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ABSTRACT: The chain helical structure, the chain-solvent arrangement, and the chain trajectory are
investigated in isotactic polystyrene (iPS) thermoreversible gels by three techniques: neutron diffraction,
swelling experiments, and small-angle neutron scattering. From the neutron diffraction experiments on
gels prepared from various solvents, it is again concluded that the 12, helical form is absent in the nascent
state (undried and unstretched). As already proposed in a previous paper, a solvated near-3, helix seems
to be a better candidate to account for the results (ladderlike model). The swelling experiments support
this model by indicating that the gel behaves as a polymer-solvent compound whose stoichiometry is defined
at C,, =~ 0.3 in cis-decalin and C, ~ 0.38 in trans-decalin, values in good agreement with those found pre-
viously by calorimetry and solvent crystallization. The small-angle neutron scattering on iPS/cis-decalin
gels reveals a most unusual behavior in that the chains become stiffer and stiffer up to C = 0.3 (increase of
the chain radius of gyration and ¢! behavior consistent with rodlike portions larger than 300 A) then lose
their stiffness (decrease of the chain radius of gyration and loss of the g~ behavior). Such behavior is in
accord with the temperature-concentration phase diagram established earlier. All the results are discussed

in the light of various molecular models.

Introduction

Investigations on the molecular structures involved in
iPS thermoreversible gels have provided one with numer-
ous results that have raised several questions. Different
answers have been put forward, leading eventually to con-
flicting models.™®

Girolamo et al.,! after discovering by X-ray diffrac-
tion a new reflection at 0.51 nm on partially dried and
stretched gels, first inferred that gelation might arise from
stereoregularity defects on the chain. Later they accounted
for the 0.51 reflection through the existence of a new heli-
cal form: 12, with a 6-fold symmetry.2

To explain why a new helical form could be formed in
gels rather than the usual 3, helical structure, Sundarara-
jan et al.® proposed this form to be stabilized by solvent
molecules, that is solvated helices and correspondingly
solvated crystals.

More recently, Guenet* showed by means of neutron
diffraction experiments, for which only the polymer was
labeled, that the 0.51-nm reflection was in fact not char-
acteristic of the polymer but could be found in liquid
decalin. From simple geometrical argument, Guenet, while
retaining the idea of helix solvation, considered a near-
3, form.* The nascent gel diffraction pattern, which is
reminiscent of liquids, led to a structure (ladderlike model)
closer to nematic liquid-crystalline than crystalline poly-
mers. From neutron scattering experiments intended to
determine the chain conformation, it was found that the
chains adopt a wormlike structure with a statistical ele-
ment of about 8 nm.® This structure is similar to what
is known for liquid-crystalline polymers and gives fur-
ther credit to the ladderlike model. More recently, how-
ever, the helix solvation has been questioned on the basis
of NMR experiments.®

In this paper, we further test these models through
three types of experiments: (i) neutron diffraction exper-
iments on other solvents known to produce physical gels
to discover whether the 0.51-nm reflection is also absent;
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(ii) swelling experiments; (iii) neutron scattering inves-
tigation on the chain conformation as a function of poly-
mer concentration in relation with the temperature-
concentration phase diagrams established previously.”

Experimental Section

(A) Material. The isotactic polystyrene (iPS) samples were
all synthesized following the Natta method® and are over 99%
isotactic.®

Two hydrogenated samples were used: iPSK, M, = 3.2 X
10%, M,/M, ~ 2.8; iPSG, M,, = 1.38 X 10%>, M,/M, ~ 1.2.

The characteristics of the deuterated samples are given in
Table L.

High-purity grade protonated cis-decalin was purchased from
Merck Laboratories, while the deuterated cis-decalin was obtained
from the Janssen company and is deuterated over 99%. All
the solvents were employed without further purification.

(B) Sample Preparation. A mixture of polymer and sol-
vent was heated up to 175 °C in a test tube. Once a clear solu-
tion was obtained the gels were prepared by either quenching
at 0 °C and keeping the sample at this temperature for 30 min
or quenching at 14 °C and keeping the sample at this temper-
ature for 2 h. For the neutron scattering experiments the solu-
tions were cast in a mold described elsewhere,® allowing the
preparation of disk-shaped samples of 1-mm thickness and 1.5-
cm diameter. For the neutron diffraction experiments the gels
were prepared in NMR silica tubes of 4-mm diameter sealed
from the atmosphere. For the swelling experiments, cylinder-
shaped samples of 1-cm height and 1-cm diameter were cut off
from a gel slab obtained in the same type of mold as that employed
for preparing the neutron scattering samples.

(C) Neutron Scattering. 1. Setup. The experiments were
performed at the high-flux reactor of the Institute Laue-Lan-
gevin (ILL, Grenoble, France) on D11 and D17 small-angle cam-
eras. The transfer momentum g = 4x/A[sin 6/2] (A = neutron
wavelength and 8 the scattering angle) was in the range 5 x 107
<gAN)<15%X102%forDI1 (A=10A)and 102 < g (A™}) <
1.3 X 107! for D17 (A = 12 A).

A mechanical wavelength selector was used on both appara-
tus, providing a wavelength distribution characterized by AX/
A=~ 9%.

The gels were held in quartz containers (22-mm outer diam-
eter, 19-mm inner diameter, and 1-mm thickness). The exper-
iments were carried out at 18 £ 1 °C.

The experiments on the all-labeled samples were carried out
at the Laboratoire Léon Brillouin (CEA-CNRS) at Saclay on
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Table I
Molecular Weights of the Deuterated Samples from GPC in
THF at 20 °C and from Small-Angle Neutron Scattering
(SANS) on Gels Prepared at 0 °C®

M, M, M,
sample M, M,/M,, (225%)  (30%) 0%
D074 74x10¢ 11  6X10° 56x10%  6x 10°
5.4 % 10%°
DL5 15X10° 113  12x105 9x 104, 11 10°
11X 105
D25 25X10°5 115  22X10° 22X 105  2X10°
2.2X 10°°

D0.6 6.0 x10* 11

%The overall polymer concentration is given in parentheses.
b Gels prepared at 14 °C.

PAXY. A mechanical wavelength selector was also used, pro-
viding a wavelength distribution characterized by AN/ & 8%.
With A = 5 A the transfer momentum was in the range 1.5 X
102<gAY) <13x%x107

2. Signal Processing. In order to measure the coherent
scattering from the deuterated chains only, a mixture of D +
H decalin was used (21.3% D decalin + 78.7% H decalin), the
scattering of which matches that of protonated polystyrene.®
The scattered intensities were corrected for sample transmis-
sion. As usual, a blank signal, scattered by a mixture of hydro-
genated polymer and a blend of deuterated and hydrogenated
solvent (same composition as above) was removed from the total
scattered intensity to correct for incoherent scattering. Finally,
the spectra were normalized by an incoherent spectrum scat-
tered by protonated water. The normalized intensity then reads

In(g) = KCpM,Sp(q) 1)

where Cy, is the concentration of labeled material, M, the weight-
average molecular weight, and Sp(q) the scattering function of
the deuterated chains. K is a constant, which presently is given
as

K = [4m6N,(ay - ap)?l/ [Mp?(1 - T)] @

where § is the water-sample thickness (in cm), N, is Avogadro’s
number, My, is the monomer molecular weight, T is the water
transmission, and ay and ap, are the scattering lengths (in barns)
of the deuterated species and of the mixture iPSH + D decalin
+ H decalin, respectively.

(D) Neutron Diffraction. The experiments were per-
formed at the ORPHEE reactor located at the Laboratoire Leon
Brillouin (LLB, CEN Saclay, France) on the spectrometer 7C2
equipped with a banana-type detector made up of 640 cells with
an angular resolution of 0.2°. We used cold neutrons with a
wavelength of 1.095 A obtained from reflection of the primary
beam onto the (111) plane of a Germanium crystal. The scat-
tering vectors available ranged from 0.25 to 10 A1, The signal
was normalized by both a vanadium sample and a plexiglas sam-
ple. Further details on the apparatus are available on request.

(E) Swelling Measurements. Appropriate samples were
immersed in an excess of solvent. The swelling degree G was
taken as the ratio of the sample weight after a given time ¢ over
the sample weight prior to immersion. The equilibrium swell-
ing degree G, was determined when the sample no longer swelled.
All the experiments were carried out at room temperature.

Results and Discussion

(A) Neutron Diffraction. In a previous paper,* it
had been observed from neutron diffraction experi-
ments carried out on iPS/cis-decalin gels that the 0.51-
nm reflection observed by X-ray diffraction on these gels
and assigned to a new helical form (12, helix) was not
found in the nascent gel. The fact reported by Keller et
al.1? that a thorough removal of the preparation solvent
usually leads to the disappearance of this reflection is in
agreement with these conclusions. Yet, for one solvent,
i.e., trans-decalin, supposedly decalin-free samples are
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Figure 1. Neutron diffraction patterns for deuterated (a) and
hydrogenated cis-decalin (b). Intensity in arbitrary units.

reported to still exhibit this reflection when examined
by X-ray diffraction.’®

As a result, the question still holds as to whether the
0.51-nm reflection could also be present in the nascent
gel state, undried and unstretched.

To answer these questions and to supplement previ-
ous findings, we have carried out a series of neutron dif-
fraction experiments on iPS/trans-decalin gels as well
as on other systems.

1. Principle of the Experiments. The use of either
hydrogenated or deuterated samples allows one to mod-
ify the diffraction power of the constituents of a system
in a neutron diffraction experiment.’! Figure 1 shows
the attenuation of the first diffraction maximum when
hydrogenated decalin is used in lieu of deuterated deca-
lin.

This property is particularly interesting when poly-
mers composed of hydrogen and carbon are dealt with.
If all the species have the same type of labeling, either
deuterated or hydrogenated, a neutron diffraction exper-
iment yields results quite similar to those obtained by
X-ray diffraction. Conversely, if one component is deu-
terated, the other one being still protonated, then the
diffraction power of the former will be enhanced by at
least a factor of 4 (bp?/by® ~ 4). Making use of this
property, the polymer structure can be investigated by
using a deuterated polymer and a hydrogenated solvent.
As a result, the drying process is no longer necessary.

The intensity is given as

I(@) = A,4q)S,(q) + A {q)S,(q) +
2As(Q)As(q)Spsc°h(Q) + Sp.mc + 5,2 (3)

where A, and A, are the structure factor of the solvent
and the monomer, respectively, St the coherent scat-
tering functions, and §™° the incoherent scattering. The
deuterated polymer incoherent signal is usually very small
and thereby neglected.

While the solvent intensity is strongly attenuated, it
is not negligible and must be accordingly removed. A
measure on the only solvent gives

I(q) = AX(g)SS " (g) + S, 4)

Once this intensity is properly substracted from (3),
I(q) is

I(g) = A,28,°(q) + 2A,(9)A,(9)S,,"™@)  (B)

This is almost the intensity diffracted by the polymer,
except for the cross-term. This term is usually weaker
and should not have any bearing in the present case.

As detailed above, 7C2 is a high-resolution spectrom-
eter. In order to detect with certainty the weakest reflec-
tions, the number of counts/cell was never lower than N
= 10°. This means that the statistical dispersion N*/%/
N was lower than 0.3%.
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Figure 2. Neutron diffraction patterns of (a) iPSD/trans-
decalinH gel (D2.5, C__, = 37%), (b) liquid protonated trans-
decalin, and (c) the dlfp(:arence of (b) from (a). Intensity in arbi-
trary units.
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Figure 3. Schematic representation of the ladderlike model.
The phenyl rings are purposely oriented at random on the C-
C axis to emphasize that the chain conformation is not strictly
a 3, helix. The hatched circles stand for the solvent molecules.
Here too, the hatching is at random to illustrate the absence of
orientation of the solvent molecules.
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2. Results. Results obtained on iPSD/trans-decalin
gels are reported in Figure 2. A maximum is seen at 0.52
nm (Figure 2a). Yet, trans-decalin in the liquid state
exhibits a maximum at 0.54 nm (Figure 2b). Once the
trans-decalin signal is substracted from that of the iPSD/
trans-decalin gel, the intensity displays a broad maxi-
mum at 0.46 nm (Figure 2¢). There is no detectable sharp
peak at 0.51 nm that would reveal the presence of 12,
helices. As in a previous publication we accordingly con-
clude that this helix is not characteristic of the gel struc-
ture in the nascent state.

As was emphasized elsewhere, the first maximum for
a liquid is related to the distance between first neigh-
bors.!?2 This distance d can be estimated from

1.23\ = 2d sin 6/2 (6)

As with cis-decalin, for trans-decalin we end up with
d = 0.66 nm. This value is very close to the pitch of the
3, helix (0.665 nm'3). We thus conclude again that the
polymer adopts a conformation close to the 3, helix, yet
not regularly arranged as in crystals (see Figure 3). If
the chain are under a near-3, conformation, then the sol-
vent first-neighbor molecules can be in close contact, allow-
ing maximum space filling. This model, designated as a
ladderlike model, is similar to a molecular model pro-
posed by Watanebe et al.,'* where the incorporation of
solvent molecules into the a-helical form of poly(y-methyl
L-glutamate) is considered.

We have further examined other systems that are known
to produce physical gels (Figure 4).

iPSD/1-Chlorodecane and iPSD/Hexahydroin-
dan. The diffraction pattern of the iPSD/1-chlorodecane
gel (Figure 4a) does not reveal any sharp peak or maxi-
mum at 0.51 nm, even before solvent signal substrac-
tion. For the iPSD/hexahydroindan gel (Figure 4c), one
perceives that the solvent is also responsible for the max-
imum at 0.52 nm.
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Figure 4. Neutron diffraction patterns for (a) iPSD/1-
chlorodecaneH gel (D0.6, C,,, = 49%), (b) liquid 1-chlorode-
caneH, and (c) iPSD/ hexahydromdanH gel (D2.5, C,,y = 28%).
Intens1ty in arbitrary units.

Thus we have now studied four systems by the neu-
tron diffraction technique together with the deuterium
labeling method. In all cases no sharp reflection near
0.51 nm has been observed.

Here we want to emphasize that we do not conclude
that 12, does not exist. There are numerous evidences
by Keller et al.? in favor of it. It would, however, be of
interest to discover the growth mechamsm of this helix
if it is not present in the gel in the first place.

(B) Gel Swelling. The swelling experiments consist
of immersing a piece of gel in an excess of preparation
solvent. An equilibrium swelling ratio G. is defined as

=P,/P, (7N

where P, is the weight of the gel sample as-prepared and
P, its weight after reaching equilibrium.

Provided the piece of gel absorbs solvent without los-
ing any polymer chains, an equilibrium concentration C,,
can be defined as a functlon of the preparation concen-

tration C,.,;

Coqu = G Cpnep ®)

Results (C,,, versus C,,..) are given in parts a (cis-
decalin) and b (trans- deca in) of Figure 5. As can be
seen, two regimes are present in both systems: for C <
C.,, there is no significant swelling and C,, ~ Cppep; fO
C > C,, the gels always swell to the same equlhbnum
concentratlon independent of the preparation concentra-
tion Cp,,

Furthe‘;', the value determined for this equilibrium con-
centration is C, ~ 0.28 in cis-decalin and C, ~ 0.38 in
trans-decalin.

These results lead one to the following comments: (i)
The swelling behavior is typical of and indeed very close
to what one would theoretically expect for polymer—sol-
vent compounds. As a matter of fact, as long as the sto-
ichiometry is fulfilled, that is for C,,,, < C,, there is no
need for the system to absorb solvent unless there were
a large amount of “amorphous” domains. Conversely, for
Cprep > C,, the system tends to reach stoichiometric con-
ditions, hence solvent absorption takes place.

Accordingly, the theoretical behavior for a perfect poly-
mer-solvent compound will be C, , = C,,p, for C < C,
and Cq, = C, for C> C.,.

For systems made up w1th solvent-free crystalline regions
(no polymer-solvent compound formed) alternating with
amor;1>5hous regions that are liable to absorb solvent, G,
reads

prep

G. =1+ (Cy/C,~1)Cpep/C. )

where C,, is the polymer-rich phase initial concentration
and C, its concentration after swelling to equilibrium.
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Figure 5. Equilibrium concentration C_, versus preparation
concentration C_.., for (a) iPS/cis- -decalin gels [(®) iPSK, (0)
iPSG], (b) iPSK/ / trans-decalin gels, and (c) a copolymer/trans-
decalin gel (from ref 15). In all cases the dotted line stands for
Cequ = prep*

The behavior described by relation 9 has already been
observed with gels of multiblock copolymers (Figure 5c)
for which it is known that the crystalline regions are sol-
vent free.!> Unlike the polymer—solvent compound, the
swelling behavior exhibits here an increasing departure
from the law C,q, = Cpe, With increasing concentration.
Further, no asymptotic behavior is reached.

(ii) The value of C, determined by means of this method
is close to those found from the gel formation and/or
the gel meltlng enthalpies’ (C, ~ 0.28-0.3 in cis-decalin
and C, ~ 0.4 in trans- decalm) or from the solvent crys-
tallization method* (C, =~ 0.28 in cis-decalin and C, ~
0.4 in trans-decalin).

(C) Neutron Scattering. 1. A Few Chains Are
Labeled. The excess, normalized scattered intensity is
expressed in the Zimm approximation:'®

IN(g) = KCpM,[P(q) - 24,CpP(q)] (10)

where Cp, M,,, and K have the same meaning as in (1),
P{(qg) is the chain form factor, and A, is the virial second
coefficient. In the Guinier domain (gR < 1), I(q) reduces
to

In(@) = KCoM,[1 - ¢*(Rp)?/3][1 - 24,Cp]  (11)
Usually, the form CpIy(q) is preferred:
KCpIMq) = [1/M,(1 + ¢X(R,)?/3)] + 24,Cp, (12)

In this representation, linearity can be experimentally
obtained for gk > 1. For instance, R, for a Gaussian
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Table I1
Values of the Radius of Gyration R, (A) as a Function of
Gel Concentratlon

sample 15%* 22.5% 30% 40%

D0.74 200 £ 10 252 + 20 308 + 25 220 £ 20
D1.5 267 £ 25 274 £ 20 300 £ 25 264 + 30
D2.5 332+ 30 368 £+ 40 448 + 60 401 £ 50

¢ Values for 30% gels prepared at either 0 or 14 °C are indis-
tinguishable within experimental uncertainties. ® From ref 6.
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Figure 6. Variation of the chain radius of gyration as a func-

tion of the overall polymer concentration in iPS/cis-decalin gels.
Labeled molecular weights as indicated.

chain is measured to within 10% up to ¢R =~ 3. How-
ever, for highly branched polymers or compact structure
the departure from linearity is already seen for gR < 1,
which entails that the condition gR << 1 must be strictly
fulfilled.

It must be stressed that polydispersity tends to broaden
the domain over which linearity can be achieved.

In the asymptotic domain, the intensity usually reduces
to

In(@) = g™ (13)

where n is an exponent that depends upon the chain tra-
jectory.

For some models of chain trajectory analytical expres-
sions are available that allow one to calculate the entire
scattering pattern from the Guinier range to the asymp-
totic domain. Calculations are detailed in the Appendix
for models that are relevant to the present article.

In this section only the system iPS/cis-decalin has been
investigated. In the Guinier domain the chain radius of
gyration, R,, has been studied as a function of the over-
all polymer concentratlon R, has been determined by
the Zimm method with threeglabeled chains concentra-
tions: 0.01, 0.02, and 0.08 g/cm? (concentration per cen-
timeter cubed of gel). Values of M, obtained from SANS
are given in Table I and values of R in Table I. As can
be seen, the weight-average moleculgar weights measured
from neutron scattering are in good agreement with those
obtained from GPC.

The variation of R, with the overall polymer concen-
tration is shown in Figure 6. In spite of the large uncer-
tainty on the absolute value of R, arising from the fact
that the condition gR, <1 is not stnctly fulfilled, there
is unmlstakably amaximum located at C,, = 30%. This
behavior is most unusual. In amorphous polymers, R,
decreases with concentration as C/8'7 In crystallme
polymers, although there are no avallable data so far, one
would not expect R, to increase then to decrease with
increasing polymer concentration. As a matter of fact,
in dilute solutions the chain tends to be well organized,
which entails a high value of R,,'®'® while in the bulk
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Figure 7. Kratky plot ¢2I(g) versus g for a 15% iPS/cis-
decalin gel; M, = 2.5 X 10%, Cpgp = 0.01 g/cm®. Dashed
line is calculateds from the Yoshisaki and Yamakawa expres-
sion®! by using b = 80 A.

the degree of regular folding decreases with decreasing
chazigl mobility, which results in a significant decrease of
R,

gIt is to be further noted that the maximum of R, occurs
at the same polymer concentration as C,, which corre-
sponds to the polymer—compound stoichiometry. It accord-
ingly seems that the stable form for the chain in the gel
state at the stoichiometric composition is at a maximum
extension. This statement is confirmed from the analy-
sis of the intensity scattered in the intermediate domain.

For C,, = 15%, the scattered intensity can be satis-
factorily fitted with a wormlike chain (Yamakawa and
Yoshizaki calculation,?* see Appendix) possessing a sta-
tistical segment of length 80 A (Figure 7). This con-
firms previous conclusions drawn from the asymptotes
only.® The same holds for C,; = 22.5%. Interestingly
enough, if the linear mass y; 1s determined from the ¢*
behavior after absolute calibration, one finds u;, >~ 52 %
2 gKmol x A. A 12, helix would give u; (12,) = 44.1 g/mol
X A (12 monomers for a pitch of 30.6 X2), while a 3, heli-
cal form would yield u;, = 50.8 g/mol X A (three mono-
mers for a pitch of 6.65 A), a value much closer to the
experimental one. Although taken alone this argument
would not be decisive, it becomes more significant when
considered with all the above results.

For C,,;; = 30%, the results are molecular weight depen-
dent and are rather accounted for by using the calcula-
tion developed by Muroga?? (see Appendix) on a model
chain (contour length L) made up with long rods inter-
rupted by smaller ones (see Appendix, relation 8A). There
are three parameters: the length of the long rods (A4), the
fraction of these rods in the chain (f), and the length of
the smaller rods (a). The method of trial and error has
been employed here, that is, finding a combination of
the above parameters that give a value of R, as close as
possible to the experimental one and fit the intensity in
the asymptotic range. For M, = 7.4 X 10* (L = 1500
&), the best fit can be obtained by using A =400 A, f =
80%, and a = 40 A (Figure 8a). The value of R, calcu-
lated from relation 12A in the Appendix is then R, =
278 A, a value in good agreement with the experimental
one. For M, = 1.5 X 10° (L ~ 3000 A), one ends up with
A=450A,f=45%, and a = 40 A (Figure 8b), giving R,
= 328 A, while for M, =25 X% 10° (L =~ 5000 A), A = 450
A, f=40%, and a = 40 A (Figure 8c¢), leading to R, =
424 A. Tt must be stressed that other sets of values might
certainly fit the data. However, there must always be
large rods (A > 300 A). Further, as already stressed above,
the chain is virtually all extended for M, = 7.4 X 10%
The pattern that would be obtained with a Hermans-
Hermans model?® with a statistical element of 200 A deter-
mined from the values of R, are also given as a compar-
ison.
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Figure 8. Kratky plot of g,I(q) versus g for iPS/cis-decalin
gels (iPSK) prepared at 0 °C, C,; = 30%. (a) Mwl,PSD =174 X
10, Cp = 0.01 g/cm?®; dashed line correspond to relation 8A
calculated with A = 400 A, a =40 A, and f = 0.8. (b) wipsp =
1.5 x 105, Cp = 0.01 g/cm®; dashed line calculated with (8A)
with A = 450 A, @ = 40 A, and f = 0.45. Dotted line corre-
sponds to the Hermans-Hermans model for b = 200 A. (¢
M. =25 X 10% Cp = 0.01 g/cm® dashed line calculated
with (8A) with A = 450 A, a = 40 A, and f = 0.4. Dotted line
corresponds to the Hermans-Hermans model for b = 200 A.
Open squares correspond to D11 data and full circles to D17

data.

The results on 30% gels in the Guinier range and in
the asymptotic range are consistently accounted for with
the model of Muroga. They lead one to conclude that
the higher the labeled molecular weight, the larger the
amount of “disorder”. While it seems relatively easy for
a short chain to become extended, this process seems more
and more difficult for long chains. Here it is worth men-
tioning that molecular weight effects have already been
observed when measuring mechanical properties such as
the compression modulus.* These effects might thus arise
from the variations in chain trajectories.

Experiments carried out for samples prepared at 14
°C instead of 0 °C have revealed little difference in the
scattering pattern (see Figure 9). At this preparation tem-
perature no liquid-liquid phase separation (LLPS) inter-
feres with the gelation process. This indicates that the
LLPS mechanism is not primarily responsible for the par-
ticular chain trajectory in iPS gels but that gelation is a
phenomenon of its own.

For the sake of completeness it ought to be mentioned
that we have so far neglected the corrective term exp-
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Figure 9. Kratky plot of g%I(g) versus g for a iPS/cis-decalin
gel (iPSK) prepared at 14 °C, C,,; = 30%, M, . = 2.5 X 10%,
Cp = 0.018 g/cm® Open squares correspond to data from D11
and full circles to data from D17.
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Figure 10. Kratky plot of g2I(g) versus q for a iPS/cis-decalin
gel (iPSK) C,, = 40%, M, = 1.5 X 10°% Cp, = 0.01 g/cm?;
the dashed line stands for relation 8A calculated with A = 700
A,a =204, and f = 28%. Open squares stand for D11 data,
while full circle represent D17 data.

(-g%R2,/2), arising from the chain cross-section effect?®
(see Appendix). If the chain adopts a near-3, helical struc-
ture, then its outer radius R is R ~ 3.5 A. The trans-
verse radius of gyration of R, of a cylinder full of matter
with the same radius would be R, ~ 2.5 A. Here, the
transverse radius of gyration R, can only be lower. Asa
result, the corrective term can be ignored within the inves-
tigated range of scattering vectors.

For C_, = 40%, the ¢' regime has totally vanished
(Figure 10). A behavior close to I(g) ~ g% is seen instead.
Accounting for this behavior with a radius of gyration as
large as that measured for C,,; = 15% requires the intro-
duction of a cross-section effect as detailed in the Appen-
dix. The best fit is then obtained with A = 700 A, f =
28%,a =20 A, and R, = 6 A. One immediately realizes
that a = 20 A corresponds to the length of the statistical
segment in the amorphous state. This is consistent with
the fact that above 30% the stoichiometry is less and
less fulfilled, which implies the probable appearance of
“amorphous” material. The cross-section effect is not
straightforwardly explained. It may arise from the fact
that the long rods are not as straight as with C,, < 30%,
an effect that may be designated as superzigzag, entail-
ing an increase of the filament cross section. Alterna-
tively, folding may occur (hairpin conformations?®), which
is equivalent to an increase of chain cross section. More
complex models containing rods of different lengths might
also be more appropriate here. At any rate the impor-
tant conclusion is that this result is consistent with the
phase diagram:” increasing the concentration beyond C,
entails the progressive disappearance of the conforma-
tions observed when the stoichiometry is fulfilled.

It must be stressed that a similar result (absence of a
g™ ! regime) has already been observed when a mixture
of isomeric decalin (cis + trans) is used instead.® This
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Figure 11. Schematic representation of the structure of the
molecular compound (ladderlike model) and the “anhydrous”
model.

was also interpreted with a superzigzag arising from the
difference of interactions between cis-decalin molecules
or trans-decalin molecules toward the polymer.

2. All the Chains Are Labeled (Deuterated). So
far the results are rather consistent with the ladderlike
model. Here we further test this model against models
in which chains are more or less ordered but without sol-
vent molecules. In Figure 11 are schematized two extreme
models: the ladderlike model* for which the solvent is
inserted between the polymer chains and the “anhy-
drous” model for which domains of pure polymer alter-
nate with domains of pure solvent.

The latter model can be easily tested with an experi-
ment on an all labeled samples. As a matter of fact one
is then dealing with the two-density system that has been
studied theoretically by Debye and Bueche.?” The scat-
tered intensity is simply

I(q) = K8IId’C(1 - C)N, ¢ 3(1 + ¢%¢ %) (14)

where { is the range of density fluctuation of the poly-
mer density, C the proportion of polymer, and K the same
constant as defined in (2). In the Kratky representation
(¢*I(g)) a maximum should occur at

gt=1 (15)

Conversely, in the case of the ladderlike model no g™*

variation should be found, but on the contrary, the ¢g*

behavior should reappear in spite of the all-labeled chain
situation; the intensity is then given by

R
lg) = 0+ fT®I@RARD)  (6)

where I'(R) is the distribution function normal to the rods.
For gR > 1 relation 16 plotted by means of a Kratky
plot tends to

2I(q) « EL‘Z +4 amn

in which A is a constant whose expression depends on
T'(R). It is to be noted that here too a maximum should
occur in the Kratky representation of relation 16 for gR
< 1 whose location depends obviously upon I'(R).

The experimental intensity for the system considered
reads

I(q) « XBpol2Spolmh(q) + (1 - X)AdeCZSdeCCOh(q) +
(1- Cpol)Sdecinc (18)

where X is the proportion of compound and the other
terms have obvious meaning. Since we do not want to
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Figure 12. Kratky plot of g,I(q) versus ¢ for an iPS/cis-
decalin gel prepared at 0 °C, containing only deuterated chains
M,y = 2.5 X 10%) in protonated cis-decalin. C,, = 32.8%.
The dashed line (labeled DB) stands for the Debye-Bueche model

for which [{] is determined from relation 15. The dotted line
is a guide for the eyes to show the plateau value.

make any assumption as to the model for processing the
raw data (value of X that amounts to either X = C_
with no compound or X = 1 with a pure compound), we
have used deuterated polymer and hydrogenated deca-
lin. As a matter of fact the coherent scattering length
of decalin is virtually zero, which allows one to overcome
the problem of substracting the proper coherent back-
ground for the solvent. As a result only the incoherent
scattering, which is from pure decalin, has to be removed
from the sample’s intensity.

Results are reported in Figure 12 as a Kratky plot. As
can be seen, ¢, vields { ~ 24 A. By introducing this
value in relation 14 the dashed line is obtained. The fit
with the Debye—Bueche function is poor and totally incor-
rect in the high-g range. Further, the absolute intensity
calculated from (14) should be about 10 times larger than
the experimental one (in Figure 12 the Debye-Bueche
function is therefore reduced by a factor of about 11.7
to fit the data in the low-g range).

It can be seen that there is a marked departure from
the 1/g* behavior, which may indicate that the rodlike
behavior appears in the vicinity of g* ~ 0.09 A™L. Stud-
ies are in progress to determine I'(R) from wide-angle
experiments in order to fit I(g).

One may wonder whether other models, intermediate
between the two of Figure 11, could not also account for
the data.

Instead of a sharp interface between the polymer
domains and the solvent domains one can consider a model
wherein the interface resembles a ladderlike model. The
intensity scattered by this model should then be given
by a modified Porod law at large angles:

I(g) = ¢®% (19)

in which d is the so-called fractal dimension of the inter-
face with d < 3. If we consider the limiting case d = 3,
then

I(g) =g~ (20)

Again this does not agree with the experimental results.

In a 30% polymer system, if there is a significant amount
of “anhydrous” polymer domains then it is likely that
“islands” of solvent will display high connectivity between
one another. As a matter of fact, the concentration C*
at which spheres of radius R and mass M, are isolated
from one another (“swiss cheese” state) is given by the
following relations, depending on whether one considers
a cubic arrangement or a hexagonal one: cubic, C* = M,/
8R3, hexagonal C* = M,/6R5.

Since M, = d 47R®/3 where d, is the density of the
solvent in the present case, this eventually leads to the
following relationships: cubic, C* =~ 0.52d_; hexagonal,
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C* = 0.7d,. In practice C* will be located between these
two limiting values.

If such were the case for the gel under consideration,
then it should be described as a bicontinuous medium.
According to Talmon and Prager,?® although no simple
exponent law can be found, the intensity first decreases
faster than 1/g* and then reaches this type of behavior.

To summarize, all the models examined here, which
contain domains of pure polymer, cannot account for the
experimental results.

Concluding Remarks

In this paper we again show that the 12, helical form
is not characteristic of the iPS gels in the nascent state.
Instead, we continue to suggest on the basis of simple
considerations that the systems are made up of near-3,
helices that are solvated (ladderlike model). The solva-
tion assumption is in agreement with the phase dia-
grams’ as well as with the swelling experiments.

Further, the chain conformation is totally different from
what is observed in the semicrystalline state.’®?® In par-
ticular for C < C., the chains tend to possess long rod-
like sections of length far larger than what is known for
chain-folded crystals. Beyond C, the chains do not exhibit
the scattering pattern seen at lower concentrations. This
is in agreement with the phase diagram that shows the
dlsappearance of the compound above C.,. 7 In our opin-
ion, only the helix solvation process can explam the absence
of chain folding and correspondingly the existence of long
rod portions (helix stabilizatipn).

Here the dismissal of the solvation hypothesis by Perez
et al.? on the basis of NMR experiments is worth discuss-
ing again. Put to the test with an all-labeled sample, the
ladderlike model accounts for the results far better. One
may, however, wonder why NMR on the one hand and
several other techniques on the other hand (DSC, neu-
tron scattering, swelling experiments) lead one to oppos-
ing models. Two reasons might be invoked:

(i) NMR deals with the “dynamic” structure, which is
not necessarily equivalent to the “static” structure, the
time-averaging not being the same. In elastic neutron
scattering experiments, which allow one to probe shorter
times, might be more relevant to study this problem.

(ii) NMR results were obtained on a high molecular
weight sample (M,, ~ 1.4 X 10%).> We have shown here
that at C = 30% the chain conformation is molecular
weight dependent within less than a decade. In partic-
ular, the higher the molecular weight the larger the degree
of “disorder” (incidentally this phenomenon is also known
for semicrystalline polymers?>®%), One may then won-
der whether NMR results obtained on such a high molec-
ular weight sample are representative of the gel state as
deduced from studies on samples of lower molecular weight.
Clearly, is the argument about the same thing? This point
deserves to be further tested.

Finally, it seems worth mentioning that similar sol-
vent effects between cis-decalin and trans-decalin have
been observed for physical gels prepared from ste-
roids.3! Similar mechanisms might be involved here too.

Appendix

1. Form Factor for a Wormlike Chain. Theoreti-
cal calculations of the form factor P(q) of a wormlike
chain were first derived by Kratky et al.>? and more
recently by Des Cloizeaux® and Yamakawa and Yoshi-
saki.?’ In the limit of very long chains, two asymptotic
regimes are expected in the intermediate range:

regime 1 (L/a)Py(q) ~ 6/q%a* (1A)
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regime 2 (L/a)Py(q) =~ 7/qa + 2/3(qa)* (2A)

where a represents the persistence length and L the chain

contour length. If g* is defined as being the intersect in

the Kratky representation between the asymptotes of
q%P,(g) and quz(Q) then q is straightforwardly

=16/3wa ~ 1.7/a (3A)

Similarly, one can defme qo, which is the value of the
abcissa at which ¢?I(g) =

= -2/(3ra) (44)

If the statistical segment b is considered instead, which
is by definition of the persistence length b = 2a, one ends
up with

regime 1 (L/b)P,(q) =~ 12/¢%* (5A)

(L/b)Py(q) =~ w/qb + 4/3(qb)? (6A)
This gives for g* and ¢,
q* = 32/3=zb and gq,=-4/(37b) (7A)

regime 2

It is to be noted that Yamakawa and Yoshizaki have
derived an analytical expression allowing numerical cal-
culation to be performed up to gb = 10.%

2. Form Factor of a Copolymer-Like Model. Here
we consider the model developed by Muroga.?> In this
model long rods are joined together by a flexible portion
made up of smaller rods, which is reminiscent of a block
copolymer except that in this model the scatterers are of
identical chemical nature. When the amount of flexible
portion is taken as zero, this model reduces to the well-
knowg; Hermans and Hermans model of freely jointed
rods.

For a chain of contour length L, containing N rods of
length A alternating with subunits containing n rods of
length a, these subunits being assimilated to random coils
characterized by an end-to-end distance na®, Muroga
derived the following analytical expression of P(8):

2
} - 2A2A2(3){—‘”‘—p(—"L} X

1-vexp(-w)

L2P()) = NA2‘2A(6) 5 2’3;+2NA2A2(6)><

{ exp(-w)
1

- v exp{-w)

1-6 exp(—w))N} ) 2{ 2 (1 - exp(—w>)2
{_——1—uexp(—w) + n’N%a No 2 T No X
( v )(1 - (vexp(-w))V ) _

1-vexp(-w) 1 - exp(-w)
(L= exp(-w))(1 - »; .
Nw*(1 - v exp(-w))

2naAA(B)(1 - exp(—w)) %
(1 ~ v exp(-w))

(1 + » exp(-w))(1 - (v exp(-w))™)
1-vexp(-w)

{2N - } (8A)

where w, 8, and » are defined as w = gna?/6, 8 = qA, and
= gin 8/8 and A(B) as

A@®) = (/) J[sint/t dt = (1/8) Si (8)
The fraction f of rods with length A is given by f = NA/
L.
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As stated above, by takm% a = 0, one retrieves the Her-
mans and Hermans model, for Whlch P(6) is

L2P(§) = NA2‘2A(B) -4 sin? ‘3—} + INAZA(B) X

exp(-w) ; 2,2 { -
———————(—24°A 9A

{1 - v exp(-w) ® (1-v)? ®4)
Note that the asymptotic value of (94) is for gR > 1 and
gd > 1%

Lpgy == + (2~ )-L
P @ =g+ \5-4 pere (10A)

This shows that the intercept of the ¢! behavior with
the ordinate axis is slightly above what one would obtain
with a wormlike chain.

Muroga gives, however, only an approached expres-
sion of the chain radius of gyration R, by developing the
form factor for ¢ — 0.

Given a slight modification, the model developed for
Muroga is similar to the Garland model, which is a crys-
talline model for chains containing amorphous sequences
that alternate with crystalline ones made up of several
parallel rods.?®> Here one has to consider only one rod
per crystalhne sequence. The radius of gyration R, for
this model is

= (1- PR, + (Mf/6up)l (11A)

where R,? is the radius of gyration for a chain in the
totally disordered state (which is also its unperturbed
state with a statistical segment of length a), ug the molec-
ular weight of a rod of length A (“ordered” region), and
f the proportion of such rods. By introduction of A =
A/a, the chain molecular weight M, and the linear mass
ur, the latter being further assumed independent of the
statistical length, R,? is

RZE=1[(1-/) + f\IMa/6u (124)
or by introduction of the contour length L
sz =[1-/ +f\]aL/6 (13A)

3. Effect of Chain Cross Section. So far an infi-
nitely thin thread has been considered. In reality, poly-
mer chains possess a finite cross section, which must be
taken into account. If the transverse chain shape pos-
sesses a cylindrical symmetry, then the corrected expres-
sion for P(q) is%®

4J%(gr)
(qr)*

where Py(q) is the form factor when the cross-section diam-

eter 2r = 0. The Bessel function can be developed for
gr < 1, which eventually gives

P(q) = Py(q) exp(-g*R.2/2) (15A)

where R_? is the radius of gyration of the cross-sectional
area.

Registry No. iPS, 25086-18-4; cis-decalin, 493-01-6; neu-

tron, 12586-31-1; 1-chlorodecane, 1002-69-3; hexahydroindanH,
496-10-6; trans-decalinH, 493-02-7.

P(q) = Py(q) (14A)
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ABSTRACT: The adsorption of polymers onto a surface from a 6 solvent is treated in terms of a mean-
field model based on a Cahn—de Gennes approach. In particular, we calculate the forces between two such
polymer bearing surfaces and compare our results in some detail with available experimental data on force
profiles between mica surfaces bearing adsorbed polymer near the 6 temperature. All parameters in our
model may be estimated from experiment. The predicted force profiles are in very good qualitative agree-
ment with the experimental data, though the absolute spatial and energy scales are smaller for the calcu-
lated profiles by factors of ca. 4 and 2.5 relative to experiment. The causes of this discrepancy and possi-

ble improvements to the model are considered.

I. Introduction

The technological importance of colloid stabilization
and destabilization (or flocculation) by polymers has
resulted in extensive experimental and theoretical stud-
ies of polymer adsorption and the resulting force between
two coated surfaces; the situation to about 1982 is sum-
marized in comprehensive reviews.l'? Generally, the
adsorption free energy of a high molecular weight poly-
mer attracted to an interface greatly exceeds thermal ener-
gies, leading to a quasi-irreversible attachment,; i.e., after
a long incubation of a surface in contact with a polymer
solution, the solution may be replaced by pure solvent
with negligible reduction of the surface excess (in the
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case of polymers that are very marginally adsorbed, some
desorption may occur on washing). When two such sur-
faces are brought together, the mutual interaction arises
from a balance between (attractive) bridging and the
increased osmotic polymer—polymer coupling resulting from
the augmented concentration between the plates. Thus,
it is not surprising that the disjoining pressure is very
sensitive to the structure of the segment distribution for
adsorbed polymers.

For a single surface, the interfacial structure of adsorbed
polymers has been actively investigated in recent years.
Theoretically, Scheutjens and Fleer® have applied the
transfer matrix formalism,* in conjunction with a Flory-
Huggins free-energy functional for the polymer solution.
Bulk polymer solution properties in good solvents often
differ appreciably from mean-field results, in close anal-
ogy to critical phenomena;® in order to ensure compati-
bility with bulk properties, de Gennes® generalized the
Cahn approach’ for interfacial energies to obey correct
scaling relations for polymer solutions. The boundary
condition at the interface used in this scaling theory for
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