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ABSTRACT: We report on the surface ordering and crystallization guaoEEees 15P0SS TCHPOSS TOPOSS
sequences in differently organic-substituted amphiphilic polyhedral [

silsesquioxane (POSS) variants induced by regulated compression at \ W\

the air—water interface. Such molecular systems floating at the interface

serve as a model system to study dynamic crystallization mediated by A

weak interactions. In situ grazing incidence X-ray scattering (GIXS) f s

measurements, performed at a synchrotron X-ray source using a liquid
surface diffractometer and corroborated with Brewster angle micros-
copy, revealed transformations for the different POSS variants (viz.
trisilanol isobutyl POSS (TBPOSS), trisilanol cyclohexyl POSS
(TCHPOSS), disilanol octaisobutly POSS (DOBPOSS), and trisilanol
isooctyl POSS (TOPOSS)) from a weakly correlated monolayer
structure to appreciably different structural and crystalline phases in various packing schemes. GIXS measurements revealed a stable
nature of the crystallization of DOBPOSS, varying degrees of metastable crystallization for TCHPOSS and TBPOSS, and complete
absence of crystalline phase in TOPOSS molecules. Incidentally, for all POSS variants showing crystalline phases, the motifs always
assembled in a triclinic lattice with P1 symmetry. For the metastable crystals, preferential surface ordering of the crystallites
promotes selective crystalline planes to exhibit preferred tilt angles with respect to the interface. The structural transformations of the
differently substituted POSS molecules and their variations therein are attributed to the changing balance of the hydrophobic vs
hydrophilic interaction in the layers, which is determined by the anisotropic shape and distribution of substitutional groups over the
nanosized core cage of the monomer, steric interaction between nearest dimeric neighbors, as well as the in-plane and out-of-plane
assembly of the overlayers.
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B INTRODUCTION due to the unique interplay of underlying forces driving the
assembly at lower dimensions.

Polyhedral oligomeric silsesquioxane (POSS) cage structures
(also commonly known as siloxane) have a unique organic—
inorganic hybrid nature, where the rigid inorganic core
contains silicon (Si) and oxygen (O) atoms, and the organic
contribution emanates from the substituents at the edges of the
tetravalent Si atoms. POSS frameworks are synthesized either
in partially or completely condensed forms.” This versatility
in the functionalization allows POSS molecules to be
synthesized in different molecular structures, having a plethora
of physicochemical properties and applications.” The nature,
position, and the number of substituents over the POSS
framework, dictate the fine-tuning of amphiphilicity of a

Surfaces and interfaces formed by molecular assemblies
provide a platform to study interactions at a molecular level,
where weak, noncovalent, and other forces of different nature
and strength play a significant role. The boundaries between
solid and gas are static in terms of molecular density
fluctuations and serve as an abrupt boundary. In contrast, an
interface containing one liquid phase provides a unique
boundary with exciting properties. Molecules with amphiphi-
licity, i.e., polar head and nonpolar tail configuration, orient
themselves at the air—water interface with a molecular layer
thickness." The monolayer assembly in a confined interfacial
area of dynamical nature shows various phases of crystallinity
and assemblies depending on the available interfacial area and
properties of the interface. Crystallization at the air—water
interface is demonstrated by amphiphilic molecules of varying
degrees of complexities, ranging from long-chain fatty acids to
complex organic—inorganic hybrid molecules.” The formation
of crystalline structures at the air—water interface, observed
through grazing incidence X-ray scattering (GIXS), either in
situ or post-transfer to a substrate, has been a field of interest
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functionalized POSS monomer.® Self-assembly of selectively
substituted open-cage POSS and the consequent effect on the
properties of Langmuir monolayers has been studied by
Dutkiewicz et al.” Self-association and wetting properties of
Langmuir-films, utilizing POSS substituted with ethylene
glycol and dipalmitoylphosphatidylcholine, show various
structural configurations under the influence of surface
modifications of the POSS core.”” The customized polarity
and reactivity of POSS monomers, along with nontoxicity,
thermal stability, and biocompatibility, facilitate their imple-
mentation in a wide range of applications.'’ The tailored
physicochemical properties of the POSS molecules allow them
to be used in grafting, blending, and copolymerizing to alter
the mechanical strength, thermal stability, glass transition
temperature, or crystallization process.'”'” An exhaustive study
of self-assembly of hybrid-polymers utilizing POSS core
framework can be found in the review article by Zhang et
al.”® Artificially prepared biocompatible advanced materials
employ the POSS framework due to their nanosize and robust
chemical framework to synthesize bioengineered tissue
materials, biocomposites, luminophores, and optical sen-
sors.'*'> POSS nanocages have been utilized to fabricate
photosensitive molecular switches, which demonstrated a
unique reversible transformation between cubic lattice and
helical superstructures.16 Along with these applications, POSS
molecules have been the base structure for many patents and
technological advancements in coating applications ranging
from the water-resistive paint industry to space survival
coating."” Unique assemblies formed by controlling positional
interactions of a giant tetrahedral molecule containing
selectively functionalized POSS cages attached to a tetrahedral
core have been reported to form supramolecular structures.'®
The POSS framework’s versatility to be incorporated in
applications pertaining to advanced plastics, energy conversion
and storage devices, space survivable coating, and biomedical
applications'® comes from the fact that the POSS molecules
work as models for active surface sites suitable for
functionalization. These hybrid materials are applicable for
fire repellent, nanofillers for reinforced plastics and rubber,
dental nanocomposites and drug delivery material, and lab-
based tissue engineering exploiting the propensity of POSS
materials to self-assemble in low dimensions.

POSS derivatives of different amphiphilicity self-assemble to
form hierarchical structures, where the morphological proper-
ties are primarily dependent on noncovalent interactions.
Understanding the interactions dictating the assembly in POSS
layers is of utmost importance for tuning the effective
physicochemical properties of the transferred layer. The
observed crystallinity within the floating layers at the air—
water interface emanates from the organization of the dimers.”'
The dimerization in the heptameric (T,) and octameric (T;)
POSS frameworks originates from the weak H—H bonding
between the Silanol bonds. The spectroscopic studies
investigating the dimerization mechanism of the heptameric
and octameric POSS monomers show existence of dynamic
equilibrium between their monomeric and dimeric forms.”
The self-assembly of different POSS monomers depends on a
variety of factors and interactions such as size, structure,
polarity, reactivity, and electron density of the substituents,
along with the properties of the POSS cage, the position of the
substituent with respect to the core, and relative orientation of
the substituents with respect to each other.”*”>° POSS cages
can be synthesized to have a closed-cage condensed structure
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(8 Si-atoms)”” or an open-cage uncondensed structure (7 Si-
atoms).”® Trisilanol cyclohexyl polyhedral oligomeric silses-
quioxane (TCHPOSS) monomers and phosphorus-containing
polyimide matrix nanocomposite thin films have been explored
for their antioxidative properties in high radiative and atomic
oxygen environment for upper atmosphere survivability.””*’
The existence of reversible monolayer to crystalline phase
transitions of Trisilanol Isobutyl POSS (TBPOSS) at air—
water interface was demonstrated using synchrotron X-ray
scattering,”' and the reversibility was attributed to the
existence of metastable crystalline phases. This opened up
new avenues of research for reversible phase transitions in
synthesized materials with the potential of mimicking
reversible crystallization, which has been observed naturally
in the tendons of animal tissues’ and proton pumping
mechanism in bacteriorhodopsin.” Insight into the details of
the structural assembly and path followed by the layers of
amphiphilic POSS at the air—water interface, pre-, and post-
transition, in various cycles of compression and decom-
pression, could be potentially used for controlled fabrication of
ultrathin films with interesting physicochemical properties.”**>

Characterizing the structural arrangement of POSS mono-
mers poses a significant challenge due to the weak scattering
nature of the organic—inorganic framework, thus necessitating
an intense, highly monochromatic, and collimated beam of X-
rays available only at the synchrotron facilities. Further, since
the balance of the hydrophobic vs hydrophilic interactions is
maintained only at the air—water interface (and not when
transferred to a solid substrate), the availability of a liquid
surface diffractometer (with a Langmuir trough atop) at the
synchrotron facility is essential to perform scattering measure-
ments at the air—water interface. Thus, the proper alignment,
reproducible measurements, data acquisitions, and analysis are
arduous and challenging, particularly when the sample is
probed in situ.

In the present work, we employ different variants of
substituted POSS molecules (using uncondensed heptameric
and octameric open-cage POSS framework) with a varying
degree of amphiphilicity (determined by the nature of the
substitutional groups, the Silanol bonds and, their relative
positions) to explore the interplay of hydrophobic and
hydrophilic interactions guiding the ordering, structural
transformations and crystallization of the floating POSS layers
using in situ GIXS and Brewster angle microscopy measure-
ments. Quantitative analysis reveals details about the nature of
the crystallization in the differently substituted POSS variants
and the crucial role of amphiphilicity in the assembly of
monomeric POSS variants starting from a sparsely populated
interface to a stable, unstable, or nonexistent crystalline state.
The study thus provides an insight into the dynamic nature of
molecular crystallization mediated by weak Van der Waal’s
interactions and strongly influenced by the organic-substitu-
tions of the amphiphilic molecules at the air—water interface.

B EXPERIMENTAL SECTION

Differently substituted POSS molecules were purchased from Hybrid
Plastics, U.S.A., and used for experiments without further purification.
The POSS variants used in the experiments are trisilanolisobutyl
polyhedral oligomeric silsesquioxane (TBPOSS) (Figure 1(a)),
trisilanol cyclohexyl polyhedral silsesquioxane (TCHPOSS) (Figure
1(b)), trisilanol isooctyl polyhedral oligomeric silsesquioxane (TOP-
OSS) (Figure 1(c)), and disilanolisobutyl polyhedral silsesquioxane
(DOBPOSS), (Figure 1 (d)). The empirical formula corresponding
to these compounds is C,sHO 1,815, CsH;40,38ig, CyHgyO1,Si5,
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Figure 1. Skeletal representation for the (a) TBPOSS, (b)
TCHPOSS, and (c) TOPOSS monomer showing heptameric POSS
frame carrying three silanol bonds with isobutyl, cyclohexyl, and
isooctyl substitution, respectively. Skeletal rendering of (d)
DOBPOSS monomer showing octameric POSS framework with two
silanol bonds and isobutyl groups at the surface sites. (e) Schematic
representation of liquid-surface diffraction geometry for GIXS
measurements at the air—water interface over a Langmuir trough.

and CgH,5,0,,8i; for TBPOSS, DOBPOSS, TCHPOSS, and
TOPOSS, respectively. Colloidal solutions of a given concentration
(0.3 mg/mL) of each POSS variant were prepared by dispersing the
monomers in Chloroform (Sigma-Aldrich) and then ultrasonicated at
25 °C for 30 min. Primary investigations of existing phases and
stability of the films were tested by carefully spreading 25 uL of
freshly prepared aliquot at the air—water interface of a double-barrier
Langmuir trough (APEX Instruments, India). The interface was left
undisturbed for 1 h, allowing solvent evaporation and then
compressed at a steady rate of 1 mm/min to record surface pressure
vs area isotherm.

X-ray scattering measurements were performed at ChemMatCARS,
Sector 15-ID-C, Advanced Photon Source, Argonne National
Laboratory (U.S.A.) using 10 keV (4 = 1.24 A) X-ray beam, aligned
at a fixed incidence angle of a = 0.1°. The incidence angle is chosen to
be smaller than the critical angle of the water subphase (which is
0.123° at this wavelength), thus probing only the floating POSS
layers. The scattering geometry during the measurement of in-plane
and out-of-plane scattering with a one-dimensional (1-D) Pilatus
detector (Dectris) of pixel size 172 X 172 um?® is shown in Figure
1(e). The 2-D scattered intensity profiles were obtained by scanning
the 1-D detector along the in-plane angle (¢) and stitching them
together. The 2-D scattering profile thus demonstrates the variation in
the scattered intensity as a function of momentum transfer vector (Q)
resolved in the in-plane (Qx},) and out-of-plane (Q,) directions. The
Q,, and Q, values are related to the in-plane (¢) and out-of-plane ()
angular movement of the detector and provide information about the
structural ordering of the sample along the in-plane and the out-of-
plane directions, respectively. The beam is defined by the incident
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slits before the interface (0.1 X 2 mm?), and the instrumental
resolution is 0.01 A™' in the Q,, direction. The colloidal solutions
were spread at a custom-built single barrier trough filled with
deionized water (control system from NIMA, U.K.) of a usable area of
215 cm?®. The chamber was purged with Helium to reduce the Oxygen
content to 1% of the atmospheric levels to ensure minimum
background scattering. The subphase temperature was maintained
at 10 °C to stabilize the interface and minimize capillary wave
fluctuations.

The barrier was compressed slowly (at a speed of 1.1 mm/min)
until the target pressure was achieved. GIXS measurements were
performed at specific values of surface pressure during different cycles
of compression and decompression. These surface pressures were
suitably chosen such that each measurement point represents a
particular structural phase as indicated by the surface pressure vs area
per molecule isotherm. Data acquisition rate and beam damage were
carefully monitored for optimized and reproducible scattering
intensity. Bulk crystallinity of the pristine powdered sample of each
POSS variant was characterized using a Cu—K, (1 = 1.54 A) lab
source diffractometer (Smartlab 9 KW, Rigaku Corporation, Japan).

Brewster angle microscopy (BAM) measurements on Langmuir
monolayers of POSS molecules were performed with KSV NIMA
MicroBAM (Biolin Scientific, Finland) setup having a linear
resolution of 12 pm, attached to a trough of interfacial area 24 300
mm?* (KSV NIMA Langmuir—Blodgett Medium Trough—KN 2002,
Biolin Scientific, Finland). An area of 3.6 X 4 mm?* was probed with a
charge-coupled device camera coupled to a diode LASER of
wavelength 659 nm, fixed at an angle of incidence of 53° with
respect to the normal at the air—water interface. The interface was
symmetrically compressed, and images of the floating monolayer were
acquired while monitoring the surface pressure. The assistance of auto
gain control mode was utilized to obtain images with higher contrast
and desired sensitivity. Images were acquired at those surface
pressures at which GIXS measurements were performed so that the
scattering features could be mapped with the corresponding
morphological features of different POSS layers under compres-
sion—decompression cycles.

B RESULTS AND DISCUSSION

The core structure of the POSS molecular framework (i.e.,
Heptameric and Octameric Si—O framework), as well as the
substitution of the core with different hydrophobic and
hydrophilic groups, dictate the overall amphiphilicity and the
ensuing physiochemical properties of the POSS variant.*
Monomers of POSS variants with isobutyl and cyclohexyl
substitution groups with trisilanol heptameric framework are
known to have structural phase transitions of dynamical
nature.”>” We subsequently choose molecules that are either
similar in their exostructure to TBPOSS but have different
substitutional groups or have a different exostructure than
heptameric POSS retaining the same substitutional group. The
schematic representation of the POSS monomers is shown in
Figure 1(a—d) for TBPOSS, TCHPOSS, TOPOSS, and
DOBPOSS, respectively. The chemical and physical properties
of the POSS variants can be referred to the PubChem
database, using PubChem ID’s of 4381659, 4549737, 3455088,
and 5071479 for TBPOSS, TCHPOSS, TOPOSS (similar
structure), and DOBPOSS molecular structures, respectively.
DOBPOSS molecules possess one less silanol bond but one
excess isobutyl substitution, with a more condensed cage
structure than TBPOSS. DOBPOSS molecule possesses an
octameric framework, with regular-exo-Silanol in contrast to Z-
exo (opposite corner of the same face) structure.’® The
substitutional group variation over a POSS cage changes the
net amphiphilicity of the molecule, thus influencing the
ordering mechanism and structural organization at the
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Figure 2. Measured surface pressure versus area per-molecule isotherm during 1% cycle of compression with designated target surface pressure
values selected for GIXS measurements for (a) TBPOSS layer, showing correlation peak prior to collapse at P; = 10 mN/m and Debye—Scherrer
ring formation postcollapse at P, = 16 mN/m, (b) TCHPOSS layer, showing correlation peak at surface pressure value P; = 2.5 mN/m, prior to
collapse, before transitioning to a correlated bilayer structure at surface pressure P, = 20 mN/m, exhibiting twin Bragg-rod intensity profile, (c)
TOPOSS layers, showing in-plane and out-of-plane correlation peaks at surface pressure (Ps = 1.5 mN/m) and enhanced correlation peaks that
show arching at higher compression P; = 10 mN/m, and (d) DOBPOSS layer, showing monolayer correlation peak at P, = 10 mN/m and its
subsequent transition into a crystalline state postcollapse at pressure Py corresponding to 20 mN/m. The measured diffractograms corresponding to

the target surface pressure are shown alongside.

interface. Trisilanol POSS variants (viz. TBPOSS, TCHPOSS,
and TOPOSS) have a typical cage size of 1—1.2 nm,”” while
DOBPOSS having an octameric framework, has a smaller size
of 0.5 nm.” The difference in the TCHPOSS and TOPOSS
monomers originates from the chain-length of the organic-
substituents and the corresponding exclusion volume of the
monomers. The stability of the floating layers at the interface is
determined by the balance of hydrophilic interaction between
—OH groups with the subphase and the hydrophobic
interactions due to the presence of the substitutional groups.
Amphiphilic POSS monomers serve as model systems for the
investigation of weak-interaction mediated assemblies.*’ The
amphiphilic POSS monomers spread at the air—water interface
exhibit variation in surface pressure with respect to a change in
the interfacial area. The liquid surface diffractometer setup
fitted with a sensitive tensiometer facilitates in situ GIXS
measurement (schematically shown in Figure 1(e)) at different
surface pressure values.

The behavior of the surface pressure (SP) vs area isotherm
serves as a primary indicator of the presence of different
structural phases and phase transitions.”” SP vs area per
molecule isotherm was recorded for the first compression cycle
of all POSS variants and is shown in Figure 2. GIXS
measurements were performed at specific surface pressures
corresponding to a particular structural phase. These SP values
are denoted as “P” with a subscript, and the GIXS patterns
acquired at these pressure are indicated by arrows in Figure 2.
TBPOSS monolayer collapses at a SP of 15 mN/m
(corresponding to the area per molecule 1.5 nm?), as shown
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in Figure 2(a). GIXS measurement at a SP of 10 mN/m
(denoted as P;) below the collapse pressure demonstrates a
diffused scattering peak centered around 0.53 A™", correspond-
ing to an in-plane correlation length of 11.85 A. This is
characteristic of a monolayer phase where the position of the
in-plane correlation peak determines the in-plane separation
between the neighboring molecules. The diffraction profile
measured beyond the collapse pressure (denoted as P,)
exhibits a diffraction pattern resembling polycrystalline
behavior as evident by the Scherrer rings interspersed with
intense spots indicative of preferential ordering of some crystal
planes.

The GIXS measurement was next performed on the
TCHPOSS monolayer at SP of 2.5 mN/m (denoted by P,
in Figure 2(b)). The GIXS profile reveals a weak correlation
between TCHPOSS monomers floating at the air—water
interface. The scattered intensity (line-cut) profile obtained by
integrating Q, values (between 0.0 and 0.5 A™") estimates the
correlation peak to be centered around Q,, = 0.46 A" and
translates to a real space correlation distance of 13.65 A
(Figure S1(a) in the Supporting Information, SI). Further
compression of the TCHPOSS monolayer leads to the collapse
of the monolayer (at a SP of 3.5 mN/m), characterized by a
sharp dip followed by almost no change in the SP, even after
continued compression as observed in Figure 2(b). The
structural configuration of amphiphilic layers postcollapse
pressure is generally characterized by distortion in the
monolayer configuration, and further barrier compression
transfers molecules on top of the collapsed monolayer.*’ The

https://doi.org/10.1021/acs.langmuir.1c00420
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amphiphilicity of the molecule dictates the ease of transfer to
the top layer. POSS molecules are known to undergo
dimerization postcollapse. The dimerization phenomenon
holds two monomers together in a locked position relative
to each other by three Silanol bonds, which are slightly tilted
outward from their monomeric framework positions. The
dimerization process is due to weak OH—OH bonds forming
between the hydrophilic groups of the TCHPOSS.** In
contrast, the relative position of the hydrophobic and
hydrophilic substitutional groups decides the packing behavior
over the monolayer.””*® The SP remains constant for a
considerable compression (wherein the area/molecule changes
from 1.75 nm? to about 1.2 nm*) beyond the collapse pressure.
GIXS measurement at a pressure of 3.45 mN/m postcollapse
exhibits a well-defined single Bragg rod at Q,, = 0.46 A™'and
Q. = 0.20 A7, as shown in Figure S1(b) in the SI. The in-
plane correlation length is estimated by taking line-cuts along
Q,, and turns out to be 13.65 A, and the out-of-plane
correlation length (taking similar line cuts along Q,) is found
to be 30.2 A. Analyses of the rod profile obtained postcollapse
during first and second cycle for the TCHPOSS layer, using
the Scherrer formula revealed an in-plane and an out-of-plane
crystallite size of around (366 A, 30 A), and (402 A, 41 A),
respectively. Under extreme compression, TCHPOSS layers
show preferred orientations, and an approximate crystallite size
for the strongest diffracting peak (100) was obtained to be 606
and 188 A, in the in-plane and out-of-plane directions,
respectively. Crystallite sizes corresponding to the prominent
peak seen in the TBPOSS layers at extreme compression were
estimated to be 1018 and 399 A in the in-plane and out-of-
plane directions. DOBPOSS layers exhibit diffraction spots,
characteristic of a single-crystal like structure, where the
crystallite size corresponding to the prominent (112) peak was
observed to be around 1638 A. The diffractogram correspond-
ing to the extreme compression denoted as P, shows two Bragg
rods separated in both Q,, and Q, space. The intensity profile
corresponding to this Bragg rod profile is shown in Figure
S1(c) in the SL

The TOPOSS isotherm lacks any distinct structural
transition feature, as evident from Figure 2(c). The diffracto-
gram corresponding to SP of 1.5 mN/m (denoted by Ps)
exhibits a weak correlation peak in both in-plane and out-of-
plane directions, which subsequently intensifies and demon-
strates arching of correlation peak indicating buckling in the
layers, as the surface pressure is increased to Ps. The weak
correlation peak positions observed at Q,, = 0.40 A'and Q, =
0.35 A7', and the corresponding length scales for in-plane and
out-of-plane ordering were calculated to be 15.56 and 17.56 A,
respectively. The octameric DOBPOSS isotherm shows a
takeoff area of 1.3 nm?* (in accordance with its smaller size
compared to heptameric POSS variants) and collapses at a SP
of 15 mN/m corresponding to a molecular area of 0.8 nm’.
The dynamical phase immediately after the collapse is
characteristic of all the POSS variants (apart from the
TOPOSS). For DOBPOSS, this phase extends from an area/
molecule value of 0.8 nm” to 0.4 nm*. Subsequent compression
beyond the 0.4 nm? molecular area shows an increase in the SP
value with a slope identical to that before the collapse as seen
in Figure 2(d). The GIXS measurement at SP prior to collapse,
denoted as Py, shows a weak correlation peak at Q,, = 0.56 A™!
corresponding to a monolayer configuration with an
interparticle length scale of 11.21 A. The diffractogram
obtained postcollapse at a SP of 20 mN/m (denoted by Py)
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shows a few distinct diffraction spots similar to a single crystal
diffraction pattern along with an interparticle correlation peak
(characteristic of a monolayer) in the background.

Relaxing the compressed layers of POSS variants floating at
the air—water interface was achieved by regulated withdrawal
of the barrier. Multiple cycles of compression and decom-
pression highlight the difference between the isotherms of
trisilanol POSS variants (TBPOSS, TCHPOSS, and TOPOSS)
and the disilanol POSS (DOBPOSS) variant. The surface
pressure for trisilanol POSS variants falls sharply; whereas the
disilanol POSS isotherm retraces the same path during both
the first and second compressions. GIXS measurements were
performed on the decompressed layers, but for most of the
POSS variants, the scattering profile demonstrates a weak
interparticle correlation peak (refer to Figure S2 in the SI).

The relaxed interface was again recompressed at a rate of 1.1
mm/min for a second cycle, and the respective isotherms are
shown in Figure 3(a—d). POSS molecules are well-known for
their stability at the air—water interface; however, the area per
molecule for surface pressure onset during the second
compression cycle was observed to decrease compared to the
first compression cycle. The collapse phase, however, reoccurs
at the same surface pressure during both compression cycles
for TBPOSS, TCHPOSS, and DOBPOSS monomers (Figure
3(a), (b), and (d), respectively), allowing an estimation of the
fraction of the spread area present as a monomer during the
second compression cycle. In other words, if there is no loss of
molecules, then the extent of reversibility of phases due to the
relaxation of lateral stress could be quantified. We define the
reversibility factor as the ratio of the area per molecule at the
onset of surface pressure for consecutive isotherm cycles. For
the perfect reversibility of a monolayer to either a dimeric or a
crystalline phase (and vice versa), the value of the reversibility
factor should be unity, as is almost the case for TBPOSS.
TCHPOSS layers do exhibit the repeatable nature of isotherm
during different compression cycles, but the reversibility factor
is only around 0.46. This shows that there must exist overlayers
(on top of the monomers) that do not reverse entirely even
when the surface pressure is fully withdrawn, thus explaining
the reduced area per molecule (hysteresis in the isotherm seen
in Figure 3(b)) during the second collapse. The TOPOSS
layer in the second cycle retraces its original surface pressure
isotherm (refer to Figure 3(c)). Still, since there was no
structural transition to a crystalline phase within the observed
SP regime, the reversibility in structural phases cannot be
defined in this case. The DOBPOSS layers exhibit a higher
reversibility factor of 0.85 estimated from the isotherm shown
in Figure 3(d).

GIXS measurements of the POSS variants at SPs beyond the
collapse during the second cycle (denoted as Py, Py, Py, and
Py, in the isotherms shown in Figure 3(a—d), respectively),
exhibit significant differences in their diffraction profiles owing
mostly to changes in their substituents. GIXS measurements at
P, for TBPOSS layers (Figure 3(e)) demonstrates character-
istic polycrystalline Debye—Scherrer ring formation with
intense diffraction spots and has been previously observed.’!
The intensity profile was fitted, and lattice spacings (dyy) were
estimated. Lattice parameters, symmetry, and cell volume were
estimated and corroborate previously reported values.”’ The
presence of intense spots on the Scherer rings indicate some
preferred orientations of the crystalline planes, which are
otherwise polycrystalline. The tilt angles of the diffracting
planes (with respect to the interface) are estimated using
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Figure 3. Surface pressure versus area per-molecule isotherm for the
second compression showing target surface pressure value of (a) Py =
16 mN/m of TBPOSS, (b) P,y = 20 mN/m of TCHPOSS, (c) P, =
13.5 mN/m of TOPOSS and, (d) P;, = 20 mN/m of DOBPOSS
layers. (e) GIXS pattern at Py showing diffraction spots (exhibiting
preferred tilt angles of Al, A2, A3) over Scherrer rings fitted for dyy
values (dashed red line) using TBPOSS lattice parameters. (f) GIXS
pattern at Py, shows similar Scherrer rings (with some preferred
orientation B1, B2, and B3 of diffracting planes) also fitted with arcs
representing dyyy values corresponding to lattice parameters of
TCHPOSS crystal at the interface. The spots, however, are more
spread out along the Scherrer ring than those observed for TBPOSS.
(g) GIXS measurement at Py, for the TOPOSS layer shows scattering
features (interparticle correlation peak arching toward Q. value)
similar to buckled phases of a monolayer. (h) GIXS diffraction profile
of DOBPOSS layer showing diffraction spots along with the indexed
peak positions corresponding to single-crystal phase at a surface
pressure of P, = 20 mN/m. (i) Model rendering of POSS variants in
an increasing order of exclusion volume (DOBPOSS < TBPOSS <
TCHPOSS < TOPOSS) due to hydrophobic substituents.

1 Q,

0 = tan™ and schematically shown in Figure S3(a—c). For

Xy

the TCHPOSS layers, the GIXS measurements at high

compression (P;,) during the second cycle exhibit a diffraction
pattern (Figure 3(f)) somewhat similar to the one observed for
TBPOSS. The dyy values were calculated by fitting the GIXS
profile assuming a P1 triclinic structure. The corresponding
lattice parameters are, a = 15.319 A, b = 12.861 A, ¢ = 13.289
A, a =99.57° f = 99.41° and Y = 110.59°, with a crystal
volume of around 2346 A3, The observed and calculated dyy
values along with the corresponding Miller indices are shown
in Table S1 in the SI and are in good agreement with each
other, although some peaks are missing in the observed
diffractogram. The absence of peaks from the observed
diffractogram can be attributed to the fact that the molecular
crystal is quite large and held together by weak Van der Waal’s
forces at the air—water interface. Additionally, the scattering
from the floating layers is quite low, and the crystallization
process is itself dynamic in nature, induced by regulated lateral
pressure on the interface. Each of these dyy values
corresponding to specific scattering planes exhibits preferred
tilt angles with respect to the water surface. The preferred tilt
angles of the different scattering planes are schematically
shown in Figure S4 for the spots marked as B1, B2, and B3.
These preferred tilt angles were estimated to be 28.8° + 5.9°
for the (001), 30° + 4.6° for the (010) plane, and 44.8° + 4.3°
for the (0—11) plane, respectively. GIXS measurement of
TOPOSS layers at SP P;; during the second compression
shows a net appreciation in the in-plane and out-of-plane
scattered intensity, without any change in the peak positions,
as seen in Figure 3(g). However, the change in the intensity
increases more in the out-of-plane direction compared to the
in-plane direction. This behavior of TOPOSS layers can be
attributed to the out-of-plane stacking of a highly viscous fluid-
like pristine state of TOPOSS. The arching of the correlation
peak also indicates a buckled layer at the interface.

GIXS measurement of DOBPOSS layers at SP of 20 mN/m
(P, in Figure 3 (d)) during second compression results in
intense diffraction spots characteristic of single crystals, as
shown in Figure 3(h). The integrated line intensity profile
along the in-plane (Qxy) and the out-of-plane (Q,) direction is
shown in Figure S5(a,b), respectively. The diffracted intensity
profile was analyzed and solved for the underlying crystal
structure. The resultant crystal structure has triclinic P1
symmetry (quite characteristic for POSS crystals), with lattice
parameters of a = 35.12 A, b = 3590 A, ¢ = 32.15 A, a =
102.55°, f = 78.50° and Y = 102.50° and the corresponding
volume of 38 134 A3, which is an order larger than the reported
powder crystal structure.’ It must be noted, though, that the
identification and indexing of all the peaks present in the
diffraction pattern are severely limited by the inhomogeneity in

Table 1. Observed Values of Correlation Peaks Corresponding to the Monolayer Phase and Calculated Lattice Parameters,
Unit Cell Volume, And Nature of Crystal Formed Post-Collapse during the 2* Compression Cycle of DOBPOSS, TBPOSS,

TCHPOSS, and TOPOSS Layers

correlation peak

POSS variant (in order of least position unit cell
to most exclusion volume) (Q,(A™) nature of crystal calculated lattice parameters (a, b, ¢, @, f3, 7) volume (A%)
DOBPOSS 0.56 single crystal 35.12 A, 35.90 A, 32.15 A, 02.55°, 78.50°, 102.50° 38134
TBPOSS 0.53 weakly polycrystalline with “13.82 A,15.48 A, 14.01 A, 88.57°, 110.41°,109.51° %2635
strong preferential orientation
TCHPOSS 0.46 strongly polycrystalline with 15.32 A, 12.86 A, 13.29 A, 99.57°, 99.41°, 110.59° 2346
weak preferential orientation
TOPOSS 0.40 no crystal NA NA

“Denotes that the lattice parameter values were taken from Reference.
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the floating films and the low number of observed diffraction
spots. Table S2 in the SI lists all the observed and calculated
dpq values along with corresponding Miller indices for the
refined crystal structure.

The monolayer formation at the air—water interface acquires
a close-packed assembly, held at the interface by the weak H—
H bonding between the silanol bonds and the subphase. The
intermolecular separation in the monolayer depends on the
exclusion volume of the POSS monomer. The exclusion
volume at the air—water interface is dictated by the
hydrophobic substituents and POSS framework size.*”**
This behavior is evident from the Q,, values of the correlation
peak observed at SP values prior to collapse for different POSS
layers. Thus, TOPOSS has the largest exclusion volume and
DOBPOSS the least, in the sequence DOBPOSS < TBPOSS <
TCHPOSS < TOPOSS, as depicted schematically in Figure
3(i). Table 1 lists the correlation peak positions, nature of
crystal formed during the second compression cycle, and the
corresponding lattice parameters for different POSS variants.

Brewster’s angle microscopy (BAM) measurement on POSS
layers shows various stages of aggregation at the air—water
interface. The aggregation of POSS monomers postcollapse
results in a stark intensity contrast between the subphase and
floating aggregates. This intensity contrast difference between
different domains within the visualized area originates from the
difference in the thickness of the different floating layers.
Figure 4 shows BAM images for the different POSS variants

Figure 4. BAM images acquired during 2™ compression of (a)
TBPOSS layer postcollapse showing a sizable interfacial area covered
with crystallized TBPOSS dimers in contrast to the subphase,
separated by a phase boundary (indicated by arrows), (b) large
crystallites of TCHPOSS dimers with sharp edges and low contrast
bilayers, formed at high surface pressures, (c) oil-like buckled floating
multilayer of TOPOSS (bounded by the arrows) with a sharp contrast
with respect to the subphase, and (d) freely floating stable crystallites
of DOBPOSS dimers, formed at high compression.

postcollapse in the second compression cycle. BAM image of
the TBPOSS layer in Figure 4(a) shows the phase boundary
(denoted by arrows) between the subphase and the crystalline
layer, evident by the difference in contrast along with a low
contrast monolayer phase visible around the corner. The BAM
images for floating TCHPOSS layers (Figure 4(b)) show stark
intensity contrast between the crystallites and the underlying
layers. Crystal facets are also visible in some cases, and overall
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the long crystallites seem to be aggregated together in the
floating mass of crystalline domains. The BAM images
capturing the intermediate stages of the TCHPOSS layer
showing structural evolutions during the first compression
cycle are shown in Figure S6 in the SI. TOPOSS layers at the
interface exhibit oil-like behavior and the corresponding BAM
image is shown in Figure 4(c). The phase boundary between
the TOPOSS layers and the subphase is clearly visible and is
marked by arrows. Evidence of wrinkled or buckled layers with
oil-like demixing behavior with the subphase is seen.
DOBPOSS layers exhibit stable crystallization, and crystallites
floating freely at the interface can be seen in Figure 4(d). X-ray
reflectivity measurements were performed over the compressed
floating layers of POSS variants, as shown in Figure S7 in the
SI The lack of electron density contrast between the subphase
and the POSS layers prohibits any modulation in the
reflectivity profile that can be analyzed to extract the out-of-
plane ordering and layering of the POSS layers.

Modeling the structural transitions of the different POSS
variants at the air—water interface requires a detailed
understanding of the stacking mechanism of POSS monomers
under the influence of competing weak interaction forces. The
assembly at the air—water interface is modeled based on the
observed GIXS profile and BAM imaging of the interface
during the second cycle and is depicted schematically in Figure
S for each POSS variant, using the simplified volume exclusion
model. Figure 5(a) shows the ordering within the TBPOSS
layers, where TBPOSS monomers populate the interface and
stay intact due to the hydrogen bonding between TBPOSS
monomers and the subphase. The dimerization takes place in
the immediate layers above the monolayer, and these dimers
arrange themselves in a strongly scattering polycrystalline form.
TCHPOSS layers, however, assemble themselves to a
polycrystalline state mediated via a correlated bilayer structure,
as shown in Figure 5(b). The intermediate stages of the
assembly within the bilayers are explained in the SI and shown
in Figure S8 in the SI. A model depicting the TOPOSS layers’
arrangement at the interface under lateral compression
(considering that substituted heptameric POSS molecules
inherently exhibit dimerization) is shown in Figure 5(c). The
GIXS measurement corresponds to a compressible multilayer
lacking any crystalline structure formations. The interface
supports the TOPOSS monolayer, over which dimers of
TOPOSS form multiple compressible layers, so overall, the
layer has a buckled structure. The arcing of the interparticle
correlation peak toward Q, values as observed in the GIXS
profile (Figure 3(g)) is a characteristic sign of buckling in the
TOPOSS multilayer.”” ™" The estimation of this buckling
length is restricted by the indistinguishable layering scheme
and the presence of the unknown number of the multilayers.
DOBPOSS layers exhibit an immediate transition to a single
crystal-like phase during the collapse, which is modeled as the
repetition of identical units of triclinic crystal structures of
DOBPOSS dimers, as shown in Figure 5(d). The dimers of the
POSS variant serve as the motifs of the crystal structure.

The bulk form of the different POSS powder sample variants
was examined using lab source X-rays and showed prominent
peaks at lower diffraction angles but broad peaks at larger
diffraction angles, as shown in Figure S9 in the SI. Figure
S9(a—d) shows the diffraction profile for TBPOSS,
TCHPOSS, TOPOSS, and DOBPOSS bulk samples, which
were analyzed considering triclinic structure using freely
available software Expo-2014.>> The crystal structure solution
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Figure 5. Representation showing the assembly of POSS monomers and dimers forming (a) triclinic lattice structure with a P1 symmetry and
preferred tilt of crystal planes composed of TBPOSS dimers, postcollapse during the 2™ cycle of compression at surface pressure Py, (b) crystals of
TCHPOSS dimers in a triclinic lattice showing similar preference in alignment with respect to the interface formed postcollapse during the 2™
cycle at surface pressure Py, (c) compressible multilayers of TOPOSS dimers, exhibiting buckling phenomena at surface pressure Py, and (d)
ordered and oriented single crystal triclinic lattice of DOBPOSS dimers, giving rise to intense diffraction spots at surface pressure P;,.

for TCHPOSS and DOBPOSS (Figure S9(b,d)) is tabulated
in Table S3 in the SI. TOPOSS samples in their pristine form
exist as a fluid-like material of high viscosity. Neither the
pristine sample nor the evaporation dried sample (on a Silicon
wafer) exhibited any specific crystallinity, as evident in Figure
S9(c). The unit cell volume of TCHPOSS and DOBPOSS are
about 2256 A® and 6500 A% respectively. The cell volume in
the bulk powdered form turns out to be smaller than the
volume of unit cell formed at the air—water interface. One of
the main reasons for this expanded unit cell at the air—water
interface is hydrogen bonding.

The structural transitions exhibited by the heptameric POSS
framework variants, characterized by in situ GIXS measure-
ments and BAM imaging, reveal crystallization in a triclinic
lattice, which is metastable and dynamic in nature. The
TCHPOSS layers were observed to transform from a single
molecule monolayer to dimeric molecules forming long-ranged
2D ordered layers, to eventually a polycrystalline structure with
a definite symmetry formed by dimeric motifs, under the
influence of repeated lateral compression—decompression
cycles at the air—water interface in a Langmuir trough. The
monolayer formation is influenced by the amphiphilic nature
of the adjacent monomers. The in-plane and out-of-plane
stacking of the bilayers (assembled on top of the monolayer) at
different stages of compression can be attributed to the
interplay of the hydrophobic vs the hydrophilic interactions. It
is observed that post dimerization, the stacking becomes
different due to the hydrophobic repulsion among the
neighboring dimers. The hydrophilic —OH bonds engage in
the dimer formation and are no longer dominant. Finally, we
observe the metastable crystallization process of the
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TCHPOSS layers at the air—water interface, wherein the
dimers (which act as the motif) are now aligned to form the
lattice of a triclinic structure with P1 symmetry. The absence of
triclinic crystalline states within the TOPOSS layers is
attributed to its pristine form of a highly viscous liquid,
although it has a similar structure to other heptameric POSS
variants. No significant crystalline state is observed in the
GIXS, BAM, and XRD measurements on TOPOSS. Alter-
natively, the octameric POSS framework substituted with eight
isobutyl and disilanol bonds exhibits a direct transition into a
stable single-crystalline phase. The influence of the POSS core
on the ordering and crystallization of differently substituted
POSS variants at the air—water interface can be understood in
terms of the monomeric size and the symmetry of the POSS
monomer. The trisilanol and the disilanol POSS cores differ in
their cage structure as they are open-cage T, and Ty
frameworks, respectively. The change in the number of Si-
atoms changes the monomeric size, symmetry, and the
chemical surrounding of the Si-atoms as observed by the *Si
NMR spectra of the different POSS structures.””>* This
change in symmetry affects the overall organizational behavior
in the POSS systems. The observed dynamic nature of
crystallization at the air—water interface corroborates the
hydrogen-bonded interaction between the POSS monomers.
The complete evolution of the different structural phases of the
different POSS variants floating at the air—water interface is
followed in situ and quantified using GIXS measurements
employing a liquid surface diffractometer.
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B CONCLUSIONS

A variety of structural phases and phase transitions are
exhibited by amphiphilic POSS layers at the air—water
interface, as evidenced by the nature of the surface pressure
versus area per molecule isotherm in successive compression—
decompression cycles. The nature of phase transitions and
subsequent crystallization was observed to be dynamic,
mediated by interactions dominated by the ordering specific
to a particular phase. These structural phases are followed in
situ using GIXS measurements on a Langmuir trough placed
atop a liquid surface diffractometer under synchrotron X-ray
radiations and complemented by BAM measurements. We
observe unique diffraction patterns corresponding to the
underlying packing scheme of the heptameric TCHPOSS
monomers and dimers ranging from a weakly correlated
monolayer to a final polycrystalline powdered form in a
triclinic state (with P1 symmetry), mediated by a correlated-
bilayer structure. Preferential tilting of the TCHPOSS dimers
(angle subtended by the bond-axis with respect to the water
surface) are attributes of dominant hydrophobic nearest-
neighbor interactions of the dimers. The tilting angle changes
to a smaller value as a greater number of bilayers are stacked
above the existing layers under continued lateral compression.
Heptameric TOPOSS layers do not exhibit any distinguishable
crystalline structure formation but exhibit high compressibility
and buckling in the floating layers. The change in the POSS
core framework drastically changes the nature of crystallization
resulting in prominent diffraction spots, characteristic of a
single crystalline state, as is observed for the octameric
DOBPOSS monomers, which exhibit transitions from
monolayer to single-crystal like structure. Measurements and
quantitative analysis of in situ GIXS profiles reveal important
aspects that are imperative to understanding the self-assembly
and packing behavior of molecules with tunable amphiphilicity.
This study thus provides critical insights into the dynamic
nature of the crystallization of amphiphilic molecules at the
air—water interface by correlating the differences in the
molecules’ substitutions to the final crystal structure attained
under lateral compression. Such information is crucial for the
applicability of POSS molecules in coating and copolymeriza-
tion processes and other technological applications.
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