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Abstract

Alternating current (ac) thermal microscopy and microthermal analysis have been utilized for the investigation in the surface
thermal conductivity imaging and local thermal analysis (LTA) of polybutadiene–polyaniline core-shell microparticles. The
significant variances of thermal conductivity and stiffness between rubber and conducting polymer revealed the remarkable
responses in the microthermal analysis. The depth-dependent thermal microscopy controlled by the heating frequency distin-
guished the rubber core, which was buried under few micron thickness of polyaniline out layer. Local thermal analysis also
demonstrated the heat penetration-dependent sensor response from the rigid polyaniline shell to soft polybutadiene core. These
experimental results confirmed the core-shell structure of these microparticle materials, as well as the continuous conducting
phase of polyaniline.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

A Wollaston resistor type of micro thermal probe,
acting simultaneously as a highly localized heat
source and as a temperature sensor, has been devel-
oped and combined with atomic force microscopy
(AFM), whereby the scanned thermal images and lo-
calized thermal analyses can be examined[1–3]. This
technique named microthermal analysis (�TATM) has
been widely applied to the characterizations of poly-
meric materials and pharmaceuticals[4,5]. Although
no quantitative thermal signal can be obtained in
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this relatively new technology, its unique capability
in collecting surface thermal properties on a micron
scale does indeed provided valuable information.

In this research work, we demonstrate the appli-
cation of microthermal analysis to the characteri-
zations of polybutadiene–poly(sulfonated styrene)–
polyaniline core-shell microparticles (PSSB–PANi),
which were synthesized and reported elsewhere[6,7].
Hydroxy-terminated polybutadiene microparticles,
3–4�m in diameter, were covalently bonded with
different loadings of water-soluble poly(sulfonated
styrene)–polyaniline (PSS–PANi) as the outer layers.
These rubber-modified PSS–PANi complexes form
stable and uniform aqueous latex formulations, even
with a PANi loading of up to 58 wt.%. The electrical
conductivity of these core-shell materials was found
to be 0.1–1.0 S/cm, which is in the same magnitude
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as that of PSS–PANi complexes without incorporated
rubber components. According to optical microscopy
results[7], the core-shell structures of PSSB4–PANi
samples containing low PANi loading were not fully
stable. The size of each microparticle in aqueous so-
lution was dependent on the solution concentration,
meaning that the low molecular weight PBD domains
were able to aggregate due to their close proximity.
However, with high PANi loading, such as sample
PSSB4–PANi7, the size of these microparticles was
found to be constant and independent of the solution
concentrations. These observations had considerable
effect on the ensuing microthermal analysis.

The significant variation of thermal conductivities
and stiffness in the rubber and conducting polymer
core-shell complexes on a micron scale provided an
excellent model for an investigation of microthermal
analysis. Local thermal analysis (LTA) has identified
the thermal signal of rubber buried few microns below
the surface. Scanning thermal microscopy (SThM) has
also been used successfully for identification of high
thermal conductivity domains, providing convincing
evidence for a continuous conducting phase in this
unique core-shell design. Alternating current (ac) ther-
mal microscopy controlled by the heating frequency
also demonstrated a capability for the depth-dependent
thermal analysis.

2. Experimental

LTA, SThM, and topographic images were con-
ducted using a model�TATM 2990 microthermal ana-
lyzer (TA Instruments Inc.) equipped with a Wollaston
microthermal probe. The programmed temperature
was calibrated using a poly(ethylene terephthalate)
(PET) film at a heating rate of 25◦C/s. The onset melt-
ing point (260◦C) detected in the power curve was
taken as the calibration temperature. Topographic im-
ages were recorded (through thez-axis piezo, Z-Piezo)
with a force equivalent to 10 nA of sensor deflection.
For SThM, the thermal conductivity mappings were
collected based on the power required to maintain the
probe at a given temperature. In the ac mode, the tem-
perature modulation amplitude was±3◦C with a fre-
quency range from 1 to 20 kHz. Heat capacities were
measured by temperature-modulated differential scan-
ning calorimetry (TMDSC) in a DSC 2920 apparatus

(TA Instruments Inc.) with a±0.5◦C amplitude, 80 s
period, and 4◦C/min heating rate. Results were further
calibrated by using sapphire (Al2O3) as a standard.
Studied materials were focused on PSSB4–PANi1 and
PSSB4–PANi7 containing 16 and 58 wt.% of PANi,
respectively. Sample films with thicknesses larger than
2 mm were used to avoid influences on the thermal sig-
nal by the substrates and boundaries. Single micropar-
ticles of PSSB4–PANi7 were prepared by casting
dilute aqueous solutions onto a silicon wafer and dry-
ing at room temperature. A poly(methyl methacrylate)
(PMMA) film containing SiO2 microparticles was
also investigated by temperature-modulated SThM.
Opposite to the PSSB4–PANi samples, SiO2/PMMA
sample served as an example of microparticles with
better thermal conductivity than the surrounded ma-
trix. SiO2 microparticles with 10–15�m in diameter
was first dispersed in a PMMA/THF solution, fol-
lowed by solution casting on silicon wafer. After the
solvent was evaporated, the film was peeled from
silicon wafer and a smooth PMMA film with SiO2
microparticles buried under the surface was obtained.

3. Results and discussion

3.1. Local thermal analysis on solid films of
core-shell microparticles

Local thermal analysis in microthermal analysis re-
veals surface thermal responses within an area of only
a few square microns. For non-homogeneous materi-
als such as the core-shell microparticles, the localized
thermal and mechanical responses can be examined
and compared with the bulk properties. With the as-
sistance of a surface mapping function, three loca-
tions on the film surface of PSSB4–PANi1 containing
16 wt.% of PANi were marked for the LTA measure-
ments (see the inset inFig. 1). The microscale surface
bumpiness was caused by non-uniform shrinkage of
PBD and PSS–PANi when the solid film was dried
from its aqueous solution. Location 1 was directly
above an aggregated rubber particle close to the sur-
face. Its sensor response (curve 1 inFig. 1) uncov-
ered a “softening point” at about 225◦C. Because of
the temperature gradient and dynamic thermal anal-
ysis in �TA measurement, the true softening tem-
perature at location 1 was much lower than 225◦C.
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Fig. 1. Sensor responses of PSS–PANi and PSSB4–PANi1 with three selected locations as shown in the two inset topographic images
before and after the three LTA measurements.

Compared with the data obtained by thermal mechan-
ical analysis (TMA), the bulk softening temperature
under the pressure of 455 kPa (66 psi) was about 45◦C
[7]. As the microthermal probe was moved to location
3 where the surface morphology suggested no nearby
rubber particles, no “softening point” was observed in
the sensor signal. This sensor response was essentially
similar to the PSS–PANi sample without rubber mod-
ification (also shown inFig. 1). Interestingly, the same
“softening temperature” observed at locations 1 and
2 suggested that a smaller rubber particle at location
2 was buried at the comparable depth as the bigger
one at location 1, where the effective heat wave had
extended at a similar rate.

The three “burn-marks” shown in the surface map-
ping after the three LTA measurements indicated
that the outer layer containing low PANi-loading had
failed to protect the rubber core in the case of the
PSSB4–PANi1 sample containing 16 wt.% of PANi.
The PBD core had melted, and the probe pushed and
sunk slightly into the material surface. As a result,
the increase of contact area between the probe and
sample surface encouraged more heat transfer and
showed endothermal-like features in the power pro-

files (Fig. 2). It was more evident in the first deriva-
tive of power (see the inset). Because of this contact
area change, apparently these signals were not the
true thermal responses of PSSB4–PANi core-shell
microparticle.

As to the solid film of sample PSSB4–PANi7 con-
taining 58 wt.% of PANi, the rigid shell has fully

Fig. 2. Power profiles of PSS–PANi and PSSB4–PANi1 with three
selected locations as shown inFig. 1. The inset is the first derivative
of power profiles.
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Fig. 3. Sensor responses of PSS–PANi and PSSB4–PANi7 with three selected locations as shown in the two inset topographic images
before and after the three LTA measurements.

covered the soft rubber core, as evidenced by the
constant particle size observed in the optical mi-
croscopy[7]. In the sensor responses examined by
procedures similar to the previous case, the contin-
uous and steady volume expansion with increasing
temperature was almost the same as that of the
PSS–PANi sample (Fig. 3). The soft rubber segment
did not contribute much in the way of mechanical
property in the micron scale at given temperature
ranges. However, the heat transfer (the power curve)
at location 4 shown inFig. 4 slightly increased at
about 225◦C, indicating a possible melting of rub-
ber phase, and was soon followed by a rapid energy
recovery at 280◦C. The first derivative power curve
thus showed a broad endothermic peak and a sharp
exothermal-like peak. Because no sudden sensor
signal was recorded at this temperature and no
“burn-mark” was found afterward, potential mechani-
cal interferences and significant contact area variation
were eliminated. One explanation for this unusual
exothermal-like response is that the energy regain
recognized from a slowing-down of the heat transfer
as the heat wave reached the low thermal conductive
PBD phase. It is important to clarify that the power

derivative curve in microthermal analysis commonly
used for identification of endo- and exothermic events
does not have the same physical meaning as those
encountered in conventional DSC analysis. In fact,
the power derivative with units of mW/s (or mW/◦C)
represents the acceleration of heat transfer, and is

Fig. 4. Power profiles of PSS–PANi and PSSB4–PANi7 with three
selected locations as shown inFig. 1. The inset is the first derivative
of power profiles.
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not necessary to be an energy absorption (−�H) or
an energy release (+�H) from samples. The sharp
exothermal-like response shown at location 5 (in
Fig. 4) and corresponding quick change in sensor
signal suggested the movement of the thermal probe
during the measurement. No sensor or thermal change
was picked up at location 6.

3.2. Local thermal analysis on core-shell single
microparticle

Based on the thermal analyses of the solid film sur-
faces, an investigation on single core-shell micropar-
ticles was encouraged. Individual microparticles of
PSSB4–PANi7 were prepared by casting dilute aque-
ous suspensions on a silicon wafers. The silicon wafer
substrate provides a smooth surface where micropar-
ticles can be distinguished easily with SThM. It also
has higher thermal conductivity in comparison with
the polymeric materials, allowing easy distinctions in
the power signals, to make sure that the 2�m diameter
thermal probe has precisely targeted on a core-shell
particle with diameter of only 4–5�m. If the thermal
probe missed the microparticle target, either the probe

Fig. 5. Sensor responses of three LTA measurements on a single microparticle of PSSB–PANi7. Two insets show the topographic images
before and after the three LTA measurements.

movement was pick up in sensor signal or power sig-
nal showed a much fast heat transfer. Surface mapping
was carried out first in order to locate the micropar-
ticles. In Fig. 5, a single PSSB–PANi7 micropar-
ticle was identified and checked three times LTA
measurements directly at the particle center. The sen-
sor responses showed a reproducible softening tem-
perature between 350 and 420◦C. Gradually reduced
softening temperatures suggested an orientation of
PBD molecular chains after the heat treatments. More
excitingly, the particle morphology remained the
same as shown in the second mapping images after
the three LTA measurements. These results confirmed
the complete core-shell structures, in which the PBD
rubber was protected by a PSS–PANi shell even at
temperatures near 450◦C. It also demonstrated ex-
istence of a conducting rubber microparticles with
elastic performance.

3.3. Heat capacity and thermal conductivity
measurements

The heat capacities were determined by temper-
ature modulated differential scanning calorimetry
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(TM-DSC) with measuring conditions of±0.5◦C
amplitude, 80 s period, and 4◦C/min heating rate.
These results were further calibrated by using sap-
phire (Al2O3) as a standard. Data shown inFig. 6 are
the second measurements for each sample to avoid
interference from residual moisture. The heat capacity
curves of PSS–PANi and PSSB4 are located between
those of the two starting materials of HT-PBD and
PSS. It can be seen that the heat capacity profiles
of PSSB4 and PSS–PANi are very close, with no
significant difference in the values for samples of
PSSB4–PANi1 and PSSB4–PANi7. The heat capacity
of pure polyaniline powder does seem to be out of the
ordinary above 110◦C. This is believed to be due to
deficient heat transfer in the powder sample, this be-
ing a critical factor in TM-DSC measurements. It was
also found inFig. 6 that the heat capacity of HT-PBD
was about 30% higher than that of PSS–PANi. In
terms of thermal stability, the rubber core therefore
was able to absorb more heat and still physically re-
tain the same shape because of the protective shell.
In other words, the HT-PBD core and the PSS–PANi
shell both had enhanced thermal stability in different
ways. Heat capacity data will be further used and
analyzed for the modeling and calculations in the
microthermal analyses.

The application of microthermal analysis to quan-
titative thermal analysis of material surfaces has been
investigated only very recently[8–10]. Although there
are some uncertain factors in terms of modeling and
experimental approaches, the surface thermal conduc-
tivity measured by microthermal analysis still pro-

Fig. 6. Heat capacities of HT-PBD, PSS, PANi and PSSB–PANi
complexes measured by temperature-modulated DSC.

vides satisfactory accuracy. In theory, the direct cur-
rent (dc) power required to maintain the thermal probe
at a given temperature or temperature profile is highly
dependent on the thermal conductivity near the sen-
sor. Several research groups have developed modeling
and heat equations for the resistive thermal sensor un-
der either direct current or modulated current modes
[11–13]. For low thermal conductivity materials, such
as polymers, the heat equation can be simplified as
2πksbθp [11], meaning that the power is only a func-
tion of thermal conductivity (ks), contact size (b, the
probe radius), and the probe temperature (θp). Probe
temperature (θp) is controlled during the measurement,
and the contact size (b) is assumed to be a constant un-
der the conditions of using the same probe and appro-
priate temperature range without any physical change
in the materials. Therefore, the surface thermal con-
ductivity (ks) can be obtained using only the calibra-
tion data from several standard samples with similar
thermal conductivities.

In our investigations, polymeric materials, including
polystyrene (PS), polypropylene (PP), poly(ethylene
terephthalate) (PET), poly(vinyl chloride) (PVC), and
high-density polyethylene (HDPE), were employed
as standard samples to establish the thermal con-
ductivity calibration curve. Glass was also used as
a higher thermal conductivity specimen. LTA data
were recorded at least five times for each sample with
testing temperature ranging from room temperature
to 100◦C. Within this temperature range, no physical
changes were recorded or expected from the stan-
dard samples and the core-shell polyaniline materials.
Note that a smooth surface for each testing sample
is required in order to minimize errors arising from
the contact size. As the slope of the straight power
curve varied between 60 and 100◦C, the first deriva-
tive power (mW/K), was plotted versus the correlated
thermal conductivities. An excellent calibration curve
as shown inFig. 7 was obtained. In the low thermal
conductivity range, the standard samples showed a
linear relationship, as would be expected from the
heat equation. However, due to a higher thermal
conductivity from PANi-containing samples, an expo-
nential calibration curve was established, so that the
data point for glass could also be covered. The liquid
low molecular weight HT-PBD sample could not be
examined by the same method. Its data point inFig. 7
was obtained from the supplier. PSS–PANi sample
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Fig. 7. The thermal conductivity calibration curve obtained by the
slopes of power profiles between 60 and 100◦C.

without rubber modification showed a lower thermal
conductivity than expected was due to its prepara-
tion by powder sample compression. Other calibrated
thermal conductivities of PSS, PSSB4, and two
PSSB4–PANi samples are summarized inTable 1.
Interestingly, the thermal conductivity of PSSB4
was located between the corresponding values for
PSS and HT-PBD, with a linear interpolation of
about 80:20, the same as its component ratio. As
the PANi moiety was introduced, thermal conduc-
tivities of PSSB4–PANi samples also climbed up to
0.5582 W/m K, more than twice as high as the value
of PSSB4.

Table 1
Heat capacity and thermal conductivity

Sample Specific
gravity
(ρ)

Heat capacity
(Cp) (J/g K)a

Thermal
conductivity (ref.)
(k) (W/m K)

Thermal
conductivity (cal.)
(k) (W/m K)

Thermal
diffusivity
(D) (m2/s)

PSb 0.1420 –
PPb 0.1800 –
PETb 0.2884 –
PVCb 0.1800 –
HDPEb 0.3700 –
Glassb 1.6000 –
HT-PBD 0.901 1.8528 0.2170 – 1.29 × 10−7

PSS 1.40 1.0792 – 0.2907 1.92 × 10−7

PSSB4 1.30 1.3621 – 0.2622 1.48 × 10−7

PSSB4–PANi1 1.32 1.5638 – 0.2710 1.31 × 10−7

PSSB4–PANi7 1.36 1.5351 – 0.5582 2.67 × 10−7

PSS–PANi (1:1) 1.40 1.3870 – 0.1904 0.98 × 10−7

a Heat capacity at 100◦C measured by TM-DSC.
b Standard.

3.4. Scanning thermal microscopy

Microthermal analysis has often been utilized for
surface morphology studies, especially on hetero-
geneous materials containing two or more different
components[14,15]. Scanning thermal microscopy
records thermal conductivity information by monitor-
ing the power required to maintain the thermal probe
at a given temperature while doing the surface map-
ping. Materials with good thermal conductivity tend to
“consume” more energy from the thermal probe, due
to better heat transfer. Low thermal conductivity ma-
terials, in contrast, perform more like insulators, and
claim less energy from the probe. As a result, thermal
conductivity can be recorded and distinguished for
each component, even if it is a few microns below the
surface.Fig. 8shows an example of thermal mapping
for a PSSB4–PANi1 solid film, with data collected
with the probe temperatures at 30, 80 and 240◦C. Al-
though the surface morphology and sensor responses
remained the same when the probe temperature was
increased to more than 200◦C, the thermal conductiv-
ity images were indeed enhanced by the high temper-
ature probe. The white area in thermal conductivity
images corresponds to the PSS–PANi domain, and
the darker region corresponds to PBD. As mentioned
earlier, the PBD phase in this low PSS–PANi loading
sample was able to aggregate and form larger particles
with size even up to 20�m. Nevertheless, the high
thermal conductivity regions indicated a continuous
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Fig. 8. Sensor response, topographic (Z-Piezo) and thermal conductivity images (20�m × 20�m) of PSSB4–PANi1 solid films under the
probe temperatures at 30, 80 and 240◦C.

PDD–PANi phase surrounding the PBD particles. For
comparison, a PSS–PANi sample without PBD load-
ing was also examined under the same conditions. As
expected, the results did not indicate much morphol-
ogy or thermal conductivity tolerance. In the case of
PSSB4–PANi7, the PSS–PANi apparently dominated
the thermal conductivity mapping as shown inFig. 9.
PBD particles (the dark spots) with maximum diam-
eters of 5�m also matched the signal core-shell size
observed in optical microscopy. With this thermal
conductivity morphology, there was no doubt that the
PSS–PANi phase in PSSB4–PANi7 was continuous.

3.5. Temperature modulated microthermal analysis

The most interesting demonstration in microther-
mal analysis involves the applications of ac mode and
modulated temperature control, where direct current is

replaced by the alternating current. Due to the size of
thermal probe and heating area, heating and cooling
rates estimated in the range of a few tens of nanosec-
onds[16] are fast enough to perform a complete ac cy-
cle. Theoretically, the temperature distribution under a
temperature-modulated heat source can be expressed
asT = T0 exp(−L/L0), whereT0 is the probe tempera-
ture andL is the depth below the surface. The thermal
diffusion length,L0 = (D/ω)1/2, is a function of the
thermal diffusivity (D) of the material and the angular
frequency of modulation (ω). In general, the effective
diffusion length (d) is considered to be the penetra-
tion depth where the temperature increases can reach
half of the surface temperature (T0). The mathemati-
cal expression ofd then becomesd ∼= (2D/ω)1/2. For
most common polymeric materials, the heat penetra-
tion depth (d) is in the range of few microns in the ac
frequencies from 1 to 50 kHz.
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Fig. 9. Thermal conductivity mapping of PSSB–PANi7. Bright area is PSS–PANi domain, and the dark spots represent the PBD cores.

In reality, however, the three-dimensional ther-
mal wave with modulated temperature is expressed
and projected into two-dimensional surface mapping.
Frequency-dependent depth of heat penetration based
on one-dimensional heat transfer is too much of a
simplification, in addition to the fact that the gradient
temperature distribution under the heat source makes
it difficult to define the real distance of the effective
heat transfer. Several research groups, therefore, have
proposed more complex modeling systems for SThM
in an ac mode. For example, the thermal probe can
be still simplified as a one-dimensional thermal cou-
ple, and the three-dimensional heat transfer between
probe and material surface can be estimated[17–19].
Second (2ω) and third harmonic signals (3ω) have
also been investigated as a possible means to produce
thermal images in three-dimensions[20].

Before ac SThM measurements on PSSB4–PANi
samples were experimentally investigated, their ther-
mal diffusivities (D) were first calculated based on the
equation,D = k/ρCp, wherek, ρ andCp are the ther-
mal conductivity, density and heat capacity, respec-
tively. Thermal conductivities were measured as dis-
cussed previously. Heat capacities at 100◦C obtained
in TM-DSC were employed because it is the same
probe temperature used in the ac SThM. Results of
these thermal parameters are summarized inTable 1.

Fig. 10shows an example of a PSSB4–PANi7 solid
film examined using ac SThM. The probe temper-

ature was maintained at 100◦C with a temperature
amplitude of±3◦C and ac frequencies varied from
1 to 20 kHz. Since the temperature was kept con-
stant in the SThM, the probe resistance was also
unchanged. Therefore, the temperature-modulated
amplitude recorded as a voltage is directly propor-
tional to the square root of power, and provides the
same information as that obtained in thermal conduc-
tivity mapping, i.e. the power required to maintain the
probe temperature. In the modulated amplitude image
shown inFig. 10, a PBD particle of 4�m in diame-
ter was identified and its thermal morphologies were
shown to be ac-frequency dependent. The amplitude
readings at the area away from any PBD particles in
the line measurements are considered as the constant
baseline, so that the differential amplitude readings at
the PBD particle location can be exported and ana-
lyzed. The dramatic amplitude drop located at the rub-
ber particle, especially at low ac frequency, indicated
that the low thermal conductive PBD microparticle
has preserved a certain amount of heat transfer. At low
frequency, the heat wave penetrated more deeply and
accumulated more contribution from PBD domain.

In order to obtain a better understanding of the ac
SThM results, a simple model as shown inFig. 11was
further investigated using a single PBD micro-sphere
of 4�m in diameter located 2�m below the surface.
The volume and the volume percentage of PBD and
PSS–PANi domains were first revealed as a function
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Fig. 10. Temperature-modulated SThM of PSSB4–PANi7 solid film by the ac frequencies as indicated. The probe temperature is 100◦C
with ±3◦C amplitude. The line measurements crossed the near-surface PBD particle are exported and analyzed. The inset shows the
amplitude vs. the function of (1/ω)1/2. Baseline represents the amplitude at the area without PBD domain.

of the distance from the heat source. Although
the PBD domain has reached only a maximum of
12 vol.%, its contribution in the total heat transfer will
still intensify the differential of the heat dissipation.
The frequency-dependent temperature distributions
under a temperature-modulated heat source at 100◦C
were calculated according to the heat equations men-

Fig. 11. The inset shows a model of single PBD micro-sphere of 4�m in diameter located 2�m below the surface for the accountable
volume to ac heat wave. Dash curves represent the volumes of PBD core and PSS–PANi shell within the half sphere territory; solid curves
are the volume percentages of PBD core and PSS–PANi shell.

tioned previously. Then, the total heat consumption
for this modeling systems of a PBD micro-sphere
located 2�m below the surface can be estimated and
subtracted from the same heat consumption of the
model without a PBD micro-sphere. InFig. 12, the
experimental amplitude square curve (V2) proportion-
ally matches with the modeling profile. The major
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Fig. 12. Dash curve represents the square of amplitude (proportional to power) vs. ac frequencies ((1/ω)1/2). The solid curve is the
differential heat consumption as a function of heat penetration depth, calculated by a model of a PBD micro-sphere of 4�m in diameter
located 2�m below the surface.

variation at low heat penetration range (or high ac fre-
quency) was presumably caused by the surface cool-
ing and the movement of the scanning thermal probe.
Also, the effective diffusion length calculated in the
modeling system was based on the thermal properties
of PSSB–PANi matrix, which was not appropriate
as the heat wave reaches the low conductive PBD
phase.

For low PANi loading samples, such as in the case
of PSSB4–PANi1, the difference of thermal proper-
ties between rubber and conducting polymer domains
is much less significant. Meanwhile, PBD cores
gather too closely to separate their thermal responses.
The heat wave always penetrates and covers more
than one core-shell microparticle. Consequently, the
temperature-modulated thermal profiles as a function
of heat penetration depth lose their sensitivities in the
surface mapping images.

In a separate experiment, similar ac microthermal
analysis was performed on a PMMA film containing
SiO2 microparticles. Because SiO2 is a better conduc-
tor than PMMA, the ac thermal mapping shown in
the inset ofFig. 13 recognizes the particles as bright
spots, opposite to the PBD cores in the PSSB4–PANi7
sample. The line measurements of modulated ampli-
tude mappings, therefore, give upward profiles repre-

senting the locations of three SiO2 particles. In this
case, the frequency-dependent thermal response was
also observed.

Fig. 14summarizes the two temperature-modulated
SThM models for the non-homogeneous materials
containing either good or poor conductive micropar-
ticles, compared to their surrounded matrixes. For
the homogeneous samples (curves a2 and b2), the
frequency-dependent heat transfer climbs first as more
material covered by the hemispheric heat penetration
range, then it gradually saturates to an equilibrium that
presumably is the same heat transfer as the isothermal
treatment. In the case of materials containing poor
conductive cores as the second phase, like PBD mi-
croparticles in PSSB–PANi7, the reduced heat trans-
fer was expected inside the PBD domain. As a result,
the differential heat transfer between the locations
with and without PBD phase was less at the high ac
frequency heating (curve a3 inFig. 14). Once the heat
wave effectively covered the whole microparticle at
low ac frequency heating, the differential heat transfer
was enlarged and stabilized. For the opposite case, a
SiO2 particle with better thermal conductivity than the
matrix speeded up the heat transfer inside the core and
expanded the differential heat transfer at the high ac
frequency heating. Curve b3 shown inFig. 14is about
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Fig. 13. Temperature-modulated SThM of SiO2/PMMA solid film by the ac frequencies as indicated. The probe temperature is 80◦C with
±3◦C amplitude. The line measurements crossed the near-surface SiO2 particles, labeled as (a), (b) and (c), are exported and analyzed.
The inset shows the amplitude vs. the function of (1/ω)1/2. Baseline represents the amplitude at the area with SiO2 domain.

Fig. 14. Comparison of good and poor conductive cores in the temperature-modulated SThM as a function of ac frequencies. Curves a2
and b2 are ac frequency-dependent heat transfer of good and poor conductive matrixes. Curves a1 and b1 represent the heat transfer at
the locations of poor and good conductive particles. Curves a3 and b3 are the differential heat transfers at both cases.
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a mirror profile to curve a3. These observations sug-
gest the different strategies to the morphology inves-
tigation in temperature-modulated SThM. For good
conductive subjects hidden under the surfaces, high
ac frequency heating can enhance the morphological
images. Lower ac frequency heating is recommended
to capture the poor conductive objects below the
surfaces.

4. Conclusions

Microthermal analysis has proven to be an excellent
technology for the investigation of non-homogeneous
materials, such as core-shell polyaniline micropar-
ticles. Local thermal analysis revealed localized
thermal responses in a few square microns of
area, and discerned the mechanical properties of
the rigid PANi shell from those of the soft PBD
core. Scanning thermal microscopy collected sur-
face thermal information and confirmed the pres-
ence of continuous conducting phase in these unique
core-shell approaches. Modulated microthermal anal-
ysis also demonstrated the frequency-dependent
thermal properties and the depth-dependent mor-
phology of the core-shell polyaniline micropar-
ticles.
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