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Abstract: Organized structures grown from iPS/cis-decalin solutions (ranging 
from 5% to 50% w/w) have been studied by several techniques. From DSC 
experiments the thermal behavior has been investigated as a function of the 
annealing temperature. The temperature-concentration phase diagram has 
been established. From neutron diffraction experiments the short range mo- 
lecular order has been determined. We show that between the gel state formed 
at high undercooling and the crystalline state obtained at low undercooling 
there exist two intermediate phases: the s-phase, already described by Klein et 
al., and the p-phase. Except for the crystalline state all the other phases contain 
intercalated solvent molecules. The gel state displays nematic-like order, where- 
as the s-phase is reminiscent of smectic arrangements. The p-phase is less 
solvated and can be described as a peritectic system. Preliminary neutron 
scattering experiments show that chain-folding reappears in the s-phase, where- 
as it was shown to be absent in the gel phase. 

Key words: Isotactic polystyrene - cis-decalin phase diagrams - neutron 
diffraction - non-crystalline phases 

Introduction 

The gelat ion p h e n o m e n o n  of isotactic poly-  
s tyrene has received con t inuous  a t tent ion over 
the past  15 years I-1-5]. Originally,  it was 
thought  that  there was a compet i t ion  be tween  
gelat ion and crystal l izat ion [2-4] .  To  achieve 
the former  it was said that  the latter had  to be 
by-passed  by  a rapid  quench.  This suggested 
that,  s tart ing f rom solut ions at high temper-  
atures,  low cooling rates wou ld  ra ther  yield a sus- 
pension of  crystals, whereas  high cool ing rates 
wou ld  p r o m o t e  gel format ion.  Correspondingly ,  
this also conveyed  the impress ion that  gelat ion 
had  to be rapid otherwise  crystal l izat ion wou ld  
ra ther  prevail. 

Recently,  Klein et al. [6] have shown that  the 
gel point  is a well-defined t empera tu re  which ap- 
pears to be in conflict with the previous  state- 
ments. As a mat te r  of fact, be low the gel point,  
a l though gel fo rmat ion  rates are exceedingly slow, 
only a gel will be produced.  If gelat ion arose from 
the order ing of chains out  of  equi l ibr ium then one 
might  expect, in the vicinity of  the gel point,  to 
observe  bo th  gel and crystals. In addit ion,  these 
authors  have repor ted  that,  unlike as was so far 
claimed, the reappearance  of the crystalline 
state above  the gelat ion poin t  is no t  systematic.  
Whereas  it was the case with iPS/trans-decalin 
solutions,  Klein et al. [-6] have conclusively 
shown the existence of a new state in iPS/cis- 
decalin solutions. This state is no t  crystalline 
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and is rather reminiscent of smectic-F arrange- 
ments, that is, giving lamellar morphology but 
with low-range molecular order. 

The purpose of this paper is to report on studies 
carried out on iPS/cis-decalin solutions in the 
range of annealing temperatures 20 ~ to 55 ~ We 
will show that in this range another phase, inter- 
mediate between the one discovered by Klein et 
al. [6] and the crystalline state, exists. After estab- 
lishing the temperature-concentration phase dia- 
gram, neutron diffraction experiments will allow 
one to unveil the molecular structure. It will be 
particularly shown that the way solvent molecules 
intercalate between individual chains determines 
the existence of these non-crystalline phases. 

Experimental 

Materials 

All isotactic polystyrene samples, hydrogenated 
and deuterated, were synthesized following the 
method described by Natta [7]. As 
ascertained by 13CNMR, polystyrene samples 
were over 98% isotactic. Molecular weight frac- 
tionation was achieved with toluene/ethanol at 
30 ~ Molecular weight characterization was car- 
ried out in THF with columns calibrated by 
means of atactic polystyrene standards and using 
the universal calibration procedure. The samples 
used in this study together with their molecular 
weight characteristics obtained by GPC in THF 
are as follows: 

i P S D 3  M w = 3 x 1 0 5  M~/M, ~- 1.35 

i P S D 7  M w =  1.25• M~/M,~- 1.23 

iPSH Mw = 2.64x l0 s M,~/M, ~- 1.59 

Cis-decalin, either hydrogenated or deuterated, 
was purchased from Aldrich and was used with- 
out purification. The deuterated cis-decalin was 
over 99% deuterium-labelled. 

Sample preparation 

DSC: Homogeneous iPS/cis-decalin solutions 
were first obtained in hermetically sealed test 
tubes by heating above 170~ These solutions 
were quenched to 0 ~ in order to produce a gel. 
Approximately 10 mg of this gel were placed into 

a "volatile sample" pan. The pan was then heated 
at 170~ so as to again produce solutions. Fi- 
nally, the DSC pan was directly introduced into 
a special container immersed in a thermostatic 
bath held at the desired temperature to within 
0.1~ so as to achieve annealing. 

Neutron diffraction: The samples were pre- 
pared in quartz tubes of inner diameter 3 mm. The 
iPS/cis-decaline mixture was directly prepared in 
the tube, the latter being hermetically sealed prior 
to dissolution. By heating above 170~ solutions 
were produced that were eventually cooled and 
subsequently annealed in the aforementioned 
thermostatic bath at the desired temperature. 

Neutron scattering: The solutions were pre- 
pared at 170~ in an air-tight syringe and then 
gently injected at 100 ~ into a rectangular quartz 
cell of 1-mm thickness. Under these conditions 
solvent evaporation was negligible. These cells 
were then hermetically sealed, heated above 
170 ~ to reform the solution, and finally cooled 
and annealed as described above. 

Techniques 

DSC: A differential scanning calorimeter, DCS 
4, from Perkin-Elmer was used in this study. Tem- 
perature and enthalpy calibration was achieved 
with indium. Heating rates ranging from 5 ~ 
to 20 ~ were used. The data were processed 
with the TADS system (Thermal Analysis Data 
Station). 

Neutron diffraction: The neutron diffraction 
measurements were taken at Laboratoire L6on 
Brillouin (Saclay, France) on G-6-1, a two-axis 
spectrometer equipped with a banana-type BF 3 
detector composed of 400 cells. The angular res- 
olution was 0.2 ~ G-6-1 operates with a wave- 
length of 2 = 0.47 nm which gives the following 
available q-range: 

2 < q ( n m  - 1 ) < 2 5  with 

q = 4rc/2 sin (0/2) (2in nm) 

in which 0 is the scattering angle. 
To minimize noise and air scattering all the 

measurements were carried out with the sample 
and the neutron beam held under vacuum. Cell 
efficiency was corrected by using the spectrum of 
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a vanadium sample. No absolute calibration was 
attempted as we were primarily interested in the 
position of diffraction maxima. 

Neutron scattering 

Small-angle neutron scattering measurements 
were taken at the ILL (Grenoble, France) on D l l  
and D17 cameras. By rotating the D17 camera of 
about 10 ~ the avilable q-range was: 

0 . 1 2 < q ( n m  1 ) < 2 . 1 2 .  

On D11 by using different sample-detector distan- 
ces the accessible q-range was: 

0.05 < q (nm- 1 ) < 1.5. 

The scattered intensity was corrected for sample 
thickness and transmission and normalized by 

an incoherent cis-decalin spectrum, as means of 
follows: 

I~(q) Io(q) 

Ts6s To6o 
IN(q) = (1) 

Ia(q) Iec(q) 

Td6e Tec(~ec 

in which Is(q) is the labeled species intensity, 10 (q) 
the background intensity; ld (q) the intensity scat- 
tered by a 1 mm-cis-decalin sample and Iec(q) the 
scattering by the empty cell; 6 and T, with the 
appropriate subscript, stand for the thickness and 
for the transmission of the different samples. Un- 
der these conditions, IN(q) reads: 

IN(q) = KCDS(q) ,  (2) 

where S(q) is the structure factor of the labeled 
species and CD their concentration. K is a con- 
stant which is expressed as: 

K = (aD - yDaH) 2 

X [4~6dNATa/g(2)(1 -- Ta)m 2] , (3) 

where aD and an are the scattering amplitudes of 
the labeled species and of the unlabeled species, 
respectively, mo the monomer molecular weight, 
YD the ratio of the molar volumes of the labeled 
and unlabeled species (YD = VD/VH), NA 
Avogadro's number and g(2) a correction factor 
which mainly depends upon both the neutron 
wavelength and the spectrometer's type. In the 
present case experimentally determined values of 

g(2) are provided in reference 1-8] for D l l  and 
D17 cameras. 

For systems wherein the labeled species are 
diluted enough, IN(q) eventually reads: 

IN(q) = K C o M ~  PD (q), (4) 

in which M,~ and PD(q) are the weight-average 
molecular weight and the form factor of the 
labeled species, respectively. 

Results and discussion 

As will be gradually apparent by reading this 
paper, the structures formed in this solvent are 
mostly non-crystalline although organized. Here, 
by crystalline it is meant long-range three-dimen- 
sional order. In most cases the order will not 
comply to this definition. As a result, these non- 
crystalline structures will be designated as organ- 
ized structures throughout. 

Thermal behavior 

As has been already underlined by Klein et al. 
[-6], annealing times are exceedingly long above 
20 ~ Maximum completion of the formation of 
the organized structures is achieved after a min- 
imum of 1 week annealing. Whereas the amount 
of organized structures increases with increasing 
annealing time, their melting point remains vir- 
tually unchanged. 

After description of the experimental results, 
use will be made in the discussion of Gibbs phase 
rule to establish possible and plausible phase dia- 
grams. It is now known that this rule can be 
applied to a first order approximation to macro- 
molecular systems as emphasized by Sotckmayer 
et al. [9] and several experimental studies 
[-10-123. 

Throughout this thermal investigation the 
hydrogenated sample (iPSH) has been used. 
Typically, two types of behavior are observed 
depending on the annealing temperature Tan 

(Fig. 1): 

*for 20~ < Tan < 31~ 

the DSC traces display one relatively-sharp en- 
dotherm at 50~ _+ 2~ 

*for Tan > 33~ 
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Fig. 1. DSC traces for samples annealed between 20 ~ to 
31~ (lower curve) and between 33 ~ to 55~ (middle curve 
and upper curve). The upper curve corresponds to samples 
annealed above 45 ~ T~ is the melting of the polymer-sol- 
vent compound, T~ the peritectic transformation, and T~ the 
final crystal melting. In the present case heating rate is 
10~ iPSH sample with C = 30% for the lower curve 
and C = 35% for the middle and the upper curves 

the DCS thermogram exhibits two relatively- 
broad endotherms. The position as well as the 
width of these endotherms are sensitive to the 
annealing temperature: annealing between 34 ~ to 
45~ gives a lower endotherm at 85~ whose 
position is independent of polymer concentration; 
annealing above 45~ shifts this endotherm to 
100~ The high-melting endotherm shifts also by 
about  15~ yet its position depends upon poly- 
mer concentration. 

The domain between 31 ~ and 33~ is a kind of 
transition zone as one can observe a combinat ion 
of these two types of behavior. We shall return 
later to this point. Suffice it to note presently that, 
within a very narrow range of temperature, a dra- 
matic change is seen on the thermal behavior of 
these polymer-solvent mixture, which is most 
unusual. 

Temperature domain 20~ to 31~ 

In Fig. 2 is drawn the temperature-concentra- 
tion phase diagram obtained on melting at 
10 ~ samples annealed between 20 to 31 ~ 
As can be seen, the melting point, which lies at 
Ty = 50 ~ _+_ 2 ~ does not vary in a large range 
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Fig. 2. Temperature-concentration phase diagram obtained 
for samples annealed below Ta, = 31~ �9 = T,, = 23~ 
�9 = Ta. = 27~ + = Ta, = 29~ Heating rate = 10~ 
iPSH sample. Inset: possible theoretical phase diagram cor- 
responding to these results. As usual the dashed lines corres- 
pond to what might be normally expected from phase rules 
but which is not experimentally known 

of concentration. This temperature is not sensitive 
to the annealing time and little sensitive to the 
heating rate in the range 5 ~ to 20 ~ 
Significant departure from this behavior is seen 
for polymer concentration over Cpoi = 30%. For  
Cpo~=40% and 50% two endotherms can 
be observed (not shown here), the position of the 
highest one being dependent upon polymer con- 
centration. These results are much reminiscent 
of what has been obtained with the same solu- 
tions quenched below 20~ whereupon a gel is 
produced [6]. 

The variation of the melting enthalpy corres- 
ponding to T~ vs polymer concentration (AH~) is 
drawn in Fig. 3. The variation does not show any 
significant dependence with heating rate nor with 
the annealing temperature. AH~ exhibits a max- 
imum near Cpo~ = C~ = 30%, which concentra- 
tion should correspond to the stoichiometric 
concentration. The value reached by the melting 
enthalpy at this concentration is about  
AH~ ~- 1.2 cal/g. As is the case for the gel state 
this behavior hints at the existence of a polymer- 
solvent compound  with a virtually-identical 
stoichiometry [5]. Yet, the value of the melting 
enthalpy at the stoichiometric composit ion is 
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Fig. 3. Plot of the melting enthalpy, AH,~, of the species 
grown for T,, < 31~ as a function of iPSH concentration 
and for different heating rates: �9 = T a n  = 27 ~ and 20 ~ 
[] = T,,1 = 29~ and 20~ T,, = 23~ and 
20~ = O, 10~ = x, 5~ = 0 .  C~ defines the 
stoichiometric composition 

significantly lower in the gel state 
(AH~ ~-0.9 cal/g5). This may possibly indicate 
the presence of more non-organized material in 
the gel state. 

In the inset of Fig. 2 is drawn a plausible sche- 
matic phase diagram corresponding to the case 
studied here. For Cpol < 30% the system is con- 
stituted of compound + liquid, whereas for 
Cool > 30% the system is composed of com- 
pound + solid solution. Worth noting is that for 
a semi-crystalline polymer whenever there is sol- 
vent located in the amorphous domain the system 
may be regarded as a solid solution. 

Temperature domain 31~ to 33~ 

As said above this domain is a transition do- 
main as both type of behavior can be observed 
(Fig. 4), although the endotherms corresponding 
to the second type are rather weak. Further, the 
low-melting endotherm is now located at 
55~ + 2~ 

The presence of three melting endotherms (not 
shown here since it is simply a superimposition of 
what is seen below 31~ and above 33~ with 
endotherms located at 55~ 85~ and above 
100~ depending on concentration), which im- 
plies the existence of three stable, organized 
phases apparently violates Gibbs phase rule for 
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Fig. 4. Temperature-concentration phase diagram for sam- 
ples annealed between 31 ~ and 33~ c = 3 1 ~  and 
o = 33~ As usual, the dashed lines correspond to what 
might be normally expected from phase rules but which is not 
experimentally known 

a two-component system (three phases can only 
coexist at a point of fixed concentration and tem- 
perature). A possible and generally admitted ex- 
planation to the existence of such a transition 
domain instead of a sharp, well-defined transition 
might be sought in molecular weight polydispers- 
ity (here Mw/M, ,,~ 1.59). 

Temperature domain > 33~ 

The temperature-concentration phase diagram 
is drawn in Fig. 5. As can be seen the position of 
the lower melting endotherm as determined after 
deconvolution (see Fig. 1) does not vary with 
polymer concentration. For annealing temper- 
atures below 45~ it stands at T~ = 85~ _+ 5~ 
and increases up to T~ = 100~ _+ 1~ for an- 
nealing temperatures higher than 45~ Con- 
versely, the position T~ of the high-melting en- 
dotherm increases with polymer concentration 
and, as expected, is, as a rule, shifted toward 
higher temperatures for higher annealing temper- 
ature, an effect much reminiscent of what takes 
place in the bulk-state [13]. The experimental 
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Fig. 5. Temperature-concentration phase diagram for sam- 
ples annealed above 33~ Y = Tan = 35~ 
�9 = T,n = 38~ x = Ta, = 41~ O = Ta. = 43~ 
[] = Ta, = 45~ �9 = Ta, = 55~ Sample iPSH heating 
rate 20~ Inset: possible theoretical phase diagram cor- 
responding to these results. As usual, the dashed lines corres- 
pond to what might be normally expected from phase rules 
but which is not experimentally known 

scatter observed for samples annealed below 
45 ~ arises most probably from the difficulty in 
determining precisely the maximum of the en- 
dotherm. When this endotherm is sharper, as is 
the case with samples annealed above 45~ the 
determination becomes much easier a n d t h e  scat- 
ter becomes far less important.  

The high-melting endotherm variation follows 
the behavior predicted by Flory's relation for the 

melting point depression A T [-14]: 

A T  

To x T ~ tap 

_ r E (  1 _ z (1 - v y ]  (3) 
AHop x 

in which Tr and T O are the actual melting point 
of the solid solution and of the pure polymer, 
A T = T o - Tr Vs and Vm the molar volumes of 
the solvent and the monomer,  respectively, vp the 
polymer volume fraction, Xs the Flory's para- 
meter of interaction and A H %  the melting en- 
thalpy of the pure polymer. For  0.4 < Z1 < 0.5 
and 180~ < T o ,, < 200~ which are usual 
values for polystyrene [13], good agreement is 
obtained to within _+ 5~ 

The variation of the enthalpy associated with 
the low-melting endotherm, A H~, displays a max- 
imum near Cpo~ = 35% unlike the enthalpy cor- 
responding to the high-melting endotherm which 
increases continuously instead (Fig. 6). In the 
latter case the extrapolated value for Cpo] = 1 
amounts  to AHr -- 6.1 cal/g. Assuming that this 
endotherm corresponds to the fusion of usual iPS 
crystals, then, by taking AHcry = 18.3 cal/g, one 
can derive a degree of crystallinity of about  33 %, 
a figure quite consistent with values reported in 
the literature [13, 15]. 

This type of thermal behavior can be accounted 
for by considering a peritectic transformation 
with a peritectic composit ion C~ = 35% (see inset 
of Fig. 5). Interestingly enough, a peritectic is 
closely related to an incongruently melting com- 
pound. This implies that solvent molecules are 
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Fig. 6. Plot of the enthalpy corresponding to the low- 
melting peak, after deconvolution (right) and the high 
melting peak (left) as a function of polymer concentra- 
tion. The values correspond to averaged values 
obtained at different temperatures (between 35 ~ to 
45~ Error bars stand for the experimental scatter 
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still occluded in the organized domains. At T~ 
desolvation most probably occurs which gives off 
the semi-crystalline state, the ultimate stable state 
before complete melting at Tr In this case, it is 
indeed expected that T~ be dependent upon con- 
centration. 

It is worth adding that these two endotherms 
are not related to any fusion-recrystallization phe- 
nomena as have been observed in the bulk state 
[16, 17]. When such recrystallization process oc- 
curs, the ratio between the areas of the two en- 
dotherms is exceedingly sensitive to the heating 
rate. Here, we have examined a 35%-sample an- 
nealed at 45 ~ at heating rates 20~ 10~ 
and 5~ The ratio between the endotherm 
was seen to vary very little and can be regarded as 
nearly constant within experimental uncertainties 
(4.1 +__ 0.5, 3.3 __ 0.4 and 3.6 ___ 0.4, respectively). 

The results obtained at different annealing tem- 
peratures can be used to establish a tentative 
formation phase diagram which is drawn in Fig. 7. 
As is usual in establishing phase diagrams, the 
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Fig. 7. Possible format ion  phase  d iagram for the system 
iPS/cis-decalin. As usual, the heavy lines s tand for experi- 
mental ly determined t ransi t ion while dashed lines indicate 
possible extensions 

heavy lines stand for the transitions known to be 
certain, whereas the dotted line indicate possible 
extensions. 

Molecular organization 

Neutron diffraction: Samples containing deu- 
terated isotactic polystyrene (iPSD7) with hydro- 
genated cis-decalin have been investigated. This 
enables one to increase the diffraction power 
of the polymer with respect to the solvent and, 
accordingly, determine the polymer-polymer 
correlations. This study has been restricted to 
concentrations, as determined from the phase dia- 
grams, corresponding to the polymer-solvent com- 
pound stoichiometry for samples annealed below 
30~ (C 7 = 30%) and to the peritectic composi- 
tion for samples annealed above 35~ (C~ = 35%). 

As has been already reported in a previous 
paper [6] large distances ( > 1 nm) are dealt with. 
As a result, diffraction is smeared by rod scatter- 
ing. A plot of the type q'I(q) vs q proves to be 
more appropriate to highlight the diffraction 
maxima. In the present case n = 0.7 has been 
arbitrarily used for the sake of the figure's clarity�9 
The data are given in Fig. 8 by means of this 
representation. 

As can be seen, there is a diffraction maximum 
at q = 2.65 • 0.03 nm-1  (d = 2.37 • 0.03 nm as 
calculated with Bragg's law) for the gel (Sa), the 
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Fig. 8. Neu t ron  diffraction data  plot ted as qO.7 I(q) in arbit-  
rary units vs q in nm - t. a = gel state (Cpo~ = 30%); b = sam- 
ples annealed between 20 ~ and  31~ ( C p o l = 3 0 % ) ;  
c = sample annealed at 35~ (Cpol = 35%)  and  d = same as 
c bu t  fur ther  annealed at 100~ for 2 h (Cpol = 35%)  
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system annealed at 25~ (8b) and the system 
annealed at 35~ (8c). For  samples annealed at 
25~ there is an additional maximum at 
q = 3.8 __ 0.03 nm-1  (d = 1.65 __ 0.03 nm) as al- 
ready reported by Klein et al. [6]. The maximum 
at q = 2.65 nm -1 observed in the gel state is 
poorly defined when compared to the ones ob- 
tained at annealing temperatures of 25 ~ and 35~ 
Finally, once the sample annealed at 35~ has 
been further annealed at 100~ to achieve the 
peritectic transformation, the maximum at 
2.65 nm -1 vanishes (Fig. 8d). Correspondingly, 
one retrieves at large angles diffraction maxima, 
although admittedly weak, due to usual iPS 31 
crystals [18] (not shown here). These maxima are 
not visible in the other samples, except the one at 
1.1 nm for t]~e sample annealed at 25~ 

The schematic structures drawn in Fig. 9 are 
considered here to account for the above data. In 
all cases, except for the crystalline state, interca- 
lated solvent is present. Solvent intercalation is 
based on recent investigations and conclusions by 
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Fig. 9. Possible molecular arrangements as deduced from 
the neutron diffraction data and the DSC results. Dots cor- 
respond to rods as seen parallel to their axis. There are 
solvent molecules when the rods are spaced apart. For the 
sake of clarity the solvent molecules are not represented. In 
the case of the crystalline state filled dots and open dots are 
used so as to differentiate right- and left-handed helices 

Klein et al. [6]. Since the order between solvent 
molecules is most probably  liquid-like they are 
not represented in the models of Fig. 9 for the sake 
of clarity. Also, it is considered that the helical 
form is the near-31 form for the solvated phases 
and, obviously, the 31 form for the semi-crystalline 
state. Details about  the choice of a near-31 form 
can be found in reference [6-1 and will, accord- 
ingly, not  be further discussed here. 

The gel state is reminiscent, as has been already 
discussed elsewhere, of a nematic state which 
means that chains are parallelly arranged with no 
further order. Accordingly, the diffraction max- 
imum is related to the distance between first 
neighbors. This distance is given by the first max- 
imum of the radial distribution function perpen- 
dicular to the rods which can be, in principle, 
derived from the cylindrical Fourier  transform 
(also called Hankel  transform) of the intensity. 
Yet, in the present case it is not  possible to pro- 
perly calculate this function. Consequently, we 
shall use the following approximate relation 
which holds for cylindrically-averaged systems 
[19,20]: 

1.1162 _~ 2dsinO/2. (4) 

From the maximum at q = 2.65 _+ 0.09 rim, we 
derive d - 2.6 + 0.09 nm. This figure is consistent 
with the ladder-like model [21] together with the 
degree of solvation as determined by other 
methods. Indeed, it is said that about  two decaline 
molecules are bound  per monomer.  As the size of 
one molecule is about  0.5 nm, the minimum dis- 
tance between two monomers  solvated each by 
two solvent molecules can be estimated to be 
about  2 nm. 

The structures grown between 20 ~ and 31~ 
are evidently more ordered, as already claimed by 
Klein et al. [6]. Here, we suggest a two-dimen- 
sional rhombohedric  lattice of rods with 
a = 2 . 9 6 n m ,  b - - 2 . 0 5 4 n m  and the angle 
7 = 125.8~ This model should give reflections for 
the 100, 010, and 110 planes corresponding to 
2.5 nm, 1.6 nm, and 1.1 nm. These distances are in 
agreement with the experimental ones within ex- 
perimental uncertainties. We surmise that lattices 
are rapidly decorrelated, which accounts for the 
low number of reflections. On account of its sim- 
ilarity with smectic arrangement, we shall des- 
ignate this structure as the s-phase. Basically, the 
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s-phase is simply a more ordered form of the gel 
structure. 

Above 33~ the structure designated as p- 
phase is liable to account for the disappearance of 
the reflections at 1.65 nm and 1.1 nm. Here, the 
structures are depicted as an assembly of parallel 
sheets, separated by a distance d - - 2 . 3 7 n m ,  
which is made up of stacked rods with no well- 
defined spacing as solvent molecules are possibly 
still occluded within. This arrangement may be 
thought to correspond to the s-phase once solva- 
tion in the 010 planes has decreased while being 
virtually unaffected in the 100 plane. The occur- 
rence of a less solvated phase is borne out by the 
DSC results which indicate that the peritectic 
composition is 1.4 solvent molecule /monomer  
(C~ = 0.35) against 1.9 molecule /monomer  in the 
s-phase (C 7 = 0.3). 

Finally, the structures produced by annealing 
first at 35~ then at 100~ correspond simply to 
the usual crystalline state [22]. Here, left-handed 
and right-handed helices are differentiated. 

Neutron scattering: It is worth testing these 
models by investigating the scattering of similar 
samples at small-angles. As a matter  of fact, the 
intensity scattered by parallel cylindrical objects 
of infinite length reads [23]: 

S(q)= s ( q ) { 1 -  v ~ 2n(1-g(r))Jo(qr)rdr } 

(5) 

in which v is the number of rods per unit area, g (r) 
the radial distribution function of the rods and 
Jo (qr) the Bessel function of first kind and order 
O. s(q) is the form factor of an infinite rod of 
cross-sectional radius r~ and of linear mass #L 
[243: 

s(q) = {n#L/q3r~} x J~(qrc), (6) 

in which J1 is the Bessel function of first kind and 
order 1. 

If d is the average distance between first neigh- 
bors and provided d > re, then for qlc > 1 
(l~ = lamellar thickness) for qd > 1 and qr~ < 1 
g(r) ~ O, relation (5) can be approximated to: 

S(q) = (7c#L/q) 

x e x p -  q2r2/2{1 -- v2nq-~ f(r)} , 

(7) 
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Fig. 10. Small-angle neutron scattering data (q2I(q) in abso- 
lute units vs q in nm -1) on samples containing only 
deuterated polymer (sample iPSD3) and hydrogenated sol- 
vent. o = gel prepared at 17~ (Cpol = 30%); o = sample 
annealed at 25 ~ (Cpo~ = 30%); c = sample annealed at 35 ~ 
(Cpol = 35%) 

in which f ( r )  is an oscillating function whose 
maxima depend upon the rod arrangement.  Rela- 
tion (7) implies that S (q) will reach, in the range so 
defined, an asymptote proportional to q -  1 

Finally, if the p-phase structure is considered, 
S(q) will read: 

S(q) = {2n#~/q 2} {1 - h(qd)}. (8) 

The q 2 term arises from the sheet-like struc- 
ture [25], the specific mass of which is I~s. h(qd) is 
an interference function between the sheets. For  
qd > 1, h(qd) can be neglected so that S(q) is 
expected to reach a q-2  behavior. 

No numerical fit has been attempted, only the 
terminal behavior has been evaluated. Small- 
angle neutron scattering results obtained on the 
gel phase, the s-phase and the p-phase are in quali- 
tative agreement with the molecular models as 
deduced from neutron diffraction maxima (see 
Fig. 10). 

As can be seen by means of a Kratky repre- 
sentation (q2I(q) vs q), one observes a pro- 
nounced upturn at large angles for the gel phase 
and the s-phase which is expected from relation 
(7). Also, the patterns in both cases are much the 
same which gives further support to the similarity 
between both phases. The fact that the intensity is 
lower in the case of s-phase hints at stronger 
interferences and, correspondingly, at a better or- 
ganization here. 
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Concerning the p-phase a q-2  behavior is ob- 80: 
served beyond q * >  0.65nm -1. By supposing 
that sheet interferences grow negligible for a spac- 
ing whose approximate value is given through 
d ~- 2/q*, one obtains an estimate of d ~- 3 nm. 
This figure is of the right order of magnitude in 
agreement with the one found above by neutron 
diffraction (d = 2.65 nm). 

The smallest angles are worth examining as they 
may give indications as to the lamellar thickness in 
the spherulites present in the s-phase and the p- 
phase. As can be seen, there is a marked maximum 
for samples annealed at 25 ~ and 35~ In a I(q) vs 
q representation this maximum corresponds to 
a shoulder (no shoulder is seen in the gel case). If 
one regards this shoulder as arising from the long- 
spacing, Lc, between lamellae; then one obtains 
Lc -~ 31.4 nm. The fact that a shoulder is observed 
rather than a peak may be due to the poor contrast 
difference between the organized and the disor- 
ganized domains, something which also exists in 
the case of bulk-crystallized samples [26]. 

This long-spacing value is larger than what is L 
usually reported in the bulk state [-26]. As will be 
seen in what follows, this may originate in the 
special chain trajectory occuring under these con- 
ditions. 

Chain trajectory: Preliminary investigations into 
the chain trajectory have been achieved by small- 
angle neutron scattering for samples annealed at 
25~ The scattering pattern obtained is drawn in 
Fig. 11 by means of a Kratky representation. As can 
be seen, the q -  1 behavior can be identified at small 
angle, but also at large angles. Such a pattern can be 
accounted for by using a twice folded chain (see Fig. 
12), designated as wicket model in what follows. By 
neglecting the loops, the intensity of this model 
reads for qL > 1 [-23]: 

I(q) ~ (~zM/3qL) x [-3 + 4Jo(qd) 

+ 2J0 (2qd)] ,  (9) 

in which L is the chain's contour length, M its 
molecular weight, and d is the distance between 
the rods and Jo the Bessel function of first kind 
and order 0~ For  qL > 1 with qd < 1 relation (9) 
reduces to: 

I~ (q) ~ (3TO#L/q)xexp- qZ d2/3 , (10) 

which gives an initial slope I1 (q) ~ (3re#L/q). 
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Fig. 11. Small-angle neutron scattering (q2I(q) in absolute 
units vs q in nm - 1 ) for deuterated chains 
(Cv = 1.89 x 10 .2 g/cm 3) in a sample annealed at 25~ of 
total polymer concentration Cvo ~ = 30%. Full circles and 
open circles stand for two different sample-detector distances 
on DI1 camera and straight lines define the two different q - 1 
regimes 
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Fig. 12. Wicket model model for a chain twice-folded and 
going through several lamellae 

For qL > 1 together with qd > 1 the Bessel 
function can be approximated to: 

( 2 ~  1/2 
Jo(x) ~- \ ~ )  x c o s [ x - - ~ z / 4 ]  . (11) 

The intensity then reads: 

( 2 o - ( q d ) ) ( 1 2 )  I2(q) ~ rc#r/3q 3 + (rcqd)O. 5 

wherein a(qd) is an oscillating function which 
reads: 

a(qd) = 2x/2 cos (qd - 7c/4) 

+ c o s ( 2 q d -  re/4). (13) 
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The second member in the bracket of 12 be- 
comes rapidly unimportant so that I2(q) "-~ 
rc#L/q. The ratio of the initial slope of I1 (q) to the 
terminal slope of I2(q) in the Kratky representa- 
tion should then amount to about 3 which is 
experimentally obtained. 

Interestingly enough, the linear mass #L 
determined from the experimental intensity 
12(q) amounts to #L ~- 520 _+ 50 g/mole x nm, 
a figure which agrees better with a near-3a form 
than with a 12~ form (for deuterated chains 
#L(31) = 505 g/mole x nm while #L(121) = 440 g/ 
mole x nm). 

It is worth emphasizing that, provided the 
chain takes on a near-3a form, each branch of 
the wicket model goes through several lamellae: 
for the molecular weight involved here, the 
length of a branch is about 80nm to be 
compared with the estimated long spacing of 
31.4 nm. To have the rigidity as revealed by 
neutron scattering maintained over two lamella 
may suggest that the disordered region is rather 
small compared to the organized one. This 
suggestion might explain why the spherulites 
are so large (d i ame te r -  180#m) despite the 
absence of long-range order between chain 
segments. 

Determination of the conformation on either 
side of the gel point shows that the difference 
between the 9el phase and the s-phase not only 
occurs at short-range distances, but also on the 
chain conformation. Chain-folding exists in the 
s-phase, although not to the extent observed in 
the semi-crystalline state [27], while it is absent in 
the 9el phase. This probably explains why 9el 
morphology is fiber-like, whereas s-phase mor- 
phology is spherulitic [-3, 6]. 

The gel point would then appear to some 
extent as the limit between worm-like chains 
and wicket-like chains. This is, reminiscent of the 
behavior expected for polymeric liquid-crystals 
[-28], for which worm-like to hair-pin transition 
takes place. However, in the case considered here 
the transition is first-order (abrupt change be- 
tween worm-like to wicket-like chains), whereas 
it is second-order for polymeric liquid crystals 
and thus described by an Arrhenius-equation in 
reference [-28]. 

Conclusion 

In this paper we have presented results, 
gathered by different techniques, that all consis- 
tently suggest the existence of intermediate phases 
between the gel state and the semi-crystalline state 
in iPS/cis-decalin systems. As intuitively expected, 
the gel state, obtained at the highest undercooling, 
is the less organized one and its molecular organ- 
ization resembles closely nematic order. Decreas- 
ing the undercooling yields a better organized 
phase (the s-phase) and, eventually, a less solvated 
one (the p-phase). At the lowest undercooling one 
obtains the most ordered one which, does not 
contain intercalated solvent. 

These types of solvated phases are most prob- 
ably not restricted to isotactic polystyrene. It 
would not be surprising that some other polymer- 
solvent systems behave in the same way. One 
requirement would possibly be the use of poly- 
mers possessing bulky side-groups as are the 
phenyl groups in iPS. 
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