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ABSTRACT: Samples consisting of a high molecular weight (M, = 1.4 X lo6) isotactic polystyrene (ips) 
mixed, 25% by weight, with cis- or trans-decalin have been investigated by proton and 13C NMR. The most 
studied samples were gels formed by quenching the solutions to 253 K, although some data on gels formed 
at 296 K are also reported. Comparison is further made with samples crystallized at 347 K. Most of the NMR 
data were obtained on nonspinning samples, although magic angle spinning was attempted on one gel sample. 
Variable-temperature proton spectra covered the range from solvent freezing to gel melting temperatures. 
The principal motivation was to investigate the nature of the iPS-rich phase in the gels since previous studies 
have claimed evidence either for a crystal structure different from the usual 3’ helix or for a polymer/solvent 
complex. The existence of a polymer/solvent complex (or a solvated crystal structure) was shown to be unlikely 
on the basis of the NMR findings of high solvent mobilities and widely disperse segment mobilities for ips. 
NMR results on the solvent freezing behavior support earlier DSC findings, Le., sizeable fractions of solvent 
molecules undergo a gradual immobilization as temperature is lowered compared with the rapid freezing behavior 
of the pure solvent. In the absence of a polymer/solvent complex, the alternate explanation offered for the 
gradual freezing is that uncondensed iPS chain segments partition space into a distribution of cavity sizes, 
which, in turn, impose on the solvent a size-dependent depression of solvent freezing points and enthalpies. 
Above the solvent freezing temperatures, proton spectra were analyzed in terms of a broad, glasslike and a 
narrow, liquidlike signal. As the temperature is raised from the solvent freezing point, the broad signal weakens 
and narrows slightly; correspondingly, the liquidlike signal grows. The thermal reversibility of the line shapes 
was investigated and established between the solvent freezing points and 296 K. This continuous change 
and the reversibility offer insight into the growth process of the rigid iPS phase. Whether the structure of 
the rigid PS segments in the gel is ordered or disordered remains a largely unanswered question. Evidence 
for disorder is a faster proton dipolar relaxation time and a reduced line width at 296 K compared to either 
the glassy state or the 31 helical crystalline state. Evidence for order is that the aliphatic and the unprotonated 
aromatic carbon resonances in the CP-MAS spectrum at 296 K have intermediate line widths and a unique 
chemical shift difference compared to the corresponding parameters in glassy (disordered) and crystalline 
(ordered) 3’ helical preparations. Also, the energetics of condensation favor the ordered over the disordered 
structures. It is concluded that the rigid portion of the gel probably has more order than the glass, but more 
disorder than the 31 helical crystal. Finally, it is shown that the NMR behavior of the gel is very different 
from that of a preparation of solution-crystallized ips. 

Introduction 
There has been considerable interest recently in the 

behavior of synthetic polymer gels formed by an appro- 
priate thermal history either from crystallizable or non- 
crystallizable polymer solutions.’-16 In this study we will 
address the isotactic polystyrene ( ips)  system which has 
been found to be interesting for several reasons. First, the 
gels themselves, which are formed by a quench to below 
the 8 temperature of the solvent, seemed to exhibit a new 
“crystal” structure for ips.’ This structure was interpreted 
to be a 12, h e l i ~ , ~ ~ , ’ ~  in contrast to the normal 3’ helix” 
for ips. Further, it was assumed’ that the gel is a classical 
fringed micellar type with the new “crystal” form acting 
as cross-linking points for swollen “rubbery” chains. On 
the other hand, Guenet8 found that the chain conformation 
in the new “crystalline” form may not be a 12’ helix and, 
in neutron scattering studies on the pure decalin solvent 
as well as the gel, demonstrated that the peak, attributed 
to the 0.51-nm spacing of the 121 helix, persists when only 
solvent is present. He also proposed: on the basis of DSC 
results, that the gel structure is made up of solvated 
crystals of ips .  Furthermore, in morphological studies of 
transformed gels whose crystalline regions possessed the 
3’ helical structure, Guenet et al.’ found that the trans- 
formed gel exhibited a texture with a characteristic spacing 
of several tenths of a micrometer, i.e., distances of the order 
of the contour length, yet much greater than the radius 
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of gyration, for their polymer chain. 
In recent work Guenet and McKenna’O have reported 

that in iPS-cis-decalin (iPS-c-D) gels the concentration 
dependence of the compression modulus does not follow 
a power law; rather, the modulus curve is approximately 
concave with evidence of rapid changes over certain narrow 
concentration ranges. Such behavior is not consistent with 
that observed’* classically for other gels, e.g., poly(viny1 
chloride), which have been interpreted as having a fringed 
micellar s t ruc t~ re . ’~  

A somewhat different interpretation of gel structure is 
offered by Domszy et ale5 In different ethylenic polymers 
and copolymers they found a continuity of thermodynamic 
and structural properties between crystallites formed in 
dilute solution and in the gels. They also show that the 
general form of the gelation time versus temperature plot 
for iPS in trans-decalin is parallel to that of the ethylenic 
polymers. Therefore, they reject the fringed micelle model 
for the gels and consider gel formation to be an extension 
of chain-folded crystallization from dilute solution. Upon 
increasing polymer concentration, there is a concentration 
at  which the probability becomes significant that a given 
chain will participate in more than one region of crystal- 
lization. This, in their view, represents the onset of gel 
formation. 

The purpose of this study was to use proton and 13C 
NMR techniques to study gels of iPS in cis- and trans- 
decalin, with a view toward providing information about 
the mobility of both the polymer and the solvent in the 
gel state. Such information should aid in discriminating 
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between the models of gel structure which have been 
proposed. 

Experimental Section 
Materials and Gel Preparation. The iPS used for this study 

was the same as the "F3B" sample described in an earlier pub- 
lication.l0 This polymer has a percentage of isotactic diads ex- 
ceeding 96% as determined by solution NMR. M, is 1.44 X lo6 
and the polydispersity is 2.0. The cis- and trans-decalin solvents 
were supplied by Aldrich Chemical and were used without further 
purification. 

Gels having 24-25% IPS by weight were prepared by weighing 
the components, sealing them under vacuum into glass NMR tubes 
having either 5- or 8-mm o.d.'s, heating them at 454 K until the 
solutions were homogeneous, and transferring the tubes rapidly 
to a liquid bath at the desired temperature. The total volume 
of the tubes was usually about twice that of the polymer solutions. 
In the quenching of the hot solutions, the tubes were immersed 
initially only to the meniscus of the solution in order to avoid the 
flashing of the solvent out of the solution onto cold walls above 
the solution. After the short initial cooldown, the whole tube was 
immersed. The quench temperature for the formation of the gels 
was 253 K unless otherwise noted. 

Only one sample, iPS in trans-decalin (iPS-t-D), was prepared 
for 13C magic angle spinninp"o"3 (MAS). This sample was prepared 
in a sealed glass tube of the same i.d. as the NMR rotor (6 mm). 
After the gel was made, the tube was broken open and the sample 
was transferred to a machinable ceramic rotor which was designed 
for spinning liquid samples and had a closure on only one end. 

Two samples of pure iPS were also studied. One was the 
as-precipitated (at 35 "C from a 1% toluene solution using ethanol) 
and dried F3B sample,1° and the other was made from the first 
by annealing at 453 K for 24 h under vacuum. 

NMR Spectrometek and Techniques. The spectrometer is 
a Bruker CXP200" operating at a magnetic field of 4.7 T. Three 
probes were used: a nonspinning 5-mm low-Q proton probe, a 
nonspinning 8-mm high-Q probe which is doubly tuned for 13C 
and 'H irradiation and observation, and a 7-mm high-Q MAS 
probe also doubly tuned for 13C and lH irradiation and obser- 
vation. The sample tube axis is horizontal in both nonspinning 
probes. 

The pulse programs employed were of the following types: 
simple one-pulse/observe (Bloch decay), cross polarizationE (CP), 
or 90°,-~-450,-t-450,,,-~a-observe26 (TID). The indicated phase 
cycling, ( x  = O", y = 90°, -x = B O o ,  and -y = 270") of the latter 
45O pulse in the TID sequence was used to suppress unwanted 
signals. For observation of the broad PS line in proton spectra, 
the maximum dwell time was 4 ps with a 4-ps delay before ac- 
quisition. When proton spectra of the gels were acquired by using 
the 8-mm probe, receiver saturation was avoided by attenuating 
the proton radiofrequency (rf) level, reducing the pulse width to 
1 ps, and detuning the probe. The rf levels used for CP corre- 
sponded to rotating frequencies of 65-70 kHz. CP times were 
in the range 0.7-1.0 ms. 

Measurement of temperature in the variable-temperature ex- 
periments was accomplished by using a thermocouple placed about 
1 mm above the coil. Uncertainties in sample temperature are 
limited to A3 K. Actual sample temperatures were also measured 
by using a methanol samplez7 in a calibration run. 

DSC. Differential scanning calorimetry measurements were 
performed on a small piece of the iPS-t-D sample left over after 
the rotor was fiied for the CP-MAS experiment. This DSC sample 
was stored in the freezer in a sealed tube for 2 weeks prior to the 
DSC run. The calorimeter was a Perkin-Elmer DSC-2% equipped 
with a refrigeration unit for low-temperature operation. Scan rates 
were 10 K/min for all scans. In a cooling run, this controlled rate 
could only be maintained down to 211 K. Further cooling occurred 
at a slower pace. The low temperature achieved prior to the 
heating run was 190 K. 

Results 
13C Nonspinning Spectra. An important area which 

NMR measurements can address is how gel formation 
affects the mobility of the iPS chains and the solvent 
molecules. Several experiments on iPS gels using both cis- 
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Figure 1. 13C nonspinning CP spectra, 50.3 MHz, at 296 K; CP 
time is 0.7 ms: (A) 25% by weight iPS in trans-decalin (iPS-t-D), 
gel formed at 253 K; (B) glassy i P S  (C) difference spectrum, 0.5(A 
- B). Spectrum B is normalized to match the intensity of the 
downfield resonance of the gel. A 20-Hz Lorentzian line broad- 
ening is present. The sharp lines in the 25-50 ppm region belong 
to the solvent; the sharper feature at about 128 ppm corresponds 
to mobile protonated aromatic PS carbons. The weak feature 
at about 90 ppm is spurious; this is the position of the rf carrier. 
Lack of broader intensities in the aliphatic region (10-70 ppm) 
in spectrum C indicates that there are no solvent molecules im- 
mobilized in the PS matrix. 

and trans-decalin were performed. Figure 1 compares a 
nonspinning I3C CP spectrum of an  iPS-t-D gel formed 
at 253 K with that of the glassy, as-precipitated polymer. 
Also shown is a difference spectrum. It is evident that in 
the gel there is a portion of polyher which possesses a 
rigidity comparable to that of the glassy polymer, judging 
by the similarity in the chemical shift anisotropy patterns 
of the aromatic carbons. These anisotropy patterns are 
most evident in the 80-230 ppm range althdugh the upfield 
edge of these lines overlaps the aliphatic region (10-70 
ppm).% A 22% rigid fraction of iPS segments is estimated 
in the iPS-t-D gel from the known weights of iPS in the 
two samples assuming the same cross-polarization effi- 
ciencies for the iPS carbons in the glassy state and in the 
gel. 

Figure 1 also displays narrow resonances which one can 
associate with both the iPS and decalin carbons. Narrow 
resonances in a nonspinning sample imply nearly isotropic 
mobility, fast on a timescale (30-100 p s )  of the inverse 
chemical shift anisotropy width. The presence of fast 
isotropic mobility along with translational mobility also 
reduces the carbon-proton dipolar interactions which are 
necessary for CP. In the limit of liquidlike mobility, the 
only available CP m e c h a n i ~ m ~ ~ " ~  is the scalar C-H cou- 
pling, which mechanism is very inefficient under these 
experimental conditions. I t  follows that  the true ratio of 
broad to narrow resonances in the gel is very much smaller 
than appears in the gel spectrum of Figure 1. The narrow 
PS resonance in this spectrum indicates that  both rigid 
and mobile segments coexist on a 100-ps time scale. On 
the other hand, the level of CP signal generated by the 
solvent carbons is about 14 times larger than was obtained 
from the same amount of pure solvent, although this signal 
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Figure 2. As in Figure 1 except (A) correspbnds to the gel having 
25% by weight iPS in cis-decalin (iPS-c-D). 

is only about 1% of that expected if all the solvent mol- 
ecules are rigid. To argue on this basis that the PS 
molecules impose some restriction on the isotropic char- 
acter of motion is speculative because the CP intensity in 
a liquid under these conditions is very sensitive to the exact 
rf matching conditions.Bym While the matching conditions 
are monitored closely, we do not have a good idea about 
intensity reproducibility on a pure liquid sample. 

From the point of view of the gel possibly possessing a 
crystal structure that incorporates solvent, we find it sig- 
nificant that there is no spectral evidence for rigid, or even 
anisotropically mobile, solvent molecules. Relatively rigid 
decalin molecules, fiied in a crystal lattice, should produce 
resonances having chemical shift anisotropy patterns which 
are 10-50 ppm in width and lie in the 10-70 ppm range. 
The difference spectrum, Figure lC, indicates that the 
broad resonances which appear in this range can be ex- 
plained by the aliphatic carbon resonances of the iPS 
which are associated with the rigid aromatic segments. In 
principle, a very short proton rotating frame relaxation 
time, Tl H, or a very short carbon transverse relaxation 

PS-complexed solvent molecules. Neither of these situa- 
tions appears likely, however, because the intrinsic TlpH 
and TZc for any strongly bound decalin molecules should 
be highly correlated as is found in poly(ethy1ene oxide).31 
At  the same time, in a strong complex, the TIPH of the 
decalin and the solidlike iF'S segments should be very close 
as a result of spin exchange. In contradiction to this 
reasoning, it is seen that the TlPH for the more rigid iPS 
segments is sufficiently long to cross polarize the corre- 
sponding iPS carbons. Thus, from this carbon spectrum 
and the foregoing argument, we conclude that if any sol- 
vent complex exists, the orientation and position of the 
solvent molecules is transient on a time scale shorter than 
1 gs. 

Similar CP results are shown in Figure 2 for an iPS-c-D 
gel sample under the same conditions as those in Figure 
1. The principal differences, relative to Figure 1, are that 
the intensity of the liquidlike line a t  128 ppm is about 3 
times stronger and there seems to be a larger fraction of 

time, T2 e , could also account for missing CP signals from 
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Figure 3. Region of narrowed proton aromatic PS resonances 
at 200 MHz and 296 K for different preparations. All spectra 
have been normalized to the same total intensity, including the 
broad resonances. (A) iPS-c-D, gel formed at 253 K (l3) iPS-t-D, 
gel formed at 253 K; ( C )  iPS-c-D, gel formed at 296 K; (D) 
iPS-t-D, gel formed at 296 K; (E) iPS-c-D, crystallized for 120 
h at 347 K; (F) iPS-t-D, crystallized for 16 h at 347 K. The base 
line on the upfield side rises because of the strong upfield aliphatic 
resonance originating from the aliphatic proton resonances of the 
solvent and the iPS. Crystallization of the iPS causes a reduction 
in the fraction of mobile iPS segments. This effect is more 
pronounced in the iPS-t-D sample which crystallizes faster than 
the iPS-c-D sample. 

PS with intermediate mobility according to the difference 
spectrum, Figure 2C. Again it is risky to place a lot of 
significance on the stronger CP intensity of the liquidlike 
line, since the CP behavior of liquidlike resonances is so 
strongly dependent on the exact matching  condition^.^,^^ 
The reason for the greater fraction of chains with inter- 
mediate mobility is not clear. In spite of the broader base 
for the aliphatic resonances in Figure 2C compared with 
Figure lC,  this broader base can be accounted for by the 
expected aliphatic carbon resonances of PS corresponding 
to the more intense intermediate-line-width component 
in the aromatic region of Figure 2C. Thus, the broader 
base of the aliphatic region in Figure 2C compared with 
that of Figure 1C does not imply any notable contribution 
from strongly complexed solvent molecules in the polymer 
matrix. 

Proton Nonspinning Spectra. 1. Spectra at Am- 
bient Temperature. The Bloch-decay proton spectra of 
either iPS-t-D or iPS-c-D gels consist of narrow and broad 
contributions, consistent with the 13C CP results. These 
proton spectra are undistorted because care was taken to 
ensure equilibrium of all proton spin populations. The 
narrow portion of the line has high-resolution attributes, 
i.e., the aliphatic resonances of the very mobile PS protons 
and the solvent protons are found in the 0-3 ppm range 
while the much weaker aromatic proton resonance for the 
mobile PS segments are found near 7 ppm. Figure 3 shows 
only the latter region of the proton spectra, taken at  am- 
bient temperature, for three preparations of the two kinds 
of 25% iPS/75% decalin systems. The spectra in Figure 
3A,C,E correspond to the iPS-c-D system and the spectra 
in Figure 3B,D,F represent the iPS-t-D system. Taken 
in pairs, these spectra respectively derive from prepara- 
tions with quenching temperatures of 253, 296, and 347 
K. The spectra in Figure 3A-D represent gels while the 
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Figure 4. Broad portions of proton spectra at 296 K for different 
preparations of the iPS-t-D sample: (A) crystallized at 347 K 
for 16 h; (B) gel formed at 253 K; (C) glassy ips. (C) glassy ips. 
(B) has a total integral twice that of (A) in this plot. 

spectra in Figure 3E,F correspond to a preparation con- 
taining solution-grown crystals.' In plotting each spectrum 
in Figure 3, the total proton intensities were first nor- 
malized to the same areas; therefore, the intensities shown 
represent relative fractions of highly mobile PS residues. 
For the gels, this fraction is about the same for the two 
solvents and quench temperatures. On the other hand, 
there is a substantial difference between the iPS-c-D and 
iPS-t-D systems crystallized at  a temperature of 347 K. 
The fraction of mobile PS segments is much higher in the 
iPS-c-D sample in spite of the fact that this sample was 
crystallized for 120 h in contrast to 16 h for the iPS-t-D 
sample. The most likely source of this difference is the 
apparently more sluggish crystallization kinetics in cis- 
decalin versus trans-decalin, Le., the trans-decalin sample 
turned white after 2 h, whereas the cis-decalin sample took 
24 h to  become cloudy. 

The broad counterpart resonances associated with the 
more rigid PS segments and any possible solvating decalin 
molecules are illustrated in the 296 K spectra of Figure 
4. A spectral width 83 times that of Figure 3 is used, and 
the spectra are also more amplified. The intense, narrow 
resonances are truncated. Spectrum 4A is that of the 
iPS-t-D prepared at 347 K; spectrum B is the same sample 
redissolved at  454 K and gelled at 253 K. For comparison, 
the spectrum in Figure 4C is that of the as-precipitated 
glassy ip s .  The difference in the intensity of the broad 
components in spectra A and B of Figure 4 is consistent 
with the presence of the solution-grown crystals in the 347 
K preparation and is qualitatively consistent with the 
weaker resonance of spectrum F compared to B of Figure 
3. The broad gel resonance in spectrum B, Figure 4, is, 
on average, narrower than the broad resonances of spectra 
A and C of Figure 4, although the weak wings of the res- 
onances in all three spectra extend comparably far. This 
somewhat narrower gel resonance does not necessarily 
imply that those segments in the interior of the condensed 
regions of the gel have higher mobilities than, say, the glass; 
the coexistence of liquidlike and condensed iPS segments 
implies an interface with intermediate mobility. The line 
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Figure 5. Selected 200-MHz proton spectra, taken at various 
temperatures, of the iPS-c-D gel formed at 253 K. Two spectral 
displays are given, the narrow central region on the left and the 
broad, vertically amplified spectra on the right. On the left, the 
region of mobile aromatic PS resonances is also vertically amplified 
(X4). Temperatures for this cooling cycle are indicated and all 
spectra in each set are normalized to the same total intensity. 
Intensity growth in the broad base is accompanied by decay in 
the narrow aromatic PS signals at 7 ppm. 
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Figure 6. Selected proton spectra, taken at various temperatures, 
for the iPS-t-D gel formed at 253 K. The format is that of Figure 
5. 

shape of the base of the gel resonance and its interpretation 
depend on the fraction of interface protons, which, in turn, 
is strongly dependent on the surface-to-volume ratio. We 
shall return to this point in connection with the varia- 
ble-temperature experiments. 

2. Variable-Temperature Spectra above the Sol- 
vent Freezing Temperature. Nonspinning proton 
spectra of the iPS-t-D and iPS-c-D gels formed at 253 K 
were taken at various temperatures. The spectral changes 
with temperature could yield information about whether 
the rigid regions of the PS in the gels correspond to crystals 
of any kind. If these regions are crystalline in a conven- 
tional sense, then they should exhibit a well-defined 
melting point. Moreover, there should be a range of tem- 
perature where the fraction of rigid material would not be 
a strong function of temperature. 

Variable-temperature runs were conducted in two stages; 
first, temperature was cycled from room temperature to 
low temperature and back again. The second stage was 
a single run from room temperature to high temperature. 
Gels were freshly prepared before each run. Figures 5 and 



2422 PBrez et al. Macromolecules, Vol. 21, No. 8, 1988 

4 

A 

A 

A A A A l  301  

~ 

25 ‘ I 1 I I 

zoo 280 360 
Temperature ( K )  

Figure 9. Proton full widths at half-height for glassy iPS as a 
function of temperature. 
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Figure 7. Temperaturedependent broad and narrow PS fractions 
deduced from the proton spectra, including those of Figure 5,  for 
the iPS-c-D gel formed at 253 K. See text for definitions of the 
fractions and other details. (A) Broad fraction possessing the line 
width of glassy ips; (0) “relatively rigid” fraction (see Figure 10); 
(*) narrow fraction; ( - - - )  sum of relatively rigid and narrow 
fractions. The three points denoted by arrows correspond to a 
gel formed by slowly cooling a solution from 304 to 295 K overnight 
in a Dewar. Uncertainties are 10.06. 

1 1  

1.0 1 , I I 

I 

u. ... . .  ._- 
I I I I I 

28888 e -28888 
HERTZ 

Figure 10. Proton line-shape comparison: (A) iPS-t-D gel, 225 
K; (B) glassy ips, 329 K; (C) glassy ips, 296 K; (D) glassy ips, 
202 K. All spectra are normalized so that the intensities in the 
broad wings match. The dashed line drawn in (A) defines the 
intensity included in the “relatively rigid” component in Figures 
7 and 8. 

to the iPS-c-D gel is a result of the greater chemical shift 
dispersion of trans- versus cis-decalin. 

The variable-temperature spectra of Figures 5 and 6 
were analyzed in terms of their broad and narrow reso- 
nance contributions. These results are displayed in Figures 
7 and 8 for the iPS-c-D and iPS-t-D gels, respectively. 
The narrow fraction is defined as the fractional intensity, 
relative to the intensity of the total spectrum, of the narrow 
aromatic PS line near 7 ppm divided by the known fraction 
of aromatic protons in the sample. The broad resonance 
fraction is defined in two ways in Figures 7 and 8. Each 
triangular symbol corresponds to that fraction of intensity 
in the broad base, which, a t  the given temperature, pos- 
sesses a line shape like that of pure glassy ips ,  divided by 
the known fraction of PS protons in the sample. Each 
square symbol corresponds to the “relatively rigid” fraction, 
i.e., those protons whose line widths exceed about 15 kHz, 
and is substantially broader than the solvent line width. 
Each point is again normalized against the known fraction 
of iPS protons. The reason that the broad component is 
analyzed in two different ways is that not all monomer 
units are expected to exist in ideal liquidlike or solidlike 
environments. Thus, the foregoing characterization of the 
broad fractions assumes that a heterogeneity of mobility 
(and line widths) exists from site to site and that the broad 
base does not represent the line shape for each and every 
constrained iPS proton. 

The dependence of line width on temperature for glassy 
iPS is given in Figure 9 and an indication of the change 
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Figure 8. Temperature-dependent broad and narrow PS fractions 
deduced from the proton spectra, including those of Figure 6, for 
the iPS-t-D gel formed at 253 K. See the text and Figure 7 for 
other details. (A) Broad fraction possessing the line width of glassy 
ips; (0) “relatively rigid” fraction (see Figure 10); (*) narrow 
fraction; (- - -) sum of the relatively rigid and the narrow fractions. 
The longer dashed line and the solid line are, respectively, rela- 
tively rigid and narrow fractions in a warming cycle for the iPS-t-D 
sample crystallized at 347 K for 16 h. Uncertainties are rtO.06. 

6 show spectra obtained in cooling cycles a t  five selected 
temperatures above solvent freezing for the iPS-c-D and 
the iPS-t-D gels, respectively. In Figures 5 and 6 two 
spectral displays are given for each temperature, the 
high-resolution central portion and the broad spectral 
display with a large vertical amplification. Both gels show 
similar behavior. As the temperature decreases, the in- 
tensity of the broad resonance increases and that of the 
narrow PS resonance a t  7 ppm decreases. The strong 
solvent line gets somewhat wider a t  the lower tempera- 
tures. This broadening is more pronounced in the iPS-c-D 
compared to the iPS-t-D gel. This line broadening 
probably corresponds to a true line width increase. At the 
same time, there could also be a temperature-dependent 
degradation of the magnetic field homogeneity since no 
attempt was made to retune the homogeneity of the 
magnetic field a t  each temperature. The better apparent 
resolution in the solvent line of the iPS-t-D gel relative 
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of line shape with temperature in the glass is given in 
Figure 10. Figure 10 illustrates these line shape changes 
in the context of comparing the broad resonance base of 
a low-temperature iPS-t-D gel with glassy iPS line shapes 
at  various temperatures. Figure 9 shows that in the glass 
there is a definite change with temperature in the full 
width at  half-height of the resonance. However, Figure 
10 illustrates that this change in line width does not pre- 
serve the overall shape. Rather, as temperature increases, 
the line shape becomes less Gaussian, developing a more 
triangular-shaped profile. Meanwhile, the total width of 
the glassy spectra and the shape in the far wings are not 
noticeably temperature dependent. The stability of the 
shape in the wings of the spectrum is qualitatively con- 
sistent with the smaller amplitude molecular motions of 
the backbone protons below !i"g.32-35 The development of 
the more triangular-shaped central resonance at  higher 
temperatures is consistent with the 1arger,32,34 and inho- 
mogeneously d i ~ t r i b u t e d , ~ ~  amplitudes of motions asso- 
ciated with the aromatic protons32,34s35 whose rigid lattice 
line width is considerably narrower than for the backbone 
protons. 

Figure 10 offers insight into the interpretation of Figures 
7 and 8. According to Figure 10, the analysis of the broad 
base of the proton resonance for the gel a t  225 K would 
yield a broad fraction of 0.63, 0.71, or 0.77 depending on 
whether a glassy line shape corresponding to 202,296, or 
329 K, respectively, was used. The triangular data point 
in Figure 8 at 225 K corresponds to an analysis of spectrum 
A in Figure 10 using a line shape very similar to  Figure 

' 10D, while the square point in Figure 8 at  225 K represents 
the integral of the base of spectrum A, Figure 10, with its 
upper portion defined by the dashed line. It is clear from 
Figure 10 why, particularly a t  lower temperatures, the 
square points give much larger fractions than the triangular 
points in Figures 7 and 8. 

According to Figures 7 and 8 the behavior of both gel 
systems is very similar, although the maximum rates of 
change with temperature of the narrow and broad reso- 
nances are slightly higher in the iPS-c-D gel compared to 
the iPS-t-D gel. At room temperature about 25-30% of 
the IPS segments are relatively rigid (square symbols) and 
17-2270 are rigid in the glass-like sense (triangular sym- 
bols) in both gels. These percentages are in reasonable 
agreement with the 22 % estimated from the 13C CP results 
in the iPS-t-D gel. 

At low temperatures in Figures 7 and 8 the relatively 
rigid fractions range from 0.87 to 1.03 and the glasslike 
fractions range from 0.63 to 0.71 for iPS-t-D and iPS-c-D 
gels, respectively. The magnitude of the relatively rigid 
fraction and the stability of the line shape from 215 to 235 
K in the iPS-t-D gel (see Figure 8) strongly suggest that 
the broad fraction arises entirely from iPS protons and that 
most of the iPS residues at  these low temperatures exist 
in very constrained environments. In contrast, in the 
iPS-c-D gels a t  lower temperatures, the rigid fraction (see 
Figure 7) is not constant; moreover, fractions having widths 
in excess of 15 kHz increase also as the temperature is 
lowered. Therefore, while the fractions of the total in- 
tensities with line widths in excess of 15 kHz correspond 
reasonably well to the total number of iPS protons, we are 
less confident that no cis-decalin protons are contributing 
to this broader line width at  low temperatures. 

Another observation based on Figures 7 and 8 is that, 
over the temperature intervals investigated, the sums 
(dashed lines) of the relatively rigid and narrow fractions 
are often substantially less than unity; the sums reach a 
minimum of about 0.6 when the relatively rigid fractions 
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are approximately 0.5. On the other hand, the sums are 
close to unity in the high-temperature region. The cause 
of the missing intensity is, to some extent, an underesti- 
mation in the integration of the narrow PS peak a t  lower 
temperatures because the apparent base line is rising due 
to the broadening of this PS resonance and a stronger 
overlapping with the solvent resonance. Nevertheless, it 
is clear that the principal explanation for the missing in- 
tensity is that  the sum, as we have defined it, does not 
include protons with line widths in the range of about 
400-15000 Hz. A chain segment, presumably fixed at  both 
ends, will have an increasingly difficult time reorienting 
isotropically as the temperature is lowered if more residues 
condense and the portion remaining becomes more 
stretched out. We will return to this point in discussing 
gel structure. 

Figures 7 and 8 also fail to reveal a sharp melting point 
which can be identified with a major portion of the iPS 
segments. If, for comparison, we consider a semicrystalline 
polymer like linear polyethylene (LPE) in the temperature 
range where the noncrystalline chains are above their glass 
transition temperature, the fractional intensity of the 
broad (crystalline) component of the proton spectrum 
remains about constant over a substantial range of tem- 
p e r a t ~ r e . ~ ~  For a melt-crystallized sample, the fractional 
intensity begins to change perceptibly at  temperatures 
about 75 K below the sample melting temperature, in 
reasonable analogy to the melting ranges for these gels. 
However, the range of temperatures over which this 
"melting" occurs in LPE is very dependent on sample 
preparation. Single-crystal preparations as well as ex- 
tended-chain crystals have a much sharper melting be- 
h a ~ i o r . ~ ~  In that sense, the gel melting is more analogous 
to the melting of a rapidly crystallized LPE, rather than 
the melting of solution-grown crystals. By the time the 
originally reported' gel melting points (for 5% gels with 
iPS having M ,  = 2 X lo5) are reached, Le., 313 K for the 
iPS-c-D and 343 K for the iPS-t-D gels, the broad frac- 
tions are well below 0.1. A more recent study38 recognized, 
partly in light of these NMR results, that melting in DSC 
is evidenced over ranges of temperature, i.e., 320-360 K 
for iPS-t-D gels and 305-340 K for iPS-c-D gels. Figures 
7 and 8 indicate that less than 20% of the relatively rigid 
segments dissolve even in these temperature ranges. 

The data below 296 K in Figures 7 and 8 pertain to 
spectra taken in cooling cycles. A few spectra were also 
taken during the warming cycle back to ambient tem- 
perature. Within experimental error, no hysteresis was 
indicated. At higher temperature, hysteresis cannot be 
tested with confidence since questions arise as to the aging 
of the gels. Also, the shape of the gel samples begins to 
change irreversibly near the reported7 gel melting tem- 
peratures since our sample tubes are horizontal and any 
flow of the gel can transport some material outside of the 
NMR detection coil. 

In summary, for Figures 5-8, no sharp melting of a fixed 
rigid (crystalline) fraction is observed at higher tempera- 
tures. Upon decreasing the temperature below ambient, 
iPS chains, still surrounded by solvent, progressively lose 
more reorientational freedom. A t  the same time, more 
segments are incorporated into a structure whose chains 
are quite rigid. The broad wings in the gel spectrum, just 
above the solvent freezing temperatures, indicate that a 
major portion of the backbone protons find themselves in 
an environment with rigidity comparable to the glass. A t  
no temperature is there evidence for solvent molecules 
which experience any significant degree of immobilization 
as a result of the rigidifying of the PS chains. With respect 
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Figure 11. Broader portions of proton spectra below the solvent 
freezing temperatures (T, = 230 and 243 K respectively for neat 
cis- and trans-decalin). Spectra are obtained in a cooling cycle 
so undercooling effects are present; temperatures are indicated. 
All spectra are normalized to the same total intensity. (A-H) 
iPS-t-D gel; (I-M) iPS-c-D gel; (N) pure frozen cis-decalin. 
Frozen trans-decalin produces a spectrum just like (N). Sharp 
features near 50 kHz are spurious. 

to possible solvent incorporation within any organized PS 
structure, minor amounts of solvent with intermediate 
mobility will not be detected easily by using this proton 
line-shape analysis. The absence of broader solvent res- 
onances in the 13C CP spectra discussed earlier is a stronger 
indication that this kind of solvent molecule is absent, a t  
least a t  296 K. 

3. Proton Spectra in the Region of Solvent Freez- 
ing. Since the lack of a full solvent melting endotherm 
in DSC measurements was one of the principal reasons for 
postulating a solvent/polymer c ~ m p l e x , ~  we decided to 
investigate the proton spectra of the gels in the solvent 
freezing range. Figure 11 shows the broad components of 
these low-temperature line shapes, where each line shape 
has been normalized to the same total intensity. Spectra 
A-H of Figure 11 correspond to the iPS-t-D gel, spectra 
I-M correspond to the iPS-c-D gel a t  the temperatures 
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Figure 12. Fractions of solvent protons in gel samples having 
line widths as broad as in the pure frozen solvent. (*) iPS-c-D, 
cooling cycle; (0) iPS-t-D, cooling cycle; (X) iPS-t-D, warming 
cycle. Uncertainties are h0.06. Data are based on spectra in- 
cluding those of Figure 11. 

indicated, and spectrum N is the spectrum of the pure 
frozen cis-decalin a t  192 K. At this temperature, which 
is 40 deg below the melting point for cis-decalin, its 
spectrum has reached the low-temperature limiting line 
width. Upon increasing the temperature from 192 to 215 
K, the line width decreases by 15%. In contrast, the 
spectra (not shown) of the frozen trans-decalin in the 
region investigated, namely, from 225 to 200 K, were not 
temperature dependent and indistinguishable from spec- 
trum N, Figure 11. The greater rigidity of the frozen 
trans-decalin, relative to the cis-decalin, is borne out by 
a TIH value (greater than 700 s) in the former at 200 K 
which is about 2 orders of magnitude longer than in cis- 
decalin a t  the same temperature. 

In Figure 11N, note that the line shape of the frozen 
solvent is much wider than that of the PS due to the higher 
density of protons in the solvent. A broad base, typical 
of the frozen solvent line width, first appears in the gel 
spectra a t  210 K in the iPS-t-D sample and at  200 K in 
the iPS-c-D sample. However, in both of these spectra, 
B and J, large narrower fractions remain, indicating that 
substantial portions of the solvent molecules have at  least 
large-amplitude reorientational mobility. These narrower 
fractions diminish at  lower temperatures. In Figure 12 the 
frozen solvent fractions are given for the two gels as a 
function of temperature. These fractions are determined 
as the ratio of the intensities possessing the frozen solvent 
line shape to the total solvent intensity in the samples. It 
is important to recognize that the spectra of Figure 11 and 
most of the data in Figure 12 were taken in a cooling cycle 
rather than a warming cycle. Therefore, undercooling 
effects are present. 

In Figure 12, the iPS-t-D sample shows an abrupt in- 
crease in the amount of rigid solvent molecules a t  210 K. 
However, only about 45% of the solvent becomes truly 
immobilized. Upon further cooling, more and more solvent 
is immobilized until about 76% of the solvent is frozen at  
145 K. So even at this low temperature, 24% of the solvent 
molecules have not yet attained their fill proton line width. 
However, as Figure 11H indicates, the line width of this 
24% portion is quite broad. In Figure 12, data obtained 
by warming the iPS-t-D sample are also given. Only a 
slight hysteresis is evident between the cooling and 
warming cycles over the temperature range 145-215 K. 
There is a substantial hysteresis, however, in the 215-235 
K range and it is evident that undercooling took place in 
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J, II Table I 
TID Valuesa for Different iPS Systems 

sample preparationb TU-,. ms 
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Figure 13. Broad portions of proton spectra for the iPS-t-D 
sample crystallized for 16 h at 347 K. Spectra, except for (D), 
are normalized to the same total intensity. The 31 helical crystals, 
which are present, have a reported melting point’ of 393 K. These 
crystals show a much sharper melting behavior than the immo- 
bilized PS segments in the gels. 

the cooling cycle in this temperature range. This is con- 
sistent with the DSC results to be discussed. 

The freezing of the cis-decalin gel in Figure 12 is a much 
more gradual process. There is no sudden appearance of 
the fully broadened fraction upon cooling as there was for 
the iPS-t-D sample. This behavior is consistent with 
expectations based on published DSC results7 on solvent 
melting for iPS-c-D gels, since only a very small melting 
endotherm is observed at  this concentration. The gradual 
increase in frozen solvent fraction reaches about 55% at 
160 K. The corresponding melting behavior was not ex- 
amined in detail. Upon heating, only one temperature was 
examined, namely, 190 K, and for this temperature, the 
line shape was the same, within experimental error, as that 
obtained at 190 K upon cooling. Therefore, no hysteresis 
between 160 and 190 K seems to exist. While data at lower 
temperatures would offer a more complete insight into 
solvent freezing, we did not perform further experiments 
because we felt, and will presently argue, that the data in 
hand are sufficient to discount the existence of the pos- 
tulated polymer/solvent complex. 

Consistent with the DSC studies7 of iPS-c-D and ips- 
t-D gel systems, these low-temperature NMR experiments 
indicate that substantial amounts of solvent do not become 
fully rigid at the temperatures where the frozen-solvent 
line width first appears. Thus, a reduced melting endot- 
herm is expected. Moreover, it is also clear that the 
“melting” occurs over a very wide temperature range, and 
in that sense, the entire melting endotherm was not cap- 
tured in the reported DSC results? since those scans began 
a t  203 K. Also, the NMR results, in agreement with the 
DSC data, demonstrate the greater disruption of solvent 
freezing in iPS-c-D compared with iPS-t-D gels. Whether 
the proportion of nonfreezing solvent is an indication of 

24.3% iPS-c-D 20 min at 253 K 0.8 
24.2% iPS-t-D 20 min at 253 K 0.8 
24.3% iPS-c-D 120 h at 347 K 5.5 
24.2% iPS-t-D 16 h at 347 K 5.5 
pure iPS as originally precipitated 1.6 
pure iPS ann. 24 h at 453 K 4.5 

aFrom NMR measurements at room temperature. bThe solu- 
tion samples were first heated at 454 K. 

a solvent/polymer complex will be considered in the 
Discussion. 

We return now to the higher temperature proton spectra. 
In order to illustrate the behavior of the proton line shape 
when iPS crystals are definitely present, we took proton 
spectra at various temperatures above ambient by using 
an iPS-t-D sample crystallized from solution for 24 h a t  
347 K. The results can be seen in Figures 8 and 13. Figure 
8 indicates that the broad and narrow fractions are quite 
different compared with those in a gel prepared at  253 K. 
A much larger total broad fraction, about 0.5, is observed 
at  room temperature, and this fraction decreases no more 
than 20% while the temperature is increased to 370 K (see 
Figure 8). A dramatic change in the line shape is observed 
at  394 K where the broad fraction disappears completely. 
This behavior is consistent with the reported 393 K 
melting point for chain-folded iPS single crystals in 
trans-deca1in.l The disappearance of the broad portion 
occurs in a narrow interval of temperature, as expected for 
a regular melting of crystallites. The behavior of the 
narrow PS peak is complementary to that of the broad one, 
there being a slight increase in the narrow peak as the 
broad peak weakens (see Figure 8). The narrow resonance 
was not followed beyond 328 K since the sample begins 
to flow in the tube at  that temperature, adversely affecting 
the homogeneity of the magnetic field and making inte- 
gration of this line difficult. The broad lines displayed in 
Figure 13 are much less susceptible to sample changes of 
this kind; therefore, following the behavior of the broad 
resonances above 328 K is more informative. The results 
described in this paragraph are consistent with the view 
that at  room temperature this sample contained iPS 
crystalline regions plus some minor gelled component 
which probably formed during cooling to room tempera- 
ture. 

From the foregoing, a clear distinction between samples 
prepared at  253 and 347 K is apparent. We were inter- 
ested, however, in pursuing a few other experiments which 
might give an indication of any structural organization 
associated with the rigid regions of the gels. The 121 helical 
crystal structure17 had been proposed, and even though 
neutron resultss cast doubt on these structural inferences, 
the observation of gel melting points by DSC7 still seemed 
to imply some kind of crystallinity. Therefore, we turned 
to the measurement of the proton dipolar relaxation time, 
TID. This is a relaxation time which is affected by motions 
in the frequency range of the dipolar interactions, i.e. the 
low- to mid-kilohertz range.38 In addition, this relaxation 
time naturally selects the wider components of a line when 
the separation between the first two pulses is appropriately 
short (8 ps in this case). T,D values also tend to be rather 
short so that  serious complications resulting from 
magnetization transport (spin diffusion) are of less concern. 
Table I summarizes the results for different samples a t  
ambient temperature (296 K). Decays were close to ex- 
ponential. The PS/decalin T I D  values in Table I depend 
only on the temperature of preparation and not on the 
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bons, are visible in these spectra because of the low spin- 
ning frequency employed (1.7 kHz). The low frequency 
was chosen in order to match the spinning conditions to 
those of the gel sample. A low spinning speed for the gel 
was considered necessary because we were not sure that 
the rotor seal would be liquid tight under fast rotation; 
further, we were concerned that the forces generated by 
the rotation might cause the solvent to separate from the 
PS although syneresis is not observed upon compression 
of iPS/decalin gels.l0 Even at  1.7 kHz, the gel in our rotor 
lost 14% of its weight over 17 h of operation. At  the end 
of the run, the rotor was opened. A small hole was ob- 
served in the center of the sample; however, solvent and 
polymer still appeared well mixed. The CP-MAS spectrum 
of the iPS-t-D gel, which is shown in spectrum D, Figure 
14, was accumulated during the first 2 h of spinning. 
Therefore, weight losses during this time are minimal and 
probably no larger than 2%. Unfortunately, the signal- 
to-noise ratio in spectrum D is less than ideal. 

Two significant observations concerning this gel spec- 
trum can be made, remembering that the intensities in the 
CP-MAS spectrum of the gel are strongly biased toward 
the more rigid molecules or residues. First, relative to the 
possible crystallinity of the rigid PS regions, there is no 
unambiguous fine structure in the protonated aromatic 
carbon band near 128 ppm. Ignoring signal-to-noise con- 
siderations, sharp lines resulting from an ordered structure 
ought to be more prominent in the spectrum of a gel with 
rigid, crystalline regions than in the spectrum of the pure 
semicrystalline iPS sample (Figure 14A), because most of 
the carbons in the noncrystalline residues of the gel are 
too mobile to cross polarize efficiently. The gel aliphatic 
resonance is substantially broader than in Figure 14C, 
moreover, i ts  maximum is shifted about 2 ppm upfield. 
The lack of sharp resonances is not an absolute proof that 
the molecules are disordered. Molecular motion within 
the crystal and/or small (<5 nm) crystal dimensions can 
also cause line broadening. We will return to the signif- 
icance of the aliphatic resonance shape in the Discussion. 
One clarifying comment about the aromatic resonances in 
the gel spectrum should be made. The aromatic center 
band (128 ppm) is dominant in Figure 14D, whereas the 
first lower side band (160 ppm) is dominant in Figure 
14A,B. Normally, this would mean that there was a sub- 
stantially greater mobility associated with the aromatic 
carbons in the gel compared to those in the glass or the 
crystal in contradiction to previous deductions from the 
carbon spectra. Actually, the most reasonable explanation 
for the dominant center band in the gel spectrum is that 
the CP-MAS spectrum includes the weak aromatic carbon 
resonance from those mobile residues seen at  128 ppm in 
the nonspinning gel CP spectrum, Figure 1A. This reso- 
nance would contribute principally to the center band and 
not to the side bands in the gel CP-MAS spectrum, and 
its contribution would be about 25% of the center band 
intensity. The presence of the mobile PS intensity in the 
aromatic center band tends to obscure any resonance fine 
structure. Fine structure, if present, should appear clearly 
in the aromatic side bands, provided the sample spinning 
frequency, vr, is not varying. Unfortunately, Y, seems to 
have changed slightly during spectral acquisition judging 
by the broader side bands relative to the center band for 
the unprotonated aromatic carbon at 146 ppm. Thus, the 
protonated aromatic side bands are not good monitors of 
an ordered structure in this spectrum. The intensity ratios 
of side bands to each other in the gel spectrum are very 
similar to those in spectra A and B, Figure 14. Therefore, 
the gel spectrum is consistent with the general rigidity of 
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Figure 14. 13C CP-MAS spectra at 296 K and a spinning fre- 
quency of 1.7 kHz: (A) semicrystalline ips; (B) glassy ips; (C) 
= (A) - 0.77(B), Le., an approximation to the spectrum of a pure 
31 helical crystalline preparation; (D) iPS-t-D gel. The sharp 
features in (D) are weak CP signals from the solvent carbons. 
Center bands of the IPS are near 42, 128, and 146 ppm; the 
remaining resonances are spinning side bands which mostly 
correspond to aromatic carbons. Fine structure in the aromatic 
region and the narrow aliphatic resonance in (C) are strong in- 
dications of crystalline order. CP times are all 0.7 ms. 

solvent. This result points to the probable similarity of 
solid structures in the two solvents for a given preparation 
temperature. The TID for the gels is half that of the or- 
iginal glassy PS. Each of the samples known to contain 
the 31 helical crystalline form has a significantly longer TID 
than that of the gels, thus indicating stronger Fourier 
components of motion in the low-to-mid kilohertz fre- 
quencies in the rigid portions of the gels compared to the 
31 helical crystals. The increased molecular mobility im- 
plied by the factor of 2 difference between the gel and 
glassy PS T~D’s need not require that the iPS chain or- 
ganization is disordered, like the glassy state. However, 
if the rigid phase in the gels is ordered, e.g., in a crystalline 
state, then the chain packing in this state appears either 
less perfect or less dense than in the 31 helical crystals, 
judging by the stronger Fourier components of motion. A 
fringed micelle structure having very limited micelle size 
is a possibility, although not a necessity, in this context. 

13C MAS Spectra. As a final effort to identify any 
possible crystalline structure associated with the rigid 
segments in the gels, we attempted a CP-MAS experiment 
on the iPS-t-D gel. The difference between ordered 
molecules in crystalline structures versus disordered 
molecules in noncrystalline structures is often reflected in 
these spectra by the contrast in line widths, the narrower 
resonances being associated with the highly ordered 
structures. In Figure 14 we illustrate this for two samples 
of pure ip s .  Spectrum A is that of the annealed, semi- 
crystalline ips.  Spectrum B is the spectrum of the mostly 
glassy as-precipitated ip s .  Figure 14C is a linear combi- 
nation of these two spectra in which a fraction of spectrum 
B is subtracted from spectrum A in order to accentuate 
the spectrum of the crystalline ip s .  Note that the fine 
structure, barely visible in Figure 14A, is more obvious in 
Figure 14C. Most evident are the splittings corresponding 
to the five protonated aromatic carbons whose centerband 
region lies near 128 ppm. The aliphatic resonance near 
40 ppm arising from the backbone carbons is also notice- 
ably narrower in spectrum C than in spectrum B of Figure 
14. Strong side bands, particularly for the aromatic car- 
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trans-decalin. The solvent melting point maximum occurs 
at  234 K or 9 K below the reported melting point for pure 
trans-decalin. Therefore, in the iPS-t-D gel there is a 
melting point depression, a broadening of the melting 
point, and a reduced endotherm compared with the pure 
solvent. 

Figure 15 also shows small endotherms whose maxima 
occur a t  335 and 400 K and whose integrated peaks give 
endotherms of 0.36 (linearly extrapolated base line from 
313 to 343 K) and 0.30 cal/g. The lower portion of Figure 
15 shows an expanded, amplified, and slope-adjusted 
section of the heating curve. The 335 K peak is in the 
usual rangel,’ of the gel melting temperatures and the 400 
K maximum corresponds reasonably well with the melting 
point for the 31 helical crystals in t rans-de~al in;’~~ the 
presence of these latter crystals demonstrates that some 
aging of the gel had taken although we do not 
know what fraction of these crystals was formed during 
the heating. The gel melting endotherm is not sharp and 
is only about 8% of that expected for an identical amount 
of 100% -crystalline IPS having the 31 crystalline form. 

After reaching 413 K, the sample was cooled very qpickly 
to 253 K and held for 1 h. A repetition of the heating curve 
from 253 to 413 K revealed no endotherms from either the 
gel melting or the melting of any 31 helical crystals. The 
saqale was then quickly returned to room temperature 
(3@:@/min) and weighed; the weight was exactly the same 
as the starting weight (uncertainty = *0.01 mg). A visual 
inspection of this sample several days later, after storage 
in the freezer, revealed a normal-looking gel. It is not clear 
why endotherms were absent from the second scan to 413 
K. Similar results have been reported for and 
poly(viny1 chloride)40 gels. 

Discussion and Summary 
On the Existence of a Solvent/Polymer Complex. 

DSC  observation^^*^^ seem to fi t  a picture of a polymer/ 
solvent complex. Moreover, the ~ u g g e s t i o n l J ~ > ~ ~  that a 
unique crystal structure for the iPS exists in the gels opens 
up the possibility that such a structure incorporates sol- 
vent. Admittedly, however, serious questions about the 
interpretation of the data on which such a crystal structure 
was inferred have been raised.8 Just two NMR observa- 
tions can be cited in possible support of a polymer/solvent 
complex. First, the solvent freezing data of Figures 11 and 
12 agrees with the DSC findings, i.e., the presence of iPS 
exerts a significant influence on solvent crystallization 
when a gel is cooled down. Second, the increase in solvent 
CP signal intensities in the room temperature 13C CP 
spectra of the gels compared to the CP intensity from a 
comparable amount of pure solvent is very weak further 
evidence for a complex. At the same time, several NMR 
observations make us exceedingly skeptical about a sol- 
vent/polymer complex. In fact we shall argue that such 
a complex does not exist. Because the data for the iPS-t-D 
sample is more complete and because both kinds of gels 
show the reduced solvent melting point endotherm, we will 
initially consider only the iPS-t-D system. A fundamental 
premise in the following argument is that if the reduction 
in the melting endotherm is explained in terms of a sol- 
vent/polymer complex, then in a 25% iPS-t-D gel, ap- 
proximately half of the trans-decalin molecules should be 
complexed at  the solvent freezing point.8 

The following observations suggest the absence of a 
solvent/polymer complex: (a) absence of a broader decalin 
resonance component, above and beyond the aliphatic 
resonance of the ip s ,  in both the 13C CP-MAS and 
nonspinning CP spectra of the gel a t  room temperature 
(this absence is especially conspicuous because the CP 
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Figure 15. DSC trances of a 2-week-old iPS-t-D sample. A 
cooling run from 300 to 190 K and a warming cycle from 190 to 
413 K are shown. A vertically amplified and base-line adjusted 
(linear correction) plot of the heating curve above the solvent 
melting endotherm h given in the insert. The endotherm at about 
330 K relates to the gel while the sharper endotherm at 393 K 
indicates the dissolution of the 31 helical crystals present. The 
base line used to calculate the gel endotherm is also shown. The 
scan rate was 10 K/min. 

the iPS segments as was inferred from nonspinning 13C 
spectra discussed earlier. 

The second comment regarding Figure 14D concerns the 
very sharp solvent resonances. In this spectrum, more than 
in spectrum C, the absence of any broad solvent resonances 
is obvious. The line width associated with a solvent 
molecule, even a mobile molecule, trapped in a PS matrix, 
would generally be wider than what is observed. This is 
particularly true for a PS crystal lattice since the aromatic 
rings of PS have considerable magnetic susceptibility an- 
isotropy and this causes a broadening31 in CP-MAS 
spectra. A crystalline region would be expected to possess 
some average orientation of the planes of the iPS rings, 
thus there should be significant susceptibility broadening 
for those solvent molecules which are trapped inside of 
individual crystals. Only if the solvent molecules are so 
mobile that they could sample crystals of several different 
orientations within a few ms will this broadening vanish. 
Given these constrain@, possibilities for “solvated crystals” 
and/or polymer/solvent complexes become very limited. 

DSC Results. DSC scans were performed on only one 
sample of the iPS-t-D gel which had been formed in a 
sealed tube at 253 K and refrigerated at  253 K for 2 weeks. 
A piece of the gel was quickly placed in an aluminum pan, 
sealed, and weighed. This sample was cycled in the fol- 
lowing way: cooled to 190 K a t  10 K/min, heated to 300 
K at 10 K/min, cooled back to 190 K at  10 K/min, heated 
to 403 K at  10 K/min, immediately cooled to 253 K at  320 
K/min, held for 1 h, and heated again to 403 K. Because 
of the limitations of the refrigerated cooling reservoir in 
the DSC, the cooling rate below 210 K was not controlled, 
i.e., became less than 10 K/min. The first and second 
cooling cycles to 190 K gave identical curves, indicating 
that the gels were not altered irreversibly by exposure to 
the low temperature. The second cooling and the subse- 
quent heating thermograms are shown in Figure 15. The 
solvent undercooling prior to freezing is approximately the 
same as was seen in the pure liquid in an NMR tube. The 
solvent melting in the heating curve is broader than ex- 
pected for a pure solvent melting. If the base line for this 
endotherm is taken to extend from 215 to 245 K, the heat 
of melting is 10.0 cal/g, in reasonable agreement with the 
heat of melting reported in the literature.8 This endotherm 
is about 60% of that expected for the same amount of pure 
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chains a t  the solvent freezing point partitions space into 
such small domains that potential trans-decalin crystallites 
are forced into having a larger and larger surface-to-volume 
ratio as the concentration of iPS increases. Moreover, it 
is also likely that the shapes of the volumes in which the 
solvent crystallites can grow will be highly irregular. Both 
of the foregoing trends would lead to crystals which form 
at  lower temperatures and possess a lower heat of forma- 
tion (per molecule) than larger, more regularly shaped 
crystals. There may be some additional influence from van 
der Waal’s attractions between the iPS chains and the 
solvent molecules, but the principal contribution to the 
melting endotherm reduction, we believe, is the lower en- 
thalpy of fusion and the freezing point depression asso- 
ciated with high-surface-area solvent crystals which are 
forced to grow in regions through which pass enough 
chains, or small clusters of chains, with sufficient con- 
straints to impose on the decalin finite crystal size and 
perfection. A high surface area is known to influence the 
melting behavior of metals,42 and, by analogy, the di- 
mensions over which these effects should be most notice- 
able are probably in the range of less than eight molecular 
diameters. 

In the 25% iPS-t-D gels only about half of the pure- 
solvent melting endotherm is observed8 in a DSC mea- 
surement commencing at  203 K, although it is recognized 
from Figure 12 that a much wider temperature range must 
be scanned to capture the entire melting endotherm. The 
data of Figure 12 support the DSC measurements in the 
sense that a fraction of about 0.4 is rigid in this temper- 
ature range. In light of the foregoing discussion, this raises 
the likelihood that there are some regions in the frozen gel 
where ‘‘thermodynamically large” tram-decalin crystals are 
found, i.e., those with sufficient size to have an enthalpy 
of fusion per molecule close to that found in pure trans- 
decalin. 

Relative to the existence of some “thermodynamically 
large” trans-decalin crystals in the frozen gel, two NMR 
observations will be cited. Both observations lead to ap- 
proximate size estimates by invoking proton spin diffu- 
~ i o n ~ ~  and interpreting the times for magnetization 
transport in terms of domain size.44 These results are to 
be regarded as giving upper limits on dimensions because 
the frozen gels, a t  the temperatures indicated, contain 
some very mobile decalin molecules and these molecules, 
because of their weak dipolar interactions with their sur- 
roundings, can, depending on morphology and the extent 
of their dipolar coupling, become barriers to the transport 
of magnetization. First, the longitudinal proton relaxation 
time, TIH, in the pure solvent a t  195 K, exceeds 700 s while 
in the frozen gel it is only 1.3 s. Supposing that the re- 
laxation of these protons occurs by spin diffusion from the 
boundaries of spherical crystalline domains, upper limits 
for the larger crystalline dimensions are about 80 nm. We 
have also done some spin diffusion measurements in the 
iPS-t-D gel a t  177 K starting from a state where most of 
the magnetization was concentrated in the protons of the 
larger frozen decalin crystals. On the basis of the time that 
it took for magnetization to move into the regions of iPS 
and more mobile decalin (a nonzero spin diffusion coupling 
exists between these regions), we inferred a reasonable 
population of decalin crystals whose dimensions were ap- 
proximately 36 nm. Both of the foregoing results support 
the possibility of a population of “thermodynamically 
large” crystals. Again, these numbers are upper limits on 
domain sizes. How well these numbers approximate sizes 
depends on the largely unknown efficiency of spin diffusion 
in those regions of greater molecular mobility. We em- 

process should strongly enhance those carbon resonances 
from solvent molecules experiencing any stronger dipolar 
interactions with PS molecules); (b) absence of any sub- 
stantial solvent line broadening in the proton spectrum as 
a function of temperature, all the way down to the su- 
percooled state at 215 K; (c) the asymptote of the intensity 
of the relatively broad portion of the proton line, just above 
the solvent freezing point, a t  an intensity corresponding 
to about 88% of the PS protons known to exist in the 
sample; and (d) comparable widths for the broad bases of 
the proton line shapes in the just-mentioned broad com- 
ponent and that of glassy ips .  

The only way that observations a-c above can be ex- 
plained in the context of a solvent/polymer complex is that 
the solvent molecules in the complex are highly mobile on 
a 5 - b ~  time scale and exchange with the “uncomplexed” 
solvent on a timescale of, at most, 1 ms. Point d above 
is not so easily dismissed in this context. The presence 
of mobile solvent should influence the line width of the 
backbone protons in two ways. First, the separation be- 
tween chains will increase, thereby reducing the intermo- 
lecular dipolar broadening. An estimate of this line-width 
reduction, based on calculated and observed second mo- 
ments of variously deuteriated PS sample~,3~3~~ is a modest 
510% for the wide wings which arise from the backbone 
protons. Second, and more importantly, the presence of 
very mobile solvent molecules causes the intermolecular 
potentials for the P S  chains to fluctuate rapidly. This 
fluctuation should result in backbone motions whose am- 
plitudes are significantly larger than in the glass. These 
fast fluctuations should produce a measurable narrowing 
in the far wings of the spectrum. That this is not seen is 
further evidence that the solvent molecules are not present 
in significant numbers in the more rigid iPS phase. 

From a thermodynamic point of view, solvent mobility 
within any proposed solvated-crystal lattice means that 
interactions between polymer and solvent are rather weak. 
That, coupled with the reduction in van der Waals at- 
traction between iPS chains and the absence, in ips ,  of 
concerns about local electrical charge neutralization, im- 
plies that the heat of formation of such a crystal would be 
significantly less than that of the 31 helical crystal. A 
serious question then arises why a weaker structure would 
form in preference to the 31 helical crystals which are truly 
stable thermodynamically a t  these temperatures in the 
presence of the solvents. 

A final argument against the existence of a polymer/ 
solvent complex comes from the low-temperature data. 
The low-temperature line shapes for the iPS-t-D system 
in Figure 11 do not show a uniform line broadening as the 
temperature is lowered for those trans-decalin protons 
which did not freeze initially. Rather, the line shape 
continues to exhibit both narrow and broadened features 
as the temperature is lowered. In Figure 12 this trend 
shows up as a gradual increase in the amount of “rigid” 
trans-decalin. The implication is that there is a heterog- 
eneity of sites for the trans-decalin. This heterogeneity 
is expected if the iPS chains break up space into regions 
of many sizes and shapes, as will be discussed presently; 
however, this heterogeneity is not easily incorporated into 
a solvated-crystal concept, although it is, in principle, 
compatible with solvent inside a disordered solid. 

In light of all of the foregoing points, we consider an 
iPS/decalin complex to be very unlikely in these gels. 

Rationale for Nonfreezing Solvent. If the complex 
does not exist, then why is solvent freezing inhibited in 
the gels? In our opinion, this is mostly a physical effect, 
Le., the distribution of P S  chains and/or small clusters of 
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phasize that neither of the above upper limits are relevant 
to the dimensions of the postulated small cavities in which 
solvent freezing is inhibited. 

On the Nature of the Rigid Phase in the Gel. We 
had considerable hope that the CP-MAS 13C spectrum 
(Figure 14D) of the iPS-t-D gel would give us a strong 
indication of ordering in the solid phase of the gel (see also 
the Note Added in Proof). The calling into questions of 
the limited X-ray evidence’ for a crystal structure in the 
gel led us to consider the existence of ordered structures 
as an open issue, although infrared studies41 on dried gels 
have produced evidence for partial ordering of the iPS 
chains. As discussed previously, the center band and side 
bands of the protonated aromatic carbon resonances each 
suffered from distortions in shape and were not useful in 
testing for order in the more rigid iPS phase a t  296 K. 

In contrast to the lack of information about ordered 
structures in the protonated aromatic carbon bands in 
Figure 14D, the nonprotonated and aliphatic carbon center 
bands both point to a gel structure possibly more ordered 
than the glass. Both of the foregoing resonances are 
considerably narrower than in the spectrum of the glass 
(Figure 14B). The shape of the aliphatic resonance in the 
glass is quite asymmetric and the broad downfield wing 
of this line is most likely due to methylene carbons. The 
conformational dispersion, frozen into the glass, produces 
a corresponding chemical shift dispersion. In PS, ac- 
cording to solution NMR,45 the methylene and non- 
protonated aromatic carbons have chemical shifts most 
sensitive to configuration; this sensitivity presumably re- 
flects conformationally dependent chemical shifts. Thus, 
narrower resonances in the gel relative to the glass for these 
two carbons point to a smaller conformational dispersion 
in the gel, hence a greater order. Unfortunately, however, 
this is not the only explanation for these line widths. The 
ambiguity of interpretation arises because the gel line 
widths could also stem from a disordered system which 
undergoes some dynamical conformational averaging on 
a time scale shorter than, say, 0.5 ms. 

Comparison of the gel CP-MAS spectrum with that of 
the 31 helical crystals (Figure 14C) reveals that particularly 
the aliphatic resonance is significantly wider for the gel 
than for the 3’ crystals. If the gel packing were ordered, 
this line-width difference could point to less perfect 
crystals, a smaller crystallite size, or a greater motional 
contribution to line width31 in the gel relative to the 31 
crystals. Thus, the CP-MAS spectrum of the iPS-t-D gel 
supports a picture of a solid phase at  ambient temperature 
existing somewhere between the following limits: disorder 
with conformational interconversion on a time scale of 
about 0.5 ms and order with smaller crystallite size and/or 
greater molecular mobility relative to the 31 helical crystals. 
The greater moleculai mobility seems consistent with the 
shorter TID’s in the gel relative to the 3’ crystals. It must 
be remembered, however, that this “greater mobility” is 
a relative term and, to maintain consistency with the 
nonspinning 13C and proton line shapes, must still be re- 
stricted; e.g., if large amplitudes are involved (e.g. con- 
formational interconversion) then frequencies must be 
restricted to below a few kilohertz. 

A final point about the gel spectrum (Figure 14D) is that 
the aliphatic resonance maximum, which is associated with 
the methine r e ~ o n a n c e , 4 ~ , ~  is shifted 1.5-2.0 ppm upfield 
from that of the glass (Figure 14B) or the semicrystalline 
preparation (Figure 14A). There is a question whether this 
shift is real since all spectra of Figure 14 were run without 
an internal chemical shift standard. Since spectra A, B, 
and D were run consecutively, the shift scale should be very 
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reproducible; however, the rotor material for the gel was 
different from that containing the pure PS samples. This 
could have caused a shift of spectrum D relative to spectra 
A-C. The chemical shift scale was chosen so that the 
trans-decalin resonances in Figure 14D would coincide with 
the published shifts47 of trans-decalin. Using this scale, 
one obtains shifts for the aliphatic and the nonprotonated 
aromatic carbons in Figure 14C which are about 0.6 p m 
smaller than the c ~ r r e c t e d , ~ ~  published values46 for c PY s- 
talline ips .  In other words, the alignment of the spectra 
in Figure 14 is probably accurate within 0.8 ppm. 

Of special significance in the gel spectrum is that the 
chemical shift difference, separating the resonance maxima 
of the nonprotonated aromatic and aliphatic carbons, is 
1.5-2.0 ppm greater in Figure 14D than in any of the other 
three spectra in Figure 14. Since chemical shift differences 
within the same molecule cannot be attributed to bulk 
magnetic susceptibility effects,31 we conclude that this 
unique chemical shift difference points to a structure 
different, on average, from the glass and different from the 
31 helix. While the simultaneous presence of resonance 
intensity from both rigid and more mobile IPS segments 
introduces some uncertainty into the determination of the 
resonance positions, the intensity arising from the more 
mobile segments is insufficient to adequately explain this 
effect. The uncertainty in spectral alignment introduces 
an uncertainty as to whether the foregoing effect is due 
entirely to an upfield shift of the methine resonance or, 
at the other extreme, whether both resonances shift equally 
but in opposite directions. Intuition might suggest that 
the largest shift ought to occur in the more conforma- 
tionally sensitive carbon, namely, the nonprotonated aro- 
matic carbon. This is not borne out. 

Based on the foregoing unique chemical shift difference 
in the gel spectrum and the narrower (relative to the glassy 
state of ips )  resonance profiles of the aliphatic and non- 
protonated aromatic carbons in the gel, we conclude that 
it is likely, but not proven, that at  296 K the gel phase is 
more ordered than the glass, although greater order need 
not imply crystallinity. 

The Meaning of the Liquidlike Fraction. Figures 
7 and 8 show that the sum of the “liquidlike” and 
“relatively rigid” fractions of the iPS resonance does not 
add up to unity for most temperatures, i.e., some segments 
have intermediate mobility. We now ask the question 
whether the existence of and the temperature dependence 
of the liquidlike fraction provide any insight into gel 
structure. The following are some very qualitative com- 
ments about the liquidlike line. 

In order to identify the aromatic proton resonance as 
liquidlike and distinguish it from that of the solvent, we 
assume the natural linewidth must be 400 Hz or less. The 
second assumption is that all chain fragments giving rise 
to the mobile fraction are fixed at  both ends. This ap- 
proximation should be reasonable since M, is large for this 
ips .  Then what conditions must prevail in order that a 
chain fragment will possess such a narrow resonance? 
According to C ~ h e n - A d d a d , ~ ~  the line width, lw, of a 
flexible chain segment, fixed at  both ends, is given by 

lw(P) = LW(P) /R2 (1) 
where p is the angle between the end-to-end vector of the 
segment and the static field, LW is the line width in an 
isolated, rigid chain oriented at  the angle (3, and R is the 
contour length divided by the end-to-end distance of the 
segment. Equation 1 predicts a dispersion of line widths, 
even for a fixed R, when distributions of are present. If 
we assume for simplicity that LW(P) varies as (3 cos2 P - 
l), that the gel is unoriented, that the average, rigid-lattice 
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according to Figure 8. Also, relative to the solvent freezing 
behavior, it would be easy to imagine how, within such an 
open scaffolding at  lower temperatures, the iPS chains 
could partition this space into very small regions so that 
solvent crystallization would be inhibited. If this picture 
has merit, in the iPS-t-D system the larger trans-decalin 
crystallites would likely form in those regions initially 
reduced in iPS concentration by the phase separation. 

If we follow the line of reasoning of phase separation 
followed by the formation of nuclei having ordered 
structures as the first stage of condensation, then what 
kind of a structure develops at  the latter stages of con- 
densation? We assume, with the high molecular weights 
of iPS present in the samples studied herein, that following 
the nucleation stage each molecule participates in at  least 
two nuclei and that most segments remaining in solution 
are fixed at  both ends. Then the later stages of conden- 
sation mostly involve the “reeling in” of these chains onto 
the existing sites of nucleation. If further nucleation of 
ordered structures was important, then one would expect 
significant hysteresis in curves like Figures 7 and 8. This 
is not observed in the range from 296 K to the solvent 
freezing points. Thermodynamically, it makes sense that 
this continuing process of condensation favors ordered over 
disordered structures; however, the constraints imposed 
by entanglements and the attachment of the chains at  two 
ends may prevent the growth of large ordered structures. 
Therefore, to observe (at 296 K where 25% of the chain 
segments are condensed) that these condensed segments 
are more ordered than the glass seems reasonable; to 
recognize that they also show less order and/or more 
mobility than the 31 helical crystals is also reasonable 
because the ordered domains formed are probably small, 
particularly those formed after the original nucleation. 

As a result of the original liquid-liquid phase separation 
there are solvent-rich regions. In such regions few if any 
iPS nuclei are expected to form; however, these regions 
probably have a nonzero concentration of iPS as the fol- 
lowing observations imply. First, in the 25% iPS-c-D there 
is no space, devoid of ips,  large enough to allow cis-decalin 
cryst& to grow at the usual freezing temperature for pure 
cis-decalin. Second, these gels show very little syneresis’O 
and this is difficult to understand if one has a bicontinuous 
scaffolding with characteristic distances of the order of 
tenths of micrometer~.~?~’  If the gaps between the scaf- 
folding had no iPS chains, then syneresis would be ex- 
pected. With respect to the characteristic distances be- 
tween elements of the scaffolding, to our knowledge there 
are no distances reported in the literature for the 25% gels 
studied herein; the tenths of a micrometer distances7 are 
related to gels formed at lower concentrations and in 
different so1vents.l’ At the higher concentrations, these 
characteristic distances may be significantly reduced. We 
recognize that our explanation for the inhibition of solvent 
freezing in these gels relates to these characteristic dis- 
tances in the following way: the density of IPS chains in 
the solvent-rich regions must, of physical necessity, be a 
diminishing function of the distance from the surface of 
the solid iPS domains. Thus, if the characteristic distance 
of separation of the scaffolding elements becomes too large, 
the ability to inhibit crystallization, especially in the in- 
terior of the solvent-rich regions, would be correspondingly 
diminished. 

We also offer the following speculations regarding the 
stronger influence of the iPS chains in suppressing crys- 
tallization in cis- versus trans-decalin gels. Pure cis-decalin 
has a heat of fusion about two-thirds that of trans-decalin.8 
Therefore, a cis-decalin molecule is more weakly bound 

line width for the aromatic protons on an isolated PS chain 
is 24 kHq3?-J3 and that all chain segments have the same 
R at any temperature, then, from the data of Figure 8 for 
the iPS-t-D gel, R is estimated to be 7.8, 7.0,5.3,4.2, and 
2.1 a t  303, 296, 284, 270, and 255 K, respectively. These 
numbers are calculated to be consistent, not only with the 
rigid and liquidlike fractions, but also with the remaining 
PS resonance intensity not belonging to these fractions. 
If some allowance for aromatic ring rotation is included, 
then the R values decrease by about 16% at each tem- 
perature. These numbers should be taken as approximate, 
and the smaller numbers should be viewed as lower limits 
since it is more difficult to identify that portion of a line 
having line widths less than, say, 400 HZ when the re- 
mainder of the line is becoming very broad. It is reason- 
able tp conclude from this approximate calculation that 
the segments in solution are getting shorter as the tem- 
perature of the gel is lowered. 

Ruminations about Gel Structure in Light of the 
N W  Observations. The following speculative discussion 
about iPS-decalin gel structure is written in an attempt 
to reconcile several kinds of observations reported in this 
paper and elsewhere. 

An important NMR result is that the fraction of rigid 
phase decreases continuously with increasing temperature 
over a range of about 100 K, from the temperature of the 
supercooled solvent to the reported gel melting tempera- 
ture. Concurrent with this decrease is ap increase in a 
liquidlike fraction. Moreover, both fractions are reversible, 
at  least in the region from ambient temperature down to 
the solvent freezing temperature. Therefore, whatever 
structure we argue for must possess this reversibility. 

In contrast to this reversible behavior, there is the rec- 
ognition that gel melting endotherms appear at tempera- 
tures higher than maximum gel formation tempera- 
t u r e ~ , . ~ , ~ ~ ~ ~  In this sense, the gels display a considerable 
hysteresis, and any model must also account for this lack 
of reversibility. 

Most likely the formation of the gel structure at  253 K 
in the iPS-t-D or iPS-c-D systems initially involves some 
liquid-liquid phase ~ e p a r a t i o n . ~ J ~ * ~ ~  There is also a pos- 
sibility that crystallization, even chain-folded crystalliza- 
t i ~ n , ~  occurs during this phase separation via some nu- 
cleation process. Such crystallization can explain the 
difference between onset temperatures of gel formation 
and gel melting temperatures as well as the higher onset 
temperatures for gel formation in iPS versus that in atactic 
PS. In the liquid-liquid phase separation, two phases 
develop, one more concentrated in IPS than the original 
solution and one less concentrated. Presumably, the first 
nucleation (condensation) events take place preferentially 
in the concentrated phase. It follows that the “scaffolding” 
of solid iPS forms in these regions. Even in these more 
concentrated regions, the process of condensation involves 
the gathering of chain segments from a larger volume of 
solution, and, if several nuclei are forming simultaneously, 
it is not clear that the solid regions formed should, them- 
selves, agglomerate to form a dense solid structure which 
excludes solvent from all interior regions. Rather, the 
scaffolding formed from the more concentrated iPS phase 
may be built from more loosely aggregated, relatively small, 
solid regions. The surface area associated with such an 
open structure would also be larger than if the scaffolding 
members were dense in IPS. Depending on the average 
contour length of chain segments in contact with the 
solvent, a high surface area for the scaffolding could be 
implied, for example, a t  280 K in 25% iPS-t-D where 
about 50% of the segments are in contact with the solvent 
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in its crystal than is the trans-decalin molecule in its 
crystal. It follows that for a very small, forming crystallite, 
the deposition of a cis-decalin molecule is not as ener- 
getically favored as for the trans-decalin case. Therefore, 
at  any given temperature the minimum size of a stable 
crystal of cis-decalin may be larger than that of trans- 
decalin; thus a given distribution of iPS chains could in- 
hibit solvent crystal formation more effectively in cis- 
versus trans-decalin gels. If this picture is correct, however, 
then in order to get a near-total suppression of solvent 
crystallization a t  the solvent freezing point in the 25% 
iPS-c-D gels (see also Figure 12), it  would seem that re- 
gions dilute in iPS (which result, say, from initial liquid- 
liquid phase separation) should not, in contrast to iPS-t-D 
gels, be so dilute in iPS that “thermodynamically large” 
crystals can form. This, in turn, suggests one or a com- 
bination of the following: (a) the dilute-phase concen- 
tration of iPS in the cis gels is higher than that of the trans 
gels, (b) cis-decalin has a stronger affinity for iPS than has 
trans-decalin, and (c) the characteristic scale of the iPS 
scaffolding is smaller in the cis- versus the trans-decalin 
gels. The latter possibility arises from the recognition that 
the density of iPS chains in the solvent-rich regions is a 
diminishing function of distance as one moves away from 
the regions of condensed ips .  

In Figures 7 and 8 there is no indication of any major 
rearrangements occurring in the range from 253 to 296 K. 
Yet, the clear/turbid transition‘ lies in this range. The 
NMR results suggest that the clear/turbid transition in 
these gels is likely to be that point where the scaffolding 
becomes thick enough and the contrast in the refractive 
indices between the solid and the solvent-rich regions 
becomes high enough to scatter light. The dimensions of 
the scaffolding may well be on the order of the wavelength 
of light a t  all temperatures where the gel exists. This 
explanation would not predict a sudden appearance of 
turbidity, rather a more gradual increase in light scattering 
would be expected. 

Finally, it is interesting to us that the iPS-c-D gel 
formed by slowly cooling a solution from 304 to 295 K 
overnight in a Dewar filled with water gave rigid and 
mobile fractions, at  ambient temperature, which are ex- 
perimentally indistinguishable from the fractions charac- 
terizing gels formed by quenching to 253 K. If liquid- 
liquid phase separation is the first step in gel formation, 
it is likely that the distance scales for these two prepara- 
tions are quite different. Yet their fractions are the same. 
In principle, this result can be achieved by simply scaling 
all dimensions including the thickness of the scaffold el- 
ements; the only requirement in the simple scaling picture 
is that the lengths of the fragments in solution must also 
scale. If all dimensions were simply scaled, solvent freezing 
behavior could be altered; such an inquiry, along with 
many others, remains for future work. 

Note Added in Proof. Recent CP-MAS spectra of a 
25% iPS-t-D gel have been obtained a t  ambient tem- 
perature, without appreciable solvent loss, with a more 
stable spinning speed, and with improved signal-to-noise. 
All features claimed to be associated with the CP-MAS 
spectrum of the gel in this paper were corroborated. Ad- 
ditionally, the aromatic sidebands showed weak, but 
definite, fine structure patterns which did not fully agree 
with the fine structure patterns characterizing the 31 helical 
crystals. (Subsequent DSC analysis of this sample at  a 
scan rate of 5 OC/min indicated that an upper limit of only 
2% of the iPS segments could be identified with 31 helical 
crystals; this amount is too small to explain the intensity 
of the fine structure observed.) The weak shoulder, 
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identified with the iPS backbone carbons, was also visible 
a t  43.5 ppm, right beneath the most downfield line of the 
trans-decalin. The above provides further support that 
the solidlike iPS segments in the iPS-t-D gel a t  room 
temperature are, on average, more ordered than the glass. 
The fine structure in the aromatic sidebands seems to 
support the idea that a minority (ca. 20%) of the more 
rigid iPS segments are in a state of significant order, with 
a majority disordered. On the other hand, the pervasive 
change in the position of the aliphatic resonance suggests 
that a majority of the more rigid iPS segments are par- 
ticipating in an environment distinct from either the glass 
or the 31 helical crystals. 

We have also recently become aware that the rationale 
for solvent freezing point depression has been put forth 
by Kuhn et al. (Kuhn, W.; Peterli, E.; Mayer, H. J. Polym. 
Sci. 1955,16,539). This explanation is also controversial; 
it has been challenged, for example, by Boonstra et  al. 
(Boonstra, B. B.; Heckman, F. A.; Taylor G. L. J. Appl.  
Polym. Sci. 1968, 12, 223) and Oikawa and Murakami 
(Oikawa, H.; Murakami K. Polymer 1986,27, 1563). 
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ABSTRACT: The microstructures of several copolymers of styrene and N-vinylimidazole in dilute solutions 
and cast films were investigated by fluorescence, 13C NMR, light scattering, viscosity, and electron microscopy. 
Random sequence distribution of the copolymers was characterized by 13C NMR. Despite such random 
distribution of the styrene and imidazole groups along the chain, phase separation of the hydrophobic styrene 
and the hydrophilic imidazole domains is suggested by several experimental findings. Smaller hydrodynamic 
volumes of such styrene-imidazole copolymers in polar solvents were measured compared to those for the 
homopolymer, poly(N-vinylimidazole), at comparable molecular weights. This is attributed to the aggregation 
of styrene residues in the polar environment. A sharp conformational change of these copolymers in aqueous 
media from a supercoiled dispersion to a water-soluble extended coil can be induced by protonation of the 
imidazole moiety. Local aggregation of the styrene groups and electrostatic repulsion of the protonated 
imidazolium groups are the causes for such a transition. The styrene aggregation was further characterized 
by the styrene emission spectra of the copolymers. The excimer-to-monomer peak ratio of the intrinsic styrene 
chromophore varies with copolymer composition, solvent, and pH, suggesting the effect of long-range interaction 
on styrene excimer formation. Separation between the styrene and imidazole domains was further verified 
by the absence of energy transfer from the styrene chromophore as the donor to an acceptor probe, l-py- 
renesulfonic acid, complexed at the imidazole site. Such phase separation is manifested in films cast on water 
from organic solutions of the copolymers. These results suggest that the hydrophobic/hydrophilic random 
copolymers behave as polymeric surfactants characterized by a micellelike structure in an aqueous environment. 

Introduction 
For various applications of polymers, copolymers are 

frequently employed to achieve optimal functionalities of 
the component comonomers. Random copolymers of 
styrene and N-vinylimidazole as shown by the following 
formula are such examples. 

fCH2- C H H C H 2 - C H j  I b  
I Q  

The hydrophilic imidazole moiety is used to provide the 
reactive sites for metal ion complexation, dye binding, or 
oxygen quenching; the hydrophobic styrene moiety is used 
to enhance the binding strength of dye molecules and other 
desired physical properties in the film. These properties 
are greatly affected by the microstructures of the co- 
polymers in solutions and solid states. The objective of 
the present work is to characterize the microstructures of 
such systems by using various microscopic and macroscopic 
techniques. Correlation between polymer structures and 
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interactions with dye molecules will be reported in a sep- 
arate paper.l 

While phase separation is a common phenomenon in 
block and graft copolymers, less is known about random 
copolymers. Because of the diametric solubility behavior 
of the component styrene and imidazole moieties, polymer 
conformation and the morphology of cast film can be 
manipulated by the nature of the solvent. In the present 
study, several experimental facts are provided to support 
the existence of styrene-phase formation. 

In an aqueous medium, formation of a micellelike dis- 
persion is expected, consisting of the water-insoluble sty- 
rene core and the water-soluble imidazole groups distrib- 
uted on the surface of the dispersion. Such a process is 
driven by an entropic gain associated with the migration 
of the hydrophobic styrene groups from an aqueous en- 
vironment to the interior of the polymer dispersion. The 
flexibility of the backbone chain is required for this seg- 
mental reorientation. Such micellelike structures can be 
altered by solvent or pH changes as depicted in Figure 1. 
In an acidic medium, the polymer coil is extended and 
soluble in water (structure a), resulting from protonation 
of the imidazole groups. An increase in pH above 4.0  
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