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ABSTRACT:  Glass transition of core/shell capsules consisting of calcium carbonate 
whisker as a core and crosslinked polystyrene as a shell was studied by differential 
scanning calorimetry (DSC).  The thickness of the crosslinked shell was in the range of 
26 – 81 nm.  The crosslinked shells were revealed to show higher glass transition 
temperatures (Tg) than the corresponding bulk values.  It was revealed that a thicker 
shell exhibits a lower Tg than a thinner shell, and that capsules without core (hollow 
capsules) exhibit lower Tg's than the corresponding core/shell capsules.  These results 
suggest that the interfacial molecular interaction plays a role in the segmental relaxation 
which is responsible for the glass transition.  The difference in Tg between the 
core/shell and hollow samples was reduced when a coupling agent, methacrylic acid 
3-(tri-methoxysilyl)propyl ester was not included.  This also suggests the interfacial 
effect on Tg.  However, the results still suggest that the enhancement of Tg for the 
present crosslinked shells is not only due to the interfacial effect but also to the effects 
of chain configuration and heterogeneous crosslink. 
Keywords: calcium carbonate whisker; core/shell capsules; crosslinked polystyrene; 
DSC; glass transition 
 
INTRODUCTION 

Since the different glass transition behavior for polymer ultrathin films from that of 
the bulk material was reported, the dynamics in nano-sized polymeric materials has 
been attracted particular attention, and many attempts to understand the nature of this 
intriguing phenomenon have been done.1-7  The subject is important not only for the 
physicists studying the nature of glass-forming liquids, but also for developments of 
nano-sized materials for practical use in various fields.  In particular, nano-sized 
core/shell capsules have been extensively studied8-10 because of their applicability to 
drug delivery system.11  However, the physical properties, e.g., glass transition, 
melting, and structural relaxation of nano-sized materials other than thin films have not 
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yet been well-investigated. 
Recently, we prepared polymeric rod-like core/shell and hollow capsules using 

calcium carbonate whisker as a core substance.12  Polymeric shells of which the 
thicknesses were less than 100 nm were formed on the surface of rod-like calcium 
carbonate particles (whisker) via emulsion polymerization.  The glass transition 
temperatures (Tg) of such thin polymer shells were revealed to be almost identical to the 
bulk values, and no size effect on Tg was observed.12  Tg values identical to the bulk 
value was also reported for polystyrene microspheres of which the diameters were 
several tens of nanometers.13-15  In contrast, ultrathin films exhibit Tg's which depend 
significantly on the thickness in the range below 100 nm.2,4,7,16,17  The origin of the 
above different glass transition behavior for the capsules and particles from ultrathin 
films might be attributed to the difference in the chain configuration in different 
geometries, but the molecular mechanism is not clear at the present time. 

As for supported ultrathin films, Tg also depends on the chemistry of substrate, 
suggesting that the molecular interaction at the interface plays an important role in 
determining segmental mobility.16,18,19  In this study, we have found that core/shell 
capsules of which the shells consist of crosslinked polystyrene (shell crosslinked 
capsules) show higher Tg's than the corresponding hollow capsules.  This suggests that 
the interaction at the core/shell interface affects Tg for the crosslinked shell.  In 
contrast, non-crosslinked shells exhibited Tg's almost identical to those of the hollow 
capsules as we reported previously.12  It is likely that crosslink affects Tg in a particular 
manner in ultrathin layer, though the molecular mechanism is not known at present: it 
might enhance the compatibility (molecular interaction) between the core and shell at 
the interface, and/or there might be some configuration effects which are specific to the 
ultrathin layer of crosslinked polymer. 

Here, we report a calorimetric study on the glass transition behaviors of the above 
shell crosslinked capsules with a rod-like shape.  Differential scanning calorimetry 
(DSC) of the step-scan mode was used to evaluate Tg's of the polymeric capsules.  We 
prepared rod-like core/shell and hollow capsules which consisted of a crosslinked 
polystyrene shell with different degrees of crosslink and a calcium carbonate core.  
Effects of size and core/shell interface were also studied on samples with different shell 
thicknesses and with different status of the interface by using a coupling agent. 
 
EXPERIMENTAL 
Preparation of Shell Crosslinked Capsules 

The capsules were prepared via emulsion copolymerization of styrene and 
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divinylbenzene (DVB) in a suspension of calcium carbonate whisker particles.12  
Styrene and DVB were distilled under reduced pressure before use.  Calcium 
carbonate whisker (BS-P) was supplied from Maruo Calcium Co.  The diameter of the 
whisker ranged from 300 to 600 nm, and the length ranged from 1.0 to 3.0 μm.  To 
improve the compatibility between the core/shell interface, we added a small amount of 
coupling agent, methacrylic acid 3-(tri-methoxysilyl)propyl ester (MAMSP).20  We 
prepared samples with different degrees of crosslink as shown in Table 1.  We also 
prepared a sample with a thicker shell by introducing a larger amount of monomers with 
respect to BS-P (PSW5S), and to investigate the influence of the interfacial status on Tg 
a sample without the coupling agent MAMSP was prepared (PSW5N).  Emulsion 
polymerizations were performed by using sodium peroxodisufate as an initiator.  
Detailed procedure was the same as that described previously.12  Typical emulsion 
mixture at the final stage of reaction consisted of 2.0 g of monomers, 50 mg of 
laurylbenzenesulfonic acid sodium salt, 4.0 g of BS-P, and 68 g of distilled water.  
After the completion of polymerization, insoluble materials were separated by filtration, 
and washed with methanol for more than 20 times: this was needed to remove 
microspheres which were formed simultaneously during the reaction.  The removal of 
spheres was checked for all the samples by transmission electron microscopy (TEM).  
Finally, the yielded capsules were dried under vacuum at room temperature for more 
than 72 h. 

From the obtained core/shell capsules, we further prepared hollow capsules by 
dissolving the core in hydrochloric acid: the powder of core/shell capsules was 
dispersed in distilled water, and hydrochloric acid was added until the pH value became 
1.0, followed by stirring for up to 12 h.  After the separation of the hollow particles by 
filtration, they were dried under vacuum at room temperature for more than 72 h. 
 
Microscopy and Calorimetry 

Morphology and sizes of the capsules were investigated by TEM on a microscope 
Jeol JEM-2000FXII operated with an acceleration voltage of 200 kV.  The sample 
powder was dispersed in distilled water with sonication, and the sample was deposited 
onto a microgrid covered with a carbon-coated nitrocellulose membrane.  No 
shadowing was applied. 

Glass transition behaviors were investigated by using a DSC calorimeter Perkin 
Elmer Pyris Diamond.  The temperature and heat flow were calibrated by using an 
indium standard, and the measurements were conducted under a nitrogen atmosphere.  
Typical sample size was 5 – 10 mg.  Step-scan heating mode, which is a kind of 
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temperature modulated DSC was used to yield both the non-reversing heat flow and 
reversing heat capacity.21  In general, the former reflects kinetic events such as 
crystallization and enthalpy relaxation, while the latter reflects basic heat capacity of the 
sample.  The step-scans were done with a temperature step of 2 K, the rate in heating 
segment of 5 K min–1, and the holding time of 1.5 min.  In this study, reversing heat 
capacity was exclusively used to evaluate Tg and the heat capacity jump at Tg (ΔCp).  
The method of evaluation for these parameters was the same as described 
previously.15,21  Iterative measurements were performed for different specimens to 
evaluate standard deviations for Tg and ΔCp. 
 
RESULTS 

Figures 1, 2, and 3 show typical electron micrographs of the obtained core/shell and 
hollow capsules.  Rod-like core/shell structure is clearly seen in e.g., Figure 1 (b): dark 
parts indicate calcium carbonate cores.  We found that the surface of BS-P whisker is 
well covered with the polymer shell and that few defects of the shell were observed.  
We found that the coverage becomes better as the degree of crosslink increases.  
However, for some capsules, end part of the core was lost as shown in Figure 2 (a).  
This was probably caused by the sonication which was applied before the TEM 
observation.  The hollow particles were successfully obtained as shown in these 
micrographs.  We made sure that no residual calcium carbonate was detected for the 
hollow samples by Fourier transform infrared spectroscopy and wide angle X-ray 
diffraction.  Also, we made sure by scanning electron microscopy that the hollow 
capsules have not been collapsed after the removal of the core as described in the 
previous paper.12 

The removal of the core is achieved by the transportation of CO2 and Ca2+ through 
the polystyrene shell provided that there are no defects of the shell.  We evaluated the 
translational diffusion coefficient of Ca2+ in polystyrene (without crosslink) to be 8.8 × 
10–19 m2 s–1 at 20°C.22  This gives a diffusion time of 2.8 × 103 s for a distance of 50 
nm, which seems to be consistent with our experience that several hours were needed to 
remove the core completely.  This result indicates that the surface of BS-P is well 
covered with the shell.  We also found that longer time is needed to remove completely 
the core for samples with higher degrees of crosslink. 

The thickness of polymer shell d for the core/shell and hollow capsules was 
measured by TEM as shown in Table 2.  Below, the core/shell and hollow samples are 
designated by '-CS' and '-H', respectively (see Table 2).  We see that the thickness of 
the shell increases after the removal of the core.  We found that this is associated with 
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shrinkage of the capsule as a whole as we had shown qualitatively from measurement of 
the diameter of the capsule.12  However, quantitative analysis was not done because of 
the broad size distribution for the original BS-P particles.  The thickening suggests 
certain stress existing in the shell, which can be released by structural relaxation during 
the removal of the core.  The results in Table 2 show that this tendency of thickening is 
weakened as the degree of crosslink increases.  The structural relaxation associated 
with the removal of the core may be hard to occur for highly crosslinked shells because 
of the structural stability induced by the crosslink. 

The shell thickness of PSW5S-CS is greater than that of PSW5-CS by a factor of 
about 3.  In Figure 3 (a), apparently thicker shells are observed.  Thus the thickness of 
the shell can be controlled by the amount of monomers with respect to the whisker at 
least in the present range of thickness. 

Figures 4 and 5 show typical traces for reversing heat capacity obtained by the 
step-scan DSC measurements.  The top panels of these figures also include traces of 
non-reversing heat flow (dotted curves), which shows no apparent signal in the glass 
transition region.  No endotherm due to enthalpy recovery (enthalpy relaxation) was 
observed that is usually seen for bulk polystyrene.  This is the case for all samples of 
the present shell crosslinked capsules.  In contrast, non-crosslinked hollow capsules, 
exothermic peaks are observed as reported in the previous study,12 which indicates that 
collapse of the hollow structure into a bulk-like material occurs.  We found that the 
shell crosslinked hollow particles are stable enough to show a heat capacity trace of the 
second heating scan which is almost identical to that of the first heating of up to 145°C.   

Table 2 summarizes obtained Tg's for the capsules.  We see that Tg increases with 
increasing xc (degree of crosslink), and that the core/shell capsules generally show 
higher Tg's than the corresponding hollow samples.  Note that the latter trend is not 
observed for the non-crosslinked sample and the sample with xc = 0.018 (PSW0 and 
PSW2).  Table 2 also lists Tg's of the bulk which were evaluated from independent 
experiments.23  The Tg's of the shell crosslinked capsules are generally higher than 
those of the bulk, while Tg's identical to the bulk value are observed for PSW0.  
Comparing the results for PSW5 and PSW5S, we see that a shell with a greater d 
exhibits a lower Tg.  Comparing the results for PSW5 and PSW5N samples, we see 
that the shells without coupling agent exhibit lower Tg's.  We should also note from the 
traces in Figures 4 and 5 that the temperature width of glass transition seems to increase 
with increasing xc. 

ΔCp for the hollow samples tends to decrease with increasing xc.  This tendency was 
also reported for bulk crosslinked polystyrenes.23  As for the core/shell samples, ΔCp 
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values with sufficient accuracy were not obtained because of their small values, thus no 
data are shown in Table 2. 
 
DISCUSSION 

The above results revealed that Tg for the shell crosslinked capsules is varied by the 
degree of crosslink, the status of the core/shell interface, and the thickness of the shell.  
The increase in Tg with xc reflects reduction of segmental mobility by the restriction due 
to crosslink.  The core/shell capsule with the highest xc (PSW10-CS) did not exhibit 
any Tg signal up to 220°C: the reason for this is not clear, but the Tg might be too high to 
be detected.  On the other hand, the corresponding hollow sample (PSW10-H) shows a 
Tg at about 124°C. 

Below, we further discuss the molecular interaction at the interface, heterogeneity of 
crosslink, and configuration of network polymer in ultrathin layer to interpret the 
current results. 
 
Interfacial Effect 

The difference in Tg between the core/shell and hollow capsules may indicate that the 
interaction at the interface between the polymer and calcium carbonate affects Tg 
significantly.  This is further supported that little difference in Tg is seen between the 
core/shell and hollow capsules for PSW5N (capsule without the coupling agent).  We 
found no significant difference in morphology at the interface from the TEM images: 
we observed no defects such as gap between the core and shell for PSW5N-CS.  The 
difference of the interface induced by MAMSP may be relevant to structure on a 
molecular level.  MAMSP is expected to couple with hydroxyl groups on the surface 
of whisker forming (polymer)-Si-O-(whisker) linkages.12  It is thus suggested that 
good compatibility at the interface restricts the segmental relaxation in the interfacial 
region, which leads to higher Tg's for the core/shell capsules. 

The difference in Tg between the core/shell and hollow capsules was very little for 
PSW0 and PSW2 in spite of the presence of MAMSP.  This indicates that the effect of 
interface is enhanced by crosslink.  Fryer et al. studied the effect of interaction 
between the polymer and substrate on the Tg of supported ultrathin films, and concluded 
that high interfacial energy leads to higher Tg than the bulk Tg.19  If the difference in Tg 
between the core/shell and hollow capsules is dominated by the interfacial energy, the 
present result indicates that the interfacial energy increases with increasing xc.  
Unfortunately, we can not check this point further at the present time, because we have 
no available data for the interfacial energy parameters of crosslinked polystyrenes.  
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This problem may be relevant to the heterogeneous distribution of crosslink points 
which will be discussed in the following section: the crosslink density in the interfacial 
region might be different from the inner part of the shell, and such heterogeneity might 
depend on xc. 

The effect of interface is also reflected in the result that thicker shells (PSW5S) 
exhibit only a slight difference in Tg between the core/shell and hollow capsules.  The 
interfacial effects are expected to be reduced as the thickness increases.  We should 
note here, that the error (standard deviation) for d listed in Table 2 indicates rather broad 
size distribution.  For further discussion on the thickness dependence of Tg, 
experiments on samples with narrower size distribution are to be done.  Refinement of 
the sample preparation method will be done in our future work. 

The Tg variation with the thickness of polymer ultrathin films has been extensively 
studied.7  In the case of free-standing thin films, the Tg decreases with decreasing 
thickness,2,4 while for supported films the Tg increases or decreases depending upon the 
materials of both the polymer and substrate.16  The present thin shells exhibit higher 
Tg's than the bulk values.  In this case, higher interfacial energy between the 
crosslinked polystyrene and calcium carbonate is expected.19  Hence, the Tg is 
expected to increase as the thickness of shell decreases.  This is evidenced by the fact 
that PSW5-CS shows a higher Tg than that for PSW5S-CS. 

The interfacial interaction between polystyrene and calcium carbonate is considered 
to be originated from weak non-bonded interactions.  On the other hand, MAMSP is 
expected to enhance the interfacial interaction as mentioned above.  The present results 
on Tg show stronger interfacial interactions for the crosslinked capsules than the 
non-crosslinked capsule.  Thus, the crosslink might enhance the effect of MAMSP, 
although the mechanism is not known at present. 
 
Effects of Configuration and Heterogeneous Crosslink 

As we discussed in the previous section, the interfacial effect on Tg may be 
significant.  However, the lower Tg's for the hollow capsules than for the core/shell 
capsules should not be attributed only to the interfacial effect.  For example, structural 
relaxation is suggested to occur by the thickening which is observed after the removal 
of the core.  The configuration of crosslinked shell for hollow capsule may be different 
from that of core/shell capsule.  Therefore, we should consider some additional effects 
other than the interfacial interaction: these may be specific to crosslinked ultrathin layer.  
Here, we consider two effects, i.e., configuration of the polymer in thin layer and 
heterogeneous crosslink.  These are suggested by the following findings: (1) hollow 
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capsule is a counterpart of free-standing thin film, therefore, reduction of Tg from the 
bulk value would be observed, but actually, increase in Tg was observed. (2) PSW5-H 
exhibits higher Tg than PSW5S-CS and -H despite that these three have nearly the same 
thickness. (3) No difference in Tg from the bulk value is observed for PSW0.  (4) 
Broadness of the glass transition increases with increasing xc.  Unfortunately, to our 
knowledge, no experimental data have been reported for the glass transition of 
crosslinked polymer ultrathin (flat) films, which would be a support for our speculation.  
It might be possible that the geometry of nano-sized polymer material affects the 
configuration, which results in different segmental dynamics.  This is suggested for 
example, by the fact that the non-crosslinked hollow capsule (PSW0-H) shows nearly 
the same Tg as the bulk value, while a free-standing film with the same thickness (33 
nm) exhibits a Tg reduction of ca. 20 K.4  To elucidate the origin of this difference, 
measurements on capsules with various shapes and sizes would be required. 

The broadness of Tg for highly crosslinked shells shown in Figures 4 and 5 may be 
due to the intrinsic feature of the network itself and/or the heterogeneous crosslink.  
The former effect is relevant to the characteristic length of dynamic glass transition,24,25 
which has been revealed to decrease with increasing xc for bulk materials.23  The 
number of available configurations deceases significantly with increasing xc for network 
polymer, and this effect is enhanced by crosslink which is responsible for the Tg 
variation with respect to xc. 

The effect of configuration on Tg has been discussed to understand the different 
segmental dynamics in nano-sized glass-formers including freeze-dried 
polymers.3,5,7,15,26-30  The idea of configuration effects seems to be important to 
interpret the fact that only a single glass transition signal is observed at a temperature 
different from the bulk Tg for ultrathin films (e.g., free-standing polystyrene films).  
The idea of the surface layer with a higher mobility than the bulk (surface 
effect)4,15,17,31-33 may be another important cause for the Tg depression in free-standing 
ultrathin films.4,7  This assumes a layered structure from which a multi-step transition 
may be expected.  However, in practice, multiple transition was observed only for 
certain nano-confined systems.34  For spherical nanoparticles, a mobile surface layer 
has been suggested to exist by reduced ΔCp values, but no distinct Tg signal of the 
mobile layer has been observed.15  It is an open question as to how the distinct regions 
with different segmental dynamics couple with each other so that a single Tg signal is 
exhibited as in the case of ultrathin films. 

The present thin shells exhibit increased Tg's rather than decreased Tg's.  This 
suggests that the surface effect on Tg is not very significant for the present capsule 
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system.  The surface effect of depressing Tg might be defeated by the other effects of 
such as the interfacial interaction, configuration, and heterogeneous crosslink. 

In the present thin shells, the configuration might not be far from equilibrium as is 
suggested from the TEM images: the outer surface of the capsules seems to be rather 
rough as shown in Figure 1 (b).  Probably, such rough surface has been formed during 
the polymerization so as to stabilize the configuration to some extent.  However, for 
highly crosslinked shells, such stabilization may be restricted, which may be a cause of 
Tg increase from the bulk values as observed in this study. 

Spatially heterogeneous distribution of the crosslink segments is suggested from the 
broadness of the glass transition as we mentioned above.  In general, such 
heterogeneity of crosslink was suggested for bulk materials.35-37  This gives rise to 
some region which has a higher density of crosslink than xc.  This might be another 
cause of the observed increase in Tg for the crosslinked shells from the bulk value.  A 
simulation study showed that the local density is increased in the vicinity of interface 
for a confined polymer system.38  Such heterogeneous distribution induced by an 
interface might lead to a localization of crosslink points in certain regions.  It is likely 
that the heterogeneity of crosslink in thin layer is greater than that in the bulk state, and 
that highly crosslinked regions in the shell are responsible for the higher Tg than the 
bulk value as well as for the broadened Tg. 
 
SUMMARY AND CONCLUSION 

We have successfully prepared shell crosslinked capsules with different crosslink 
densities and thicknesses of less than 100 nm using calcium carbonate whisker as a core 
material.  The obtained calorimetric data show that (1) core/shell capsules exhibit 
higher Tg's than the hollow capsules, (2) crosslinked thin shells exhibit higher Tg's than 
the bulk values, (3) Tg tends to decrease with increasing d for core/shell capsules with xc 
= 0.048, (4) the coupling agent enhances Tg for core/shell capsules, and (5) the 
broadness of Tg increases with increasing xc.  It is revealed that the trends of (1), (2), 
and (3) become salient for highly crosslinked shells.  These results suggest that the 
molecular interaction at the interface that restricts segmental relaxation, configurational 
restriction of the network chains (confinement in a thin layer), and heterogeneity of 
crosslink affect significantly the Tg of the present thin shells.  The molecular 
mechanism of the observed effects of crosslink is not yet elucidated.  In addition, it is 
not known how the shape of the capsules affects the segmental dynamics in the shell.  
Further investigations should be done to elucidate these points by preparing capsules 
with various geometries and with narrower size distributions. 
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FIGURE CAPTIONS 
Figure 1.  Transmission electron micrographs for (a) PSW2-CS, (b) PSW2-CS 
observed with a higher magnification, and (c) PSW2-H.  The outer polymer shell is 
clearly seen in (b). 
Figure 2.  Transmission electron micrographs for (a) PSW10-CS and (b) PSW10-H. 
Figure 3.  Transmission electron micrographs for (a) PSW5S-CS and (b) PSW5S-H. 
Figure 4.  Typical DSC traces of reversing heat capacity for the core/shell capsules 
obtained by the step-scan measurements.  The thin lines indicate extrapolations from 
the glassy and liquid states to the glass transition region.  The dotted curve in (a) 
indicates non-reversing heat flow trace. 
Figure 5.  Typical DSC traces of reversing heat capacity for the hollow capsules.  
The dotted curve in (a) indicates non-reversing heat flow trace. 
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Table 1.  Mass ratios of the agents fed to prepare core/shell capsules a 
_________________________________________________________________________________ 
sample  xc b  mS / mBS-P mMAMSP / mS 
_________________________________________________________________________________ 
PSW0  0  0.5  0.005 
PSW2  0.018  0.5  0.005 
PSW5  0.048  0.5  0.005 
PSW5S  0.048  1.5  0.005 
PSW5N  0.048  0.5  0 
PSW7  0.066  0.5  0.005 
PSW10  0.092  0.5  0.005 
_________________________________________________________________________________ 
a ms, mBS-P, and mMAMSP are the masses of styrene, BS-P (whisker), and MAMSP, 

respectively. 
b degree of crosslink specified by xc = mDVB / (mS+mDVB) 
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Table 2.  Thickness, glass transition temperature, and heat capacity change at Tg for 
the outer shell 
___________________________________________________________________________________________________ 

sample   d (nm)      Tg (°C) ΔCp (J g–1 K–1) Tg
bulk (°C) a 

__________________________________________________________________________________________________ 
PSW0 b   -CS c  29 ± 11     101 ± 2.0     98.2 
   -H d  33 ± 9     99 ± 2.0   0.28   98.2 
PSW2   -CS  50 ± 15     105.8 ± 2.2   101.3 
   -H  73 ± 21     105.5 ± 1.0   0.25 ± 0.06   101.3 
PSW5   -CS  26 ± 8     126.4 ± 0.8     106.2 
   -H  76 ± 44     120.1 ± 1.9   0.21 ± 0.06 106.2 
PSW5S   -CS  81 ± 15     112.9 ± 0.5     106.2 
   -H  79 ± 6     111.6 ± 1.1   0.20 ± 0.03  106.2 
PSW5N   -CS  42 ± 23     114.4 ± 2.1     106.2 
   -H  57 ± 26     111.8 ± 1.0   0.21 ± 0.03 106.2 
PSW7   -CS  26 ± 6     130.2 ± 2.6     109.2 
   -H  44 ± 17     125.7 ± 1.0   0.26 ± 0.02  109.2 
PSW10   -CS  44 ± 18     NA  e      113.5 
   -H  57 ± 21     124.0 ± 0.9   0.15 ± 0.06 113.5 
___________________________________________________________________________________________________ 
a Tg in the bulk state evaluated from the data in Ref 23 
b data from Ref 12 
c core/shell capsule 
d hollow capsule 
e no Tg signal up to 220°C 
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