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Amphiphilic POSS-core dendrons for optically
transparent thermoplastic films with tunable wettability

Koichi Ogi, Sakina Miyauchi and Kensuke Naka

Second- and third-generation hydroxy-terminated poly(amidoamine)-type heptaisobutyl-polyhedral oligomeric silsesquioxane

(POSS)-core dendrons (that is, G2POSS-OH and G3POSS-OH, respectively) were prepared by ester-amide exchange reaction

of G2 and G3 methyl acrylate-terminated POSS-core dendrons, which were synthesized from aminopropyl heptaisobutyl-T8-

silsesquioxane via multiple Michael and ester-amide exchange reactions in excess amounts of methyl acrylate and ethanolamine,

respectively. Carboxylic acid-terminated second- and third-generation poly(amidoamine)-type heptaisobutyl-POSS-core dendrons

(that is, G2POSS-COOH and G3POSS-COOH, respectively) were quantitatively obtained by treatment of second- and third-

generation t-butyl ester-terminated POSS-core dendrons with HCO2H. The hydrodynamic sizes of G2POSS-OH and G3POSS-OH

micelles in methanol decreased from 18±10 to 6±4 nm, respectively. Casting of a methanol solution of G3POSS-OH onto a

glass substrate followed by heating at 100 °C for 15min provided optically transparent films. However, casting of a chloroform

solution of G3POSS-OH resulted in the formation of an opaque whitish film. Both methanol and chloroform solutions of

G2POSS-OH generated opaque whitish films. Casting of a 2.6 M formic acid solution of G3POSS-COOH and subsequent heating

at 100 °C for 15min resulted in a highly transparent self-standing film. The peripheral functional groups may have been exposed

on the surface of the cast films, which enabled control of the wettability of the films via the polarity of the COOH groups.
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INTRODUCTION

Polyhedral oligomeric silsesquioxanes (POSSs) have received increas-
ing interest over the past decade, as important nano-building blocks
primarily because of their well-defined structures, which include a
0.53 nm rigid inorganic core that can be linked to eight functional
groups to produce organic–inorganic hybrid structures.1–3 Numerous
strategies, both chemical and physical, have been explored to disperse
POSSs into polymer matrices to achieve hybrid materials with
interesting properties. POSS compounds have been used as fillers in
polymer matrices to form organic–inorganic hybrid materials.4–7

Another method of using POSS compounds involves the direct
cross-linking of POSS units with small organic molecules to form
three-dimensional networks.8–10 POSS-containing polymers are parti-
cularly interesting as thermoplastic materials because they exhibit good
thermal and mechanical properties and are highly resistant to
oxidation.11–17 Controlled self-assembly of cubic silsesquioxane scaf-
folds in these polymers can enable precise tuning of their properties.
An effective approach to controlling their nanometer-level structures is
the addition of amphiphilic properties to the self-assembly of these
developed well-defined hybrid materials.18–24 Among amphiphilic
polymers, those with well-defined structures that contain hydrophobic
POSS moieties have been synthesized, and the self-assembly behavior
of these hybrid polymers has attracted significant attention.18–23 These
polymers exhibit a phase-separated morphology in the bulk state. The

hydrophobic POSS moieties self-assemble to form relatively large
crystalline aggregates such as lamellar structures;25,26 however, precise
control of the self-assembly structures of POSS units to achieve
structures smaller than 10 nm is still difficult to achieve in a polymer
matrix. Therefore, optically transparent materials based on these
hybrid polymers are rarely obtained. In addition, the molecular-level
surface chemical structures of films composed of POSS-containing
amphiphilic polymers are difficult to control in these self-assembly
systems.
Among the many different types of amphiphilic polymeric struc-

tures, amphiphilic dendrons have shown particularly interesting self-
assembly behaviors and functional performances due to their unique
cone-like shapes and multiple functionalities on the terminal
groups.27,28 Their cone volumes can be precisely controlled by
changing their generations. The combination of hydrophobic POSS-
cores with hydrophilic dendrons could provide precise control of the
self-assembly structures in solution, as well as the bulk state. The
preparation of dendron-stabilized metal nanoparticles could offer
enhanced stability and various interesting properties depending on
the generation of the dendrons.29,30 We expect that the stabilities of
the self-assembled structures of POSS-core dendrons are strongly
dependent on the dendron generation and peripheral functional
groups of the organic dendrons. In the present study, we design and
synthesize heptaisobutyl-T8-silsesquioxy-core poly(amidoamine)-type
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dendrons with different generations and peripheral functional groups.
The aim of this study is to obtain optically transparent films
containing precisely controlled aggregate states. The introduction of
dendrons to POSS structures may prevent the formation of lamellar
self-assembly structures or larger aggregates because of their core-like
structures. Therefore, they are expected to form optically transparent
thermoplastic organic–inorganic hybrid films. The most significant
advantage of the present system is that the peripheral functional
groups would be located on the surface of the dendron assemblies
because of the high proportion of terminal functional groups on the
external surfaces of the dendrons. However, amphiphilic POSS
dendrons, in which hydrophobic POSS cages are covalently bonded
to hydrophilic dendron units, are seldom reported. To our knowledge,
only one example, which is an urea/malonamide dendron-POSS
nanohybrid, has been prepared.31 Coating these dendron-POSS
compounds onto silicon wafer surfaces resulted in a porous
morphology.

EXPERIMENTAL PROCEDURE

Materials
All of the solvents and chemicals used in this study were obtained as reagent-
grade quality and used without further purification. All of the reactions were
performed under a nitrogen atmosphere. Heptaisobutyl-aminopropyl-T8-
silsesquioxane (POSS-NH2) was obtained from Hybrid Plastics, Inc. (Hatties-
burg, MS, USA).

Measurements
1H-(300 or 400MHz), 13C-(75 or 100MHz) and 29Si-(100MHz) nuclear
magnetic resonance (NMR) spectra were recorded on a BRUKER DPX-300
(Bruker Biospin GmbH, Rheinstetten, Germany). MALDI-TOF-MS was
recorded on a BRUKER Autoflex II instrument (Bruker Daltonics, Billerica,
MA, USA). High-resolution mass spectra were obtained on a JEOL JMS700
spectrometer (JEOL, Tokyo, Japan). Fourier transform infrared spectra were
obtained on a JASCO FT/IR-4100 (JASCO, Tokyo, Japan) spectrometer using
KBr pellets. UV-vis spectra were recorded on a JASCO spectrophotometer
V-670 KKN (JASCO). Surface images were measured using tapping mode
atomic force microscopy on a SHIMAZU SPM-9600 (SHIMAZU, Kyoto,
Japan). A sample was prepared by depositing one drop of the desired solution
on a silicon substrate, followed by drying at room temperature to remove the
solvent. Dynamic light scattering measurements were conducted at room
temperature using a Nicomp Model 370 instrument (NICOMP, Santa Barbara,
CA, USA) with a 35mW Ar-Ne laser as a light source. The POSS-core
dendrons were dissolved in methanol at a concentration of 0.5 wt%. Before the
light scattering measurements, the sample solutions were passed through
0.45 μm filters. A Nicomp model was used for data analysis to extract the
average hydrodynamic size. Differential scanning calorimetry (DSC) was
recorded on a TA Instruments 2920 Modulated DSC (TA Instruments, New
Castle, DE, USA). Water contact angles were measured using a high-resolution
digital camera (DS-Fi7, Nikon, Tokyo, Japan) at room temperature with water
as the probe fluid (1.5 ml). Each reported contact angle was an average value of
at least five independent measurements.

Synthesis
G1POSS-OCH3. Methyl acrylate (14.4 ml, 160mmol) was added via a syringe
to a solution of POSS-NH2 (7.00 g, 8.02mmol) in toluene (30ml) and
methanol (30ml) under N2, and the resulting mixture was heated at 60 °C
for 2 days. After the volatiles were removed under reduced pressure, a white
solid was obtained (yield: 98.8%). 1H-NMR (CDCl3): δ 0.58 (m, 16H, Si–CH2–

CH2–CH2–, Si–CH2–CH(CH3)2), 0.94 (d, 42H, Si–CH2–CH(CH3)2, J= 6.4-
Hz), 1.50 (m, 2H, Si–CH2–CH2–CH2–), 1.85 (m, 7H, Si–CH2–CH(CH3)2),
2.40 (t, 2H, Si–CH2–CH2–CH2, J= 7.6 Hz), 2.43 (t, 4H, –CH2–CH2–CO–,
J= 7.4 Hz), 2.76 (t, 4H, –CH2–CH2–CO–, J= 7.2 Hz), 3.66 (s, 6H, –CO–O–
CH3).

13C-NMR (CDCl3): δ 9.59, 20.26, 22.47, 23.70, 25.67, 32.56, 49.19,
51.47, 56.47, 173.03. 29Si-NMR (CDCl3): δ − 67.22, − 67.71, − 67.90. FT-IR

(KBr): ν= 431, 483, 743, 833, 1105, 1230, 1332, 1366, 1465, 1743, 2954, 3448
cm− 1. HR FAB-MS: calcd for C39H84NO16Si8 [M+H+] m/z 1046.3946; found
1046.3942.

G1POSS-NH2. Ethylenediamine (7.51ml, 112mmol) was added to a solution
of G1POSS-OCH3 (11.8 g, 11.3mmol) in toluene (25ml) and methanol
(25ml) under N2, and the resulting mixture was heated at 60 °C for 3 days.
After the volatiles were removed under reduced pressure, the residue was
dissolved in toluene/hexane (1/1, v/v). The volatiles were again removed under
reduced pressure. This process was repeated five times to obtain a white solid
(yield: 99%). 1H-NMR (CDCl3): δ 0.59 (m, 16H, Si–CH2–CH(CH3)2, Si–CH2–

CH2–CH2), 0.94 (d, 42H, Si–CH2–CH(CH3)2, J= 6.7 Hz), 1.50 (m, 2H,
Si–CH2–CH2–CH2–), 1.85 (m, 7H, Si–CH2–CH(CH3)2), 2.36 (m, 4H,
–CH2–CH2–CO–), 2.46 (t, 2H, Si–CH2–CH2–CH2, J= 7.8 Hz), 2.74 (t, 4H,
–CH2–CH2–NH2, J= 6.7 Hz), 2.83 (m, 4H, –CH2–CH2–CO–), 3.30 (b,
4H, –CH2–CH2–NH2).

13C-NMR (CDCl3): δ 9.68, 19.08, 22.48, 23.85, 25.70,
33.93, 35.75, 45.35, 49.67, 56.25, 172.82. 29Si-NMR (CDCl3): δ − 67.60,
− 67.71, − 67.90. FT-IR (KBr): ν= 431, 481, 742, 837, 1106, 1230, 1332,
1366, 1465, 1560, 1654, 2365, 2954, 3422 cm− 1. HR FAB-MS: calcd for
C41H92N5O14Si8 [M+H+] m/z 1102.4797; found, 1102.4786.

G2POSS-OCH3. Methyl acrylate (29.8ml, 331mmol) was added via a syringe
to a solution of G1POSS-NH2 (9.12 g, 8.27mmol) in toluene (20ml) and
methanol (25ml) under N2, and the resulting mixture was heated at 60 °C for
3 days. After the volatiles were removed under reduced pressure, a white solid
was obtained (yield: 97.1%). 1H-NMR (CDCl3): δ 0.59 (m, 16H, Si–CH2–CH
(CH3)2, Si–CH2–CH2–CH2–), 0.94 (d, 42H, Si–CH2–CH(CH3)2, J= 6.7 Hz),
1.53 (m, 2H, Si–CH2–CH2–CH2), 1.86 (m, 7H, Si–CH2–CH(CH3)2), 2.36 (m,
4H, –CH2–CH2–CO–NH–), 2.43 (t, 8H, –CH2–CH2–CO–OCH3, J= 6.7 Hz),
2.47 (b, 2H, Si–CH2–CH2–CH2), 2.54 (t, 4H, –NH–CH2–CH2–N–, J= 5.9 Hz),
2.76 (t, 8H, –CH2–CH2–CO–OCH3, J= 6.8 Hz), 2.80 (t, 4H, –CH2–CH2–CO–
NH–, J= 7.7 Hz), 3.29 (m, 4H, –NH–CH2–CH2–N–), 3.67 (s, 12H, –CO–O–
CH3).

13C-NMR (CDCl3): δ 9.71, 18.86, 22.45, 23.83, 25.66, 32.68, 33.47, 37.00,
49.34, 51.42, 53.05, 56.05, 172.07, 172.90. 29Si-NMR (CDCl3): δ − 67.48,
− 67.65, − 67.78, − 67.98. FT-IR (KBr): ν= 431, 484, 566, 742, 837, 1105, 1230,
1332, 1366, 1465, 1542, 1654, 1738, 2954, 3406 cm− 1. HR FAB-MS: calcd for
C57H116N5O22Si8 [M+H+] m/z 1446.6268; found 1446.6272.

G2POSS-OH. Ethanolamine (1.00ml, 16.5mmol) was added to a solution of
G2POSS-OCH3 (1.32 g, 1.01 mmol) in toluene (10ml) and methanol (20ml)
under N2, and the resulting mixture was heated at 60 °C for 7 days. After the
volatiles were removed under reduced pressure, the crude product was purified
by preparative size-exclusion chromatography (LH-20) using methanol as the
eluent to remove the unreacted products. The yield of pure G2POSS-OH was
36%. 1H-NMR (methanol-d4): δ 0.59 (m, 16H, Si–CH2–CH(CH3)2, Si–CH2–

CH2–CH2–), 0.94 (d, 42H, Si–CH2–CH(CH3)2, J= 6.4 Hz), 1.53 (b, 2H, Si–
CH2–CH2–CH2–), 1.85 (m, 7H, Si–CH2–CH(CH3)2), 2.38(b, 12H, –CH2–

CH2–CO–), 2.52 (b, 6H, Si–CH2–CH2–CH2, –NH–CH2–CH2–N–), 2.72 (b,
12H, –CH2–CH2–CO–), 3.25 (b, 4H, –NH–CH2–CH2–N–), 3.36 (b, 8H, –NH–
CH2–CH2–OH), 3.66 (b, 8H, –NH–CH2–CH2–OH).

13C-NMR (CDCl3): δ
9.91, 18.34, 22.46, 23.83, 25.70, 33.19, 33.49, 37.76, 42.06, 49.09, 50.60, 53.04,
56.01, 61.07, 172.98, 173.44. 29Si-NMR (CDCl3): δ − 67.71, − 67.84, − 67.88.
FT-IR (KBr): ν= 431, 482, 743, 837, 1104, 1230, 1332, 1366, 1465, 1560,
1646, 2345, 2954, 3302, 3855 cm− 1. HR FAB-MS: calcd for C61H128N9O22Si8
[M+H+] m/z 1562.7330; found 1562.7336.

G2POSS-NH2. Ethylenediamine (12.3ml, 184mmol) was added to a solution
of G2POSS-OCH3 (9.52 g, 6.58 mmol) in toluene (10ml) and methanol
(24ml) under N2, and the resulting mixture was heated at 60 °C for 5 days.
After the volatiles were removed under reduced pressure, the residue was
dissolved in toluene/hexane (1/1, v/v).The volatiles were again removed under
reduced pressure. This process was repeated five times to obtain a pale yellow
solid (yield: 73.1%). 1H-NMR (CDCl3): δ 0.59 (m, 16H, Si–CH2–CH(CH3)2,
Si–CH2–CH2–CH2–), 0.94 (d, 42H, Si–CH2–CH(CH3)2, J= 6.6 Hz), 1.54 (m,
2H, Si–CH2–CH2–CH2–), 1.85 (m, 7H, Si–CH2–CH(CH3)2), 2.36 (t, 12H,
–CH2–CH2–CO–, J= 6.1 Hz), 2.46 (t, 6H, Si–CH2–CH2–CH2, –NH–CH2–

CH2–N–, J= 7.7 Hz), 2.74 (t, 12H, –CH2–CH2–CO–, J= 6.1 Hz), 2.82 (t, 8H,
–CH2–CH2–NH2, J= 5.8 Hz), 3.28 (m, 12H, CO–NH–CH2–CH2–).
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(CDCl3): δ 9.91, 19.22, 22.50, 23.91, 25.71, 34.02, 35.99, 41.44, 41.90, 49.77,
56.23, 172.60, 172.75. 29Si-NMR (CDCl3): δ − 67.01, − 67.77, − 67.92.FT-IR
(KBr): ν= 432, 484, 742, 837, 1106, 1230, 1332, 1366, 1465, 1560, 1654, 2345,
2954, 3423, 3650, 3752, 3855 cm− 1.

G3POSS-OCH3. Methyl acrylate (19.3ml, 214mmol) was added via a syringe
to a solution of G2POSS-NH2 (4.17 g, 2.68 mmol) in toluene (10ml) and
methanol (10ml) under N2, and the resulting mixture was heated at 60 °C for
5 days. After the volatiles were removed under reduced pressure, the crude
product was purified by preparative size-exclusion chromatography (LH-20)
using methanol as the eluent to remove the unreacted products. The yield of
pure G3POSS-OCH3 as a white solid was 54.0%. 1H-NMR (CDCl3): δ 0.59 (m,
16H, Si–CH2–CH(CH3)2, Si–CH2–CH2–CH2–), 0.94 (d, 42H, Si–CH2–CH
(CH3)2, J= 6.4 Hz), 1.51 (m, 2H, Si–CH2–CH2–CH2–), 1.85 (m, 7H, Si–CH2–

CH(CH3)2), 2.37 (b, 4H, Si–CH2–CH2–CH2–N–CH2–CH2–CO–), 2.45 (b,
24H, –CH2–CH2–CO–), 2.56 (m, 14H, Si–CH2–CH2–CH2, –NH–CH2–CH2–

N–), 2.77 (m, 28H, –CH2–CH2–CO–), 3.27 (m, 12H, –NH–CH2–CH2–N–),
3.67 (s, 24H, –CO–O–CH3).

13C-NMR (CDCl3): δ 9.91, 18.86, 22.48, 23.84,
25.70, 32.71, 33.42, 33.85, 37.19, 37.53, 49.26, 49.91, 50.37, 51.64, 52.58, 52.96,
55.72, 172.38, 173.06. 29Si-NMR (CDCl3): δ − 67.67, − 67.74, − 67.94. FT-IR
(KBr): ν= 481, 742, 839, 1111, 1230, 1365, 1439, 1543, 1655, 1737, 2366, 2954,
3398 cm− 1. HR FAB-MS: calcd for C93H180N13O34Si8 [M+H+] m/z 2247.0912;
found 2247.0854.

G3POSS-OH. Ethanolamine (1.94ml, 32.1mmol) was added to a solution of
G3POSS-CH3 (0.905 g, 0.40mmol) in toluene (2.5ml) and methanol (5.0ml)
under N2, and the resulting mixture was heated at 60 °C for 12 days. After the
volatiles were removed under reduced pressure, the crude product was purified
by preparative size-exclusion chromatography (LH-20) using methanol as the
eluent to remove the unreacted products. The yield of pure G3POSS-OH was
52%. 1H-NMR (methanol-d4): δ 0.60 (b, 16H, Si–CH2–CH(CH3)2, Si–CH2–

CH2–CH2–), 0.99 (b, 42H, Si–CH2–CH(CH3)2), 1.59 (b, 2H, Si–CH2–CH2–

CH2–), 1.86 (b, 7H, Si–CH2–CH(CH3)2), 2.37(b, 28H, –CH2–CH2–CO–), 2.58
(b, 14H, Si–CH2–CH2–CH2, –NH–CH2–CH2–N–), 2.78 (b, 28H, –CH2–CH2–

CO–), 3.31 (b, 28H, –NH–CH2–CH2–N–, –NH–CH2–CH2–OH), 3.61 (b, 16H,
–NH–CH2–CH2–OH).

13C-NMR (methanol-d4): δ 23.53, 25.19, 26.20, 34.75,
38.69, 43.02, 51.24, 53.56, 61.65, 175.25. 29Si-NMR (methanol-d4): δ − 67.12,
− 67.53, − 67.76. FT-IR (KBr): ν= 484, 742, 837, 1107, 1230, 1366, 1465, 1559,
1647, 2953, 3301 cm− 1. MALDI-TOF-MS: calcd for C101H205N21O34Si8
[M]+ m/z 2480.311; found 2480.454.

G2POSS-tBu. t-Butyl acrylate (1.2ml, 8.54 mmol) was added via a syringe to
a solution of G1POSS-NH2 (0.800 g, 0.74mmol) in toluene (5.0ml) and
methanol (5.0 ml) under N2, and the resulting mixture was heated at 60 °C for
5 days. After the volatiles were removed under reduced pressure, a pale yellow
solid was obtained (yield: 81%). 1H-NMR (CDCl3): δ 0.59 (m, 16H, Si–CH2–

CH(CH3)2, Si–CH2–CH2–CH2–), 0.95 (d, 42H, Si–CH2–CH(CH3)2, J= 6.8-
Hz), 1.44 (s 36H, –CO–OC–(CH3)3), 1.53 (b, 2H, Si–CH2–CH2–CH2–); 1.85
(m, 7H, Si–CH2–CH(CH3)2), 2.23(b, 4H, –CH2–CH2–CO–NH–), 2.35 (t, 8H,
–CH2–CH2–CO–OC–(CH3)3, J= 6.8 Hz), 2.45 (t, 2H, Si–CH2–CH2–CH2,
J= 7.4 Hz), 2.54 (t, 4H, –NH–CH2–CH2–N–, J= 6.0 Hz), 2.79 (m, 12H, –
CH2–CH2–CO–), 3.29 (m, 4H, –NH–CH2–CH2–).

13C-NMR (CDCl3): δ 9.80,
18.85, 22.80, 23.88, 25.68, 28.06, 33.69, 33.89, 37.28, 49.27, 49.91, 52.76, 55.67,
80.38, 171.99, 173.95. 29Si-NMR (CDCl3): δ − 67.46, − 67.60, − 67.78, − 67.97.
FT-IR (KBr): ν= 433, 479, 743, 846, 1112, 1229, 1367, 1460, 1655, 1730, 2955,
3434 cm− 1. HR FAB-MS: calcd for C69H140N5O22Si8 [M+H+] m/z 1614.8146;
found 1614.8142.

G2POSS-COOH. G2POSS-tBu (0.695 g, 0.43mmol) was treated with 100ml
of HCO2H for 24 h at 80 °C. Then, the HCO2H was completely removed by
azeotropic distillation with water under reduced pressure to quantitatively
afford G2POSS-COOH as a white powder, which was used without purifica-
tion. 1H-NMR (CDCl3): δ 0.61 (b, 16H, Si–CH2–CH(CH3)2, Si–CH2–CH2–

CH2–), 0.95 (b, 42H, Si–CH2–CH(CH3)2), 1.85 (b, 7H, Si–CH2–CH(CH3)2),
2.60 (b, 12H, –CH2–CH2–CO–), 2.76 (b, 6H, Si–CH2–CH2–CH2, –NH–CH2–

CH2–N–), 2.95 (b, 4H, –CH2–CH2–CO–NH–), 3.09 (b, 8H, –CH2–CH2–

COOH), 3.39 (b, 4H, –NH–CH2–CH2–N–). FT-IR (KBr): ν= 484, 742, 838,
1108, 1230, 1401, 1466, 1594, 1655, 2363, 2954, 3423, 3855 cm− 1.

G3POSS-tBu. t-Butyl acrylate (7.44ml, 51.3mmol) was added via a syringe to
a solution of G2POSS-NH2 (2.015 g, 1.30mmol) in toluene (15ml) and
methanol (15ml) under N2, and the resulting mixture was heated at 60 °C for
6 days. After the volatiles were removed under reduced pressure, a pale yellow
solid was obtained (yield: 57%). 1H-NMR (CDCl3): δ 0.59 (m, 16H, Si–CH2–

CH(CH3)2, Si–CH2–CH2–CH2–), 0.95 (d, 42H, Si–CH2–CH(CH3)2, J= 6.8),
1.44 (s 72H, –CO–C–(CH3)3), 1.50 (m, 2H, Si–CH2–CH2–CH2–), 1.85 (m, 7H,
Si–CH2–CH(CH3)2), 2.23 (b, 4H, Si–CH2–CH2–CH2–N–CH2–CH2–CO–),
2.35 (m, 24H, –CH2–CH2–CO–), 2.54 (m, 14H, Si–CH2–CH2–CH2, –NH–
CH2–CH2–N–), 2.73 (m, 28H, –CH2–CH2–O–), 3.28 (m, 12H, –NH–CH2–

CH2–N–).
13C-NMR (CDCl3): δ 9.94, 18.49, 22.52, 23.87, 25.71, 28.15, 33.53,

33.76, 33.85, 37.41, 37.57, 49.32, 49.95, 52.72, 55.68, 80.46, 172.05, 172.24.
29Si-NMR (CDCl3): δ − 67.59, − 67.73, − 67.93. FT-IR (KBr): ν= 482, 742, 847,
1120, 1229, 1367, 1460, 1543, 1655, 1729, 2955, 3321 cm− 1. MALDI-TOF-MS:
calcd for C117N13O34H227Si8 [M]+ m/z 2583.468; found 2585.652.

G3POSS-COOH. G3POSS-tBu (2.57 g, 0.610mmol) was treated with 50ml of
HCO2H for 2 days at 80 °C. Then, the HCO2H was completely removed by
azeotropic distillation with water under reduced pressure to quantitatively
afford G3POSS-COOH as a white powder, which was used without purifica-
tion. 1H-NMR (CDCl3): δ 0.60 (m, 16H, Si–CH2–CH(CH3)2, Si–CH2–CH2–

CH2–), 0.95 (d, 42H, Si–CH2–CH(CH3)2, J= 6.4 Hz), 1.53 (b, 2H, Si–CH2–

CH2–CH2–), 1.85 (b, 7H, Si–CH2–CH(CH3)2), 2.5 ~ 3.8 (b, 82H, Si–CH2–

CH2–CH2, –CH2–CH2–CO–, –NH–CH2–CH2–N–). FT-IR (KBr): ν= 481, 741,
838, 1108, 1230, 1400, 1466, 1591, 1656, 2954, 3423, 3855 cm− 1.

RESULTS AND DISCUSSION

Synthesis and characterization of POSS-core dendrons
Hydroxy- and carboxylic acid-terminated POSS-core dendrons were
synthesized from aminopropyl heptaisobutyl-T8-silsesquioxane
(POSS-NH2) via consecutive Michael and ester-amide exchange
reactions (Scheme 1). Although a methanol solution was generally
used for both reactions, POSS-NH2 was insoluble in polar solvents
and soluble in toluene and chloroform. When neat toluene was used
as the solvent for the Michael reaction of POSS-NH2 with 5.0
equivalents of methyl acrylate, the reaction conversion was only
50%, as estimated by 1H-NMR spectroscopy, even after heating at
60 °C for 2 days. No increase in the conversion was observed even
after 7 days. When a mixed solvent system (that is, methanol/toluene,
1/1 v/v) was used, quantitative conversion of POSS-NH2 with methyl
acrylate was observed after heating at 60 °C for 2 days. Therefore, the
mixed solvent system (methanol/toluene, 1/1 v/v) was used for all of
the following reactions. Second- and third-generation hydroxy-termi-
nated poly(amidoamine)-type heptaisobutyl-POSS dendrons (that is,
G2POSS-OH and G3POSS-OH, respectively) were prepared by ester-
amide exchange of G2 and G3 methyl acrylate-terminated POSS-core
dendrons (that is, G2POSS-OCH3 and G3POSS-OCH3, respectively)
using excess ethanolamine. The products were purified using pre-
parative size-exclusion chromatography to remove any unreacted
compounds.
The structures of G2POSS-OH and G3POSS-OH were identified

using multinuclear NMR and mass spectroscopy (Supplementary
Information). The FAB-MS results provided conclusive evidence
of the formation of G2POSS-OH. The MALDI-TOF-MS spectrum
of G3POSS-OH also agreed with the theoretical value. The degree of
functionalization of the dendrons with methoxy groups in G3POSS-
OCH3 was 94%, as estimated using 1H-NMR spectroscopy by
calculating and comparing the areas of the peaks corresponding to
the methyl ester protons with those of the methylene protons on the
POSS core.
Second- and third-generation t-butyl ester-terminated POSS-core

dendrons (that is, G2POSS-tBu and G3POSS-tBu, respectively) were
prepared as intermediates to the carboxylic acid-terminated POSS-core
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Scheme 1 Synthesis of POSS-core dendrons.
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dendrons.32 The structures of G2POSS-tBu and G3POSS-tBu were
identified using multinuclear NMR and mass spectroscopy
(Supplementary Information). The degree of functionalization of the
dendrons with t-butyl groups in G3POSS-tBu was 97%, as estimated
using 1H-NMR spectroscopy. The MALDI-TOF-MS spectrum of
G3POSS-tBu agreed with the theoretical value. Second- and third-
generation carboxylic acid-terminated POSS-core dendrons (that is,
G2POSS-COOH and G3POSS-COOH, respectively) were quantita-
tively obtained by treatment of the t-butyl ester-terminated POSS-core
dendrons with HCO2H. After heating the mixtures at 80 °C for 1 day,
excess HCO2H was removed by azeotropic distillation with water
under reduced pressure. Complete deprotection and lack of decom-
position of the POSS core were confirmed by 1H-NMR spectroscopy
and FT-IR analyses.

Solution behaviors
Although POSS-NH2 and G1POSS-NH2 were soluble in toluene and
chloroform and insoluble in ethanol and methanol, G2POSS-OH was
soluble in both ethanol and methanol, whereas G3POSS-OH was less
soluble in hydrophobic solvents such as toluene and chloroform.
G2POSS-COOH was soluble in chloroform and insoluble in both
hydrophobic solvents, such as hexane and toluene and hydrophilic

Figure 1 TM-AFM images of micelles of (a) G2POSS-OH and (b) G3POSS-OH. The samples were prepared under the conditions described in the
Experimental procedure. A full color version of this figure is available at the Polymer Journal online.

Figure 2 UV-vis spectra of G3POSS-OH/M, G3POSS-OH/C and G3POSS-
COOH/F on glass substrates. The film thicknesses were approximately 0.6,
0.8 and 0.7 μm, respectively.
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solvents such as ethanol and methanol. G3POSS-COOH was partially
soluble in chloroform and fully soluble in only HCO2H.
The hydrodynamic sizes of the micelles formed by the POSS-core

dendrons (that is, G2POSS-OH and G3POSS-OH) in methanol were
measured using dynamic light scattering at dendron concentrations of
0.5 wt%. The micelle sizes of G2POSS-OH and G3POSS-OH
decreased from 18± 10 to 6± 4 nm, respectively, thus increasing the
generation numbers from two to three with the decreases of the
micelle diameters. Tyndall’s phenomenon was observed in a 2.6 M

formic acid solution of G3POSS-COOH (1mgml− 1) upon irradiation
with a laser pointer, which indicated that colloidal aggregates formed
in this solution. The hydrodynamic size of the micelles formed by
G3POSS-COOH in a 2.6 M formic acid solution using dynamic light
scattering at dendron concentrations of 0.5 wt% was found to be
12± 1 nm. Because the octa isobutyl-substituted POSS has an approx-
imate spherical diameter of 1.5 nm, the hydrodynamic sizes of the

micelles are reasonably explained as simple core-shell aggregate
structures.
From tapping mode-AFM images of the dendrons on silicon

substrates, the heights of the G2POSS-OH and G3POSS-OH micelles
were determined to be 60 and 7 nm, respectively (Figure 1). Although
G2POSS-OH formed larger aggregates in the dry state, the G3POSS-
OH micelles retained their spherical form even on substrates. We
assume that the micelle structure of G3POSS-OH was more stable
because of the suitable characteristics of the core structures.

Cast films
Methanol and chloroform solutions of G3POSS-OH (1mgml− 1)
were casted onto glass substrates and heated at 100 °C for 15min using
a hotplate. The methanol solution of G3POSS-OH formed a trans-
parent film (that is, G3POSS-OH/M) with an optical transmittance
greater than 98% in the visible region of 380–780 nm (Figure 2).

200 µm 200 µm 200 µm 

Figure 4 Appearances and s.e.m. images of (a and d) G3POSS-OH/M, (b and e) G3POSS-OH/C and (c and f) G3POSS-COOH/F on glass substrates. A full
color version of this figure is available at the Polymer Journal online.

Figure 3 Photograph of a free-standing film obtained by casting a 2.6 M formic acid solution of G3POSS-COOH (10mgml−1) on a Teflon sheet and heating
at 100 °C for 15min. A full color version of this figure is available at the Polymer Journal online.
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In contrast, an opaque, whitish film (that is, G3POSS-OH/C) formed
from the chloroform solution of G3POSS-OH. Both methanol and
chloroform solutions of G2POSS-OH formed opaque, whitish films;
the transmittances of these films at 600 nm were 80% and 56%,
respectively. The optical transmittance of the films generated from the
methanol solution of G2POSS-OH was higher than that from the
chloroform solution of G2POSS-OH.
The 2.6 M formic acid solution of G3POSS-COOH (1mgml− 1) was

cast onto a glass substrate and heated at 100 °C for 15min using a
hotplate. The optical transmittance of the resultant film (that is,
G3POSS-COOH/F) was greater than 98% in the visible region of 380–
780 nm (Figure 2). Casting of a 2.6 M formic acid solution of G3POSS-
COOH (10mgml− 1) on a Teflon sheet and subsequent heating at
100 °C for 15min resulted in a free-standing film with high
transparency (Figure 3).
The homogeneity of the cast films was confirmed using s.e.m.; the s.e.

m. images of G3POSS-OH/M and G3POSS-COOH/F revealed smooth
and homogeneous surfaces (Figure 4). However, the opaque whitish film
generated from the chloroform solution of G3POSS-OH had a rough
surface, which was attributed to the higher crystallinity of G3POSS-OH
that induced a rough surface and increased the opacity of the film.
X-ray diffraction (XRD) analyses of powder samples of G3POSS-OH/

M and G3POSS-COOH/F showed intense peaks at 8.1°, which
corresponded to microdomains of heptaisobutyl-POSS units
(Figure 5). Diffraction peaks of the mono-functional alkyl corner-
attached heptaisobutyl-POSS appeared at 2θ= 8.2, 11.0, 12.2 and 19.1°,
and were associated with the hexagonal crystalline structure of
POSS.26,33 Although the XRD charts were dominated by broad hollow
peaks at ~ 20°, small peaks were also evident at ~ 12° and 19°. These
data suggest that crystalline POSS units formed in the transparent cast
films of both samples. The apparent crystallite sizes (L) of G3POSS-OH/
M, G3POSS-OH/C and G3POSS-COOH/F were estimated to be 6.8, 7.0
and 5.1 nm, respectively, based on the half-widths of the reflections at

8.2° using Scherrer’s equation (L=λ/β cosθ, where λ is the wavelength
of the X-ray, β is the peak width at half maximum , and θ is the angle).
These results indicated that we obtained optically transparent films
containing precisely controlled aggregate states of the POSS units that
were smaller than 10 nm via control of the number of generations.
The DSC curve of G3POSS-OH/M showed a glass-transition

temperature at 9.6 °C (Figure 6). Above the glass-transition tempera-
ture, the film became a paste form. In contrast, the DSC analysis of
G3POSS-COOH/F revealed a glass-transition temperature at 14.9 °C,
and no softening behavior was observed above this temperature. This
result may be due to effective intermolecular hydrogen bonding of the
terminal COOH units.
It is expected that the peripheral functional groups may be exposed

on the surface of the films, which would enable control of the
wettability via the polarity of the COOH groups. The static contact
angle for as-prepared G3POSS-COOH/F was determined to be 74± 6°
(Figure 7); this angle significantly decreased too20° after the film was
immersed in a 0.025 M NaOH aqueous solution. Further treatment
with acidic water (0.08 M formic acid aqueous solution) increased the
contact angle to 55± 6°. However, treatment with distilled water

Figure 5 XRD patterns of (a) G3POSS-OH/M, (b) G3POSS-OH/C and (c)
G3POSS-COOH/F.

Figure 6 DSC traces of G3POSS-OH/M, G3POSS-OH/C and G3POSS-COOH/
F obtained at a heating rate of 10 °Cmin−1 under N2 flow over the entire
temperature range.

Figure 7 Reversible changes of the contact angles of 1.5 μl water droplets
on as-prepared G3POSS-COOH/F consecutively treated with a 0.025 M NaOH
aqueous solution and a 0.08 M formic acid aqueous solution. The insets
show photographs of the water droplets on each surface.
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caused no change of the contact angle. These results suggest that the
peripheral functional groups were exposed to the surface of the cast
films because of the high proportion of terminal functional groups
located at the external surfaces of the dendrons. Reproducible
wettability changes of G3POSS-COOH/F were achieved via consecu-
tive treatment with a 0.025 M NaOH aqueous solution and acidic water
(0.08 M formic acid aqueous solution). Several cycles were performed,
and no substantial change of the contact angles was observed for at
least four cycles (Figure 7).

CONCLUSIONS

Second- and third-generation hydroxy-terminated poly(amidoamine)-
type heptaisobutyl-POSS dendrons (that is, G2POSS-OH and G3POSS-
OH, respectively) were prepared by ester-amide exchange of G2 and G3
methyl acrylate-terminated POSS-core dendrons, which were synthesized
from aminopropyl heptaisobutyl-T8-silsesquioxane via multiple Michael
and ester-amide exchange reactions with excess amounts of methyl
acrylate and ethanolamine, respectively. Carboxylic acid-terminated
second- and third-generation poly(amidoamine)-type heptaisobutyl-
POSS-core dendrons (that is, G2POSS-COOH and G3POSS-COOH,
respectively) were quantitatively obtained by treatment of second- and
third-generation t-butyl ester-POSS-core dendrons with HCO2H. The
hydrodynamic sizes of the micelles formed by the POSS-core dendrons
(that is, G2POSS-OH and G3POSS-OH) in methanol decreased from
18± 10 to 6± 4 nm, respectively. Casting of a methanol solution of
G3POSS-OH on a glass substrates followed by heating at 100 °C for
15min provided optically transparent films. However, casting of a
chloroform solution resulted in an opaque whitish film. G2POSS-OH
formed opaque whitish films from both methanol and chloroform
solutions. Casting of a 2.6 M formic acid solution of G3POSS-COOH
and subsequent heating at 100 °C for 15min generated a free-standing
film with high transparency. The peripheral functional groups may have
been exposed to the surface of the cast films; thus, the wettability of the
films was controlled via the polarity of the COOH groups.
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