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Abstract

The mass transport of methanol mixed with ferric chloride hexahydrate (FeCl3·6H2O) in poly(methyl methacrylate) (PMMA) and the
related optical properties have been investigated. The ratio of FeCl3·6H2O to methanol in the solvent mixture isX � 0:013; 0.038 and
0.063 g/g. The mass transport is anomalous, which is a mixture of Case I with Case II transport. Both diffusion coefficient for Case I and
velocity for Case II transport satisfy the Arrhenius equation. The activation energy of diffusion coefficient in Case I transport decreases with
increasingX, but the trend for that of velocity in Case II transport is opposite. The mass transport is an endothermic process and satisfies the
van’t Hoff’s plot. The heat of mixing increases withX. The transmittances of PMMA saturated with the solvent and solvent of methanol
mixed with FeCl3·6H2O decrease with increasingX. The scattering intensity of the specimens after desorption is inversely proportional to the
visible wavelength with an exponent,n, in the range from 1.02 to 3.25. The exponent is equal to 4 corresponding to the Rayleigh scattering.
The wavelength dependence of scattering intensity is attributed to holes, the size of which is smaller than the visible wavelength, and to
clouds. The holes and clouds in the solvent-treated specimen are observed by the scanning electron microscope and optical microscope. The
deviation of the exponentn from 4 is due to the fractal dimension of hole and cloud. The FTIR spectra of specimens treated with solvent of
different concentrations of FeCl3·6H2O are also studied.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The incorporation of ferric chloride (FeCl3) into polymers
can induce pronounced changes in various properties of
polymers. Rabek et al. [1] found that poly(ethylene oxide)
(PEO), polyester poly(b-propiolactone) (PPL) and poly-
(ether ester) poly(1,5-dioxepan-2-one) (PDXO) form coor-
dinate complexes with FeCl3. Under the UV irradiation,
PEO–FeCl3, PPL–FeCl3 and PDXO–FeCl3 complexes
exhibit slow photo-degradation [1]. Tawansi et al. [2]
studied the d.c. electrical resistivity and Curie point of poly-
vinylidene fluoride (PVDF) filled with FeCl3. Rao and
Chopra [3] observed that the electric conductivity of poly-
(vinyl chloride) (PVC) films containing 4 wt.% of metallic
salts such as CoCl2, CuCl2 or FeCl3 increases to six orders of
magnitude because the iron sites play the role of bridging
for the transfer of electrons from one hopping center to
another. Svorcik et al. [4] found that the FeCl3 increases
with a decrease of the PE sheet resistivity. Linde`n and
Rabek [5] studied the chemical structure of poly(acrylic

acid)-iron chloride (PAA–FeCl3) gels and the mechanism
of gel formation in water and hydrogen peroxide. The
authors found that the stable and insoluble PAA–FeCl3

gel can be applied to blocking of microscopic channels in
tooth dentin. Mano et al. [6] investigated the mechanical,
thermal and dynamic mechanical behaviors of PVC with
various concentrations of FeCl3. Stanke et al. [7] determined
the oxidative crosslinking reaction of FeCl3 with a polymer
backbone consisting of poly(methyl methacrylate) (PMMA)
with pyrrole-containing side groups. Bailey et al. [8] studied
the growth mechanisms of iron oxide particles of different
morphologies from the forced hydrolysis of ferric chloride
solutions. Kawai et al. [9] analyzed the corrosion of iron in
electrolytic anhydrous methanol solutions containing ferric
chloride. The structure of non-aqueous ferric chloride solu-
tions was studied using Mossbauer spectroscopy [10].

The large molecule transport in polymers is accounted for
Case I, Case II and anomalous transport. The governing
equation of Case I transport is the diffusion equation. The
problems of diffusion equation with different boundary
conditions were solved by Crank [11]. The solvent content
of Case II transport is linearly proportional to time. Kwei and
coworkers [12–16] were the first to propose a mathematical
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model of anomalous diffusion in a semi-infinite medium,
which is a combination of both Case I and Case II behaviors.
Harmon et al. [17,18] modified the equation proposed by
Kwei and coworkers and applied to the methanol transport
in PMMA specimens of finite size. Svorcik et al. [4]
analyzed the diffusion of FeCl3 from water solution into
ion-implanted PE using the Rutherford backscattering tech-
nique. These authors found that the ratio of atomic concen-
trations of Fe and Cl atoms in PE is about 2 and 3 for higher
and lower implanted doses, respectively. So far, no litera-
ture has reported the mass transport of organic solvent
mixed with ferric chloride in polymer in detail. It prompted
us to investigate the diffusion behavior of methanol mixed
with ferric chloride hexahydrate (FeCl3·6H2O) in PMMA
based on the Harmon’s model.

Tyndall observed that the scattering intensity is inversely
proportional to visible wavelength with exponent 4 [19].
The Tyndall effect was explained by Rayleigh scattering
[19] that occurs when the particle size is smaller than the
visible wavelength. The exponent 4 is due to the surface of
particles which have a dimension of 2. However, Lin et al.
[20] found that the exponent is smaller than 4 for the PMMA

after methanol absorption, but they did not explain why the
exponent is less than 4. In this paper, we explore the trans-
mittance of PMMA when treated by methanol with various
concentrations of FeCl3·6H2O and the effect of the ferric
chloride hexahydrate addition on light scattering.

2. Experimental

PMMA with inherent viscosity 0.237 dl/g was obtained
from the Du Pont Company in the form of a type-L Lucite
cast acrylic sheet of thickness 6.35 mm. Specimens of
20× 6.35× 1.0 mm3 were cut from the sheet and ground
using 800 and 1200 grid emery papers, followed by final
polishing with 1 and 0.05mm alumina slurries. The speci-
mens were annealed at 958C in air for 24 h and then furnace
cooled to room temperature. FeCl3·6H2O and methanol were
obtained from Hayashi Pure Chemical Industries and
Shimakyu Chemicals Co., respectively. The solvent mixture
was prepared with the ratio of FeCl3·6H2O methanol at
0.013, 0.038 and 0.063 g/g. The PMMA specimens and
the solvent mixture were preheated separately to the same
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Fig. 1. The mass transport of methanol mixed with various concentrations of FeCl3·6H2O in PMMA at different temperatures: (a)X� 0 g/g; (b) 0.013 g/g; (c)
0.038 g/g and (d) 0.063 g/g.X denotes the ratios of FeCl3·6H2O in methanol.



elevated temperature. Then each specimen was immersed in
the solvent mixture and kept at constant temperature in a
thermostatted water bath at 40–608C. The sorption study
was conducted by periodically measuring the weight gain
of the specimen until saturation. Specimens were weighed
using an Ohaus analytical plus digital balance.

The specimen was saturated with the solvent mixture at
508C and then desorbed for different periods at room
temperature. Transmittance of solvent-treated specimen
was measured in the wavelength range of 200–800 nm
using a Hitachi U-3210/U-3240 spectrometer. The specimen
of Fourier transform infrared (FTIR) spectra was saturated
with the solvent and then desorbed for two weeks at room
temperature. The infrared spectrum of solvent-treated speci-
men was measured in the range 500–2000 cm21 by the
attenuated total reflectance method using a Bomen DA8.3
FTIR spectrometer.

The specimen saturated with the solvent at 508C and then
desorption at room temperature was cleaved. The cleaved
surfaces were observed using an Olympus BH-2 optical
microscope and Joel 5200 scanning electron microscope
(SEM). The cleaved surface of specimen was coated with
gold for the observation of SEM. The opaque region appears
in the cross-section of specimen saturated with the solvent
of methanol mixed with 0.063 g/g FeCl3·6H2O. Then the
opaque region in the specimen after desorption for 7 days
at room temperature was observed using an Olympus BH-2
optical microscope with transmitted light.

For the transition temperature study, a 10 mg cubic speci-
men immersed in solvent mixture with various concentra-
tions of FeCl3·6H2O at 508C for different periods was
prepared. The specimen was quickly enclosed in a regular

aluminum pan after removed from the water bath in order to
avoid the escape of solvent from the specimen. Then the
specimen was moved into a Seiko II differential scanning
calorimeter immediately. The specimen was heated from
room temperature to 2008C with a heating rate of 58C/
min. The inlet N2 gas was operated with a flow rate of
40 ml/min. The change of heat flow with time was
recorded.

3. Results and discussion

Fig. 1(a)–(d) shows the experimental data of mass
transport for solvent of methanol mixed with different
concentrations of FeCl3·6H2O at 40–608C where M0 ��
0:123^ 0:003 g� is the mass of virgin PMMA. Note that
the definition of virgin specimen is the PMMA specimen
prior to the solvent treatment. Because of the softening and
large deformation, the transport experiment cannot be
carried out for the concentration of FeCl3·6H2O greater
than 0.063 g/g. These data can be analyzed using a mass
transport model proposed by Harmon et al. [17]. Their
model assumed that the transport behavior accounts for
Case I, Case II and anomalous sorption. The characteristic
parameters corresponding to Cases I and II areD for diffu-
sion coefficient andv for velocity, respectively.D is due to
the random walk of solvent molecules andv the stress
relaxation of polymer chain. The specimen of thickness
2` is free of solvent at the initial time and the concentration
of solvent on both outer surfaces is maintained constant at
all times. The weight gain of solvent,Mt, based on the one
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Table 1
Diffusion coefficient (D) for Case I transport, velocity (v) for Case II transport and the equilibrium solvent content (ESC) in FeCl3·6H2O/methanol/PMMA

T (K) FeCl3·6H2O/Methanol/ (g/g) D × 108 (cm2/s) v × 106 (cm/s) ESC (wt.%)

333 0 13.00 8.50 52.12
0.013 8.90 6.20 57.81
0.038 6.80 4.10 72.58
0.063 5.20 3.10 98.71

328 0 8.00 7.10 45.73
0.013 6.80 5.00 50.23
0.038 5.50 3.40 61.63
0.063 4.20 2.50 84.75

323 0 4.50 5.50 38.80
0.013 4.70 3.80 43.06
0.038 3.80 2.80 54.20
0.063 2.80 1.90 73.84

318 0 2.60 4.30 34.98
0.013 3.10 3.00 37.66
0.038 2.50 2.00 47.64
0.063 2.10 1.40 63.01

313 0 1.40 3.15 31.45
0.013 1.80 2.20 32.82
0.038 1.70 1.40 39.90
0.063 1.50 1.00 54.82
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andM∞ is the equilibrium weight of solvent. The solid lines

in Fig. 1 are plotted using Eq. (1). It is found that the theo-
retical model is in good agreement with the experimental
data for solvent with different concentrations of
FeCl3·6H2O. The values ofD and v obtained from Fig. 1
are listed in Table 1. ForX . 0; bothD andv decrease with
increasing concentration of FeCl3·6H2O at a given tempera-
ture. The values ofD andv satisfy the Arrhenius equation:

D � D0 exp�2ED=RT� �4�

v� v0 exp�2Ev=RT� �5�
whereD0 and v0 are pre-exponent factors.ED and Ev are
activation energies of Case I and Case II transport,
respectively. The values ofED andEv are calculated using
Eqs. (4) and (5) and tabulated in Table 2. It is found that the
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Fig. 2. Plot of transmittance versus wavelengthl in the range of 250–800 nm at 508C (a) in the mixture of methanol and various concentrations of FeCl3·6H2O;
(b) in a specimen saturated with the solvent of different concentrations of FeCl3·6H2O before and after desorption.



activation energy,ED, of Case I diffusion decreases with
increasing concentration of ferric chloride hexahydrate,
but the trend for the activation energy of Case II diffusion
is opposite. Comparing both activation energies ofD andv,
the effect of ferric chloride hexahydrate is more pronounced
on Case I diffusion than on Case II diffusion.

The equilibrium solvent content, ESC, of the system is
defined as the equilibrium weight of solvent in the specimen
divided by the weight of virgin specimen. The values of
ESC for various concentrations of FeCl3·6H2O at 40–608C
are listed in Table 1. The equilibrium solvent content
increases with increasing temperature, irrespective of the
addition of FeCl3·6H2O. That is, the mass transport is an
endothermic process. The equilibrium solvent content
(ESC), satisfies the van’t Hoff’s equation:

�ESC� � �ESC�0 exp�DH=RT�; �6�
where (ESC)0 andDH are pre-exponent factor and heat of
mixing, respectively. The values ofDH were calculated
using Eq. (6) and listed in Table 2. The heat of mixing
increases with increasing concentration of FeCl3·6H2O. At
a given temperature, the equilibrium solvent content
increases significantly with increasing concentration of
FeCl3·6H2O.

The addition of FeCl3·6H2O enhances the penetration of
the solvent to PMMA. This implies that FeCl3·6H2O
changes the interaction of methanol–methanol molecules
or solvent–polymer molecules. Fig. 2(a) shows the trans-
mission spectrum in the UV and visible regions of the
solvent with different concentrations of FeCl3·6H2O at
508C. The light rays in the measurement range almost pene-
trate through methanol, but those below 470 nm are comple-
tely absorbed by the solvent mixture. The cut-off
wavelengths of solvent with different concentrations of
FeCl3·6H2O are listed in Table 3 and shift to long wave-
length side with more concentration of FeCl3·6H2O. The
ferric chloride hexahydrate is a coordinate compound,
which may have more than one kind of ion-pairs or anions
complex formed in the organic solvent, for example, FeS6

31,
FeClS5

21, FeCl4
2, FeCl2S4

1 and Cl2 [1,21,22], where S is the
organic solvent molecule. After excited by light, these ion-
pairs or anion complexes exhibited the charge transfer from
ligand or solvent to metal center. The number of metal
centers is reduced and the ligand or solvent is oxidized.
As a result, an absorbed optical band induced by the charge

transfer was observed. The light absorption arising from
different ion-pairs and anion complexes is coupled to each
other to form a broad band so that no isolated peak is
present. The component with metal center of high oxidation
state is produced in the solvent with large concentration of
FeCl3·6H2O. Therefore, the charge transfer process can be
easily carried out, which is equivalent to a absorbed band
extending to the range of a longer wavelength.

The transmission spectrum of the specimen with satu-
rated solvent is shown in Fig. 2(b) by solid lines. Compared
to the transmission spectrum of solvent as shown in Fig.
2(a), the cut-off wavelength of transmittance shifts to the
short wavelength side for each concentration of
FeCl3·6H2O. The interaction between solvent molecule
and polymer chain makes a more stable state for the
complex so that the higher energy of light is required to
excite the photo-reaction. After desorption, there are some
complex residues in the specimen. The weight percents of
residue relative to that in the virgin specimen are 4.79, 6.56,
9.41 and 11.73% forX � 0; 0.013, 0.038 and 0.063 g/g,
respectively. The charge transfer band is observed in Fig.
2(b) by the dashed lines. The cut-off wavelength forX �
0:013 shifts to the short wavelength side again, but those for
X � 0:038 and 0.063 g/g remain the same. Some solvent
complexes, which have a strong attractive force to polymer
molecule, are left in the specimen treated with the solvent of
low concentration of FeCl3·6H2O. However, for the speci-
men treated with the solvent of high concentration of
FeCl3·6H2O, the force interaction between solvent and poly-
mer chain is not a unique factor to prevent the escaping of
solvent molecule. Further study will be made to identify the
factors to affect the transmittance during the mass transport
of methanol with high concentrations of FeCl3·6H2O.

From the analysis of transmission spectra in the range of
250–800 nm, we find that FeCl3·6H2O interacts with metha-
nol molecule to form complexes and disperses the intermo-
lecular force of methanol molecules, like the hydrogen
bond. The solvent complexes penetrated into PMMA also
interact with polymer chains and form a more stable state.
That is, the enhancement of solvent power [23] of the
mixture of methanol with FeCl3·6H2O in PMMA is due to
the interactions of FeCl3·6H2O–methanol and solvent–
polymer chains. The alternative interpretation is that the
metal compound is provided a low energy pathway for
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Table 3
Cut-off wavelengths (nm) for solvent with different concentrations (X) of
FeCl3·6H2O, and the measured wavelengths for PMMA saturated with the
solvent and after desorption in air at room temperature

X (g/g) Solvent PMMA

Saturation Desorption

0 , 250 250 249
0.013 472 416 384
0.038 490 448 448
0.063 504 460 460

Table 2
Activation energies ofED andEv for Case I and Case II transport and the
heat of mixingDH

FeCl3·6H2O/methanol/ (g/g)

X � 0 0.013 0.038 0.063

ED (kcal/mol) 23.88 17.03 15.21 13.61
Ev (kcal/mol) 10.64 11.06 11.44 12.15
DH (kcal/mol) 5.48 6.09 6.23 6.30



diffusion process either by the change of oxidation state or
by the formation of appropriate intermediates, so that the
activation energy is decreased [24].

The FTIR spectrum of the specimen treated with metha-
nol mixed with different concentrations of FeCl3·6H2O is
illustrated in Fig. 3. It sheds light on the interaction between
solvent and polymer chains in an alternative way. The spec-
trum of virgin PMMA specimen shows the absorption peak
of carbonyl group at 1724 cm21, and the vibration bands of
methyl group at 1380–1500 cm21 and methacrylate group
at 1050–1230 cm21, respectively. Comparing the solvent-
treated PMMA with virgin PMMA, some absorption peaks
for the specimen treated with the solvents after desorption
have a little shift and their intensities are reduced, but no
new intense peak is observed. That is, the solvent complexes

do not have covalent bonds to polymer chains. There are
two obvious changes in the spectra. One is located at the
absorption band between 1050–1145 cm21. The absorption
peak on 1063 cm21 for virgin PMMA shifts to 1067 cm21

for X � 0:063: The energy for bond stretch is raised, and the
shoulders of the two isolated peaks at 1063 and 1143 cm21

in virgin PMMA become overlapped in the solvent-treated
specimen due to coupling. This coupling effect arises from
the interaction between the ester group of polymer and the
solvent complex. The other change is located in the region
between 1600 and 1700 cm21. The weak and broadened
absorption band appears in the solvent-treated specimen,
but no absorption band is observed in virgin PMMA. This
weak and broadened band corresponds to the optical absorp-
tion of FeCl3·6H2O [1].
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Fig. 3. FTIR spectra of specimens treated with solvent mixture of different concentrations of FeCl3·6H2O at 508C after desorption, whereI is the transmittance.

Fig. 4. Contents of solvent mixture at different concentrations of FeCl3·6H2O in specimens as functions of desorption time.



The transmittance of the solvent-treated specimen varies
with the visible wavelength in the range of 400–800 nm
shown in Fig. 2(b) by dashed lines. This phenomenon was
first observed by Lin et al. [20], and they proposed that the
variation of transmittance with visible wavelength is due to
the size of holes smaller than the visible wavelength. The
holes are enlarged by solvent during the solvent uptake and
shrunken during desorption. If the solvent content is small
during uptake, the hole would be close up after desorption,
but if the solvent content exceeds a critical value, the hole
would not be closed up. The shrinking rate of hole is

proportional to the desorption rate, which is defined by the
slope of the curve of weight loss versus time. The weight of
residual solvent in specimen during desorption is shown in
Fig. 4 whereM0 is the weight of virgin PMMA. The solvent
content in the specimen after desorption for 1 h lost more
than 40 wt.% of saturated solvent. The rate of desorption
becomes slow after 1 h and the shrinking rate of hole would
also be slow. Therefore, the time dependence of transmit-
tance in the visible wavelength after desorption for 1 h is
shown in Fig.5(a)–(d). The scattering intensity,Is, is defined
as the difference of transmittance between the virgin speci-
men,I0, and the desorbed specimen,I, at timet � td wheretd
is the desorption time. Note that we neglect the optical
absorption. From Fig. 5, the scattering intensity of PMMA
specimen with different concentrations of FeCl3·6H2O can
be curve-fitted by the following equation:

Is � al2n �7�
wherea andn are constants. Both parameters,a andn, are
calculated using Eq. (7) and listed in Table 4. The exponent,
n, is in the range from 1.2 to 3.26. It increases with increas-
ing desorption time fortd # 7 days andX # 0:038 g/g and/
or td # 1 day andX � 0:063 g/g. For a given desorption
time, the exponent increases with increasingX in the
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Fig. 5. The transmission spectrum of the specimens treated with solvent mixture of different concentrations of FeCl3·6H2O at 508C after desorption for different
periods: (a)X � 0 g/g; (b) 0.013 g/g; (c) 0.038 g/g; (d) 0.063 g/g.

Table 4
Values of constanta, and exponentn in Eq. (7) related to the desorption
time td and content of FeCl3·6H2O

X (g/g) Solvent PMMA after desorption fortd

td� 1 h 3 h 1 day 7 days

a n a n a n a n a n

0 – – 5.28 2.08 5.62 2.23 5.81 2.36 6.03 2.53
0.013 1.92 1.15 5.31 2.08 5.78 2.28 5.89 2.36 6.31 2.59
0.038 3.63 1.61 5.83 2.27 6.11 2.40 6.27 2.52 6.41 2.64
0.063 4.77 1.91 7.15 2.73 8.14 3.11 8.38 3.25 2.65 1.02



rangeX # 0:038 g/g. According to Rayleigh [19], the scat-
tering intensity is proportional to the square of electric field
arising from the particle, whose size is smaller than the
visible wavelength. The electric field due to particle scattering
is inversely proportional to the square of visible wavelength

when the surface of particle is considered. Note that the
surface dimension of particle is 2. Therefore, the scattering
intensity is proportional tol24, i.e. the exponent is 4 for
Rayleigh scattering (or surface scattering). We assume that
a hole is a particle and its surface dimension is of a fraction,
not an integer. The exponent,n, smaller than 4 is believed
due to the fractal of holes [25–27]. The fractal surface
dimension of a hole isn=2: It is also found that the size of
hole increases with increasing desorption time and increas-
ing concentration of FeCl3·6H2O. The scattering intensity of
methanol mixed with different concentrations of
FeCl3·6H2O also satisfies Eq. (7) and their parameters,a
andn, are calculated and listed in Table 4. It is found that
the value ofn increases with increasingX. Note thatn is
equal to zero for pure methanol because the transmittance is
independent of visible wavelength in the range of 400–
700 nm. The fractal behavior of light scattering due to
solvent mixture in PMMA will be investigated in the near
future.

From the previous paragraph, the holes in the polymer are
considered as small particles to scatter the visible light. A
large number of holes in a specimen with solvent of
X � 0:063 g/g at 508C is shown in Fig. 6. The size of
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Fig. 6. The morphology of the specimen treated with solvent mixture of
X � 0:063 g/g at 508C observed by scanning electron microscope.

Fig. 7. Photographs of the opaque region of a specimen treated with solvent mixture ofX� 0.063 g/g at 508C: (a) after desorption for 4 days; (b) amplification
of zonea in (a), and (c) after desorption for 7 days.



holes varies from 30 to 300 nm. Rayleigh [19] suggested
that the dependence of scattering intensity upon light wave-
length arise from the different obstructive efficiency of the
small particle to various light wavelengths. It is known that
methanol and virgin PMMA are transparent in the visible
range, i.e. transmittance is above 90%. For the specimen
treated with methanol, the dependence of scattering inten-
sity upon visible wavelength is only attributable to the holes.
However, the situation for the specimen treated with the
solvent mixture of FeCl3·6H2O and methanol becomes
complicated. The solvent mixture itself exhibits the scatter-
ing behavior (see Fig. 2(a)) arising from the particles of
metal coordinated complex in the solvent. Thus, for speci-
mens treated with the solvent mixture, the relationship
between transmittance and light wavelength is influenced
not only by the presence of holes but also by the residual
solvent in the specimen.

A special phenomenon is observed for the specimen trea-
ted with the solvent ofX � 0:063 g/g and desorption time
td $ 4 days. The value ofn is drastically reduced below 2
after desorption for 4 days. An opaque region appears in the
inner layer of the specimen. This opaque region in the speci-
men treated with solvent mixture for 4 days is shown in Fig.
7(a) and (b). Fig. 7(c) shows the optical microscopy of a
specimen after desorbed for 7 days. No hole smaller than the
visible wavelength is observed in Fig. 7. The opaque region
looks like clouds, and extends outward from the center of
the specimen to the outer surface in the form of tree branch
as a fractal cluster does [26,27].

The thermal analysis is helpful to understand the chain
movement and the process of the creation of holes caused by
mass transport. Glass transition temperature,Tg, can be
regarded as an index of the chain mobility. Fig. 8 illustrates
the change ofTg with solvent content. It is found thatTg

decreases linearly from 104 to 778C with increasing metha-
nol content. Because the operating temperature (508C) is
below Tg through the whole transport process, the chain
movement caused by the penetrated solvent is restricted in

a small scale. As the specimen is removed from the water
bath, the solvent moves from the interior and is escaped at
the outer surface. When the solvent in the inner layer moves
outward, the space previously occupied by the solvent
becomes a hole. Thus the hole is smaller near the surface
layer than in the interior. The morphology of cross-section
of the specimen after desorption is shown in Fig.9(a)–(c). It
can be seen from Fig. 9 that the microstructure changes from
transparent to opaque via branches of trees when the
concentration of FeCl3·6H2O is increased. The inner layer
can be easily distinguished from the outer layer. The density
of holes increases with increasing concentration of
FeCl3·6H2O (not shown in Fig. 9).

Ferric chloride hexahydrate raises the affinity between
solvent and polymer chains. The mobility of the polymer
chain orTg is sensitive to the solvent content (see Fig. 8).
Therefore, the glass transition temperature of PMMA is
lowered due to solvent uptake. The difference of glass tran-
sition temperature between the specimen treated with the
solvent mixture and pure methanol increases with increas-
ing concentration of FeCl3·6H2O for the same solvent
content. Furthermore, for the solvent mixture with
X $ 0:038 g/g, the glass transition temperature is possibly
below the operating temperature (508C). That is, the poly-
mer chain can move a large distance and the capacity occu-
pied by the solvent greatly increases. The size of the hole is
proportional to the solvent content inside the hole. While the
specimen with a large solvent content is cooled and
desorbed in air, the outflow of solvent makes the shrinking
of holes. The solvent in the interior of the specimen diffuses
outward and the holes become smaller. The empty holes
scatter the visible light so that an opaque region first appears
at the center of the specimen. As the solvent continues to
flow to the external surface, the hole-created region
increases, and the opaque region grows during the desorbed
period.

4. Summary and conclusions

The mass transport of methanol mixed with ferric chlor-
ide hexahydrate (FeCl3·6H2O) in poly(methyl methacrylate)
(PMMA) and the related optical properties have been inves-
tigated. The sorption of methanol mixed with ferric chloride
hexahydrate of different concentrations,X � 0:013; 0.038
and 0.063 g/g in PMMA at 40–608C is a process of anom-
alous diffusion. The experimental data of mass uptake is in
excellent agreement with the theoretical model. The diffu-
sion coefficient and velocity which characterize Case I and
Case II transport, respectively, satisfy the Arrhenius equa-
tion. The activation energy of Case I transport decreases
with increasing concentration of FeCl3·6H2O whereas the
activation energy of Case II transport slightly increases
with increasing concentration of FeCl3·6H2O. The equili-
brium solvent content satisfies the van’t Hoff’s plot and
the mass transport is endothermic. Both heat of mixing

K.F. Chou, S. Lee / Polymer 41 (2000) 2059–2068 2067

Fig. 8. Glass transition temperature (Tg) of desorbed specimens as a func-
tion of solvent content (wt.%).



and equilibrium solvent content increase with increasing
concentration of FeCl3·6H2O.

The cut-off wavelengths of solvent, PMMA specimens
saturated with the solvent and desorption increase with
increasing concentration of FeCl3·6H2O, while the transmit-
tance of solvent decreases with increasing concentration of
FeCl3·6H2O. For a givenX, the transmittance of specimen
increases with increasing desorption time and wavelength.

The scattering intensity is inversely proportional to the
wavelength of an exponentn which is in the range of 1.3–
3.26 (n� 4 refers to the Rayleigh scattering). The visible
wavelength dependence of light scattering occurs at the
particle size smaller than the visible wavelength. Holes scat-
ter the visible light and the SEM provides evidence of holes.
The calculated value ofn which is smaller than 4 implies
that the hole has a fractal dimension. In addition to holes, the
obstacle-like cloud also makes contributions to the depen-
dence of scattering intensity of wavelength.
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Fig. 9. The morphology of the cross-section of specimens treated with
solvent mixture of different concentrations of FeCl3·6H2O at 508C after
desorption: (a) forX � 0; (b) for X � 0:038 g/g and (c) forX � 0:063 g/g.


