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ABSTRACT: This study investigates the nature of interactions
between the molecules of polyhedral oligomeric silsesquioxane
(POSS) containing silanol functionalities (silanol—POSS) and
di(benzylidene)sorbitol (DBS) encountered in the develop-
ment of nanocomposite fibers from the compounds of POSS,
DBS, and isotactic polypropylene (iPP). The interactions were
investigated using Fourier transform infrared (FTIR) spectros-
copy, differential scanning calorimetry (DSC), wide-angle X-ray
diffraction (WAXD), nuclear magnetic resonance (NMR)

spectroscopy, mass spectrometry, and oscillatory shear rheology. Mass and NMR spectrometry revealed that the molecules of
silanol—POSS and DBS formed several amorphous noncovalent molecular complexes promoted by hydrogen bonding. More
abundant complex formation was observed with silanol—POSS molecules carrying four silanol groups and phenyl substitutions.
Such complex formation deterred fibrillation of DBS when the compounds of iPP, DBS, and silanol—POSS were cooled from
homogeneous melt states. It was also revealed that POSS—DBS complexes were of much lower viscosity than iPP.

B INTRODUCTION

In recent years polyhedral oligomeric silsesquioxanes (POSS)
have received considerable attention as hybrid organic— morgamc
filler materials for development of polymer nanocomposites.' **
In comparison with more conventional inorganic fillers, such as
talc, layered silicate clay, and silica, POSS molecules are more
promising due to the advantage of monodispersed size ranging
between 1 and 3 nm, isotropic molecular shape, low density, high
thermal stability, and an array of functionalities.'” >' POSS
molecules can be functionalized to aid incorporation in several
polymer systems via copolymerization and grafting reactions and
to render them as integral parts of polymer chains.”'**° While
such reactions are beneficial in designing specific molecular
structures, their usage in development of POSS—polymer com-
posites suffers from several inherent limitations, such as dete-
rioration of mechanical properties.”

Melt blending of nonreactive POSS molecules with the host
polymers presents a much simpler alternative to grafting and
copolymerization reactions for preparation of POSS—polymer
nanocomposites.” >691L13717 Nonreactive POSS molecules are
easier to synthesize and can be mixed with the polymer using an
array of extruders and internal mixers. However, good dispersion
and desired improvements in mechanical propertles strongly
depend on POSS—polymer compatlblhty 22 In this study, a
set of incompletely condensed”® >° POSS molecules bearing
multiple polar silanol groups (Si—OH), henceforth silanol—
POSS, were compounded with isotactic polypropylene (iPP)
for development of nanocomposite fibers with substantial
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reduction in fiber diameter and large enhancement in tensile
properties.

It was recognized at the outset that the polar nature of
silanol—POSS would deter its dispersion in iPP melt. To
circumvent this, up to 1 wt % of a sorbitol-type nucleating agent
was added in the compounds. It was hypothesized that stronger
sorbitol —POSS hydrogen-bonding interactions would promote
dispersion of silanol—=POSS in iPP melt and that the fibrillar
networks of sorbitol formed upon cooling would serve as
templates for assembly of silanol—POSS molecules into nano-
particles. This paper investigated the nature of sorbitol—POSS
interactions using several analytical tools.

The free —OH groups in sorbitol can form both intramole-
cular and intermolecular self-assembled superstructures via hy-
drogen bonding. The hydrophobic aromatic rings in sorbitol are
known to promote compatibility with polyolefins.*** Sorbitol
molecules get completely dissolved and homogeneously dis-
persed in molten iPP. Upon cooling, a transient gel is formed
with endless, thin, twisted fibrils of sorbitol which nucleate
crystallization of iPP chains. It was reported that homogeneous
melt mixtures of di(benzylidene)sorbitol (DBS) and iPP upon
cooling result in elementary DBS fibers of typical diameter
~10 nm.**** A similar phenomenon was identified for di-
(dlmethylbenzyhdene)sorb1t01 (DMDBS).* The self-aggregation
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Figure 1. Scanning electron microscope image of fractured surface of
melt-spun fiber (draw ratio 380) of iPP compound containing DBS/
trisilanol phenyl-POSS 1/5 wt/wt processed at 200 °C.

of sorbitol molecules such as DBS is believed to be the result of
intermolecular hydrogen bondin§34 and ;T—7 interactions be-
tween the adjacent phenyl rings.***” Highly organized fibrillar
bundles of DBS are formed up to a concentration of 1—2 wt %,
beyond which DBS remains insoluble in molten iPP.>**%*

POSS-type organosilanols have been known to form useful
building blocks for supramolecular chemistry; complexes based
on silanols have been reported in the literature.****' Our
previous work™* reported that dispersion of nonreactive
trisilanol phenyl-POSS (tri-POSS) in iPP can be improved in
the presence of DBS. These studies also reported that in the
presence of tri-POSS the fibrillar networks of DBS did not form
easily when compounds were cooled from a homogeneous melt
state. This was attributed to stronger interactions between
silano]l=POSS and DBS than DBS—DBS interactions. This
paper expanded the scope to other silanol—-POSS molecules,
e.g., with four silanol groups per molecule or cyclopentyl sub-
stitution instead of phenyl. The study investigated POS-
S—sorbitol interactions as a function of the mass ratio of
sorbitol derivatives and silanol—POSS. Both DBS and DMDBS
systems were investigated, but the results of tests involving DBS
formed the major part of this paper. Only selected sets of data
with DMDBS are presented as trends were similar to DBS. Some
additional data on DMDBS are provided as Supporting Informa-
tion. Our preference for DBS stemmed from its simpler molec-
ular structure, convenient solution preparation, and lower melting
temperature.

We present below a rationale for devoting this paper to the
study of POSS—DBS interactions. Some reasons for not pre-
senting the details of how such interactions impacted the proper-
ties of iPP compounds are also given. Figure 1 presents scanning
electron microscope image of fractured surface of a fiber of iPP
compound containing 5 wt % trisilanol phenyl-POSS and 1 wt %
DBS, melt-spun at 200 °C to a draw ratio of 380. The compound
was prepared by mixing the ingredients in a batch mixer at 190 °C
for S min. These fibers with 93 m mean diameter offered ~2
GPa tensile modulus and 100 MPa tensile strength. The same
compound, spun to a minimum mean diameter of 40 4m, offered
tensile modulus of 4 GPa and tensile strength of 190 MPa. It was

found that the presence of DBS and trisilanol phenyl-POSS in the
compound allowed melt spinning to a maximum draw ratio of
about 2000 compared to a maximum draw ratio of about 800 for
iPP alone. The cylindrical particles of ~100 nm in diameter seen
at the center of the image in Figure 1 were formed from an
amorphous, liquid molecular complex of trisilanol phenyl-POSS
and DBS after it underwent substantial stretching during fiber
spinning. As will be described in the Experimental Section, both
trisilanol phenyl-POSS and DBS are crystalline solids at 200 °C
and should not have formed a deformable liquid on their own. A
detailed treatment of the effects of the POSS—DBS molecular
complexes on fiber draw ratio during melt spinning and fiber
mechanical properties warrants a separate publication which will
be communicated elsewhere. Instead, the present paper focuses
on the nature of these molecular complexes.

The following specific issues were investigated in this paper. In
our previous work,””** an indirect evidence of interactions
between tri-POSS and DBS molecules was gleaned from the
rheological data, and such interactions were attributed to hydro-
gen bonding. However, it was not studied if the number of
Si—OH groups or the nature of organic substitutions in sila-
nol—POSS molecules would have any impact on such interac-
tions. It was also not investigated if POSS—sorbitol interactions
would lead to molecular complex formation or if such complexes
were indeed chemical compounds. The study also determined
various POSS—DBS molecular adducts in the complex and
reported minimum quantities of POSS required to form complex
with DBS. The issue of molecular complex formation was found
to be very relevant in making nanocomposite fibers from the
compounds of iPP, DBS, and silanol—POSS as reflected in the
preceding paragraph. The complex may not show crystalline
order and instead may exhibit amorphous nature with glass
transition temperature much lower than the crystalline melting
temperature of iPP. This in turn may facilitate fiber spinning of
the compounds. For example, a POSS—DBS complex, due to low
viscosity in liquid state at or above iPP melting temperature, may
deform into large surface area cylindrical domains during fiber
spinning, as seen from a representative image in Figure 1.

B EXPERIMENTAL SECTION

Materials. Isotactic polypropylene, P4G2Z-159, was obtained in the
form of pellets from Flint Hill Resources (Wichita, KS) with MFI 1.95 g/
10 min (ASTM D1238), density 0.90 g/cm® (ASTM D1505), and
crystalline melting temperature (T,,) 165 °C. As per the information
obtained from the supplier, this grade of iPP did not contain any
nucleating agent. Three grades of silanol POSS were obtained from
Hybrid Plastics (Hattiesburg, MS). Tetrasilanol phenyl-POSS (tetra-
POSS, SO 1460) was available in the form of a white powder, with
molecular weight 1069.5 g/mol and T, of 260 °C. Trisilanol phenyl-
POSS (tri-POSS, SO 1458) was a white powder with molecular weight
0f930.07 g/mol and T, of 230 °C. Trisilanol cyclopentyl-POSS (cyclo-
POSS; SO 1430) was obtained as a white powder with molecular weight
of 874.7 g/mol and T,, of 250 °C. Figure 2a—c presents the chemical
structures of the silanol POSS molecules. Note that both tri-POSS and
cyclo-POSS have three silanol groups, but they differ in the nature of side
groups—phenyl in the case of tri-POSS and cyclopentyl in the case of
cyclo-POSS.

The sorbitols chosen for this study were di(benzylidene)sorbitol
(DBS; Millad 390S; M,, = 3584 g/mol and T, = 225 °C) and
di(dimethylbenzylidene)sorbitol (DMDBS; Millad 3988; M,, = 414.49
g/mol and T, = 275 °C). Both DBS and DMDBS have two free —OH
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Figure 2. Chemical structures of (a) tetra-POSS, (b) tri-POSS, (c) cyclo-POSS, (d) DBS, and (e) DMDBS.

groups and phenyl side rings and have been used as clarifying agents of
iPP, although DMDBS is more frequently used due to its higher melting
temperature. DMDBS molecules contain two methyl substituents in
each phenyl ring and melt at 50 °C higher temperature than DBS. The
structures of these molecules are shown in Figure 2d,e. These materials
were obtained from Milliken Chemicals (Spartanburg, SC) in the form
of white powder. A majority of the data presented in this paper involve
DBS as many trends with DMDBS were found to be similar to DBS.

Preparation of Sorbitol—POSS Mixtures. DBS or DMDBS
and POSS were intimately mixed at different weight ratios in solution in
tetrahydrofuran (THF). The solvent was evaporated, and the resultant
materials were ground and vacuum-dried. One part of the mixture was
kept in the oven at 200 °C for 5 min to imitate the thermal history
experienced in typical polymer compound preparation and melt spin-
ning experiments. The resultant materials were cooled to room tem-
perature and ground into powder forms for further analysis.

Characterization. Infrared spectroscopy was used to identify
POSS—POSS and POSS—sorbitol hydrogen-bonding interactions at
room temperature and as a function of temperature both during heating
and cooling. For this purpose, powder samples of DBS or DMDBS and
POSS were compressed with potassium bromide (KBr) powder in
vacuum compression mold. Fourier transform infrared (FTIR) spectra
were recorded in transmission mode from 4000 to 500 cm ™ in a Perkin-
Elmer 16 PC FTIR setup. The FTIR spectra were also recorded by
placing the KBr disk inside a heating stage and changing the temperature
from 45 to 200 °C at a scanning rate of 10 °C/min and also while cooling
to 45 at 10 °C/min.

Thermal Analysis. The melting behavior of POSS, DBS, or
DMDBS and their mixtures was investigated by differential scanning
calorimetry (DSC) using DSC200 (TA Instruments) calorimeter under
continuous nitrogen purge at a flow rate of S0 mL/min. The thermal
properties such as T, glass transition temperature (T,), and enthalpy
change (AH,,) in melting were determined at a heating rate of 10 °C/
min from 30 to 300 °C.

Wide-Angle X-ray Diffraction. Wide-angle X-ray diffraction
(WAXD) of DBS or DMDBS, POSS, and their mixtures produced by
mixing in solution and with heat history were investigated using Bruker
wide-angle X-ray instrument with sealed tube X-ray generator and Cu
Ka radiation of wavelength (1) of 1.54 A. The WAXD patterns were
examined to determine if POSS—DBS mixtures remained crystalline or
turned amorphous.

Scanning Electron Microscopy. The morphology of POSS—DBS
or DMDBS mixture was observed by high-resolution scanning electron
microscopy (SEM) using a JEOL JSM5310 scanning electron microscope.
For this purpose, POSS, DBS (or DMDBS), and their mixtures were
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solution cast to reveal the self-assembled structures. The surface of the
specimens was sputter-coated by a layer of silver using a sputter coater,
Model ISI 5400, under argon gas atmosphere.

Mass Spectrometry. The samples designated for mass spectro-
metry (MS) and ion mobility mass spectrometry (IMMS) analysis were
completely dissolved in THF. An aliquot of methanol (MeOH) was
added to the sample solution in order to get a final concentration of
0.1 mg/mL in 1:1 (v:v) THF/MeOH.

All MS measurements were carried out using a SYNAPT HDMS
hybrid quadrupole/time-of-flight (Q/oa-ToF) mass spectrometer
(Waters, Beverly, MA) equipped with a Z-spray electrospray source.*®
The instrumental settings were optimized to minimize dissociation of
the complexes due to the energy provided during the ionization. The
instrument was operated in positive mode using the following settings:
capillary voltage 3.5 kV, cone voltage 35 V, sampling cone voltage 3.2V,
source temperature 60 °C, and desolvation gas temperature 100 °C. The
sample solutions were electrosprayed by direct infusion at a flow rate of
15 uL/min.

The ion mobility mass spectrometry (IMMS) experiments were
performed on the same instrument by activating the traveling wave
(T-Wave) separation section located between the two analyzers. This
section consists of three cells in the order trap cell, ion mobility cell, and
transfer cell. Once the ions generated in the source or by fragmentation
in the trap cell (vide infra) enter the ion mobility cell, they move under
the influence of a traveling wave electric field, in the presence of a drift
gas (N,) which flows in the opposite direction of the ions motion.
Separation takes place according to the size, shape, and charge state of
the ions.*” These parameters determine the drift times of the ions
through the ion mobility cell, which can be measured and converted to
experimental collision cross section that reflects ion shape and size. The
electric field used in the ion mobility experiments was generated by
tuning the traveling wave velocity and the traveling wave height at 350
m/z and 15 V, while the nitrogen gas flow rate was set at 22.7 mL/min.
For tandem mass spectrometry (MS/MS) studies, with or without
TWIM separation, a specific noncovalent complex was first mass-
selected by the quadrupole and then fragmented in the trap collision
cell using argon as collision gas. The collision energy applied to disrupt
the complexes under study was varied in the range from 6 to 20 eV,
depending on the type of complex, POSS—POSS or POSS-DBS, and its
stoichiometry. The fragments were mass-analyzed by the ToF analyzer
either without or with prior TWIM separation.

NMR Spectroscopy. Solid-state *°Si (79.4 MHz) and "*C (100.5
MHz) NMR spectra were collected on a Varian INOVA 400 MHz
(94T) spectrometer using a Varian 4 mm DR-T3 probe. Samples were
packed into 4 mm ceramic rotors, and all spectra were collected with

dx.doi.org/10.1021/ma201595j |[Macromolecules 2011, 44, 8064-8079



Macromolecules

10
= unfilled PP
0 PP-DBS 1wt%

_ X X PP-DBS/tetra-POSS 1/2 wt%

o ® PP-DBS/tri-POSS 1/5 wt%

= 10° A PP-DBS/cyclo-POSS 1/10 wt%

z X

8 A [m]

> N Dq:hhiq:h%

5 A

a A,

g 10* D ““AA“

O W

10° : ‘ ‘ ‘
100 120 140 160 180 200 220 240
Temperature (°C)

Figure 3. Temperature dependence of complex viscosity of PP compounds. The data were taken at 2% strain and frequency of 10 rad/s.

magic-angle spinning (MAS) and a spinning speed of 12 kHz. Cross-
polarization (CP) "H—?Si and "H—"C data were acquired using '"H
90° pulse widths of 5.0 and 4 s, respectively. The B, fields for '*C and
*Si were mismatched from the Hartman—Hahn matching condition by
the MAS spinning speed. Recycle delays of 2 and 5 s and CP spin-lock
times of $ and 1 ms were used for the "H—>Si and "H—"3C experi-
ments, respectively. >°Si chemical shifts were referenced to 2,2-dimethyl-
2-silapentanesulfonate (1.46 ppm), and "*C chemical shifts were refer-
enced to hexamethylbenzene (17.3 ppm, methyl).

Polymer Compound Preparation. A series of iPP/DBS or
DMDBS/POSS compounds were produced in an internal mixer,
Brabender Plasticorder. Before mixing, all ingredients were dried for
24 h at 80 °C in vacuum. First, PP was allowed to melt in the mixer, and
then dry-blended powder mixture of DBS or DMDBS and POSS was
added in the mixing chamber. The ingredients were mixed for S min at
200 °C at an angular speed of 80 rpm. The resultant compound was
cooled down to room temperature and ground into small pellets for
further analysis.

Rheological Analysis. An Advanced Rheometric Expansion Sys-
tem (ARES) from TA Instruments (New Castle, DE) operated with 25
mm parallel plate setup was used to measure the temperature depen-
dence of complex viscosity of the polymer compounds in the range of
100—220 °C upon cooling from a homogeneous state at 220 °C. Disk-
shaped specimens of 25 mm diameter and 2 mm thickness were molded
at 200 °C in a compression mold. The specimens were subjected to
200 °C only for S min during molding. The polymer compound in the
rheometer was first heated and kept at 220 °C for 5 min to reach
equilibrium and was cooled down to 120 °C at a cooling rate of 10 °C/
min. The strain was kept fixed at 2%, and the frequency of oscillatory
shear flow was kept at 10 rad/s. A linear viscoelastic regime was
independently confirmed under these conditions.

B RESULTS AND DISCUSSION

Effect of POSS on DBS Fibrillation. The oscillatory shear
rheological data provided the first sign of interactions between
DBS and POSS as the compounds of iPP, DBS, and POSS were
cooled from a homogeneous state at 220 °C. Figure 3 shows the
values of complex viscosity as a function of temperature for
samples containing different types and amounts of POSS. The
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onset of crystallization in unfilled iPP was inferred from a sudden
and abrupt increase in complex viscosity at 120 °C, while DBS in
iPP-DBS compound caused a distinct increase in viscosity at
~190 °C prior to crystallization of iPP. This was due to
formation of nanofibrillar networks by crystallized DBS in the
polymer melt.>"***

DBS fibrillation was subdued in compounds of 5 wt % tri-
POSS or 2 wt % tetra-POSS as the viscosity did not show an
abrupt increase until iPP began crystallizing at 120 °C (Figure 3).
This was also observed previously in compounds of iPP, DBS,
and tri-POSS.** We then determined the minimum amount of
silanol—POSS required to subdue DBS fibrillation. For this
purpose, the amount of tri-POSS and tetra-POSS was varied in
steps of 0.5 wt %, and the oscillatory shear viscosity data of the
compounds were examined. It was found that a minimum of 2 wt
% tetra-POSS or S wt % of tri-POSS was needed for complete
suppression of fibrillation of 1 wt % DBS. The compound of
10 wt % cyclo-POSS exhibited an upturn of viscosity at ~181 °C
due to DBS fibrillation (Figure 3), indicating much less interac-
tion with DBS.

One additional silanol group per molecule of tetra-POSS may
explain why much less tetra-POSS (2 wt %) than tri-POSS (S wt %)
was needed to subdue DBS fibrillation. However, cyclo-POSS
and tri-POSS have the same number of silanol groups per
molecule. Nevertheless, DBS fibrillation was not completely
subdued even in the presence of 10 wt % cyclo-POSS (Figure 3).
This indicates that hydrogen-bonding interactions were not the
only interactions possible in compounds of tri-POSS and tetra-
POSS. It has been reported that DBS fibrils are composed solely
of DBS molecules.>® Thus, cessation of DBS fibrillation in the
presence of tri-POSS and tetra-POSS would indicate higher
affinity of DBS to these POSS molecules. It is also noted that
structural flexibility of DBS molecules®” may facilitate intermo-
lecular hydrogen bonding with silanol POSS molecules.

Hydrogen Bonding from IR Spectra. The FTIR spectra of
POSS and POSS—DBS mixtures were studied to infer POSS—
POSS, POSS—DBS, and DBS—DBS hydrogen-bonding possi-
bilities. The O—H stretching peak of Si—OH groups in tetra-
POSS, tri-POSS, and cyclo-POSS are found respectively at 3288,

dx.doi.org/10.1021/ma201595j |[Macromolecules 2011, 44, 8064-8079



Macromolecules

(@) 3271 cm!
45°C 3293 cm!

i 200°C 3310 ercl

E 200°C for 5 min 2307 el

< 150°C 3254 cml
45°C

3800 3400 3400 0 3200 3000 0 2800 2600

Ware Mumber (crat)

(b) 3243 et

45°C 3272 cr!
2 200°C 3289 crl
E 200°C for Swin_goce 1
o
&
= ige 3253 end

45°C

3800 3600 3400 3200 3000 2800 2600
Wave Nurnber (cra)

Figure 4. FTIR spectra taken during temperature sweep: (a) DBS/tetra-POSS and (b) DBS/tri-POSS (DBS/POSS 1/2 wt/wt).

3280, and 3200 cm ™. It was earlier reported that tri-POSS has a
strong tendency to form aggregates through hydrogen bonding
in the solid state.***> DBS is reported to have a C—OH
stretching peak at 3220 cm ™ '%*

Although the O—H stretching peak was found in POSS—DBS
mixtures, the peaks originating from DBS—DBS, POSS—POSS,
or POSS—DBS interactions could not be clearly distinguished
(see S1 in the Supporting Information). A relatively small shift in
the wavenumber of O—H stretching could be attributed to
DBS—POSS interactions, but the relative strength of such
interactions over POSS—POSS interactions was small. In view
of this, the sample specimens were subjected to ramp heating and
cooling in the IR setup to evaluate if various hydrogen bonds
would show sensitivity to higher temperature and hence could be
identified.

The FTIR spectra were taken as the materials were heated
from room temperature to 200 °C and kept at this temperature
for S min to imitate the typical temperature history of compound
preparation and then cooled to 45 °C. The peak location and
height of O—H stretching were monitored as a function of
temperature. The spectra for mixtures of tetra-POSS and tri-
POSS with DBS are shown in Figure 4. It is seen that hydrogen
bonds weakened with heating as the O—H stretching peak
location shifted to higher wavenumbers with the increase of
temperature. The hydrogen bonds became stronger again upon
cooling as evident from the shifting of wavenumber to lower
values for all DBS/POSS combinations. A similar result was
obtained for DBS—cyclo-POSS mixture. The wavenumber chan-
ged from 3218 to 3281 cm™ ' as the material was kept at 200 °C
for 5 min and then reduced to 3240 cm ™" as the specimen was
cooled to 45 °C. These results indicate that hydrogen bonding in
DBS—POSS systems weakened at the processing temperature
but reappeared when the compounds were cooled down. The
FT-IR data presented in Figure 4 could not answer if DBS—
POSS hydrogen bonds were stronger than POSS—POSS or
DBS—DBS bonds. It was then hypothesized that POSS—DBS
interactions at room temperature would affect the crystalline
order of both DBS and silanol—POSS molecules and that an
evidence of the loss of crystalline order would indicate stronger
POSS—DBS interactions. In view of this, differential scanning
calorimetry and WAXD data of POSS—DBS compounds were
analyzed.

Investigation of Crystallinity and Crystalline Order. POSS—
DBS mixtures were prepared in solution and then dried. The data

Table 1. DSC Data on Melting and Glass Transition of As-
Received Specimens and after Heating at 200 °C for S min
(Heated)

melting transition;

component status Tm(°C) AH (J/g) T, (°C)
DBS as-received  sharp; 227 146

heated sharp; 223 113
DMDBS as-received  sharp; 276 207

heated sharp; 276 164
tri-POSS as-received  sharp; 227 71

heated no melting transition 132
cyclo-POSS  as-received  sharp; 242 108

heated no melting transition 211

in Table 1 show that DBS, DMDBS, and POSS were crystalline. A
depression in melting point of tetra-POSS and tri-POSS was
observed with the addition of DBS (Table 2). Two melting
transitions were also identified in mixtures at higher weight ratios
of POSS, for example, broad peaks at 148 and 261 °C in the case of
1:30 wt ratio of DBS and tetra-POSS or at 142 and 210 °C in the
case of 1:30 wt ratio of DBS and tri-POSS. The lower melting
POSS—sorbitol mixtures possibly contained smaller crystals,
which will be analyzed and verified using WAXD. Some repre-
sentative DSC traces are presented in Figures 5, 6, and 7. Let us
now examine the effect of heating of DBS, POSS, and DBS—
POSS mixtures at 200 °C for S min. This would imitate the
changes occurring during preparation of POSS, DBS, and iPP
compounds, which in turn influenced the rheological behavior in
Figure 3.

The mixtures of tri-POSS and DBS turned into clear liquid
possibly due to formation of a complex when heated at 200 °C for
S min. The liquid was found to be Newtonian with steady shear
viscosity of ~0.5 Pa-s at 180 °C for 2:1 wt/wt tri-POSS/DBS
mixture and S Pa-s for 5:1 wt/wt tri-POSS/DBS mixture. This is
in stark contrast to viscosity of molten iPP of ~2000 Pa-s at
180 °C. Upon cooling to room temperature, the liquid turned
into transparent solid with distinct glass transition temperature,
e.g, 106 and 122 °C respectively for S:1 and 30:1 wt/wt tri-
POSS/DBS mixture. A similar phenomenon was observed in the
case of tetra-POSS. It formed a clear liquid upon heating at
200 °C with DBS up to tetra-POSS/DBS weight ratio of 5:1. It
was revealed from the visual examination of the mixture that
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Table 2. DSC Data of POSS—DBS Mixtures at Different Weight Ratios Prepared by Solution Mixing (Solution) and Preheating at

200 °C for 5 min (Heated)

melting transition (T}, °C)

components wt ratio status first Ty, second T, AH (J/g) T (°C)
DBS/tetra-POSS 1:2 solution broad; 207 116
1:2 heated no melting transition 132
1:5 solution broad; 108 broad; 226 59 and 101
1:5 heated no melting transition 214
1:30 solution broad; 148 broad; 261 105 and 61
1:30 heated broad; 259 53
DBS/tri-POSS 1:2 solution broad; 188 88
1:2 heated no melting transition 151
1:5 solution broad; 196 78
1:5 heated no melting transition 106
1:30 Solution broad; 142 broad; 210 47 and 47
1:30 heated no melting transition 122
DBS/cyclo-POSS 1:2 solution broad; 224 138
1:2 heated broad; 242 66
1:5 solution broad; 216 121
1:5 heated broad; 242 122
1:30 solution broad; 232 111
1:30 heated broad; 261 77
| @ @
— — —— . 88J/g PR T - 3\16']/% T
® T,=151°C T,,, =188°C ® _ L=132°%C g Tam207eC
% © - - - g T © s dovg
= (e) - B 7 ﬁ E 2 ""\,,‘1(15}]@, e ‘“\\f} J/g/,f"
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KON T,=122°C T, =210°C T2 T
: — T, =259 °C
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Temperature (°C)

Figure 5. DSC scans (exo up) of DBS/tri-POSS mixtures at various
weight ratios: (a) 1:2, (b) 1:2 preheated, (c) 1:5, (d) 1:S preheated, (e)
1:30, and (f) 1:30 preheated at 200 °C for S min. The heat of fusion of
the corresponding melting transition is given in J/g.

excess tetra-POSS beyond S:1 tetra-POSS/DBS weight ratio
remained as solid even at 200 °C. The compounds of DMDBS
and POSS were prepared by heating at 210 °C for 5 min. The
melting and glass transition temperatures of DMDBS—POSS
compounds inferred from DSC traces are presented in S2 of the
Supporting Information. It is seen that the trends are similar to
DBS systems.

The transformation of mixtures of crystalline tri-POSS or
tetra-POSS and DBS into low-viscosity liquid complex upon
heating at 200 °C, although somewhat surprising, can be
beneficial. First, it generates a liquid with shear viscosity less
than 10 Pa-s at 180 °C which will make the liquid amenable to
deformation and breakup into small droplets in shear and
extensional flows encountered during extrusion, fiber spinning,
or film casting of the compounds of iPP, DBS, and tri-POSS or
tetra-POSS. Second, the liquid upon solidification generates hard
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Temperature (°C)

Figure 6. DSC scans (exo up) of DBS/tetra-POSS mixtures at various
weight ratios: (a) 1:2, (b) 1:2 preheated, (c) 1:5, (d) 1:S preheated, (e)
1:30, and (f) 1:30 preheated at 200 °C for S min. The heat of fusion of
the corresponding melting transition is given in J/g.

particles for potential reinforcement of the polymer, as already
seen in Figure 1. A thorough report on this aspect will be
communicated elsewhere. Third, the weight ratio of tri-POSS/
DBS or tetra-POSS/DBS can be used to vary the glass transition
temperature of the complex to move above or below the crystal-
lization temperature of iPP.

An amorphous material with a T of 132 °C (Table 1) was also
formed when tri-POSS was heated at 200 °C in the absence of
DBS. This phenomenon was reported earlier”® and was attrib-
uted to dehydration/condensation reactions that yielded a
mixture of products. These condensations reactions also led to
transition of tri-POSS from crystalline to amorphous state as
identified previously.*> However, tetra-POSS retained its crystal-
line structure after heating at 200 °C, indicating better thermal
stability than tri-POSS. Cyclo-POSS also turned amorphous after
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heating at 200 °C with a glass transition temperature of 211 °C.
However, unlike in the cases of tri-POSS and tetra-POSS, the
cyclo-POSS and DBS mixtures heated at 200 °C did not show
loss of crystallinity (Table 2). Let us now discuss the origin of two
melting peaks seen in the case of solution mixed POSS and DBS.

The DSC traces of tri-POSS and tetra-POSS/DBS mixtures
prepared in solution showed broad melting transitions, and the
melting peaks appeared at substantially lower temperatures than
those of DBS, tri-POSS, and tetra-POSS as reflected in Figures 5
and 6. For example, a 2:1 wt/wt tri-POSS/DBS mixture showed a
melting peak at 188 °C although DBS and tri-POSS showed
individual melting peaks at 227 °C. The melting peaks moved to
higher temperature with the increase of tri-POSS and tetra-POSS
content in the mixtures and a second melting peak appeared. For
example, two melting peaks, respectively at 210 and 142 °C were
observed with 30:1 wt/wt tri-POSS/DBS mixture. A 30:1 wt/wt
tetra-POSS/DBS mixture also showed two melting peaks re-
spectively at 148 and 261 °C. The lowering of melting peaks with
the addition of DBS to tri-POSS and tetra-POSS can be attri-
buted to good compatibility between DBS and phenyl-substi-
tuted silanol-POSS. This was not apparent, however, in cyclo-
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Figure 7. DSC scans (exo up) of DBS/cyclo-POSS mixtures at various
weight ratios: (a) 1:2, (b) 1:2 preheated, (c) 1:5, (d) 1:S preheated, (e)
1:30, and (f) 1:30 preheated at 200 °C for S min. The heat of fusion of
the corresponding melting transition is given in J/g.

POSS/DBS mixtures, indicating poor compatibility between
these compounds, although shear rheology in Figure 3 indicated
some interactions between these molecules.

The solid mixtures of silanol —POSS and DBS before and after
heating at 200 °C for S min were examined by WAXD and their
patterns compared with those of silanol-POSS and DBS. Figure 8
presents evidence of the crystalline structure of DBS and various
POSS. In addition, these patterns captured the structural changes
in preheated silanol—POSS and their mixtures with DBS. The
bright arc patterns in Figure 8a,ce,g are attributed to the
crystalline structures of DBS and silanol —POSS. The bright halo
in Figure 8f is due to the amorphous nature of preheated tri-
POSS which indicates that heating tri-POSS at 200 °C for 5 min
destroyed its crystalline structures as was already inferred from
the absence of melting peaks in DSC traces. A comparison of the
WAXD patterns of DBS and tetra-POSS before and after heat
treatment revealed that the crystalline structures were not
influenced by the heat treatment. The crystalline structure of
cyclo-POSS, however, changed due to heat treatment as evident
from Figure 8h.

The bright halo in WAXD patterns in Figure 9 provides
evidence that the crystalline, solution mixed tetra- and tri-
POSS/DBS mixtures turned amorphous due to heating at
200 °C for S min. Only the tetra-POSS/DBS mixture with
30:1 wt/wt ratio showed the existence of small crystals (small
bright dots in Figure 9g) before heat treatment. These small
crystals supports the broad melting peak observed at ~150 °C in
the DSC traces of solution mixed tetra-POSS/DBS system. After
heating, the lower melting transition disappeared (Figure 6) as
supported by the bright arc pattern in WAXD in Figure 9h. The
cyclo-POSS retained its crystalline nature both for the mixed and
preheated samples.

Organization of Silanol—POSS. The organization of silanol—
POSS in mixtures with DBS was investigated by SEM. For this
purpose, solutions of DBS, POSS, and POSS/DBS mixtures were
cast as films on SEM stubs and their morphology compared
as presented in Figures 10 and 11. Crystalline DBS formed
nanofibrillar networks with diameter ~20 nm (Figure 10a).
Crystalline lamellar structures are also seen for tri-POSS
and tetra-POSS respectively in Figure 10b and Figure 10c; the

Figure 8. WAXD patterns of (a) DBS, (b) heat-treated DBS, (¢) tetra-POSS, (d) tetra-POSS heated, (e) tri-POSS, (f) tri-POSS heated, (g) cyclo-POSS,

and (h) cyclo-POSS heated at 200 °C for S min.
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Figure 9. WAXD patterns of (a) DBS/tetra-POSS 1:2 wt/wt, (b) DBS/tetra-POSS 1:2 wt/wt preheated, (c) DBS/tri-POSS 1:2 wt/wt, (d) DBS/

tri-POSS 1:2 wt/wt preheated, (e) DBS/cyclo-POSS 1:2 wt/wt, (f) DBS/cyclo-POSS 1:2 wt/wt preheated, (g) DBS/tetra-POSS 1:30 wt/wt, and
(h) DBS/tetra-POSS 1:30 wt/wt preheated; at 200 °C for S min.
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Figure 10. SEM images of DBS and POSS particles as observed from solvent cast system: (a) DBS, (b) tetra-POSS, (c) tri-POSS, and (d) cyclo-POSS.

cyclo-POSS molecules formed circular crystalline domains much smaller crystalline aggregates in the presence of DBS
(Figure 10d). This self-aggregation can be attributed to inter- (Figure 11ab) possibly due to mixing and interactions with
molecular hydrogen bonding between the molecules of DBS. The fibrillar domains of DBS are apparent in Figure 11. The
silanol—POSS.** The phenylsilanol—POSS molecules formed smaller crystalline aggregates can explain the depression of
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Figure 11. SEM images of DBS and POSS mixtures as observed from solvent cast system: (a) DBS/tetra-POSS, (b) DBS/tri-POSS, (c) DBS/cyclo-

POSS, and (d) DBS/cyclo-POSS heated at 200 °C (DBS/POSS 1/2 wt/wt).

melting point observed in Table 2, Figure 5, and Figure 6. Recall
that 1:2 wt/wt DBS/tri-POSS mixture showed a melting tem-
perature of 188 °C while the crystalline melting temperatures of
DBS and tri-POSS are respectively 227 and 227 °C. The cyclo-
POSS domains retained much of its circular shapes when mixed
with DBS (Figure 11c), indicating greater POSS—POSS affinity.
In this case, the melting temperature depression of cyclo-POSS
crystalline domains was not much, e.g,, 224 °C for a mixture of
1:2 wt/wt ratio of DBS/cyclo-POSS and 232 °C for a mixture of
1:30 wt/wt DBS/cyclo-POSS (Table 2); the crystalline melting
temperature of cyclo-POSS was 242 °C.

The morphological features of DBS, silanol—POSS, and their
mixtures were examined after heating these materials at 200 °C
for 5 min, and the resultant materials were solution cast on SEM
stubs. As already discussed in conjunction with DSC data
presented in Table 1, the tri-POSS and cyclo-POSS turned
amorphous due to such thermal history and did not show melting
transitions while tetra-POSS remained crystalline. Consequently,
no distinct morphological features were identified in SEM images
of heated materials of tri-POSS or its mixtures with DBS.
Although cyclo-POSS became amorphous upon heating, the
crystalline POSS domains and DBS fibrils are seen in
Figure 11d. This is surprising, since cyclo-POSS did transform
into amorphous state due to heating. Therefore, the presence of
DBS must have deterred transformation of cyclo-POSS crystals
into an amorphous state.

POSS—DBS Molecular Complex from Mass Spectroscopy.
The DBS/silanol—POSS mixtures were examined by ESI mass

spectrometry to unveil the structures of molecular complexes.
The gentle ionization in ESI method is able to retain the
noncovalent interactions between the molecules intact during
the transfer of the analytes into the gas phase. The resulting mass
spectra identified the composition of several complexes formed,
such as POSS—POSS, DBS—DBS, and POSS—DBS.

Structure formation in POSS and DBS was investigated first in
order to determine the changes before and after heating at
200 °C. Several combinations of POSS—DBS molecules were
mixed at different molar ratios and at different temperatures, e.g.,
at room temperature and at 200 °C for S min. The ESI mass
spectra of DBS showed the quasi-molecular ions [M + Na]" as
base peaks as well as the respective dimeric species [2M + Na]*
(83 in Supporting Information). Although no salt was added to
the sample solutions, all ions observed were adducts with sodium
ions. These ions were possibly derived from the glassware or
were present in the as-received samples. Poly(ethylene glycol)
(PEG) impurities were also detected in the analyzed DBS and
probably originated from the chemical synthesis of DBS.

No change or degradation was evident in the respective
mass spectra of DBS after heating at a temperature of 200 °C
for 5 min and allowing to cool down to room temperature
(Supporting Information S3). This indicates reasonable thermal
stability of DBS during compound preparation and rheological
measurement.

ESI analysis of the individual POSS materials confirms that
such molecules can form noncovalent complexes (see Supporting
Information S4). Note that the stoichiometry of the complexes
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Figure 12. MS/MS spectra of condensation products from tri-POSS heated at 200 °C: (a) [(2M—H,0) + Na]" (m/z 186S) fragmented at a collision
energy of 17 eV; (b) [(2M—2H,0) + Na]" (m/z 1847) fragmented at a collision energy of 20 eV.

detected is up to [4M + Na]" for tri- POSS, [3M + Na]" for
tetra- POSS, and just [2M + Na]" for the cyclo-POSS.

The higher degree of complexation observed for tri-POSS and
tetra-POSS systems can be rationalized by the hydrogen bonding
and additional m— stacking interactions derived from the
phenyl functionalities, which improve the overall stability of
the resulting complexes. The binding interactions in the ob-
served complexes of cyclo-POSS must be the result of hydrogen
bonding®*** as the molecule does not carry any aromatic side
groups. The same POSS molecules underwent some degradation
when thermally treated at 200 °C for S min. The mass spectra of
tri-POSS and cyclo-POSS (see Supporting Information SS)
indicate consecutive water losses, pointing out condensation
reactions during heating. Note that the number of water mole-
cule losses increased with the complex order, e.g., one water loss
from the monomer [M + Na]*, two water losses for the dimer
[2M + Na]™, and four water losses from the trimer [3M + Na]".
Additional minor fragments in the spectra, labeled as asterisks,
arose from the consecutive elimination of SiPhO and H,O units.
Conversely, no condensation or degradation product was de-
tected for tetra-POSS (see Supporting Information SS).

The tandem mass spectrometry (MS/MS) studies of the ion
species arising from water losses confirmed that the condensa-
tion reactions indeed occurred in the single POSS molecules
via intramolecular condensation rather than between two
POSS units, which would have led to covalently bonded POSS
units. This was reported earlier’™ and exemplified here in
Figure 12, which illustrates the MS/MS spectra of the sodium
adducts of 2M—H,0 and 2M—2H,0 from tri-POSS heated at
200 °C.

Consistent with the noncovalent bonding between the POSS
units, relatively low collision energies were necessary to disrupt
the complexes, resulting in the loss of a dehydrated POSS unit
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Table 3. Self-Assembled Complexes of POSS, DBS, and
Their Combinations As Identified from ESI Mass Spectra
Analysis

intermolecular complexes
(POSS/DBS 2/1 wt/wt)

exist along with

component status self-aggregates self-aggregates
DBS RT mono- and dimer
heated  mono- and dimer
tetra-POSS RT mono- to trimer 1:1, 2:1, 3:1
heated mono- to trimer 1:1,2:1, and
corresponding
dehydrated
product
tri-POSS RT mono- to trimer 1:1, 2:1, 3:1
heated mono- to trimer 1:1,2:1, and
and dehydrated corresponding
product dehydrated
product
cyclo-POSS RT mono- and dimer 1:1

heated mono- and dimer

dehydrated
product

1:1, no dehydrated
product from

this complex

(M—H,O0) from both the condensation products investigated. In
the case of (2M—2H,0), Figure 12b, the loss of a (M—H,0)
unit to generate a sodiated (M—H,O) fragment ion indicates
that each of the POSS molecules in the complex had undergone
one intramolecular condensation reaction. In the same vein,
the loss of (M—H,0) from sodiated (2M—H,0) to produce
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Figure 13. Ion mobility diagram of m/z versus drift time for tri-POSS/DBS (2/1 wt/wt). Band 1 is composed of singly charged complexes (higher drift

time), while band 2 represents doubly charged complexes (lower drift time).
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Figure 14. Mass spectra extracted from the different bands of the 2D ion mobility diagram shown in Figure 17. Spectrum (a) corresponds to the band 1
of singly charged complexes; spectrum (b) results from the band 2 of doubly charged complexes.

[M + Na]" (see Supporting Information SS) confirms that only
one of the two POSS molecules had undergone condensation.
Several POSS—DBS and POSS—POSS complexes were de-
tected in the mixtures of POSS and DBS as cited in Table 3. The
detection of cyclo-POSS/DBS complexes confirms that hydro-
gen bonding was responsible for binding interactions between
the complex constituents. The POSS—DBS complexes with 1:1
stoichiometry were always the dominant products (see Support-
ing Information S6). Note that the intensity of the POSS—DBS
complexes decreased due to an increase of the molar ratio of
POSS and DBS to 30:1. This expected behavior is a consequence
of the lower amount of DBS molecules available to interact
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with the POSS molecules, which can instead self-assemble with
themselves.

The investigation of the POSS—DBS systems by ion mobility
mass spectrometry (IMMS) unveiled the existence of multiply
charged higher order complexes, which could not be identified by
traditional MS analysis due to the overlapping of their m/z values
with those of other complexes at a different charge state, for
example [(M + L) + Na]*and [(2M + 2L) + 2Na]** (Figure 13).
IMMS has been developed and applied as a method to differ-
entiate isobaric and isomeric constituents of complex mixtures as
well as macromolecular architectures such as linear, cyclic, or
branched. It can also differentiate species with the same m/z
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Figure 15. IM MS/MS diagram of the overlapping complexes [(2M + L) + Na]" and [(4M + 2L) + 2Na]*" from tri-POSS/DBS (2:1).

value but different charge state, which results in a shorter or
longer drift time through the ion mobility cell, respectively.*” >

The IMMS diagram of tri-POSS/DBS shows two distinct
bands, each containing a different charge state of the POSS-
DBS complexes: singly charged complexes (band 1) and doubly
charged complexes (band 2). Separate integration of each band
provides the corresponding 2D mass spectra (Figure 14).
Figure 14b illustrates the mass spectrum derived from band 2,
which confirms the presence of complexes with a higher
stoichiometry compared to the singly charged complexes ob-
served in the spectrum of the band 1 (Figure 14a). The higher
charge state of the complexes with a higher number of POSS or
sorbitol components arises from the high sodium affinity of
the oxygen atoms present on both the sorbitol and POSS
molecules.

Additional evidence for the occurrence of higher order com-
plexes was derived by tandem mass spectrometry analysis
coupled with ion mobility separation (IM MS/MS). Figure 15
shows the ion mobility diagram obtained by isolation of the
complex [(2M + L) + Na]" (m/z 2241.8) from tri-POSS/DBS,
collision-activated dissociation in the following trap cell to
disrupt the complex, IM separation of the fragments and
remaining precursors, and mass analysis of the ion mixture with
the ToF device. Along with the [(2M + L) + Na]" ion and its
fragments, the isobaric [(4M + 2L) + 2Na]*" and its fragments
were also detected. The singly charged species [(2M + L) + Na]*
resulted having a longer drift time than the isobaric [(4M + 2L) +
2Na]** complex because of its lower charge. The losses of ligands
from the isobaric parent ions generated isobaric fragment com-
plexes as well, viz. [(M + L) + Na]* and [(2M + 2L) + 2Na]*".
The charge states of precursor ions and fragments are readily
determined from the corresponding isotope patterns, revealed by
integration of the respective bands.

The mixtures of POSS—DBS underwent extensive condensa-
tion reactions when heated at 200 °C. Thus, thermal degrada-
tion is observed not only in the POSS—POSS complexes but
also in the POSS—DBS complexes (Table 3; see also Supporting
Information S7).

The nature of the condensation products in the POSS—DBS
complexes was tested by tandem mass spectrometry. The
analysis revealed that no bond was created between the POSS
and the DBS molecules (Figure 16). Losses of both intact DBS
(L) and either POSS or dehydrated POSS molecules confirmed
that the condensation occurred in the POSS molecules by
intramolecular H,O elimination, as seen before.

POSS—DBS Reactivity. The chemical reactivity, morphology,
and extent of mixing of POSS—DBS were examined using solid-
state NMR. Application of solid-state NMR in the analysis of
these materials has the advantages that the entire sample is
analyzed, not only the components that are vaporized and
ionized, and the NMR data are sensitive to the chemical
environments on the length scale of <1 nm. The solid-state
2981 NMR spectra from tri-POSS, before and after heating, and
the tri-POSS-DBS blend are shown in (Figure 17). In *Si NMR
spectra from silica materials it is typical to observe two distinct
peaks, with the upfield peak arising from the silica network,
Si(—O0Si), and the downfield peak from surface silica, Si-
(—0Si);(—OH);"" these species are labeled Q4 and Qs, respec-
tively. Since the Si in tri-POSS is directly bonded to a carbon, the
*Si chemical shifts from tri-POSS (—69, —77, and —79 ppm)
are downfield relative to those from the silica network® and
consistent with those reported previously.> After heating tri-
POSS to 200 °C, the NMR peaks are significantly broader and
the relative intensity of the peak at —69 ppm is reduced. This
reduction in peak intensity is accounted for by condensation of
the Si—OH groups of tri-POSS to form new Si—O—Si sites,”
reducing the number of Qs sites and increasing the number of
Q 4 sites in the material. Similar results were also obtained by mass
spectrometry, and the dehydration/condensation was shown to
be intramolecular (vide supra). The condensation reaction of tri-
POSS reduces the structural order of the material, and formation
of several complex structures™ leads to the observed broadening
of the peaks in the NMR data. In the *’Si NMR spectrum from
the tri-POSS-DBS blend, the peaks are broader than that
observed for unheated tri-POSS, indicating a loss of order of
the tri-POSS as a result of mixing with the DBS. Dispersion of
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Figure 16. MS/MS spectra of condensation products in the tetra-POSS/DBS mixture heated at 200 °C: (a) [(M + L—H,0) + Na]" (m/z 1431.4)
fragmented at a collision energy of 12 eV; (b) [(2M + L—H,0) + Na]* (m/z 2499.7) fragmented at a collision energy of 12 eV.

=

Figure 17. 79.4 MHz "H-»si CP/MAS SSNMR spectra of (a) tri-
POSS, (b) tri-POSS heated at 200 °C, (c) DBS/tri-POSS (1/2 wt/wt),
and (d) DBS/tri-POSS (1/2 wt/wt) heated at 200 °C.

tri-POSS within a polymer matrix yielded similar changes in the
Si NMR line widths.*®

After heating the mixture at 200 °C, the **Si NMR spectrum is
similar to that observed for heated tri-POSS alone, showing that
the Si—OH groups of tri-POSS also underwent condensation in
the blend. The NMR data, however, do not show any evidence of
reactivity between DBS and tri-POSS, before or after heating, and
these results are consistent with those discussed previously.
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Figure 18. 100.5 MHz 'H—"C CP/MAS SSNMR spectra of (a) DBS,
(b) DBS heated to 200 °C, (c) tri-POSS, (d) tri-POSS heated at 200 °C,
(e) DBS/tri-POSS (1/2 wt/wt), and (f) DBS/tri-POSS (1/2 wt/wt)
heated at 200 °C.

The tri-POSS/DBS system was further characterized by *C
solid-state NMR (Figure 18). In the *C NMR spectra from
tri-POSS the peaks from the carbons of the phenyl ring occur
from 128 to 134 ppm. The peaks are slightly broader after heating
the material to 200 °C, and this broadening arises from increased
structural heterogeneity resulting from the reactivity of the Si—
OH groups, as discussed above. The "*C spectrum from DBS has
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Figure 19. 79.4 MHz "H—?Si CP/MAS SSNMR spectra of (a) tetra-

POSS, (b) tetra-POSS heated at 200 °C, (c) DBS/tetra-POSS (1/2 wt/
wt), and (d) DBS/tetra-POSS (1/2 wt/wt) heated at 200 °C.

peaks from the phenyl groups at 140 and 127 ppm, carbons next
to two oxygen near 100 ppm, and aliphatic ring carbons from
80 to 65 ppm. After heating, there are only small changes in peak
shape and relative intensities in the NMR spectrum from pure
DBS and these changes likely arise from changes in packing of the
molecules upon heating. Substantial reactivity of DBS at 200 °C
appears unlikely as no new peaks, arising from reaction products,
are observed in the ">C NMR spectrum. The *C spectrum
from the tri-POSS/DBS blend is little different from the sum of
the spectra from tri-POSS and DBS themselves, indicating no
reactivity between the two species with mixing. Upon heating the
mixture, there are no new peaks in the spectra, indicating a lack of
reactivity between DBS and tri-POSS. A dehydration reac-
tion between the Si—OH groups of tri-POSS and the alcohol
groups of DBS, generating Si—O—C, will generate a new peak
near 57 ppm in the *C spectrum;>* no peak is observed at this
chemical shift. The broadening of the peaks from both DBS, and
to a lesser extent tri-POSS, results from a disruption in the pack-
ing of the two species, as also observed by WXRD. These results
show a mixing of the tri-POSS and DBS and the level of mixing
will be discussed below.

The 2°Si SSNMR data from the tetra-POSS/DBS system
(Figure 19) are similar to the tri-POSS/DBS system, with the
peaks from —66 to —71 ppm and —75 to —83 ppm arising from
Q 3 and Q 4 Si, respectively. The complex patterns in the spectra
from tetra-POSS, similar to those reported previously,>>> show
that in the solid state the different Si sites are in slightly different
chemical environments. The narrow line widths observed are
consistent with the crystalline morphology of this material. In
contrast to tri-POSS, there is little effect on the spectrum of tetra-
POSS upon heating, showing that there was no significant
amount of the condensation reaction between Si—OH groups
to form additional Si—O—Si linkages. The mixing of tetra-POSS
and DBS resulted in only small changes in chemical shifts and line
widths, which is in contrast to the tri-POSS system. Since the 2963
NMR spectrum from tetra-POSS in the mixture is very similar to
the spectrum from the neat material, the mixture was hetero-
geneous and contained domains of tetra-POSS. Upon heating
the mixture, the peaks in the *’Si NMR were broadened sig-
nificantly, indicating a loss of the crystallinity of the tretra-POSS
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Figure 20. 100.5 MHz '"H—"C CP/MAS SSNMR spectra of (a) DBS,
(b) DBS heated at 200 °C, (c) tetra-POSS, (d) tetra-POSS heated at
200 °C, (e) DBS/tetra-POSS (1/2 wt/wt), and (f) DBS/tetra-POSS
(1/2 wt/wt) heated at 200 °C.

domains, consistent with the observation from the WXRD studies.
The similar integrated intensities of the two peaks, or two groups
of peaks, in all the *’Si NMR data show that the condensation of
tetra-POSS does not occur upon mixing with DBS or with heating
the blend to 200 °C.

The ">C NMR spectra from tetra-POSS and tetra-POSS in a
mixture with DBS (Figure 20) show very similar chemical shifts
and line widths to those observed for the tri-POSS/DBS material
(Figure 18). Heating tetra-POSS resulted in only small changes
in line widths, similar to the *°Si NMR data, confirming the lack
of reactivity and changes in the solid-state packing at elevated
temperatures. In the case of the blend, a small increase in the *C
NMR line widths was observed for the peaks from both the
aromatic carbons of tetra-POSS and the carbons of DBS,
mirroring the changes observed in the *’Si NMR data from the
mixture. After heating the mixture to 200 °C, the line widths in
the *C NMR spectrum from the mixture were significantly
broader, as observed in the corresponding *’Si NMR data. This
large increase in line width corresponds to a conversion of the
material from a crystalline or near-crystalline morphology to an
amorphous state as was inferred from DSC and WAXD. This
morphological change was not accompanied by a chemical
reaction as a peak near 57 ppm, from the dehydration reaction
between tetra-POSS and DBS, is not observed.

The extensive broadening of the peaks in the '>*C NMR data
after heating mixtures of DBS with tri-POSS and tetra-POSS
indicates a disruption of the packing morphologies. Similarly, the
DSC studies show that while a melting transition is observed for
DBS and the two POSS derivatives, no transition is observed for
mixtures that had been heated. While the DSC results show that
the DBS and POSS are mixed, this technique has a resolution of
10—50 nm, depending on the material being studied.***’
Mixtures containing domains with sizes on the order of tens of
nanometers would be expected to produce NMR data that are
not dissimilar from the neat material, as is observed for the *°Si
data from tetra-POSS in a mixture with DBS. The NMR studies
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show that for the materials studied here the increase in line
widths in the *C and ?Si NMR data after heating is consistent
with miscibility of POSS derivatives and DBS and mixing at the
molecular level. The dominant intermolecular interaction is
expected to be hydrogen bonding between the —OH groups,
and since hydrogen bonding will lead to only small changes in
chemical shifts in the ">*C NMR data, these shifts would not be
detected in the presence of the large line widths observed.

B CONCLUSIONS

This study showed that the molecules of silanol—POSS and a
sorbitol derivative were capable of forming several complex
molecular adducts. Such complex formation occurred due to
noncovalent interactions, such as hydrogen bonding. Mass and
NMR spectroscopy data revealed the absence of covalent bond
formation between silanol—POSS and sorbitol, although tri-
POSS and cyclo-POSS underwent intramolecular condensation
of silanol groups. The complex formation was more abundant
with higher number of silanol groups per molecule of POSS. The
molecular adducts were amorphous at room temperature and
turned into liquids above the crystalline melting temperature of
iPP with almost 3 orders of magnitude lower viscosity than iPP
melt. The molecular complex formation prevented fibrillation of
the sorbitol derivative used in the study. The results indicate that
other organic molecules carrying multiple alcoholic —OH groups
may also form such molecular complex with silanol-POSS.

B ASSOCIATED CONTENT
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samples (SS); ESI mass spectra of POSS/DBS mixtures (S6); ESI
mass spectra of POSS/DBS preheated mixtures (S7). This material
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