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We study the molecular origin of a prepeak (PP) observed at low g values in the structure factors
of three oligomers in a bulk (poly(mercaptopropyl)methylsiloxane, PMMS, poly(methylmercaptopropyl)-
grafted-hexylmethacrylate, PMMS-g-HMA, and poly(methylphenyl)siloxane, PMPS) in order to
understand the lowering of the PP intensity detected for oligomers confined in cylindrical pores with
low diameter. For this purpose, we use a combination of X-ray diffraction measurements and coarse-
grained bead-spring molecular dynamics simulations. Our molecular modelling demonstrated that the
planarity of the pendant groups triggers the self-association of oligomers into nanoaggregates.
However, the formation of oligomeric nanodomains is not sufficient for building-up the PP. The latter
requires spatial disturbance in the arrangement of the side groups of oligomers within clusters.
Importantly, our numerical analysis revealed that the increasing degree of the confinement of oligomers

limits their aggregation and consequently lowers the amplitude of the PP observed

rsc.li/soft-matter-journal experimental data.

Supramolecular self-assembly is one of the most fascinating
processes occurring in nature. This phenomenon originates
from the presence of characteristic moieties in the chemical
structures, ie., hydroxyl, phenyl or ionic groups, which deter-
mine the formation of various (nano)aggregates held together
by noncovalent bonds. The population of aggregates and their
microstructure are key factors controlling the macroscopic
physicochemical properties of associated materials. Therefore,
self-assembly is a powerful tool in the fabrication of advanced
functional materials revealing unique properties, such as self-
healing" ™ and shape-memory,”* which are highly desired by a
number of target industrial applications. Consequently, a great
effort is being made towards the exploration of the molecular
origin of the self-assembly in materials and the correlations of
this phenomenon with their chemical structure.

One of the most characteristic structural fingerprints of the
molecular self-assembly and organization at the nanoscale is
the presence of a pre-peak (PP) in X-ray, neutron or electron
scattering patterns, observed at much lower values of the
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scattering vector, g, as compared to the main amorphous
halo.® The appearance of the PP was reported for several
monohydroxy alcohols, ionic liquids with medium-long alkyl
chains or some active pharmaceutical ingredients.”"" The
origin of the PP is typically related to either the self-assembly
into aggregates or the existence of spatial heterogeneity.'*"?
Recent studies on hydrogen-bonding alcohols have revealed
that the existence of the PP in these systems is the result of the
self-assembly of molecules into clusters which leads to a
medium-range order (MRO)."*** For ionic liquids, the asym-
metry caused by longer cationic alkyl tails gives rise to packing
patterns with characteristic short and long separations between
neighboring polar groups. Longer cationic alkyl tails tend to
aggregate, and anionic heads associate, resulting in a strong
MRO and the appearance of two PPs in the diffraction
pattern.9’1°’15'16

In order to unravel the origin of the diffraction PPs and
understand the self-assembly phenomenon in many systems of
varying complexity, different experimental strategies relying on
the application of high pressure, electric and magnetic fields or
mechanical stress were considered.”” ' Recently, a confine-
ment at the nanometer-scale (i.e. comparable to the radius of
gyration of individual molecules) has gained attention as a
promising approach to elucidate the behavior of associated
materials. Interestingly, the majority of studies reported that
the nanospatial geometrical restrictions disarrange the supra-
molecular organization and suppress the MRO.*>*” As

This journal is © The Royal Society of Chemistry 2022
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demonstrated in the case of tert-butanol (tB), which is able to
form supramolecular clusters, the PP is not detectable for this
material under confinement. Initially, it was hypothesized that
the absence of the PP is due to the suppression of the spatial
correlations associated with micellar-like clusters by the
applied geometrical constraints.”> However, more recent mole-
cular dynamics (MD) simulations of tB have shown that this
might not be the case. It was demonstrated that the supramo-
lecular clusters in tB survive in cylindrical silica nanopores,
despite the absence of the PP."***?° It should also be men-
tioned that for some van der Waals materials, the spatial
geometrical restrictions induce peculiar molecular arrange-
ments, which are not observed in the bulk state.>**** The above
examples demonstrate that depending on the system under
probe the imposed confinement impacts in various ways the
supramolecular structures and MRO, and that these structural
alterations may or may not be manifested by either an increase
or a decrease of the PP. This naturally implies that to under-
stand the physical origin of the supramolecular self-assembly
extensive computer modeling is required. Summarizing this
discussion one can easily find that as far as there are numerous
studies on the formation of self-assemblies and connection of
this phenomenon with the structural modification (the
presence of the PP at low g values in the structure factor) much
less is known in the case of polymers. In fact, the presence or
lack of the PP in the diffraction pattern of polymer materials in
the bulk or under confinement seems to be sparse in the
literature from both the experimental and simulation
perspectives.>>® In this paper, we explore this issue in more
detail. As model substances, we selected poly(mercapto-
propyl)methylsiloxane (PMMS) of molecular weight M,

2400 g mol !, poly(methylmercaptopropyl)-grafted-hexylmetha-
crylate (PMMS-g-HMA) of molecular weight M;, = 4400 g mol ",
and poly(methylphenyl)siloxane (PMPS) of molecular weight
M, = 2500 g mol . The chemical structures of all examined
oligomers are presented in Fig. 1(a). The more detailed infor-
mation of all studied substances can be found in the ESL.{ As it
will be presented below, the differences in the molecular
architecture of oligomers imply various behaviors of the mole-
cules in the bulk system. Namely, PMMS has the ability to form
H-bonding via thiol moieties that are attached to its
backbone.®® In contrast, PMMS-g-HMA is a graft copolymer
based on PMMS and extended with the hexylmethacrylate
(HMA) group, which forbids the formation of H-bonding
between these oligomers (see Fig. 1(a) and Fig. S1, ESI}). Thus,
one can expect that the side groups of PMMS cannot freely
rotate around backbones, which are due to H-bonds occurring
between neighboring oligomers, whereas the rotation of the
side groups of PMM-g-HMA is not restricted. Alternatively,
PMPS is characterized by the substantial size of side
groups,*®™** which also limits their rotation. The above selec-
tion of different types of oligomers allows us to examine the
impact of spatial restrictions imposed on the oligomeric side
groups (rigidity and planarity) on the local molecular arrange-
ments of oligomers and on the building-up of the PP in the
structure factor. It should be noted that tuning molecular
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rigidity is known as an important factor controlling the local
ordering (microcrystallinity) of molecular, liquid-crystal and
colloidal assemblies.***°

The experimental XRD data in the form of the structure
factor, S(g), defined in the ESL ¥ for the bulk polymer recorded
at room temperature are presented in Fig. 1(b).

We observe that the results obtained for PMMS and PMPS
distinctly differ than those determined for PMMS-g-HMA. The
structure factors for PMMS and PMPS reveal two peaks in the
low g range, i.e. the main peak (MP) and the PP, whereas S(q)
for PMMS-g-HMA exhibits only a single MP. The MP is the
so-called ‘amorphous halo’ which here is observed at gyp =~
1.5 A" reflecting the short-range intermolecular correlations.*’
The corresponding average intermolecular separation distance
is dyp = 2T/qmp ~ 4.2 A. On the other hand, the PP at q =
0.75 A" indicates the presence of a MRO with two times larger
spatial periodicity, dpp = 27/gpp ~ 8.4 A. The latter observation
might signal the formation of locally ordered microstructures
as it usually assumed in the case of low molecular weight
liquids.*® In Fig. 1(c), we display the experimental S(gq) for
PMMS melt confined in the cylindrical silica pores of different
diameters of d ~ 4 and 8 nm. We observe that increased
geometrical restrictions imposed on PMMS result in decreasing
of the amplitude of the PP. The questions that arise from our
XRD experiments are as follows: Is the presence of the PP for
polymers related to the formation of locally ordered micro-
structures as suggested for low molecular weight samples? Is
the planarity of the side groups crucial for the occurrence of the
PP, and consequently what is the molecular origin of the PP?
Why the intensity of the PP decreases for PMMS subjected to
confinement?

To address the above questions and gain a more thorough
insight into the local structure of studied oligomers in the bulk
phase and under nanoconfinement, we have used MD simula-
tions of three different coarse-grained molecular architectures.
Namely, we investigated oligomers with flexible backbones and
flexible side beads (model I), stiff backbones and flexible side
beads (model II), and stiff backbones and constrained side
beads (model III). Note that in the latter model side beads
maintain the planarity of the backbone. A detailed description
of all models and simulation methodology can be found in the
corresponding section of the ESL

The overview of the conformations of individual oligomers
and corresponding equilibrium bulk morphologies for each
model is displayed in Fig. 2. Interestingly, model III exhibits a
substantial increase in the spatial molecular organization as
compared to models I and II, which is manifested by the
formation of the supramolecular domains with a preferred
orientation of polymeric chains.

The differences in the molecular morphology of all exam-
ined molecular models are quantitatively analyzed in Fig. 3
where we display the corresponding static structure factors S(g),
¢f. definition in eqn (S5) in the ESLt S(g) for oligomers with
flexible backbone and side beads (black dotted line) has a
characteristic form known from the bead-spring simulations
of linear polymers in a melt state.*® The first peak at ¢ ~ 70
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(a) Chemical structures of PMMS, PMMS-g-HMA, and PMPS used in this study. (b) Experimental structure factors for oligomers in the bulk phase.
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The first two diffraction peaks observed at low g values, denoted as the PP, pre-peak, and the MP, main peak, respectively, are due to the inter-chain
correlations. The high g range is due to the intra-chain correlations. (c) Comparison of the low g range of diffraction patterns for PMMS in the bulk phase
and infiltrated into native silica templates of various sizes as indicated in the legend.
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Fig. 2 Simulation snapshots of the bulk morphologies (top) and the
corresponding conformations of individual oligomers with a size compar-
able to the average end-to-end distance (bottom). Columns display snap-
shots for different molecular models utilized in the study: (a) flexible
backbone and side chains, (b) stiff backbone and flexible side beads and
(c) stiff backbone with planar side beads. Inner backbone beads are
depicted as orange spheres, whereas end backbone beads are visualized
in white. Side beads are shown in purple. For a better visibility, side beads
are not displayed in the snapshots presenting bulk morphologies.

corresponds to the most probable distance between beads
~r2n0/7 = 0.90,°>°° which is comparable with an average bond
length of ~0.965. Note that the mismatch in size between the
most probable distance and the average bond length indicates
the amorphous structure of melts composed of flexible
macromolecules,'® see Fig. 3(a). S(q) for stiff oligomers with
flexible side beads (green dashed line) is qualitatively the same.
The only difference is more pronounced peak, which is due to
the stronger intramolecular correlation of the backbone
monomers.>! Hence, the presence of flexible side beads grafted
onto a stiff linear backbone favors the disordered bulk mor-
phology (Fig. 3(a)). In the independent set of simulations, we
verified that the melts of stiff linear oligomers (i.e., without side
beads) undergo expected nematic ordering.>>

4932 | Soft Matter, 2022, 18, 4930-4936

However, in contrast to models I and II, S(g) for oligomers
with stiff backbones and planar side beads (the red solid line in
Fig. 3(a)) exhibits an entirely different structural behavior.
Here, the main peak splits into two smaller peaks located at
g ~ 5.2¢" " and 8.3¢ ", respectively. The position of the second
peak corresponds to the average bond length, which for this
system is &0.77¢. Taking into account that the distances
between molecules’ centers of masses are not smaller than
1.20 (see the inset in Fig. 3a), we identify the position of the
first peak, 5.26" " ~ 27m/1.20, with the intermolecular distances,
which separate the subsequent layers of the supramolecular
structures. Hence, the first peak reflects the periodicity between
molecules belonging to neighboring parallel layers within the
lamellar-like aggregate. However, the most interesting feature
of S(g) for model III is the two-step decay separated by the
narrow plateau between ~2.7 and 3.7¢” ', which indicates
increased bulk periodicity at larger length scales, ie., up to
~2.50. The beginning of the plateau corresponds to a distance
of ~2.30, which is approximately twice larger than the distance
between neighboring layers. In model III, oligomers by design
possess side beads that are alternately connected to the back-
bone (cf the bottom of Fig. 2¢). Consequently, two molecular
arrangements of oligomers are possible within the subsequent
layers of aggregate. The molecules can either ideally stack on
each other (¢f. the black solid region in Fig. 2¢) or can randomly
flipped along the backbone axis. The crucial difference between
these two arrangements is in the periodicity of side beads
between layers. In the former case, the side beads are exactly
on top of each other in every subsequent layer, whereas, in the
latter case, this periodicity is disturbed. Note that the second
arrangement also occurs when the molecule is shifted along the
backbone axis of the neighboring oligomer (cf. the black dotted
region in Fig. 2c). In this case, the periodicity in the side bead
positions takes place in every second subsequent layer.

This journal is © The Royal Society of Chemistry 2022
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(a) The static structure factor S(g) obtained from simulations of different molecular models of bulk oligomers with flexible backbone and side

beads (black dotted line), stiff backbone and flexible side beads (green dashed line) and stiff backbone with planar side beads (red solid line), as indicated.
The inset displays the local structure order parameter Sop for all models as a function of the radius rs that encompasses the center of the mass of the
reference backbone with respect to which Sop is calculated; see definition and detailed description in the ESI.+ (b) The static structure factor S(q) obtained
from simulations of the cylindrically confined melts of oligomers with stiff backbones and planar side beads. The results are for different effective cylinder
diameters Dq. The blue dashed line and orange circles are for Do = 42 and 20g, respectively. The reference bulk S(q) is displayed by the solid red line. The

inset presents the local structure order parameter Sop.

Consequently, the respective distance between side beads is
twice as large as the distance between layers. This gives addi-
tional contribution to S(q) and is observed in the form of
plateau in Fig. 3a (red solid line). Note that S(g) for model III
qualitatively corroborates our experimental findings for the
bulk PMMS and PMPS (see Fig. 1(b)). The MP and PP observed
for the experimental S(g) of PMMS and PMPS correspond to the
numerically derived MP and plateau obtained from model III.
The difference between the evident PP observed in our diffrac-
tion data for PMMS and the plateau derived from MD simula-
tions is due to the coarse-grained characteristic of our
modeling.

To quantify the structural order between oligomeric back-
bones, we calculate the local order parameter Sop defined as
follows:

Sor(r) =2( (eosl) -3 (1)

between a pair of vectors connecting the center of the mass
of the oligomer backbone (™) with its closest (own) side bead
7 ie b= (i — 7i™). The angle cos a,_is averaged for all / and j
pairs of oligomers within a sphere of radius r,. It should be
noted that the parallel (¢, = 0) and antiparallel (¢, = =)
orientations of the unit vectors yield comparable structural
orders. Consequently, in the definition given by (eqn (1)), we
used the absolute value of cosa,. The values of Sop vary
between 0, which represents the entirely disordered structure,
and 1, which corresponds to the perfectly arranged oligomeric
layers.

In the inset of Fig. 3(a), we display the values of Sop plotted
as a function of ry for all considered molecular models. We
observe a striking difference between the values of Sop

In the above equation, cosa, = 5;5];7/( l;f

) is the angle

This journal is © The Royal Society of Chemistry 2022

calculated for a melt constituted of stiff oligomers with con-
strained side beads (model IIT) and two other models (models I
and II). In the former case, high values of Sop suggest an
ordering of up to &3.0c¢, which is larger than the distance
between three subsequent layers (solid line). At larger length
scales, a gradual transition to a disordered morphology takes
place. Low values of Sop = 0 observed for models I and II
(dashed and dotted lines) suggest the disordered structure in a
wide range of length scales.

In what follows, we focus on the structure of a melt of stiff
oligomers with planar side beads (model III) under nanocon-
finement. In Fig. 3(b), we display numerical structure factors
for this melt confined in cylindrical pores of a different effective
diameter D,. We compare two cases of nanochannels with large
and small D, (as compared to the average end-to-end distance
of oligomers in an unconstrained melt R of & 7). S(q) for the
melt infiltrated within the nanocylinder of large pore sizes
(Do = 420) is barely affected by the presence of confinement
as compared to the S(g) for the bulk polymer (dashed blue and
red solid lines, respectively). This is supported by the values of
the order parameter Sop presented in the inset of Fig. 3(b). In
contrast, the melt trapped in the nanocylinder with a smaller
pore size (D, = 200) reveals a remarkable effect of geometrical
restrictions on the intermolecular structure (orange circles in
Fig. 3b). As a result of confinement, the first peak in S(q)
decreases, and the plateau turns into a gentle decay. The shift
in the position of the first S(q) peak towards slightly larger g
values observed in simulations for the melt under confinement
is in agreement with the changes observed in the experimental
diffraction data (Fig. 1(c)). The striking difference between the
local arrangements of oligomers in large and small pores is also
clearly visible from the calculated values of Sop (see the inset of
Fig. 3b). Clearly, with the increasing degree of confinement, the
MRO of oligomers is reduced (but not entirely suppressed) as

Soft Matter, 2022, 18, 4930-4936 | 4933
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compared to the bulk material. These observations suggest that
narrow channels diminish the domain-like aggregation of
PMMS oligomers and affect the intensity of the PP.

In conclusion, we report on the structural properties of
oligomeric PMMS, PMPS, and PMMS-g-HMA in the bulk and
under confinement in cylindrical pores. Our modelling
revealed that the formation of lamellar-like nanoaggregates in
the bulk yields the presence of the PP in the structure factor,
which is also observed in our experimental XRD data for PMMS
and PMPS but it was not detected in the PMMS-g-HMA sample.
The molecular origin of the PP is the specific periodic arrange-
ment of individual oligomers which form layers within nano-
domains. Our finding suggests that the existence of the
supramolecular structures does not necessarily result in build-
ing up of the PP in the structure factor. In particular, the
lamellar-like organization of oligomers is not a sufficient con-
dition for the presence of the PP. The necessary condition is the
specific mutual orientation of oligomers within the aggregate.
The performed MD simulations disclosed that the PP is due to
the spatial correlations between oligomers’ side beads occupy-
ing positions in every second layer. These correlations are
favoured by the planar arrangement of side beads with respect
to backbones. Moreover, our results for a melt subjected to
confinement indicate that the amplitude of the PP decreases
upon decreasing the nanochannel diameter. Consequently, we
observe that an increase in geometrical restrictions imposed on
the melt diminishes the local ordering of oligomers in clusters
and, thus, partially blights their aggregation. Therefore, our
work presents valuable insights into the structure of self-
assembled polymers in the bulk and under confinement.
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