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ABSTRACT: An amphiphilic copolymer of acrylic acid (AA) and 2,2,2-trifluoroethyl methacrylate (TFEMA) was synthesized by

reversible addition-fragmentation transfer (RAFT) copolymerization, using a feed method for adding TFEMA. The kinetics of the

RAFT copolymerization agreed well with those characteristic of a first-order reaction and the molecular weight of copolymers

increased with the conversion increasing, both demonstrating that it proceeded in a controlled polymerization manner. Optimal

copolymerization was achieved when the reaction was conducted at 70�C, using a molar ratio of TFEMA : AA : RAFT agent : initiator

of 400 : 400 : 4 : 1. Analysis of instantaneous 1H-NMR results proved that the obtained copolymer had a chain structure with

AA segments gradually changing to TFEMA segments. The copolymer films had lower surface free energies and slightly microphase

separation structures. The amphiphilic copolymer with gradient structures could self-assemble to form aggregates in selective

solvents. The type and composition of solvent mixtures had great effects on the morphology and sizes of aggregates, which were

investigated by transmission electron microscopy and dynamic light scattering, respectively. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Fluorinated polymers containing perfluoroalkyl side chains have

increasingly attracted the attention of many investigators because

of their extraordinary properties (such as water-/oil-repellence)

and wide-range applications, especially as surface coatings for tex-

tile, paper, and leather. Reported research work has focused

mainly on the low surface energy of fluorinated materials.1–4 A

few observations on the self-assembly of amphiphilic fluorinated

polymers indicate their potential applications for proton-con-

ducting polymer membranes and delivery vehicles for highly

hydrophobic particles.5,6

Gradient copolymer is a novel kind of copolymer, which has a

composition that continuously changes from A comonomer unit

to B comonomer unit along the molecular chain. Gradient

copolymers exhibit unique properties7,8 and interfacial behav-

iors,9,10 which endows them with great potential applications in

many fields,11–13 such as compatibilizers in copolymer blends,

damping materials, and biocompatible materials. Controlled radi-

cal polymerization technologies are suitable method to synthesize

gradient copolymers, including atom transfer radical polymeriza-

tion (ATPR),14 nitroxide-mediated polymerization (NMP),15 and

reversible addition-fragmentation transfer (RAFT).16 ATRP

focuses on gradient copolymers of styrene–acrylates and methyl

methacrylate–acrylates. NMP always are used to synthesize gradi-

ent copolymers of styrene with 4-hydroxystyrene, 4-acetoxystyr-

ene, butadiene, chloromethylstyrene, acrylonitrile, methyl meth-

acrylate, 2-hydroxyethyl methacrylate, 4-(hydroxymethyl)styrene,

vinylpyrrolidone, and maleic anhydride. RAFT is a very

reliable method to prepare gradient copolymers because of the

versatility of monomers as well as the wide tolerance of reaction

conditions.17

Amphiphilic copolymers can self-assemble to form aggregates

with various specific morphologies in selective solvents, such as

spheres, rods, lamellae, vesicles, micelles, hexagonally packed hol-

low hoops, and other complicated or inverted structures.18,19

Compared with other kinds of amphiphilic copolymers, the self-

assembly behavior of amphiphilic gradient copolymers exhibit

some special characteristics.20,21 Hoogenboom et al.22 reported

that gradient copolymers of 2-nonyl-2-oxazoline and 2-phenyl-2-

oxazolin underwent significant structural changes in ethanol–
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water solvent mixtures when the temperature or solvent composi-

tion changed. Okabe et al.23 compared the self-assembly behavior

of gradient copolymer of 2-ethoxyethyl vinyl ether and 2-methox-

yethyl vinyl ether with that of their block copolymer and found

that the microdomain structure formed by the gradient copoly-

mer was less ordered than that of block counterpart due to the

gradient chemical composition along the polymer chain. There-

fore, it is of fundamental importance to explore the self-assembly

behavior of amphiphilic gradient copolymers in selective solvents.

However, the large van der Waals volume of fluorinated chains

and low polarizability of fluorine make the fluorinated segments

very hydrophobic, and thus the aggregates that fluorinated

molecules form are quite stable.5,24 It is worth noting that amphi-

philic fluorinated copolymers with gradient structures have sel-

dom been studied,25 not only with respect to their self-assembly

behavior, but also their synthesis technology.

Therefore, this work focuses on the synthesis of amphiphilic flu-

orinated gradient copolymers, their surface properties, and self-

assembly behaviors. The amphiphilic gradient copolymer of

acrylic acid (AA) and 2,2,2-trifluoroethyl methacrylate

(TFEMA) were synthesized by RAFT solution polymerization

with working in feed conditions. The RAFT polymerization

conditions and kinetics were discussed in detail. The chemical

structure, glass-transition temperature (Tg) and surface microto-

pography of the gradient copolymer were characterized by
1H-NMR, FTIR, DSC, and AFM, respectively. Moreover, the

self-assembly behavior of the obtained amphiphilic gradient

copolymers in selective solvents was systemically investigated.

The size and morphology of aggregates were studied by DLS

and TEM, respectively.

EXPERIMENTAL

Materials and Pretreatment

TFEMA were obtained from Xuejia Chemical Reagents Com-

pany (Harbin, China) and used without further purification.

AA and 1,4-dioxane were distilled under reduced pressure

before use. AIBN was purified by recrystallization from metha-

nol. RAFT reagent, 2-{[(dodecylsulfanyl) carbonothioyl] sulfa-

nyl}propanoic acid, was synthesized according to the reported

method19 and recrystallized by using light petroleum and hex-

ane. Other reagents and solvents were commercially available in

the analytical grade and were used without further purification.

Characterization

The glass-transition temperature (Tg) of the synthesized gradi-

ent copolymer was measured using a heating rate of 5�C/min

under a nitrogen atmosphere by TA-Q10 differential scanning

calorimeter (TA Co). FTIR spectra of the copolymer were char-

acterized by Nicolet NEXUS FTIR Spectrum (Thermo Nicolet

Co). The chemical structures of the copolymers were confirmed

by a Varian 400 MHz 1H-NMR using dimethylsulfoxide-d6
(DMSO-d6) as the solvent. The sizes and morphologies of

aggregates were studied by Nano-10 Series dynamic light scat-

tering (DLS, Malvern instruments) and transmission electron

microscope (TEM, JEOL, Japan), respectively. The microtopog-

raphy of copolymer films were measured by Nanoscope IV

Tapping mode atomic force microscope (AFM, Veeco) at room

temperature. Contact angles of copolymer films were measured

by the sessile drop method26 at room temperature, using a

JC2000A contact angle goniometer (Shanghai Zhongchen

Powereach, China). Typically, three drops of liquid were placed

on the surface of copolymer films and three readings of contact

angles were taken for each drop. The average of nine readings

was used as the final contact angle of each sample. Wetting

liquids used for contact measurements were water and diiodo-

methane. The surface free energies of the films were calculated

using Owens–Wendt surface energy’ equation.27

cið1þ cos hÞ ¼ 2½ðcdi cds Þ1=2 þ ðcpi cps Þ1=2� (1)

where ci is the surface tension of wetting liquid and cdi and
cpi are the dispersive and polar components, respectively. cds
and cps for copolymer films can be calculated by substituting
values for water and diiodomethane into eq. (1) and solving
the corresponding set of simultaneous equations. The total
surface energy c is the summation of cds and cps .

Polymerization of Gradient Copolymers

RAFT agent, AIBN, 2.88 g AA (0.04 mol), and 22.4 g 1,4-diox-

ane were added into a three-necked flask and mixed with stir-

ring under nitrogen atmosphere. When reaction solution in

the flask was heated to 70�C by water bath, 6.72 g TFEMA

(0.04 mol) began to feed into the reaction system, using a

microsyringe pump to maintain a feed rate of 0.1 mmol/min.

The polymerization continued for 8 h. The product was precipi-

tated from a hexane : ethanol mixture (20 : 1 by volume).

The precipitate was then filtrated and dried in vacuum. The

instantaneous conversions of RAFT copolymerization and

components of the copolymers were respectively analyzed by

gravimetric analysis and 1H-NMR at a given time during the

copolymerization. The copolymerization conditions and conver-

sions are listed in Table I.

Self-Assembly of Gradient Copolymers in Selective Solvent

Gradient copolymers were dissolved in solvent mixtures (THF :

H2O or Dioxane : H2O ¼ 94 : 6, volume ratio) with a mechani-

cal stirrer over 12 h. Distilled water was then added slowly

(2 g/min) with vigorous stirring until the desired water concen-

tration was reached (e.g., 20, 30, and 90%). The micellar solu-

tion with 90% water concentration was dialyzed for 3 days with

deionized water, refreshed at an interval no longer than 8 h.

The pore size of dialysis tubing was 2000 MWCO, obtained

from Sigma.

RESULTS AND DISCUSSION

Effects of Polymerization Conditions on RAFT

Copolymerization

To approach the aim that the copolymer would have a gradient

molecular chain, RAFT technology was adopted. Using the Q-e

value,28,29 the reactivity ratio of AA and TFEMA was calculated,

with rAA ¼ 0.80 and rTFEMA ¼ 0.85. Due to the close reactivity

ratio of the two comonomers, a feeding method seemed most

suitable. Moreover, using the feeding method would help to create

a significant composition gradient along the chain. Our previous

experimental efforts in synthesizing P(AA-block-TFEMA) indi-

cated that it was easier for AA segments to transfer to TFEMA
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segments, rather than the reverse. Therefore, it was decided to

feed TFEMA during the RAFT copolymerization reaction.

Figure 1 shows curves of conversion vs. reaction time along

with kinetic plots for RAFT copolymerization of AA and

TFEMA using different amounts of AIBN and RAFT agent. As

anticipated from typical characteristics of living/control radical

polymerization,30 the kinetics would appear to be first order.

Note that in the figure, the monomer polymerization rate

ln[M0]/[M] was rewritten in terms of conversion, X, and thus

plotted as ln[1/(1 � X)].

Comparing the kinetics plots S-1 through S-5, the effect of the

amount of AIBN on the polymerization rate was distinct. The

greater the amount of AIBN, the faster the polymerization rate.

Additionally, however, the linear relationship in the kinetic plots

became worse, indicating the controllability of the copolymer-

ization became poorer. With increasing the amount of AIBN,

the concentration of free radicals was increased. This led to

more monomers being initiated, which resulted in faster

polymerization, but less polymerization of controllability. When

using a molar ratio of AA : TFEMA : RAFT : AIBN of 400 : 400

: 4 : 1, both the rate and final conversion of the copolymeriza-

tion increased, moreover the kinetic plot maintained its linear

relationship. Therefore, the optimal amount of AIBN was

1.0 mmol per 22.4 g 1,4-dioxane.

Using the optimal amount of AIBN, the effects of the molar ra-

tio of RAFT to AIBN were further studied. Comparing the ki-

netic plots of S-2 with those of S-6, S-7, and S-8 in Figure 1, it

could be seen that copolymerization was better controlled when

the molar ratio of RAFT : AIBN was increased, although the

copolymerization rate became slower. More dormant species

formed via the reversible addition and fragmentation mecha-

nism at a higher concentration of RAFT agent, which reduced

the concentration of free radicals and in turn slowed down

the copolymerization rate. When the ratio of RAFT : AIBN was

2 : 1, the copolymerization kinetics was not well fit with a linear

relationship. When the molar ratio of RAFT : AIBN was 4 : 1,

the copolymerization was well controlled and had the highest

conversion.

Figure 2 shows the curves of conversion versus reaction time

and the kinetics plots for the RAFT copolymerization of AA

and TFEMA at 60, 70, and 80�C. The controllability of the

copolymerization was strongly dependent on the reaction tem-

perature. The higher the reaction temperature, the faster the po-

lymerization rate in the early stages of polymerization. However,

Table I. Polymerization Conditions, Conversions, and Tg of Prepared Copolymers

Sample RAFT agent (mmol) AIBN (mmol) Temperature (�C) Conversion (wt %) Tg (�C)

S-1 0.4 0.08 70 38.8 79.7

S-2 0.4 0.1 70 78.7 81.5

S-3 0.4 0.15 70 79.2 78.4

S-4 0.4 0.2 70 81.2 80.7

S-5 0.4 0.4 70 75.5 82.1

S-6 0.6 0.1 70 66.7 77.3

S-7 0.5 0.1 70 85.3 82.1

S-8 0.2 0.1 70 49.7 69.8

S-9 0.4 0.1 60 54.2 70.3

S-10 0.4 0.1 80 74.2 77.1

Figure 1. Curves of conversion versus reaction time (left) and kinetic plots (right) of RAFT copolymerization under different amounts of AIBN or RAFT

agent. (x was conversion).
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the polymerization kinetics showed a worse linear relationship

at higher temperature, with the polymerization kinetics at 80�C
(S-10) deviating greatly from a linear relationship after 2 h.

Under 70�C, both high final conversion and good polymeriza-

tion controllability were achieved, therefore 70�C was the opti-

mal reaction temperature.

Table II lists the copolymerization rate constants, as calculated

using the slopes of the first-order kinetic plots within 2 h in Fig-

ure 2. From the Arrhenius equation, the activation energy for the

reaction was calculated as 48.5 kJ/mol (with a linear correlation

coefficient of fitting k to reaction temperature ¼ 0.988).

Thus, the optimal conditions for RAFT copolymerization were

found to be 70�C, with a molar ratio of AA : TFEMA : RAFT :

AIBN of 400 : 400 : 4 : 1.

Chemical Structure of Copolymer

As shown in Figure 3, the wide absorption peak near 3000

cm�1 was evidence of ACOOH group. The strong absorption at

1285 cm�1 was assigned to ACF3 group. A strong and well-iso-

lated band at 1710 cm�1 was due to the C¼¼O stretching vibra-

tion of the ester carbonyl groups. The characteristic absorption

peak for RAFT agent occurred at 1033 cm�1, attributed to the

stretching vibration of AC¼¼S group. From DSC curve of

P(AA-grad-TFEMA) showed in Figure 4, it was found that there

was only one transfer region near 82.3�C, which was between

the glass-transition temperature of the two monomer homopol-

ymers (Tg of PAA ¼ 102�C, and Tg of PTFEMA ¼ 78.2�C). The
results of FTIR and DCS both indicated that the obtained co-

polymer was composed of AA and TFEMA.

Figure 5 shows 1H-NMR spectra for the obtained P(AA-grad-

TFEMA) copolymer under optimal polymerization conditions.

The instantaneous compositions were determined from

the 1H-NMR peak areas observed at 12.2–12.4 ppm (ACOOH,

1H), 4.3–4.7 ppm (ACH2CF3, 2H), and 0.85–0.87 ppm

[A(CH2)11CH3, 3H]. The instantaneous composition of each

monomer unit in P(AA-grad-TFEMA) was calculated from the

peak areas of the protons in AA unit and TFEMA unit using Kota-

ni’s method,18 as listed in Table III.

FA ¼ A1

A1 þ A2=2
¼ 2A1

2A1 þ A2
(2)

where, A1 and A2 are peak areas of the protons in ACOOH
and ACH2CF3 group, respectively. FA is instantaneous compo-
sition of AA in P(AA-grad-TFEMA). FT is instantaneous com-
position of TFEMA ¼ 1 � FA.

Because of the low solubility of AA segment in THF,16 the num-

ber average molecular weight (Mn) determined by GPC was a

Figure 2. Curves of conversion versus reaction time (left) and kinetic plots (right) of RAFT copolymerization under different reaction temperatures.

([TFEMA] : [AA] : [RAFT] : [AIBN] ¼ 400 : 400 : 4 : 1) (x was conversion).

Table II. Reaction Rate Constants for RAFT Copolymerization of

TFEMA and AA Under Different Temperatures

Reaction temperature (�C) k (L/mol/s)

60 0.0856

70 0.1777

80 0.2310
Figure 3. FTIR spectrum of P(AA-grad-TFEMA).
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larger apparent molecular weight of copolymer’s aggregation.

Therefore, molecular weights of P(AA-grad-TFEMA) in Table

III were calculated from 1H-NMR results. The molecular weight

increased with the conversion increasing, which agreed well

with the characteristic of controlled radical polymerization. At

the same time, the instantaneous composition of AA unit in

P(AA-grad-TFEMA) decreased, while that of TFEMA unit

increased, indicating that the synthesized copolymer had a

gradient composition change along the molecular chain from

AA-rich at one end to TFEMA-rich at the other end. It was

worth noticing that this gradient structure was within and along

a molecular chain, which was great different from the gradient

structures along the direction across the thickness of blend films

we prepared before.31,32

Surface Free Energy and Morphology of

P(AA-grad-TFEMA) Film

P(TFEMA-grad-AA) solution formed films at 70�C on cleaned

glass slides. Contact angles and surface free energies of

P(TFEMA-grad-AA) films are listed in Table IV. It was also

worth noticing that the molar ratio of highly hydrophilic AA

unit in copolymer chain was very high, even reaching 74% (in

S-2), however, water contact angles of most P(AA-grad-TFEMA)

films were close to 90�, even higher, indicating that these films

could not be wetted by water easily. From the contact angles of

water and diiodomethane, the surface free energies of the films

were calculated using eq. (1), which were between the surface

free energies of PTFEMA’s film and PAA’s. Because of the high

hydrophobic character and low surface tension of perfluoroalkyl

groups, TFEMA segments accumulated on the interface of the

film and air during film formation, greatly decreasing its surface

energy.33

Figure 6 displays the AFM images for the films of S-2 and

S-7, which formed under 70�C. In Figure 6, a slight micro-

phase separation was clearly observed in S-2’s film, although

not significantly in S-7’s. It was likely the vastly different

intrinsic properties of TFEMA and AA segments that caused

the phase separation. However, the gradient chain structure

of gradient copolymers had special interfacial properties.34

Therefore, the gradient segments would be compatibilizers to

AA segment and TFEMA segment, in turn, the phase separa-

tion of P(TFEMA-grad-AA) was not obvious. From roughness

analysis of AFM surface morphology, roughness degrees of

the films of S-2 and S-7 were 8.246 and 1.784nm,

respectively.

Figure 4. DSC curve of P(AA-grad-TFEMA).

Figure 5. 1H-NMR spectrum of P(AA-grad-TFEMA).

Table III. Absolute Molecular Weight and Instantaneous Composition of

Each Monomer Unit in Copolymer Chain During Polymerization Progress

Reaction time (h) 1 2 4 8

Conversion (wt %) 13.8 31.5 53.9 81.2

Molecular weight
(1H-NMR)

1718 2775 3401 7342

FA 1 0.97 0.87 0.74

FT 0 0.03 0.13 0.26

Table IV. Contact Angles and Surface Free Energies of

P(TFEMA-grad-AA) Films

Sample

Contact angles (�)
Surface energy
(mN/m)Water Oil

S-1 84.5 49.0 35.78

S-2 95.0 59.3 29.13

S-3 93.2 58.0 29.88

S-4 81.3 44.3 38.56

S-5 86.0 50.2 34.89

S-6 85.0 53.2 33.68

S-7 87.0 49.9 33.47

S-8 84.1 52.3 30.17

PTFEMA 102.7 69.2 23.31

PAA 62.3 51.6 43.79
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Figure 6. AFM surface morphology and phase graph of the film-air interface. (a: S-2; b: S-7).

Figure 7. TEM morphology of micelles formed by S-2 with different molecular weights in different mixtures solvents. (90% water; a: THF–water; b:

dioxane–water).
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Self-Assembly of P(AA-grad-TFEMA)

Because of using a feeding method, P(AA-grad-TFEMA) chains

contained both hydrophilic AA block segment and hydrophobic

fluorinated block segment, thus exhibiting amphiphilicity.

Because of noncovalent forces between solvent and the solute,

such as van der Waals, electrostatic, and single-point hydrogen-

bonding interactions, amphiphilic gradient copolymers could

self-assemble into aggregates in selective solvents.35 After

nonsolvent (water) for TFEMA segment was added to the sys-

tem, the amphiphilic P(AA-grad-TFEMA) molecules in solution

mixture began to undergo microphase-separation. When the

concentration of water reached a critical value, the self-assembly

and phase segregation of TFEMA segments occurred, leading to

the formation of micelles.

Figure 7 shows TEM photos of the micelles formed by S-2 in

different solution mixtures (having induced the micelle forma-

tion by increasing the water : solvent ratio from 6 : 94 to 90 :

10, volume ratio). Tube-walled vesicles were observed in the

THF–water mixture, while typical crew-cut micelles with core-

shell structure formed in dioxane–water mixture. Moreover, the

average sizes of micelles were larger in dioxane–water, which

was also proven by DLS results (97 nm in THF–water, 164 nm

in dioxane–water). This might arise from the different polarity

index of the two solvents, leading to differences in the miscibil-

ity of each segment and giving the macromolecules different

stretching capabilities in solutions. Therefore, their micelles

exhibited different shapes and sizes.

It was found in Figure 8 that the morphology of S-2’s micelles

greatly depended on the concentration of water in the THF–

water mixture. Therefore, two distinct kinds of micelles (spheres

and rods) can be observed in Figure 8(a). DLS size analysis also

showed a two-peak result and a larger DLS size distribution

(PDI about 0.54). When the water concentration was 20%,

some very small sphere micelles aggregated to form short-rod

micelles. The reason for this possibility was that at 20% water

concentration, the micelles lost their thermodynamic stability

and as a result, the very small sphere micelles tried to minimize

their free energies by aggregating and reconstructing into short

rod micelles. As the water concentration increased to 30%, the

rod-like structure lost their thermodynamic stability and thus

a morphology transformation happened again, forcing

the micelles to aggregate into the spherical structures shown in

Figure 8(b).

CONCLUSIONS

Amphiphilic copolymers of AA and TFEMAwere synthesized suc-

cessfully using RAFT solution polymerization and a feed method

of TFEMA. The results of the copolymerization showed good

agreement with first-order kinetics, demonstrating that the

copolymerization proceeded in a controlled manner. Optimal

copolymerization was achieved when the reaction took place at

70�C, with a molar ratio of TFEMA : AA : RAFT agent : AIBN of

400 : 400 : 4 : 1. The results of FTIR, DSC, and 1H-NMR proved

that the amphiphilic copolymers of AA and TFEMA had a gradi-

ent component profile where each AA unit gradually transition to

a TFEMA unit along the molecular chain. P(AA-grad-TFEMA)

films had a lower surface free energy and slight microphase sepa-

ration structures. The amphiphilic poly(AA-grad-TFEMA) could

self-assemble in selective solvents to obtain crew-cut micelles with

different ordered structures. The micellar morphology was signifi-

cantly affected by the types of solvents and the concentration of

water in mixed solvents.
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