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In this study, a functionalized pentaerythritol star polyester compound [tetrakis(nicotinoxymethyl)methane,
TNMM] and an octakis[dimethyl(4-hydroxyphenethyl)siloxy]silsesquioxane (OP-POSS) were synthesized and
used as tetrahedral and cubic building blocks, respectively, for three-dimensional, hydrogen-bond-mediated,
polyhedral oligomeric silsesquioxane- (POSS-) based supramolecular network structures. With noncovalent
chain extension of hydrogen bonds between its pyridine and phenol groups, the POSS-based supramolecular
networks exhibited thermally reversible properties. Compared with the glass transition temperature of OP-
POSS (ca. 20 °C) and the melting temperature of TNMM (ca. 70 °C), the hydrogen-bond-mediated miscible
blend of 40 wt % TNMM in OP-POSS exhibited a single and higher glass transition temperature (37 °C).
Because of its strong intermolecular hydrogen bonding, the dewetting pattern of the blend of 40 wt % TNMM
in OP-POSS formed ringlike structures rather than the droplets formed by pure OP-POSS. A transparent,
brittle, and glassy solid at room temperature, the blend of 40 wt % TNMM in OP-POSS is an explicit and

successful example of a POSS-based hydrogen-bonded supramolecular network.

Introduction

Hydrogen bonding is used commonly in supramolecular
systems as a means of polymer formation or modification via
self-assembly processes, with interaction strengths ranging
widely from a few to several tens of kilojoules per mole. Central
to the formation of these structures are precursor molecules of
low molecular weight (usually less than 10 000), which assemble
in the solid state or in solution to form aggregates of defined
geometry. Intermolecular hydrogen bonds at defined positions
of these building blocks, as well as their respective starting
geometries and initial sizes, determine the mode of assembly
into supramolecular polymers exhibiting network, rodlike,
fibrous, disclike, helical, lamellar, or chainlike architectures.'
There are two general approaches toward the preparation of such
systems.? One is for hydrogen bonding to occur on the side
chains of preformed polymers, thereby introducing new proper-
ties into the polymeric system.>”’ Ikkala and co-workers®’
described a variety of side-chain polymers, with various
backbones, in which phenol—pyridine hydrogen bonds between
an alkylphenol species and pendent pyridyl groups led to the
self-assembly of complicated and ordered microstructures. Kriz
et al.3 reported a related system in which the relative positions
of the pyridyl and phenol units were reversed. In previous
studies, we demonstrated that hydrogen bonding between
pendent pyridyl and phenol groups is stronger than the dimer-
ization of phenol itself, with a wavenumber shift of ca. 225
cm™ 119713 In addition, Shibata et al.'* investigated the thermal
properties of supramolecular polymer networks formed from
poly(4-vinylpyridine) and disulfonic acid, in which hydrogen
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bonding was used to cross-link poly(4-vinylpyridine)-based
chains and, thereby, change the thermal and mechanical
properties of these materials.

The second general approach toward the preparation of
supramolecular polymers is for hydrogen bonding between small
molecules or oligomers to be exploited for the self-assembly
of extended linear chains.'>'® Under suitable experimental
conditions, such assemblies can display polymeric rheological
or mechanical properties, because of their macromolecular
architecture. Lehn and co-workers!”!® used triple hydrogen-bond
formation as a methodology for chain extension and for
promotion of liquid crystallinity. Kim et al.'” reported the
preparation of a number of supramolecular cubes, strands, and
vesicles formed through dendritic assembly. Rakotondradany
et al.?% described the chain extension of carboxy-terminated
oligomers that associated through hydrogen bonding. Berl et
al.?!22 reported the self-assembly of oligopyridinecarboxamides
into supramolecular strands possessing helical microstructures.
Li et al.?® used scanning tunneling microscopy to directly
observe binary supramolecular assemblies comprising 1,3,5-
benzenetricarboxylic acid and 4,4’-bipyridine. The use of
appropriately complementary hydrogen-bond donor and acceptor
structures has enabled the preparation of many interesting
supramolecules exhibiting calamitic, columnar, or bent-core
liquid crystalline mesophases.?*? In addition, some compounds
of low molar mass form molecular glasses (disorderly packed
solids) even in the absence of strong specific interactions
between the component molecules. Nevertheless, such com-
pounds are relatively rare and the dimensional stability of their
glasses is usually low for entropy-controlled low glass transition
temperatures.”® A good way to improve the ability of low-molar-
mass compounds to form glasses is to introduce hydrogen-
bonding groups. For instance, mixing bisphenol A with a
tetrapyridine in a 2:1 molar ratio yielded a stable glass exhibiting
a glass transition at 31 °C, even though the pure components
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are crystalline.”” Low-molecular-mass glass-forming systems
may find applications as hosts for blending with nonlinear
optically active compounds, thereby allowing film formation
while suppressing crystallization of the chromophores.?%

Polyhedral oligomeric silsesquioxanes (POSSs) are well-
defined molecules of nanoscale dimensions that may be func-
tionalized with reactive groups suitable for the synthesis of new
organic/inorganic hybrids, thereby providing the opportunity to
build materials possessing extremely well-defined dimensions
and nanophase behavior.**~3? Consideration of their free volumes
suggests that bulky POSS molecules having irregular shapes
should exhibit a tendency toward the formation of glassy solids,
because it would be geometrically difficult to pack POSS cubes
into ordered structures without leaving large voids between
cubes.®? In previous studies,*' ™ we demonstrated that the
octuply functionalized POSS products formed through hydrosi-
lylation of octakis(dimethylsiloxy)silsesquioxane (QsMg POSS)
with styrene or 4-acetoxysytrene are polymerlike liquids because
of the presence of mixtures of isomeric 3 [R3SiCH,CH,R’] and
o [R3SiCH(CH3)R’] linkages; we characterized these structures
using 'H NMR spectroscopy, matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry, and
X-ray diffraction (XRD) analyses. In addition, octakis[di-
methyl(4-hydroxyphenethyl)siloxy]silsesquioxane (OP-POSS) is
a good candidate for use as a cubic “brick” for the preparation
of glassy supramolecules when blended with complementary
proton acceptors. Although phenol—phenol intermolecular
interactions can increase the glass transition temperature of OP-
POSS (T, = ca. 20 °C) relative to that of the corresponding
octaphenyl congener (T, = —52 °C), OP-POSS remains a liquid
because of the excessive free volume between the irregularly
packed OP-POSS cubes. Although shape irregularity is an
essential aspect of a material that forms a glass, rigidity and
intermolecular interactions increase the value of T,. Compara-
tively fewer studies have focused on two-component low-
molecular-mass glasses.”’” We have investigated the use of
tetrapyridyl, bipyridyl, and octaphenol species in place of
dipyridyl—diacid,'® dipyridyl—diphenol,”’ and dipyridiyl—tri-
acid*® systems as a means of counteracting the reversibility of
the hydrogen bonding and, thereby, increasing the effective
instantaneous chain extension in these systems.

Experimental Section

Materials. Octasilane POSS was purchased from Hybrid
Plastics. 4-Acetoxystyrene (96%), hydrazine monohydrate (98%),
and platinum(0)—1,3-divinyl-1,1,3,3-tetramethyldisiloxane com-
plex solution [Pt(dvs) in xylene; Pt = ca. 2%) were obtained
from Aldrich Chemical. HPLC-grade solvents were used as
received.

Octakis[dimethyl(4-acetoxyphenethyl)siloxy[silsesquioxane (OA-
POSS).*'*2 4-Acetoxystyrene (3.98 g, 23.57 mmol) was added
to a solution of POSS (3.00 g, 2.95 mmol) in toluene (30 mL)
in a 100-mL Schlenk flask equipped with a reflux condenser
and a magnetic stirrer. The mixture was heated at 60 °C under
Ar, and then Pt(dvs) (0.2 mL, 0.4 umol) was added via syringe.
The reaction was monitored in terms of the signal for the Si—H
bonds at ca. 2100 cm™! in the Fourier transform infrared (FTIR)
spectra; it was complete within 4 h. The yellowish reaction
mixture was passed through neutral Al,O; (eluent: toluene) to
remove the catalyst and provide a clear, transparent solution.
The solvent was evaporated under reduced pressure and the
residual 4-acetoxystyrene was vacuum-distilled (ca. 0.2 Torr,
80 °C) to give OA-POSS (3.93 g, 56.3%) as a highly viscous
turbid liquid that was soluble in common organic solvents
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[tetrahydrofuran (THF), CHCls, acetone]. '"H NMR (500 MHz,
CDCl;, ppm): 0 = 6.92—7.17 (4H, aromatic CH), 2.62 (1.29H,
p-SiCH,CH,Ar), 2.26 (1.94H, ($-COOCH;), 2.22 (1.06H,
o-COOCH3;), 1.56 [0.35H, o-SiCH(CH3)Ar], 1.35 [1.06H,
o-SiCH(CH53)Ar], 0.92 (1.29H, -SiCH,CH,Ar), —0.02 to 0.16
[6H, 8- and a-Si(CHj),]. ¥Si NMR (500 MHz, CDCl;, ppm):
0 = —109.3 [Si(O-R)], 10.2 (B-SiCH,CHyAr), 11.9
[0-SiCH(CH3)Ar]. FT-IR (KBr, cm™'): 3033 (aromatic C—H
stretching), 2960 (aliphatic C—H stretching), 1765 (ester C=0
stretching), 1606 (in-plane aromatic C—C stretching), 1090
(Si—0O—Si stretching).

Octakis[dimethyl(4-hydroxyphenethyl)siloxysilsesquioxane (OP-
POSS). Hydrazine monohydrate was added to a solution of OA-
POSS (5.00 g, 2.16 mmol) in 1,4-dioxane. The hydrazinolysis
of the acetyl groups was monitored in terms of the signal of
the ester bonds at ca. 1740 cm™! in the FTIR spectra; it was
complete within 2 h. The solution was added dropwise into
excess deionized water and the viscous product that formed at
the bottom of the beaker was collected. The product was
dissolved in EtOAc and dried (MgSQO,); evaporation of the
solvent provided a highly viscous clear liquid that was soluble
in common organic solvents (THF, CHCI;, and acetone). The
yield of OP-POSS is 3.72 g (87%). The chemical structure and
scheme for the synthesis of OP-POSS are shown in Scheme 1.
'H NMR (500 MHz, CD;0D, ppm): 6 = 6.49—7.00 (4H,
aromatic CH), 4.51 (1H, C¢H,OH), 2.52 (1.29H, -SiCH,-
CH,Ar), 2.06 [0.35H, a-SiCH(CH3)Ar], 1.29 [1.06H,
o-SiCH(CH5)Ar], 0.86 (1.29H, B-SiCH,CH,Ar), —0.17—0.15
[6H, 8- and a-Si(CH3),]. Si NMR (500 MHz, CDCl;, ppm):
0 = —109.3 [Si(O-R)4], 10.2 (B-SiCH,CH,Ar), 11.9
[a-SiCH(CH3)Ar]. FT-IR (KBr, cm™!): 3504 (free O—H), 3346
(hydrogen-bonded O—H), 3024 (aromatic C—H stretching),
2960 (aliphatic C—H stretching), 1615 (in-plane aromatic C—C
stretching), 1090 (Si—O—Si stretching).

Tetrakis(nicotinoxymethyl)methane (TNMM).*’ A solution
of nicotinic acid chloride (1.37 g, 7.70 mmol) in pyridine (30
mL) was stirred at 0 °C under an Ar atmosphere in a round-
bottom two-neck 250-mL flask equipped with a magnetic stirrer,
condenser, and CaCl, drying tube. A solution of pentaerythritol
(0.26 g, 1.9 mmol) in pyridine (50 mL) was added to the reaction
flask via a dropping funnel. After addition of triethylamine (2.14
mL, 15.4 mmol) dropwise over 1 h, the mixture was heated
under reflux for 2 h. The mixture was cooled and filtered, the
solvent was evaporated to dryness under reduced pressure, and
then the residue was recrystallized (ethanol/water, 10:9.2 v/v)
and dried under vacuum. Yield 45%. 'H NMR (500 MHz,
CDCl;, ppm): 6 = 9.2 (dd, 4H, pyridyl CH, J = 2.0, 0.7 Hz),
8.8 (dd, 4H, pyridyl CH, J = 5.0, 1.7 Hz), 8.25 (dt, 4H, pyridyl
CH, J = 8.0, 2.0 Hz), 7.35 (ddd, 4H, pyridyl CH, J = 8.0, 5.0,
0.7 Hz), 4.72 (s, 8H, OCH,C). FTIR (KBr, cm™!): 3068 (pyridyl
C—H stretching), 1725 (ester C=0 stretching), 1114 (ester C—O
stretching).

OP-POSS/TNMM Blends. Mixtures of OP-POSS (10 wt %)
in THF and TNMM (10 wt %) in THF/MeOH (2:1 v/v) were
stirred overnight to ensure complete dissolution. The resulting
solutions were mixed together at various weight ratios (Table
1) and then stirred for 6 h before being poured into a Teflon
dish and heated on a hot plate at 50—60 °C for 1 day to
evaporate the solvent. The blend films were then dried under
vacuum to remove any residual solvent.

Measurements. 'H NMR spectra were recorded on a Varian
Unity Inova 500 FT NMR spectrometer operated at 500 MHz,
with CDCl; or CDs;OD as the solvent; chemical shifts are
reported in parts per million (ppm). For the measurement of
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SCHEME 1: Syntheses of (a) OP-POSS and (b) TNMM
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TABLE 1: Curve-Fitting Data for the C=0 Stretching Vibrations of OP-POSS/TNMM Complexes”
free C=0 dipole-induced C=0 hydrogen-bonded C=0
OP-POSS/TNMM ve (cm ™) Wi (cm™h) As (%) vg (cm™h) Wi (em™h) Aq (%) v, (cm™h) Wipn (em™!) Ay (%)
80/20 1737 13 36.2 1726 21 30.2 1720 32 33.6
60/40 1739 12 139 1727 19 54.3 1721 34 31.8
40/60 1738 12 17.1 1726 19 62.3 1718 36 20.6
20/80 1727 21 100.0
0/100 1726 22 100.0

“v is the peak value of the assigned carbonyl group, Wy, is a half-height width of the Gaussian fitting band, and A is an area fraction of

three Gaussian bands.

a »Si solution NMR spectrum, any garden-variety NMR tube
loaded up to a concentration of about 50—100 mg of POSS/
mL of solvent run on a common 300 MHz multinuclear
spectrometer with an inverse gated, 30° pulse with a 12 s
delay between pulses for a couple of hours will yield a
spectrum with excellent signal-to-noise. Infrared spectra were
recorded on a Nicolet Avatar 320 FTIR spectrophotometer;
32 scans were collected with a spectral resolution of 1 cm™!.
Infrared spectra of polymer blend films were obtained by
the conventional KBr disk method. All samples were
prepared, under a continuous flow of N, to minimize sample
degradation, by casting THF/MeOH solutions directly onto
KBr disks and then drying under conditions similar to those
used in the bulk preparation. Thermal analysis was performed
on a DuPont DSC-9000 differential scanning calorimeter
operated at a scan rate of 20 °C/min over a temperature range
from ambient temperature to 180 °C; temperature and energy
calibrations were performed with indium. A portion (ca. 5—10
mg) of each blend was weighed and sealed in an aluminum
pan. This sample was rapidly cooled to —100 °C from the
melt of the first scan and then rescanned from —100 to 180
°C. The glass transition temperature was obtained from the
midpoint of the specific heat increment.

Results and Discussion

Synthesis and Characterization of OP-POSS and TNMM.
OP-POSS was prepared through the hydrosilylation of
4-acetoxystyrene with octakis(dimethylsiloxy)silsesquioxane

(QsMgh), followed by hydrazinolysis with hydrazine monohy-
drate (Scheme 1a), both of which were quantitative reactions
with 100% conversion. Thus, we obtained molecular mass-
monodisperse OP-POSS, which we investigated using MALDI-
TOF mass spectroscopy. OP-POSS was not monodisperse in
terms of its structure because of the two isomeric modes of
addition during hydrosilylation—that is, the S (R3SiCH,CH,R")
and o [R3SiCH(CH3)R’] linkages, where R3Si represents the
POSS siloxane cage and R is the phenol unit. Thus, OP-POSS
was a glassy liquid exhibiting a relatively low glass transition
temperature (ca. 20 °C).** For the synthesis of TNMM, we
considered the synthesis of the intermediate acid chloride from
corresponding pyridinecarboxylic acid using thionyl chloride.*3+°
This procedure will lead, however, to the formation of the
corresponding salt, with the chloride anion ionically bonded to
the protonated pyridine ring. Applying oxalyl chloride, rather
than thionyl chloride, to a suspension of the pyridinecarboxylic
acid at 0 °C resulted in evaporation of HCI and formation of
the nonprotonated nicotinic acid chloride,*” which we then used
in the synthesis of the corresponding pentaerythritol ester
derivative (Scheme 1b). Pyridine was used in the reaction to
form a reactive acetylpyridinium ion intermediate®® and triethy-
lamine was used to trap the formed HCI. TNMM is a crystalline
powder; its melting transition, as analyzed by differential
scanning calorimetry (DSC), is discussed below.
Intermolecular Interactions of OP-POSS/TNMM Su-
pramolecules. The octaphenol OP-POSS formed complexes
readily with the tetrapyridine TNMM to give OP-POSS/TNMM


http://pubs.acs.org/action/showImage?doi=10.1021/jp1001226&iName=master.img-000.png&w=330&h=246

12858 J. Phys. Chem. C, Vol. 114, No. 30, 2010

Shih et al.

-OH— N

-OH— 0

—
Self-assembling

-OH— N
—
y Self-assembling

OP-POSS/TNMM system

Figure 1. Hydrogen-bond-mediated formation of POSS-based supramolecules from (a) OP-POSS and TNMM (AgB, polycondensation) and (b)

OP-POSS and BPE (A3B, polycondensation).

complexes incorporating various OP-POSS contents (w/w).
These systems can be described as arising from reversible AgB,
polycondensation via hydrogen-bond-induced physical cross-
linking (Figure 1). Confirmation of hydrogen-bond formation
between the phenol and pyridine units was readily obtained by
FTIR spectroscopy (Figure 2). Quantitatively, the TNMM
characteristic peak of the C=O stretching modes at 1739 cm ™!
would become significant at lower OP-POSS contents, with the
decreasing Si—O—Si peak assigned at 1089 cm™.

Figure 3 displays the hydroxyl (OH) stretching region, which
was sensitive to hydrogen-bonding interactions, in the FTIR
spectra of the OP-POSS/TNMM blends. Pure OP-POSS, similar
to poly(vinylphenol),'~ "3 displays two unresolved OH bands,
one corresponding to free OH groups (at 3525 cm™') and the
other broad band (centered at 3350 cm™") from the absorption
of hydrogen-bonded OH groups (O—H-+++O—H self-associa-
tion). New hydrogen-bonded OH absorption bands appeared at
ca. 3165 (O—H-+*N) and 3450 (O—H---0=C) cm™! after
hydrogen bonding occurred with the pyridyl and C=O groups.
When the TNMM content in the blends reached 40 wt % (1.2
pyridine units per phenol moiety), the broad peak for phenol—
phenol self-association clearly shifted to two hydrogen-bonded
OH bands, reflecting that a new hydrogen-bonding distribution
arosefromcompetitionbetweenO—H+++O,0—H++*N,andO—H=**
O=C modes.

c=0
4
" op.possTMm
(@ T 100/0 ]
b A 80120
(c) 60/40
@) N 4060
E! E 0/100 ]
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm ')

Figure 2. Full-range FTIR spectra (400—4000 cm™!) of OP-POSS/
TNMM blends at various weight ratios.

As expected, four types of intermolecular interactions existed
to connect OP-POSS and TNMM in these hydrogen-bonded
supramolecular networks (Scheme 2): phenol—phenol self-
association, phenol—carbonyl hydrogen bonding, phenol—pyridine
hydrogen bonding, and carbonyl—carbonyl dipole—dipole in-
teractions. Herein, both the C=O and pyridyl groups are
structural elements of TNMM. Coleman et al.’! suggested using
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Figure 3. Hydroxyl region (2700—4000 cm™") of the FTIR spectra of
OP-POSS/TNMM blends at various weight ratios. The weak peak
marked with an asterisk is a C=O0 stretching overtone from TNMM.

SCHEME 2: Four Types of Intermolecular Interactions
in Supramolecules Composed of OP-POSS and TNMM*

— OH
OH ?N
: HD W
IHO Xo “N
OH \
HO o % 6
OXO
o O

3

< OH..OH Hydrogen Bondings
&_» OH...0=C Hydrogen Bondings
€. OH...N Hydrogen Bondings

C=0.. 0=C Dipole-dipole Interaction

“(a) Phenol—phenol self-association (blue elliptic regions); (b)
phenol—carbonyl hydrogen bonding (green elliptic regions); (c)
phenol—pyridine hydrogen bonding (red elliptic regions); (d) carbonyl—
carbonyl dipole—dipole interaction (yellow elliptic regions).

the wavenumber difference (Av) between the signals of the
hydrogen-bonded and free OH units to roughly estimate the
average hydrogen-bonding strengths of phenol-type polymers
with other proton-acceptor polymers. The hydrogen-bonding
interactions between OP-POSS and TNMM can also be analyzed
qualitatively and quantitatively by this method. Relative to the
signal of the nonintermolecular bonding OH groups at 3525
cm™!, we found that the intermolecular phenol-pyridine hydro-
gen bonds (Av = ca. 360 cm™') were stronger than those of
both phenol—phenol self-association (Av = ca. 175 cm™!) and
phenol—carbonyl hydrogen bonding (Av = ca. 75 cm™').
Thermodynamically, the miscibility of two components depends
on the changes in enthalpy and entropy during mixing. Relative
to the phenol—phenol self-association of OP-POSS molecules,
the stronger phenol—pyridine hydrogen bonding reduced the
mixing enthalpy, resulting in miscibility of the two components.
The weaker phenol—carbonyl hydrogen bonding was, however,
entropy-controlled, becoming apparent at OP-POSS/TNMM
ratios greater than 40:60 (w/w).>?

In addition to the OH stretching region, some characteristic
modes of the pyridine ring are also sensitive to the existence of
hydrogen bonding.'” For example, the bands of the pyridine ring
at 1590, 1050, 993, and 625 cm™! shifted to 1600, 1067, 1011,
and 634 cm ™!, respectively, after forming hydrogen bonds with
the carboxylic acid groups of poly(ethylene-co-methacrylic
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C-H for hydro?sn bonded pyridine

T T T 1
650 640 630 620 610 600

Wavenumber (cm™)

Figure 4. In-plane pyridyl C—H deformation region (600—655 cm™!)
of the FTIR spectra of OP-POSS/TNMM blends at various weight
ratios.

acid).? Unfortunately, the strongest band at 1590 ¢cm™! for
TNMM overlaps with that at 1600 cm ™! for OP-POSS, resulting
in an unresolved broad band. Fortunately, the band at 620 cm™!,
characteristic of the in-plane CH deformation on the pyridyl
ring, can be used to analyze the strengths of the hydrogen bonds
between the phenol and pyridine groups, because no significant
peaks for OP-POSS appear in this region (Figure 4). Upon
blending with OP-POSS, a new band appeared at 632 cm™!,
which we assigned to the hydrogen-bonded pyridyl rings.
Clearly, most of the pyridine units were hydrogen-bonded to
phenol moieties when the TNMM content in the blends reached
40 wt %. In addition to its effect on the wavenumber red shift,
the mixture enthalpy is also an important factor affecting
hydrogen-bond-mediated blending.>*~>" Poly(vinyl phenol-co-
methyl methacrylate), for example, is a miscible copolymer
because intra- or intermolecular hydrogen bonds occur prefer-
entially between the C=O and phenol units, rather than
phenol—phenol self-association.”®>® Therefore, the dissymmetric
geometries of OP-POSS and TNMM molecules could result in
random packing with free pyridyl and hydrogen-bonded C=0
groups (e.g., if the interaction is weaker than phenol association).
As a result, we also observed signals for free pyridine units
when the TNMM content was 40 wt %. Additionally, when
the effect of phenol—pyridine hydrogen bonds is taken into
account, the inner C=0 groups of TNMM compete with both
phenol and pyridine units for interaction with the phenol units,
causing a blue shift of the OH band toward 3450 cm™
(O—H-+-0=C). The intermolecular interactions of C=O groups
are, however, less readily observed than those of phenol and
pyridine units. After fitting to the Gaussian function, we split
the C=O0 stretching mode into three bands at 1738 (free), 1728
(dipole-induced, C=0+++C=0), and 1718 (hydrogen-bonded,
C=0-+-H—0) cm™' (Figure 5). We attribute the broad band
for the hydrogen-bonded C=0 groups at 1718 cm™' to steric
effects (i.e., a wide distribution of intermolecular distances) in
the phenol—pyridine hydrogen-bond-mediated supramolecular
network.?“®! We then calculated the area fraction of hydrogen-
bonded C=0 groups using the equation f, = Ay/(A, + Aq +

Ay), where Ay, Ay, and Ay are the integral areas of the hydrogen-

bonded, dipole-induced, and free C=0O groups, respectively.
Here, since the molar extinction coefficients of these three peaks
are unknown, the area fraction of hydrogen-bonding carbonyl
group is an approximation. Table 1 summarizes the results.
Interestingly, hydrogen-bonded and free C=O groups coexisted,
with the former reaching 33.6% in the 80 wt % OP-POSS blend.
This finding indicates that the pyridine units were the preferred
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Figure 5. Carbonyl stretching vibration region (1650—1800 cm™!) of
the FTIR spectra of OP-POSS/TNMM blends at various weight ratios
and corresponding Gaussian fitting curves.

[a) [(0) JIncreasing | |(c)ncreasing H-bonded
:C=0...C=0 pyridyl C-H
A decreasing freg
b [ pyridyl N-H
||

Increasing

Absorbance

3600 3200 2800 1750 1700 640 632 624 616
Wavenumber (cm™')

Figure 6. FTIR spectra displaying signals for (a) phenolic O—H, (b)
C=0, and (c) pyridyl C—H vibrations for OP-POSS/TNMM blends at
temperatures ranging from 210 to 30 °C (step: 20 °C).

groups forming hydrogen bonds with the phenol moieties,
resulting in the high dispersion of TNMM in the hydrogen-
bonded network. Thus, the inner C=0 groups were isolated,
appearing as free units, but the dissymmetric a- and -hydrosi-
lylated side chains of OP-POSS underwent phenol—carbonyl
hydrogen bonding.

A temperature-dependent FTIR spectroscopic study of low-
molar-mass phenol—pyridine hydrogen bonding has been re-
ported previously.®? In this study, we found that at 210 °C, when
the blend containing 30 wt % TNMM was an isotropic liquid,
absorptions appeared at 3553 and 619 cm™, corresponding to
the free OH groups of the phenol groups of OP-POSS and the
free CH groups of the pyridine units of TNMM, respectively
(Figure 6). Additionally, we observed significant underlying OH
absorption from OP-POSS in the range 3500—3000 cm™! and
CH absorptions from TNMM in the range 640—624 cm™". Upon
cooling to 30 °C, the intensities of the absorptions at 3137 and
632 cm™! increased (from the NH++-O—H and hydrogen-bonded
pyridine CH units, respectively), with concomitant reductions
in the intensities of the signals of the free OH and free CH
groups (3553 and 619 cm™, respectively); at 130 °C, the
absorptions from the NH++<O—H and the hydrogen-bonded
pyridine CH units become even more intense. Thus, the extent
of hydrogen bonding between the phenol and pyridine units
increased upon cooling from the isotropic liquid to the solid
state. Hydrogen bonding did occur in the isotropic liquid, but
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Figure 7. Second-heating DSC thermograms of OP-POSS/TNMM
blends at various weight ratios.
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Figure 8. Second-heating DSC thermograms of OP-POSS/BPE blends
at various weight ratios.

the dynamics of hydrogen-bond formation and dissociation were
sufficiently rapid that a significant number of OH and CH groups
were free (not subject to intermolecular interactions) at any
instant.*> When the temperature decreases, it is likely that the
dynamics of the association and dissociation processes will be
slowed. Thus, the octafunctionalized OP-POSS and the tet-
rafunctionalized TNMM formed an AgB4 network possessing a
reversibly branched structure.

Thermal Properties of OP-POSS/TNMM Complexes. DSC
analyses of OP-POSS/TNMM (Figure 7) and OP-POSS/BPE
(Figure 8) blends provided further insight into the behavior of
the hydrogen-bonding supramolecules. The DSC trace of pure
OP-POSS revealed that, upon heating, the onset of the glass
transition occurred at a temperature of ca. 20 °C, suggesting
that pure OP-POSS was a viscous fluid at 25 °C. The DSC trace
of pure TNMM (Figure 7f) reveals that, upon heating, the onsets
of the recrystallization exotherm and melting endotherm oc-
curred at 70.6 and 146.6 °C, respectively. In contrast, the DSC
trace of pure BPE (Figure 8f) reveals only one melting
endotherm, with an onset temperature of 136.3 °C. The presence
of a recrystallization exotherm in Figure 7f suggests that the
bulky TNMM molecules required more time to pack into their
crystal structure than did the linear BPE molecules into theirs
(Figure 8f). Thus, upon heating of the rapidly cooled TNMM,
recrystallization occurred to reconstruct its crystals.

The glass transition temperature is an important physical
property reflecting a change in intermolecular interactions; it is
readily measured by DSC. Table 2 lists the glass transition
temperatures (7,) and transition ranges (A7) for blends of OP-
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Self-Assembly of POSS-Based Supramolecules

TABLE 2: Glass Transition Temperatures and Transition
Temperature Ranges of Various OP-POSS/TNMM Blends

blending ratio (wt %) T, (°C) AT, (°C)
100/0 14.4 23.7
80/20 34.0 19.5
60/40 36.2 12.4
40/60 34.7 11.2
20/80 35.1 7.4
0/100 28.0 20.0

POSS and TNMM. In addition to the crystal region of TNMM,
its single glass transition temperature strongly suggests that the
amorphous domain is miscible at dimensions of less than 20—40
nm. When the OP-POSS/TNMM ratio is increased to 40:60,
the crystal domains of TNMM were destroyed through the C=0
dipole—dipole interactions being replaced by strong phenol—
pyridine or weak phenol—carbonyl hydrogen bonds. This
behavior is evidenced by the fact that, at a OP-POSS/TNMM
ratio of 80:20 (w/w), the value of T, increased by 20 °C relative
to that of pure OP-POSS. On the basis of the results of our
FTIR spectroscopic and DSC analyses, we chose an OP-POSS/
TNMM ratio of 70:30 as being optimal for the preparation of
polymeric membrane films; Figure 9 displays images of two
such pieces of transparent supramolecular films. At this
composition, TNMM interacted with OP-POSS through phe-
nol—pyridine hydrogen bonds; TNMM did not form weak
phenol—carbonyl hydrogen bonds or feature its crystal domain.
Although we did improve the glass transition temperature of OP-
POSS in this study, its supramolecular films were brittle at room
temperature and broke into several pieces under an external force
load. Nevertheless, this study suggested to us that in the future we
should prepare more practical supramolecules incorporating more
covalent bonding sites and more flexible oligomer chains.
Transmission Electron Microscopy of Aggregate Struc-
tures. In addition to FTIR spectroscopic studies and thermal
analyses, we also used transmission electron microscopy (TEM)
to observe the aggregate structures, on the (sub)micrometer
scale, formed after solution-casting a mixture of OP-POSS and
TNMM. Figure 10a,b reveals that pure OP-POSS aggregated
into separate spherical drops (average diameter 0.45 um),
whereas the 60:40 blend of OP-POSS/TNMM formed uniform
ringlike structures (average inner spherical diameter 9.14 um;
average ring thickness 0.76 um). Pointed arrayed structures of
aggregated pure OP-POSS, with an average center-to-center
distance of 2 um, are usually formed through dewetting
processes during solvent evaporation.®* Micrometer-sized ring
structures can arise as a result of the evaporation-driven
instability of hole nucleation.%>% Figure 10c displays the ring-
spot complex structure of the aggregate formed from the 80:20
OP-POSS/TNMM blend. When the ratio of OP-POSS/TNMM
was increased to more than 60:40, the aggregate structure
transformed into spherical drops having sizes ranging from 0.5
to 2 um. Because these TEM samples were prepared under the

Figure 9. Two pieces of transparent supramolecular films prepared at
an OP-POSS/TNMM blending ratio of 70:30.
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Figure 10. TEM micrographs of aggregate structures formed from
OP-POSS/TNMM mixtures at blend ratios of (a) 100:0 (low magnitude),
(b) 100:0 (high magnitude), (c) 80:20, (d) 60:40, (e) 40:60, and (f)
20:80.
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Figure 11. Proposed mechanisms for the formation of separate
spherical drops of pure OP-POSS and uniform ringlike structures of
OP-POSS/TNMM complexes.

same conditions (concentration, temperature, and time), we
conclude that the OP-POSS/TNMM composition ratio played
the dominant role during the formation of the distinct microsized
aggregates. Because the strength of intermolecular interactions
depended on the OP-POSS/TNMM blending ratio, we suspect
that replacing phenol—phenol self-association with phenol—
pyridine and/or phenol—carbonyl hydrogen bonds caused the
change in the aggregation microstructures from submicrometer
spots to micrometer rings. Figure 11 displays the possible
mechanisms for the formation of separate spherical drops from
pure OP-POSS and uniform ringlike structures from the OP-
POSS/TNMM complex.

Conclusion

We have prepared new supramolecular structures from the
interactions between a POSS derivative and TNMM. FTIR
spectroscopy provided clear evidence for the formation of
intermolecular hydrogen bonds between the OP-POSS and
TNMM units. In addition, DSC thermograms revealed that a
TNMM content of 40 wt % provided the strongest intermo-
lecular interactions, with the glass transition temperatures being
an indication of degree of local intermolecular thermal motion.
This blend ratio allowed the preparation of hydrogen-bond-
induced glassy rings (T, = 36.2 °C), which may be of practical
interest for the fabrication of ordered patterns without using
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lithography; for example, such 10-um rings on a wafer might
be useful as a barrier for biocells for further morphological or
electrical analyses. During the dewetting process, the liquid thin
film formed a point array of solution droplets as a result of
surface concentration fluctuation. Even though high concentra-
tion appeared at the three-phase interface of the droplets during
rapid solvent evaporation, the dispersion of solutes was driven
thermodynamically by entropy effects. Pure OP-POSS formed
a point array on the carbon-coated copper grid; when blended
with 40 wt % TNMM, however, strong phenol—pyridine
hydrogen bonding between the OP-POSS and TNMM units
induced insoluble aggregates to form at the three-phase interface,
subsequently undergoing heterogeneous solidification to give
microsized ring structures.
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