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In this paper we describe the fabrication of honeycomb-shaped polyurethane films from dendritic side-
chain polymers presenting reactive pendent units. Two novel functional polyurethanes, poly(urethane-
co-acylurea) (PU-PACY) and polyurethane-co-azetidine-2,4-dione containing polyurethane (PU-PAZ),
were synthesized. The waxy dendrons featured focal urea/malonamide linkages favorable for hydrogen
bonding and peripheral alkyl chains. These intermolecular forces caused two functional PUs to undergo
phase separation and self-assembly. This resulted in honeycomb-like films with well-controlled surface
roughness characterized in terms of the ratio of rim width (W) to the pore size (D), i.e. W/D. The PU-PAZ
film had a higher contact angle (CA) and a lower value of W/D than did the PU-PACY analogue, due to the
presence of relatively more hydrophobic azetidine-2, 4-dione functionalities in the former film. Subse-
quent chemical modification of the PU-PAZ films through reaction with a hydrophobic poly(oxyalkylene)
amine enhanced the CA from 113 to 134°. Further physical modification through a peeling-off process
rendered the film surface with a three-dimensional (3D) rod-co-valley-structure having feature di-
mensions on a submicrometer scale. The 3D rod-co-valley—like film exhibited superhydrophobicity with
a CA of 151°. The films also displayed excellent solvent-resistance after crosslinking with a diamine.
Through hydrophobic or hydrophilic chemical modification, we could readily manipulate the surface
properties of these honeycomb-like films with controllable surface roughnesses and reactive
functionalities.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

processes as etching, dip-coating, chemical vapor deposition, and
molecular self-assembly [12—24]|. Molecular self-assembly is

Many superhydrophobic materials that mimic the water-
repelling surface of the lotus leaf have been reported recently [1—
11]. The preparation of these surfaces has relied mainly on two
co-operative effects: surface modification to impart low surface
energy and the introduction of particular surface morphologies.
These morphologies, either two-dimensional (2D) or three-
dimensional (3D), have been achieved by implementing such
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particularly interesting because of the possibility of fabricating
highly regular structures, such as a honeycomb-like surfaces via a
breath-figure process (pioneered by Francois and co-workers)
[14,15]. In addition, variations in the chemical composition of the
films allow the rim width (W) and pore size (D) to be adjusted,
thereby manipulating the surface roughness [25—27].

Using this breath-figure technique, a variety of polymers
including functional linear polymers [28], star polymers [29—32],
amphiphilic copolymers [23,33—35], ionomer macromolecules
[36—38], polyion complexes [27,39,40], hyperbranched polymers
[41], and dendritic side-chain block copolymers [42—46], have been
employed to obtain honeycomb-like polymeric films. Apart from
that, Karthaus et al. reported that there were two methods to obtain
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the solvent-resistance honeycomb films [39], one was chemical
crosslinking via condensation of maleic anhydride and 1,8-
diaminooctane. The other was a photo-crosslinking system using
poly(vinyl cinnamate) [47]. Highly ordered honeycomb films were
prepared from photo-crosslinkable polymers. The 3-D honeycomb
structure was retained under UV irradiation. More recently, Wang
and co-workers reported another photo-crosslinked system [48].
Stable porous morphology was achieved by photo-induced cross-
linking during the breath-figure formation. The simple crosslinking
operation opens the door to facilely fabricate robust microporous
polymer films [49,50].

Our research group has taken an alternative approach to the
preparation of hydrophobic honeycomb-like films from dendron-
grafted polystyrenes and polyurethanes (PUs) through a combina-
tion of self-assembly and a breath-figure process [45,46]. These
waxy dendrons feature a focal part rich in hydrogen bonding groups
and a periphery rich in nonpolar units that undergo van der Waals
interactions. As part of our endeavor to enhance the surface prop-
erties of these films (i.e., tailored hydrophobicity/hydrophilicity and
solvent-resistance), in this study we developed two novel reactive
PU polymers: poly(urethane-co-acylurea) (PU-PACY) and poly-
urethane-co-azetidine-2,4-dione containing polyurethane (PU-
PAZ) [Scheme 1(a) and (b)]. PU-PACY presenting pendent aromatic
anhydride moieties was synthesized through carbodiimide (CDI)
chemistry [51—53], which is used extensively in peptide synthesis. In
esterification processes, the use of CDI chemistry is often hampered
by a side reaction that converts carboxylic acids to N-acylureas. On
the basis of this reaction, we developed a poly-CDI system and
subsequently added trimellitic anhydride (TMA) to obtain poly(N-
acylurea) as an intermediate for further chemical modification (e.g.,
to enhanced surface properties). In addition, we took further
advantage of the selectively reactive azetidine-2,4-dione moiety in
the generation-0.5 dendron (G-0.5) (Scheme 2); this unit reacts only
with aliphatic primary amino groups. We readily obtained the

azetidine-2.4-dione—containing PU-PAZ polymer through chain
extension of di-p-phenyl diisocyanate (MDI) with dendron-
containing diols such as [G-1.5]-C18-Diol and [G-0.5]-Diol
(Scheme 3). With their reactive pendent functionalities, these den-
dritic PU-PACY and PU-PAZ polymers possess side chains rich in not
only hydrogen bonding units but also pendent reactive moieties.
Thus, the surface properties of these honeycomb-like PU films could
be modified through reactions of these functionalities.

According to the literature [54—58], polymers featuring pendent
azetidine-2,4-dione or aromatic anhydride units can react rapidly
with aliphatic primary amino functional groups. Therefore, in this
study, we employed commercially available difunctional poly(-
oxyalkylene)amines (hydrophilic Jeffamine®M-1000 and hydro-
phobic Jeffamine®M-2005) as crosslinkers to impart enhanced
surface properties (tunable hydrophobicity up to the level of
superhydrophobicity and solvent-resistance) to our honeycomb-
like films. In addition, the values of W/D of the honeycomb-like
films could also be controlled through the self-assembly of these
various functional polymers. Accordingly, these materials have
potential applications in, for example, microanalysis, cell growth,
and stent tissue engineering.

2. Experimental
2.1. Materials

Dibutyltin dilaurate (DBTDL or T-12), N-(3-aminopropyl)dieth-
anolamine (APDEA), and 1,6-diaminohexane were purchased from
TCL. The poly(oxyalkylene)amines Jeffamine®M-1000 and
Jeffamine®M-2005 (abbreviated herein as M1000 and M2005,
respectively) were purchased from Huntsman. N,N-dime-
thylformamide (DMF), tetrahydrofuran (THF), dimethylsulfoxide
(DMSO0), methylene di-p-phenyl diisocyanate (MDI), cyclohexane,
methanol, xylene, isobutyryl chloride, stearyl alcohol,
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Scheme 1. Chemical structures of (a) PU-PACY and (b) PU-PAZ.
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Scheme 2. Syntheses of the [G-0.5]-C18, [G-1.5]-C18, and [G-1.5]-C18-Diol dendrons.

triethylamine (TEA), 1-decanol, and diethylenetriamine (DETA), 1,3-
dimethylphosphole 1-oxide (DMPO), and trimellitic anhydride
(TMA) were purchased from Aldrich and Acros. Scheme 2 displays
the chemical structures of the stearyl ester derivatives of 4-
isocyanato-4-(3,3-dimethyl-2,4-dioxo-acetidino)diphenylmethane
(IDD) grafted with dendrons of different generations. The building
block IDD and the dendrons (from [G-0.5]-C18 to [G-1.5]-C18) were
synthesized according to procedures in previous reports [55,59—
63].

2.2. [G-1.5]-C18-Diol dendron (Scheme 2)

APDEA (1.00 g, 6.16 mmol) was added dropwise to a solution of
[G-1.5]-C18 (2.47 g, 1.40 mmol) in dry THF (25.0 mL). The solution
was stirred at 75 °C under a N, atmosphere for 48 h. After evapo-
ration of the solvent, the product was purified through recrystal-
lization (MeOH) to give a light-yellow powder (2.23 g, 90.0 %)
[Found: C, 68.70; H, 8.22; N, 8.41%. Ci94H155N11013 requires C,
70.67; H, 8.84; N, 8.72%. FT-IR (vmax/cm~1): 3340 (OH), 1704 [(NH)
C=0(0)], 1654 [C=O(NH)]. "TH NMR (400 MHz, CDCl5): 6}; 0.83 (6H,
t, CHs3), 1.35 [18H, C(CH3),CONH], 3.78 (6H, PhCH,Ph), 4.0 (4H,
NHCOO—CHy), 4.29 (2H, OH), 7.03—7.68 (24H, PhH). FABMS: m/z
1768 (M™)].

2.2.1. [G-0.5]-Diol dendron (Scheme 3)

Diethanolamine (1.00 g, 9.50 mmol) was added to a solution of
IDD (3.80 g, 11.9 mmol) in dry THF (120 mL). The solution was
stirred at 0 °C under a N, atmosphere for 2 h. After evaporation of
the solvent, the product was purified through precipitation from
cyclohexane to give a white powder (3.50 g, 86.7%) [Found: C,

64.93; H, 6.40; N, 9.88%. C23H,7N305 requires C, 65.24; H, 6.60; N,
9.63%. FI-IR (vmax/cm*1): 3305 (OH), 1857 (C=0), 1739 (C=0),
1638 [(NH)C=O(N)]. 'H NMR (400 MHz, DMSO-ds): oy 1.38 (3H,
s, CHs), 3.32 (4H, t, CHy), 3.55 (4H, t, CH3), 3.85 (2H, s, CH>), 5.06
(2H, s, OH), 7.02—7.62 (8H, m, PhH), 8.61 (1H, s, NH). FABMS: m/z
425 (M™)].

2.3. PU-PACY and PU-PAZ polymers [illustrated in Scheme 3(a)
and (b)]

(a) DBTDL (several drops) was added to a solution of [G-1.5]-
C18-Diol (0.884 g, 0.500 mmol) in dry DMF (5.00 mL).
This mixture was then added dropwise over 3 h to a so-
lution of MDI (0.250 g, 1.00 mmol) in DMF (5 mL) at 60 °C.
After the addition of a catalytic amount of DMPO, heating
of the solution was continued for 8 h. At this point, TMA
(0.096 g, 0.500 mmol) was added to the mixture and then
the reaction was continued under a Ny atmosphere for
7 h. PU-PACY polymers were obtained after evaporation
of the solvent. FT-IR (vmax/cm’l): 1852 (C=0), 1780 (C=
0).

(b) DBTDL (several drops) was added to a solution of [G-1.5]-
C18-Diol (0.884 g, 0.500 mmol) in dry DMF (5.00 mL). This
mixture was then added to a solution of MDI (0.250 g,
1.00 mmol) in DMF (5.00 mL). The solution was heated at
60 °C for 3 h and then [G-0.5]-Diol was added under a N,
atmosphere over a period of 1 h. PU-PAZ polymers were
obtained after evaporation of the solvent. FT-IR (¢max/cm™1):
1855 (C=0), 1740 (C=0).
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2.4. All films prepared

(a) Thin films prepared through spin-coating: z solution of PU-
PACY or PU-PAZ (20 mg/mL in CHCl3) was spin-coated
(2000 rpm) onto a silicon wafer.

(b) Honeycomb-like polymer films prepared through breath-
figure processing: A solution of PU-PACY or PU-PAZ
(10 mg/mL in chloroform) was cast onto a silicon wafer. The
solvent was evaporated at room temperature under a flow of
moist air (1 m/s). After complete evaporation of solvent, a
white polymeric film, featuring a honeycomb-like
morphology, was formed [illustrated in Scheme 4(a)].

(c) Hydrophobic or hydrophilic honeycomb-like PU films pre-
pared through chemical modification: A PU-PACY or PU-PAZ
honeycomb-like film was submerged for 24 h in a solution of
M2005, M1000, or 1,6-diaminohexane in MeOH at 60 °C.
After complete evaporation of the solvent, a white PU film,
featuring a honeycomb-like morphology, was formed [illus-
trated in Scheme 4(b)].

(d) Rod-co-valley—like surfaces prepared through a peeling-off
process: a rod-co-valley-like film was prepared by peeling
off the first layer of a honeycomb-like film with a sheet of
adhesive tape (Scotch Tape, 3M) [31] [illustrated in Scheme

4(c)].
» Q0000
Chemical
/\) or N ﬂ Modification

» QOO0
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0o 0
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Scheme 4. Schematic representations of (a) the formation of the surface pores of the
honeycomb-like films, (b) the chemical modification of the honeycomb-like films, and
(c) the honeycomb-like films obtained after applying the peeling-off method.

2.5. Measurement

TH NMR spectra of CDCl3 and DMSO-dg solutions were recorded
using a Varian Gemini-400 FT-NMR spectrometer. IR spectra were
recorded using a PerkinElmer Spectrum One FT-IR spectrometer.
Thermal analysis was conducted under N using a TA Instrument
DSC2010 apparatus operated at a heating rate of 10 °C/min. Ther-
mogravimetric analysis (TGA) was performed using a Seiko SSC-
5200 thermogravimetric analyzer operated at a heating rate of
10 °C/min under N,. The thermal decomposition temperature (Ty)
was taken to be the temperature corresponding to 5% weight loss of
the sample. Fast atom bombardment mass spectrometry (FABMS)
analysis was performed on a JEOL JMS SX/SX 102A mass spec-
trometer equipped with the standard FAB source, whose upper
limit for measuring molecular weight is 2000. Gel permeation
chromatography (GPC) was conducted using a Waters apparatus
equipped with Waters Styragel columns and a refractive index
detector (polystyrene calibration; mobile phase: THF). Scanning
electron microscopy (SEM) of the films was performed using a
field-emission scanning electron microscope (Hitachi S-5200) after
the films had been sputtered with a thin layer of gold/palladium
alloy. Average pore size (D) was measured from binary-contrasted
SEM images by using an imaging software (Image] [64]). The tiny
pores generated in the polymer frames were neglected. The contact
angles (CAs) of water droplets (5 mL) on the films were measured at
room temperature at 5-s intervals for 30 s using an optical contact
angle meter (Kyowa DropMaster); all the measured CAs were
constant during the 30-s period.

3. Results and discussion

3.1. Synthesis and characterization of the dendritic polymers PU-
PACY and PU-PAZ

We used FT-IR spectroscopy to characterize the synthesized
polymers PU-PACY and PU-PAZ. Our synthesis of PU-PACY
involved the direct preparation of poly(urethane-co-carbodiimide)
(PU-CDI) from the aromatic diisocyanate MDI and [G-1.5]-C18-Diol
in the presence of DMPO catalyst and subsequent reaction of PU-
CDI with the carboxylic acid of TMA at room temperature
(Scheme 3a). After [G-1.5]-C18-Diol had been prepolymerized with
MD], the characteristic absorption peak of the residual isocyanate
(NCO) units was evident at 2260 cm~! in the FT-IR spectrum (Fig. 1).
The addition of catalytic DMPO converted the NCO groups to CDI
(N=C=N) units, with characteristic absorption peaks at 2106 and
2134 cm™ . Subsequent reaction of the CDI units with the carboxylic
(COOH) functionality of TMA gave the polyacylurea, with charac-
teristic absorption peaks for the carbonyl (C=0) groups at 1715
cm~! and the anhydride (C—O—C) groups at 1778 and 1857 cm™ .
The signals for the N-acylurea and anhydride linkages in the FT-IR
spectra confirmed the successful preparation of PU-PACY based
on the CDI chemistry [51—53] in Fig. 1(a). We prepared the PU-PAZ
polymer by allowing the [G1.5]-C18-Diol-PU prepolymer to react
with G0.5-Diol. First, we reacted MDI with [G-1.5]-C18-Diol to form
the PU prepolymer (Scheme 3b); we subsequently reacted the
chain extender [G-0.5]-Diol featuring azetidine-2,4-diones termi-
nal groups with the PU prepolymer to form PU-PAZ. The disap-
pearance of the signal (v = 2260 cm~!) for the NCO groups and the
appearance of signals for the azetidine-2,4-dione units (v = 1740
and 1855 cm™!) in the FI-IR spectrum confirmed the successful
preparation of PU-PAZ [Fig. 1(b)]. We used GPC to determine
weight average molecular weights (M,,) for PU-PACY and PU-PAZ,
which were in the range of 17,470—42,310 g/mol with poly-
dispersities ranged from 3.74 to 3.92. Furthermore, thermal
decomposition temperatures (Tq; 5% weight loss) of honeycomb-



1486 Y-A. Su et al. / Polymer 55 (2014) 1481—1490

()

£

cyclic anhydride 1857 A

1778

PU-PACY

1715

PU-PCDI

AN

2134,-CDI

Transmittance (%)

PU prepolymer
2260, -NCO

T L T ¥ T ¥ T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm’)

(b)

A

PU-PAZ 1860

azetidine-2,4-dione
1742

Transmittance (%)

PU prepolymer

*

2260,-NCO

T T ¥ T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm’)

Fig. 1. FT-IR spectra of (a) PU-PACY and (b) PU-PAZ.

like films were in the range of 208—238 °C. The glass transition
temperatures (Tg) of PU-PAZ samples ranged from 48.2 to 71.3 °C
(Table 1).

3.2. Factors influencing the surface properties of PU-PACY films
during film fabrication through the breath-figure process

Deepak et al. reported the preparation of honeycomb-like
polymeric films from a polymer presenting side chains having
high molecular weight and hydrogen bonding functionality [16].
The self-formation of the honeycomb-like structure arose from the
stabilization of water droplets through hydrogen bonding

Table 1

Physical properties of the PU-PACY and PU-PAZ honeycomb-like films.
Polymer My (x0%) M, (x10%)  PDI Ta" (°C)  Tg" (°C)
PU-PACY 50/50 17.47 4.61 3.79 208 n.d.
PU-PACY 60/40 21.21 5.44 3.90 209 n.d.
PU-PACY 70/30 23.69 6.01 3.94 227 n.d.
PU-PAZ 50/50 29.33 7.84 3.74 233 713
PU-PAZ 60/40 33.46 8.65 3.87 235 60.6
PU-PAZ 70/30 4231 1080 392 238 482

¢ Temperature at which 5% weight loss occurred during TGA (N2; heating rate:
10 °C/min).

b Determined through DSC analysis under N, (heating rate: 10 °C/min).

€ Not detectable due to SSRR [51].
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Fig. 2. SEM images demonstrating the pore distribution and uniformity on the sur-
faces of PU-PACY films prepared at polymer concentrations of 5, 10, and 15 mg/mL
under 80% RH and their respective W/D ratios.

interactions at high humidity. For this current study, we designed
two series of G1.5-C18 dendritic side-chain—grafted polymers with
reactive functional groups, thereby enabling us to control the sur-
face properties and manipulate the hydrophobicity of the
honeycomb-like films.

The surface properties of the films could be tailored by intro-
ducing pores at their surfaces. Previous reports have suggested that
the ratio between the values of Wand D can be correlated to the CA;
specifically, a low W/D ratio generally indicates a high CA [25,26].
Accordingly, our first focus was to maximize the pore effect by
varying the concentration of the polymer solution used to form the
PU-PACY film. At 80% relative humidity (RH), we cast solutions of
PU-PACY 70/30 (where “70/30” represents the molar ratio of PU to
the dendritic polymer) of various polymer concentrations onto
silicon wafers. SEM revealed that a polymer concentration of 5 mg/
mL provided a film featuring broken, irregular pores (W/D = 0.22)
distributed on its surface (Fig. 2), due to the low polymer concen-
tration failing to self-stabilize in a highly humid environment. In
comparison, at a higher concentration of 15 mg/mL, condensation
of water was enhanced, resulting in the formation of large pores
with a widened pore-to-pore distance and, thus, a high W/D ratio of
0.95 [38,39]. Thus, a low polymer concentration favored pore

0.8

93% RH

0.6

0.4 -

W/D Ratio

0.2 1

80% RH

0.0

40 50 60 70 80 920
Relative Humidity (%)
Fig. 3. SEM images demonstrating the pore uniformity on the surfaces of PU-PACY

films prepared at a polymer concentration of 10 mg/mL under RHs of 50, 63, 80, and
93% and their respective W/D ratios.
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formation, whereas a high concentration favored the formation of a
honeycomb-like surface. Accordingly, when we tested an in-
between value of 10 mg/mL for the polymer concentration, we
successfully prepared — at 80% RH — a honeycomb-like film
featuring uniformly sized and evenly distributed pores. As ex-
pected, this film had a W/D ratio of 0.13, lower than those of 0.22
and 0.95 for the films prepared at polymer concentrations of 5 and
15 mg/mL, respectively. Thus, the W/D ratio serves as an index to
quantify the surface morphology of a honeycomb-like film, with a
low value representing a film surface presenting a uniform distri-
bution of evenly size pores.

With the PU-PACY 70/30 concentration optimized at 10 mg/mL,
we next examined the influence of the RH during film preparation on
the W/D ratio. As revealed in Fig. 3, the RH significantly affected the
pore-to-pore distance, pore size, and uniformity. For example, at a
low RH of 50%, the film surface featured scattered, nanoscale pores
with a W/D ratio of 0.58. We attribute this behavior to the micro-sized
water droplets having difficulty condensing on the film surface under
such a comparatively low humidity. In contrast, under a relatively

Table 2
Molar compositions, W/D ratios, and CAs of the PU-PACY and PU-PAZ honeycomb-
like films.

Polymer Composition (molar ratio) Rim Pore W/D CA (°)
MDI [G-15]- [G-0.5]- TMA "V‘\'/“?tl:n)a ,S_;Z(em)
C18-Diol Diol W W
PU-PACY 50/50 1 0.5 — 0.5 1.19 1.06 1.12 68
PU-PACY 60/40 1 0.6 — 04 1.74 1.79 097 85
PU-PACY 70/30 1 0.7 - 03 172 1.79 096 94
PU-PAZ 50/50 1 0.5 0.5 — 0.855 132 0.65 101
PU-PAZ 60/40 1 0.6 0.4 - 0.769 1.48 0.52 105
PU-PAZ 70/30 1 0.7 0.3 — 0.565 1.74 0.32 113

2 Rim width (W): measured along the hole center-hole center line.

moisture-saturated RH of 90%, the W/D ratio decreased to 0.43, due to
the inevitable collision and mutual condensation of water droplets
resulting in larger pores and a wider distance between them [42]. By
fine tuning the RH to 80%, we obtained a honeycomb-like film
featuring uniform pores and a W/D ratio of 0.18.

Having optimized the film forming conditions at a polymer
concentration of 10 mg/mL and an RH of 80%, we examined the
effect of the polymer composition on the pores and on the CAs of
the surfaces. Fig. 4(a) plots the CAs and percentages of PACY in the
overall composition with respect to the W/D ratios. The W/D ratios
and the CAs were inversely related over the entire range of polymer
compositions. For example, at 30 mol% of PACY, the W/D ratio of the
honeycomb-like film and the CA of the film surface were 0.96 and

140
ny
120 4 1018 _ﬂ.
94°

8 100 4 aﬂ-
b
&0
-g 68°
=~ 80
=
o0
=
< 60
S
<
=
S 40 4
&}

20 4

0
PACY 50 PACY 30 PAZ 50 PAZ 30
Molar Percentage (%)

Fig. 5. A comparison of the CAs of the PU-PACY and PU-PAZ systems.
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Fig. 6. FT-IR spectra of amine-modified (a) PU-PACY, and (b) PU-PAZ honeycomb-like
films.

94°, respectively, while at 50 mol% the W/D ratio increased to 1.12,
whereas the CA decreased to 68°.

These results for the PU-PACY system are significantly different
from those we obtained in a previous study of a polystyrene (PS)-
type system [45]. During the film forming process, PS could not
effectively stabilize the water droplets, due to aggregation of the
micro-sized water droplets into large particles. In comparison, the
PU-type polymer has backbone functionalities that can partake in
additional hydrogen bonding interactions at the water—polymer
solution interface to help stabilize the water droplets; these addi-
tional interactions enhanced the formation of small pores with a
wide pore-to-pore distance. Furthermore, the presence of the
dendron units also offered additional hydrogen bonding sites.
Because a decrease in the molar percentage of PACY implies an
increase in the content of dendron molecules, a polymer compo-
sition featuring a low molar percentage of PACY resulted in a low
W/D ratio and, inversely, a high CA. Our results are in good agree-
ment with those reported by Yabu, who demonstrated a general
trend of decreasing rim width (W) and increasing pore sizes (D)
correlating with higher CAs [25].

3.3. Effect of hydrophobic/hydrophilic functionalities of PU
polymers on CAs

During the breath-figure process, the presence of an amphi-
philic copolymer can facilitate the formation of honeycomb-like

160 | EEEE pristine honeycomb film
3 hydrophobic modification
140 1 EEEE hydrophilic modification
120

100 A
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Fig. 7. CAs of PU-PACY and PU-PAZ honeycomb-like films modified through reactions
with hydrophilic M1000 and hydrophobic M2005.

films [18]. The balance between the number of hydrophobic and
hydrophilic moieties significantly affects the surface tension be-
tween the polymer solution and water molecules. Thus, we pre-
pared the polymer PU-PAZ as a control for comparison of its
properties with those of PU-PACY. The structure of PU-PAZ features
azetidine-2,4-dione functional groups, making it relatively more
hydrophobic than PU-PACY. At the set conditions of a polymer
concentration of 10 mg/mL and an RH of 80%, we evaluated the CAs
of the respective polymer films (Table 2 and Fig. 5). In general, the
CAs of the PU-PAZ polymers were higher than those of their PU-
PACY analogues. For example, the film of PU-PACY 70/30 exhibited
a CA of approximately 94°, whereas its PAZ analogue had a higher
value of 113°. We suspect that the relatively more hydrophobic
azetidine-2,4-dione functionalities in the structure of PAZ
increased the degree of repulsion between the organic polymer
solution and the water molecules, thereby increasing the CAs.

3.4. Surface modification of the honeycomb-like films through a
chemical approach

Tsujii et al. reported that a fractal structure generated from
hydrophobic wax crystals could strongly repel water [65]. Hosono
et al. also demonstrated that the water CA on inorganic nanopins
coated with hydrophobic surfactants could reach as high as 178°
[66]. Generally, the wettability of a surface can change drastically
depending on its chemical properties. Accordingly, we further
tailored the surface properties of our honeycomb-like PU-PACY and
PU-PAZ films through reactions with hydrophobic M2005, hydro-
philic M1000, and 1,6-diaminohexane. The FT-IR spectra in Fig. 6(a)
reveal that when the amines opened the rings of the cyclic anhy-
dride units in the dendritic PACY, the characteristic absorption
peaks of the anhydride groups originally at 1715, 1778, and

Table 3
Solvent-resistances of the crosslinked honeycomb-like films in various solvent
systems at 60 °C for 24 h.

Polymer THF CHCl3 Acetone DMF
PU-PACY 50/50 - - - +-
PU-PACY 60/40 - —— - +—
PU-PACY 70/30 +— +— +— ++
PU-PAZ 50/50 - - - -
PU-PAZ 60/40 - - - +—
PU-PAZ 70/30 —— +— — ++

++: Soluble; +—: partially soluble; ——: insoluble.



Y.-A. Su et al. / Polymer 55 (2014) 1481—1490 1489

Fig. 8. SEM images of crosslinked PU-PAZ 50—50 before and after solvent treatment.

1850 cm ™! disappeared [67]. Similarly, we used the same amines to
modify the PU-PAZ analogues. The characteristic absorption peak
of the azetidine-2,4-dione units originally at 1740 and 1855 cm™!
also disappeared (Fig. 6(b)) [54]. For both PU-PACY and PU-PAZ, the
disappearance of these characteristic absorption peaks was evi-
dence for successful chemical modifications of their film surfaces.

We performed surface modifications through reactions with
M1000 and M2005 because of their similar propylene oxide/
ethylene oxide (PO/EO) backbones but different PO/EO ratios. Both
the PU-PACY and PU-PAZ films modified with the PO-rich M2005
had, in general, higher CAs than their pristine honeycomb-like films
(Fig. 7), presumably because the highly hydrophobic PO units
decreased the affinity of the film toward water. In comparison,
reactions with the EO-rich M1000 decreased in CAs because of
strong interactions between the hydrophilic EO units and water
droplets. Thus, we could readily manipulate the surface properties
of these honeycomb-like films through chemical modification with
hydrophobic/hydrophilic monoamines.

In contrast, modification with 1,6-diaminohexane did not
change the CAs of the films because of the absence of PO and EO
segments in the structure. Indeed, reactions with this difunctional
amine afforded honeycomb-like films with urea-crosslinked
structures favorable for solvent-resistance. We immersed the
crosslinked films in the polar solvents THF, CHCl3, acetone, and
DMF at 60 °C for 24 h to test their solubilities; we found (Table 3)
that the film of PU-PAZ 50/50 exhibited dramatic improvements in
stability against these four solvents. SEM images of the urea-
crosslinked structure (PU-PAZ 50/50) revealed that the honey-
comb films were slightly swollen after THF and CHCl3 solvent
treatments (Fig. 8). However, the swollen effect was more pro-
nounced when treated by DMF and Acetone.

3.5. Surface modification of the hydrophobic honeycomb-like films
through a physical approach

The pristine thin PU-PAZ film exhibited a low CA of less than
100° (Fig. 9). By employing the breath-figure process for film for-
mation, the resulting PU-PAZ honeycomb-like film featured a
porous surface exhibiting a CA of 113°. When we further chemically
modified the PU-PAZ honeycomb-like film through reaction with
the hydrophobic M2005 to decrease its surface energy, the CA
increased to 134° because of the presence of PO segments in the
backbone of the poly(oxyalkylene)amine M2005. The water-

repellency of the hydrophobic PU-PAZ honeycomb-like films
could be enhanced further to superhydrophobicity through a
physical approach involving the creation of a rough, nanoscopic
architecture on the surface. This process involved peeling off the
first thin layer of the films to introduce a rod-co-valley—like 3D
surface. The lengths and diameters of the rods ranged from 1 to 2
um and from 250 to 300 nm, respectively. In this study, the com-
bination of a rod-co-valley—like 3D morphology and sub-
micrometer arrays increased the CA to 151° Obviously, the
apparent CAs increase with surface roughness compared with a CA
value of 94° on the flat thin film of PU-PAZ. The relationship be-
tween contact angle and rough topography was analyzed via the
Cassie—Baxter equation: cos 1 = f; cos 6, — f> [68,69], where 6 and
0 are the CAs on the flat thin film surface (spin-coating film) and
(including honeycomb-like film, hydrophobicity honeycomb-like
film or rod-co-valley-like film), respectively, f; and f, are the frac-
tions of liquid in respective contact with solid and air at the in-
terfaces (fi +f,=1). After calculation, the fi, honeycomb and the fj,
hydrophobicity honeycomb Were 0.655 and 0.328, respectively. In
particular, the fi, rod-co-valley Was dramatically decreasing to 0.135,
indicating that a much smaller portion of solid contacting with
water was found on the rod-co-valley surface.
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Fig. 9. CAs and surface morphologies of chemically and physically modified PU-PAZ
honeycomb-like films.



1490 Y.-A. Su et al. / Polymer 55 (2014) 1481-1490

4. Conclusion

We have synthesized two functional PU polymers grafted with a
series of waxy dendrons, which feature a focal part rich in hydrogen
bonding groups and peripheral nonpolar units offering van der
Waals interactions. The PU-PACY and PU-PAZ polymers were
functionalized with pendent anhydride and azetidine-2,4-dione
units, respectively. Processing of the resulting polymers led to
their self-assembly into honeycomb-like films with controllable W/
D ratios. The presence of the azetidine-2,4-dione pendent units
caused the PU-PAZ species to be more hydrophobic than their
anhydride-presenting PU-PACY analogues. Thus, the PU-PAZ
honeycomb-like film exhibited a relatively high CA of 113° and a
low W/D ratio of 0.32. When we further modified the PU-PAZ film
with the hydrophobic poly(oxyalkylene)amine M2005, the CA
increased to 134°. A subsequent peeling-off process introduced a
submicrometer rod-co-valley-like 3D morphology onto the film
surface, further increasing the CA to 151°. We attribute the super-
hydrophobicity of this film to the combination of its hydrophobic
composition and the set of chemical and physical modifications.
Furthermore, we enhanced the solvent-resistance of the films by
crosslinking them through treatment with a diamine. Using this
approach, we could prepare superhydrophobic/superhydrophilic
honeycomb-like films with relative ease. We are currently
exploring the possible applications of these films in areas such as
microanalysis, cell growth, and stent tissue engineering.
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