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ABSTRACT: We report pressure-controlled fast growth of unique crystalline structures of bisphenol-A polycarbonate (PC) was

achieved by the introduction of both dioctyl phthalate (DOP) and fullerene C60. PC/DOP/C60 ternary composites with an overall

good C60 dispersion were prepared by an easy physical and mechanical route, and then crystallized in a piston-cylinder high-pressure

apparatus by varying temperature, pressure, crystallization time and composite composition. The crystallization of PC was greatly

hastened by the blending with DOP and C60, and its melting point was increased to 288.25 degrees centigrade by the subsequent

high-pressure treatment, which was around 40� centigrade higher than that of the samples crystallized at normal pressure.

Three-dimensional spiky crystalline spheres were formed with the increase of crystallization temperature, which began with zero-

dimensional nanogranules, and then developed by merging process through the stages of one-dimensional lamellar crystallites and

two-dimensional dendrites. With pressure increased, the granules merged first into plate crystals, and then into micro-spheres with

rugged surfaces or porous structures. Also, sometimes the granules organized into rugged crystalline nanoballs, and peony-like stereo-

open structures were observed by changing composite composition. The as-prepared three-dimensional crystalline structures, with

their large specific areas, may diversify niche functional applications as surface active materials. VC 2012 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 129: 1362–1373, 2013
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INTRODUCTION

Polymer/fullerene composite is a very attractive field that inte-

grates two expanding scientific areas, i.e., those of polymers and

fullerenes.1 The combination of fullerenes with polymers makes

it possible to create novel materials that exhibit the unique

properties of fullerenes while take advantages of the easy proc-

essability of polymers.1,2 It has been shown that incorporating

fullerene or its derivatives into a polymer matrix could signifi-

cantly improve its photovoltaic, electromechanical, and thermo-

mechanical properties.3,4 However, compared with other carbon

materials, such as carbon nanotubes, their outstanding mechani-

cal, chemical, electrochemical, and photophysical properties still

are not widely employed in polymers for real applications.1

As an engineering polymer of high performance, bisphenol-A

polycarbonate (PC) is currently being employed in many aspects

such as transportation, aerospace, construction, photonics, holo-

graphic data storage and other security applications, mainly due

to its excellent toughness, weatherability, and transparency.5–9

Although a wealth of studies has been published on the chemi-

cal synthesis and optical properties of fullerene-functionalized

PC,1,10–12 very few were addressed on the preparation of PC/

fullerene nanocomposites by a physical process.

It is known that the crystallization behaviors of polymers have

significant influence on their physical and mechanical properties.

Especially, morphology control of polymer crystals is crucial in

determining the final performance of polymeric functional

devices.13–18 As for PC, its bulk crystallization is extremely

slow because of an inherent rigid nature of the molecular back-

bone.19–21 So it is interesting to improve its crystallization ability

so as to perform the crystalline morphology control of the

polymer for functional applications. Several inorganic or organic

nanofillers, such as multiwalled carbon nanotube (CNT) and

clay, were already employed to improve the crystallization and

other physical properties of PC.22–24 Krause et al.22 investigated

the influence of dry grinding in a ball mill on the length of multi-

walled carbon nanotubes and their dispersion and percolation
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behavior in melt mixed PC composites. The slight increase in the

electrical percolation threshold was observed in the melt mixed

composites with ball milling time of CNTs, which was assigned

to lower nanotube lengths as well as the worse dispersion of the

ball-milled nanotubes. Two organic modified clays (CL30B and

MB30B) were used to improve the mechanical properties of PC/

poly (styrene-co-acrylonitrile) (SAN) blends by Lin et al.23 Their

results showed that dispersion of the clay platelets was better

when MB30B was used. Also, the mechanical properties of the

clay filled nanocomposites varied accordingly, and when MB30B

was used better mechanical properties was achieved. Particularly,

Münstedt24 recently investigated the influence of crystallinity on

rheological properties of unfilled and particle-filled PC. The

research demonstrated that the crystallization of PC in the mol-

ten state had to be taken into account for a comprehensive assess-

ment of rheological experiments, particularly evident in the case

of filled particles acting as a nucleating agent. Nevertheless, to the

best of our knowledge, no investigation was performed on PC

crystallization by utilizing fullerenes at high pressure.

In this work, pressure-controlled fast growth of unique crystal-

line structures of PC was achieved for the first time by the si-

multaneous introduction of dioctyl phthalate (DOP), a viscous

plasticizer, and fullerene C60. This strategy is based on the fol-

lowings: it has been reported that the crystallization rate of

polymers was increased by appropriate pressure treatment,25,26

and the chain mobility of such aromatic polymer was hastened

significantly simply through the incorporation of a viscous plas-

ticizer.27–30 In addition to serving as a nucleating agent to

decrease the crystallization active energy in the ternary system,

C60 was found recently to be a promising material in promot-

ing the formation of new polymeric structures at high pres-

sure.31 By varying the temperature, pressure, crystallization

time, and composition of the well-dispersed PC/DOP/C60 com-

posites, which were fabricated via an easy physical and mechani-

cal route, three-dimensional crystalline spheres with open struc-

tures and different characteristics, were finally grown from a

zero-dimensional nanogranule by a merging process.

EXPERIMENTAL

Materials

PC in pellet form was a commercial product supplied by LG-

DOW, Korea. The viscosity-average molecular weight, calculated

from intrinsic viscosity, was about 11,000 g/mol. Analytical-grade

DOP and dimethylacetamide, used as a plasticizer and an etchant,

respectively, were provided by Kelong Chem, Chengdu, China.

C60 powder (>99.9 wt/wt purity) was purchased from Puyang

Yongxin Fullerene, and used as received. PC and C60 were pre-

mixed at 23,000 rpm for 10 min in a commercial blender (JYL-

C012, Joyoung, China) with four stainless steel grinding blades.

The unique intelligent temperature control system of the blender

kept the mixture at room temperature during the pre-mixing

process. This was followed by melt compounding at 30 rpm and

250�C for 15 min using a torque rheometer (ZJL-300, Changchun

Intelligent Instrument Company, Changchun, China). The mixing

structure was composed of the mixing chamber, rotor shafts, and

transverse sealed device, which was fixed to the engine seat by sup-

port seats. Then the resultant PC/C60 mixtures and DOP, with a

total weight of 50 g, were further melt-blended with the same pro-

cess. This finally resulted in a sepia-colored composite material,

which lost the transparency of the original PC. The as-prepared

PC/DOP/C60 ternary composites were pelletized subsequently by

using a smashing machine (FW400A, Beijing Zhongxingweiye

Instrument, Beijing, China) for high-pressure experiments. No

shear was involved during the smashing process. The compound-

ing ratios of the starting materials are listed in Table I. Before melt

blending and high-pressure treatment, the starting materials (PC,

C60, PC/C60, and PC/DOP/C60 blends) were held at 95�C in

vacuum for 24 h to eliminate moisture.

Sample Preparation

High-pressure experiments for the as-fabricated PC/DOP/C60

composites were carried out with a self-made piston-cylinder

high-pressure apparatus. Its schematic drawing and the corre-

sponding sample assembly are shown in Figure 1. The following

procedure for crystallization was used. After loading the sam-

ples, low pressure (50 MPa) was applied, and then temperature

was raised to a predetermined level. When equilibrium was

established, the pressure was further raised to the predetermined

level. These samples were kept under these conditions for a pre-

determined time, and then quenched down to ambient condi-

tion. This procedure ensured the minimum degradation of PC

at elevated temperature, and the polymer would be in a molten

state before crystallization took place. The crystallization condi-

tions, including the crystallization temperature, pressure and

time, are listed in Tables II–V.

Characterization

Transmission electron microscopy (TEM) was performed with a

Tecnai G2 F20 S-TWIN apparatus (FEI, USA), employing a

Table I. Characteristic Thermal Properties of the Starting PC/C60 and PC/DOP/C60 Composite Materials

Starting
material

Composition
(PC/DOP/C60, wt/wt/wt) Tg (�C) Tcc (�C) DHcc (J/g) Tm (�C) DHm (J/g)

PC1 99.5/0.0/0.5 149.58 – – – –

PC2 99.0/0.0/1.0 148.72 – – – –

PC3 89.5/10.0/0.5 98.04 – – – –

PC4 79.5/20.0/0.5 – – – 220.97 5.12

PC5 89.0/10.0/1.0 111.84 – – – –

PC6 79.0/20.0/1.0 – 138.30 6.21 219.30 20.77

Tg, glass transition temperature; Tcc, cold crystallization temperature; DHcc, enthalpy of cold crystallization; Tm, melting point; DHm, melting enthalpy.
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Leica EMUC6/FC6 microtome for the preparation of ultrathin

sections through room-temperature microtomy. Wide-angle

X-ray diffraction (WAXD) results were obtained at room

temperature with a PANalytical X’pert PRO diffractometer

(PANalytical BV, Almelo, the Netherlands).

Differential scanning calorimetry (DSC) was conducted at

atmospheric pressure by using a TA-Q20 instrument (TA Instru-

ments, USA). The weight of sample was around 5 mg. The

melting behavior of the crystals was investigated through a heat-

ing scan with a heating rate of 10�C/min at N2 atmosphere. The

crystallinity Xc was calculated from the melting enthalpy DHm

by means of the following equation:30

Xc ¼ DHm= DHo
mxðPCÞ

� �
; (1)

where x (PC) is the weight ratio of PC in the blends, and

DHm
o is the melting enthalpy of the ideal crystal, which was

assumed to be 109.7 J/g according to Legras et al.29

Scanning electron microscopy (SEM) was carried out on a

HITACHI S-3400 apparatus (Hitachi, Tokyo, Japan). The fresh

surfaces of the samples were obtained through fracture at liquid

N2 temperature, and then coated with gold for observation.

Prior to the gold treatment, the surfaces were etched by dime-

thylacetamide at constant temperature for a given time, which is

capable of dissolving only amorphous, but not crystalline PC.32

RESULTS AND DISCUSSION

C60 Dispersion in PC/C60 and PC/DOP/C60 Composites

Disclosed by TEM

The dispersion state of a nanofiller in a polymer matrix is cru-

cial to the physical properties of the corresponding composites.

Figure 2 shows the TEM results of the as-prepared PC/C60

composite samples before the introduction of DOP. As can be

seen, an overall good dispersion of C60 nanoaggregations in PC

matrix was achieved, though the average size of the C60

agglomerations increased with the increase of C60 loading lev-

els. Particularly, more uniform distribution of C60 aggregations

was observed in a PC/C60 composite with 1.0 wt % C60 load-

ing [Figure 2b]. The following DSC results (Table I) showed

that such starting PC/C60 composites, with 0.5 and 1.0 wt %

C60 loadings, respectively, were all amorphous. Thus it can be

concluded at this point that the well dispersion of the C60

aggregations in PC matrix has not been influenced by the crys-

tal formation of the polymer.

The results of further morphological investigation indicated that

the average size of C60 agglomerations, as well as their mor-

phologies, was affected to certain extent after the DOP incorpo-

ration (Figure 3). However, they still attained a relative satisfac-

tory dispersion state in nanoscale [Figure 3(a)]. This suggested

that the adopted physical and mechanical route, i.e. premixing

at high speed followed by melt compounding, was a promising

method in the successful fabrication of PC/DOP/C60 ternary

Figure 1. Schematic drawing of the employed piston-cylinder high-

pressure apparatus and the corresponding sample assembly. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table II. The Crystallization Conditions and Results of PC/DOP/C60

(89/10/1, wt/wt/wt) Composite Samples Crystallized at 200 MPa,

Different Temperature for 6 h

Sample
Crystallization
conditions (�C) Tm (�C)

DHm

(J/g)

A1 220 220.94 4.392

A2 240 223.11 20.46

A3 260 235.46 32.70

A4 280 224.93, 244.91 23.28

A5 300 224.74, 249.21, 288.25 21.34

Table III. The Crystallization Conditions and Results of PC/DOP/C60

(89/10/1, wt/wt/wt) Composite Samples Crystallized at Different Pressure,

3008C for 6 h

Sample
Crystallization
conditions (MPa) Tm (�C)

DHm

(J/g)

A5 200 224.74, 249.21,
288.25

21.34

B1 300 238.73, 280.45 37.95

B2 400 225.92, 271.07 20.21

B3 500 227.66, 253.82 5.415

Table IV. The Crystallization Conditions and Results of PC/DOP/C60

(89/10/1, wt/wt/wt) Composite Samples Crystallized at 300 MPa, 3008C

for Different Time

Sample
Crystallization
conditions (h) Tm (�C)

DHm

(J/g)

C1 4 231.58 28.99

B1 6 238.73, 280.45 37.95

C2 9 245.43, 280.27 45.44

C3 12 237.45, 274.79 43.68

C4 24 263.00 55.49
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composites. The typical morphologies of C60 aggregations,

observed by high resolution TEM, were also shown in Figure

3(b,c) for reference.

The literature already identified several techniques to blend full-

erene with polymers.33 Physical mixing by utilizing organic sol-

vents, one of the simplest techniques, had difficulty in complete

removal of the used solvents, and caused environmental prob-

lems. Surface functionalization of fullerenes may promote their

dispersion in a polymer matrix. However, they lost certain pre-

cious properties of original fullerenes. So the above TEM results

showed that well-dispersed PC/C60 and PC/DOP/C60 compo-

sites were fabricated respectively by an easy physical and me-

chanical route, i.e., premixing at high speed followed by melt

compounding.

WAXD Results

WAXD was employed to determine the crystal form of the PC

crystals obtained in the high-pressure crystallized PC/DOP/C60

blend samples. Figure 4 gives out the WAXD pattern of a PC/

DOP/C60 (89/10/1, wt/wt/wt) composite sample, crystallized at

300 MPa, 300�C for 24 h, which is typical of the obtained pro-

files for such characterization. All main diffraction lines should

be assigned to monoclinic form, just as those of PC or PC/DOP

samples crystallized at high pressure.30,34 The relative intensity

of the corresponding peaks was somewhat different for various

prepared samples. Nevertheless, the positions of the main dif-

fraction lines remained almost the same. This indicated that no

new crystal form of the polymer was crystallized in the presence

of C60 at high pressure.

Thermal Analysis

Starting PC/C60 and PC/DOP/C60 Composites. Figure 5 and

Table I show the DSC results of the as-fabricated starting PC/

C60 and PC/DOP/C60 composites with different composition.

The DSC measurements revealed that both PC/C60 samples

(PC1 and 2) were amorphous, with the value of glass transition

temperature more or less the same. The DSC also showed that

samples PC3 and 5, both incorporated with 10 wt % DOP, were

amorphous, and the glass transition temperature Tg increased

with the increase of C60 loadings. However, compared with that

of the original PC (Tg: 147.20�C), their glass transition tempera-

tures were still decreased significantly by the introduction of the

plasticizer. The decrease of the glass transition temperature indi-

cated the increase of the free volume of the amorphous regions

for the polymer. This allowed the rearranging of the rigid poly-

mer chains into a more energetically favored state to hasten

crystal growth during the following experiments.

When the compounding ratio of DOP was increased to 20 wt

%, both samples PC 4 and 6, with 0.5 and 1.0 wt % C60 load-

ings, respectively, were crystallized just during the 15 min melt

blending process. The melting points were more or less the

same, and the melting enthalpy increased with the increase of

C60 loadings. Particularly, for sample PC 6, cold crystallization

occurred at 138.30�C during the heating scan of DSC. The pre-

vious studies on PC/DOP blends showed that only amorphous

material was obtained after the melt compounding of 80 wt %

PC with 20 wt % DOP.30 So this indicated that C60 played an

important role in the hastening of the crystallization of the

polymer.

Effect of Temperature. The PC/DOP/C60 (89/10/1, wt/wt/wt)

composite was selected for the high pressure experiments by

varying temperature, pressure, and crystallization time. Figure 6

and Table II show the DSC results of the blend samples

Figure 2. TEM photographs of the PC/C60 composite samples with 0.5 wt % (a) and 1.0 wt % (b) C60 loadings, respectively.

Table V. The Crystallization Conditions and Results of PC/DOP/C60

Composite Samples with Different Composition Crystallized at 300 MPa,

3008C for 6 h

Sample

Composition
(PC/DOP/C60,
wt/wt/wt) Tm (�C)

DHm

(J/g) Xc (%)

D1 89.5/10/0.5 236.66, 271.89 44.17 44.99

D2 79.5/20/0.5 235.43 44.35 50.85

B1 89/10/1 238.73, 280.45 37.95 38.87

D3 79/20/1 234.79 44.47 51.31

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38822 1365

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


Figure 3. TEM photograph of the PC/DOP/C60 (89/10/1, wt/wt/wt) composite sample (a), and the typical morphologies of the C60 nanoaggregations

in the polymer matrix (b–d) revealed by high resolution TEM.

Figure 4. The WAXD pattern of PC/DOP/C60 (89/10/1, wt/wt/wt)

composite sample C4 crystallized at 300 MPa, 300�C for 24 h.

Figure 5. DSC curves of the starting PC/DOP/C60 composite materials.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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crystallized at 200 MPa, different temperature for 6 h. The

results revealed that both the melting point and melting en-

thalpy increased with the increase of crystallization temperature

during 220–260�C. When the crystallization temperature was

increased to 280�C, two melting points were detected. The low

and high endothermic regions should associate with the melting

of two distinct populations of crystals, which resulted from

primary crystallization and secondary crystallization, and were

both present in the as-crystallized material.30 Three peaks

emerged on the DSC curve of the sample crystallized at 300�C.

The positions of the two peaks at low-temperature side were

consistent with those of the sample crystallized at 280�C.

Although the intensity of the peak at high-temperature side was

relatively weak, the astonishing point was that it reached

288.25�C, which was around 40�C higher than that of the sam-

ples crystallized at normal pressure.30 Previous studies showed

that pressure-treatment on PC/DOP blends could only obtain

samples with melting points within the range of 152.78–

247.19�C.30 A PC sample with the melting point of 288.71�C

was once prepared by bulk crystallization at high pressure.34

Nevertheless, it was crystallized for 10 days, and the endowed

melting enthalpy was 1.88 J/g.34 Thus, the relative fast growth

of the polymer crystals with a high melting point should be

attributed the introduction of C60. The melting enthalpy began

to decrease when the crystallization temperature was above

280�C. This was partly due to the high-temperature degradation

of the previously formed PC crystals in the samples.

Effect of Pressure. Figure 7 and Table III give out the DSC

results of the PC/DOP/C60 (89/10/1, wt/wt/wt) blend samples

crystallized at different pressure, 300�C for 6 h. It was showed

that two melting endotherms emerged on the DSC curves when

the pressure was increased above 300 MPa. With the increase

of the applied pressure, the low-temperature melting points

decreased, and then remained more or less the same. Although

the high-temperature melting points showed a decreasing tend-

ency, they were still higher than those of the high-pressure crys-

tallized PC/DOP samples.30 The sample crystallized at 300 MPa

attained the maximum value of melting enthalpy in this group

samples. Nevertheless, the melting enthalpy decreased with the

pressure further increased. The increase of supercooling, along

with the increase of pressure, inhabited the diffusion rate of the

PC molecular chains, and reduced the growth rate of the poly-

mer crystals.35 The DSC data on the sample crystallized at 300

MPa, 300�C for 6 h (melting points: 238.73 and 280.45�C; melt-

ing enthalpy: 37.95 J/g), suggested that, under appropriate

experimental conditions, and by the introduction of DOP and

C60, the crystal growth rate and crystal perfection of the

polymer were improved simultaneously.

Effect of Crystallization Time. Figure 8 and Table IV show the

DSC results of the PC/DOP/C60 (89/10/1, wt/wt/wt) composite

samples crystallized at 300 MPa, 300�C for different time. Only

one melting temperature was detected by DSC for the sample

crystallized for 4 h. Apart from the main endotherms, weak

peaks emerged on the high-temperature sides of the DSC curves

Figure 6. Left: DSC curves of PC/DOP/C60 (89/10/1, wt/wt/wt) composite samples crystallized at 200 MPa, different temperature for 6 h. Right: the

magnified view of the DSC profile for the sample A5 crystallized at 300�C. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. DSC curves of PC/DOP/C60 (89/10/1, wt/wt/wt) composite

samples crystallized at different pressure, 300�C for 6 h. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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of the sample crystallized for 6, 9, and 12 h. For these three

samples, the melting points of the main peaks at low-tempera-

ture sides increased and then decreased with the increase of

crystallization time. However, the high-temperature peaks grad-

ually shifted to the low-temperature peaks. More attention

should be paid to the sample crystallized for 24 h. The melting

point of its main peak, with a shoulder at low-temperature side,

reached 263.00�C, which was almost 32�C higher than that of

the sample crystallized for 4 h. Furthermore, the variation tend-

ency of the melting enthalpy of the samples in this group was

meaningful. With the crystallization time increased during 4–9

h, the melting enthalpy increased all the time. And then, it

decreased, as shown by the DSC data for the sample crystallized

for 12 h. However, the melting enthalpy increased once again

when the crystallization time was further increased. DSC

revealed that the melting enthalpy of the sample crystallized for

24 h attained the value of 55.49 J/g, which was around twice

that of the sample crystallized for just 4 h. The thermal analysis

results for the samples in this group, crystallized at constant

temperature and pressure for different time, indicated that there

might be a competition between crystallization and high-tem-

perature degradation, during the polymer crystallization in the

ternary blend at high pressure. By controlling such competition

process, a fully-crystallized PC/DOP/C60 composite with a high

melting point, can be finally obtained, as reflected by the DSC

data of the sample crystallized for 24 h. This may enlarge its

application areas as a heat-resistant material.

Effect of Composition. Figure 9 and Table V show the DSC

results of PC/DOP/C60 composite samples with different compo-

sition, crystallized at 300 MPa, 300�C for 6 h. Two melting

points were detected for both the samples incorporated with 10

wt % DOP. With the increase of C60 loading level, the value of

their main endotherms and weak peaks, at low and high temper-

ature sides, respectively, increased as well. However, the crystallin-

ity of PC decreased. The high-pressure experimental results on

PC/DOP/C60 ternary blends with 10 wt % DOP incorporation

agreed well with the conclusions by Yang et al. on molecular dy-

namics simulation.36 This was somewhat different from that of

the starting materials. It seems that the role of C60 at high pres-

sure was in promoting the formation of polymer crystals with a

higher melting point, in the ternary blends with relative low

DOP concentration. When the incorporation ratio of DOP was

increased to 20 wt %, only single endotherms were observed on

the DSC curves of corresponding high-pressure crystallized sam-

ples. With the C60 loading increased, the melting points, as well

as the crystallinity, remained more or less the same, as shown by

the DSC data of the samples D2 and 3. It can also be noted

form this group samples that the crystallinity increased, and the

melting points of the main peaks slightly decreased, with DOP

concentration increased and C60 loading remained the same.

SEM Observation on the Controllable Growth

of Crystalline Polymeric Structures

Figure 10(a) shows the secondary electron image of the etched

fracture surface of the PC/DOP/C60 (89/10/1, wt/wt/wt) com-

posite sample crystallized at 200 MPa, 220�C for 6 h. As can be

seen, zero-dimensional nanogranules with smooth surfaces,

ranging in size from dozens to hundreds of nanometers, were

crystallized under relatively large supercooling. The granules

were observed after the applied etching process. Therefore, they

were single crystalline. With the increase of crystallization tem-

perature, more one-dimensional (1D) lamellar crystallites were

observed [Figure 10(b)], which were apparently transformed

from the nanogranules by a merging process. Two-dimensional

(2D) snowflake-shaped dendrites appeared in the sample crys-

tallized at still higher temperature, i.e. 300�C [Figure 10(c)].

However, a zoom-in view on such dendrites indicated that they

were still evolved from the merged granules [Figure 10(d)].

Other conditions being the same, another sample was crystal-

lized at 200 MPa, 300�C for 12 h. DSC data showed that only

single endotherm was detected by the heating scan. The melting

Figure 9. DSC curves of PC/DOP/C60 (89/10/1, wt/wt/wt) composite

samples crystallized at different pressure, 300�C for 6 h. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. DSC curves of PC/DOP/C60 (89/10/1, wt/wt/wt) composite

samples crystallized at 300 MPa, 300�C for different time. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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point and melting enthalpy were 255.05�C and 44.27 J/g,

respectively. The typical secondary electron image of the sample

was shown in Figure 11(a), in which three-dimensional (3D)

crystalline spiked spheres were observed. The branching crystals

of the spiky spheres nucleated at their centers, and did not

branching again along the radial directions [Figure 11(b,c)].

Morphological observations suggested that such 3D polymer

spheres began with the nanogranules, and then developed by

merging process through the stages of 1D lamellar crystallites

and 2D dendrites, due to the synergistic action of C60 and

DOP. We also noted that dense dendritical network was formed

in the sample [Figure 11(d)]. Just as that in a high-pressure

crystallized PC/DOP blend, this should be ascribed to the bulk

crystallization of the polymer induced by DOP only.30

Figure 12 shows the secondary electron images of PC/DOP/C60

(89/10/1, wt/wt/wt) composite sample, crystallized at 300 MPa,

300�C for 6 h. With the increase of pressure, no 2D dendritic

crystal was observed. However, the nanogranules merged into

another 2D form, plate crystals, as shown in Figure 12(a). And

then, the 2D platelets organized into 3D micro-spheres with

rugged surfaces [Figure 12(b,c)]. Ordinary spherulitic structures

of the polymer were also formed in this sample [Figure 12(d)],

due to the DOP-induced bulk crystallization at high pressure.30

When the spherulites developed from their initial fiber stage

and grew mature, they impinged with one another during the

growth process and became polyhedral. The co-existence of the

rugged crystalline spheres and the normal spherulites further

confirmed the co-existence of two crystallization regions in one

sample. The rugged spheres were crystallized by the cooperation

of C60 and DOP, while the formation of the normal spherulites

was promoted by DOP alone.

With the applied pressure further increased, 3D micro-spheres

with another form were crystallized. Figure 13 gives out the sec-

ondary electron image of PC/DOP/C60 (89/10/1, wt/wt/wt)

composite sample, crystallized at 500 MPa, 300�C for 6 h. Inter-

estingly, isolated porous spheres that presented a homogeneous

morphology were observed after the etching process. Micro-

spheres with porous structures were also obtained through high

pressure bulk crystallization of single component PC by a dou-

ble-heat treatment.34 However, it took 10 days to crystallize the

Figure 10. Secondary electron images of PC/DOP/C60 (89/10/1, wt/wt/wt) composite samples, crystallized at 200 MPa, different temperature for 6 h:

(a) 220�C; (b) 280�C; (c, d): 300�C. (d) is the magnified view of the portion highlighted by an elliptical frame in (c). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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sample. No similar micro-sphere was observed in the previously

high-pressure crystallized PC/DOP blend samples. Furthermore,

WAXD and DSC revealed that the PC/C60 composite samples

crystallized at high pressure for 6 h were all amorphous. So the

fast crystallization of the 3D micro-spheres with porous struc-

tures should also be attributed to the coeffect of DOP and C60

in the ternary blends.

Figure 14 shows the secondary electron images of PC/DOP/C60

(89/10/1, wt/wt/wt) composite sample, crystallized at 300 MPa,

300�C for 9 h. In addition to the above-described morphologies

for the sample crystallized at the same pressure and temperature

for 6 h, a crystalline globule in nanoscale, consisting of still smaller

nanogranules, was observed. The formation of the rugged globules

was due to the recrystallization of the polymer in the ternary

blends.37 This is also confirmed by the fact that more such glob-

ules were revealed in a high-pressure crystallized PC/DOP/C60

sample in which the C60 loading level was substantially decreased.

Peony-like stereo-open spherulitic structures were crystallized by

changing the composite composition. The secondary electron

images of the fracture surface of a PC/DOP/C60 (89.5/10/0.5,

wt/wt/wt) composite sample, crystallized at 300 MPa, 300�C for

6 h, were shown in Figure 15. It can be observed that the crys-

talline peonies were flourishing in the ternary blends [Figure

15(a)]. Their wide and thin leaves densely branched along the

radial direction, and formed a unique nanostructured microme-

ter-sized crystalline entity of the polymer [Figure 15(b)]. The

growth of such peony-like spherulitic structures was attributed

to the decreased loading level of C60, which decreased the num-

ber of nucleating centers, and then allowed the relatively full

propagation of the crystal fibrils from a given C60-nucleated

spot, with the help of DOP, of course.

The controllable growth of the unique 3D crystalline polymeric

structures, including the micrometer-sized spiky, rugged and

porous spheres, and the peony-like stereo-open enetities, to-

gether with the nanoscale globules with rugged surfaces, may

give some interesting suggestions for the design of new func-

tional materials. As can be seen, the crystalline structures can be

easily exposed and isolated with the applied selective etching

Figure 11. Secondary electron images of PC/DOP/C60 (89/10/1, wt/wt/wt) composite sample, crystallized at 200 MPa, 300�C for 12 h. (b), (c), and (d)

are the magnified views of the portions highlighted by elliptical frames in (a), respectively. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Figure 12. Secondary electron images of PC/DOP/C60 (89/10/1, wt/wt/wt) composite sample, crystallized at 300 MPa, 300�C for 6 h. (c) is the magni-

fied view of the portion highlighted by an elliptical frame in (b). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 13. Secondary electron image of PC/DOP/C60 (89/10/1, wt/wt/wt)

composite sample, crystallized at 500 MPa, 300�C for 6 h.

Figure 14. Secondary electron image of PC/DOP/C60 (89/10/1, wt/wt/wt)

composite sample, crystallized at 300 MPa, 300�C for 9 h.
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technique, and their tunable surface structures allow the loading

and controllable release of a variety of guest molecules. With

the crystalline morphology and surface properties precisely

manipulated, combined with the excellent thermal and mechan-

ical properties of the base polymer, the as-prepared polymeric

structures may pursue niche advanced applications in fillers,

carriers, adsorbents, and so on.38–40

CONCLUSIONS

In summary, controllable fast growth of the crystalline struc-

tures of PC was achieved through the high-pressure crystalliza-

tion of well-dispersed PC/DOP/C60 ternary nanocomposites,

which were fabricated by an easy and solvent-free approach.

Unique single-crystalline 3D structures, including micrometer-

sized spiky, rugged and porous spheres, and peony-like stereo-

open enetities, together with nanoscale globules with rugged

surfaces, were crystallized by varying crystallization temperature,

pressure, time, and composite composition. The 3D structures

began with a nanogranule, and then developed by a merging

process through the stages of respective 1D and 2D aggregations

with different characteristics. With their crystalline morphology

and surface properties precisely manipulated, the as-crystallized

3D polymeric structures may pursue niche advanced functional

applications as surface active materials. In addition to the for-

mation of the unique crystalline structures, the introduction of

DOP and C60 into PC may change the mechanical properties of

the original material, such as toughness. This will be further

researched and then addressed in a follow up article.
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