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block copolymerization and monolayer behaviour†

Shunsuke Yamamoto, * Tokuji Miyashita and Masaya Mitsuishi *

RAFT polymerization of acrylamide monomers with long alkyl sidechains was studied for application to

block copolymer synthesis and nanoscale assembly using the Langmuir–Blodgett technique. Controlled

radical polymerization was demonstrated by optimizing the chain transfer agent (CTA) concentration:

amphiphilic acrylamide block copolymer, poly(N-dodecylacrylamide)-block-poly(N-tert-

pentylacrylamide) (pDDA-b-ptPA) was obtained with high molecular weight (1.3 � 104) and narrow

molecular distribution (Mw/Mn ¼ 1.4). The diblock copolymer formed a stable monolayer at the air–water

interface under a surface pressure of 30 mN m�1, but the presence of the junction between pDDA and

ptPA affected the monolayer mechanical properties at higher surface pressures. Results provide insight

into the two-dimensional self-assembly of amphiphilic block copolymers consisting of molecular-level

amphiphilic block components.
1. Introduction

Controlling the nanoscale self-assembly of polymer materials is
a key issue in various elds such as biomimetic materials1–5 and
exible electronics device science.6–10 To achieve and improve
control, both material synthesis and processing methodology
have been developing synergistically, thereby providing molec-
ular design and bottom-up approaches for the simple and
precise control of nanostructures. The Langmuir–Blodgett (LB)
technique is a notable example of nanoscale assembly using an
air–water interface.11–13 For the LB technique, amphiphilic
materials including amphiphilic polymers are necessary to
form a Langmuir monolayer. We have investigated formation
and functionalization of polymer LB lms consisting of poly(N-
alkylacrylamide)s.14–16 Actually, poly(N-dodecylacrylamide)
(pDDA) and poly(N-tert-pentylacrylamide) (ptPA) exhibit excel-
lent LB lm formation ability: these materials provide highly
oriented and densely packed monolayers at the air–water
interface. The nanoassembly structure of pDDA and ptPA can be
tuned at high surface pressures. They bring two-dimensional
(2D) monolayers, which differ greatly from their three-
dimensional random conformations at the equilibrium
state.11,14–16 Well-dened layer structures are readily obtained by
adjusting the compression pressure of the monolayer and the
number of stacking layers. Furthermore, various functional
groups were incorporated and were distributed uniformly in the
Advanced Materials (IMRAM), Tohoku
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2D lm. These acrylamide polymers present the benet of
forming a 2D hydrogen-bonding network among polymer
backbones,11,14–16 which engenders high monolayer stability at
the air–water interface. Consequently, the quantitative deposi-
tion of functional molecules onto solid substrates was realized
for the formation of nanostructured monolayer stacks to the
out-of-plane direction from the substrate plane. For nano-
structure formation in the in-plane direction, block copolymer
LB lms are expected to provide novel phase-separated struc-
tures that are not achieved using homopolymers. Earlier reports
of block copolymer LB lms have described 2D microphase
separation and micro-patterning based on phase separated
structures.17–21 Some block copolymers lack monolayer forma-
tion ability at higher surface pressures (>15 mNm�1), leading to
difficulties from multilayer formation caused by poor mechan-
ical properties. Enhancement of mechanical properties is ex-
pected to lead to monolayer formation and multilayer
deposition at higher pressures by Langmuir monolayers con-
sisting of amphiphilic block components including acrylamide
monomers that provide high monolayer stability at the air–
water interface. Block copolymers used in earlier studies were
synthesized using controlled polymerization such as atom-
transfer radical polymerization (ATRP)22–25 and reversible addi-
tion–fragmentation chain transfer (RAFT) polymerization.26,27

Acrylamide polymers with long alkyl side chains (e.g., pDDA)
and short branched side chains (e.g., ptPA) have been poly-
merized using free radical polymerization: controlled polymer-
izations such as ATRP or RAFT polymerization have been
investigated only rarely. These results derive from the fact that
acrylamide-based monomers are weakly active in ATRP or RAFT
polymerization. Earlier reports describing RAFT polymerization
and block copolymer synthesis of acrylamides are limited to
This journal is © The Royal Society of Chemistry 2017
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monomers with short side chains such as N,N-dimethylacryla-
mide (DMA) and N-isopropylacrylamide (NIPAM).28–30 Statistical
RAFT polymerization of 2-acrylamido-2-methylpropane sulfonic
acid (AMPS) and n-dodecyl acrylamide was conducted to
investigate micelle formation in water.31,32 Therefore, block
copolymer synthesis of pDDA is anticipated as a breakthrough
for the investigation and fabrication of self-assembled nano-
structures of acrylamide-based amphiphilic block copolymers.
This study examined RAFT polymerization ability of pDDA
homopolymer with narrow molecular weight distribution and
the synthesis of diblock copolymers with the pDDA unit.
Further investigations were conducted to examine monolayer
properties of the diblock copolymers. The monolayer behaviour
was compared with relevant homopolymers and blend
monolayers.
2. Experimental section
2.1. Materials

Monomers, DDA and tPA were prepared as reported.4,14–16

Monomers and azoisobutyronitrile (AIBN) were puried
respectively using recrystallization from chloroform/hexane
mixture and methanol. Anhydrous toluene (Wako Pure Chem-
ical Industries Ltd.), anhydrous DMF (Wako Pure Chemical
Industries Ltd.), acetonitrile (Kanto Chemical Co. Inc.), cyano-
methyl dodecyl trithiocarbonate (Aldrich), 2-cyano-2-propyl
dodecyl trithiocarbonate (Aldrich), and tris(trimethylsilyl)
silane were used as received.
2.2. Instruments and analysis

SEC measurements were taken using a GPC system (8020;
Tosoh Corp.) with THF as eluent and a mixed gel column (TSK
gel SuperHZM-M; Tosoh Corp.). The obtained data were con-
verted into molecular weight using polystyrene standards.
UV-vis spectra were measured using a UV-vis spectrometer
(V-670; Jasco Corp.). NMR spectra were measured using
a Bruker Avance III 400 spectrometer (400 MHz).
2.3. Synthesis of pDDA macro-CTA

A mixed solution of monomer, CTA, and AIBN was degassed
using freeze–pump–thaw cycles more than three times before
polymerization reaction at 60 �C in an oil bath. The resulting
solution was concentrated and poured into acetonitrile for
reprecipitation. The obtained polymer was reprecipitated two
more times and was then dried in vacuum overnight. Light
yellow powder (pDDA macro-CTA) was obtained (yield: 51% for
Run 7). 1H NMR (400 MHz, CDCl3) d 0.88 (t, J ¼ 6.8 Hz, –CH3),
1.2–1.7 (br, side chain), 2.1 (br, main chain), 3.2 (br, –NHCH2–),
and 3.6 (br, weak, CTA), and 6.5 ppm (br, NH). To trace the
reaction, the polymerization reaction was conducted in an
Ar-lled glove box (1ADB-3; Miwa Mfg. Co. Ltd.). The solution
was kept at 60 �C in an aluminum bead bath. A sample of the
reaction solution was extracted and analyzed using NMR
and SEC.
This journal is © The Royal Society of Chemistry 2017
2.4. Terminal CTA group removal of pDDA macro-CTA

To a toluene solution of macro-CTA (ca. 150 mg mL�1) were
added 30 mL of tris(trimethylsilyl)silane and ca. 4 mg of AIBN
and degassed using freeze–pump–thaw cycles more than three
times before reaction at 60 �C for 4 h. The resulting solution was
concentrated and poured into acetonitrile for reprecipitation;
then it was dried in vacuum overnight. White powder was ob-
tained (yield: 77%). 1H NMR (400 MHz, CDCl3) d 0.88 (t, J ¼
6.8 Hz, –CH3), 1.2–1.7 (br, side chain), 2.2 (br, main chain), 3.2
(br, –NHCH2–), and 3.6 (br, weak, CTA), and 6.5 ppm (br, NH).

2.5. Synthesis of pDDA-b-ptPA

pDDA macro-CTA (90.25 mg) and ptPA (83.95 mg) were dis-
solved in toluene (2 mL). To this solution was added 2 mL
toluene solution of AIBN (0.243 mg mL�1). It was then degassed
using freeze–pump–thaw cycles for three cycles before reaction
at 60 �C for 20 h. Aer the reaction, the solution was cooled.
Then 30 mL of tris(trimethylsilyl)silane and 4.51 mg of AIBN
were added and degassed again using freeze–pump–thaw cycles
for three cycles before reaction at 60 �C for 4 h. The resulting
solution was concentrated and poured into acetonitrile for
reprecipitation. It was then dried in vacuum overnight. White
powder was obtained (yield: 61%). The polymer was reprecipi-
tated two more times before monolayer studies. 1H NMR
(400 MHz, CDCl3) d 0.88 (t, J ¼ 6.8 Hz), 1.26 (br), 1.47 (br),
1.71 (s), 1.92 (s), 2.01 (s), 3.14 (br), and 6.30 ppm (br).

2.6. Monolayer formation and measurements

Amphiphilic polymer monolayer behaviour was examined using
the Langmuir–Blodgett method.4,11,14–16 Surface pressure
(p)–area (A) isotherm measurements were conducted using
automatically controlled Langmuir troughs (HBM-AP; Kyowa
Interface Science Co. Ltd. and FSD-21; USI Systems Inc.). A
chloroform solution of the copolymer at a concentration of ca.
1 mM was spread on ultrapure water at 20 �C. Aer the solvent
was evaporated, the monolayer was compressed at a rate of
15 cm2 min�1, with monitoring of surface pressure using
a Wilhelmy plate.

3. Results and discussion

RAFT polymerizations were examined using two
trithiocarbonate-based chain transfer agents (CTA-Me and CTA-
Pr in Scheme 1), which have been used for controlled radical
polymerizations of (meth)acrylamide monomers with short
alkyl side chains.28–30 The conditions and results of polymeri-
zations are presented in Table 1. Polymers were eluted with THF
and were monitored using refractive index (RI) and UV-vis
absorption detectors. The observation wavelength in the
UV-vis detector was set at 300 nm, which is the absorption peak
of CTA-Me (3300 ¼ 1.15 � 104 M�1 cm�1 in toluene) (Fig. 1(a)).
Polymers with wide molecular weight distribution were ob-
tained from reactions at the lowest CTA concentration
(0.363 mM (Run 1)) and the highest AIBN concentration
(1.70 mM (Run 2)). Fig. 1(b) shows SEC curves for Runs 2 and 6.
In the case of Run 2, chromatograms obtained using UV and RI
RSC Adv., 2017, 7, 44954–44960 | 44955
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Scheme 1 Synthesis route of macro-CTA and block copolymers
pDDA-b-ptPA: (i) AIBN, CTA, toluene or DMF, 60 �C, 24–48 h; (ii) tPA,
AIBN, toluene, 60 �C, 20 h; (iii) tris(trimethylsilyl)silane, AIBN, toluene,
60 �C, 4 h.

Fig. 1 (a) Molar extinction coefficient spectrum of CTA-Me in toluene.
(b) SEC chromatogram monitored using RI (solid lines) and UV-vis
absorption (at 300 nm) detectors (broken lines). Black and red lines
respectively correspond to Runs 2 and 6.
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detectors show a different tendency: the chromatogram for UV
has a minor shoulder in the low molecular weight region, sug-
gesting that the reaction proceeds in multiple modes. DDA
monomers undergo a non-controlled free radical polymeriza-
tion reaction because the CTA concentration is too small
compared with that of the propagating chain end. Reduction in
the AIBN concentration (Runs 3 and 4) caused low conversion
even with longer reaction time, suggesting that the side reaction
including termination reaction is unavoidable in the polymer-
ization. In contrast, polymers with a narrow molecular weight
distribution were obtained from reactions with high CTA and
AIBN concentrations (Runs 5–7 in Table 1). Especially in high
CTA concentration cases (Runs 6 and 7), the molecular weight
distribution reaches approximately 1.3. SEC chromatograms of
RI and UV detectors have the same feature (Fig. 1(b)), indicating
that the polymerization reaction proceeded in a single reaction
mode, i.e., the polymerization reaction proceeds through the
RAFT polymerization mechanism. At the optimum condition
(Run 6), the [CTA]/[AIBN] ratio is calculated as 4.69, which is
similar to that for RAFT polymerization of polar acrylamide
monomers in highly polar solvents (ca. 5),28,33 but which is
smaller than polymerizations of DMA and NIPAM in benzene
(ca. 20).34 The result indicates that the higher concentration of
active states is preferred to the active–dormant equilibrium of
acrylamide polymers with longer alkyl side chains to compete
with the termination reaction and non-controlled free radical
polymerization.
Table 1 Results of polymerization of pDDA

Run [DDA]/M [AIBN]/mM [CTA-Me]

1 0.211 0.247 (0.12%) 0.363 (0.1
2 0.216 1.70 (0.8%) 2.62 (1.2%
3 0.172 0.267 (0.16%) 2.09 (1.2%
4 0.172 0.0267 (0.016%) 2.09 (1.2%
5 0.957 0.649 (0.07%) 12.1 (1.3%
6 0.186 0.909 (0.49%) 4.26 (2.3%
7 0.186 0.909 (0.49%) 9.86 (5.3%
F1a 0.211 0.247 (0.12%) —
F2a 0.216 1.70 (0.8%) —

a Runs F1 and F2 were executed without CTA.

44956 | RSC Adv., 2017, 7, 44954–44960
We examined the polymerization reaction by varying the CTA
agents as well as solvents at a concentration of 2 mol% CTA.
Fig. 2 portrays a kinetic plot and molecular weight plots
showing them as functions of the reaction conversion. In the
case of the reaction in toluene with CTA-Me (black, Fig. 2(a)),
a linear relation was observed, indicating that the polymeriza-
tion reaction proceeds in pseudo-rst-order kinetics. Therefore,
the polymer radical concentration ([Pc]) remains constant
throughout the reaction time. For that reason, the side reaction
of the propagating ends is negligible during the reaction. The
apparent pseudo-rst-order propagation rate constant kapp (the
product of the propagation rate constant kp and [Pc]) in toluene
was determined as kapp ¼ 5.7 � 10�5 s�1 (Table 2). The molec-
ular weight, which increases linearly over the conversion range
(black, Fig. 2(c)), shows good agreement with the calculated
line, assuming 60% initiator efficiency (broken line in Fig. 2(c)).
In the case of the polymerization with CTA-Me in DMF, the
reaction also exhibits (1) pseudo-rst-order reaction kinetics
(red in Fig. 2(a)), (2) a linear relation between the molecular
weight and the conversion (red in Fig. 2(c)), and (3) narrow
molecular weight distribution as small as Mw/Mn ¼ 1.23 (red in
Fig. 2(b)), which show experimental evidence of RAFT poly-
merization. The kapp value was reduced to 1/3 of the kapp value in
toluene: kapp ¼ 1.7 � 10�5 s�1. The result implies that the
/mM Time/h Conv./% Mn/10
3 (Mw/Mn)

7%) 24 88 22.0 (2.01)
) 24 >95 7.70 (1.77)
) 48 88 10.1 (1.48)
) 48 55 7.90 (1.58)
) 24 >95 9.44 (1.39)
) 24 95 8.67 (1.34)
) 24 94 4.17 (1.35)

24 79 23.7 (2.89)
24 >95 20.4 (3.28)

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEC chromatograms of (black) pDDA-macroCTA and (red)
pDDA-b-ptPA measured using an RI detector.

Fig. 2 (a) First-order kinetic plot of ln([M]0/[M]) versus time, (b)
evolution of polydispersity index, and (c) number-average molecular
weight for the RAFT polymerization of DDA. The broken line in (c)
represents the theoretical prediction. Reaction conditions: (black
circles) [DDA]/[CTA-Me]/[AIBN] ¼ 204/4.7/1 in toluene, (red triangles)
[DDA]/[CTA-Me]/[AIBN]¼ 210/4.8/1 in DMF, and (blue squares) [DDA]/
[CTA-Pr]/[AIBN] ¼ 210/4.8/1 in DMF.
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trithiocarbonate radicals, which serve as dormant species, were
deactivated because of the higher polarity of DMF. The effects of
CTA agents were examined using CTA-Pr (blue in Fig. 2). Results
showed that the kapp value was reduced to 2/3 of that of the
reaction with CTA-Me in DMF and that the reaction had an
induction period ti ¼ 4.3 h. This result might derive from the
slow chain transfer reaction of more stable 3� cyanopropyl
radicals generated from CTA-Pr in the active/dormant equilib-
rium.35,36 Nevertheless, this reaction affords controlled radical
polymerization with narrow molecular weight distribution. In
the case of polymerization of acrylamide monomers with short-
branched side chain (ptPA), the kapp value was higher than that
for pDDA (kapp ¼ 6.4 � 10�5 s�1 in toluene, Fig. S1†). The result
indicates that steric hindrance of long alkyl chains of DDA
monomers is an origin of slow polymerization reaction. It also
indicates that pDDA polymerization with cyanododecyl trithio-
carbonates proceeds in the controlled RAFT mechanism to
afford pDDA macro-CTAs by competing with the termination
reaction and the free radical polymerization reaction. There-
fore, we conclude that this polymerization reaction proceeds by
the RAFT mechanism, which is rarely reported for the poly-
merization of acrylamide monomers with long alkyl chains.

The end group in the macro-CTAs was transformed by
several chemical modications. Some examples are end group
removal by radical-induced reduction, block copolymer poly-
merization, and modication by hetero Diels–Alder reaction.37

For functional nanoscale self-assemblies, end group removal is
Table 2 Results of RAFT polymerization of pDDA and ptPA homopolym

Monomer CTA Solvent kapp/s
�1

DDA Me Toluene 5.7 � 10�

DDA Me DMF 1.7 � 10�

DDA Pr DMF 0.92 � 10
tPA Me Toluene 6.4 � 10�

This journal is © The Royal Society of Chemistry 2017
necessary to apply RAFT polymers, thereby enhancing their
thermal and chemical stability. The trithiocarbonate CTA groups
in the chain ends were removed via radical-induced reduction
using tris(trimethylsilyl)silane.38 Aer the reaction, polymers
were puried by reprecipitation and were analysed using NMR
and SEC measurements. As a result, the NMR signal of the CTA
groups andUV absorption at 300 nmdisappeared, indicating that
the CTA groups were removed from polymers. The SEC chro-
matograms before and aer the reaction show a negligible
change, indicating that the polymer backbone underwent no
cleavage through the terminal treatment. Therefore, we conclude
that CTA group removal by tris(trimethylsilyl)silane proceeds
with no polymer chain damage.

Next, we synthesized diblock copolymer using pDDA macro
CTA. Block copolymer with the second block composed of tPA
units (pDDA-b-ptPA) was synthesized, following the procedure
of the pDDA rst block polymerization described above. The
polymerization reaction was conducted at 60 �C for 20 h, fol-
lowed by chain end removal using tris(trimethylsilyl)silane.
pDDA-b-ptPA was soluble in chloroform and THF, but insoluble
in acetonitrile and water. Fig. 3 shows SEC chromatograms of
pDDA-macro CTA and pDDA-b-ptPA. The monomer content in
the diblock copolymer pDDA-b-ptPA was estimated using NMR
spectra: DDA : tPA ¼ 76 : 24 (Fig. S2†). The SEC curves show
a single peak even aer the second block polymerization and
the end-group removal (Table 3). Consequently, RAFT poly-
merizations with high [CTA]/[AIBN] ratios enable us to
demonstrate controlled radical polymerization of narrow
molecular weight distribution amphiphilic acrylamide-based
block copolymers with long alkyl side chains.

Finally, Langmuir monolayer properties of the amphiphilic
diblock copolymer pDDA-b-ptPA were examined. Fig. 4(a) shows
p–A isotherms for several combinations of homopolymers
pDDA and ptPA, and diblock copolymer pDDA-b-ptPA. The p–A
isotherms of pDDA (black in Fig. 4(a)) and ptPA (grey in
ers

Final conversion/% Final Mn/10
3 (Mw/Mn)

5 95 8.67 (1.28)
5 72 5.98 (1.23)
�5 65 5.68 (1.27)
5 82 5.33 (1.20)

RSC Adv., 2017, 7, 44954–44960 | 44957
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Table 3 Results of block copolymerization of pDDA-b-ptPA

Mn/10
3 (Mw/Mn) Conversion/%

pDDA macro-CTA 8.75 (1.37) 95
pDDA-b-ptPA 13.0 (1.43) 93
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Fig. 4(a)) exhibit a monotonic rise in surface pressure. The
collapse pressure (pc) was determined respectively as 32.9 mN
m�1 and 51.9 mN m�1 for ptPA and pDDA homopolymers.
However, pDDA-b-ptPA and pDDA:ptPA blend monolayers have
plateau regions in their p–A isotherms, indicating that the
monolayers have phase-separated structures. In fact, the AFM
image of pDDA-b-ptPA LB lms proved the phase-separated
structures on a ten-nanometre scale (Fig. S3†). The
pDDA:ptPA blend monolayer (green in Fig. 4(a)) shows a short
plateau region at around p ¼ 35 mNm�1, which is attributed to
the collapse of the ptPA domain. The surface pressure increases
immediately aer reaching the plateau region, suggesting that
the collapse of the ptPA domains does not inuence pDDA
monolayer formation. Themonolayer collapses at 51.8 mNm�1,
which is identical to pDDA homopolymer. The p–A isotherm of
pDDA-b-ptPA (red in Fig. 4(a)) shows a more expanded plateau
region at 33.1 mN m�1 and a lower collapse pressure at
41.4 mN m�1, implying that the collapse of the ptPA domains
makes the pDDA-b-ptPA monolayer less stable. In terms of the
monolayer stability, the pDDA-b-ptPA monolayer is stable over
1000 min at surface pressure of 30 mNm�1, suggesting a steady
monolayer structure (Fig. S4†). However, the stability worsened
above 33.1 mN m�1: the surface area decreases drastically at
surface pressure of 40 mN m�1 as time proceeds, indicating the
collapse of the pDDA-b-ptPA monolayer at higher pressures.
Fig. 4 (a) p–A isotherms and (b) Cs
�1–A isotherms of pDDA-b-ptPA

(red), pDDA (black), ptPA (grey), and blend of pDDA and ptPA
(pDDA : ptPA ¼ 76 : 24 (mol)) (green), pDDA and pDDA-b-ptPA (1 : 1
mol) (blue), and ptPA and pDDA-b-ptPA (1 : 1 mol) (orange) measured
at 20 �C.

44958 | RSC Adv., 2017, 7, 44954–44960
From these curves, the compressibility modulus Cs
�1 was

calculated using the equation Cs
�1 ¼�A(dp/dA).39 In the Cs

�1–A
isotherms (Fig. 4(b)), each Langmuir lm has multiple peaks
and bottoms. It is noteworthy that pDDA-b-ptPA and pDDA:ptPA
blend monolayers have a shoulder peak at a larger surface area,
indicating the effects of two-component mixing. Table 4 pres-
ents mechanical parameters of monolayers including p*, which
is dened as the highest surface pressure at the corresponding
peak position. The Cs

�1 values of the pDDA-b-ptPAmonolayer at
each p* are determined as 58.8 mN m�1 (0.30 nm�2), 138 mN
m�1 (0.25 nm�2), and 46.8 mN m�1 (0.15 nm�2) from the larger
surface area. The value at 0.25 nm�2 is larger than the corre-
sponding value for the ptPA homopolymer (118 mN m�1 at
0.27 nm�2), but smaller than that for pDDA (165 mN m�1 at
0.25 nm�2), suggesting disordered packing of the pDDA domain
in the pDDA-b-ptPA monolayer. Compared to the pDDA:ptPA
blend monolayer, all these values are smaller than the relevant
values (101 mNm�1, 154 mNm�1, and 155 mNm�1). Especially
for the smallest area (0.15 nm�2 for pDDA-b-ptPA), the value
decreased to 1/3, suggesting instability of the pDDA-b-ptPA
monolayer at higher pressures. It is particularly interesting that
the compressibility moduli of pDDA-b-ptPA monolayers are
inuenced by the mixing component. The Cs

�1 value at around
0.25 nm�2 increases selectively from 138 mN m�1 to
152mNm�1 by blending with pDDA (blue in Fig. 4(b)), although
the value is not changed by blending with ptPA (orange in
Fig. 4(b)). The plateau region is also inuenced by blending:
expanding (blending with ptPA) and contracting (blending with
pDDA). Results suggest that each domain in the pDDA-b-ptPA
monolayer is enhanced by mixing with the corresponding
component, and that the Cs

�1 value is dependent on the
introduced counterpart. Introduction of the homopolymer
pDDA, which has high Cs

�1, enhances the Cs
�1 value of the

blend monolayer up to a similar level to the pDDA:ptPA blend
monolayer. This result indicates that the pDDA block in pDDA-
b-ptPA takes a disordered structure because of the covalent
junction between two blocks. As a consequence, several DDA
units from the junction might be involved in the disordered
Table 4 Cs
�1 peak values, corresponding surface pressure and surface

area

Polymer S*/nm�2 p*/mN m�1 Cs
�1/mN m�1

pDDA-b-ptPA 0.30 3.03 58.8
0.25 20.3 138
0.15 37.9 46.8

pDDA : ptPA ¼ 76 : 24 0.30 7.84 101
0.27 26.5 154
0.22 39.5 155

pDDA : pDDA-b-ptPA ¼ 1 : 1 0.30 3.52 63.7
0.24 23.4 152
0.19 38.6 56.2

ptPA : pDDA-b-ptPA ¼ 1 : 1 0.29 4.64 70.0
0.25 19.1 140
0.12 40.0 43.5

pDDA 0.25 30.3 165
ptPA 0.27 17.5 118

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06788g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 1
:1

2:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ptPA domains. Therefore, the monolayer stability was reduced
at higher pressures than 33.1 mN m�1. Compared with the
pDDA:ptPA blend monolayer, the plateau region expands such
that the surface-limiting area of pDDA domains becomes
smaller aer the ptPA domains collapse.

4. Conclusions

We demonstrated controlled polymerization of acrylamide
monomers with long alkyl chains and block copolymer
synthesis with different amphiphilic acrylamide comonomers.
RAFT polymerization of DDA monomer was conducted by
varying the type of CTA, and the concentration ratio of CTA
agent to AIBN initiator. The reaction kinetics were tracked using
NMR and SEC measurements, proving that the reaction pro-
ceeded in the RAFT mechanism only in the low [CTA]/[AIBN]
ratios, thereby suggesting competition with the termination
reaction and the importance of suppressing the non-controlled
free radical polymerization path. The apparent pseudo-rst-
order propagation rate constant of pDDA in toluene was
found to be kapp ¼ 5.7 � 10�5 s�1, which was slightly smaller
than that of ptPA in toluene with a short alkyl chain (kapp ¼ 6.4
� 10�5 s�1). One plausible explanation for the difference is the
steric hindrance of long dodecyl chains. The trithiocarbonate
groups in the obtained pDDA macro-CTAs were removed easily
by treatment with tris(trimethylsilyl)silane, resulting in no
damage of the polymer chains. Amphiphilic block copolymer,
pDDA-b-ptPA was obtained in high conversion by polymerizing
tPA as the second block of pDDA macro-CTA. The condensation
and collapse processes of the block copolymer monolayer were
investigated using an LB trough. The obtained block copolymer,
pDDA-b-ptPA, formed a stable monolayer at the air–water
interface with collapse pressure as high as pc ¼ 33.1 mN m�1.
The pDDA domain in the block copolymer monolayer takes
a disordered structure compared with that in the pDDA:ptPA
blend monolayer. Results suggest that amphiphilic acrylamide
block copolymers are effective materials for phase-separated
structure formations. This study presents the possibility of
pDDA-based block copolymers in terms of self-assembled
structures on a nanometre scale. The monolayer behaviour
depends on the molecular weight of amphiphilic polymer.40

Additional work on block copolymer synthesis and lm
formation as well as amphiphilic acrylamide block copolymer
nano-assemblies is expected to provide important insights into
nanoscale bottom-up technologies.
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