 
theless, the detailed and extensive spectral analyses 
summarized in these two papers clearly confirm the 
presence of the preferred gauche conformations around 
thioethylene oligomer segments in model compounds 
and copolymers and confirm that there is significant 
gauche-to-trans isomerization of these groups below, but 
especially above, the premelt transitions observed for 

virtually all of the materials examined here. This work 
also points out the need for careful synthetic and 
spectral exploration of the given family of polymers and 
model compounds of interest. More importantly, it is 
clear from this work that the use of one or two spectral 
methods rarely supplies the range of information needed 
to extensively or  completely understand polymer be- 
havior, especially when attempting to correlate molec- 
ular and macroscopic properties. 
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