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assemblies Templated by Breath Figures 

Liang-Wei Zhu,a Bai-Heng Wu,a Ling-Shu Wana,b,* and Zhi-Kang Xua 

The breath figure method has emerged as a new self-assembly technique to fabricate ordered 

porous materials which show potential applications in many fields such as size-selective 

separation membranes. However, it is challenging to customize the structures especially 

precisely tune the pore size in a wide range. Moreover, the relationship between polymer 

structure and film morphologies is still unknown. In this paper, we report a facile, effective, 

and controllable way to manipulate the evolution of morphologies of honeycomb films, 

which is based on the blends of an amphiphilic block copolymer and polystyrenes with 

hydrophobic end groups. A series of atom transfer radical polymerization (ATRP) initiators 

with alkyl or fluorinated groups were synthesized for polystyrenes with hydrophobic end 

groups. Polymerization kinetics confirmed the viability of these ATRP initiators. Surface 

segregation behaviors of the hydrophobic end groups were demonstrated by measuring the 

surface chemical composition and surface free energies. We found that the polystyrenes with 

hydrophobic end groups form ordered films only at high polymer concentration (40-60 

mg/mL); the use of blends of two types of polystyrenes, one of which has a hydrophobic end 

group whereas the other has a hydrophilic block, can greatly increase the regularity of the 

honeycomb films and provide the possibility to fine-tune the pore diameter. Moreover, the 

evolution of surface morphologies of the films can be ideally correlated with the surface free 

energies of the end-functionalized polymers. 

Introduction 

Polymer with functional end groups has received increasing 
attention in the past decades with the development of controlled 
polymerization techniques, including atom transfer radical 
polymerization (ATRP),1 reversible addition–fragmentation 
chain transfer (RAFT) polymerization,2 nitroxide mediated 
polymerization (NMP),3 ring opening polymerization (ROP),4 
and anionic polymerization.5 Well-defined end groups endow 
the polymer with advanced or distinctive properties. The 
functional end groups may enhance the efficiency of solar 
cells,6-8 act as precursors for bioconjugates,9,10 introduce 
stimuli-responsibility,11-13 or drive self-assembly.14-16 For 
example, Yu et al. discovered that the aqueous solution of 
poly(lactic acid-co-glycolicacid)-block-poly(ethylene glycol)-
block-poly(lactic acid-co-glycolicacid), PLGA-b-PEG-b-
PLGA, transfers from a sol state to a reversible sol-gel 
transition as a function of temperature when end-capped with 
acetate or propionate group; however, the butyrate end-
functionalized polymer forms precipitates.14 Stöver et al. 
demonstrated that the hydrophobicity of end groups plays a 
more important role than molecular weights on the thermo-
responsive polymer.17 Moreover, Kim et al. found that the 
efficiency of solar cells can be greatly improved by converting 
the end group of poly(3-hexylthiophene) from bromine to 

hydroxyl, ethyl, or perfluoro groups, i.e. from hydrophilic to 
hydrophobic.7 

Recently, the breath figure method,18,19 which uses water 
droplets as dynamic templates to form highly ordered 
honeycomb films, has shown potential applications in fields of 
photoelectronics,20-22 sensors,23 microcontainers,24,25 
catalysis,26,27 superhydrophobic surfaces,28-30 biomaterials,31-33 
and separation membranes.34-36 The structures of honeycomb 
films, such as pore diameter, pore shape, and multilayered 
structure, can also be dramatically influenced by the end groups 
of film-forming polymers. Star polymer, for example, was first 
utilized to explore the end group effect on the honeycomb 
structure. Stenzel et al. discovered that the pore diameter 
decreases from 750 nm to 450 nm when converting the end 
group of a five-arm star polymer from bromide to 
pentadecafluoro-1-octanolate.37 Later, Qiao et al. systematically 
explored the type and number of the end groups of core cross-
linked star (CCS) polymers.16 They found that the pore 
diameter, regularity, and even the pore shape can be fine-tuned 
by changing the hydrophilicity of the end groups. Furthermore, 
they proposed that star polymer with a reversibly photo-
crosslinkable end group can improve the stability of 
honeycomb films on non-planar substrates.38 

Linear polymers are widely used to fabricate honeycomb 
structures, owing to the well-defined polymer structure and the 
simple synthetic process. Highly ordered honeycomb structure 
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can be easily obtained if a hydrophilic group, such as amino, 
hydroxyl or carboxyl, is introduced to the polymer chain 
end.19,39-41 Recently, we found that the hierarchical structure, 
especially the pore diameter, can be significantly and delicately 
regulated by controlling the hydrophilicity of the end groups.42 
A multilayered structure with small pore size is obtained if the 
interaction force between the end group and the water droplet is 
strong. Similar phenomenon was also reported by Billon and 
coworkers.40 We further revealed that polystyrene with highly 

similar hydrophilic end groups is able to produce greatly 

different honeycomb films.42 However, most works are focused 
on polymers with hydrophilic end groups, and the effects of 
hydrophobic end groups especially a series of end groups with 
highly similar structures are still unknown. 

In this work, we aimed to systematically investigate the 
effects of linear polystyrenes with hydrophobic end groups, 
from alkyl to fluorinated, on the formation and morphologies of 
honeycomb films prepared by the breath figure method. First, 
we synthesized a series of hydrophobic ATRP initiators. Then, 
these novel initiators were used for the ATRP of styrene, and 
the polymerization kinetics was investigated. The surface 
segregation behaviors of the hydrophobic end groups were 
evaluated by measuring the surface chemical composition and 
surface free energies. Moreover, honeycomb films were 
prepared from the resultant homopolymers as well as the blends 
with an amphiphilic block copolymer. The structures of the 
honeycomb films were correlated with the surface properties of 
the polystyrenes with hydrophobic end groups. This work is not 
only helpful in further understanding of the intrinsic mechanism 
of breath figure method but also useful in fabricating ordered 
functional films with adjustable morphologies in a broader 
range of conditions. 

Experimental 

Materials 

N,N,N,N’,N’-Pentamethyldiethylenetriamine (PMDETA) from 
Aldrich was distilled with CaH2 and stored at room temperature 
in a desiccator. Styrene (St) was obtained from Sinopharm 
Chemical Reagent Co. and distilled under reduced pressure 
before use. Copper(I) bromide (CuBr) was stirred in 2% glacial 
acetic acid aqueous solution overnight, filtered, and washed 
with absolute acetone under an argon blanket. The compound 
was dried under reduced pressure at 60 °C overnight. 2-
Bromoisobutyryl bromide (BIBB, 98%, Aldrich) was used as 
received. Ethyl 2-bromoisobutyrate (C2−Br), dodecyl alcohol, 
1-hydroxyoctadecane, 2,2,3,3-tetrafluoro-1-propanol, 
2,2,3,3,4,4,5,5-octafluoro-1-pentanol, and 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanol were purchased 
from Energy Chemical without further purification. 
Triethylamine was refluxed with CaH2 for 4 h, and 
dichloromethane was refluxed with P2O5 for 2 h prior to use. 
Deuterated chloroform (CDCl3, 99.9%) was purchased from 
Sigma. Methylene iodide (CH2I2, 98%) was purchased from 
Aladdin and used as received. PS-b-PDMAEMA (Mn = 27900 g 
mol−1, Mw/Mn = 1.24) was synthesized by atom transfer radical 
polymerization using a reported procedure.43 Poly(ethylene 
terephthalate) (PET) film was kindly provided by Hangzhou 
Tape Factory and cleaned with acetone for 2 h before use. The 
glass substrate was cleaned by piranha solution (2:1 mixture of 
98% H2SO4 and 30% H2O2) for 20 min, rinsed by deionized 
water, and dried by blowing nitrogen gas before use. Water 

used in all experiments was deionized. All other chemicals 
were analytical grade and used as received. 

 
Scheme 1. Synthetic route for polystyrenes with different 
hydrophobic end groups. 

Synthesis of the Hydrophobic ATRP Initiators 

The synthesis route of the initiators is shown in Scheme 1. We 
describe here the synthetic procedure using C12−Br as a typical 
example. Dichloromethane (30 mL), dodecyl alcohol (2.68 × 
10−2 mol, 5 g), and triethylamine (3.23 × 10−2 mol, 3.24 g) were 
added to a 250 mL three-necked bottle equipped with a constant 
pressure drop funnel. The bottle was purged with nitrogen for 
10 min and cooled in an ice−water bath. Dichloromethane (5 
mL) containing BIBB (4.03 × 10−2 mol, 9.25 g) was placed in 
the constant pressure drop funnel and added dropwise to the 
reaction bottle. The reaction was kept for 2 h in the ice−water 
bath followed by 36 h at room temperature. The resulting 
solution was extracted by saturated aqueous NaHCO3 solution, 
drying over anhydrous magnesium sulfate and filtering. Rotary 
evaporation of the solution results in light yellow liquid, which 
was further purified by column chromatography using 
hexane/ethyl acetate (10/1) as the eluent and followed by 
solvent evaporation under reduced pressure. The resulting 
colorless liquid was dried in a vacuum oven overnight to 
achieve the final product C12−Br with a yield of 76.3%. 

C12−Br: 1H NMR (500 MHz, CDCl3): δ (ppm) 4.17 (2H, 
CH2O), 1.93 (6H, 2 × CH3), 1.68 (2H, CH2CH2O), 1.38 (2H, 
CH2CH3), 1.27 (16H, 4 × CH2CH2), 0.89 (3H, CH2CH3).  

C18−Br: 1H NMR (500 MHz, CDCl3): δ (ppm) 4.17 (2H, 
CH2O), 1.93 (6H, 2 × CH3), 1.68 (2H, CH2CH2O), 1.38 (2H, 
CH2CH3), 1.27 (28H, 7 × CH2CH2), 0.89 (3H, CH2CH3).  

F4−Br: 1H NMR (500 MHz, CDCl3): δ (ppm) 5.92 (1H, 
CHF2), 4.57 (2H, CH2O), 1.96 (6H, 2 × CH3).  

F8−Br: 1H NMR (500 MHz, CDCl3): δ (ppm) 6.06 (H, 
CHF2), 4.67 (2H, CH2O), 1.96 (6H, 2 × CH3).  

F13−Br: 1H NMR (500 MHz, CDCl3): δ (ppm) 4.49 (2H, 
CH2O), 2.54 (2H, CH2CH2O), 1.94 (6H, 2 × CH3). 

Synthesis of Polystyrenes with Hydrophobic End Groups 

The procedure used for synthesizing linear polystyrenes with 
hydrophobic initiators (e.g., C2−Br) is as follows. ATRP of 
styrene was performed with a ratio of 
[St]0/[C2−Br]0/[PMDETA]0/[CuBr]0 = 200/1/2/1. A 50 mL 
Schlenk flask was charged with C2−Br (4.363 × 10−4 mol, 
42.53 mg), PMDETA (8.726 × 10−4 mol, 181.8 µL), and St 
(8.726 × 10−2 mol, 10.0 mL) under a nitrogen atmosphere. The 
solution was degassed by three freeze−pump−thaw cycles. 
Then, CuBr (4.363 × 10−4 mol, 62.56 mg) was added and 
another three freeze−pump−thaw cycles were performed. The 
polymerization was allowed to proceed at a preheated 110 °C 
oil bath. After that, the flask was quenched in liquid nitrogen to 
stop the polymerization. Then the reaction mixture was 
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dissolved with a small amount of tetrahydrofuran (THF), 
precipitated in methanol, and repeated three times. The 
obtained product was dried in a vacuum overnight. The details 
of the obtained polymers are summarized in Table 1. 

Formation of Honeycomb Films via the Breath Figure 

Method 

The polymers were dissolved in organic solvents with different 
concentrations. An aliquot of 50 µL for each polymer solution 
was drop-cast onto a PET substrate placed under a 2 L/min 
humid airflow (25 °C and ~80% RH). Owing to the 
condensation of water vapor on the solution surface during the 
evaporation of organic solvent, the transparent solution turned 
turbid rapidly. After solidification, the film was dried at room 
temperature.44 

Preparation of Dense Films by Drop-Casting 

Polymers were dissolved in toluene at a concentration of 20 
mg/mL. Dense films were prepared by drop-casting the 
polymer solutions on glass substrates. Then, the films were 
annealed at 105 °C in a vacuum condition for 24 h. 

Instruments and Measurements 

Proton nuclear magnetic resonance (1H NMR) spectra were 
recorded on a Bruker (Advance DMX500) NMR instrument 

with tetramethylsilane (TMS) as the internal standard and 
CDCl3 as the solvent at room temperature. 

Molecular weights and molecular weight distribution of the 
polymers were measured by a PL 220 gel permeation 
chromatography (GPC) instrument at 25 °C, which was 
equipped with a Waters 510 HPLC pump, three Waters 
Ultrastyragel columns (500, 103, and 105 Å), and a Waters 410 
DRI detector. THF was used as the eluent at a flow rate of 1.0 
mL/min. The calibration of the molecular weights was based on 
polystyrene standards. 

The glass transition temperature (Tg) of the polymers was 
measured by a differential scanning calorimeter (DSC) on a TA 
Q200 DSC instrument under nitrogen atmosphere. Polymers 
with hydrophobic end-groups were sealed in an aluminum 
sample crucible under nitrogen protection. Then the DSC scan 
was recorded at a heating rate of 10 °C/min from 40 to 150 °C, 
followed by immediately cooling from 150 to 40 °C at 10 
°C/min, and then again heated from 40 to 150 °C at 10 °C/min. 
The second heating cycle was recorded for Tg measurement. 

A field emission scanning electron microscope (FESEM, 
Sirion-100, FEI) was used to observe the surface morphology 
of films after being sputtered with gold using ion sputter JFC-
1100. Pore diameter and pore diameter distribution were 
determined on the basis of the SEM images using Image-Pro 
Plus software. The boundary value was set at 850 nm to 
calculate the pore diameter distribution of honeycomb films 
with bimodal characteristics. 

 

Table 1 Results of Polystyrenes Prepared via Atom Transfer Radical Polymerization 

aReaction conditions: [St]0/[I]0/[PMEDTA]0/[CuBr]0 = 100/1/2/1, polymerization at 110 °C. bReaction conditions: 
[St]0/[I]0/[PMEDTA]0/[CuBr]0 = 200/1/2/1, polymerization at 110 °C. cCalculated by the gravimetric method. Conv. (%) = 
Wp/WSt, where Wp and WSt are weights of the resultant polymer and styrene in feed, respectively. dTheoretical number-average 
molecular weight, Mn,th, was calculated according to Mn,th = [St] × MSt × conv./[I] + MI. 

eMn,NMR determined by 1H NMR (500 
MHz) in CDCl3.  

fGPC using differential refractive index detection vs. linear polystyrene standards. 

entry initiator time (min) conv.c (%) Mn,th
d Mn,NMR

e Mn,GPC
f PDIf 

1a C2-Br 90 37.6 4110 4660 4450 1.07 

2a C2-Br 135 58.4 6270  6520 1.06 

3a C2-Br 150 80.2 8530  8700 1.05 

4b C12-Br 37 17.9 4130 4150 3940 1.06 

5b C12-Br 57 30.8 6800  6580 1.06 

6b C12-Br 77 41.8 9100  8780 1.06 

7b C18-Br 35 17.6 4160 3890 4000 1.08 

8b C18-Br 53 28.6 6450  6280 1.06 

9b C18-Br 80 43.9 9630  9230 1.06 

10b F4-Br 46 17.6 3940 4420 4340 1.06 

11b F4-Br 58 27.9 6090  6560 1.06 

12b F4-Br 84 40.1 8620  9370 1.06 

13a F8-Br 77 34.8 4000 4130 4170 1.06 

14a F8-Br 190 55.0 6100  6450 1.05 

15a F8-Br 280 79.1 8600  9100 1.05 

16b F13-Br 34 16.9 4030 4300 4230 1.07 

17b F13-Br 50 26.7 6070  6380 1.06 

18b F13-Br 90 39.1 8650  9180 1.05 
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Static contact angles were measured on the dense films by a 
Drop-Meter A-200 contact angle system (MAIST Vision 
Inspection& Measurement Ltd. Co.) at room temperature using 
deionized water and CH2I2 as working liquids. The average 
values calculated from at least five parallel measurements are 
reported. The surface free energies of the samples were 
calculated from the static contact angles θ using Owens 
method: 

�1 � �����	
 � 2	��	�
��
�/�

� 2	

�	


��
�/�

 

	� � 	�� � 	�
� 

where γl and γs are the surface free energies of the liquids and 
solid surfaces, respectively. Superscripts d and p denote the 
dispersion and polar component, respectively. The dispersion 
and the polar force components of the surface free energy of 
water are 21.8 and 51.0 mJ/m2, respectively, and those of CH2I2 
are 48.5 and 2.3 mJ/m2.45 

X-ray photoelectron spectroscopy (XPS) analyses were 
performed on a RBD upgraded PHI-5000C ESCA system 
(Perkin Elmer, USA) with Al Kα radiation (hν = 1486.6 eV). In 
general, the X-ray anode was run at 250 W and the high voltage 
was kept at 14.0 kV with a detection angle at 54°. The base 
pressure of the analyzer chamber was about 5 × 10−8 Pa. To 
compensate for surface charging effect, all survey spectra were 
referenced to the C1S hydrocarbon peak at 284.6 eV. 

 
Fig. 1 1H NMR spectra of C12-Br, C18-Br, F4-Br, F8-Br and 
F13-Br (from bottom to top). 

Results and discussion 

Synthesis and Characterization of Chain-End-

Functionalized Polystyrenes 

Six hydrophobic initiators containing alkyl chains or fluorine 
atoms were synthesized by reacting R−OH with 2-
bromoisobutyryl bromide, and then used to initiate ATRP of 
styrene under bulk condition at 110 °C (Scheme 1). Fig. 1 
shows 1H NMR spectra of the initiators. The characteristic 
peaks in the spectra can be well assigned to the protons in these 
initiators, which are summarized in the experimental section. 
Table 1 lists the results of polystyrenes with different 

molecular weights. The polymers have narrow molecular 
weight distribution (PDI ≤ 1.08). And, the experimental GPC 
molecular weights are close to the theoretical values calculated 
from the monomer conversions. It can be concluded that the 
polymerization is well controlled. Fig. 2 is the 1H NMR 
spectrum of a typical polymer. The terminal methyne proton 
(−CHBr) at the chain end is located at 4.6−4.4 ppm and the 
aromatic protons of polystyrene are between 7.2−6.2 ppm. The 
integral ratio of these two peaks provides an additional mean of 
calculating the molecular weights (Mn,NMR). Here we chose the 
terminal methyne proton (−CHBr) other than protons in the 
initiator part to calculate the molecular weights of the polymers. 
It is because that, on the one hand, the protons in the alkyl 
initiators overlap with the backbone of polystyrene; on the 
other hand, the integral ratio of the proton in fluorinated 
initiators (−CHF2) to the terminal methyne proton (−CHBr) is 
very close to 1 (e.g., ~1.00/1.07 for F8-PS). As noted in Table 
1, the values of Mn,NMR are in good consistent with those of 
Mn,th and Mn,GPC. The GPC traces (Fig. S1, Supplementary 
Information, SI) of the obtained polystyrenes are unimodal and 
symmetrical, which further reveals the viability of these 
hydrophobic ATRP initiators. 

 
Fig. 2 1H NMR spectrum of F8-PS. 

 
We further evaluated the hydrophobic ATRP initiators by 

studying the polymerization kinetics. Fig. 3 displays the first-
order kinetic plots for the bulk polymerization of styrene with 
the hydrophobic initiators. The monomer consumption 
increases linearly with time, suggesting that the radical 
concentration is constant, the termination is negligible, and side 
reactions can be effectively avoided in the polymerization. In 
addition, each sample exhibits a narrow molecular weight 
distribution (PDI ≤ 1.08). Assisted proofs include the consistent 
values of Mn,NMR, Mn,th, and Mn,GPC (Table 1) and the unimodal 
GPC curves (Fig. S1, SI). As a result, we conclude that the 
polymerization initiated with the hydrophobic initiators 
proceeds in a controlled manner. Specifically, the apparent rate 
constants (kp

app) of the polymerizations are less affected by the 
hydrophobic groups of the initiators. 

It is generally accepted that the glass transition temperature 
(Tg) of a polymer can be affected by its end groups.46,47 DSC 
curves of the polymers with a molecular weight of ~9000 g/mol 
are shown in Fig. 4. It can be seen that the Tg values of alkyl-
end-functionalized polystyrenes gradually decrease with the 
length of alkyl chain (C2−PS > C12−PS > C18−PS), while no 
obvious changes for polystyrenes initiated with the fluorinated 
initiators. The reduction of Tg can be described as a result of 
increased flexibility to polystyrene provided by the long alkyl 
end group, which has good compatibility with the main chain of 
the polymer.48 However, the fluorinated end group is 
incompatible with polystyrene,49 showing less influence on the 
values of Tg. 
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Fig. 3 First-order kinetic plots for the bulk polymerization of St initiated by (A) C2-PS, (B) C12-PS, (C) C18-PS, (D) F4-PS, (E) 
F8-PS, and (F) F13-PS. Polymerization conditions: [St]0/[I]0/[PMEDTA]0/[CuBr]0 = 200/1/1/2, 110 °C. 
 

 

 
Fig. 4 DSC curves of (a) C2-PS, (b) C12-PS, (c) C18-PS, (d) 
F4-PS, (e) F8-PS, and (f) F13-PS. 

Interfacial Activity of the Chain-End-Functionalized 

Polystyrenes 

The end group of a polymer has great influences on the surface 
properties, such as wettability, chemical resistance, adhesion, 
and biocompatibility.49-53 Here, we compared the surface 
properties, including surface free energies and surface chemical 
compositions, of dense films prepared from the homopolymers 
(Mn ≈ 9000 g/mol) with hydrophobic end groups (Table 2). The 
dense smooth films were prepared via a drop-casting method 
and followed by annealing at 105 °C for 24 h to drive the low 

surface energy components, fluorinated groups or alkyl groups, 
segregate to the film surface to satisfy the thermodynamic 
requirements for a minimal surface free energy.54 It can be seen 
that the water and oil contact angles gradually increase with 
increasing alkyl chain length and the number of fluorine atoms; 
accordingly, the free surface energies exhibit a reverse trend. In 
addition, it is reasonable that polystyrenes with fluorinated end 
groups possess lower surface free energies than those with alkyl 
end groups. 

XPS was further utilized to examine the surface chemical 
composition. It can be seen that the peak intensity of fluorine 
element increases obviously (Fig. S2, SI). Considering that 
XPS is a high-sensitive technique for surface characterization, 
the calculated ratios of fluorine to carbon elements (F/C) reflect 
the chemical composition at the film surface within a depth of 
several nanometers (Table 2). On the other hand, the 
theoretical bulk composition can be estimated on the basis of 
the molecular weights, which are listed inside the parentheses 
in Table 2. The results strongly confirm that the fluorinated 
groups are able to migrate to the film surface, leading to higher 
fluorine content at the film surface than in the bulk. 
Furthermore, it should be noted that polystyrene end-capped 
with long fluorine groups (F13−PS) are more effective to 
segregate at the film surface with a much higher F/C ratio at 
film surface. 

 

 

Table 2 Contact Angles, Surface Free Energies, and Surface Chemical Composition of Dense Films Prepared from PS (Mn ≈ 9000) with 
Hydrophobic End Groups 

Polymer θ(H2O)/° θ(CH2I2)/° γs
d/mJ m-2 γs

p/mJ m-2 γs/mJ m-2 F/Ca 

C2-PS 91.8±1.1 20.0±1.6 48.16 0.16 48.32  

C12-PS 96.0±0.2 22.1±1.6 48.25 0.01 48.26  

C18-PS 94.5±0.8 26.3±0.8 46.27 0.06 46.33  

F4-PS 96.9±0.8 30.8±1.7 44.76 0.01 44.77 0.51(0.56) 

F8-PS 98.7±1.0 33.4±1.4 43.81 0.01 43.82 1.52(1.18) 

F13-PS 100.2±0.5 37.4±1.1 41.99 0.25 42.24 4.97(1.92) 
a Ratios of F to C elements calculated from XPS(Mn,GPC). 
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Formation of Honeycomb-Patterned Porous Films from the 

Homopolymers with Hydrophobic End Groups 

Ordered honeycomb films can be prepared in a simple bottom 
up process via the breath figure technique. The regularity of the 
films is influenced by various factors, including polymer 
structure, molecular weight, concentration, solvent, and 
humidity.55,56 To elucidate the effects of hydrophobic end 
groups on the film structure, three groups of polystyrenes with 
relatively low molecular weight (Mn ≈ 4000, 6500, and 9000 
g/mol) were synthesized to maximize the effects of chain end 
groups. In view of the difficulty in fabricating ordered 
honeycomb films from linear polystyrene without any 
hydrophilic end groups or blocks, we first investigated the 
effects of solvents, molecular weights, and polymer 
concentrations to obtain optimal conditions for film formation. 

Effect of solvents on the surface morphology of the 
honeycomb films are shown in Fig. S3 (SI). All of the used 
solvents are good solvents for polystyrene. It can be seen that 
dichloromethane with the highest vapor pressure (58.2 kPa at 
25 °C) gives films with the smallest pore size, mainly owing to 
the shortened growing time of condensed water droplets. No 
surface pores can be obtained when a low vapor pressure 
solvent was used, e.g., toluene (3.79 kPa at 25 °C). Chloroform 
and tetrahydrofuran do not lead to ordered structure. In relative 

terms, the polymer forms ordered honeycomb films in CS2 
although some defects can still be observed. 

Polystyrenes with different molecular weights were used to 
fabricate honeycomb films in CS2 at a concentration of 10 
mg/mL (Fig. S4, SI). Overall, the films are not very ordered; 
relatively ordered structures are obtained from polystyrenes 
with higher molecular weights. That means polystyrenes with 
hydrophobic end groups are not able to effectively stabilize 
condensed water droplets at this concentration. Coalescence of 
the condensed water droplets can be clearly found, for example, 
for the film prepared from C2−PS with a Mn of 4000 g/mol. 
Evidently, polymer with higher molecular weight has higher 
solution viscosity,57 which is conducive to stabilize the 
condensed water droplets from coalescing. On the other hand, 
the evaporation rate of solvent decreases with molecular weight 
due to lower vapor pressure induced by higher molecular 
weight.58 Rapid evaporation of solvent results in fast 
condensation of water droplets onto the solution surface. 
Therefore, the comprehensive factors make it difficult to avoid 
the coalescence behavior in the system of low-molecular-
weight polystyrenes with hydrophobic end groups. Taking into 
account the above-mentioned results and the fact that the end 
group effect may be ignored for polymers with too high 
molecular weights, polystyrenes with a Mn of ~9000 g/mol are 
used for further study. 

 

Fig. 5 SEM images of honeycomb films prepared from PS with hydrophobic end groups at different concentrations ranging from 20 to 60 
mg/mL. (a) C2-PS, (b) C12-PS, (c) C18-PS, (d) F4-PS, (e) F8-PS, and (f) F13-PS. The scale bar is 5 µm. 

Polymer concentration is an important influencing factor. Fig. 
5 displays SEM images of honeycomb films prepared at 

different polymer concentrations. It can be seen that ordered 
honeycomb films form only at relatively very high polymer 
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concentration (40~60 mg/mL, images marked with green 
border). Irregular structures appear when the concentration is 
too low or too high. These results are reasonable and can be 
explained as follows. If the concentration is too low, it is 
impossible to stabilize the water droplets from coalescing by 
depositing at the interface of water droplets and the polymer 
solution, causing irregular structures. On the contrary, too high 
concentration means high solution viscosity, which prevents the 
water droplets from sinking into the solution and weakens 
Marangoni convection, leading to poor arrangement of water 
droplets. Similarly, even for an amphiphilic block copolymer 
such as PS-b-PDMAEMA that has been demonstrated in our 
previous work to be a very good film-forming material at low 
concentration such as 2 mg/mL,59 it cannot form ordered 
honeycomb film at 10 mg/mL (Fig. S5, SI). Fig. 6 summarizes 
the effects of concentration, where green circle means well-
ordered films while red triangle means disordered. Interestingly, 
polystyrenes with shorter alkyl chain and fewer fluorine atoms 
are more likely to form ordered structure at relatively low 
concentration. Moreover, it can be seen that C18−PS and 
F13−PS cannot form ordered films even increasing the 
concentration to 60 mg/mL. Overall, polystyrenes with 

hydrophobic end groups are less capable of interfacial 
stabilization, and hence higher concentration is needed. 

 

 
Fig. 6 Diagram of the regularity of honeycomb films prepared 
from PS with hydrophobic end groups at different 
concentrations. Green circle means well-ordered films while 
red triangle means disordered films. 
 

 

 
Fig. 7 SEM images of honeycomb films prepared from the mixture of PS and PS-b-PDMAEMA at a total concentration of 10 mg/mL. From 
left to right the weight fraction of PS-b-PDMAEMA in the blends changes from 0 to 0.4. (a) C2-PS, (b) C12-PS, (c) C18-PS, (d) F4-PS, (e) 
F8-PS, and (f) F13-PS. The scale bar is 20 µm for the first column and 5 µm for all the other samples. 
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Formation of Honeycomb-Patterned Porous Films from the 

Blends of an Amphiphilic Block Copolymer and the 

Polystyrenes with Hydrophobic End Groups 

As mentioned above, ordered honeycomb films can be obtained 
from the hydrophobic polymers only at high concentration. 
However, it is well known that it is much easier to fabricate 
highly ordered honeycomb films from polymers with polar end 
groups or blocks by the dynamic breath figure method, and the 
optimal concentration is generally lower than 10 mg/mL. 
Blending the polystyrenes with an amphiphilic block 
copolymer is speculated to remarkably lower the concentration, 
saving polymer consumption; more importantly, it may provide 
an avenue to tune the morphologies of the self-assembled films 
over a wide range. 
Fig. 7 shows the SEM images of honeycomb films prepared 

from the blends of polystyrenes and PS-b-PDMAEMA (BCP) 
in CS2 at 10 mg/mL. The weight fraction of BCP in the mixture 
varies between 0 and 0.4. The morphology of the films evolves 
with the content of BCP. Pure polystyrene with hydrophobic 
end groups (homopolymer) only forms irregular structures. 
After adding a certain amount of amphiphilic BCP, highly 
ordered films are obtained. Significantly, just by blending 10 
wt.% BCP, the honeycomb films change from extremely 
irregular to highly ordered structures, as highlighted with green 
borders. Further increasing the content of BCP leads to 
disordered structures, among which bimodal pores are observed 
for some samples. It is worth noting that the pure BCP cannot 
form ordered structure at this concentration (Fig. S5, SI). 

 

 
Fig. 8 Relationship between the regularity of honeycomb films 
and surface free energies of PS with hydrophobic end groups. 
The films were prepared from the mixture of PS and PS-b-
PDMAEMA at a total concentration of 10 mg/mL. Filled green 
circle denotes well-ordered films while filled red triangle 
denotes disordered films. The surface free energies of the 
polymers (from C2-PS to F13-PS) are plotted using hollow 
black squares. 

 
More interestingly, the evolution of the surface morphologies 

is dependent on not only the concentration but also the 
hydrophobic end groups (Fig. 8). Filled green circles denote 
ordered films whereas filled red triangles represent disordered 
structures. The surface free energies of the polystyrenes are also 
plotted in this figure. It is clear that the ordered-disordered 
boundary is well consistent with the trend lines of the surface 
free energies of the polymers. In other words, lower surface 
free energy of the end-functionalized polystyrenes endows 
them with broader film-forming window. For example, C2−PS 

can be blended with a maximum of 20 wt.% BCP; however, 
F13−PS is able to tolerate at least 40 wt.% BCP. These results 
further confirmed the importance of the balance between 
hydrophilicity and hydrophobicity,60-62 i.e., too hydrophobic 
polymers are not able to stabilize the condensed water droplets 
from coalescing (Fig. S3, SI) whereas too hydrophilic polymers 
lead to deteriorated and disordered structures (Fig. S5, SI). 

The addition of BCP as well as the hydrophobic end groups 
also has a significant impact on the pore diameter of the 
honeycomb films. Fig. 9 shows the pore diameter distribution 
of typical samples. It can be found that the pore diameter 
decreases with increasing the content of BCP. For example, 
F4−PS with 10 wt.% BCP produces films with a pore diameter 
of ~1.6 µm; it decreases to about 500 nm by increasing BCP to 
30 wt.%. In addition, bimodal pores exist in some samples with 
a high content (40 wt.%) of the BCP. These results imply that it 
is easy and effective to fine-tune the pore size of honeycomb 
films through the polystyrenes with hydrophobic end groups 
using an amphiphilic block copolymer as the additive. And, the 
modulation can be well directed by the interfacial activities of 
the polymers. This proposed approach is very important to the 
applications of honeycomb films, such as separation 
membranes and templating materials. 

 
Fig. 9 Typical pore diameter distribution of films prepared from 
the blends of (A) C2-PS, (B) F4-PS, and (C) F13-PS with 
different contents of PS-b-PDMAEMA. 

Conclusions 

A series of polystyrenes with hydrophobic end groups were 
synthesized by the ATRP approach using six novel alkyl or 
fluorinated initiators. These hydrophobic initiators are effective 
in the ATRP of styrene, which is confirmed by the molecular 
weights and their distribution as well as the polymerization 
kinetics. It is found that the hydrophobic end groups can 
segregate at the film surface, and those with more fluorine 
atoms that have lower surface free energies show stronger 
interfacial activity. Honeycomb films were prepared by the 
breath figure method from the polystyrenes or the blends with 
an amphiphilic block copolymer. Polystyrenes with shorter 
alkyl groups and fewer fluorine atoms at the chain end are more 
likely to form ordered structure at high concentration (40~60 
mg/mL). On the contrary, polystyrenes with long alkyl or 
fluorinated end groups cannot form ordered films under all the 
conditions we investigated. However, highly ordered structures 
can be obtained from the blends with only 10 wt.% amphiphilic 
block copolymer at much lower concentration (10 mg/mL); 
significantly, we found that lower surface free energy of the 
end-functionalized polystyrenes (more hydrophobic) endows 
them with broader film-forming window. It is easy and 
effective to fine-tune the pore size of honeycomb films through 
the polystyrenes with hydrophobic end groups using an 
amphiphilic block copolymer as the additive. 
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Polystyrenes with hydrophobic end groups are synthesized from a series of alkyl or 

fluorinated ATRP initiators to fine-tune the surface morphologies of honeycomb films 

prepared by the breath figure method. 
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