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ABSTRACT: Self-assembled films of brush-like amphiphilic copolymers with varying hydrophobic contents (fc12, 10–90 mol %) were

prepared on glass slides. In addition, the surface tension and contact angles of solutions of these copolymers were also investigated.

By combining the data obtained investigating the morphologies of the films, with the micropolarities, dimensions, and morphologies

of the copolymer aggregates in solution phase, it was attempted to illustrate how the self-assembled structures would adapt to a

change in their surrounding environment from a three-dimensional space in the solution phase into a two-dimensional solid surface.

The copolymer chains underwent inter- and intramolecular hydrophobic association simultaneously in the solution phase. When fc12

was increased, the stronger hydrophobicity led the side-chains that were attached to the same backbone to become packed together,

and this intramolecular association caused the copolymers to form smaller and more compact spherical aggregates. The solutions of

these smaller and more compact spherical aggregates exhibited a lower surface tension and better wetting behavior on glass surfaces.

In addition, these solutions ultimately formed thinner and more orderly network-based porous films on glass surfaces. The observa-

tions described in this report revealed that the copolymer assemblies exhibited a morphological transformation from spherical aggre-

gates in solution to a network structure when the copolymer became confined to a solid surface. VC 2015 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2015, 132, 41945.
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INTRODUCTION

The self-assembly behavior of amphiphilic polymers either in

solution or on solid surfaces is of significant scientific and tech-

nological importance due to their relevance to biomacromolecu-

lar systems and potential for various industrial applications.1–6

Amphiphilic polymers incorporate hydrophilic and hydrophobic

monomer units that are attached to the same polymer back-

bones,7–9 and the self-assembly behavior of these polymers can

be influenced by their inherent structures,10,11 concentra-

tions,12,13 mixing ratios among multicomponent systems,14,15

and external stimuli.16,17 Generally, the self-assembled nano-

structures of amphiphilic polymers can exhibit a wide range of

architectural diversity, and these macromolecular nanostructures

also tend to be more stable than the self-assembled structures of

low molecular weight amphiphiles.18,19

In recent years, the development of surface modification techni-

ques has led to the facile preparation of polymer films and

facilitated the modification of surfaces.20–29 However, the com-

position and homogeneity of these films were often poorly

defined or differed from the expected composition. On solid

supports, various kinds of macromolecular structures have been

investigated, including those of linear block copolymers,30,31

dendronized polymers,32,33 special copolymers incorporating

siloxane blocks,21,34 or fluorinated units,35,36 and composite

polymer systems.37,38 However, further fundamental studies are

required in order to advance our understanding of the

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4194541945 (1 of 8)

http://www.materialsviews.com/


formation and structure of polymer films. Very little attention

has been devoted to the changes that polymer aggregates

undergo as they are transited from the solution phase and

become confined onto a two-dimensional solid surface.

Our interest in amphiphilic polymers began almost a decade

ago,39,40 and a novel series of brush-like polymers with different

side-chain compositions have been reported.41–44 The polymers

showed orderly self-assembly behavior in the solution phase,

and this associative behavior was strongly dependent on the

structures and the concentrations of the polymers. It was dis-

covered for the first time that the presence of sterically bulky

sodium p-styrenesulfonate (SSS) units on the copolymer back-

bone allowed the copolymer to retain its solubility in water,

even when the content of the hydrophobic side-chains was

increased up to 90 mol %. In addition, it was possible to inves-

tigate the influence of varying the mole fraction of the hydro-

phobic side-chains on the associative behavior of the

amphiphilic copolymers.

The aggregates of the copolymers (Figure 1) in solution phase

had been investigated by using steady-state fluorescence,

dynamic light scattering (DLS), and transmission electron

micrograph (TEM) in our previous work.44 In the present

work, the morphologies of the self-assembled films prepared

from these copolymers with varying hydrophobic side-chain

contents (ranging between 10 and 90 mol %) on solid supports

were investigated. In addition to the morphologies of the copol-

ymer films, the surface tension and contact angles of solutions

of these copolymers were also investigated. By combining the

morphologies and dimensions of the copolymer films observed

on two-dimensional surfaces with the characteristics of the

copolymer aggregates in solution, we attempted to gain an

understanding of how the self-assembled structures adapted as

their surroundings were changed from a solution phase to a

two-dimensional surface. This work will provide valuable

insight into the design and preparation of polymer films with

well-defined functional nanostructures that exhibit tunable

properties.

EXPERIMENTAL

Copolymers

The brush-like amphiphilic random terpolymers incorporating

2-(acrylamido)-dodecane sulfonic acid (AMC12S, 10–90 mol

%), sodium p-styrenesulfonate (SSS, 5 mol %), and 2-(acryla-

mido)-2-methylpropane-sulfonic acid (AMPS) units were syn-

thesized, purified, and characterized according to the methods

described in our previous report.44 The copolymer compositions

determined from the nitrogen-to-carbon ratios via elemental

analysis were consistent with the feed ratios of the monomers

prior to the polymerization, and the complete reactions of the

monomers were determined by Solid-state 13C NMR

measurements.

Measurements

Sample Solution Preparation. Sample solutions for surface ten-

sion, contact angle measurements, and scanning electron

microscopy (SEM) characterization were the same as that inves-

tigated in the previous work.44 In a typical run, the solid copol-

ymer samples were dissolved in water, and the solutions were

heated to �90�C and then continually stirred for another 15

min. After the solutions were cooled down to room tempera-

ture, the solutions were filtered with 0.45 lm membrane filters

and stirred for 12 h prior to measurements.45 The uncertainties

in the copolymer concentrations are estimated to be less than

or equal to 6(5 3 1024) g/L.

Film Preparation. Droplets of the copolymer solutions (1 g/L)

were placed on glass slides and quickly frozen with liquid nitro-

gen.46 Subsequently, they were freeze-dried under vacuum for

seven days. The freeze-dried films on the glass surface were

carefully moved to the sample stage and sputter-coated with

palladium and gold prior to characterization.

Surface Tension Measurements. Surface tension curves of the

copolymer solutions were obtained by using the drop-volume

method at 25.0 6 0.5�C.47 A pendant droplet with �90 vol %

of a falling droplet was squeezed out of a capillary tip, and it

was permitted to stand for an sufficient time to fall automati-

cally to the surface below. The reported surface tension values

were determined from at least five measured values, and the

uncertainties are in the scope of 60.2 mN/m.

Contact Angle Measurements. The contact angles were meas-

ured via axisymmetric drop shape analysis (ADSA) at room

temperature. Twenty microliter droplets of copolymer solutions

(1 g/L) were created at the tip of a syringe and carefully placed

onto the surfaces of glass slides. The contact angles were deter-

mined by analyzing the shapes of the droplets using a charge-

coupled device (CCD) video camera and applying the Young-

Laplace equation.22

Scanning Electron Microscopy. The morphologies of the

assembled copolymer films that had been formed on glass surfa-

ces were observed using a Hitachi S-530 scanning electron

microscope.

Figure 1. Illustration of the brush-like copolymer that incorporated

hydrophobic (AMC12S) units, bulky (SSS) units, and hydrophilic (AMPS)

units. The subscripts in the structures shown above represent the mol %

values for each unit, where X 5 10, 30, 50, 70, and 90 mol %, Y 5 5 mol

%, and Z 5 95 X mol %. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Steady-State Fluorescence Measurement. The fluorescence

experiments were conducted in our previous work.44 The emis-

sion spectra were recorded on a Hitachi F-4500 spectrofluorom-

eter at 25.0 6 0.5�C. The measurements were carried out with

the excitation at 335 nm and the slit widths at 2.5 nm. Pyrene

was employed as the probe, and the concentration of pyrene in

each sample solution was maintained to be 1 3 1026 M.

Dynamic Light Scattering. DLS was carried out in the previous

work using a LLS spectrometer (ALV/SP-125) with a multi-s
digital time correlater (ALV-5000).44 Light (k 5 632.8 nm) from

a solid-state He-Ne laser (22 mW) was used as the incident

beam. The measurement was conducted at a scattering angle of

90�, 25.0 6 0.1�C. The correlation function was analyzed with

the CONTIN method.

Transmission Electron Micrograph. Morphology of the poly-

mer aggregates in aqueous solution was characterized with a

Hitachi H800 microscope in the previous work, and the direct

magnification was of (1–8) 3 104.44 Negative staining (with

uranyl acetate aqueous solution of 1 wt %) was used for TEM

sample preparation.

RESULTS AND DISCUSSION

It was reported in a previous study that the presence of the

bulky units would increase the maximum molar content of the

hydrophobic AMC12S side-chains (fc12) that the copolymer

could possess while still retaining its solubility in water.44 The

retention of this solubility despite a dramatic increase of fc12

(up to 90 mol %) represents a new concept in the structural

design of water soluble amphiphilic copolymers, and also led us

to perform a systematic study on the influence of the hydropho-

bic side-chain content on the associative behavior. The associa-

tive behavior in the three-dimensional solution phase had been

investigated by using steady-state fluorescence, DLS, and TEM

in the previous work. It was discovered in this work that the

structure of the copolymer aggregates in solution phase have a

strong influence on the morphologies of the self-assembled films

formed on two-dimensional surfaces. The inherent architectural

correlations were observed between the morphologies of the

films and those of the aggregates.

The copolymers adsorbed at the air/water interface would inter-

act with the aggregates in the solution phase as the solvent

evaporates during the formation of film on the solid surface.

The surface tension of the copolymer solutions could provide

information about the adsorption of polymer molecules at air/

water interface. A plot of the variation of the surface tension

versus the copolymer concentration is shown in Figure 2. The

critical aggregation concentrations (CACs) of the copolymers

determined from the clear breakpoints of the curves and the

surface tension of 1 g/L copolymer solutions are listed in

Table I. There is no clear breakpoint for the copolymers with

fc12 5 10 mol % and fc12 5 30 mol %, which implies that the

adsorption of these two copolymers keep changing along with

the increase of concentrations. This also suggests that the asso-

ciative behavior of the copolymers possessing less of the

amphiphilic AMC12S side-chains could have a stronger tend-

ency to change with the increase of concentrations, which is

consistent with our previous results from the fluorescence and

DLS. The CACs obtained from the surface tension breakpoints

are larger than those obtained from the fluorescence spectros-

copy analyses (Table I), although the values have the same

decreasing tendency and the difference between the values

tends to become relatively smaller when fc12 is increased. For

example, the CAC determined by fluorescence for the

Figure 2. Plots of surface tension against the concentrations of copoly-

mers with varying fc12 values (fc12 5 10, 30, 50, 70, and 90 mol %).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Contact Angles, Critical Aggregation Concentrations (CACs), and Rh of the Copolymers

Copolymer (fc12 mol %) Surface tension (mN/m)a Contact angle (�)b CAC (g/kg)c CAC (g/kg)d Rh (nm)e

10 59.5 18.5 0.047 – 126.4

30 58.4 10.1 0.0074 – 26.9, 110.8

50 53.9 5.3 0.0039 0.11 20.4, 76.0

70 46.5 3.5 0.0027 0.094 38.5

90 43.0 2.4 0.0018 0.091 15.1

a The concentration of polymer solutions is 1 g/L.
b The concentration of polymer solutions is 1 g/L.
c Critical aggregation concentration determined by fluorescence spectroscopy analyses.
d Critical aggregation concentration determined by surface tension bending points.
e Apparent hydrodynamic radius determined by dynamic light scattering.
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copolymers with fc12 5 90 mol % is 0.0018 g/kg, while that

obtained from the surface tension versus is 0.091 g/kg. The

obvious difference may be attributed to the twisting and

entanglement of the polymer chains in solution phase rather

than at air/water interface at the lower concentration. In other

words, the copolymer may undergo aggregation at the concen-

tration of 0.091 g/kg in solution phase while the adsorption at

air/water interface is still in the process.

The surface tensions of the polymer solutions decreased when

the polymer concentrations were increased, indicating the pro-

gressive adsorption of the polymer molecules at air/water inter-

face along with the increase of concentrations. In addition, the

surface tension of the copolymer solutions decreased when fc12

was increased, indicating that copolymers possessing more side-

chains exhibited a lower surface tension. Generally, molecules

that incorporate more amphiphilic units tend to exhibit a lower

surface tension, such as gemini surfactants and trimeric surfac-

tants,47,48 since the chemical bond between the amphiphilic

units in the same molecule would keep the units closer than

those belonging to different single-chain molecules. Conse-

quently, a more efficient adsorption and tighter arrangement

may be formed at the air/water interface. However, the surface

tension of the copolymers described in this report are in the

range of 43–60 mN/m, which is obviously higher than that of

small molecular surfactants, thus indicating that it would be rel-

atively difficult for the copolymers to arrange in an orderly

manner at the air/water interface. This difficulty may be caused

by the hydrophobic interaction among the side-chains in the

single copolymer molecule.

The measurements of contact angle were extensively used to

study the compatibility of the films and specific solutions.22,49

The wetting behavior of the copolymer solutions on a surface

would also be a key factor that influences the thickness and

structure of the polymer films. With this in mind, the contact

angles of aqueous solutions of these copolymers were investi-

gated on the surfaces of glass slides. Figure 3 shows the varia-

tion of the contact angles exhibited by droplets containing

copolymers with varying fc12 values (10–90 mol %), and these

values are also listed in Table I. The contact angles decreased

with increases in fc12, and the minimum contact angle observed

for the copolymer with fc12 5 90 mol % was 2.4�. For the

smooth glass surfaces, the contact angle is an equilibrium angle

predicted by Young’s equation.50 It is logical that the polymer

solution with a smaller liquid-vapor surface tension would has a

lower contact angle, if the surface tensions at the solid-vapor

and solid-liquid interfaces are assumed not change.51 The copol-

ymer solutions with lower contact angles would spread more

readily over the surface, and thus had greater potential to form

films with monolayer structures.

In Figure 4, the morphologies of the films prepared from

copolymers with varying fc12 values are shown. Regardless of

their varying molecular structures, it was apparent that all of

the copolymers yielded porous network structures. In addition,

the arrays of these mesh-like structures became progressively

more continuous and orderly for the copolymers with higher

fc12 values. The films also became thinner when they were pre-

pared from copolymer solutions that exhibited lower contact

angles, and films of the copolymer with fc12 5 90 mol %

appeared to exhibit a monolayer structure [Figure 4(e)]. As

mentioned earlier, this trend suggests that the thickness of the

film is directly related to the contact angles of the copolymer

solutions. The lower contact angle would lead to a relatively

larger wetting scale, thus results in the less material on a volu-

metric basis and tends to be easier to form a film with mono-

layer structure. Because of their long range nanoporous

structures, the network-based films observed here could have

various potential applications, such as gas separation,52 biosen-

sors,53 or catalyst supports.54

SEM images, TEM images, and Rh data for the self-assembled

copolymer structures are shown in Figure 5, and the values of

Rh are listed in Table I. The TEM images, Rh and the micropo-

larities of the copolymers in the solution phase were obtained

in our previous work.44 Besides the explanation according to

Young’s equation, the smaller aggregates for copolymer with

greater fc12 may also contribute to the explanation of the lower

contact angle. It is well known that the surface roughness or

morphology could increase the contact angle.53,54 The obvious

size increase of the aggregates with hydrophilic surface may stick

to and add rough characteristic to glass surface, and lead to the

increase of contact angle. The morphologies of the structures

observed both on the solid surfaces and in the solution phase

could provide valuable information about how the structures

adapt as they transit from a solvated state in solution to becom-

ing confined on a solid surface. It can been seen in Figure

5(c,d) that the size of the spherical aggregates in the solution

phase decreases from the scale of hundreds to that of tens of

nm if fc12 is increased from 10 to 90 mol %. The broadening of

the size distribution seen in Figure 5(f) over that seen in Figure

5(e) also supports this observation. There are several reasons to

infer that the porous network structures are formed by the

transformation or further assembly of the spherical aggregates.

The spherical structures with about the same size as that in

Figure 5(c) still could be observed in Figure 5(a). The spherical

Figure 3. Measured contact angles exhibited by water droplets that had

been placed on the surfaces of glass slides. These droplets contained 0.1 g/

L of the copolymers, which had varying fc12 values (fc12 5 10, 30, 50, 70,

and 90 mol %).
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aggregates formed by the copolymer with fc12 5 90 mol % could

be seen in both Figure 5(b,d), and the diameter of the cylinders

in Figure 5(b) is comparable to the dimension of the separate

spherical aggregates. The branching appears may because of

growth defects,55 which with linear cylinders together construct

the network-based films. Theoretical prediction has shown that

branching could occur in the one-dimensional aggregation of

dipolar fluids when construction of a branch provides a lower

free energy than the formation of a free chain end.56 Images of

the aggregates at different stages during the solvent evaporation

would be indeed helpful for the further understanding of the

structural transformation. However, only spherical aggregates

were observed in the TEM images for the polymers with varying

side chains and different concentrations. The different prepara-

tions of samples for TEM and SEM may interrupt the transition

process of the aggregates, although the images could provide

insight into the morphologies of the self-assembled structures in

solution phase and on surface.

The micropolarities of the copolymer aggregates in the solution

phase obtained from the fluorescence experiments were found

to decrease dramatically with increases in fc12, and this trend

demonstrated that the aggregates became progressively more

compact when the AMC12S side-chain content was increased.

The loosely bound state of the aggregates of the copolymers

with fewer AMC12S side-chains in the solution phase may

account for the relatively irregular structure of the film observed

in Figure 5(a). Meanwhile, copolymers with a greater fc12 value

that form relatively compact aggregates in solution would be

more likely to yield orderly network-based films, such as that

observed in Figure 5(b).

On the basis of the experimental data both in solution phase

and on surface aforementioned, the associative behavior of the

copolymers was illustrated schematically in Figure 6. The copol-

ymer chains undergo inter- and intramolecular hydrophobic

associations simultaneously in the solution phase. When fc12

increases (10–90 mol %), the increase of the hydrophobicity

promotes the side-chains in the same backbone to become

packed together, and this preference for intramolecular associa-

tion yields aggregates with smaller diameters and lower micro-

polarities. It is relatively difficult for the copolymers to be

adsorbed efficiently and arrange in an orderly manner at air/

water interface, which is most likely due to the intramolecular

association. The copolymer solutions with the smaller and more

compact spherical aggregates exhibited better wetting behavior

on the surfaces of the glass slides, and thus formed thinner and

more orderly network-based films composed of fused cylindrical

assemblies.

An increase in the copolymer concentration would cause the

copolymer to undergo a higher degree of intermolecular associ-

ation between different polymer chains, and also promote fur-

ther association between the aggregates, thus yielding larger

aggregate structures. Therefore, the morphologies and sizes of

the aggregates would be influenced by the copolymer concentra-

tion. This effect could also influence the structure and the size

of the assemblies on solid surfaces. The transformation of the

aggregates from a three-dimensional space in solution to a two-

dimensional surface would cause the copolymer concentration

to increase dramatically as the solvent evaporates. To offset this

instability, a greater degree of association would occur between

these aggregates and they would associate into larger structures

in order to decrease their overall surface areas and increase the

average density of hydrophilic groups that are exposed on their

surfaces. Consequently, an adequate degree of solvent evapora-

tion could trigger enhanced interactions between the spherical

Figure 4. SEM images of copolymer films that had formed on the surfaces of glass slides. These films were composed of copolymers with various fc12

values including: fc12 5 (a) 10, (b) 30, (c) 50, (d) 70, and (e) 90 mol %.
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copolymer aggregates, and these spherical aggregates could fuse

together to yield cylindrical assemblies. These fused cylinders

would subsequently provide the building blocks for the porous

network-based films.

CONCLUSIONS

It was discovered in this work that the three dimensional aggre-

gates of brush-like amphiphilic copolymers that were observed

in solution became transformed into porous network structures

when the copolymers became confined to two-dimensional

surfaces. In addition, a correlation was observed between the

aggregate structures observed in solution and the structures of

the copolymer films that were observed on the surfaces. The

copolymer chains simultaneously adopted inter- and intramo-

lecular hydrophobic association in the solution phase. When the

fc12 was increased (from 10 to 90 mol %) and the copolymer

thus became more hydrophobic, the side-chains in the same

backbone became more closely packed together, and the intra-

molecular association became favored. This close packing

Figure 5. SEM images, TEM images, and Rh data of the self-assembled copolymer structures. Images (a) and (b) show SEM images of copolymers with

fc12 5 10 and 90 mol %, respectively. Images (c) and (d) show TEM images of copolymers with fc12 5 10 and 90 mol %, respectively.40 Images (e) and

(f) show Rh of the copolymers with fc12 5 10 and 90 mol %, respectively.
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yielded smaller and more compact spherical aggregates. The sol-

utions of copolymers with higher fc12 values would have a lower

surface tension, and the solutions of the copolymers described

in this report had surface tension in the range of 43–60 mN/m.

The surface tension was higher than those of small molecular

surfactants, and demonstrated the difficulties encountered by

the copolymers in forming highly ordered arrangements at the

air/water interface due to the hydrophobic interaction among

the side-chains in the single molecule. Droplets of copolymer

solutions also exhibited lower contact angles on the surfaces of

glass slides when fc12 was increased, and the lowest contact

angle of 2.4� was observed for the copolymer with

fc12 5 90 mol %. The spherical structures with about the same

size could be seen in both the TEM and SEM results, and the

diameter of the cylinders in the SEM image is comparable to

the dimension of the separate spherical aggregates in the TEM

image. The branching with linear cylinders together construct

the network-based films. The solutions of copolymers with

higher fc12 values formed thinner and more orderly network-

based porous films covering the surfaces of glass slides. The

transformation of the assembly structures from spherical aggre-

gates in solution to network structures on solid surfaces may

have been driven by the need for the copolymers to minimize

their exposure to their surroundings as the copolymer concen-

tration became too high for them to remain solvated because of

the solvent evaporation.
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