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A series of hydrogen bond-rich poly(urea/malonamide) dendrons were utilized as surfactants to facilitate

the formation of honeycomb-like porous structures from the breath figure (BF) process. With the

addition of a small amount of dendritic surfactants to polymers such as poly(D,L-lactide), polystyrene or

poly(methyl methacrylate), a well-organized honeycomb-like surface could be achieved. These uniform

porous arrays from the BF method with free-standing capacity benefit from the support of their polymer

matrices without resorting to a painstaking polymerization process to provide bulky dendritic side-chain

polymers. The formation of water-driven honeycomb-like surfaces was also dependent on the

concentration of surfactants in a polymer matrix, apart from the chemical structure. Furthermore,

a quantitative analysis of the interfacial tensions between water and polymer solution revealed a dynamic

procedure of water droplets stabilized by the surfactants on the as-cast polymer films during the solvent

evaporation step of the BF method. Among all these dendritic surfactants, the dendrons with one or two

hydroxyl groups at the focal point and plenty of octadecyl groups in the periphery exhibited an

amphiphilic nature, and were able to create well-balanced interfacial tensions capable of maintaining

water in droplets. Consequently, this type of dendron as a surfactant can be blended with a wide range

of polymers to create regular honeycomb-like arrays.
1. Introduction

The breath gure (BF)method is an easy process to fabricate well-
organized honeycomb-like polymeric lms.1 In this method,
a polymer solution dissolved in volatile solvents such as chloro-
form (CHCl3) or carbon disulde (CS2) is cast on a substrate
under highly humid air. Subsequently, the water droplets from
saturated vapor condense on the cooling surface owing to the
evaporation of solvent in the polymer solution. The growing
droplets packed into a hexagonal array can be used as templates
to make honeycomb-like patterns on the polymer surface aer
complete evaporation of solvent and water.2–5 Due to their
versatility, honeycomb-like lms from BF have drawn much
interest in a variety of applications, such as biolm suppression,6

anti-reection coatings,7 vapor sensors,8 cell growth scaffolds,9

superhydrophobic surfaces,10 and microsieves.11

The stabilization between water droplets and polymer solu-
tion is crucial for creating the uniform array of water droplets
that is necessary for the formation of honeycomb-like lms
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from the BF method. However, for ordinary linear polymers
such as polylactide (PLA) with hydrophobic ester functional
groups, it is difficult to stabilize the water droplets in most
cases.4 To overcome this restriction, several studies have re-
ported that surfactants or block copolymers can be added to the
polymer solution to assist the formation of honeycomb-like
lms.12–20 These amphiphilic additives locating at the inter-
face between the water droplets and the polymer solution are
intended to facilitate the condensation of water vapor while
preventing water droplets aggregating further. Therefore, the
surfactants would be water-insoluble molecules with sufficient
hydrophobic segments and polar head groups to adsorb onto
the surface of the polymer solution.21 Shimomura et al. used an
interfacial tension method to investigate surfactant ability
during the formation of honeycomb-like lms from the BF
method, and found that the stability of water droplets is highly
dependent on the concentration and structure of surfactants.22

Dendritic polymers are known for their dense functional
groups and monodispersity, making them good candidates for
ordered self-assembly.23 Recently, we developed new types of
dendritic poly(urea/malonamide) polymers via a convergent
route and their self-assembly behaviors have been studied.24–30

These dendrons are amphiphilic, with a hydrogen-bond-rich
focal part and a periphery with nonpolar units that undergo
van der Waals interactions. These dendrons were graed onto
either nonpolar or polar polymer backbones, including
RSC Adv., 2016, 6, 91981–91990 | 91981
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polystyrene (PS) and polyurethane (PU) based polymers, to
prepare porous lms by the BF method.31–33 Using this
approach, we were able to create superhydrophobic polymer
surfaces.

It is important to note that the poly(urea/malonamide)
dendrons were capable of yielding honeycomb-like lms by
unconventional BF processes through supramolecular aggre-
gates, as shown by the examples of several organic molecules.34

Nevertheless, the purpose of this study focuses on the direct use
of the poly(urea/malonamide) dendrons as surfactants without
graing them onto the polymer backbone. Instead of resorting
to complicated chemical synthesis, the poly(urea/malonamide)
dendrons were simply blended with common polymers, such as
poly(D,L-lactide) (PLA), PS, polycarbonate (PC), poly(methyl
methacrylate) (PMMA), or polycaprolactone (PCL), to prepare
porous lms from polymer solutions by the BF method. The
dendrons of different generations with hydroxyl functional
groups in the focal part (–N(CH2CH2OH)2, –CH2CH2OH, and
–CH2CH2CH2CH3) and the peripheral hydrophobic part (–C18
and –C4) were synthesized to assist the formation of a honey-
comb-like structure. Polymer lms with highly ordered honey-
comb micropores were achieved with the addition of dendritic
surfactants. The dependence of the honeycomb-like structures
from the BF method on the concentration and structure of
dendritic surfactants was investigated. The interfacial tensions
of the dendron/polymer solutions were measured through the
ring method, and correlated with the morphology of the
honeycomb-like structure.
2. Experimental
Materials

Methylene di-p-phenyl diisocyanate (MDI), isobutyryl chloride,
triethylamine, 1-octadecanol, n-butanol, N-(3-aminopropyl)
diethanolamine (APDEA), ethanolamine (ETA), n-butylamine,
PLA (Mw 75 000–120 000), PS (Mw � 192 000), PC (Mw � 45 000),
PMMA (Mw � 45 000), and PCL (Mn � 80 000) were all reagent
grade purchased from Acros, Sigma-Aldrich, TEDIA, TCI and
SHOWA. Xylene, tetrahydrofuran (THF), trichloromethane
(chloroform) and cyclohexane were distilled under reduced
pressure over MgSO4 or CaH2 and stored over 4 Å molecular
sieves. Other reagents were used as received without further
purication.
Synthesis of dendritic poly(urea/malonamide)

In Scheme 1, the dendritic poly(urea/malonamides) with alkyl
chains comprising 18 carbons (G0.5-C18, G1.5-C18 and G2.5-
C18) based on a building block, 4-isocyanate-40-(3,3-dimethyl-
2,4-dioxo-azetidine)diphenyl methane (IDD), were synthesized
according to procedures described in our previous works.35,36

Furthermore, the general procedure for making dendritic
poly(urea/malonamides) with butyl groups in the periphery
(G0.5-C4, G1.5-C4 and G2.5-C4) were followed as described
below.

G0.5-C4. A solution of IDD (6 g, 18.75 mmol) in dry THF
(40 mL) was mixed with n-butanol (1.39 g, 18.75 mmol) at 70 �C
91982 | RSC Adv., 2016, 6, 91981–91990
under dry N2 for 4 h. The mixture was puried by silica gel
chromatography with EA/n-hexane ¼ 2/1 to obtain G0.5-C4 as
white powder. FT-IR (KBr): 3338 cm�1 (NH), 1857 cm�1 (C]O),
1734 cm�1 (C]O). 1H NMR (chloroform-d): d (ppm) ¼ 0.92 (3H,
t, CH3), 1.40 (2H, m, CH2), 1.45 (6H, s, CH3), 1.63 (2H, m, CH2),
3.90 (2H, s, Ar–CH2–Ar), 4.13 (2H, t, CH2), 7.05–7.72 (8H, m, Ar–
H). Elemental analysis (C23H26N2O4): calcd: C 70.03, H 6.64, N
7.10: found: C 70.06, H 6.62, N 7.09. MS (LC-MS): m/z ¼ 394.1
(M+). GPC (THF): PDI ¼ 1.00, Mn ¼ 514, Mw ¼ 517.

G1.0-C4. A solution of DETA (0.60 g, 6.0 mmol) was added to
a solution of G0.5-C4 (5 g, 12.7 mmol) in dry THF (25 mL) at
70 �C under dry N2. Aer 4 h, all of the DETA was consumed.
Subsequently, the mixture was puried by silica gel chroma-
tography with EA to obtain G1.0-C4 (4.5 g, 84%) as a white
powder. FT-IR (KBr): 3355 cm�1 (NH), 1707 cm�1 [(NH)C]O].
1H NMR (chloroform-d): d (ppm) ¼ 0.95 (6H, t, CH3), 1.40 (4H,
m, CH2), 1.51 (12H, s, CH3), 1.63 (4H, m, CH2), 2.70 (4H, t, CH2),
3.27 (4H, t, CH2), 3.90 (4H, s, Ar–CH2–Ar), 4.12 (4H, t, CH2),
7.05–7.42 (16H, m, Ar–H). Elemental analysis (C50H65N7O8):
calcd: C 67.32; H 7.34; N 10.99; found: C 67.18; H 7.19; N 10.79.
MS (LC-MS):m/z¼ 891.6 (M+). GPC (THF): PDI¼ 1.01,Mn¼ 933,
Mw ¼ 943.

G1.5-C4. A solution of IDD (2.24 g, 7.0 mmol) in dry THF
(40mL) was mixed with G1.0-C4 (5.0 g, 5.6 mmol) at 60 �C under
dry N2. Aer 4 h, all of the G-1.0-C4 was consumed, as moni-
tored through a TLC test. The mixture was puried by silica gel
chromatography with EA to obtain G1.5-C4 (4.5 g, 84%) as
a white powder. FT-IR (KBr): 3320 cm�1 (NH), 1853 cm�1 (C]
O), 1754 cm�1 (C]O). 1H NMR (chloroform-d): d (ppm) ¼ 0.98
(6H, t, CH3), 1.40 (4H, m, CH2), 1.46 (6H, s, CH3), 1.52 (12H, s,
CH3), 1.65 (4H, m, CH2), 3.38 (8H, t, CH2), 3.84–3.90 (6H, s, Ar–
CH2–Ar), 4.12 (4H, t, CH2), 7.03–7.92 (24H, m, Ar–H). Elemental
analysis (C69H81N9O11): calcd: C 68.35; H 6.73; N 10.40; found: C
69.01; H 6.73; 10.91. MS (LC-MS):m/z¼ 1211.5 (M+). GPC (THF):
PDI ¼ 1.01, Mn ¼ 1911, Mw ¼ 1922.

G2.0-C4. A solution of DETA (0.2 g, 2.0 mmol) was added to
a solution of G1.5-C4 (5 g, 4.1 mmol) in dry THF (25 mL) at 60 �C
under dry N2. Aer 6 h, all of the DETA was consumed. The
mixture was puried by silica gel chromatography with EA to
obtain G2.0-C4 (4.0 g, 80%) as a white powder. FT-IR (KBr): 3313
cm�1 (NH), 1707 cm�1 [(NH)C]O]. 1H NMR (chloroform-d):
d (ppm) ¼ 0.96 (12H, t, CH3), 1.41 (8H, m, CH2), 1.51 (36H, s,
CH3), 1.64 (8H, m, CH2), 2.66 (4H, t, CH2), 3.25 (20H, m, CH2),
3.83 (12H, s, Ar–CH2–Ar), 4.13 (8H, t, CH2), 7.06–7.55 (48H, m,
Ar–H). Elemental analysis (C142H175N21O22): calcd: C 67.46, H
6.98, N 11.46; found: C 66.87, H 7.13, N 11.10. MS (LC-MS): m/z
¼ 2528.3 (M+). GPC (THF): PDI ¼ 1.01, Mn ¼ 2692, Mw ¼ 2665.

G2.5-C4. A solution of IDD (0.7 g, 2.19 mmol) in dry THF
(25 mL) was mixed with G2.0-C4 (4.6 g, 1.82 mmol) at 60 �C
under dry N2. Aer 4 h, all of the G2.0-C4 was consumed, as
monitored through a TLC test. The mixture was puried by
silica gel chromatography with EA to obtain G2.5-C4 (3.6 g,
70%) as a white powder. FT-IR (KBr): 3292 cm�1 (NH), 1832
cm�1 (C]O), 1728 cm�1 (C]O), 1678 cm�1 [(NH)C]O]. 1H
NMR (chloroform-d): d (ppm) ¼ 0.95 (12H, t, CH3), 1.41 (8H, m,
CH2), 1.46 (6H, s, CH3), 1.51 (36H, s, CH3), 1.64 (8H, m, CH2),
3.25 (24H, m, CH2), 3.82 (12H, s, Ar–CH2–Ar), 3.91 (2H, s, Ar–
This journal is © The Royal Society of Chemistry 2016



Scheme 1 Preparation of poly(urea/malonamide) dendrons.
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CH2–Ar), 4.13 (8H, t, CH2), 7.06–7.75 (56H, m, Ar–H). Elemental
analysis (C161H191N23O25): calcd: C 67.89, H 6.76, N 11.31;
found: C 63.70, H 6.18, N 10.24. MS (LC-MS): m/z ¼ 2848.1 (M+).
GPC (THF): PDI ¼ 1.01, Mn ¼ 3066, Mw ¼ 3089.
Synthesis of amphiphilic dendrons

The general procedures for preparing poly(urea/malonamides)
are described below (Scheme 2). A reactive aztidine-2,4-dione
functional group is located at the focal point of the dendrons
(G0.5-C18, G1.5-C18, G2.5-C18). Reagents containing a primary
amine with various numbers of hydroxyl functional groups
(–N(CH2CH2OH)2, –CH2CH2OH, and –CH2CH2CH2CH3) were
reacted with poly(urea/malonamide) dendrons to modify their
hydrophilicity in the focal point. Among them, compounds A1,
A2 and A3 were synthesized in our previous works.26,32

Compound E1. A solution of G0.5-C18 (2.38 g, 4 mmol) in dry
THF (15 mL) was mixed with ETA (0.3 g, 4.8 mmol) at 70 �C
under dry nitrogen gas. The reaction mixture was stirred for 3 h
and all of the G0.5-C18 was consumed as monitored by IR
spectra. E1 (2.22 g, 85%) was puried by precipitation from
This journal is © The Royal Society of Chemistry 2016
methanol as a light yellow powder. FT-IR (KBr): 3356 cm�1 (NH),
1707 cm�1 [(NH)C]O]. 1H NMR (chloroform-d): d (ppm) ¼ 0.86
(3H, t, CH3), 1.32 (30H, m, CH2), 1.53 (6H, s, CH3), 1.63 (2H, m,
CH2), 3.42 (2H, t, CH2), 3.70 (2H, t, CH2), 3.86 (2H, s, Ar–CH2–

Ar), 4.11 (2H, t, CH2), 7.05–7.42 (8H, m, Ar–H). Elemental
analysis (C39H61N3O5): calcd: C 71.85, H 9.43, N 6.45, found: C
71.25, H 9.27, N 6.21. MS (LC-MS):m/z¼ 651.5 (M+). GPC (THF):
PDI ¼ 1.01, Mn ¼ 1439, Mw ¼ 1452.

Compound E2. A solution of G1.5-C18 (6 g, 3.74 mmol) in dry
THF (25 mL) was mixed with ETA (0.27 g, 7.5 mmol) at 70 �C
under dry nitrogen gas. The reaction mixture was stirred for 6 h
and all of the G1.5-C18 was consumed, as monitored by IR
spectra. E2 (3.74 g, 61%) was puried by precipitation from
methanol as a light yellow powder. FT-IR (KBr): 3356 cm�1 (NH),
1703 cm�1 [(NH)C]O]. 1H NMR (chloroform-d): d (ppm) ¼ 0.86
(6H, t, CH3), 1.23 (60H, m, CH2), 1.52 (18H, s, CH3), 1.61 (4H, m,
CH2), 2.70 (6H, t, CH2), 3.42 (6H, t, CH2), 3.82 (6H, s, Ar–CH2–

Ar), 4.11 (4H, t, CH2), 7.00–7.52 (24H, m, Ar–H). Elemental
analysis (C99H144N10O12): calcd: C 71.36, H 8.71, N 8.41; found:
C 72.60, H 8.28, N 7.90. MS (LC-MS): m/z ¼ 1666.9 (M+). GPC
(THF): PDI ¼ 1.01, Mn ¼ 2093, Mw ¼ 2115.
RSC Adv., 2016, 6, 91981–91990 | 91983



Scheme 2 Preparation of amphiphilic poly(urea/malonamide)
dendrons.
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Compound E3. A solution of G2.5-C18 (6 g, 1.65 mmol) in dry
THF (25 mL) was mixed with ETA (0.20 g, 3.30 mmol) at 70 �C
under dry nitrogen gas. The reaction mixture was stirred for 6 h
and all of the G2.5-C18 was consumed, as monitored by IR
spectra. E3 (3.72 g, 61%) was puried by precipitation from
methanol as a light yellow powder. FT-IR (KBr): 3356 cm�1 (NH),
1707 cm�1 [(NH)C]O]. 1H NMR (DMSO-d6): d (ppm) ¼ 0.81
(12H, t, CH3), 1.20 (120H, m, CH2), 1.32 (42H, s, CH3), 1.53 (8H,
m, CH2), 2.55 (14H, t, CH2), 3.08 (14H, t, CH2), 3.74 (14H, s,
Ar–CH2–Ar), 4.01 (8H, t, CH2), 7.00–7.65 (56H, m, Ar–H).
Elemental analysis (C219H310N24O26): calcd: C 71.19; H 8.46; N
9.10; found: C 70.08; H 8.12; N 9.75. MS (MALDI-TOF): m/z ¼
3692.4 (M+). GPC (THF): PDI ¼ 1.01, Mn ¼ 4297, Mw ¼ 4334.

Compound B1. A solution of G0.5-C18 (2.95 g, 5 mmol) in dry
THF (25mL) wasmixed with n-butylamine (0.44 g, 6 mmol) at 70
�C under dry nitrogen gas. The reactionmixture was stirred for 4
h and all of the G0.5-C18 was consumed, as monitored by IR
spectra. B1 (2.82 g, 85%) was puried by precipitation from
methanol as a light yellow powder. FT-IR (KBr): 3350 cm�1 (NH),
1707 cm�1 [(NH)C]O]. 1H NMR (chloroform-d): d (ppm) ¼ 0.95
(6H, t, CH3), 1.23 (32H, m, CH2), 1.47 (2H, m, CH2), 1.52 (6H, s,
CH3), 1.65 (2H, m, CH2), 3.25 (2H, t, CH2), 3.86 (2H, s, Ar–CH2–

Ar), 4.10 (2H, t, CH2), 7.05–7.42 (8H, m, Ar–H). Elemental
analysis (C41H65N3O4): calcd: C 74.17, H 9.87, N 6.64, found: C
73.48, H 9.92, N 6.31. MS (LC-MS):m/z¼ 663.5 (M+). GPC (THF):
PDI ¼ 1.00, Mn ¼ 1368, Mw ¼ 1376.

Compound B2. A solution of G1.5-C18 (3 g, 1.87 mmol) in dry
THF (25 mL) was mixed with n-butylamine (0.14 g, 2.24 mmol)
at 70 �C under dry nitrogen gas. The reaction mixture was
stirred for 4 h and all of the G1.5-C18 was consumed, as
monitored by IR spectra. B2 (2.71 g, 87%) was puried by
precipitation from methanol as a light yellow powder. FT-IR
91984 | RSC Adv., 2016, 6, 91981–91990
(KBr): 3360 cm�1 (NH), 1707 cm�1 [(NH)C]O]. 1H NMR
(chloroform-d): d (ppm) ¼ 0.85 (9H, t, CH3), 1.22 (62H, m, CH2),
1.52 (18H, s, CH3), 1.58 (4H, t, CH2), 1.62 (4H, m, CH2), 2.70 (4H,
t, CH2), 3.25 (4H, t, CH2), 3.85 (6H, s, Ar–CH2–Ar), 4.11 (4H, t,
CH2), 7.05–7.42 (24H, m, Ar–H). Elemental analysis
(C101H148N10O11): calcd: C 71.60, H 8.80, N 8.27, found: C 72.08,
H 8.77, N 8.02. MS (LC-MS): m/z ¼ 1677.1 (M+). GPC (THF): PDI
¼ 1.01, Mn ¼ 2093, Mw ¼ 2115.

Compound B3. A solution of G2.5-C18 (4 g, 1.10 mmol) in dry
THF (25 mL) was mixed with n-butylamine (0.08 g, 2.20 mmol)
at 70 �C under dry nitrogen gas. The reaction mixture was
stirred for 6 h and all of the G2.5-C18 was consumed, as
monitored by IR spectra. B3 (3.1 g, 75%) was puried by
precipitation from methanol as a light yellow powder. FT-IR
(KBr): 3350 cm�1 (NH), 1707 cm�1 [(NH)C]O]. 1H NMR
(chloroform-d): d (ppm) ¼ 0.92 (15H, t, CH3), 1.23 (122H, m,
CH2), 1.50 (42H, s, CH3), 1.61 (10H, m, CH2), 2.76 (12H, t, CH2),
3.27 (14H, t, CH2), 3.83 (14H, s, Ar–CH2–Ar), 4.13 (8H, t, CH2),
6.95–7.54 (56H, m, Ar–H). Elemental analysis (C221H314N24O25):
calcd: C 71.60, H 8.54, N 9.07, found: C 70.03, H 8.64, N 8.42. MS
(MALDI-TOF): m/z ¼ 3704.4 (M+). PDI ¼ 1.02, Mn ¼ 3975, Mw ¼
4052.

Preparation of honeycomb-like polymeric lm

Honeycomb-like polymeric lms from the BF method were
prepared according to the following procedure. First, a polymer
containing a certain amount of dendrons was dissolved in
CHCl3 at various concentrations. Subsequently, the polymer
solution was cast on a glass substrate under highly humid air
(relative humidity, RH � 90%). The water droplets from the
vapor condensed spontaneously on the surface of the polymer
solution due to the decreased temperature caused by the
evaporation of the solvent. The presence of dendrons prevented
the water droplets from aggregating. These droplets were
packed into a hexagonal array by a thermocapillary force as
driven by gas ow and Marangoni convection.37–40 Aer
complete evaporation of water and solvent, a honeycomb-like
morphology was formed on the glass substrate.

Measurement
1H NMR spectra were taken on a Bruker Avance-300 MHz FT-
NMR spectrometer with chloroform-d and dimethyl sulfoxide-
d6. Elemental analysis was performed on a Heraeus CHN-OS
Rapid Analyzer. Infrared spectra were recorded to identify the
chemical structure using a Jasco 4100 FT-IR Spectrophotometer
with a Jasco ATR Pro 450-S accessory. Mass spectra were ob-
tained using a an LC/MS system including a Dynamax Model
SD-200 solvent-delivery system (Rainin, Woburn, MA, USA) and
a Hewlett-Packard (Palo Alto, CA, USA) HP5898 B quadrupole
mass spectrometer equipped with an HP59987 A electrospray
interface. Matrix-assisted laser desorption ionization with
a time of ight (MALDI-TOF) mass spectra were recorded on
a Voyager DE-PRO (Applied Biosystems, Houston, TX) equipped
with a nitrogen laser (337 nm) operating in linear detection
mode to generate positive ion spectra with dithranol as
a matrix, dimethyl sulfoxide (DMSO) as a solvent and sodium
This journal is © The Royal Society of Chemistry 2016
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triuoroacetate as an additive agent. Gel permeation chroma-
tography (GPC) was performed using a Waters chromatography
system, two Waters Styragel linear columns, and polystyrene as
the standard. THF was used as the eluent at a ow rate of
0.84 mL min�1 at 40 �C. Scanning electron microscopy (SEM)
images were recorded using a Hitachi S-5200 eld-emission
scanning electron microscope aer sputtering the lms with
a thin layer of Au/Pt alloy. Interfacial tensions of solutions were
measured at 298 K using a KRÜSS Tensiometer K9 (ring
method).
3. Results and discussion
Synthesis and characterization

In this study, a series of poly(urea/malonamide) dendrons were
synthesized (Fig. 1). These dendrons of different generations
exhibited hydrogen bond-rich linkages in the focal part, and
alkyl chains in the periphery (–C18 or –C4).

With a dual-functional IDD as a building block, poly(urea/
malonamide) dendrons were synthesized by a convergent
approach,41 as shown in Scheme 1. Via this approach, one is
able to control the low-number polymer growth each time. Both
the isocyanate and the azetidine-2,4-dione group provided a fast
and selective way of synthesizing the dendrons in mild condi-
tions without resorting to traditional protection and activation
chemistry.24,26

G0.5-C4 was synthesized by the addition reaction between
the isocyanate group of IDD and the hydroxyl group of n-butanol
under mild conditions. Subsequently, G1.0-C4 was readily ob-
tained through the ring-opening reaction of the azetidine-2,4-
dione functional group of G0.5-C4 with the aliphatic primary
amines of DETA. This azetidine-2,4-dione functional group
reacts only with the aliphatic primary amines groups, but not
with the secondary amine at the center of DETA or the hydroxyl
group.24,30 G1.5-C4 was obtained by the addition reaction
between the isocyanate of IDD and the secondary amine func-
tional group located at the focal point of G1.0-C4. Finally,
Fig. 1 Schematic drawings of dendritic poly(urea/malonamide)
surfactants.

This journal is © The Royal Society of Chemistry 2016
a series of dendrons of various generations were achieved under
mild conditions without the addition of catalysts by the
sequential and alternative reactions of the IDD and DETA
compounds. These poly(urea/malonamide) dendrons with long
alkyl chains (G0.5-C18, G1.5-C18, and G2.5-C18) were synthesized
in the samemanner according to the previous study.24,30 To adjust
the amphiphilicity, primary amine-containing reagents bearing
various numbers of hydroxyl functional groups (–N(CH2CH2OH)2,
–CH2CH2OH, and –CH2CH2CH2CH3) were respectively reacted
with the focal point i.e. azetidine-2,4-dione of G0.5-C18, G1.5-C18,
and G2.5-C18 to form compounds of A, E, and B series (Scheme 2).

IR spectra of G0.5-C4, G1-C4, G1.5-C4, G2-C4 and G2.5-C4 are
shown in Fig. S1.† The absorption peaks of 2260 cm�1 (N]C]
O absorption of IDD) is absent in all spectra, indicating that the
reaction of the highly reactive isocyanate group with active
hydrogens was complete. 1H NMR spectrum of G0.5-C4
exhibited chemical shis at 3.90 (2H, s, Ar–CH2–Ar) and 4.13
(2H, t, CH2) (Fig. S2†). The ratio of the integrated areas con-
formed with the number of hydrogens. For G1.0-C4, the IR
absorption peaks at 1857 cm�1 (C]O asymmetric stretching)
and 1734 cm�1 (C]O symmetric stretching) of azetidine-2,4-
dione disappeared and were displaced by the emergence of
a new absorption peak at 1707 cm�1 (C]O stretching) of
malonamide. 1H NMR of spectrum of G1.0-C4 exhibited
chemical shis at 2.70 (4H, t, CH2), 3.27 (4H, t, CH2), 3.90 (4H, s,
Ar–CH2–Ar), 4.12 (4H, t, CH2). The ratio of integrated areas
conformed with the number of hydrogens. The analyses of G1.5-
C4, G2.0-C4 and G2.5-C4 were also performed in the same
manner. In addition, these well-dened dendritic polymer
structures were determined by elemental analysis (EA), mass
spectra (Mass) and gel permeation chromatography (GPC) as
shown in Table 1. All these dendritic compounds exhibited
monodisperse distribution (PDI < 1.01) as shown in Table 1.

The synthesis of amphiphilic dendrons (E series, for
example) was traced by the IR spectra, as shown in Fig. S1.† The
absorption peaks of azetidine-2,4-dione, 1854 cm�1 (C]O
asymmetric stretching) and 1734 cm�1 (C]O symmetric
stretching) of azetidine-2,4-dione disappeared completely,
while the peaks at 1707 cm�1 (C]O stretching) of malonamide
Table 1 Characteristics and polydispersities of poly(urea/malona-
mide) dendrons

Sample Calcd Mn Mn
a Mw

b Mn
b PDb

G0.5-C4 394.2 394.1 517 514 1.00
G1.0-C4 891.5 891.6 943 933 1.01
G1.5-C4 1211.6 1211.5 1922 1911 1.01
G2.0-C4 2526.3 2526.1 2692 2665 1.01
G2.5-C4 2846.4 2846.2 3089 3066 1.01
E1 651.5 651.5 1452 1439 1.01
E2 1665.1 1666.9 2115 2093 1.01
E3 3692.4 3694.2 4334 4297 1.01
B1 663.5 663.5 1376 1368 1.00
B2 1677.1 1677.2 2115 2093 1.01
B3 3704.4 3704.2 4052 3975 1.02

a Determined by ESI MS and MALDI-TOF MS. b Determined by GPC
analysis in THF (calibration with polystyrene standards).

RSC Adv., 2016, 6, 91981–91990 | 91985



Fig. 2 SEM images of honeycomb-like films from the breath figure
process (95% RH) for the samples with various A3/PLA ratios in chlo-
roform (10 mg mL�1): (a)–(g) top-view, (h) top-view with smaller
features and (i) cross section of A3/PLA ¼ 10/90.
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emerged. 1H NMR spectrum exhibited chemical shis at 2.70
(4H, t, CH2), 3.27 (4H, t, CH2), 3.90 (4H, s, Ar–CH2–Ar), 4.12 (4H,
t, CH2) (Fig. S2†). The chemical structures of the resultant
compounds were fully conrmed by FT-IR, 1H NMR, elemental
analysis (EA), and mass spectra (Mass). On the other hand, B
series dendrons were synthesized in the same way as the E
series. Detailed structural analyses and characterizations are
shown in Fig. S1, S2† and Table 1.

The solubility properties of these dendritic structures are
shown in Table S1.† In particular, they all exhibited excellent
solubility in CHCl3. Dendrons with butyl groups at the
periphery (G0.5-C4, C1.5-C4 and G2.5-C4) possessed less
hydrophobicity than did those with octadecyl groups (G0.5-C18,
C1.5-C18 and G2.5-C18). The dendrons with peripheral octa-
decyl groups were soluble in toluene. In addition, G0.5-C4, C1.5-
C4 and G2.5-C4 showed better solubility with polar protic
solvents such as methanol and ethanol, implying that the
dendritic structures with peripheral short alkyl chains (C4)
preferred to dissolve in water instead of moving to the water–
solution interface as a surfactant. On the other hand, G0.5-C18,
C1.5-C18 and G2.5-C18 were totally insoluble in polar protic
solvents. These ndings indicate that the peripheral parts of the
dendrons are responsible for the hydrophobicity of poly(urea/
malonamide) dendritic compounds. Based on the above, the
dendritic structures with peripheral long alkyl chains (C18)
were chosen for a further role as surfactants. It is important to
note that these chosen dendrons comprising a focal part
featuring urea/malonamide functional groups and a peripheral
part featuring long alkyl chains such as C18 have been proven to
be effective surfactants for the breath gure process.31,32

Furthermore, the moieties at the focal points could possibly
be responsible for the adsorption onto the interface between
water droplets and solution.15 Therefore, the right approach is
to select a surfactant with an amphiphilic nature. With this in
mind, the compounds in the A series would be a better choice
for this purpose compared to those in the E and B series.
Consequently, the A3 dendron with the highest hydrophilic and
hydrophobic characteristics on the either end of molecules was
rst chosen to be the surfactant for the following investigations.
Morphologies

Dendrons as surfactants. We rst used dendron A3 as an
example to discuss the feasibility of the dendrons for preparing
porous lms. To prepare the lm through the breath gure
method, A3 was mixed with poly(D,L-lactide) (PLA) in chloro-
form. Fig. 2 shows the SEM images of the lm surfaces prepared
at RH ¼ 95% with various dendron/PLA ratios in chloroform at
10 wt%. Without the surfactant in solution, the surface is
basically at, as shown in the pristine PLA sample (Fig. 2(a)).
Well-organized honeycomb-like lms were observed in the
presence of dendritic surfactants for the dendron/PLA samples
with weight ratios ranging from 1/99 to 100/0 (dendron/PLA). A
small amount of dendritic surfactant is sufficient to create
a honeycomb-like structure. Due to its amphiphilic nature, the
surfactant can stabilize the water droplets condensed from the
water vapor upon the quick evaporation of chloroform to
91986 | RSC Adv., 2016, 6, 91981–91990
prevent water droplets from merging on the surface. The
uniform water droplets can then organize into hexagonally
close-packed arrays once the number density of the droplets
exceeds a threshold. These honeycomb polymeric lms can be
free-standing owing to the support of the polymer matrix. By the
approach of blending dendritic surfactant and matrix polymer,
hexagonal arrays could be obtained, which circumvents
a complicated polymerization process that may result in low
molecular weight and low graing ratio due to the presence of
bulky dendritic side-chains.31–33

The pore size is highly dependent on the ratio of surfactant
to polymer. Fig. 2(a)–(e) reveals that for the lms with the
dendron as the minor component (weight ratios of dendron/
PLA up to 30/70), the higher the ratio of A3 dendron to PLA,
the smaller the pore size of the honeycomb-like structure. This
is because more surfactant molecules can adsorb onto the
larger water–solution interfacial area and can thus stabilize
smaller droplets that possess a higher surface area-to-volume
ratio. The size dependence indicates that the dendritic
surfactants are efficient in controlling the pore size during
honeycomb formation by the BF method. For the lms with
the dendron as the major component (weight ratios of
dendron/PLA higher than 50/50), the pores become less
ordered, which may be due to a lack of sufficient support from
the PLA as a matrix (Fig. 2(f)). The lm with 100% dendrons
even forms cracks on the surface, implying the necessity for
a polymer matrix to create highly ordered honeycomb arrays as
well as to provide lm integrity (Fig. 2(g)). The surface
roughness of the A3/PLA (10/90) sample with the smaller
features is shown in Fig. 2(h). The surfaces of the roofs and cell
bottoms were smooth at 2500�, indicating that no aggregation
was present during the BF process. In addition, Fig. 2(i)
displays the cross-sectional SEM image of the A3/PLA (10/90)
sample, indicating that the height between the top thin layer
and the second layer of the honeycomb-like polymer lm was
around 10 mm.
This journal is © The Royal Society of Chemistry 2016
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The porous structure also depends on the solid content of
the solution. Fig. 3 shows the SEM images of the lms prepared
from the solutions with a dendron/PLA weight ratio of 10/90 at
various concentrations in chloroform. It is found that the
solution with a concentration of 10 mg mL�1 can create the
most ordered honeycomb arrays. The time period of solvent
evaporation during the lm formation varies with the solid
content, which determines the amount of water condensed on
the surface as well as the time at which the structure is frozen.
Furthermore, the solid content also affects the uidity of the
solution during solvent evaporation and the lm formation
process. All the factors mentioned above may inuence the
quality of the honeycomb structures. There is thus an optimal
concentration for the preparation of honeycomb-like arrays.

Generation of the surfactants. The porous morphologies also
vary with the generation of the dendrons and the length of the
alkyl chains in the peripheral part, as shown in Fig. 4 where the
lms were prepared from the sample with a dendron/PLA weight
ratio of 10/90 in chloroform (10 mg mL�1). Due to the cascade
reaction of poly(urea/malonamide), the dendrons grow into
a larger amphiphilic macromolecule with increasing generation
of dendrons, and the numbers of repeat units in the focal part
and the peripheral part increase accordingly. Fig. 4(a)–(c) show
that for the dendrons with butyl groups in the peripheral part,
Fig. 3 SEM images of honeycomb-like films from the breath figure
process (95% RH) for the sample (A3/PLA ¼ 10/90) under various
solution concentrations in chloroform ((a) 5, (b) 10, (c) 15 and (d) 20
mg mL�1).

Fig. 4 SEM images of honeycomb-like films from the breath figure
process (95% RH) for the PLA samples comprising dendrons with
peripheral butyl and octadecyl groups ((a) G0.5-C4, (b) G1.5-C4, (c)
G2.5-C4, (d) G0.5-C18, (e) G1.5-C18, and (f) G2.5-C18): dendrons/PLA
¼ 10/90 in chloroform (10 mg mL�1).

This journal is © The Royal Society of Chemistry 2016
they hardly produce a well-organized morphology regardless of
the dendron generation, which is attributed to two aspects: rst,
the dendrons prefer to be dissolved in water rather than move to
the water–solution interface because of the short alkyl chains,
which will be conrmed in the section of interfacial tension
below, and, second, the short alkyl chains are unable to cause
sufficient steric repulsion for the stabilization of the water
droplets in solution. On the other hand, the dendrons with
octadecyl groups in the peripheral part show a dependence of
the morphologies on the dendron generation (Fig. 4(d)–(f)).
G2.5-C18 dendrons as surfactants in the PLA polymer solution
can create a hexagonal honeycomb array while the pores on the
lms with G0.5-C18 and G1.5-C18 are large and irregularly
arranged. The results indicate that sufficiently large amphiphilic
dendrons are crucial for fabricating a hexagonal array through
the BF method. It is possible that the dendrons of higher
generations, i.e. higher molecular weights, have a higher
tendency to adsorb onto the interface between water droplets
and solution due to the reduction in the miscibility of dendrons
with both chloroform and water.

Focal point of the surfactants. In addition to the dendron
generation and the chain length of the peripheral part, the
moieties on the focal part of the dendrons also play an impor-
tant role in the porous formation under the same BF condition.
By a reaction between the azetidine-2,4-dione of the dendron
and the primary amines of the desired reagents, the dendrons
with different moieties at the focal point, including –N(CH2-
CH2OH)2, –CH2CH2OH, and –CH2CH2CH2CH3, were obtained.
The lms prepared from the solutions with a dendron/PLA
weight ratio of 10/90 in chloroform (10 mg mL�1) are
compared in Fig. 5. It can be seen that the regularity of the
porous structure depends signicantly on the type of the func-
tional groups at the focal point.

For the lms comprising the modied G0.5-C18 series (A1,
E1 and B1) with lower molecular weights, fractal bumps were
found for the lm with the A1 surfactant (bearing two hydroxyl
Fig. 5 SEM images of honeycomb-like films from the breath figure
process (95% RH) for the PLA samples comprising dendrons with
different focal parts: dendrons/PLA ((a) A3, (b) E3, (c) B3, (d) A2, (e) E2,
(f) B2, (g) A1, (h) E1, and (i) B1) ¼ 10/90 in chloroform (10 mg mL�1).

RSC Adv., 2016, 6, 91981–91990 | 91987
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groups), while irregular pores were observed for the lms with
E1 (bearing one hydroxyl group) or B1 (bearing butyl group). The
water droplets are difficult to stabilize due to the low molecular
weights of the modied G0.5-C18, even for A1 and E1 that are
amphiphilic in nature. For the lms comprising the modied
G1.5-C18 series (A2, E2 and B2) that possess higher molecular
weights, the morphology is dependent on the functional groups
at the focal point under a similar BF process. A more ordered
honeycomb array was obtained when the hydrophilicity
increased in the focal part of the surfactant. As shown in the SEM
images, the A2 surfactant stabilized more water droplets on the
surface and prevented them from aggregating than E2 did. That
is because A2 has a more distinct hydrophilic and hydrophobic
moiety, so that it prefers to be located at the interface. B2 induced
little irregular porous structure on the surface owing to its lack of
amphiphilicity. For the lms comprising the modied G2.5-C18
series (A3, E3 and B3), both A3 and E3 were able to create ordered
honeycomb arrays on the lms, while the pores on the lm with
B3 were disordered. These results demonstrate the importance of
the hydrophilicity of the functional groups at the focal point in
the formation of honeycomb-like arrays.

Interfacial tension

The stability of the water droplets lies in the adsorption of the
dendritic surfactants onto the water–solution interface, and
the driving force for the adsorption is to lower the interfacial
tension. To make a quantitative analysis, the interfacial
tensions between water and polymer solution with various
types of dendrons (dendron/PLA ¼ 10/90) in chloroform as
a function of concentration were measured (Fig. 6). The inter-
facial tension at various solute concentrations (from 1 mg
mL�1 to high 100 mg mL�1) was taken into account because
during the BF process, the solvent evaporation would cause the
concentration to increase and the interfacial tension might
change accordingly.22

For the pristine PLA solution, the interfacial tension between
water and the solution remains almost constant as
Fig. 6 Interfacial tension between water and polymer solution with
various types of dendrons (dendron/PLA ¼ 10/90) in chloroform as
a function of concentration.
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concentration varies, indicating that PLA doesn't prefer to
gather at the interface, so that PLA alone has no signicant
effect on the interfacial tension. This result is consistent with
the poor capability of pure PLA to form honeycomb pattern, as
shown in Fig. 2(a). For the samples comprising the B dendron
series, the interfacial tension is also nearly independent of
concentration, also reecting their poor ability to induce
honeycomb patterns (Fig. 5(c), (f) and (i)).

In contrast, with the addition of A1 as surfactant, the
interfacial tension largely decreases from �27 mN m�1 to �10
mN m�1, as the concentration increases from 1 to 100 mg
mL�1. Although the amphiphilic nature of A1 can effectively
lower the interfacial tension between water and solution, the
ability of A1 to induce a honeycomb structure is rather poor
(Fig. 5(g)). This may be because the surfactant with a higher
hydrophilic ratio allows A1 to diffuse to the water–air surface
when water condenses, which in turn greatly lowers the
surface tension of the water–air surface. Along with the low
interfacial tension of the water–solution interface, as shown in
Fig. 6, the spreading coefficient, i.e. the solution–air surface
tension minus the sum of the water–solution interfacial
tension and the water–air surface tension, may become posi-
tive, especially in the nal stage of evaporation when the
concentration increases to further reduce the water–solution
interfacial tension. As a result, the condensed water prefers to
form at layers instead of water droplets for A1 solutions. For
the solution with A3 as surfactant, the interfacial tension
decreases sharply in the presence of a small amount of A3 (1
mg mL�1) and then slowly decreases to 15 mN m�1 with
increasing concentration. The capability of A3 to create regular
honeycomb arrays is contributed from the distinct amphi-
philicity that allows A3 to adsorb onto the water–solution
interface as well as the appropriate chemical architecture that
creates balanced interfacial tensions among the three inter-
faces. Thus it is capable of maintaining water in droplet form
without wetting: that is, there is a negative spreading coeffi-
cient in this system.22

The trend of the interfacial tension curve of A2 is similar to
that of A3, except that the interfacial tension is higher. This
means that A2 as a surfactant can induce a honeycomb
morphology but not as ordered as that of A3 (Fig. 5(a) and (d)).
For E2 and G2.5-C4, the changes in the interfacial tension
with concentration are similar, both showing a slight decrease
as the concentration increases (Fig. 6). The surface morphol-
ogies of the lms comprising E2 and G2.5-C4 look similarly
disordered too (Fig. 4(c) and 5(e)), indicating that their
tendency to adsorb onto the water–solution interface is poor
and thus they are unable to efficiently stabilize the water
droplets. These results suggest that to create ordered honey-
comb structures, the surfactants should be able to locate at
the water–solution interface to stabilize the water droplet,
which in turn lowers the interfacial tension. However, the
interfacial tension of the water–solution interface should not
be lowered too much; otherwise the condensed water tends to
wet the surface instead of forming droplets. The nding here
is consistent with the conclusion reached by Shimomura
et al.22
This journal is © The Royal Society of Chemistry 2016



Fig. 7 Images of honeycomb-like surfaces obtained from the breath
figure process (95% RH) based on a polymer solution comprising
dendrons (A3/polymer¼ 10/90) in chloroform (10mgmL�1): (a) A3/PS,
(b) A3/PCL, (c) A3/PC, (d) A3/PMMA from microscope, (e) photograph
of free-standing A3/PMMA film, and (f) SEM image of superhydrobic
surface of the A3/PS honeycomb-like film after the peeling-off
process.
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Honeycomb membranes can be fabricated from various poly-
mers under the assistance of dendritic surfactants (A3) with
a ratio of 10/90 (A3/polymer in chloroform at 10 wt%), as shown
in Fig. 7. PS, PCL, PC and PMMA also exhibit well-ordered porous
polymeric lms through a similar BF process (Fig. 7(a)–(d)).
Fig. 7(e) shows that the A3/PMMA lm can be free-standing
owing to the presence of a polymer matrix.

To achieve superhydrophobic behavior, the pincushion
structures were fabricated by peeling off the top layer of the
honeycomb polymeric lm. With a glass transition temperature
close to 100 �C and good adhesion on the glass substrate, the
polystyrene lms with a honeycomb-like porous structure could
be easily fabricated with a superhydrophobic surface (CA �
152�), as shown in Fig. 7(f).
4. Conclusions

Through a convergent route, a series of dendritic poly(urea/
malonamide) dendrons with well-dened structures were
prepared. The amphiphilic nature of these dendrons was able to
stabilize the water droplets condensed from the water vapor
upon the quick evaporation of chloroform to prevent the coag-
ulation of the water droplets on the surface and thus can be used
as surfactants for fabricating polymer lms with hexagonally
close-packed arrays of pores through the breath gure method.
It was found that the dendrons with one or two hydroxyl groups
at the focal point and plenty of octadecyl groups in the periphery
exhibited an amphiphilic characteristic, capable of creating well-
balanced interfacial tensions among the water–solution, solu-
tion–air, and water–air interfaces that facilitate the formation of
uniform and ordered arrays of water droplets, as evidenced by
the measurements of the interfacial tensions between water and
polymer solution with various types of dendrons as a function of
concentration. Consequently, with the addition of a small
amount of dendritic surfactants into polymers such as poly(D,L-
lactide), polystyrene, polycarbonate, poly(methyl methacrylate),
or polycaprolactone, a well-organized honeycomb-like surface
This journal is © The Royal Society of Chemistry 2016
could be easily achieved aer the evaporation of the solvent.
With the support of the polymer matrices, these lms were able
to exhibit free-standing capacity as well as superhydrophobicity.
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