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Abstract

The gelation of syndiotactic polystyrene (sPS) in THF in the presence of high molecular
weight PEGDME was investigated in detail using contrast-matching SANS complemented by
in situ FTIR. Using the contrast-matching method, the scattering contribution of each of the
two polymers in the common solution in THF at high temperature (110 °C), in the single-coil
conformational state and in the gelation state of sPS (below 40 °C and down to 10 °C) was
observed, and the structural characterization of the polymer coils and the junction structures
of the gel was obtained. The local scale conformation of the two types of polymer molecules
in the different regimes was additionally monitored by FTIR. The gelation and melting
temperatures were determined by DSC. sPS changes from the amorphous coil to the helical
TTGG conformation when the gelation temperature is passed, forming fibrillar morphologies
with a local 2D aspect due to cooperative interactions with the solvent molecules. These are
the junction structures of the large-scale network morphology of the gel. The high molecular

weight PEGDME transitions from the amorphous coil to an elongated amorphous
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conformation and incorporates into the fibrillar morphology together with the sPS during the
gelation process. High Mw PEGDME alone in THF forms a "house of cards" gel consisting
of stacked lamellar structures on a smaller length scale, as shown by the scattering data. Thus,
in the presence of sPS, smaller and softer structures appear as a result of a cooperative
gelation process controlled by sPS. Incorporation of high Mw PEGDME into these aggregates
leads to polymer nanocomposites that can render the sPS hydrophilic, a topic that should be

the focus of future structural and morphological studies.

Introduction

Syndiotactic-polystyrene (sPS) is a relatively new material [1] that shows a complex
polymorphic behavior, including five different crystalline forms in which the chains adopt
either a planar zig-zag (a- and B-form) or a TTGG helical (y-, 8- and e-form) conformation
[2-4]. sPS is also able to form different kinds of co-crystalline (clathrate) phases with a large
number of small organic molecules which can be incorporated as guests in the cage- or
channels-like cavities between the polymer helices of the 8- and e-forms, respectively [5-7].
Solvent-induced crystallization by using either the film casting from solution or the exposure
of amorphous films to solvents in vapor or liquid state leads to formation of helical co-
crystalline d and & forms, depending on the solvent type. Moreover, the initial guest
molecules in sPS co-crystals can be replaced smoothly with other kind of molecules by
exposure to vapors or liquid [8, 9]. The guest exchange procedure has the advantage to enable
sPS to form co-crystals even with chemical compounds that are difficult to incorporate into
the crystalline region by usual solution-cast and solvent-induced crystallization methods.
Following suitable guest extraction procedures emptied clathrate forms of s-PS (3¢- or &c-
forms) may also be obtained, which correspond to pure helical form of s-PS free from the
guest molecules. The d. empty form is different from the y-form, which is also a pure helical
form that is free of guest molecules, and is obtained either by annealing or heating the
clathrate 6 form in the temperature range 110-170 °C, which purges away the solvent
molecules and yields closely packed helical chains in the crystal lattice [10]. The clathrate
forms are interesting for applications, when active guests can be incorporated in the sPS
films, leading to advanced materials for optical and magnetic applications [11-14], while the
emptied clathrates can find application as molecular sieves [15], for water purification from

chlorinated hydrocarbons.
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It has been found that chemical compounds consisting of ethylene oxide repeat units
(C2H40), seem to possess sufficient affinity to become a guest of sPS co-crystals via guest
exchange procedure. This was confirmed in linear polyethylene glycols (PEGs) with
molecular weight (Mw) up to 1000 g/mol [16]. To answer the question of how such long-
chain compounds can be introduced into the crystalline cavities of the sPS lattice and what
conformation they adopt, it is desirable to obtain information on the general molecular shape
and local molecular structure of PEGs. This was elucidated in the case of the co-crystal
systems of sPS and short polyethylene glycol dimethyl ether (PEGDME) or triethylene-
glycol dimethyl ether (TEGDME) by a simultaneous experimental approach combining
measurements by small-angle neutron scattering (SANS) and Fourier-transform infrared
(FTIR) spectroscopy [17], with the film samples prepared by applying the guest exchange
procedure between the initial guest (CHCls) and the final guest (PEGDME or TEGDME).
However, although the guest exchange procedure is a useful method applicable for a variety
of chemical compounds, there is a practical problem for the co-crystallization of sPS with
PEG: the higher the molecular weight of the PEG guest, the longer the time required for this
procedure, which is attributable to a significant decrease in the diffusivity of PEG with
increasing molecular weight. Accordingly, it is unrealistic to adopt the guest exchange
procedure for the preparation of sPS co-crystals containing high-molecular weight PEG.
Recently it was found that sPS cocrystal films containing n-alkyl carboxylic acid (n-CA)
could be manufactured not only by applying the guest exchange procedure to sPS cocrystal
films but also by casting a chloroform (CHCI3) solution containing two solutes, namely, the
host sPS and the guest n-CA [18]. Taking into account that solvent molecules are often
embraced in the crystalline region as guests when sPS films are prepared by casting from
solution, it is reasonable that a chemical species dissolved as a co-solute is taken into the
crystalline region if its affinity to the cavity of the sPS cocrystal lattice is larger than that of
the solvent molecule, as in the case of chemical compounds consisting of ethylene oxide
repeat units. Therefore, a new manufacturing process for sPS/PEG cocrystal film formation
was tested recently by casting binary solute solutions of the two components at different
weight ratios in CHCl; [19]. It was concluded that the procedure may be applicable PEG
with molecular weight as high as 20000 g/mol. According to previous studies [20] the PEG
molecules are distributed not only in the crystalline region but also in the amorphous region,
therefore in the case of high Mw PEG involved in the sample preparation it may be

considered that parts of the PEG chain may be included in the amorphous region.
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On the other hand, the thermoreversible gelation of highly stereoregular polymers such as
sPS proceeds in two steps [21, 22]: a first step is an intramolecular coil-to-TTGG helix
transition by clustering of several chain segments or by organization of a single chains
segment, which is followed by an intermolecular association of multiple helix segments that
leads to the formation of the network structure. The gel properties depend on the structure of
the junction zones of starting gel. Depending on solvent type and/or thermal history, two
kinds of gels were reported, elastic gels that are characterized by helical chain conformation
and paste-like opaque gels characterized by trans-planar zigzag chain conformation.
Moreover, it was shown [23-26] that the characteristic shared by these thermoreversible gels
is the existence of fibre-like structures that seem to imply the absence of chain folding. sPS
would then produce fibrillar physical gels owing to helix stabilization by the solvent
molecules that suppresses chain folding and promotes formation of crystalline phase with
preferentially fibrillar morphology. It was also demonstrated by XRD [27, 28] and neutron
diffraction (ND) and SANS [24, 25] experiments that the structure of sPS fibrils in the gel

form is identical to that in the sPS & co-crystalline phase (clathrates and intercalates).

Studies of gelation of s-PS in dichloroethane (DCE) in the presence of low Mw PEG
indicated that an increase of the PEG content in the gel led to change the structure of s-PS
from a helical conformation to a trans-zigzag one [29]. Another work has shown that when
PEG is dissolved along with the sPS in THF and sPS is allowed to undergo thermoreversible
gelation a PEG-rich solution formed separate domains inside the gel, of a size that is a
function of the concentration and Mw of PEG [30]. However, the interaction mechanism
between the sPS and high Mw PEG molecules in the transition from solution to gel state is

still a subject that requires further investigations.

In this work, we report the characterization of the physical gelation of sPS in the presence of
high molecular weight PEGDME from THF solution by contrast variation SANS. The choice
for PEGDME was to avoid clustering effects, which, as reported in [31], depend of the
polymer chain end groups. Formation and evolution of the structure and morphology at
different gelation temperatures in transition from the single-coil conformation of the two
polymer species at 110 °C to the ordered regular conformational of sPS in gel phase is
additionally characterized by FTIR analysis of the samples simultaneously with SANS. The
cooperative gelation process of sPS and high molecular weight PEGDME in common
solution in THF is discussed in a parallel analysis of the structure and morphology formed by

the two polymer species when present alone in THF solution. The formation and melting
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temperatures of sPS and PEGDME gels in common and individual solution in THF were
determined by DSC, which provided the reference for the temperature around which the
detailed analysis of the conformational change between the simple coil and the regular form

of sPS as a function of solution composition was conducted.

Experimental
Materials and sample preparation

Syndiotactic polystyrene (sPS) (weight average molecular weight Mw = 1.1 x 10° g/mol and
dispersity 1.9) was synthesized in both protonated (h-sPS) and deuterated (d-sPS) states
according to the coordination polymerization developed by [1], using styrene monomers with
a purity higher than 98% purchased from Cambridge Isotope Laboratories. PEGDME with
Myw =2 x 10* and 4 x 10* g/mol were synthesized in house in both protonated (h-PEGDME)
and deuterated (d-PEGDME) states using anionic polymerisation and characterized by size
exclusion chromatography [32]. Tetrahydrofuran (THF) was purchase in both protonated (h-
THF) and deuterated (d-THF) states from Sigma—Aldrich and used without further
purification.

For the study of gelation of sPS and PEGDME from common solution in THF and structure
and morphology analysis, the polymers were mixed in proper amounts in THF to obtain final
solutions with 5% sPS and 1% PEGDME v/v%, respectively. sPS and PEGDME were also
characterized separately in THF solutions. PEGDME of 20K and 40K were considered for
the structural study. For the gelation and melting analysis with DSC the solutions were
prepared for 5% sPS and 3% PEGDME v/v% in THF. sPS and PEGDME40K were also
investigated separately in THF solution. The small angle scattering of neutrons arises from
the fluctuations of the scattering length density (SLD) within the sample. For a ternary
system containing THF, sPS and PEGDME, the macroscopic cross-section can be expressed

in terms of the partial structure factors as

dZ/dQ(Q) = (psps — prrr)? Ssps-sps(Q) + 2(psps — prHF)(PPEGDME — PTHF) Ssps-PEGDME(Q) (1)

+ (ppreGDME — PTHF)? SPEGDME-PEGDME(Q)

The partial scattering functions contain structural information about the sPS and PEGDME in

their solute or aggregated state and their mutual interaction. This information in principle
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may be accessed separately by proper variation of the SLDs of the components in the ternary
system (Table 1) by D-labelling, thereby varying the contrast factors in Eq. 1. In order to
achieve the neutron contrast matching conditions between one polymer species and the
solvent in the initial solution and to keep the incoherent level at lowest level the following
combination schemes were used to specifically enable only one polymer species “visible”
while rendering the other one “invisible” in the SANS experiments: (i) h-sPS and d-
PEGDME in d-THF that enabled the sPS visible; (ii) d-sPS and h-PEGDME in d-THF for the
PEGDME visible; (iii) h-sPS and h-PEGDME in d-THF to have both polymers visible.

Sample SLD [10° A2

h-PEGDME 0.64
d-PEGDME 6.90
h-sPS 1.40
d-sPS 6.42
h-THF 0.20

d-THF 6.35

The polymer solutions were prepared in tightly sealed sample cells made of bras and

equipped with ZnSe windows, allowing a beam path of 1 mm.

Measurements

For simultaneous SANS/FTIR measurements, an experimental setup combining a compact
portable FTIR spectrometer (Perkin-Elmer, Spectrum Two) and an optical system that plays
the role of beam mixer and selector was used. The optical system consists of a set of mirrors
that allows the extraction of the IR beam out of the spectrometer, enabling the coaxial
irradiation of sample by both the neutron and the IR beams, and the reflection of the scattered
IR beam back to the spectrometer, while enabling the scattered neutrons to arrive onto the
neutron detector placed a different distance from the sample. A detailed description of the
experimental setup can be found elsewhere [17].

During simultaneous SANS and FTIR experimental investigation the samples were heated in-

situ at about 110 °C (well above the boiling points of THF) and then cooled down to different
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temperatures using an oil bath controlled from the SANS measurement software. SANS and
FTIR characterizations were carried out simultaneously at different gelation temperatures,
where a translucent gel was yielded. Empty sample container and solvent sample was
prepared and measured additionally.

The simultaneous SANS/FTIR measurements were carried at the BL15 beamline (the small
and wide-angle neutron diffractometer TAIKAN) at J-PARC, Tokai, Japan [33] and at the
KWS?2 diffractometer of the Jiilich Centre for Neutron Science (JCNS) at Heinz Maier-
Leibnitz Zentrum (MLZ), Garching, Germany [34]. At TAIKAN using the time-of-flight
method with a wide wavelength band (A from 0.7 to 8 A) a Q-range between 0.005 and 5 A”!
may be covered using the small-, middle- and wide-angle detectors. At KWS-2 the pinhole
SANS method with A = 5 A and neutron acquisition with the main detector placed at different
detection distances between 2 m and 20 m after the sample enables a Q-range between 0.001
and 0.6 A-'. Additional SANS measurements were carried out on selected samples and
conditions at KWS-2 using the pinhole mode with a longer wavelength A = 20 A and the
focussing mode with neutron lenses and a secondary high-resolution detector [35], which
enabled to reach the Qmin =2 x 104 A",

The measured two-dimensional SANS data were subjected to typical corrections for the
empty cell contribution, instrumental background and detector sensitivity, calibrated in
absolute units of cm™ by using the secondary standard sample of glassy carbon at TATIKAN
and of Plexiglas at KWS-2, and radially averaged to deliver the one-dimensional scattering
intensity I(Q).

Transmission IR spectra were taken simultaneously with SANS with a resolution of 2 cm™! at
1 min intervals. For measuring the time dependence of IR spectra and analyzing them,
commercially available software (PerkinElmer, Timebase) was employed.

DSC characterizations of a h-sPS solution in h-THF and a common h-sPS and h-PEGDME
solution in h-THF were carried out using a differential scanning microcalorimeter Setaram
DSC131 EVO and samples sealed in stainless steel crucibles. The gels obtained by pre-
cooling homogeneous solutions in THF from 110 °C for sPS and mixed sPS-PEGDME and
from 50 °C for PEGDME were transferred to sample crucibles. Samples were heated to the
highest target temperature (110 °C if sPS was present, 50 °C otherwise) and DSC scans were
performed under a nitrogen atmosphere at a cooling/heating rate of 5 °C/min while samples

were cooled to the gel phase, followed by heating to observe the melting of the gel.
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Figure 1 — Thermal behavior of the samples consisting of 5 % h-sPS and 3 % h-PEGDME40K in
common h-THF solution (blue line), 5 % h-sPS in h-THF solution (green line) and 3 % h-
PEGDME40K in h-THF solution (red line), determined by DSC during the melting and gelation

processes.

Results

The DSC thermograms with cycled cooling/heating procedure of the sPS and of
PEGDMEA40K individual solutions in THF and of sPS and PEGDME40K common solution
in THF for the polymers volume fraction in solution of ¢p = 5% and 3% for sPS and
PEGDMEA40K, respectively, are shown in Figure 1. Formation of sPS gel in THF occurs at
around T¢ = 35 °C, while its melting takes place at higher temperatures over a broader range
between 70 °C and 80 °C. Gelation of h-PEGDME40K in THF appears at 25 °C, while the
melting at around 20 °C. The common solution of sPS and PEGDME40k in THF shows only
one gelation peak, at around Tc = 40 °C, while in melting two process can be observed: the
first one takes place at around 20 °C and can be assigned to melting of PEGDME40K gel,
while the second that appears over a broader range of higher temperatures, between 75 °C
and 85 °C, corresponds to the melting of sPS gel. The behavior of the sample containing

both polymers in common THF solution with only one gelation peak and two melting peaks
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is characteristic of the co-assembly of the two polymer species, with the melting occurring at

the characteristic temperature T, of each species, as observed for other systems too [36, 37].
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Figure 2 — Small angle scattering cross sections measured at 30 °C from a solution of h-PEGDME20k
in d-THF at different polymer volume fractions ¢, in solution, in a log-log presentation (a), the
Kratky-plot presentation of the scattering results obtained for ¢, = 0.25 % (b) and the structure factor
that characterizes the scattering of highly concentrated samples (c). The solid black lines in panel (a)
show the power-law behavior of the scattering intensity in different Q-ranges, the solid red line
depicts the model interpretation of the data for the lowest polymer concentration, as described in the
text, while the dotted lines represent the contributions of the two structural levels considered in the
model. The solid red line in panel (b) has the same meaning as in panel (a), while the green line

indicates the signal from a rod-like morphology (see text).

Figure 2a shows the experimental SANS patterns measured on h-PEGDME20K solutions in
d-THF for different polymer volume fractions ¢p at 30 °C. For the most dilute sample (¢pp =
0.25%) the power law exponents (QP) specific for different morphologies of the polymer at
different length scales in solution are indicated. At small Q, where the Guinier region is
observed, the radius of gyration R of the polymer coil can be determined. At medium Q, a

characteristic decay exponent indicates the quality of the solvent: chains in a theta solvent
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without interaction with excluded volume form Gaussian coils with a characteristic decay p =
2 of the scattering intensity, while chains with excluded volume in a good solvent, such as
PEO in THF [38], give an exponent p = 5/3. For semiflexible polymer chains, a transition to
Q! behavior follows at higher Q, whereby the polymer chain looks like a rod-like segment on
the length scale of the persistence length Ip. A polymer chain that gives rise to such scattering
features in SANS or SAXS can be described by the persistent wormlike chain model
established by Kratky and Porod [39]. Such polymer chains are characterized by long- and
short-range interactions and consist of average linear segments of a certain length, Ix = 2 Ip,
where Ik is the Kuhn step length, and a certain cross-sectional area Ak, i.e. the two-
dimensionally averaged, cross-sectional radius of gyration Rc orthogonal to the contour
length of the chain. Ik refers to the contour length L of the polymer chain by L = nk Ik, where
nk is the number of Kuhn units in the chain. A high molecular weight PEGDME chain in
dilute solution can therefore be treated with the Kratky-Porod model of a wormlike chain for
a persistent chain. Alternatively, it can be generally assumed that in a freely jointed chain,
rod-like segments of length Ik form a polymer chain of fractal mass dimension d¢r= 5/3 or d¢=
2 for the polymer in good or theta solvent, respectively, as proposed by Beaucage [40]. The
interpretation of the scattering pattern for ¢p = 0.25% using the proposed unified function

[41, 42] was done by considering the contribution of two structural levels, namely the overall
dimension (radius of gyration) of the coil and the substructural level lp, as used in other
similar structural studies [43]. The unified equation applied to the two structural levels of a

persistent Kratky-Porod chain is given by:

2 2 271 2
I(Q) = {Gzexp <—Q };gz >+ Bjexp <—Q 3lp )(q;)—dfz} +

QZR 2 2 C2 e
{Grexp (- 252 + Brexp (- £5<) (a4 @

where

* Q
n = [{erf(LerRg/x/E)}3 )

for the two structural levels under considerationn =1, 2.
The first bracket and the subscript "2" in Eq. 2 refer to the Guinier regime in the low Q range,
starting from the observed plateau and the bending of the scattering profile to high Q. The

10



298
299
300
301
302
303
304

305

306
307
308
309
310

311

312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

second bracket and the subscript "1" describe the persistent rod-like scaling regime. The
fractal mass dimensions of the considered structural levels are described by the exponent df,
namely dr = 5/3 or dr = 2 for the polymer in good or theta solvent or df= 1 for the rod-like
morphology. A third term (the component "0") can be added to Eq. 2 if the scattering due to a
different local structural level is observed at very high Q values resulting from the cross-

sectional radius of persistence

{Goexp (—22°) + By (g5)~*) )

G2 is the Guinier pre-factor (“forward-scattering”) and Ry is the radius of gyration
characterising the Guinier regime. For the persistent rodlike scaling regime G1 = G2 / nx and

Rg1 is defined as

2

lP Rc
R, = |2 +5
g1 3 2

6))
The pre-factor Go is defined as Go = Gi (Rc/(2lp))?, as described in [41, 42]. Finally, the pre-
factors By is the Porod pre-factor for a rod structure of length 21p, while B; and B> relate to G
and Rg1 and Gz and Ry, respectively, as described in [43] in details.

However, due to the limited Q range in our experiment, the length scale characteristic of the n
= 0 structure level could not be reached. Therefore, the experimental data were characterized
by the model described in Eq. 2. The red curve in Figure 2 shows the result of the model fit.
The contribution of the two structural levels considered is indicated by the dashed red and
black lines. The model interpretation of the experimental data yielded the most important
quantities for the structural characterisation of the high Mw PEGDME in THF, namely the
sizes Ry = 52.7 A and Ip = 4.75 A as well as the forward scattering of the polymer in solution
Io = G2 =0.245 cm™!. The “forward scattering” of an ensemble of protonated polymer coils
dissolved with a volume fraction ¢p in deuterated solvent is defined as Io = ¢pp Ap? Vm, where
Ap is the neutron contrast representing the difference in SLD between the protonated polymer
and the deuterated solvent, and Vi, is the molar volume of the polymer chain. The calculation
of the “forward scattering” from a volume fraction ¢p = 0.25% of h-PEGDME20K in d-THF
considering the SLDs from Table 1 and a polymer mass density of 1.125 g cm™ resulted in a

value of the "forward scattering" of Io°3¢ = 0.240 cm’!, which is very close to the measured

11
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and fitted values. Figure 2b shows in a Kratky plot the scattering data of the lowest polymer
concentration in THF and the fit results according to Eq. 2 represented by the red curve. The
peculiarities of a Kratky-Porod chain can be clearly seen when compared with the feature of a
rod-like morphology, as indicated by the green line resulting from fitting the high Q portion
of the experimental results with a Q! power law.

As the volume fraction of the polymer in solution increases, correlation effects between the
polymer coils contribute to the scattering intensity, as shown in Figure 2c, as evidenced by
the structure factor S(Q). Typically, the scattering intensity of an ensemble of concentrated
scattering centers, such as polymer coils in solution, is expressed as I[(Q) = Io P(Q) S(Q),
where P(Q) represents the form factor of the polymer coil, which reflects the intraparticle
correlations, while S(Q) represents the structure factor arising from the interparticle
correlations. At low ¢p, in the dilute regime, S(Q) = 1, while with increasing ¢p S(Q) starts to
become significant. S(Q) can be determined by dividing I(Q) measured for a high ¢p by the
intensity of the highly diluted particle ensemble, which is shown in Figure 2, considering that
S(Q) =1 for ¢pp = 0.25 %. For the highest volume fraction ¢p = 2 %, a correlation distance of
about 60 A between the polymer coils can be estimated from the evaluation of the peak
position in S(Q).

The SANS scattering patterns of sPS and PEGDME20k individual solutions in d-THF at two
temperatures, 110 °C and 35 °C, above and just before the gelation point of the sPS in
solution are shown in Figure 3 in parallel with the SANS patterns of the two polymers in
common solution in d-THF, which were acquired for the contrast conditions that make each
of the polymer species "visible" during the measurement. The insert in Figure 3 shows the
same results in a Kratky plot. The results shown in Figure 3 were measured at the BL-15
Taikan beamline at J-PARC. The results from individual polymer solutions in d-THF are
shown by symbols in Figure 3. Both the sPS and the PEGDME20K are in coil form at 110
°C. The scattering characteristics typical of semiflexible coils are indicated by the power
laws, similar to Figure 2. The PEGDME20K result for ¢p = 1 % agrees very well with the
result reported in Figure 2, measured with the KWS-2 SANS diffractometer at 30 °C, and
thus shows a structure factor effect superimposed on the polymer form factor signal. It can be
assumed that the scattering pattern of the sPS is also influenced by correlation effects
between the polymer coils, although no detailed experimental analysis was performed on sPS

solutions with different ¢p. According to earlier SANS studies [23-25], sPS behaves like a
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worm-like chain in benzene, toluene, chloroform or naphthalene-based solvents at high
temperatures.

At 35°C, the sPS alone in solution provides a strong scattering signal at low Q that deviates
significantly from single coil scattering. This indicates that some of the sPS chains have
assembled into an elongated, possibly fibrillar morphology, as indicated by the Q™! power law
of intensity observed towards low Q, while most of the chains are still in the coil
conformation, as no noticeable decrease in intensity is observed at high Q. The formation of
the sPS-1D assemblies is driven by cooperative interactions between the sPS segments and
the solvent molecules as the gelation temperature of the polymer is approached. The Q!
power law behavior observed at low Q values indicates the formation of a fibrillar
morphology as reported in [23, 26], which may represent the junctions that promote the

formation of the polymer gel.
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Figure 3 — Small angle scattering cross sections measured on sPS (¢, =5 %) and PEGDME20k (¢, =
1 %) in common d-THF solution at decreasing temperature, from single coil conformation at 110 °C
to gelation of sPS at 35 °C, in parallel with the results obtained on individual polymer solutions in d-
THEF. The sPS/PEGDME20K/d-THF ternary system was measured under different contrast conditions
that make one of the two polymer components visible, as indicated in the legend. The solid black lines

show the power law behavior of the scattering intensity in different Q-ranges. The inset shows the
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same results in a Kratky-plot, with the black line representing the signal from a rod-like morphology

and the vertical arrow indicating the structure-factor effect for the PEGDME alone in solution.

The scattering of sPS from a joint solution with PEGDME20K in d-THF, measured at 110 °C
under a contrast condition that renders the PEGDME20K "invisible", agrees with the
scattering of sPS alone, indicating that the sPS is in single coil conformation at this
temperature. The contrast condition that makes PEGDME20K "visible" and sPS "invisible"
shows that the scattering pattern of PEGDME20K in single coil conformation is clearly
different from that of PEGDME20K in simple THF solution for the same ¢p = 1 %: no
structure factor effect is observed and the scattering properties are similar to those of very
low ¢p in simple THF solution (Figure 2). Thus, the correlation effects between
PEGDME20K coils at ¢p = 1 % disappear in the presence of the "invisible" sPS in solution,
and the scattering pattern only reveals the form factor of the PEGDME20K.

The Kratky plot of the results in the inset of Figure 3 clearly shows that the PEGDME20K
adopts a worm-like conformation in the joint THF solution with sPS at ¢p = 1 %: For the
contrast condition visualizing the PEGDME20K, the same peculiarities are observed as for
the single polymer solution at the much lower polymer concentration in THF, shown in
Figure 2b. The effect of the structure factor characteristic of the single polymer solutions at
these high concentrations or affecting the sPS coils in the mixed solution, as evidenced by the
experimental results measured under the sPS contrast, is indicated by the vertical arrow in the
inset of Figure 3. These effects clearly lead to deviations from the scattering pattern
characteristic of a worm-like coil conformation.

A schematic representation of the conformation of the polymers in single and joint solution
for different scattering contrast conditions is suggested in the sketch in Figure 4.

The h-sPS/d-THF sample was additionally characterized on the KWS-2 diffractometer,
complemented by in situ FTIR, simultaneously with SANS. The SANS patterns are
consistent with those in Figure 3. The conformational range of the FTIR spectra recorded
simultaneously with SANS at two temperatures, 110 °C and 35 °C, is shown in Figure 5. The
spectra show the characteristic bands of sPS in amorphous coil form in solution at 110 °C
(538 cm™!) and in helical TTGG conformation of the junctions in gel form at 35 °C (549 c¢cm’!
and 572 cm™). The configuration of the bands is similar to that reported in [22] in the study
of sPS gelation in chloroform, benzene and toluene. The right inset in Figure 5 shows the
time evolution of the band at 572 cm™! after reaching the temperature of 35 °C on the sample

until its saturation, which shows that the gel is stabilized after about 15 minutes after reaching
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the set temperature, which is information used at the beginning of the acquisition and analysis
of the SANS data. According to [44], gelation in SPS/o-dichlorobenzene and SPS/carbon
tetrachloride systems is completed within a few minutes at room temperature, whereas in

SPS/chloroform it proceeds very slowly with a time scale of several tens of hours or longer.
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Figure 4 — Cartoon depicting the proposed single chain arrangement of PEGDME in THF in the low
and high polymer concentration samples and the single chain arrangements of PEGDME and sPS as
revealed by the SANS contrast matching experiments. The correlation effects between the PEGDME
chains observed at high polymer concentration in THF alone were no longer observed when sPS was

added, as shown in the right column.

With all this information about the gelation/melting temperatures and the onset of gelation
associated with a conformational change of sPS between a single coil and a helix in
individual or joint polymer solutions, a detailed simultaneous SANS and in situ FTIR
characterization of sPS-PEGDME20K in a joint solution of d-THF was performed by
lowering the temperature from 110 °C to 20 °C, using the contrast matching for SANS.
Selected FTIR spectra at these two temperatures are shown in Figure 6, corresponding to the
different contrast conditions used in SANS. The region of the spectra corresponding to the
conformational bands of sPS (580 cm™! to 520 cm!) shows essentially the same patterns as

those shown in Figure 5 for the contrast conditions that visualize sPS in the SANS
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experiment (h-sPS). In the presence of PEGDME20K, the h-sPS bands corresponding to the
helical conformation at 20 °C are more pronounced, which is in good agreement with the
DSC observations showing that gelation occurs in the joint sPS and PEGDME20K solution in
THEF at higher temperature than in the case of only sPS in THF (Figure 1).

The spectral region corresponding to the PEGDME conformational bands (1400 cm™ to 1200
cm!), in which the characteristic bands of h-PEGDME should appear in amorphous (1352
cm!) and helical (1345 cm™ and 1364 cm™) conformation [45], shows no qualitative change
with decreasing temperature down to 20 °C, indicating that the PEGDME20K does not adopt
a helical conformation below the gelation temperature of sPS. However, from the DSC
observations, we can already infer that although the PEGDME20K molecules do not form a
regular helical structure, segments of the long molecules can still adopt an elongated
conformation and that they are entrapped by the fibrillar sPS aggregates after a co-assembly

process with sPS driven by sPS gelation.
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Figure 5 — IR spectra in the conformational band region of sPS in d-THF, measured at two
temperatures, above and at the gelation point observed by DSC (Figure 1). The FTIR measurements
were performed in-situ, simultaneously with the SANS experiment. The left inset shows the aspect of
the sample at the end of the experiment revealing the translucent polymer gel, while the right inset

shows the temporal evolution of the integrated intensity of the band developing at 572 cm™.
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The SANS patterns shown in Figure 7 were recorded simultaneously with the FTIR analysis
under different contrast conditions that "visualize" either the sPS or the PEGDME20K. Both
polymers are in a single coil conformation at 110 °C, as can be seen from the form factor
scattering features. At 20 °C, the scattering features of polymer assemblies appear due to the
gelation process driven by sPS. According to DSC and FTIR observations, these are
structures formed jointly by sPS and PEGDME20K, with sPS adopting the crystalline helical

conformation and PEGDME20K having an amorphous elongated conformation.

——110°C
h-sPS & h-PEGDME ——20°C

h-sPS & h-PEGDME

580 570 560 550 540 530 520 1450 1400 1350 1300 1250 1200

h-sPS & d-PEGDME

d-sPS & h-PEGDME

580 570 560 550 540 530 520 1450 1400 1350 1300 1250 1200

cm” cm’”

Figure 6 — Selected regions from the FTIR spectra measured at different temperatures simultaneously
with SANS on a common sPS and PEGDME20K solution in d-THF, for different neutron contrast

conditions, as indicated in the panels.

Two power laws can be recognized in the scattering patterns at medium and low Q ranges,
especially under sPS contrast conditions: The Q2 power law observed in the medium Q range
turns into a Q! power law at low Q values, indicating the formation of elongated structures
with a 1D overall aspect that exhibit a 2D aspect on a smaller length scale corresponding to

the lateral size of the aggregates. Fibrillar or platelet-like morphologies result in such a
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scattering pattern. These polymer aggregates are mainly composed of helical sPS with
elongated PEGDME20K segments sandwiched between sPS helices, which are the junctions
of the polymer gel. Therefore, both sPS and PEGDME20K should have long segments that
are still amorphous and extend away from the aggregating objects, resulting in the network-
like character of the gel. At high Q, the power-law behavior of the scattering intensity for
both contrast conditions suggests a single coil form factor, which could correspond to the
larger coils still in solution and the smaller amorphous segments extending away from the

polymer aggregates.

PEGDME20k visible
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0% - 20% b)
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Figure 7 — Small angle scattering cross sections measured under different contrast conditions of sPS
(¢p =5 %) and PEGDME20k (¢, = 1 %) mixed in common d-THF solution at decreasing temperature
from the single coil conformation regime at 110 °C to the gelation regime of sPS at 20 °C shown in
log-log representation (a) and in as Kratky plots (b, ¢). The contrast conditions visualize always one
of the two polymer components as indicated in the legend. The solid black lines show the power law

behavior of the scattering intensity in different Q-ranges.
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On the other hand, the fact that in the sPS contrast condition at low temperatures, the
intensity at high Q decreases compared to the intensity at 110 °C suggests that a large number
of sPS chains are already incorporated into the aggregates in spiral conformation, reducing
the volume fraction of the sample occupied by the polymer still in coil form. The observation
that both patterns follow the same qualitative behavior under sPS and PEGDME20K contrast
conditions, differing only in intensity (which is much higher in the case of the "visible" sPS),
suggests that sPS and PEGDME20K are uniformly distributed in the aggregates formed by
association involving both polymer species. Since the contrast between the two polymer
species in hydrogenated form and the deuterated THF is quite similar (Table 1), the
difference in intensity can be attributed to the different volume fraction of the two polymer
species within the aggregates. Assuming a homogeneous distribution of the two types of

polymer molecules within the aggregates and also the compact aggregates, then

- _ g8 » -agg agg agg 2
1(Q) = baggpies = q’agg(‘bzpsApsps + $pEepMEAPPEGDME (6)

with @age - the volume fraction of the sample occupied by the aggregates, Apagg - the contrast
between the aggregates and their surroundings, and the factors on the right-hand side of the
equation within the paranthesis, which represent the volume fraction of an aggregate
occupied by one of the two polymer species, multiplied by the corresponding contrast factor
squared. Thus, for each contrast condition, one of the two terms on the right-hand side within
the paranthesis disappears, so that the measured intensity is proportional to the volume
fraction of the "visible" polymer species within the aggregate. A rough estimate of the
intensity at Qmin for each of the contrast conditions in Figure 7 shows that the volume fraction
of the aggregate occupied by sPS is about five times larger than that of PEGDME20K, which
corresponds to the ratio between the two volume fractions of the polymers in the original
joint solution. The co-assembly process thus leads to a homogeneous distribution of the two
polymers within the aggregates.

The results of the SANS measurements performed on a joint sPS and PEGDME40K solution
in THF at decreasing temperature between the single coil mode at 110 °C and the co-
assembly regime at 10 °C are shown in Figure 8. The Q range was extended to lower Q
values compared to the previous SANS analyses. The same type of scattering features were

observed as in the case of PEGDME20K. At very low Q values, a tendency towards an
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increase in intensity with respect to the Q! behavior can be assumed (vertical arrow mark),
which could be related to the scattering from the large-scale network-like gel morphology.
In an early SANS study on physical gels formed by sPS in CDCl;, the data were interpreted
using a model combining mass and surface fractal features with the approach of Guinier and

Kratky plots [46].

PEGDME40k visible
o 110°C
a 10°C

4 sPS visible

Q o 110°C

A 10°C

1072 +—— e
1073 1072 107"

Q[A ]

Figure 8 — Small angle scattering cross sections measured under different contrast conditions of sPS
(¢p =5 %) and PEGDME40k (¢p = 1 %) mixed in common d-THF solution at decreasing temperature
from the single coil conformation at 110 °C to the gelation state of sPS at 10 °C; panels a, b, ¢ and

lines and symbols with the same meaning as in Figure 7.

Motivated by the observation of the scattering features in the SANS patterns measured in the
gel state, namely the observed Q2 power law at medium Q, indicative of the 2D aspect of the
aggregates at the lower size scale, and the Q! power law at low Q, characteristic of the
overall 1D aspect of the aggregates at the larger length scale, for the simultaneous
interpretation of the scattering data measured at 10 °C for the three contrast conditions (sPS
visible, PEGDME40K visible and both polymers visible), a model combining the form factor
of a long parallelepipedon [47] with the coil form factor at high Q values and a Q-3 power law
in the very low Q range was used. The parallelepipedon form results in the Q2 power law

behavior of the scattering pattern at medium Q values, which changes to a Q! behavior
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towards lower Q values. The length of such one-dimensional aggregates in the overall aspect
and the transition to the network generated by such cross-linking structures can be estimated
from the Q value, where the increase in intensity occurs at very low Q and deviates from the
Q! behavior. The coil shape factor represents the scattering contribution at high Q, while the
steeper power law at low Q comes from the contribution of gel morphology with larger

length scale, most of which scatters outside the Q range covered in this experiment.

-1
10 10°C

A PEGDMEA40K visible
1072 sPS visible
O  both visible

0™ 1072 107

QA

Figure 9 — Model interpretation of the SANS patterns of the aggregates formed by gelation of sPS and
PEGDME40K in common solution in d-THF at 10 °C shown in log-log (main plot) and Kratky (inset
plot) representations: the symbols are experimental data measured under different contrast conditions,
as explained in the legend, while the red curves represent the results of simultaneous fitting of all
three SANS patterns, as described in the text; the black and blue solid lines represent the scattering
contribution of the aggregates, while the dashed lines show the scattering contribution of the polymer

coils; the additional contribution of the large-scale gel network is shown as a power law at low Q.

The parallelepipedon model that assumes a rectangular cross section and an elongated aspect

was developed in [47]:
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IO 41T fO fO mQlg sin ¢ cosy mQlp sin @ siny mQl,cos @ sSine d(p dl/) (7)

where Io is the forward scattering, which takes into account the contrast factor squared to the
volume fraction of the scattering objects, la, Ip and I are the side lengths of the
parallelepipedon, and ¢ and i are the polar and the azimuthal angles, respectively.
Additional scattering contributions from the coils of the two polymers connecting the gel
compounds or still in solution and the large-scale gel structure at high Q or low Q were added
to Eq. 7. To simplify the model, the contribution from the coils was modelled using the
unified equation (Eq. 2) for only one structural level with the exponent 5/3 and the main
fitting parameters Iocoil and Rgcoil, while the contribution from the gel at low Q was

interpreted as P3Q >, with the P3 pre-factor as the fitting parameter.

Table 2 — Parameters delivered by the fitting procedure of the experimental data at 10 °C according to

the model discussed in the text.

contrast sPS visible PEGDMEA40K visible
condition
parameter

Ip aggregates [cm™] 563.40 + 22.35 28.59 + 1.90
I, thickness [A] 3522+ 0.99 3522+£0.99

I, width [A] 140.72 £ 3.55 140.72 £ 3.55

e, length [A] 591.10 + 22.34 591.10 £+ 22.34
Tocoil [em™!] 0.34 £ 0.07 0.21 £0.04
Rycoil [A] 62.60 + 7.80 54.1 £6.90

P;[cm! A 2.10E-6 2.5E-7

The results of the fitting procedure applied to the data measured at 10 °C simultaneously for
all contrast conditions are shown as lines in Figure 9. The red lines indicate the global fitting
results, while the blue and black solid lines represent the contribution of polymer aggregates

for the visible PEGDME40K and sPS, respectively. The fitting procedure provided the three
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dimensions of the aggregates, 1. - the thickness, Iy - the width and . - the length, and the

forward scattering lo, which depends on the SLD of the aggregates for the different contrast

conditions considered, i.e. the volume fraction of the aggregate occupied by each polymer

species. In addition, the R, value of the polymer coils and their forward scattering were

determined for each polymer species under the corresponding contrast conditions, as well as

the pre-factor P3 of the Q-3 power law at low Q value. Due to the good separation of the fitted

morphologies on the length scale, the parameters determined by the model interpretation

method are quite reliable. The structure and specific scattering parameters resulting from the

fitting are listed in Table 2. The analysis of the "forward scattering" of the aggregates

according to Eq. 2 shows that the fibrillar, board-like morphologies consist of approx. 83%

sPS and 17% PEGDME40K, which roughly corresponds to the ratio of the concentrations of

the two polymer species in the initial solution in THF. Thus, it can be assumed that segments

of the PEGDME polymer are incorporated into the aggregated structure driven by the sPS

gelation with the solvent molecules, and the fact that no PEGDME crystallization was

observed suggests that the PEGDME segments are located between the sPS helices rather

than forming well-defined domains within the aggregates.
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Figure 10 — SANS patterns of h-PEGDME40K morphology formed in d-THF (¢po1 = 3 %) collected at
10 °C (black symbols), in parallel with the scattering contribution of h-PEGDMEA40K (¢po1 = 1 %)
(green/blue/yellow symbols), when co-assembled with d-sPS in common solution in d-THF
(scattering from d-sPS was matched-out). The power law behavior of the scattering intensity in
different Q-ranges is indicated as explained in the text. The inset shows the results measured over the

conventional SANS-Q range in a Kratky plot.

The inset in Figure 9 shows the experimental data and the overall results of the fit for all three
contrast conditions considered in a Kratky plot. The model describes the scattering features
shown in this plot quite well, although some discrepancies can be observed around Q = 0.03
A-'. However, considering that the model is a rough approximation of a real morphology that
should be characterized by smearing factors of all side lengths specific to all contrast
conditions, we can assume that the interpretation of the scattering data by the
parallelepipedon model generally describes all observed features and the cooperative gelation
of the two types of polymers quite well. The sPS effect on the behavior of PEGDME with
high MW is evident by comparing the scattering pattern of PEGDME40K (¢pot = 1 %) co-
assembled with sPS in common aggregates from THF solution with the scattering pattern of
PEGDMEA40K alone (¢pot = 3 %) in THF at 10 °C, as shown in Figure 10. PEGDME alone
forms a "house of cards" gel in THF, as indicated by the Q- power law behavior at medium
Q, which consists of stacked lamellar structures at smaller length scale, as evidenced by the
interlamellar correlation peak and higher order correlations at smaller length scale, as
indicated by the scattering features observed at high Q. In the presence of sPS, smaller and
softer structures appear, with the PEGDME molecules involved in the formation of fibrillar
morphologies with a localized 2D aspect as a result of a cooperative gelation process
controlled by sPS. These morphologies represent the junctions of a gel network that scatters
at much lower Q values, as shown in Figure 10. Using pinhole and focusing SANS data
collected over a wide Q range, the contribution of PEGDME to scattering from the large-

scale gel structure at very low Q values can be recognized.

Conclusions
Physical gelation of sPS in the presence of high Mw PEGDME from THF solution was

studied by contrast variation SANS. Contrast matching was used to characterize the
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scattering contribution of each component in the ternary system and to follow the behavior of
each polymer species during gelation process. The gelation and melting temperatures of
mixed and individual polymer solutions in THF were determined by DSC. The formation and
evolution of the structure and morphology at different gelation temperatures in transition
from the single-coil conformation of the two polymer species at 110 °C to the ordered regular
conformational of sPS in gel phase was additionally monitored in-situ by FTIR analysis of
the samples simultaneously with SANS. A cooperative gelation process of sPS and high Mw
PEGDME was observed. sPS changes from the amorphous coil to the helical TTGG
conformation when the gelation temperature is passed, forming fibrillar morphologies with a
local 2D aspect, as revealed by the scattering data, due to cooperative interactions with the
solvent molecules. These aggregates are the junction structures of the large-scale network
morphology of the gel. The high molecular weight PEGDME transitions from the amorphous
coil to an elongated amorphous conformation and incorporates into the fibrillar morphology
together with the sPS during the gelation process. High Mw PEGDME alone in THF forms a
"house of cards" gel consisting of stacked lamellar structures on a smaller length scale, as
shown by the scattering data. Thus, in the presence of sPS, smaller and softer structures
appear as a result of a cooperative gelation process controlled by sPS. According to other
structural studies, the structure of sPS fibrils in gel form is identical to the structure of the co-
crystalline phase of sPS o (clathrates and intercalates). The incorporation of high Mw
PEGDME into these aggregates thus leads to polymer nanocomposites that can render the
sPS hydrophilic, a topic that should be the focus of future structural and morphological

studies.
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