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Abstract—We report on the preparation of nanoporous films based on an amphiphilic graft copolymer of poly(vinyl
chloride-grafi-methyl methacrylate), i.e., PVC-g-PMMA. The PVC-g-PMMA graft copolymer was synthesized via
atom transfer radical polymerization (ATRP), as confirmed by nuclear magnetic resonance spectroscopy (‘"H NMR),
Fourier transform-infrared (FT-IR) spectroscopy, and gel permeation chromatography (GPC) analysis. The PVC-g-
PMMA graft copolymer molecularly self-assembled into nanophase domains of PVC main chains and PMMA side
chains, as revealed by wide angle X-ray scattering (WAXS) and transmission electron microscopy (TEM). The graft
copolymer film prepared from tetrahydrofuran (THF), a good solvent for both chains, had a random microphase-sep-
arated morphology. However, when prepared from dimethyl sulfoxide (DMSO), a solvent selectively good for PVC,
the film exhibited a micellar morphology consisting of a PMMA core and a PVC corona. Nanoporous films with dif-
ferent pore sizes and shapes were prepared through the selective etching of PMMA chains using a combined process

of UV irradiation and acetic acid treatment.
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INTRODUCTION

The self-assembling behavior of block copolymers has been ex-
plored considerably during the past decades in the field of nano-
technology due to the unique properties of block copolymers that
can control functional materials at the nanoscale level [1-4]. Recently,
block copolymer thin films have been used to fabricate porous thin
films for nanomaterials [5-8], antireflection films [9], and chemical
separation membranes [ 10-12]. The removal of the minor component
in a microphase-separated block copolymer transforms the poly-
mer thin film into an array of nanopores.

Among many block copolymers, poly(styrene-block-methyl meth-
acrylate) (PS-b-PMMA) has been widely used to create nanoporous
materials due to the easy removal of PMMA domains from the thin
films [13,14]. PMMA is known to be selectively degraded via chain
scission under ultraviolet (UV) or electron beam irradiation [15].
This selective dissolution allows the formation of nanoporous poly-
mer materials with morphology similar to the parent material. How-
ever, there have been only a few reports on the preparation of self-
assembled nanoporous materials based on graft copolymers [16-18].
This lack of information may be due to the difficulty of controlling
the structure of graft copolymers. Graft copolymers are of particu-
lar interest because they are more attractive than block copolymers
in terms of cost and ease of synthesis.

In this study, we report on the preparation of nanoporous poly-
mer thin films based on an amphiphilic graft copolymer of poly(vinyl
chloride-grafi-methyl methacrylate) (PVC-g-PMMA) synthesized
via atom transfer radical polymerization (ATRP). Successful syn-
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thesis of the graft copolymer was confirmed by nuclear magnetic
resonance spectroscopy ('H NMR), Fourier transform-infrared (FT-
IR) spectroscopy, and gel permeation chromatography (GPC) anal-
ysis. The morphology of the graft copolymer was characterized by
wide angle X-ray scattering (WAXS) and transmission electron micro-
scopy (TEM) and was found to be changed depending on poly-
mer/solvent interactions. UV irradiation and subsequent acetic acid
treatment led to a selective degradation of the PMMA chains, pro-
ducing nanoporous PVC films, as confirmed by field-emission scan-
ning electron microscopy (FE-SEM).

EXPERIMENT

1. Materials

Poly(vinyl chloride) (PVC, M,=55,000 g/mol, M,=97,000 g/mol),
methyl methacrylate (MMA), copper(I) chloride (CuCl, 99%), and
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 99%)
were purchased from Aldrich and used as received without further
purification. Methanol, 1-methy-2-pyrrolidinone (NMP), dimethyl
sulfoxide (DMSO), and tetrahydrofuran (THF) were purchased from
J. T. Baker. All solvents and chemicals were reagent grade and used
as received without further purification.
2. Synthesis of the PVC-g-PMMA Graft Copolymer

Three grams of PVC was dissolved in 75 mL NMP in a round
flask at 80 °C. After the solution was cooled to room temperature,
9mL of MMA, 0.24 g of CuCl, and 0.66 mL of HMTETA were
added to the solution and the reaction flask was sealed with a rubber
septum. The mixture was stirred to produce a homogeneous solu-
tion and purged with nitrogen for 30 min. The mixture was placed
in a 90 °C oil bath for 5 h. After polymerization, the resultant poly-
mer solution was diluted with THF. After the solution was passed
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through a column with activated Al,O, to remove the catalyst, the
solution was precipitated into methanol. The polymer was further
purified to completely remove unreacted MMA by thrice dissolv-
ing the polymer in NMP and precipitating it in methanol. The PVC-
g-PMMA graft copolymer was obtained and dried in a vacuum oven
overnight at room temperature.
3. Preparation of Nanoporous Films

As-synthesized PVC-g-PMMA was dissolved in 2 wt% THF or
DMSO. The solutions were stirred at 70 °C in an oil bath to ensure
homogeneous mixing of the components. Then, the solutions were
spin-coated onto a glass substrate at 2,000 rpm for 20 sec and dried
completely in a vacuum oven at 120 °C for two days. The PMMA
chains in the PVC-g-PMMA graft copolymer were selectively etched
by UV irradiation (254 nm) for 100 min in a vacuum chamber and
subsequently rinsed thoroughly with acetic acid and water.
4. Characterization

"H NMR measurements were performed at 600 MHz on a high-
resolution NMR spectrometer (AVANCE 600 MHz FT-NMR, Bruker,
Germany). FT-IR spectra of the samples were collected using an
Excalibur Series FT-IR (DIGLAB) instrument in the frequency range
0f 4,000-600 cm ™' using the ATR facility. XRD measurements were
conducted on a Rigaku RINT2000 wide-angle goniometer with a
Cu cathode operated at 40 kV and 300 mA. TEM images were ob-
tained with a JEOL JEM 1010 microscope operating at 300 kV. For
the TEM measurements, the polymers were dissolved in a solvent
and then a drop of each solution was placed onto a standard copper
grid. The morphologies of the nanoporous films were observed by
using FE-SEM (SUPRA 55VP, Carl Zeiss, Germany).

RESULTS AND DISCUSSION

Scheme 1 illustrates the one-step reaction used for the synthesis
of the PVC-g-PMMA graft copolymer via ATRP. The “grafting-
from” approach via the ATRP technique has been established as an
efficient polymerization method for the synthesis of well-defined
graft copolymers due to the controlled chain growth and living nature
of polymerization [16-20]. In this study, the PMMA side chains
were grafted from the PVC backbones through direct initiation of
the chlorine atoms in vinyl chloride units [19]. The chemical dis-
similarity between the hydrophilic PMMA and hydrophobic PVC
segments was sufficient to produce a microphase-separated struc-
ture of the graft copolymer due to its amphiphilic properties.

The successful graft copolymerization of PMMA side chains from
PVC main chains via ATRP was confirmed by 'H NMR, FTIR,
and GPC analysis. The "H NMR spectrum for the PVC-g-PMMA
graft copolymer synthesized with a wt. ratio of PVC : MMA=1 : 3
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Scheme 1. Synthesis of the PVC-g-PMMA graft copolymer via
ATRP.
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Fig. 1. '"H NMR spectrum for the PVC-g-PMMA graft copolymer.

is presented in Fig. 1. The strong peaks at 3.4 and 2.5 ppm are due
to water and DMSO, respectively. The peak at around 4.5 ppm is
attributed to the CHCI of PVC [19]. Grafting of PMMA from PVC
backbones produced an additional peak at 3.5 ppm corresponding
to the methoxy group (<OCH;) in the MMA unit [21], indicating
successful grafting via ATRP. The amount of grafted PMMA was
determined from the integral ratio of the signals originating from
the PMMA at 3.5 ppm and the PVC at 4.5 ppm. Therefore, the actual
proportion of grafted PMMA in the PVC-g-PMMA copolymer was
calculated to be 25 wt%.

The FT-IR spectra in Fig. 2 show the characterization of graft
copolymerization of PMMA brushes from PVC main chains via
ATRP. Upon graft copolymerization of PMMA from PVC back-
bones, strong absorption bands at 1,726 (C=0O stretching), 1,192,
and 1,147 cm™ (C-O stretching) appeared. These peaks shifted from
peaks at 1,720, 1,195, and 1,156 cm™" of neat MMA because the
bond strength of the C=0 and -OCH, changed after graft copoly-
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Fig. 2. FT'IR spectra of MMA, PVC, and the PVC-g-PMMA graft
copolymer.
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Fig. 3. GPC traces of pristine PVC and the PYC-g-PMMA graft
copolymer.

merization through specific interactions, such as hydrogen bonding
[22]. In addition, the C=C stretching bond of neat MMA at 1,637
cm™' completely disappeared after the graft copolymerization, con-
firming the successful synthesis of the PVC-g-PMMA graft copol-
ymer.

Fig. 3 shows the GPC traces for the pristine PVC and PVC-g-
PMMA graft copolymer. The grafting of PMMA from PVC main
chains resulted in an upward shift of the distributions in molecular
weight relative to the PVC homopolymer (6.6x10* to 8.2x10* g/
mol) and the increase in the polydispersity index (PDI) from 1.8 to
2.2. The molecular weight distribution for PVC-g-PMMA graft copol-
ymer was unimodal, indicating no homopolymer contamination or
coupling reactions [20]. This result also supports the grafting of
PMMA side chains from the PVC backbone via ATRP.

WAXS patterns of pristine PVC and PVC-g-PMMA graft copol-
ymer were measured in the range of 5° to 45° to characterize the
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Fig. 4. XRD patterns of pristine PVC and the PVC-g-PMMA graft
copolymer.

molecular structure of the graft copolymer. Pristine PVC is an amorph-
ous polymer that exhibits some weak peaks centered at diffraction
angles of 18.1°, 24.5°, and 40.0° [23]. The molecular structure and
physical network of the polymer were changed upon the grafting
of PMMA from the PVC main chains. An additional broad halo
appeared in the WAXS pattern at a lower angle of 8.5°, which is
attributable to the interchain d-spacing of PMMA pendant side chains
[24,25]. However, the main amorphous halos in the PVC back-
bone were almost unchanged after graft copolymerization, indicat-
ing an unperturbed, microphase-separated structure of PVC main
chains and PMMA side chains.

TEM showed that the microphase-separated morphology of the
PVC-g-PMMA graft copolymer differed depending on the casting
solvent used, as shown in Fig. 5. Figs. 5(a) and (b) show the TEM
images of PVC-g-PMMA graft copolymers prepared from THF
and DMSO solutions, respectively. These two solvents were cho-
sen for this study because THF is a good solvent for both PVC and
PMMA chains, whereas DMSO is a good solvent for the PVC chain

Fig. 5. EF-TEM images of PVC-g-PMMA films cast from (a) THF and (b) DMSO.
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Table 1. Solubility parameter () of polymers and solvents [26-29]
PMMA THF PVC DMSO
Solubility parameter ((J/cm®)'?)  19.0  19.5 22.1 245

only. The interaction between polymer and solvent can be esti-
mated based on solubility parameter. The tendency toward solubil-
ity is maximized when the solubility parameters of the polymer and
solvent are closely matched. The solubility parameters in Table 1
clearly demonstrate that THF is a neutral solvent, whereas DMSO
is a preferential solvent for PVC [26-28]. Since THF is a good solvent
for both PVC and PMMA, both chains exhibited a stretched con-
formation, leading to random microphase-separated morphology
(Fig. 5(a)), which is commonly observed in a graft copolymer [16-
20]. The dark regions in Fig. 5(a) represent the hydrophilic domains
of the PMMA side chains, whereas lighter regions, indicating a higher
electron density, represent the PVC [16-18]. When films were pre-
pared from DMSO solution, an ordered micellar morphology was
observed, as shown in Figure 5b. Since DMSO is a good solvent
for PVC only, the interfacial energy between the PVC chains and
DMSO was increased, leading to increased stretching of the PVC
chains and reduced swelling of the PMMA chains. Thus, the PMMA
chains were aggregated to form a cubic-like core of micelles, and
the PVC chains formed a corona outside the core. The average core
size of the graft copolymer micelles was estimated to be approxi-
mately 40 nm.

Fig. 6 shows the FE-SEM images of the PVC-g-PMMA films
after the selective removal of PMMA chains by UV irradiation and
acetic acid treatment. This selective dissolution produced nanopo-
rous PVC films with different structures, depending upon the initial
morphology of the graft copolymer prepared from THF or DMSO
solutions. When THF was used as a casting solvent, a large inter-
connected, worm-like nanoporous structure with a length of 50-200
nm and a width of 40-50 nm was observed (Fig. 6(a)). The struc-
ture of this nanoporous film was similar to the microphase-sepa-
rated morphology of the PVC-g-PMMA graft copolymer shown
in Fig, 5(a). In contrast, the porous film prepared from DMSO (Fig.
6(b)) had a small, spherical, porous structure, which is consistent
with the spatial distribution pattern shown in Fig, 5(b). The aver-
age pore diameter (~25 nm) in Fig. 6(a) was slightly smaller than
that of the micelle core in Fig. 5(b) (~40 nm). This difference may
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Scheme 2. Schematic process for the formation of nanoporous
PVC films.

be due to shrinkage of the nanoporous PVC films after the selec-
tive removal of PMMA chains. A schematic illustrating the syn-
thesis of a nanoporous PVC film is shown in Scheme 2.

CONCLUSIONS

This work demonstrated a simple method for fabricating a nano-
porous polymer film based on PVC-g-PMMA graft copolymers.
PVC-g-PMMA graft copolymers were synthesized via an ATRP
process using a PVC backbone as a macroinitiator, as confirmed
by 'H NMR, FT-IR, and GPC analysis. Upon grafting, the molec-
ular weight of the polymer increased from 6.6x10" to 8.2x10* g/
mol and the PDI value increased from 1.8 to 2.2. WAXS patterns
revealed that the main amorphous halos in the PVC backbone were
almost unchanged, but an additional weak halo appeared at 8.5° due
to the interchain d-spacing of the PMMA side chains, indicating a
microphase-separated structure. The morphologies of the PVC-g-
PMMA graft copolymers were strongly dependent on polymer/sol-
vent interactions. The PVC-g-PMMA film prepared from THEF, a
good solvent for both chains, exhibited random microphase-sepa-
rated morphology. However, the film prepared from DMSO, a sol-
vent selective for PVC, showed a micellar morphology consisting
of a PMMA core and a PVC corona. When the films were irradi-
ated by UV light and rinsed with acetic acid, nanoporous PVC films
were fabricated by the selective dissolution of the PMMA domain.
Removal of the PMMA domain created versatile pore structures
over the entire film. The structures of nanoporous PVC films were
consistent with the morphology of the parent PVC-g-PMMA graft

copolymer.

Fig. 6. FE-SEM images of nanoporous PVC films cast from (a) THF and (b) DMSO after removal of PMMA chains.
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