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ABSTRACT: Bisphenol-A polycarbonate (BAPC) was synthesized by solid-state polymerization (SSP) using a semicrystalline prepoly-

mer crystallized by antisolvent method. The antisolvent crystallization was investigated as a function of antisolvent types using X-ray

diffraction (XRD), different scanning calorimetry (DSC), and scanning electron microscopes (SEM). The results showed antisolvent

types had a significant effect on the crystallization of BAPC. Prepolymer induced by acetone as an antisolvent gained a higher crystal-

linity of 37.0%, more uniform particle size, and mature crystal structure compared with the samples crystallized by methanol and

ethanol. Then crystallization of BAPC by acetone was carried out at crystallization temperature in the range of 40–80 8C for 1–5 h. A

high crystallinity of 42.0% was acquired with the crystallization conducted at 70 8C for 2 h. Prepolymer with appropriate crystallinity

of 37.8% resulted in high-molecular-weight polymer of 57,411 via SSP due to the effect of crystallinity and plasticization of residual

solvent. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43636.
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INTRODUCTION

Bisphenol-A polycarbonate (BAPC) is a polymer with remark-

able properties, such as excellent optical transparency, tough-

ness, heat resistance, creep resistance, processability, and

antiweatherability.1–3 Industrially, BAPC is synthesized either by

interfacial phosgenation of bisphenol-A (BPA) with phosgene or

by melt polymerization of BPA with diphenyl carbonate

(DPC).4 BAPC with high molecular weight and high quality

could be produced by interfacial phosgenation. However,

organic and aqueous wastes, which could cause serious environ-

mental problems, are generated during this process. Melt poly-

merization is an alternative environmentally benign route for

polycarbonate production. The main drawback of melt poly-

merization process arises from the high viscosity of the melt,

which limits removal of phenol, and also restricts the obtainable

molecular weight of BAPC. High temperature subserves the

melt reaction but increases side reaction rate, and it results in

low-quality product with poor optical quality.5

Solid-state polymerization (SSP) is a pathway to obtain high

molecular weight at a relatively low reaction temperature. The

molecular weight of BAPC prepolymer particles synthesized by

melt polymerization process further increases under vacuum or

inter gas flow conditions at a temperature between the glass transi-

tion temperature (Tg 5 145 8C) and melting temperature

(Tm 5 220–230 8C) of the prepolymer.6 In SSP of BAPC, the amor-

phous prepolymer should be crystallized before the reaction; other-

wise, the amorphous prepolymer particles would stick together

and fuse to form a very viscous mass at the reaction temperature.7

The crystallinity of polymers depends on the chain flexibility.

BAPC presents poor crystallization ability for the rigidity.8,9

Even if BAPC has the crystalline ability, the thermal crystalliza-

tion of BAPC is time-consuming. The first crystallization

requires 24 h at a temperature higher than 200 8C, and a well-

developed crystalline structure needs 1 week.10–13 Several studies

of different methods including solvent-induced crystallization,14

vapor-induced crystallization,9,15 supercritical CO2-induced

crystallization,16–22 thin-film crystallization,23,24 and vacuum

process crystallization8,25 to crystallize BAPC were reported. Fan

et al.15 studied vapor-induced crystallization of BAPC pellets by

being exposed to acetone at 25 8C and 28 kPa. The results

showed that crystallinity attained a maximum value of 17%

when the exposure time was longer than 16 h. Ata et al.24 inves-

tigated the crystallization of BAPC in spin cast thin film. It was

found that high crystallinity was observed for 30-nm-thick film

after annealing under vacuum at 200 8C for 48 h. Gross et al.19

explored the crystallization of BAPC facilitated by supercritical

CO2 and a maximum induced crystallinity of approximately

25% was acquired at 20.4 mPa and 70 8C for 12 h. Therefore,

these studies required high demand of apparatus (high vacuum

or high pressure) and long time.
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Liquid antisolvent processes are based on two completely misci-

ble liquid solvents. The micronized solute can dissolve in the

first solvent, but not in the second solvent. Therefore, the addi-

tion of antisolvent to a concentrated solution induces the super-

saturation and the precipitation of the solute through the

solubility reduction in the combined solvent mixture, which

leads to crystallization.26–29 Liquid antisolvent technology is tra-

ditionally used in micronization process of polymers such as

poly(L-lactide), polyamides, polystyrene, and polyacrylonitrile.30

However, to our best knowledge, few studies of liquid antisol-

vent method in BAPC crystallization were reported in the past

decades. BAPC crystallization by liquid antisolvent is less time-

consuming and simpler without high demand of apparatus.

Moreover, it is possible to completely micronize BAPC prepoly-

mer particle possessing constant particle distribution without

grinding, which is favorable for SSP process.

In this work, crystallization of BAPC by antisolvent and SSP of

semicrystalline BAPC prepolymers were investigated. The effects

of antisolvent types, crystallization temperature, and crystalliza-

tion time on crystallinity and molecular weight of solid-state-

polymerized BAPC were studied and discussed.

EXPERIMENTAL

Materials

BPA (>99.8%) purchased from Xinchang Chemical (Taiwan,

China) and DPC (>99.0%) manufactured by Yuanji Chemical

(Shanghai, China) were employed as raw materials of BAPC

prepolymer. DPC was crystallized by ethanol–water solution

(21:9 by weight) and dried under vacuum at 50 8C prior to use.

Tetraethyl ammonium hydroxide (TEAH, 20% aqueous) was

obtained from Alfa Aesar (Ward Hill, America). Dichlorome-

thane (AR, >99.5%), methanol (AR, >99.5%), ethanol (AR,

>99.5%), and acetone (AR, >99.5%) were supplied by Lingfeng

Chemical (Shanghai, China). Chloroform (HPLC grade, J&K

Scientific) was used as the mobile phase of gel permeation chro-

matography (GPC).

Prepolymer Synthesis

BAPC prepolymer was prepared by melt polymerization of DPC

and BPA using TEAH as a catalyst. DPC (0.32 mol) and BPA

(0.30 mol) were added into an agitated reactor and heated to

180 8C under N2 atmosphere. After the monomers melted, 104

lL of TEAH (TEAH:BPA molar ratio 5 5 3 1024) was injected

and reaction temperature was increased to 210 8C. Pressure was

reduced to 18 kPa and kept for 25 min followed with a further

decrease to 10 kPa for 10 min. Finally, the reactor was heated to

260 8C and kept for 30 min under vacuum (<0.4 kPa) to

remove phenol. The prepolymer with a starting weight average

molecular weight (Mw) relative to the polystyrene standard of

13,243 g/mol and the polydispersity index (PDI) of 1.89 was

cooled to room temperature and collected.

Prepolymer Crystallization by Antisolvents

The antisolvent crystallization of BAPC was studied as a func-

tion of antisolvent types (acetone, methanol, and ethanol). The

samples were crystallized by different antisolvents at 50 8C for

2 h. The crystallization experiment was conducted as follows:

30 g BAPC prepolymer was dissolved in 100 mL dichlorome-

thane. After BAPC dissolved completely, 100 mL antisolvent

was added dropwise with vigorous stirring until the precipitate

finished completely. The upper solvent was removed after the

crystallization time (1–5 h), whereas the lower solution was

evaporated at the desired temperature (40–80 8C) to remove the

solvent. Finally, obtained particles were dried under vacuum at

50 8C for 2 h. In addition, neat BAPC prepolymers were ground

to be a particle with the size of 60–80 mesh using a mortar and

a pestle (or the grinder).

Solid-State Polymerization

SSP experiments were carried out with the crystalline prepoly-

mer. Ten grams of semicrystalline particles with a certain size

range (60–80 mesh) was added into the reactor after stabilizing

reactor pressure. The reaction was carried out under vacuum at

210 8C for 8 h.

Characterization

Fourier transform infrared (FTIR) spectra, ranging from 4000

to 400 cm21, was conducted by a Nicolet 6700 spectrometer

using thin films.

X-ray diffraction (XRD) was conducted on an ESCALAB250Xi.

The instrument was operated at an excitation voltage of 40 kV

and a current of 100 mA. The scanning 2h ranged between 38

and 508 with a step scanning rate of 48/min and the XRD spec-

tra were recorded at a resolution of 0.028.

Differential scanning calorimetry (DSC) measurements of

crystalline BAPC samples were carried out on TA Q200-DSC

calibrated with indium. Samples were dried under vacuum at

50 8C overnight prior to test, and weights of about 5 mg

were used. Samples were heated from room temperature to

300 8C with liquid nitrogen with a heating rate of 10 8C/min.

Glass-transition temperature (Tg) and melt temperature (Tm)

were determined from an inflection point and the maximum

point in the curve of melting endotherm, respectively. The

heat of melting (DHm) was obtained from the peak area of

the melting endotherm. The degree of crystallinity (Xc) of

BAPC was measured by the heat of melting and calculated

by eq. (1):

Xc5Hm=Hf 3 100% (1)

Where Hm is the melting enthalpy of the sample and Hf is 26.2

cal/g or 110.4 J/g as the fusion heat of 100% crystallized PC

according to ref. 31.

The morphology of the polymer crystals was investigated by

NOVA Nano S-450 scanning electron microscopes (SEM). Poly-

mer particle samples were coated with Au–Pd in a Denton vac-

uum evaporator.

GPC measurements were conducted at 25 8C on Waters 1525.

The number (Mn) and weight (Mw) average molecular weights

and the PDI of the polymers were measured. The mobile phase

was chloroform with a flow rate of 1 mL/min. A GPC universal

calibration curve was established using a viscosity detector and

polystyrene standards.
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RESULTS AND DISCUSSION

Nomenclature Employed

The nomenclature used for this series is the form of BAPCx-y,

where x equals the type of polymer (1 5 prepolymer and

2 5 SSP polycondensate) and y represents the antisolvent

employed in the crystallization of BAPC (n 5 neat sample,

a 5 acetone, m 5 methanol, and e 5 ethanol). For example,

BAPC1-n is the prepolymer without any crystallization

treatment.

FTIR Analysis

From the FTIR spectra of BAPC samples shown in Figure 1, the

absorption bands around 3480 cm21 belong to phenol end

groups. The peaks above and below 3000 cm21 are related to

sp2 carbon hydrogen and sp3 carbon hydrogen stretching,

respectively. The band at 1762 cm21 could be ascribed to car-

bonyl stretching of the carbonate functional group, while the

band at 1236 cm21 is originated from CAO stretching vibra-

tion. Besides, the peaks at 1600 cm21 and 1505 cm21 corre-

spond to CAC stretching and skeletal vibration of aromatic

rings, as well as 827 cm21 relates to CAH deformation vibra-

tion of aromatic ring. The weak double absorption peak of iso-

propylidene linkage at 1399 cm21 is clearly distinguished. The

results indicate that all antisolvents used do not change the

structure of BAPC.

X-ray Diffraction

Figure 2 shows the diffraction patterns of crystallized samples

(BAPC1-a, BAPC1-m, and BAPC1-e) in comparison with amor-

phous sample (BAPC1-n). BAPC1-n exhibited a broad diffrac-

tion peak, indicating that it was a totally amorphous sample.

The crystallized samples showed a sharp reflection at 17.18, sug-

gesting the crystallization formation in these samples.

The results derived from XRD spectra are listed in Table I. The

(020) reflections at 2h 5 17.18 corresponded to the monoclinic

unit cell and the values of 2h were comparable to those

obtained by Bonart.32 Sample BAPC1-a showed a minimum

half-height width (b1/2) (1.31), implying that BAPC1-a had a

larger size of crystal grain.15 It was suggested that the solubility

parameter, polarity, and hydrogen bond of various antisolvents

had significant impacts on BAPC crystallization.33 As the polar-

ity and hydrogen bond of acetone, methanol, and ethanol were

similar, the high crystallization ability of acetone could be due

to the close solubility parameter of acetone (10.0) and BAPC

(9.5), compared with those of methanol (14.7) and ethanol

(12.7).34

DSC Measurements

Figure 3 collects the DSC scan of the BAPC samples. The results

of Tg, Tm, Hm, and Xc are listed in Table II. As shown in Table

II and Figure 3(a), Tg of crystallized samples were higher than

the neat sample, indicating that the existence of crystal region

restricted the chain mobility of amorphous region.35 In addi-

tion, the Tg of crystallized samples were very close.

No obvious melting peak was observed for BAPC1-n in Figure

3(b), which could be connected with none crystallization in the

neat sample.18 In contrast, the DSC curves exhibited obvious

endothermic peaks after antisolvent crystallization. Tm of sam-

ples BAPC1-a, BAPC1-m, and BAPC1-e were 244.3, 247.0, and

243.9 8C, respectively. The difference of Tm could be attributed

to different lamellar thickness estimated from the Gibbs–Thom-

son equation.23 Meanwhile, the broad melting peaks of BAPC1-

m and BAPC1-e were suggested to the inhomogeneous lamellar

thickness.36 The crystallinity of BAPC1-a was maximum

(37.0%), which was in accordance with XRD results.

SEM Morphology

SEM morphology of the polycarbonate particles for BAPC1-n,

BAPC1-a, BAPC1-m, and BAPC1-e is shown in Figure 4.

Figure 1. FTIR spectra of BAPC crystallized by different antisolvents.

Figure 2. XRD patterns of BAPC crystallized by different antisolvents.

Table I. XRD Data of BAPC Samples Crystallized by Different

Antisolvents

Sample 2h b1/2
a

BAPC1-a 17.04 1.31

BAPC1-m 17.06 1.37

BAPC1-e 17.09 1.33

a The half-height widths of the 020 reflections.
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It was obvious that the surface of neat BAPC was smooth at

both high and low scales in Figure 4(a–d).

At the lower magnification, no polymer mass was present

among the spherulitic polymer particles. BAPC1-a surface

exhibited a hierarchical structure composed of microscale pores,

spherulites, and fibrils. As can be seen in Figure 4(e), most of

the spherulities in sample BAPC1-a took on the appearance of

isolated ellipsoids in nearly uniform size (about 11–13 lm in

diameter). In Figure 4(f), as the original amorphous polymer

was penetrated by acetone, the original polymer mass in the

BAPC sample was dragged toward the crystal nuclei to form

polymer particle layer. Figure 4(g,h) shows the higher magnifi-

cation of the spherulite characteristic group in Figure 4(f). A

fine surface structure could be detected clearly on the mature

spherulite. Meanwhile, the fibrils formed by lamellar structures

were observed on the surface of the top layer of spherulites in

Figure 4(h).

The polymer particles of BAPC1-m, in Figure 4(i), were not

quite spherical but rather flat or hemispherical, suggesting that

antisolvent methanol restricted the formation of fully developed

three-dimensional spherulites. As seen in Figure 4(k,l), the inte-

rior structure of hemispherulites and needle-like crystals was

observed on the surface with partially open structures. Mean-

while, some polymer mass were present among the spherulitic

polymer particles, which indicated that crystallization occurred

partially.

BAPC1-e in Figure 4(m) showed little near-planar (two-dimen-

sional) spherulitic morphology, and irregular particles were

present on the destroyed surface. Some fibrils and little polymer

mass appeared at the lager magnification, indicating that crys-

tallization by ethanol occurred rarely.

Compared with samples crystallized by methanol and ethanol,

those crystallized by acetone showed more mature crystal struc-

ture and uniform spherulitic particles. This was in agreement

with the results of DSC and XRD.

Molecular Weight of Prepolymers and Solid-State-

Polymerized Polymers

SSP was carried out with the semicrystalline prepolymers

(Mw 5 13,243), and the results are summarized in Table III. The

molecular weight of all crystalline prepolymers increased after

SSP, which demonstrated that the use of antisolvents was com-

patible with the SSP of BAPC. And the molecular weight of

BAPC2-a was much higher than those of BAPC2-m and

BAPC2-e, which was ascribed to the higher crystallinity in

BAPC2-a. Moreover, there was a slight change in the molecular

weight of BAPC1-a, while the molecular weight of BAPC1-m

and BAPC1-e decreased. This phenomenon might be attributed

to the alcoholysis of carbonate linkage in methanol and ethanol,

especially in methanol.37,38

It was suggested that types of antisolvent played an important

role to the crystallization of BAPC.39,40 The results of XRD,

DSC, and SEM showed that crystallization of BAPC occurred by

antisolvent crystallization. The sample crystallized by acetone as

the antisolvent possessed high crystallinity, uniform particle

size, and mature crystal structure due to the similar solubility

parameter of acetone (10.0) and BAPC (9.5). High-molecular-

weight polymer after SSP was acquired with prepolymer crystal-

lized by acetone. The different molecular weights of SSP poly-

mers should be ascribed to the different prepolymer

crystallinity.41–43 High initial prepolymer crystallinity may

increase SSP rate by increasing the concentration of reactive end

groups in the amorphous phase that were rejected from the

crystalline phase, which led to a more effective impingement

and reaction.

Figure 3. DSC curves of BAPC crystallized by different antisolvents.

Table II. Results from DSC Curves of BAPC Prepolymer Crystallized by

Different Antisolvents

Sample Tg ( 8C) Tm ( 8C) Hm (J/g) Xc (%)

BAPC1-n 133 - - -

BAPC1-a 133 244.3 40.8 37.0

BAPC1-m 134 247.0 34.0 30.8

BAPC1-e 134 243.9 35.3 32.0
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Effect of Crystallization Time on Crystallinity and SSP

Polymer Molecular Weight

The DSC heating curves of BAPC crystallized by acetone at

50 8C with different crystallization time are shown in Figure 5.

Tm increased with crystallization time and the difference in Tm

of samples was about 10 8C. According to the study of Hu

et al.,20 the crystal-folding surfaces smoothed and the crystal

developed as the crystallization time increased during isother-

mal crystallization, leading to the increase of Tm. Moreover,

increasing regularity in the chain conformation at the crystal

surface reduced the surface energy, therefore, resulted in the

increase of Tm.

The crystallinity and molecular weight of BAPC crystallized by

acetone at 50 8C with different crystallization time are shown in

Figure 6. The results showed that the sample had a maximum

induced crystallinity of approximately 40.0% at 3 h and main-

tained the asymptotic value to 5 h. The molecular weight

increased sharply during the first 2 h with crystallinity increased

Figure 4. SEM of BAPC surfaces induced with different antisolvents across multiple length scales.

Table III. Molecular Weight of BAPC Crystallized by Different

Antisolvents

Sample Mw (g/mol) Sample Mw (g/mol) PDI

BAPC1-n 13243 - - -

BAPC1-a 13230 BAPC2-a 57151 2.09

BAPC1-m 13010 BAPC2-m 45887 2.03

BAPC1-e 13132 BAPC2-e 50543 2.04
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to 37.1%, indicating the effect of high crystallinity on SSP reac-

tion mentioned above. But the molecular weight decreased as

the crystallinity increased above 39.5%. Higher crystallinity

could decrease SSP rate by inhibiting the mobility of polymer

chains in the amorphous phase and hindering the diffusion of

by-product throughout the polymer particles.44,45 As a result of

crystallinity effect, BAPC prepolymer of 2 h crystallization time

with crystallinity of 37.1% synthesized the highest molecular

weight of 57,343 in SSP reaction.

Effect of Crystallization Temperature on Crystallinity and

SSP Polymer Molecular Weight

A series of experiments were carried out to investigate the effect

of different crystallization temperatures by acetone for 2 h on

Xc and molecular weight of SSP polymer. The results are sum-

marized in Figure 7. The crystallinity increased from 35.9% to

42.0% with the increase of the crystallization temperature, and

then reached the maximum value of 42.0% at 70 8C. During the

antisolvent crystallization process, small crystallites generated

and grew gradually with time until impingements occurred.46

The small crystallites were more active to impinge at high tem-

perature than those at low temperature. Antisolvents enabled

this crystallization as it increased the free volume of the amor-

phous regions of the polymer at lower temperature. With the

crystallization temperature increased to 80 8C, the smaller crys-

tallites began to melt,15 leading to the stable crystallinity.

The molecular weight of solid-state-polymerized BAPC

increased with the increased crystallized temperature until

50 8C. Afterward, the molecular weight decreased sharply at 60–

80 8C with the crystallinity of 41.5–42.0%. Besides the effect of

crystallinity mentioned above, the plasticization agents such as

solvent residues47,48 also had an effect on the mobility of end

groups. The plasticization increased the mobility of BAPC

chains and enhanced the transport process between the amor-

phous and crystalline phases.49–51 The increased chain and

chain-segment mobility resulted in an increased SSP reaction

rate and higher molecular weight of SSP polymer. As the crys-

tallization temperature increased, the amount of absorbed sol-

vent residues decreased. Therefore, the plasticization of solvent

residues at high temperature was weaker than that at low tem-

perature, which led to lower molecular weight in SSP.

According to the results mentioned above, two factors had an

effect on the SSP reaction: the crystallinity and the solvent resi-

dues. As the contradictory effect of crystallinity and plasticiza-

tion of solvent residues on the SSP reaction, high molecular

weight of BAPC polymer could be acquired when the prepoly-

mer with a crystallinity of 37.8% was solid-state polymerized in

our study.

CONCLUSIONS

In summary, three-dimensional and uniform micrometer-scale

semicrystalline BAPC spherulite from the amorphous polymer

was prepared by antisolvent method. The effects of antisolvent

types, crystallization time, and temperature on BAPC crystalli-

zation, as well as the effect of crystallinity and solvent residues

on the molecular weight of SSP polymer, were investigated and

discussed. The results showed that acetone was the most suita-

ble antisolvent by comparison of crystal structure, crystallinity,

and crystal morphology, leading to the maximum polymer

molecular weight after SSP. A high crystallinity value (42%) of

BAPC was acquired at 70 8C for 2 h by acetone. According to

the contradictory effect of crystallinity and plasticization of

Figure 5. DSC curves of BAPC crystallized by acetone at 50 8C with differ-

ent time.

Figure 6. Crystallinity and molecular weight of BAPC crystallized by ace-

tone at 50 8C with different crystallization time.

Figure 7. Crystallinity and molecular weight of BAPC crystallized by ace-

tone at different temperature for 2 h.
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solvent residues, high-molecular-weight (57,411) BAPC would

be synthesized by semicrystalline BAPC prepolymer with a crys-

tallinity of approximately 37.8% during SSP reaction.
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