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In this study we used nitroxide-mediated radical polymerization to synthesize poly(styrene-b-4-

vinylbenzyl azide) (PS-b-PVBN3) and then used click chemistry to react it with propargyl-thymine (PT)

to obtain a series of thymine (T)-containing block copolymers, poly(styrene-b-4-vinylbenzyl

triazolylmethyl methylthymine) (PS-b-PVBT). We then added an amphiphilic surfactant,

hexadecyladenine (A-C16), to complex with the PVBT units in the PS-b-PVBT copolymers through

complementary multiple hydrogen bonding interactions. The resulting supramolecular comb–coil

diblock copolymers formed lamellae-within-lamellae self-assembled structures, with PS lamellar

domains (diameter: ca. 20–25 nm) in a matrix consisting of lamellar mesophases (lamellar inter-

distance: ca. 2.3 nm) organized by the PVBT/A-C16 complex. Fourier transform infrared spectroscopy

provided evidence for multiple hydrogen bonding between the A-C16 and T groups of the PS-b-PVBT

copolymers. The small-angle X-ray scattering patterns of these self-assembled supramolecular systems

were very temperature-sensitive. A striking feature was the appearance of the ordered scattering of the

lamellar structure at temperatures higher than the melting point of A-C16 (>120 �C), with A-C16

becoming fully miscible with both the PS and PVBT phases at higher temperature; A-C16 was miscible

only with the PVBT domains at room temperature, thereby influencing the volume fraction of the PS

segment.
Introduction

Self-assembled supramolecular structures have attracted great

interest because of their potential applications as functional

materials.1–3 In general, the self-assembly of hierarchical nano-

structures fromABC triblock copolymers can lead to three-phase

lamellae, core–shell cylinders, and other hierarchical structures.4

Although the syntheses of ABC triblock copolymers can be

complicated, mixing A-b-B and C-b-D copolymers is a relatively

simple method for preparing similar self-assembled morphol-

ogies.5–7 Typically, for such systems, the B and C segments

should be attracted through intermolecular interactions (e.g.,

hydrogen bonding,8–13 electrostatic interactions,14,15 metal–

ligand coordination16), while the A and D block segments should

be incompatible or immiscible.

In addition to the self-assembly of ABC triblock copolymers

or mixtures of A-b-B and C-b-D diblock copolymers, the groups

of Ikkala and ten Brinke initiated studies of the bulk state

properties of comb-shaped supramolecular systems formed

through hydrogen bonding of short flexible side chains in diblock
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copolymers. They interacted poly(styrene-b-4-vinylpyridine)

(PS-b-P4VP) through hydrogen bonds to an oligomeric amphi-

phile [e.g., nonadecylphenol (NDP), pentadecyl phenol

(PDP)]17–20 to form lamellar-within-lamellar, lamellar-with-

in-cylinder, and lamellar-within-spherical self-assembled supra-

molecular structures.21 This supramolecular method for

synthesizing materials with two different length scales from

a functional block copolymer and a suitable oligomeric amphi-

phile, using hydrogen bonding interactions, results in so-called

hydrogen-bonded comb–coil block copolymers.17–21 Here, one

block is a comb-like polymer–amphiphile complex and the other

is a coil-like polymer. The hierarchical self-assembly of such

supramolecular structures arises from highly organized micro-

phase-separated structures derived from the AB diblock copol-

ymers (within the 10–100 nm range) and organization, at a much

smaller length scale (2–6 nm), of the hydrogen-bonded polymer–

amphiphile complexes.17–21 This shortened scale is determined by

the length of the repulsive side chains within the comb block and

the moieties attached through noncovalent bonds (e.g., hydrogen

bonding, ionic interactions, coordination). In general, these

interactions have been formed through single-site hydrogen

bonding of the OH groups of PDP and the pyridyl groups of

P4VP, but they are relatively weaker than the multiple hydrogen

bonding interactions formed in DNA-like complexes [e.g.,
This journal is ª The Royal Society of Chemistry 2012
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adenine (A) interacting with thymine (T) or guanine (G) with

cytosine (C)].22–25

Mimicking molecular recognition in biological system is one of

the most attractive themes in contemporary science.26–30 As

a result, we wished to mimic DNA-like interactions to synthesize

DNA heteronucleobase (T)-containing diblock copolymers by

using a combination of nitroxide-mediated radical polymeriza-

tion (NMRP) and click chemistry (Scheme 1). First, we employed

NMRP to synthesize poly(styrene-b-vinylbenzyl chloride) (PS-

b-PVBC) copolymers with various VBC lengths and then

converted them to poly(styrene-b-4-vinylbenzyl azide) (PS-b-

PVBN3) copolymers through reactions with NaN3. Finally, we

used click chemistry to react PS-b-PVBN3 with propargyl

thymine (PT) to yield poly(styrene-b-4-vinylbenzyl tri-

azolylmethyl methylthymine) (PS-b-PVBT) copolymers (Scheme

1), which we blended with the low-molecular-weight compound

9-hexadecyladenine (A-C16) to form self-assembly supramolec-

ular structures, through strong complementary multiple

hydrogen bonds, with two different length scales. We have used

Fourier transform infrared (FTIR) spectroscopy, differential

scanning calorimetry (DSC), small-angle X-ray scattering

(SAXS), and transmission electron microscopy (TEM) to

investigate these self-assembled supramolecular structures.

Experimental

Materials

Benzoyl peroxide, 2,2,6,6-tetramethyl-1-piperidinyloxy

(TEMPO), styrene, and 4-vinylbenzyl chloride (Aldrich, USA)

were passed through an alumina column and then vacuum-

distilled from CaH2 under reduced pressure prior to use. NaN3

was purchased from Aldrich, USA. T, A, 1-bromohexadecane,

and K2CO3 were purchased from Showa. Propargyl bromide
Scheme 1 Syntheses of (a) PS-TEMPO, (b) PS-b-

This journal is ª The Royal Society of Chemistry 2012
(80% in toluene, stabilized with MgO) was purchased from Alfa.

Copper(I) bromide (CuBr, 98%), N,N,N0,N0 0,N00 0-pentam-

ethyldiethylenetriamine (PMDETA, 99%) were purchased from

Aldrich, USA. Dimethylsulfoxide (DMSO) and dime-

thylformamide (DMF) were distilled from CaH2 under vacuum

prior to use. 1-Hydroxy-2-phenyl-2-(20,20,60,60-tetramethyl-1-

piperidinyloxy)ethane (TEMPO-OH) was synthesized as

described previously.31–33 All other chemicals were of reagent

grade and used as received.

Propargyl-thymine (PT)

A solution of T (5.00 g, 40.1 mmol) and K2CO3 (8.30 g, 60.1

mmol) in DMF (100 mL) was fed into a 250 mL two-neck round-

bottom flask equipped with an Ar inlet and a rubber septum and

then cooled in an ice bath. After adding propargyl bromide (11.9

g, 100 mmol) dropwise to the solution, the mixture was stirred at

room temperature overnight, the precipitate was filtered off, the

solvent was evaporated, and the crude product was purified

through column chromatography (n-hexane/EtOAc, 1 : 2) to

obtain a pale-yellow powder (9.31 g, 85.0%). 1H NMR (CDCl3)

dH: 1.96 (3H, CH3), 2.48 (1H, propargyl CH), 4.55 (2H, CH2–N),

7.30 (1H, thymine H-6), 9.21 (1H, NH). 13C NMR (CDCl3) dC:

11.82 [NCHC(CH3)CO], 36.81 (CHCCH2N), 75.13

(CHCCH2N), 76.21 (CHCCH2N), 110.96 [NCHC(CH3)CO],

138.68 [NCHC(CH3)CO], 150.36 (NHCON), 164.06 (NHCOC).

9-Hexadecyladenine (A-C16)34,35

1-Bromohexadecane (2.44 g, 8.00 mmol) and anhydrous K2CO3

(1.08 g, 7.8 mmol) were added to a solution of A (1.00 g, 7.4

mmol) in DMF (50 mL) and then the resulting suspension was

stirred at 60 �C for 48 h. The insoluble material obtained was

filtered off, washed with water, and recrystallized twice from
PVBC, (c) PS-b-PVBN3, and (d) PS-b-PVBT.

Polym. Chem., 2012, 3, 3100–3111 | 3101
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EtOH. 1H NMR (500 MHz, d6-DMSO, 25 �C, TMS): d ¼ 8.11

(2H; CH2), 7.16 (2H; NH2), 4.10 (2H; CH2), 1.80–1.67 (2H;

CH2), 1.40–1.07 (26H; CH2), 0.83 (3H; CH3) ppm.
Polystyrene homopolymers (h-PS)36

Purified styrene (30 mL) and TEMPO-OH (47.7 mg) were placed

in 50 mL three-neck flask. The orange reactant solution was

heated at 95 �C for 3.5 h and then at 125 �C for several hours to

obtain the h-PS sample, which was purified through repeated

precipitations from CH2Cl2 into MeOH.
PS-b-PVBC

PS-b-PVBC copolymers with different contents of VBC units

were prepared through bulk polymerization of 4-vinylbenzyl

chloride (10 mL) in the presence of the macroinitiator h-PS

(100 mg) at 125 �C for 24 h. The products were dissolved in THF

and then poured into excess MeOH under vigorous agitation to

precipitate a solid, which was collected by filtration and dried in

a vacuum oven for 24 h to give PS-b-PVBC. 1H NMR (CDCl3)

dH: 1.36 (1H, CH), 1.76 (2H, CH2), 4.50 (2H, Ar–CH2Cl), 6.52

(4H, PVBC ArH), 6.99 (5H, PS ArH). 13C NMR (CDCl3) dC:

40.25, 42.47 (CH2CH2Ar), 46.38 (Ar–CH2Cl), 125.55, 128.59,

135.24, 145.16 (Ar).
PS-b-PVBN3

NaN3 (0.78 g, 11.9 mmol) was added to a solution of PS-b-PVBC

(0.41 g, 2.43 mmol of VBC repeating units) in DMF (50 mL) and

then the mixture was stirred overnight at room temperature and

then precipitated into water. The product was redissolved in

CH2Cl2 and reprecipitated from MeOH. The resultant solid was

filtered off and dried in a vacuum oven for 24 h. 1H NMR

(CDCl3) dH: 1.36 (1H, CH), 1.76 (2H, CH2), 4.24 (2H, Ar-

CH2N3), 6.52 (4H, PVBN3 ArH), 6.99 (5H, PS ArH). 13C NMR

(CDCl3) dC: 40.25, 42.47 (CH2CH2Ar), 54.37 (Ar–CH2Cl),

125.55, 128.59, 135.24, 145.16 (Ar).
PS-b-PVBT

PS-b-PVBN3 (0.42 g, 2.4 mmol of 4-vinylbenzyl azide repeating

units), PT (8.1 mg, 0.49 mmol), and CuBr (2.4 mg, 0.16 mmol)

were dissolved in DMF (50 mL) in a flask equipped with

a magnetic stirrer bar. After one brief freeze–thaw–pump cycle,

PMDETA (4.2 mg, 0.16 mmol) was added and then the mixture

was carefully degassed through three freeze–thaw–pump cycles

at 60 �C and stirred for 24 h. After passing through a neutral

alumina column (to remove the copper catalyst) and pouring into

excess EtOAc under vigorous agitation (to precipitate the

block polymer), a brown solid was obtained. 1H NMR

(d6-DMSO) dH: 4.87 (2H, NCHCCH2N), 5.45 (2H, ArCH2N),

6.29, 6.90 (9H, ArH), 7.54 (2H, ArCH2NCHCCH2N), 8.14 [1H,

NCHC(CH3)CO], 11.31 (1H, T NH). 13C NMR (d6-DMSO) dC:

11.82 [NCHC(CH3)CO], 31.04, 42.43 (CH2CH2Ar), 36.10

(ArCH2NCHCCH2N), 52.63 (ArCH2N), 109.14 [NCHC(CH3)

CO], 123.57 (ArCH2NCHCCH2), 127.53, 132.40, 150.89 (Ar),

141.20 [NCHC(CH3)CO], 142.98 (ArCH2NCHCCH2), 162.44

(NHCON), 164.73 (NHCOC).
3102 | Polym. Chem., 2012, 3, 3100–3111
Supramolecular complexes

DMF solutions containing different PS-b-PVBT/AC16 molar

ratios were stirred for 6–8 h; the solvent was then evaporated

slowly at room temperature for 24 h. The complex films were

then dried at 50 �C for 2 days.
Characterization

1H NMR spectra were recorded using a Varian Unity Inova 500

FT NMR spectrometer operated at 500 MHz, with CDCl3 or

d6-DMSO as the solvent; chemical shifts are reported in parts per

million (ppm). Molecular weights and molecular weight distri-

butions were determined at 80 �C through gel permeation

chromatography (GPC) using a Waters 510 HPLC equipped

with a 410 differential refractometer, a UV detector, and three

Ultrastyragel columns (100, 500, and 103 �A) connected in series;

DMF was the eluent; the flow rate was 0.6 mL min�1. The

molecular weight calibration curve was obtained using poly-

styrene (PS) standards. FTIR spectra were recorded using

a Bruker Tensor 27 FTIR spectrophotometer; 32 scans were

collected at a spectral resolution of 1 cm�1. The conventional

KBr disk method was employed: the dissolved sample was cast

onto a KBr disk and then dried under vacuum at 120 �C. Because
polymers containing amino groups and C]O groups are

hygroscopic, pure N2 gas was used to purge the spectrometer’s

optical box to maintain the sample films’ dryness. The glass

transition (Tg) and melting (Tm) temperatures of the copolymer

and complex films were determined through DSC using a TA

Q-20 instrument; the scan rate was 20 �C min�1 within the

temperature range 30–250 �C. The glass transitions were

measured in the DSC sample cell after the sample (5–10 mg) had

been cooled rapidly to �90 �C from the first scan. The glass

transition temperature is defined herein as the midpoint of the

heat capacity transition between the upper and lower points of

deviation from the extrapolated liquid and glass lines. SAXS

data were collected using the BL17A1 wiggler beamline of the

National Synchrotron Radiation Research Center (NSRRC),

Taiwan. The samples were sealed between two Kapton windows

(thickness: 12 mm) and measured at room temperatures. An

X-ray beam having a diameter of 0.5 mm and a wavelength (l) of

1.1273 �A�1 was used for the SAXS measurements (Q range:

0.015–0.3 �A�1). TEM experiments were conducted using a JEOL

2100 microscope (Japan) operated at 200 kV. Ultrathin sections

of the samples were prepared using a Leica Ultracut S microtome

equipped with a diamond knife. Slices (thickness: ca. 700 �A) were

cut at room temperature. The ultrathin sections of the PS-b-

PVBT/AC16 complexes were placed onto copper grids coated

with carbon supporting films and then stained through exposure

to the vapor of I2, which is a preferential staining agent for PVBT

and A-C16; in the micrographs, the PS-b-PVBT/AC16 and PS

domains appeared dark and bright, respectively.
Results and discussion

Synthesis of PS-b-PVBC block copolymers

We added TEMPO-OH as the initiator for thermal bulk poly-

merization of the highly reactive PS and VBC monomers at high

temperatures. Fig. 1(a) and (b) present 1H NMR spectra of PS
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 1H NMR spectra of (a) PS-TEMPO, (b) PS-b-PVBC, (c) PS-b-

PVBN3 in CDCl3, (d) PS-b-PVBT in d6-DMSO, and (e) PT.
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and PS-b-PVBC, respectively, in CDCl3. The successful synthesis

of the PS homopolymer was confirmed by the signals for the

styrenic aromatic protons at 7.2 and 6.2–6.8 ppm; the signal near

0.9 ppm originated from the tetramethyl protons of the TEMPO-

OH initiator. The tetramethyl signal is reported37 to appear at

0.1–1.3 ppm as several peaks with variable intensities, due to

conformational inversion involving ring conversion; herein, we

used only the peak at 0.9 ppm to indicate attachment of the

TEMPO unit. We prepared PS-b-PVBC copolymers from poly-

merizations of VBC with PS-TEMPO macroinitiators. Clearly,

a signal for the chloromethyl protons at 4.5 ppm (CH2Cl) of the

PVBC block segment appeared in the spectrum of the PS-

b-PVBC block copolymer in Fig. 1(b), providing evidence for its

formation. We calculated the number-average molecular weight

(Mn) of the PVBC block segment from the 1H NMR spectrum of

the copolymer based on the peak integration ratio of the signals

of the benzene rings and chloromethyl groups. Similarly, a signal

for the chloromethyl units (CH2Cl) of the PVBC block segment

appeared at 46.38 ppm in the 13C NMR spectrum of the PS-b-

PVBC block copolymer [Fig. 2(b)], providing additional evidence

for its formation. Fig. 3 displays GPC traces of the PS-TEMPO

macroinitiator and PS-b-PVBC; each reveals a narrow molecular

weight distribution (<1.2). Block copolymers prepared from the

PS-TEMPO macroinitiator resulted in products having narrow

polydispersity and high symmetry, with monomodal GPC traces.

The absence of the PS-TEMPOmacroinitiator peak supports the

formation of the PS-b-PVBC diblock copolymers, with the peak

maxima of these traces clearly shifting to higher molecular

weight upon increasing the ratio of VBC monomer to PS-

TEMPO macroinitiator, confirming the successful syntheses of

the PS-b-PVBC diblock copolymers.
Synthesis of PS-b-PVBN3 block copolymers

Fig. 1(c) presents the 1H spectrum of PS-b-PVBN3 in CDCl3. The

resonance of the benzylic methylene groups shifted upfield

significantly from 4.54 ppm for PS-b-PVBC [CH2Cl, Fig. 1(b)] to

4.23 ppm for PS-b-PVBN3 [CH2N3, Fig. 1(c)]. The absence of
This journal is ª The Royal Society of Chemistry 2012
a resonance at 4.54 ppm suggested that the substitution reactions

had occurred to completion, as confirmed by the 13C NMR

spectra, where the signal of the benzylic methylene units shifted

downfield to 54.3 ppm [CH2N3 Fig. 2(b)] from 46.3 ppm [CH2Cl,

Fig. 2(c)], and by the presence of a characteristic signal for the

azido groups at 2105 cm�1 in the FTIR spectrum of PS-co-

PVBN3 [Fig. 4(c)].
Synthesis of PT

We prepared PT through the substitution of propargyl bromide

with T. The complete substitution of PT was confirmed in the 1H

NMR spectrum [Fig. 1(e)], in which the signal of the propargylic

methylene group of propargyl bromide (4.60 ppm) shifted

downfield (4.56 ppm) for PT. The lack of any remnant signal at

4.60 ppm suggested that the substitution reaction had reached

completion. Fig. 4(e) displays the FTIR spectrum of PT, recor-

ded at room temperature. The substitution of the Br atom with T

led to the appearance of stretching vibration bands for the C^C

and^C–H groups at 2120 and 3254 cm�1, respectively, with that

of the C]O group of the T unit appearing at 1690 cm�1, con-

firming that PT had been obtained.
Synthesis of PS-b-PVBT block copolymers

We synthesized PS-b-PVBT copolymers from the azide-func-

tionalized block copolymers PS-b-PVBN3 and PT via click

reactions of vigorously stirred, concentrated solutions in DMF at

room temperature, to which we added CuBr and PMDETA.

After performing the azide/alkyne cycloadditions, the signal

of the benzylic methylene groups of PS-b-PVBN3 [CH2N3, 4.23

ppm (CDCl3), Fig. 1(c)] shifted downfield significantly to 5.45

ppm for PS-b-PVBT in d6-DMSO [Fig. 1(d)]. In addition, the

signal for the propargylic CH2 group of PT (4.56 ppm in CDCl3)

also shifted downfield to 4.88 ppm for PS-b-PVBT in d6-DMSO,

with the signal of the CH groups of the triazole units appearing at

7.53 ppm, confirming the successful synthesis of PS-b-PVBT.

Fig. 1 summarizes all of the other peak assignments. We also

used 13C NMR spectroscopy to characterize the product of the

click reaction (Fig. 2). The signal of the benzylic CH2 groups of

PS-b-PVBN3 at 54.6 ppm [Fig. 2(c)] shifted to 52.67 ppm for

PS-b-PVBT [Fig. 2(d)]. The signals of the alkyne carbon atoms of

PT (74.8 and 76.0 ppm) were absent in the spectrum of PS-b-

PVBT [Fig. 2(d)], but two new peaks appeared at 124.0 and

142.6 ppm [Fig. 2(d)], representing the carbon atoms of the tri-

azole units, confirming the successful synthesis of PS-b-PVBT. In

addition, the signal for the CH2 group of PT at 36.3 ppm shifted

to 35.5 ppm in the spectrum of PS-b-PVBT; meanwhile, the

signals of the carbon atoms of the phenyl rings of the PT units

appeared near 133 ppm, whereas the other phenyl ring carbon

atoms resonated near 123.6 ppm. The signals of the C]O groups

of the T moieties (NCONH, NHCOCCH3) appeared at 162.25

and 164.54 ppm, again confirming the successful synthesis of PS-

b-PVBT. FTIR spectroscopic analysis (Fig. 4) confirmed the

complete disappearance of the characteristic signals for the azido

and acetylene groups. The signal at 2105 cm�1, corresponding to

the absorbance of the azido group of PS-b-PVBN3, was absent in

the spectrum of PS-b-PVBT; the absorption band of the C]O

groups of the PT units appears at 1690 cm�1 in the spectra of the
Polym. Chem., 2012, 3, 3100–3111 | 3103
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Fig. 2 13C NMR spectra of (a) PS-TEMPO, (b) PS-b-PVBC in CDCl3, (c) PS-b-PVBN3 in CDCl3, (d) PS-b-PVBT in d6-DMSO, and (e) PT.

Fig. 3 GPC analyses of PS and PS-b-PVBC.

Fig. 4 FTIR spectra of (a) PS-TEMPO, (b) PS-b-PVBC, (c) PS-b-

PVBN3, (d) PS-b-PVBT, and (e) PT.
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PS-b-PVBT copolymers, indicating that the azido and acetylene

functionalities had participated in the click reactions. Taken

together, the 1H NMR and FTIR spectra confirmed the

successful syntheses of PS-b-PVBT copolymers.

Thermal properties of PS-b-PVBT

Fig. 5 presents the thermal properties of the PS-b-PVBT diblock

copolymers, determined from DSC analyses. Diblock
3104 | Polym. Chem., 2012, 3, 3100–3111
copolymers normally exhibit two values of Tg when two different

types of segments are present in the polymer chain. Our DSC

measurement revealed that the lower-temperature glass transi-

tions of the PS87-b-PVBT22 block copolymers occurred near

108 �C, indicating a large presence of PS segments. We assign the

higher-temperature glass transitions to the PVBT segments in

the copolymer (ca. 165 �C). Table 1 lists the molecular weights

and thermal properties of the PS-b-PVBT copolymers used in

this study, as determined through GPC, 1H NMR spectroscopy,

and DSC analyses.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 DSC thermograms of the PS87-b-PVBT22 diblock copolymers.
Fig. 6 SAXS patterns of the PS87-b-PVBT22 diblock copolymers.
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Self-assembly of PS-b-PVBT

Fig. 6 displays the SAXS analysis data of the PS87-b-PVBT22,

suggesting that the pure PS87-b-PVBT22 diblock copolymer

featured a lamellar microdomain structure, judging from the

positions of the high-order scattering maxima at the scattering

vectors q of multiple integers relative to the position of the first-

order scattering maximum (q/qm ¼ 1, 2, 3, 4, and 5). The couple

of SAXS peaks located at positions of multiple q of 0.025 �A�1

indicates a lamellar phase with a long period of 25.1 nm,

extracted from the first peak position (2p/q). The pure PS87-b-

PVBT22 diblock copolymer exhibited an alternating lamellar

morphology and long-range-ordered pattern with a lamellar

period of approximately 23 nm, as revealed in the TEM images in

Fig. 7, consistent with the SAXS analysis data in Fig. 6. For

a lamellar structure, the intensity of the nth order peak is

proportional to sin2(pnFa)/n
2), where Fa, equal to da/d, is the

volume fraction of phase A; when the volume fractions of the two

phases are equal, all even-order peaks are reduced to zero

height.38 Because the volume fraction of the PS segment for PS87-

b-PVBT22 was approximately 0.64, which is close to 0.5, the

intensities of even-order peaks (2 and 4q*) are small for this

diblock copolymer.
Hierarchical self-assembly of supramolecular structures from

PS-b-PVBT/A-C16 complexes

Synthesis of 9-hexadecyladenine (A-C16). 9-Hexadecyladenine

was prepared through the substitution of 1-bromohexadecane

with A. The FTIR spectrum of 9-hexadecyladenine reveals
Table 1 Characterization of PS-b-PVBT diblock copolymer used in this stu

Sample PS (Mn)
a PVBC (Mn)

a PS (Mn)
a

PS87-b-PVBT22 9000 3300 9000

a Obtained by 1H NMR spectra, where n and m are repeat units of PS and PV
DMF eluent of 0.6 mLmin�1 and PS-standard calibration. d Volume fraction o
of PS and PVBT are 1.108 and 1.826 g cm�3, respectively).45

This journal is ª The Royal Society of Chemistry 2012
[Fig. 8(a)] bands at 3363 (free NH2 stretching), 3282 (hydrogen-

bonded NH stretching), and 2931 and 2875 cm�1 (aliphatic C–H

stretching), as well as two strong bands at 1675 and 1602 cm�1

corresponding to bonded NH2 scissor plus ring stretching and

ring stretching plus bonded NH2 scissor, respectively. The 1H

NMR spectrum of 9-hexadecyladenine reveals peaks at 4.18

(hexadecyl CH2), 5.6 (NH2 in A group), and 7.78 and 8.36 ppm

(C]N).

Thermal properties of PS-b-PVBT/A-C16 complexes. The glass

transition temperature is an important physical property

reflecting changes in intermolecular interactions. Fig. 9 displays

second-run DSC thermograms of PS87-b-PVBT22/A-C16 blends

at different molar ratios. The two glass transitions of pure PS87-

b-PVBT22 appeared at 108 and 165 �C, as mentioned previously.

The melting and crystallization temperatures of A-C16 were

approximately 123 and 93 �C, respectively. The repeat unit of

PS87-b-PVBT22/A-C16 complexes, involving the somewhat-

longer 9-hexadecyladenine, assumed full complexation at a PS87-

b-PVBT22/A-C16 blend ratio of 1/x, where x denotes a mixture

of PS87-b-PVBT22 and A-C16 with xA-C16 molecules per repeat

unit of PS87-b-PVBT22. For the PS87-b-PVBT22/A-C16 ¼ 1/0.2

complex, we observed two values of Tg; we assign the lower

(97 �C) to the PS-dominant phase, which had phase-separated

from the PVBT/A-C16 complex, and the higher (140 �C) to the

multiply hydrogen-bonded PVBT/A-C16 complex phase. The

value of Tg of the complex phase was lower than that of the pure

PVBT because of the presence of the side-chain alkyl groups of

A-C16, which constituted a disordered phase, implying that

highly complementary multiple hydrogen bonding was
dy

PVBT (Mn)
a Tg (

�C)b Tg (
�C)b PDIc fps

d

7400 108.8 164.9 1.20 0.64

BC. b Determined by DSC at 20 �C min�1. c Obtained by GPC trace with
f PS block segment calculated from group contribution method (densities

Polym. Chem., 2012, 3, 3100–3111 | 3105
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Fig. 7 TEM images of the diblock copolymer of PS87-b-PVBT22.

Fig. 8 FTIR spectra, recorded at room temperature, of PS87-b-PVBT22/

A-C16 blends at different molar ratios.

Fig. 9 DSC thermograms of PS87-b-PVBT22/A-C16 blends at different

molar ratios.D
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occurring to form the PS-b-PVBT/A-C16 complexes.39–44

Notably, the value of Tg of the PS segment in the complex was

lower than that of the PS segment in the absence of A-C16, due

to the more-flexible connection with the PVBT/A-C16 complex

(Tg ¼ 140 �C) compared with that of the pure PVBT segment

(Tg ¼ 165 �C). As a result, the PS87-b-PVBT22/A-C16 ¼ 1/0.5

complex featured two values of Tg (90 and 112 �C, respectively).
Again, we assign the lower- and higher-temperature glass tran-

sitions to the PS phase and PVBT/A-C16 miscible phase,

respectively. For the PS87-b-PVBT22/A-C16 ¼ 1/1 complex, we

detected only a single, but broad, endothermic event near 80 �C.
Here, we suspect that the glass transition of the miscible

PVBT/A-C16 microphase had, by coincidence, dropped to the

same temperature range as that of the PS segment, such that the

two could not be resolved. In addition, we also found a value of

Tm of 118 �C at this molar ratio, because the alkyl side-chains of

A-C16 formed a more-regular crystalline phase, arranged

perpendicularly to the amorphous sheets; crystallization of

the alkyl tails occurred in sheets that separated the

amorphous regions.39–44 A further increase in the molar ratio to

the PS87-b-PVBT22/A-C16 ¼ 1/2 complex caused the value of Tm

to shift significantly to 120 �C because of the presence of excess

A-C16; no glass transition was observed at this ratio. This

intriguing behavior led us to investigate the microstructures of

these blends in more detail through SAXS and TEM

characterization.
3106 | Polym. Chem., 2012, 3, 3100–3111
Infrared spectroscopy of PS-b-PVBT/A-C16 complexes.

Infrared spectroscopy is a highly effective method for investi-

gating multiple hydrogen bonding interactions in supramolec-

ular polymer complexes.45 It can be used as a tool to study, both

qualitatively and quantitatively, the formation of multiple

hydrogen bonds. The complementary multiple hydrogen

bonding between PS87-b-PVBT22 and A-C16 is strong; at room

temperature, equal numbers of T and A groups lead to nearly

fully complexed comb copolymer-like systems.46 The FTIR

spectra in Fig. 8 confirm the existence of multiple hydrogen

bonds between the PS87-b-PVBT22 and A-C16. The stretching of

the free and hydrogen-bonded NH groups of the pure PS-b-

PVBT appear as characteristic peaks at 3500 and 3172 cm�1,

respectively. The intensity of the free amide NH stretching

vibration at 3500 cm�1 decreased upon increasing the amount of

added A-C16, indicating that PS-b-PVBT associated strongly

with its complement A-C16; the signal in the NH stretching

region of the PS-b-PVBT and A-C16 mixture, where the band at

3500 cm�1 corresponds to free NH stretching, shifted to

3427 cm�1, attributable to the A groups interacting with the T

units.46,47 In addition, a peak appeared at 3200 cm�1 that corre-

sponded to the NH groups in the T units interacting with the A

moieties.48 Upon increasing the content of A-C16, we also
This journal is ª The Royal Society of Chemistry 2012
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observed growing signals for the multiple hydrogen bonding

interactions of the C]O groups of T units with the NH2 groups

of A units (at ca. 1649–1670 cm�1) and for the pyridyl groups

of A moieties interacting with the NH groups of T moieties

(at ca. 1649–1670 cm�1).25 The expanded FTIR spectra

(1500–1800 cm�1) in Fig. 10 reveal signals for the free and

hydrogen-bonded C]O groups of PVBT at 1706 and 1670 cm�1,

respectively, representing the T groups. The A groups of A-C16

provide characteristic peaks at 1680 and 1600 cm�1, corre-

sponding to NH bending and stretching of free pyridyl rings,

respectively. We observed five major peaks by analyzing these

spectra using the second-derivative technique, representing free

C]O groups (1700–1710 cm�1); self-complementary T/T

multiple hydrogen bonding (1670–1680 cm�1), intermolecular

A/T multiple hydrogen bonding (ca. 1645–1655 cm�1); free

pyridyl and benzene ring stretching (1600–1610 cm�1) of A-C16

and PS segments; and benzene ring stretching of PS segments

(1570–1580 cm�1). Here, we combined the multiple hydrogen

bonding interactions between the C]O groups of T units and the

NH2 groups of A units with those of the pyridyl groups of A

units interacting with NH groups of T units (ca. 1645–

1655 cm�1). We combined all five of these absorption peaks to
Fig. 10 Data from curve-fitting of the room-temperature FTIR spectra

of PS87-b-PVBT22/A-C16 blends at different molar ratios.

This journal is ª The Royal Society of Chemistry 2012
represent multiple hydrogen bonding interactions in PS-b-PVB/

A-C16 complexes because in many bands it was difficult to

calculate the quantitative area fraction of each peak. Addition-

ally, we focused only on the fractions of free T groups in the PS-

b-PVB/A-C16 complexes. For deconvolution, we fitted a series of

Gaussian distributions to quantify the fractions of each of the

peaks displayed in Fig. 10. The fractions of free C]O groups of

the T units in PVBT decreased upon increasing the A-C16

content (inset to Fig. 10), indicating the existence of multiple

hydrogen bonding interactions between the A and T groups.

SAXS and TEM analyses of PS-b-PVBT/A-C16 complexes.

Fig. 11 presents room-temperature SAXS profiles of PS-b-PVBT/

A-C16 complexes at different molar ratios, recorded to confirm

their self-assembled supramolecular structures. In the lower-q

region, SAXS analysis revealed the lamellar microdomain

structure of the pure PS-b-PVBT diblock copolymer, judging

from the scattering maxima at relative positions of

1 : 2 : 3 : 4 : 5, corresponding to a domain spacing of 25.0 nm,

that was associated with the larger-scale copolymer domain

structure arising from microphase separation of the PS and

PVBT blocks. In the higher-q region for the PS-b-PVBT/A-C16

complex, we could discern the formation of smaller-scale

lamellar mesophases organized by the PVBT/A-C16 comb

blocks. Pure A-C16 shows two peaks due to the crystal structure
Fig. 11 SAXS patterns of PS87-b-PVBT22/A-C16 complexes at different

molar ratios.

Polym. Chem., 2012, 3, 3100–3111 | 3107
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that would also occur in a bulk sample. A scattering peak was

observed at a higher value of q of 0.274�A�1, with an interlamellar

distance of 2.29 nm from C16. In addition, at lower value of

0.224 �A�1 with the d-spacing of 2.80 nm would come from the

length of A-C16. The system with PS-b-PVBT/A-C16 ¼ 1/2

provided a scattering peak at a value of q of 0.274 �A�1, with an

interlamellar distance of 2.29 nm. This scattering peak broad-

ened at lower values of x because of the poorer coherent order of

the lamellar stacks. In addition, the interlamellar distance

increased slightly upon decreasing the value of x.49 The structure

in PS-b-PVBT/A-C16 complex is different from that in pure A-

C16 (the lower value of 0.224 �A�1 disappeared), suggesting that

hydrogen bonding is significant. In addition, the crystallization

forces may also be quite large compared with the hydrogen

bonding forces, and would dominate. As a result, PVBT/A-C16

complex that crystallizes and hydrogen bonding would still be

present as the two materials would still be in contact. In the

lower-q region for the PS-b-PVBT/A-C16 complex, the SAXS

traces of all of complexes featured at least one higher-order

reflection at a value of the scattering vector q of 3 relative to the

position of the first-order scattering maximum, indicating

a lamellar morphology. The intensities of the even-order peaks

were gradually suppressed upon increasing the A-C16 content,

implying that the volume fractions of the PVBT/A-C16 and PS

phases were almost equal. For example, the volume fractions of

the PS phases in the lamellar structures decreased to close to 52%

in PS-b-PVB/A-C16 ¼ 1/0.5 and 44% in PS-b-PVB/A-C16 ¼ 1/1

because the A-C16 units were solubilized within the PVBT

domains. In addition, the first-order scattering position obvi-

ously shifted to the higher-q region upon increasing the A-C16

content, indicating that the interlamellar spacing (D) decreased

accordingly, similar to our previous findings for poly(styrene-b-

vinylphenol)/P4VP blends that interact through strong single-site

hydrogen bonding interactions.50 Fig. 12(a) and (b) present TEM

images of the PS-b-PVB/A-C16 ¼ 1/1 complex stained with both
Fig. 12 TEM images of PS87-b-PVBT22/A-C16 ¼ 1/0.5 stained with (a)

both OsO4 and I2 and (b) only I2.

3108 | Polym. Chem., 2012, 3, 3100–3111
OsO4 and I2, because OsO4 interacts preferentially with both the

PS and PVBT domains, whereas I2 interacts preferentially only

with the pyridyl group of A-C16 in the PVBT/A-C16 complex.

We observe an alternating lamellar morphology and a long-

range-ordered pattern having a lamellar period of approximately

20 nm, supporting the notion that the interlamellar spacing (D)

decreased upon increasing the A-C16 content, consistent with the

SAXS analysis data in Fig. 11. For Fig. 12(c) and (d), we stained

the PVBT/A-C16 complex only with I2, to enhance the contrast;

in this case, the PS layers appear white and the PVBT/A-C16

layers dark. For the PS-b-PVB/A-C16 ¼ 1/1 complex, the

contrast was enhanced and we observed a long-range-ordered

pattern having a lamellar period of approximately 20 nm. Here,

we expected the supramolecular comb-like blocks to undergo

two length-scales of self-assembly on the length scales of the

block copolymer (long) and amphiphile (short), providing

lamellar-within-lamellar structures (Scheme 2) for the PS87-b-

PVBT22/A-C16 complexes. It has been established that polymer/

amphiphile (PVBT/A-C16 in this case) layers are aligned

perpendicular with respect to the microphase separation of block

copolymers.17–21

We were also interested in examining how the A-C16 mole-

cules were distributed in this complex. From considerations of

volume fractions, the thickness of the PS layer in pure PS87-b-

PVBT22 was 16.3 nm; this value decreased upon increasing the A-

C16 content, such that the PS layer in PS87-b-PVBT22/A-C16 ¼
1/0.5 had a thickness of 11.4 nm. Furthermore, the correlated

changes in the average distance aJ of the chemical junctions along

the interface—and, therefore, the relative changes aJ/aJ0 (where

aJ0 is for the pure block copolymer)—can be derived for the

complexes. Simple volumetric conservation leads to

D=D0 ¼ ðrJ=rJ0ÞFblock
�1

for a lamellar structure, where rJ is the number of block chains

per unit interfacial area (ca. aJ
2), and, therefore, aJ/aJ0 is

approximately equal to (rJ/rJ0)
�1/2,51,52 and F is the volume

fraction of the block copolymer in the complex, as suggested by

Hashimoto et al.53 Based on these relations, we found that the

values of aJ/aJ0 for our complexes increased from 1.11 to 1.21 to

1.33 upon increasing the A-C16 content (x ¼ 0.2, 0.5, and 1.0,

respectively). The PS87-b-PVBT22/A-C16 complexes, character-

ized to feature complementary multiple hydrogen bonding,

exhibited a decreasing interlamellar distance (i.e., D/D0 < 1),

accompanied by an expansion in aJ (aJ/aJ0 > 1). We surmise that

the additive A-C16 could intervene in the PVBT chains of the

block copolymer through complementary multiple hydrogen

bonding at the interfaces, resulting in the observed expansion in

aJ. The PS blocks, being chemically linked to the PVBT blocks,

had to contract to accommodate the expanded interface zone.

Consequently, the thickness of the PS layer and the lamellar

spacing both decreased upon increasing the content of A-C16,

as also shown in Scheme 2. In addition, we also could expect

that the bound A-C16/PVBT complex simply has a reduced

enthalpic cost at the interface. This is commonly observed with

the addition of nanoparticles—they increase the interface per

chain by ‘hiding’ the blocks from each other. Here, we ignore

the possibility that the A-C16 is simply forming a crystal lamella

and phase separating along the PVBT–PVBT interface.

Fig. 13(a) displays temperature-dependent SAXS data for the
This journal is ª The Royal Society of Chemistry 2012
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Scheme 2 Cartoon representation of lamellar-in-lamellar structure, featuring a short-length-scale lamellar order (PVBT/A-C16 complex) within a long-

scale order consisting of PVBT-containing domains in a PS matrix.
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PS-b-PVBT/A-C16 ¼ 1/0.5 comb–coil block copolymer. A small

peak at a value of q of 0.274 �A�1 corresponds to the small length

scale, having an interlamellar distance of 2.29 nm, noted in
Fig. 13 (a) SAXS patterns and (b) FTIR spectra of PS87-b-P

This journal is ª The Royal Society of Chemistry 2012
Fig. 11. This peak was not observable at 130 �C, which is higher

than the melting temperature of A-C16, as indicated in Fig. 9.

The lamellar-within-lamellar structure is confirmed by the
VBT22/A-C16 ¼ 1/0.5, recorded at different temperatures.

Polym. Chem., 2012, 3, 3100–3111 | 3109
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occurrence of a SAXS peak at a value of q of 0.029 �A�1 with

second-, third-, and fourth-order peaks, indicating lamellar

order with a long period of 21.6 nm. Because the volume frac-

tions of both layers were approximately the same (fPS
v ¼ 0.52),

the second- and fourth-order peaks in the corresponding SAXS

data were, therefore, systematically small. The second- and

fourth-order peaks did, however, become apparent upon

increasing the temperature, especially to values higher than

120 �C. The main reason for this behavior is that, at room

temperature, A-C16 forms multiple hydrogen bonded interac-

tions with PVBT and is not miscible in PS. Upon heating, the

hydrogen bonds are gradually broken and, when the tempera-

ture reaches 120 �C, A-C16 becomes miscible with both PS and

PVBT, similar to the behavior of PS-b-P4VP/PDP system,54 as

revealed in Scheme 3. As a result, the volume fraction of the PS

domain (fPS
v > 0.52) increased upon increasing the temperature

of the PS-b-PVBT/A-C16 ¼ 1/0.5 comb–coil block copolymer

system, causing the second- and fourth-order peaks to become

more intense than they were at room temperature.38 We also

used variable-temperature FTIR spectroscopy to confirm the

gradually breaking of hydrogen bonds upon heating. Fig. 13(b)

reveals that the fraction of multiple hydrogen bonding interac-

tions of the C]O group of the T units with the NH2 groups of

the A units (signal at ca. 1649–1670 cm�1) decreased upon

increasing the temperature.
Conclusions

We have successfully synthesized T-containing diblock copoly-

mers through a combination of NMRP and click chemistry.

Strong complementary multiple hydrogen bonds formed

between the PVBT and A-C16 units, resulting in a lamellae-

within-lamellae two length-scales self-assembled structure, with

PS lamellar domains (diameter: ca. 20–25 nm) in a matrix con-

sisting of the lamellar mesophase (lamellar inter-distance: ca.

2.3 nm) organized by the PVBT/A-C16 complex, as evidenced

through SAXS and TEM analyses. The A-C16 units could

intervene in the PVBT chains of the block copolymer through

complementary multiple hydrogen bonding at the interfaces,

resulting in the observed expansion in the average distance of the
Scheme 3 (a) At room temperature, A-C16 is hydrogen bonded to

PVBT and is not soluble (miscible) in PS. Upon heating the hydrogen

bonds are gradually broken. (b) At T > ca. 120 �C, A-C16 becomes

soluble also in PS; i.e., A-C16 exists in both the PVBT and PS domains.

3110 | Polym. Chem., 2012, 3, 3100–3111
chemical junctions along the interface, with the PS blocks, being

chemical linked to the PVBT blocks, having to contract to

accommodate the expanded interface zone. Consequently, the

thickness of the PS layer and the lamellar spacing both decreased

upon increasing the content of A-C16. Here, we have demon-

strated another method through which multiple hydrogen

bonding interactions can be used to obtain hierarchical self-

assembled structures using supramolecular concepts.
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