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Abstract Poly(N-vinylcarbazole)/polystyrene composites were prepared through

simple radical polymerization of N-vinylcarbazole in the presence of polystyrene.

Honeycomb-patterned composite thin films were fabricated by casting the com-

posite solutions under humid conditions. The scanning electron microscopy (SEM)

images of the resulting honeycomb pattern on the composites show a higher regular

structure compared to those of films prepared from the poly(N-vinylcarbazole)

homopolymer. The pressure-area isotherms and photoelectrochemical behaviors of

the patterned films were also observed. The photoconductivity of the patterned thin

films increased with increasing poly(N-vinylcarbazole) concentration. This

enhancement is attributed to the effects of the honeycomb structures and the charge

transfer across the donor/acceptor hybrid interface in the composite films.

Keywords Poly(N-vinylcarbazole) � Polystyrene � Honeycomb-patterned film �
Photoconductivity � Polymer composite

Introduction

Honeycomb-patterned thin films have attracted considerable attention because of

their potential use in micro-reactors [1], separation processes [2], electronics,

photonics [3, 4], and biotechnology [5, 6]. One of the many methods for fabricating

porous polymer films [7–10] is the breath-figure formation, which is a simple and

useful technique [11, 12]. Through this method, porous films from many kinds of

substrates, including star polymers, block copolymers, proteins, and polymer

composites, have been fabricated under humid conditions [13, 14].
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In recent years, conducting polymeric materials have attracted considerable

attention because of their optical and electrical properties as well as applications in

many fields. Among the different conducting polymeric materials currently available,

poly(N-vinylcarbazole) (PVK) has emerged as one of the more useful materials for

electro-optically active applications, such as in light-emitting diodes and xerography

[15, 16]. Moreover, PVK is considered an ideal model of a nonconjugated

photoconducting polymer with strong electron-donor properties. Reactions with

vinylcarbazole can easily be performed in bulk, solutions, suspensions, or precipi-

tations. Vinylcarbazole can stabilize electron-deficient centers through resonance

with the nonbonding electron pair of the nitrogen atom of its carbazole ring, making

this compound a popular polymerization material [16, 17].

Porous thin film fabrication from conducting polymers such as PVK can be

useful in many areas of nanoscience and technology, including nanoelectronics,

nanodevices, catalysts, sensors, and others. Heng et al. [18] demonstrated that the

porous structure of photoelectrically functional polymer films can significantly

improve the photocurrent generation compared with those of the corresponding

smooth films. However, the poor mechanical properties of PVK, particularly its

brittleness, and difficult processing, have become major obstacles in the fabrication

of porous thin films from pure PVK. A proper selection of functionalized dopants

can improve the features of PVK polymer composites. The dopants can convert this

material into better polymers that possess excellent mechanical, optical, and

electrical properties.

Polystyrene (PS) is an important material with good mechanical properties,

including high-impact strength, good heat resistance, good thermal and oxidative

stabilities, and remarkable optical property with a high-refractive index. Given its

hydrophobicity, PS is also very suitable for the fabrication of highly ordered films

through the breath-figure method. The combination of PVK and PS in one material

could improve the processability of the resulting PVK composite. Thus, the stable

honeycomb-patterned PVK composite films can be easily fabricated.

In this study, a new type of PVK–PS composite was synthesized through free

radical polymerization of N-vinylcarbazole (NVC) in the presence of PS. The obtained

PVK–PS polymer composites were characterized via Fourier-transform infrared

(FTIR) spectrometry and ultraviolet–visible (UV–Vis) spectroscopy, and the thermal

behavior was determined via thermogravimetric analysis (TGA) and differential

scanning calorimetry (DSC). The morphology of the honeycomb-patterned thin films,

fabricated by casting the composite solution under humid conditions, was determined

using scanning electron microscopy (SEM). The pressure-area isotherms and

photoconductivity of the honeycomb-patterned films were obtained.

Experimental details

Materials

NVC (98%, Aldrich) was purified via recrystallization using absolute methanol and

dried in vacuum at 30 �C. Styrene (99.5%, Aldrich) was separated from the initiator
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by washing twice with 5% aqueous sodium bisulfate, twice with 8% aqueous

sodium hydroxide, and finally with distilled water until the solution pH was 7. The

monomer was dried over anhydrous magnesium sulfate and distilled under reduced

pressure before use [19]. Azobisisobutyronitrile (AIBN, 99%), benzoyl peroxide

(BPO, 98%), sodium hydroxide (98%), sodium sulfate (65%), methanol (C99.8%),

and chloroform (C99%) were used as-received from Aldrich without further

purification. Deionized (DI) water was used in all experiments.

Synthesis of polystyrene

Purified and dried styrene (10 g) was dissolved in 30 mL toluene. BPO (150 mg)

was added to the styrene solution at room temperature, and the mixture was swirled

until BPO was dissolved. The oxygen was then removed, and the mixture was

heated in an oil bath at 80 �C for 24 h under a nitrogen atmosphere. The mixture

was then removed from the oil bath and allowed to cool to ambient conditions.

White precipitate was formed after the addition of an excess amount of methanol.

The precipitate was collected, washed several times with distilled methanol and

water, and dried at 60 �C in a vacuum oven for approximately 24 h [20]. The

average molecular weight (Mw) of PS was determined using gel permeation

chromatography; the average molecular weight is 42,500 (PDI = 1.52).

Synthesis of PVK and the PVK–PS polymer composites

Different concentrations (in wt%) of the NVC monomer were initially dissolved in

15 mL toluene containing 5 g PS in a three-necked round-bottom flask. The

mixtures were sonicated for 1 h at room temperature. AIBN (1.5 wt% of NVC

monomer) was then added to the solution as an initiator. After degasification under

vacuum, polymerization was performed in an oil bath at 70 �C for 24 h under

nitrogen atmosphere [21]. The flask was then removed from the oil bath and

allowed to cool to ambient temperature. The reaction mixtures were precipi-

tated using an excess amount of methanol. The white precipitate was collected,

washed several times with distilled methanol and water, and dried in a vacuum. The

initial amount of NVC used for the preparation of the composites varied by 15, 30,

and 50 wt% of the constant amount of PS, and the corresponding polymer

composites formed through the composition were labeled as PVK-15, PVK-30, and

PVK-50, respectively.

A process similar to that described above was performed for the synthesis of the

PVK homopolymer, but without the addition of the PS polymer.

The concentration of PVK in the PVK–PS composites was approximately

determined by measuring the weight of the reaction products. The actual percentage

of PVK in PVK-15, PVK-30, and PVK-50 composites is 11.5%, 20.5%, and 32%,

respectively.

The IR spectra of the composite samples pelletized with potassium bromide

(KBr) were obtained using an FTIR spectrophotometer (Model 1600, Perkin-

Elmer). Approximately 60 scans were signal-averaged at a resolution of 2 cm-1

from 4,000 to 400 cm-1. The UV–Vis spectra of the composites were also obtained
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using a Shimadzu UV–Vis-near IR (NIR) spectrophotometer (UV-3101PC). The

thermal properties were determined through TGA (Perkin-Elmer TGA 7) at

25–300 �C, and DSC (Perkin-Elmer DSC 7) at 25–800 �C and a heating rate of

10 �C/min under a nitrogen atmosphere.

Fabrication of the honeycomb-patterned thin films from the PVK–PS polymer

composites

A solution containing 0.25 g of the PVK–PS composites and 4 mL chloroform was

stirred at room temperature for about 1 h and then cast on a glass Petri dish at 25 �C

under a relative humidity of 60%. The porous film was formed through the

condensation and deposition of water droplets on the solution surface by

evaporative cooling [22]. The morphology of the obtained film was determined

through scanning electron microscopy (SEM, COXEM CX-100). To determine the

surface pressure-area isotherm behavior, the film was exposed to a surface pressure

of 25 mN m-1, with a barrier speed of 2.5 mm s-1. Photocurrent measurements

were performed using a PAR model 5206 lock-in amplifier. A 150 W white light

source was illuminated at a distance of 5–10 cm from the working electrode to

determine the photoelectrochemical current response. A 10-2 mol dm-3 solution of

LiClO4 was used to measure the photocurrent in the electrodes at 0.4 V.

Results and discussion

Spectral characterization of PS, PVK, and PVK–PS composites

Figure 1 shows the FTIR spectra and Table 1 summarizes the major FTIR peaks of

the synthesized PS, PVK, PVK-30, and PVK-50, along with their probable

assignments. The spectra of PS at the 2,800–3,100 cm-1 frequency range are

attributed to C–H stretching vibrations in the main chain and in the aromatic rings,

and the peaks at 1601, 1493, 1028, 756, and 698 cm-1 are attributed to the

deformation and skeletal vibrations of C–H in the compound [23]. The PVK spectra

show bands at the 700–800 cm-1 range (out-of-plane deformation and stretching

vibration of aromatic –C–H), 1,100–1,150 cm-1 (in-plane deformation and

stretching vibration of aromatic –C–H), and 1,600 cm-1 (C=C stretching). The

presence of the PS polymer in the composite and the changes in its concentration

(in wt%) are indicated by the appearance of new peaks and the occurrence of some

PS peak shifting in the PVK–PS polymer composites. The PS peaks at 1601, 1493,

1028, 756, and 698 cm-1, which are attributed to C–H deformation and skeletal

vibrations, shifted to 1599, 1491, 1026, 746, and 697 cm-1 in PVK-30, and to 1598,

1485, 1026, 746, and 696 cm-1 in PVK-50, respectively. Figure 2 shows the

UV–Vis absorption spectra of PS, PVK, PVK-30, and PVK-50 polymer composites

in solution. The UV–Vis absorption bands of them were summarized in Table 2. PS

shows a strong band between 240 and 280 nm (262 nm maximum) [24, 25], which

is attributed to the presence of a phenyl ring in each of its repeat unit. Similarly,

PVK shows absorption bands at around 240, 262, 295, 320, and 340 nm, all of
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Fig. 1 FTIR spectra of PS, PVK, PVK-30, and PVK-50 polymer composites

Table 1 FTIR band assignments of the synthesized PS, PVK, PVK-30, and PVK-50

Assignments Observed bands (cm-1)

PS PVK PVK-30 PVK-50

Ring deformation of substituted aromatic structure 698; 756 720; 744 697; 746 696; 746

C=C in aromatic ring 1,028 1,026 1,026

C–H in-plane deformation of aromatic ring 1,158

C–N stretching of vinylcarbazole 1,221

C–H deformation of vinylidene group 1,332

[CH2 deformation of vinylidene group 1,458

Ring vibration of N-vinylcarbazole moiety 1,484

C–H stretching of aromatic ring 1,493 1,491 1,485

C=C stretching vibration of vinylidene group 1,601 1,626 1,599 1,598

C–H stretching of –CH and –CH2 2,920 2,926 2,919 2,917

C–H stretching of aromatic ring 3,025 3,048 3,023 3,021
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which are similar to the PVK peaks reported in literature [26]. The absorption band

for PS in the PVK-30 and PVK-50 polymer composites appears to overlap with that

of PVK. As can be observed in Fig. 2 and Table 2, other PVK peaks are red-shifted

by 1–3 nm in the polymer composites, suggesting a possible conjugation between

the PS and PVK polymers. The red-shift phenomenon may be attributed to the

increased polymer chain interaction between the PVK and PS polymers.

Thermal behavior of PS, PVK, and PVK–PS composites

The TGA curves and DSC thermograms of PS, PVK, and PVK–PS composites are

shown in Fig. 3a, b and respectively. Table 3 shows the comparative weight losses

of PVK, PS, and the PVK–PS composites at different temperatures.

Figure 3a and Table 3 show that PVK exhibits approximately three to four stages

of degradation. The first stage of degradation occurs in temperatures ranging from

room temperature to 150 �C, which corresponds to moisture loss on the polymer

surface. The second stage proceeds at temperatures between 150 and 320 �C and is

attributed to the degradation of the primary chain of the phenyl ring. Weight losses

Fig. 2 UV–Vis spectra of PS, PVK, PVK-30, and PVK-50 polymer composites

Table 2 Summary of UV–Vis absorption bands observed for the synthesized PS, PVK, PVK-30, and

PVK-50

Samples Absortion bands (nm)

PS – 262 – – –

PVK 240 262 295 328 344

PVK-30 242 262 295 329 345

PVK-50 243 262 295 329 345
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after 320 �C, considered as the third stage of degradation, may be attributed to the

complete degradation and decomposition of the polymer matrix [27]. For the PS

homopolymer, the first stage of degradation occurs at temperatures ranging from

room temperature to 150 �C, which corresponds to moisture loss on the polymer

surface. Based on the TGA curves, the primary step of PS degradation is from 300

to 450 �C, which is attributed to the degradation of the main chain [28] and

Fig. 3 TGA and DSC curves for PS, PVK, PVK-30, and PVK-50 polymer composites: a TGA curves.
b DSC curves
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commences at around 340 �C with the evolution of aromatics from the degradation

of styrene. Overall, the degradation patterns of the PVK and PS homopolymers, as

well as that of the PVK-30 and PVK-50 polymer composites, are similar. The

decrease in thermal stability of the PVK–PS composites is negligible compared

with that of PVK, as can be observed in the PVK, PS, and PVK–PS thermograms

(Fig. 3a). At 350–450 �C, the PVK–PS composites exhibit lower thermal stabilities

than PVK, but higher thermal stabilities than PS. Below 350 �C and above 450 �C,

the thermal behavior of the PVK and PS homopolymers, as well as those of the

PVK–PS composites, remains more or less similar.

Figure 3b shows the glass transition temperature (Tg) of PS, PVK, and the PVK–

PS composites, which indicates a pseudo second-order phase transition. The Tg of

pure PVK is higher than that of PS and the PVK–PS composites. The Tg of pure PS

was observed at 90 �C and shifted to 103 and 109 �C in the PVK-30 and PVK-50

composites, respectively. The incorporation of PVK into the PS matrix resulted in

an increase in Tg. This effect may be due to motion restrictions of the polymer

chains at the PVK/PS interface. A region of strongly bonded polymer chains might

have formed in the PS matrix, where in the chains exhibit behaviors different from

those observed in the homopolymer, and a strong packing force may hinders the

mobility of the segmental chains. Therefore, more energy is needed to allow the first

thermal transition, thereby shifting Tg to a higher temperature. In this case, similar

effect might have occurred because of radical polymerization of NVK in the

presence of PS. The observed increase in Tg with increasing PVK concentrations

suggests good interfacial compatibility between PS and PVK.

Honeycomb-patterned structure of PVK and PVK–PS polymer composite films

Figure 4a–d shows typical SEM images of the PVK, PVK-15, PVK-30, and PVK-

50 honeycomb-patterned films, respectively. The first two images show the surface

structures, and the other images are cross-sectional views. The patterned PVK film

shows an irregular structure (Fig. 4a). The differences between the diameters and

pore heights of the large and small pores are significant. In addition, the film was

very brittle, fragile, and unstable. Compared with the PVK film, the PVK–PS

composite films show fairly regular structures in terms of both pore diameter and

height. As shown in Fig. 4b, the PVK-15 film has a honeycomb pattern with circular

pores. No significant difference between the pore diameter and pore height of its

Table 3 Weight losses of PVK, PS, and the PVK–PS composites at different temperatures

Samples Weight loss (% wt) at different temperatures (oC)

200 400 600 800

PS 0.05 55.54 100 100

PVK 2.07 6.73 98.97 99.07

PVK-30 0.54 46.36 98.55 98.07

PVK-50 0.96 33.42 98.35 97.74
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large and small spherically ordered structures was observed. The approximate

average diameter of these ordered structures was 10 lm. Similarly ordered

structures were also observed in the PVK-30 film (Fig. 4c). However, its average

pore diameter is slightly smaller than that of the PVK-15 film pores. A highly

ordered honeycomb-patterned structure similar to that of the PVK-15 and PVK-30

films was observed in the PVK-50 film (Fig. 4d). However, the difference in the

diameter of its large and small pores slightly increased. The approximate diameter

of the larger pores was 8 lm, whereas that of the smaller pores was 5 lm. This

difference may be attributed to the process that transformed the irregular pattern of

Fig. 4 SEM images: top-view (left and center) and cross-sectional view (right) of a PVK, b PVK-15,
c PVK-30, and d PVK-50 films
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pure PVK film into the highly ordered pattern seen in the PVK–PS composites. The

balancing of hydrophobicity through the interaction between PVK and PS in the

composites resulted in more regular honeycomb patterns in the PVK–PS compos-

ites, compared with that of the pure PVK polymer. A similar phenomenon may

explain the variation in the pore height of the composite films, which depends on

PVK concentration. As shown in the cross-sectional images, the average pore

heights for PVK-15, PVK-30, and PVK-50 were 10.5, 9.0, and 8.0 lm, respectively.

In the porous films of PS and PVK, the pore diameter and pore height of PS are

generally larger than those of PVK [29]. Given that the composites were synthesized

using PS and different concentrations of PVK, the increasing PVK concentration in

the composites justifies the decreasing pore dimensions observed in the PVK–PS

honeycomb-patterned films. The SEM images of the patterned structure of the PVK,

PVK-15, PVK-30, and PVK-50 films in Fig. 4 show the formation of the PVK–PS

polymer composites.

Langmuir isotherm for the PVK–PS films

Figure 5 shows the surface pressure–area (P–A) isotherm curves for the PVK-15,

PVK-30, and PVK-50 films as a function of barrier speed at 2.5 mm s-1. For

reference, the curve for PVK is shown in the inset figure. The surface pressure

increases with the increase in PVK concentration in the composites. The arrows

indicate the forward and backward movements of the curves during the measure-

ment. The surface pressure of the three ordered films appears expanded at lower

barrier distances (10–30 mm). Further increase in pressure results in a condensed

phase. In general, film stability is associated with a high-collapse pressure, a steep

increase in the condensed phase, and a small hysteresis in the compression–

expansion cycle. A steep increase in the condensed phase was also observed in the

PVK-15, PVK-30, and PVK-50 polymer films. The average surface pressure for the

PVK–PS films was within 65–70 mN m-1 at a barrier speed of 2.5 mm s-1. Based

on the isotherm analysis, the applied surface pressure on PVK-50 is relatively high

compared with that on the PVK film. Thus, the addition of PS into the PVK polymer

for the fabrication of the composites has a positive effect on the P–A isotherms.

Photocurrent measurements

Figure 6 shows the photocurrent generation with the excitation by visible light

(k[ 500 nm) in 10-2 mol dm-3 LiClO4 at 0.4 V, for the PVK, PVK-15, PVK-30,

and PVK-50 polymer composite films. The photocurrent generation responded to

the on/off illumination cycles. The potential of the working electrode was set at

0.4 V (vs. Ag/AgCl). A nearly uniform photocurrent response was observed during

each illumination cycle. As observed in Fig. 6a, the cathodic photocurrent response

of the PVK film was 0.32 9 10-7 A cm-2. Previous studies have also reported this

range of photocurrent values for PVK in the Langmuir–Schaefer (LS) film [30–32].

Figure 6b shows that the photocurrent rise time for the PVK–PS films is shorter

than the time between light switch-off and switch-on. The photocurrent values

of the PVK-30 and PVK-50 films are higher compared to that of the PVK film.
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The increases in the sample current under illumination for PVK-15, PVK-30, and

PVK-50 were from 5 to 8 9 10-8 A cm-2, 0.6 to 1 9 10-5 A cm-2, and 5 to

7 9 10-5 A cm-2, respectively. This increase can be attributed to differences in the

film structures. In the porous films, the honeycomb structure plays an important role

in enhancing the photocurrent generation. The porous structures significantly

improve the light-capturing ability of the materials by enhancing light absorption

[18]. The surface area of the porous film with the honeycomb pattern is larger than

that of the smooth films. This larger surface area is responsible for the increased

light absorption. Thus, compared with that of the flat surfaces, the photocurrent

generation in the porous films is significantly higher.

The photocurrents observed in PVK-50 film are approximately 1,000 times

higher than those observed in PVK and PVK-15 films. This difference may be

attributed to the increase in the overall conductivity of the film, resulting in a more

pronounced increase under illumination. The system shows a remarkable rectifi-

cation behavior at the ?0.4 V potential versus Ag/AgCl under visible light

illumination. These observations indicate that the device efficiency of the PVK–PS

patterned films is enhanced with the increase in the PVK concentrations.

The FTIR and UV–Vis spectra, thermal behavior, and surface morphology data

reveal an interaction between PS and PVK, indicating that a chemical modification

has occurred in the formation of the composites. Moreover, the incorporation/

doping of PS also increases the processability of the PVK–PS composites. The

thermal stability of the composites is better than that of the PS, as they have retained

the stability of PVK.

Fig. 5 Langmuir isotherm curves for the honeycomb-patterned PVK (inset), PVK-15, PVK-30, and
PVK-50 films as a function of barrier speed (2.5 mm s-1)
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Conclusion

New PVK–PS polymer composites with different PVK concentrations were

synthesized via the polymerization of NVC in the presence of PS. The

Fig. 6 Photo-chemical current measurements at 0.4 V in 10-2 mol dm-3 of LiClO4 of a PVK film,
b PVK-15, PVK-30, and PVK-50 films
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incorporation/doping of PS into the PVK polymer increased the processability of

the resulting PVK–PS composites. However, the thermal stability of the composites

slightly decreased compared with that of the PVK homopolymer. The honeycomb-

patterned films obtained from these composites under humid conditions had more

regular and stable structures compared with those obtained from the PVK

homopolymer alone. The photocurrent generation of the patterned films increased

with the increase in the PVK concentration in the composites. The photocurrent

values of the PVK-30 and PVK-50 films were higher than those of the PVK films.

The methodologies employed in this study are simple and can be easily utilized for

industrial applications. The PVK–PS composites and the films synthesized in this

study can be used in the development of multi-component and -functional materials.
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