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Transparent Macroporous Polymer Monoliths
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ABSTRACT: Free-radical polymerization of trimethylolpropane trimethacrylate (TRIM) was carried out
in the presence of a variety of porogens at room temperature, yielding transparent (macro)porous polymer
monoliths. N, BET and surface area and Hg intrusion porosimetry data from the resulting polymers
showed a variety of different pore sizes and pore size distributions. In the latter, three distinct maxima
at 13, 50—60, and ~500 nm were found for small pores (<500 nm) whereas the observed pore size maxima
for large pores (=500 nm) did not exhibit any regularity. Variation of initiator concentration, ratio of
monomer to porogen, polymerization temperature, and cross-linker had no influence in obtaining
transparent monoliths. Correlation of the transparency of the monoliths with the refractive index and
solubility parameter of the corresponding porogens led to threshold values for the refractive index (1.42)
above which, and for the total solubility parameter (~20 (MPa)¥2) below which, a transparent polymer
monolith is generally obtained, if one allows for exceptions. A correlation between pore size distribution

and transparency, however, could not be found.

Introduction

Thin films,! liquid crystals,2 multiphase polymer
composites,® xerogels,* glass fibers,> and organic—
inorganic glasses® are prominent examples of polymers
whose potential areas of application (window insula-
tion,* film coatings,! photo’- and electrochromic® devices,
photo®- and electroluminescent! displays, LC displays,!!
and optical sensors!?) require materials with high
optical transparency and thus the optical properties of
these polymers have been studied extensively.

In contrast to the wealth of information available on
optical properties of polymers prepared by the sol—gel
process,13~15 only little is known about their organic
counterparts, i.e., highly cross-linked polymer networks
based on multifunctional cross-linkers such as divinyl-
benzene (DVB) or ethylene dimethacrylate (EDMA).

This is somewhat surprising, in particular when
considering the structural similarites between
macroporous polymer networks, e.g., poly(HIPE) on the
one hand?® and porous silica on the other.# In both cases
a high degree of control over the pore structure (pore
size, pore size distribution, shape of pores, and pore
volume) can be achieved. Both types of polymeric
networks suffer from becoming brittle upon drying. In
both cases this problem is overcome by the right choice
of “co-network” (IPN).817

Obviously, porous silica networks exhibit higher
thermal stability compared to carbon-based polymers.
An advantage of porous organic networks on the other
hand is the facile introduction of a wide variety of
functional groups either via suitably chosen co-
monomers or via polymer-analogue functionalizations
carried out as a postmodification step. Control of both,
pore structure and functionalities within the pores, in
combination with optical clarity, could be of interest for
a number of reasons. Photochemical reactions taking
place within the pores would present a novel approach
of carrying out synthetic transformations in a defined
(restricted) reaction space. So far, zeolites, container

* To whom correspondence should be addressed.

T Current address: Melville Laboratory for Polymer Synthesis,
Department of Chemistry, University of Cambridge, Pembroke
Street, Cambridge CB2 3RA, UK.

® Abstract published in Advance ACS Abstracts, July 15, 1996.

compounds, micelles, and dendrimers have been studied
toward this goal, none of which offers much flexibility
and control over pore structure and the presence of
functional groups.'® Furthermore, a transparent mono-
lith could be used to study the chromatographic proc-
ess'® in real time by UV—vis spectroscopy or any other
analytical technique requiring optically transparent
conditions. Up to now, this has only been done either
indirectly, by using fluorescent dyes as indicators,?° or
directly by NMR spectroscopy,?! which lacks sensitivity
and its time scale is slow compared to optical tech-
niques. Itis even conceivable to use chemically selective
transparent monoliths, obtained through molecular
imprinting for example, as optical sensors offering all
the advantages associated with optical spectroscopy.??

The lack of studies concerned with the optical proper-
ties of (macro)porous polymer networks and our interest
in designing novel optical sensors prepared using the
concept of molecular imprinting led us to investigate the
synthesis of transparent (macro)porous polymer mono-
liths in more detail. The results of this study have
already enabled us to synthesize selective, transparent
polymer monoliths. These monoliths have been turned
into anisotropic networks by performing a photoselective
reaction on the polymer itself. The underlying concept
and the synthesis have been reported elsewhere.??

Here we should like to present our efforts in the
syntheses of transparent polymer monoliths with con-
trolled pore structures based on trimethylolpropane
trimethacrylate (TRIM).

Experimental Section

Chemicals. All solvents used in polymerizations were
purified and dried according to standard procedures. They
were stored under argon and were kept over dried molecular
sieves (4 A). Trimethylolpropane trimethacrylate (TRIM) of
technical quality (90%) and ethylene dimethacrylate (EDMA,
98%), were obtained from Aldrich Chemical Co. Ltd., and each
compound was fractionally distilled prior to use. Azobis-
(isobutyronitrile) (AIBN) and azobis(2,4-dimethylvaleronitrile)
(ADVN) were of analytical grade. 2-Acrylamido-2-methylpro-
panesulfonic acid (AMPSA, 99%) was obtained from Aldrich,
recrystallized twice from a mixture of ethanol and water, and
dried over P,Os under vacuum. Michler’s ketone (MK, 98%),
supplied by Aldrich Chemical Co. Ltd., was recrystallized twice
from ethanol/toluene and subsequently at least twice from pure
ethanol. It was dried over P,Os under vacuum.
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Figure 1. Plot of incremental intrusion versus pore diameter
for T1 from Hg porosimetry data.

Polymerization. The compositions of the monomer mix-
tures are summarized in Tables 1, 3, 5, and 7. Standard
compositions consisted of a monomer to porogen ratio of 30:
70 (v/iv) and 1 mol % of free-radical initiator (to monomer).
The preparation of the polymer monoliths was carried out as
follows. The initiator was weighed into a polymerization
ampule. The ampule was evacuated, filled with nitrogen, and
sealed before placing it just above the surface of a dry ice/
ethanol slush. Cross-linker and monomers were added next,
and then the porogen. A stream of dry nitrogen was bubbled
through the polymerization mixture for 10 min. The ampule
was immersed into the slush, and nitrogen bubbling was
discontinued after another 5 min. The polymerization tube
was thereafter immersed in liquid nitrogen. Three freeze—
pump—thaw cycles were carried out under vacuum. After the
last cycle, the ampule, which was still under vacuum, was
sealed and left to warm to room temperature. The polymer-
ization mixture was homogenized and finally polymerized and
cured for a specified time and temperature (see Tables 1, 3, 5,
and 7).

Post-treatment. The polymers were dried inside the
ampule under reduced pressure at a specified temperature and
for a specified period of time (see Tables 1, 3, 5, and 7). They
were then ground, and the bed volume of the polymers was
measured using calibrated tubes, first in the dry and then in
the swollen state, allowing at lesat 72 h to reach equilibrium
conditions with occasional agitation of the gels during this
period of time.

Texture Determination. The pore structure for a pore
radius larger than 3 nm was determined by mercury porosim-
etry?3 using pressure of up to 450 MPa (Micromeritics 9220).
A typical pore size distribution profile (for polymer T1) is
shown in Figure 1. The surface area was obtained from
adsorption measurements with nitrogen according to the BET
method (Micromeritics Accusorb 2100E).2* Polymer samples
were degassed in their sample holders overnight at 60 °C.
Porosimetry and BET data are summarized in Tables 2, 4, 6,
and 8.

Texture Calculations. Percentage values of pore size
contributions for pores smaller than 10 000 nm were calculated
from their corresponding pore volume (excluding any pore
volume found for pore sizes greater than 10 000 nm).

Transparency Assessment. The optical quality (turbid-
ity) of polymer monoliths was assessed after polymerization
and curing of the polymer network had taken place. For this
purpose, written text was viewed through the polymer sample
(about 1.5 cm diameter). A polymer monolith, through which
printed letters appeared essentially undistorted and clear was
classified as transparent. If images became distorted and
weaker but were still recognizable when viewed through a
polymer, it was then classified as translucent. Polymer
samples that did not allow any pattern at all to be discerned
were categorized as opaque. In order to be able to plot physical
data versus the optical appearance (turbidity) of each polymer
monolith, transparent polymers were set arbitrarily to 1,
translucent polymers to 0.5, and opague monoliths were given
the value 0.

Determination of Unreacted Carbon—Carbon Double
Bonds. The amount of unreacted methacrylate groups was
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determined by solid-state 3C-CP-MAS NMR spectroscopy on
a 25 MHz Bruker MSL-100 solid-state spectrometer.?> The
spectra were obtained by using approximately 200 mg of
sample packed in a zirconia rotor, sealed with a KEL-F endcap
and spun at ca. 5000 Hz. The recycle delay between each pulse
was 1.5 s and the CP contact time was 1 ms. For all spectra
the chemical shifts were externally referenced to TMS (0.0

ppm).
Results and Discussion

Few publications are available which mention trans-
parent and macroporous polymers. Transparency is
achieved usually by refractive index matching. Damen
and Neckers?® added a molecularly imprinted porous
styrene—divinylbenzene copolymer to a benzene solution
and carried out a photochemically allowed dimerization
reaction. Although they did not explicitly mention the
transparent nature of the suspension, it can be assumed
that benzene matched the refractive index of the
macroporous polymer. Similarly, Wulff and Kirstein?’
measured the optical rotation of chiral cavities in a
highly cross-linked macroporous polymer. A blend of
1,2-dichloroethane, tetrachloroethylene, and o-dichloro-
benzene ensured transparency although the polymer
was prepared initially by using tetrahydrofuran (THF)
as pore-forming agent. Mosbach et al.?8 initiated the
polymerization of methacrylate monomers at 4 °C
photochemically at 366 nm. One has to assume either
that the swollen polymer stayed transparent throughout
the polymerization or that until gelation occurred a
sufficient number of radicals are formed to guarantee
the further formation of the polymer network.

Detailed investigations into the pore structure and
accessibility of highly cross-linked macroporous poly-
(meth)acrylamides by Shea et al.?® showed that
macroporosity depended strongly on porogen and cross-
linker. Fluorescence labeling experiments, suggesting
the presence of transparent polymer networks, revealed
the macroporous polymers to be more permeable to
polar solvents than to nonpolar ones. However, differ-
ences in the transparency due to choice of cross-linker,
cross-linker concentration, or porogen have not been
stated explicitly.

A paper by Rosenberg and Flodin in 1987 is probably
the first, among only a few, in which the authors in fact
mention a transparent macroporous polymer.3® The
effect of the porogen on the microstructure of a highly
cross-linked TRIM polymer was studied. It was found
that transparent polymers were encountered when the
solubility parameter of the porogen exceeded a threshold
value of 19.4 (MPa)'2. Furthermore, they established
that no macroporosity was introduced when the solubil-
ity parameters of polymer and porogen differed too
much from each other.

This was the background on which we based our
study. Our initial goal was to explore compositions and
reaction conditions which would allow us to synthesize
transparent polymers with defined morphology as part
of a concept leading to novel optical sensors.2?2 However,
the subject became interesting in its own right, and so
we set out to elucidate relationships between transpar-
ency and morphology of these polymer monoliths.

Polymer monoliths were prepared by precipitation
polymerization at room temperature. For comparison,
a small number of polymers were also prepared at 60
°C. Classification of the polymer monoliths into three
categories (transparent, translucent, and opaque) was
regarded as being sufficient, because for the final
application in mind, only a truly transparent polymer
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Table 1. Compositions and Reaction Conditions for TRIM and EDMA Polymers (T1-T19) Obtained in the Presence of
Different Porogens?

polymerization curing optical
polymer code solvent/mL cross-linker/mL t (h)/T (°C) t (h)/T (°C) appearance
T1 toluene/3.50 TRIM/1.50 16/20 24/60 transp
T2 toluene/3.50 TRIM/1.50 20/60 16/60 transp
T3 toluene/4.60 EDMA/2.00 20/60 16/60 transp
T4 CHCI3/3.50 TRIM/1.50 20/20 16/60 transp
T5 HCO,Et/3.50 TRIM/1.50 20/20 20/60 opaque
T6 PhCI/3.50 TRIM/1.50 20/20 16/70 transp
T7 PhCI/3.50 EDMA/1.50 20/20 16/70 transp
T8 PhCI/3.50 TRIM/1.50 20/60 16/70 transp
T9 PhCI/3.50 EDMA/1.50 20/60 16/70 transp
T10 acetone/3.50 TRIM/1.50 24/20 16/60 opague
T11 CHCI»/3.50 TRIM/1.50 72/20 16/60 transp
T12 CeH100/3.50 TRIM/1.50 72120 16/70 transl
T13 (CHCI)2/3.50 TRIM/1.50 24/20 16/60 transp
T14 AcCN/3.50 TRIM/1.50 48/20 16/60 opaque
Ti5 MeOH/3.50 TRIM/1.50 24/20 16/60 opaque
T16 DMSO0/3.50 TRIM/1.50 24/20 16/55 opague
T17 NMP/3.50 TRIM/1.50 24/20 16/55 transp
T1i8 DMACc/3.50 TRIM/1.50 24/20 16/55 transl
T19 (E1) NMP:CHCI5/0.50:1.80 TRIM/2.30 24/20 16/60 transp
a AIBN is used as free-radical initiator for polymerizations carried out at 60 °C, ADVN at 20 °C.
Table 2. Hg Porosimetry and N, Adsorption (BET) Data for Polymers T1-T192
polymer area vol bulk skeletal pore pore max pore surf area
code (m2gY) (mL g™ (gmL™Y) (g mL™Y) s/b ¢ (nm) (nm) >500 nm (m2g™Y)
T1 168.3 0.67 0.68 1.25 1.84 7.7 13/50/500 yes 472
T2 90.3 0.52 0.64 0.96 1.50 75 13/50/500 yes 214
T3 146.2 1.02 0.57 1.35 2.38 7.5 13/60/500 yes 381
T4 38.2 0.57 0.56 0.82 1.47 4.9 13/50/500 YES nd
T5 4.9 0.48 0.61 0.87 142 4.4 <10 yes nd
T6 28.2 0.59 0.79 1.50 1.89 4.6 7/13/500 yes 1.2
T7 84.7 0.53 0.63 1.28 2.03 7.2 13/50/500 yes 309
T8 111.4 1.28 0.43 0.94 2.20 54 13/60/500 YES nd
T9 94.4 0.83 0.63 1.32 2.10 8.1 13/50/500 YES 346
T10 nd nd nd nd nd nd nd nd nd
T11 51.9 0.41 0.78 1.15 1.48 4.7 13/60/500 yes 0
T12 36.0 0.25 0.93 121 1.30 4.6 13/50/500 yes 0.3
T13 31.1 0.53 0.75 1.23 1.66 4.6 14/50/500 YES 1.0
T14 45.3 0.25 0.69 0.84 1.21 7.1 12/40/130 yes nd
T15 51.7 1.45 0.45 1.28 2.86 5.2 13/60/130 YES 16
T16 0.0 0.08 0.71 0.76 1.06 * *[*[* yes 429
T17 0.8 0.19 0.73 0.85 1.16 4.2 11 YES 343
T18 128.9 0.35 0.85 121 143 7.2 11/15/30 no 380
T19 42.0 0.15 131 1.62 1.24 6.0 13/60/450 YES 0.3

a2 The values for “surf area” were determined by N, adsorption measurements; all other data were obtained by Hg porosimetry. The
pore size maxima have been divided into pores larger and smaller than 500 nm. For pore sizes equal to or smaller than 500 nm, the
biggest maximum is underlined. If pore sizes greater than 500 nm do contribute to the total pore volume, a small “yes” is used. If in
addition to this, the global maximum within the pore size distribution is found for pore sizes greater than 500 nm, a capital “YES” is
used. Otherwise the underlined pore size maximum represents the global pore size maximum, “area”: pore area; “volume”: pore volume;
“bulk”: bulk density; “skeletal”: skeletal density; s/b: ratio of skeletal to bulk density; “pore ¢”: mean pore diameter; “pore max”: pore
size maximum for pores smaller than 500 nm; “pore > 500 nm”: pore size maximum indicator for pores larger than 500 nm; “surf area”:
surface area (BET). Note: * indicates no significant contribution to the pore volume for pore sizes smaller than 5000 nm.

could be considered. Depending on the porogen used,
the mechanical stability of the polymers varied from
brittle in shear (usually high surface area) to hard and
glassy (usually low surface area), although all showed
good rigidity in compression.

Influence of Porogen (Polymers T1, T4-T6, and
T10—-T19). The choice of porogen was intended to cover
a wide range of solvents from polar species such as
methanol to relatively nonpolar ones such as toluene.
A change of porogen had the most pronounced effect on
transparency and morphology of the TRIM- and EDMA-
based polymers. Data on the optical appearance of
these polymers are summarized in Tables 1 and 2.
Figure 2 shows the plot of transparency of the polymer
monolith versus refractive index of the corresponding
porogen. Transparent polymers are observed for poro-
gens with a refractive index higher than 1.42 and
opaque polymers below this threshold. However, di-

methyl sulfoxide (DMSO) with a refractive index of
1.475 also gives an opaque polymer, and two other
porogens, cyclohexanone and dimethylacetamide (DMAC),
which also have refractive indices higher than 1.42,
yielded translucent polymers. A very similar observa-
tion concerning a threshold value for the refractive index
was made by Sellergren and Shea.3! While their main
objective was to study the influence of polymer mor-
phology on the ability to resolve enantiomers using
molecularly imprinted highly cross-linked networks (80
mol % EDMA), they found that “depending on which
porogen was used either transparent, translucent, or
opaque polymers were obtained...” and concluded “that
the transparent polymers were prepared using porogens
with a refractive index higher than 1.40”. Unfortu-
nately, their study did not include the porogens that we
found not to follow this general trend. Nevertheless,
both observations clearly indicate that a strong mis-



Macromolecules, Vol. 29, No. 18, 1996

T T T

1 F A A A A A
~
kxS
i
e
=)
2
>
o 05 F Aa g
g 05
o
T
]
Q.
]
c
]
}
=

0 C AAIA L 1 A It ]

1.3 1.35 1.4 1.45 1.5 1.55
refractive index

Figure 2. Plot of refractive index of the porogens against the
transparency of the corresponding polymer monolith (polymers
T1-T19).
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Figure 3. Plot of the total solubility parameter of the porogen
versus the transparency of the corresponding polymer mono-
lith for polymers T1-T19 and S1—S9.

match in refractive indices between porogen and poly-
mer will lead to a loss in transparency.

A plot of turbidity of the polymer monoliths versus
the total solubility parameter (dsum (MPa)Y2)) of the
porogen used (Figure 3) shows that porogens with dsym
< 20.4 (MPa)2 yield transparent polymers (excep-
tions: ethyl formate, acetone, and cyclohexanone) and
those with dsum > 20.4 (MPa)Y2 lead to translucent or
opaque polymers (exception: N-methylpyrrolidone
(NMP)). A plot of turbidity against the dispersion force
contribution of the total solubility parameter (not
shown) exhibits a threshold value (also similar in
correlation) to that found in Figure 3. Above 16.6
(MPa)¥2 the monoliths become transparent with the
exceptions of the porogens cyclohexanone, DMSO, and
DMACc. Plots of turbidity versus polar contributions or
hydrogen-bonding contributions showed much weaker
correlations (not shown). These results contrast with
those of Rosenberg and Flodin (vide infra), who found
transparent poly(TRIM) monoliths for porogens whose
total solubility parameters are greater than 19.4 (MPa)'2,
However, of the seven solvents used in their study, only
two qualified, having a total solubility parameter greater
than the threshold value.

The surface area obtained from N, adsorption meas-
urements varied from 0 to 472 m? g~1. Pore areas
determined by mercury porosimetry covered the range
of 0—168 m? g~1. Pore volumes also varied widely from
0.072 up to 1.45 mL g~1. The mean pore diameter
covered the interval of 4.2—16.8 nm. Care is required
in interpreting Hg porosimetry data at high pressures,
and, in this work, corresponding low values for the mean
pore diameters. However, since all the polymer mono-
liths displayed good bulk rigidity, use of the pore
diameter data at face value seems reasonable. Skeletal

Transparent Macroporous Polymer Monoliths 5829

200 ; T \
refractive index of TRIM
.
o 150 | .® 1
NE . .
= 100 [ et
9 * ..O
[
g
g 50 + . . . " -
o .
0 ] 1 1 Py 1

1.3 1.35 1.4 1.45 1.5 1.55
refractive index
Figure 4. Refractive index of the porogen plotted against the

pore area (Hg porosimetry) of the corresponding polymer
monolith (polymers T1-T19 and S1-S9).

(4]
(=]
o

IS
o
S
T
L

(]

Q

Q
T
.
I

200 | * .

refractive index of TRIM

100 l ]

0 I I PR t .

surface area (BET) / m3g™’

1.3 1.35 1.4 1.45 15 1.55
refractive index

Figure 5. Plot of refractive index of porogen versus surface
area of the corresponding polymer monolith as measured by
BET for polymers T1-T19 and S1—S9.

densities were found to lie between 1.62 and 0.47 g
mL~1, and bulk densities ranged from 0.42 to 1.30 g
mL~1 (Table 2). These data ranges give a first good
impression how widely the morphology of these trans-
parent (macro)porous polymers differ due to the influ-
ence of the porogen. The pore size distribution was of
particular interest. It was hoped that transparent and
nontransparent polymers would differ in the frequency
of their pore sizes. However, this was not observed.
Almost all polymers possess three pore size maxima at
or below 500 nm and at least one above this value (Table
2). Most commonly encountered were maxima at about
500, 60—50, and 13 nm. In some cases, the maximum
at 500 nm was replaced by a maximum at about 130
nm. These maxima were further distinguished by their
size (Table 2). Most frequently the maximum at 13 nm
represents the absolute maximum for pore sizes but
absolute maxima for 60—50, 500, and above 500 nm
were also observed. A trend which would link the
pattern of pore size maxima with transparency or any
other porosimetry parameter does not, however, emerge.
Attempts were also made to correlate polymer porosim-
etry data (including BET) and the transparency of the
polymer monoliths to the refractive index and solubility
parameters of the porogens used in the preparation of
the corresponding polymer networks. The refractive
index of each porogen is plotted against the pore area
of the corresponding polymer in Figure 4. Although the
data are scattered, a maximum is apparent for n ~ 1.5.
Although this cannot be related unambiguously to the
refractive index of TRIM, which is 1.4720, the cor-
respondence is close. A similar trend is seen in the
surface area (BET) data (Figure 5).

Solid-state NMR spectra (*3C-CP-MAS) were recorded
for a small number of samples. The amount of unre-
acted double bond was calculated from the peak areas
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Figure 6. Graphic representation of the contribution of
different pore size intervals toward the total pore volume of
polymers T1-T19.

of the two carbonyl groups present and was about 10%
in all cases. The 13C NMR spectra were in excellent
agreement with poly(TRIM) spectra by Hjertberg et al.25
and Rosenberg et al.;3° however a trend that would link
13C NMR spectra and observed transparency of the
polymers did not emerge.

Whether a correlation between transparency and pore
structure exists was also investigated. This was pur-
sued by grouping together opaque, translucent, and
transparent polymers and correlating pore size distribu-
tion with the refractive index of the porogen (Figure 6).
Distributions are expressed as a percent pore volume
contribution within the intervals 10 000—1000, 1000—
100, and 100—3 nm. The reason for this kind of
treatment of the data arose from the idea that it might
be possible to find a link between opaque polymers and
the contribution of pores which are of similar size to
the wavelength of light. Larger pores were included
because theoretical calculations based on the Mie theory32
of light scattering3334 predict that their contribution to
light scattering is small but not negligible. Smaller
pores are included for the same reason but also because
Hg porosimetry and N, adsorption characterize the
polymer in its dry state. Transparency is judged,
however, in the swollen state. Flodin et al.3> compared
dry-state techniques with swollen-state techniques, such
as size exclusion chromatography (SEC). To correlate
pore sizes and pore size distributions between the
swollen and the dry states, the shape of pores was
approximated to spherical and pore sizes of the swollen
state were therefore calculated by multiplication of the
pore size in the dry state by the swelling factor to the
power of /3 (pore size swollen = pore size dry x
(swelling factor)13). It was shown that the calculated
data were in good agreement with the results obtained
from porosimetry measurements. With a swelling factor
of about 2 for the polymers in the present investigation,
it was therefore important to include dry pore sizes from
300 down to 100 nm, since, once swollen, these may
reach a size similar to the wavelength of light.

It can be seen from Figure 6 that the main contribu-
tion toward the overall pore volume in most polymers
arises from the smallest pores (<100 nm) and hence will
not contribute to light scattering. This means that
transparency is not influenced significantly by the
contribution of pores in the interval of 1000—100 nm.
The maximum contribution of these pores is about 12%.
If one considers only the pore size interval 700—300 nm,
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Table 3. Compositions and Reaction Conditions for
TRIM Polymers (S1-S9) Obtained in the Presence of
Different Porogens?®

polymer curing optical
code solvent 1/mL  solvent 2/mL t (h)/T (°C) appearance
S1 PhCI/3.50 16/70 transp
S2 PhCl/2.87 toluene/0.63 15/60 transp
S3 PhCI/2.30 toluene/1.20 15/60 transp
S4 PhCI/1.72 toluene/1.78 15/60 transp
S5 PhCI/1.15 toluene/2.35 15/60 transp
S6 PhCI/0.57 toluene/2.93 15/60 transp
S7 CHCI3/0.86  toluene/2.64 16/70 transp
S8 CHCI3/1.73  toluene/1.77 16/70 transp
S9 toluene/3.50 16/70 transp

a Conditions: TRIM = 1.50 mL; polymerization time/tempera-
ture = 20 h/20 °C; radical initiator ADVN.

then this value drops to 8%. Most polymers in fact show
values which are significantly less. Such a low contri-
bution from pore sizes corresponding to visible light
wavelengths is not sufficient to introduce enough scat-
tering of light to make a polymer appear opaque or
translucent.®334 An explanation for the observed be-
havior is not therefore at hand at the moment.

Influence of Porogen Combination (Polymers
S1-S6 and S9). These polymers were prepared by a
stepwise change of the composition of the porogen from
pure chlorobenzene to pure toluene (Table 3) (both
porogens used separately lead to transparent mono-
liths). The ratio of cross-linker to porogen mixture was
kept constant throughout (30:70 (v/v); cross-linker:
porogen). All polymers obtained were transparent.
When the pore area of polymers S1-S6 and S9 is plotted
against the total solubility parameter of the correspond-
ing porogen (not shown), a trend emerges that with
increasing concentration of chlorobenzene in the poro-
gen mixture the pore area decreases. Only polymer S6
(Table 4) deviates strongly from this trend. Changes
in pore volume and mean pore diameter also follow the
same trend with the exception of polymer S1, which
shows a higher value for its pore volume. BET data of
these polymers plotted against the total solubility
parameter of the porogen mixture show a rather pecu-
liar behavior (Figure 7). The surface area is relatively
low for volume ratios of toluene to chlorobenzene up to
a ratio of 1:1 (v/v), about 20—30 m? g1, but rises sharply
once toluene is present in excess (2:1 (v/v)) and increases
further with increasing concentration of toluene in the
porogen mixture. This sudden change is not manifest
in the porosimetry data (Table 4), but the same general
trend is apparent.

The volume contribution of pore sizes between 700
and 300 nm never exceeds 4% of the total pore volume
and the maximum pore volume found for the extended
interval 1000—100 nm is about 13%. This of course
explains why all polymers of this series are transparent.
The overall contribution from the volume of pore sizes
between 1000 and 100 nm is hardly affected by the
change in porogen composition (except S6), nor is any
trend observed between the solubility parameter and
contribution of pore sizes within this interval.

These results differ from those of Rosenberg et al.30
All of the polymers in this series are prepared using a
porogen mixture with a refractive index which is below
the threshold of 19.4 (MPa)'2 found by Rosenberg et al.
Furthermore, we have obtained transparent polymers
with toluene as porogen (18.2 (MPa)'2), contrary to the
findings in their paper. Interestingly, both sets of
polymer samples possess a very similar pore structure
as indicated by porosimetry and surface area data.
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Table 4. Hg Porosimetry and N, Adsorption (BET) Data for Polymers S1-S9 (See Footnote a of Table 2)

polymer area volume bulk skeletal pore ¢ pore max pore surf area
code (m2g™h (mL g™ (g mL™1) (gmL™1) s/b (nm) (nm) >500 nm (m2g™h
S1 28.2 0.59 0.79 1.51 1.89 4.6 7/13/500 yes 1.2
S2 83.3 0.29 0.88 1.18 1.34 6.4 13/50/130 no 32
S3 89.4 0.32 0.87 121 1.39 6.2 13/50/130 yes 20
S4 1104 0.34 0.81 1.12 1.38 5.8 13/50/130 no 16
S5 154.1 0.41 0.78 1.14 1.46 7.4 13/50/450 yes 393
S6 100.4 0.69 0.60 1.04 1.72 16.8 13/60/500 yes 444
S7 126.9 0.44 0.86 1.39 161 6.4 13/50/500 yes nd
S8 111.2 0.24 0.87 1.11 1.27 5.8 E/SO/lZO no nd
S9 168.3 0.67 0.68 1.25 1.84 7.7 13/50/500 yes nd
500 ; S Table 5. Compositions and Reaction Conditions for
o [ * ., l TRIM Polymers (C1-C4) Obtained Using Different
E 400 | 1 Ratios of Cross-Linker to Porogen?
b . | (oluenelch_lorobenzene " "
= r \ <131 (viv) polymer solvent (S)/ ratio optical
m 300 [ i ] code mL SIC (viv) appearance
r I
% [ ! C1 PhCI/4.50 60/40 transp
® 200 ' ] Cc2 PhCI/3.00 50/50 transp
: | toluene/chlorobenzene : c3 PhCl/2.00 40/60 transp
S oot >1:1 (V. : ] Cc4 PhCl1/1.30 30/70 transp
:3- r ! R a Conditions: TRIM (C) = 3.00 mL; polymerization time/
Ol e e - temperature = 23 h/20 °C; curing time/temperature = 2 h/60 °C.
18 18.5 19 19.5

total solubility parameter / (MPa)'/?

Figure 7. Plot of total solubility parameter of the porogen
versus surface area of the corresponding polymer monolith as
determined by BET for polymers S1-S6 and S9.

A full comparison, however, is not possible because
we did not conduct BET measurements to determine
pore size distributions below 3 nm, owing to our focus
on pores similar in size to the wavelength of light. In
addition, our polymers were synthesized at room tem-
perature using a more reactive free-radical initiator
(ADVN), whereas Rosenberg et al. employed AIBN at
70 °C.

Influence of Cross-Linker Structure (Polymers
T2, T3, T6,and T7). The effect of changing the cross-
linker from TRIM to EDMA on the porosity and trans-
parency of polymers prepared in the presence of either
toluene or chlorobenzene at 20 and 60 °C was also
studied (Table 1). All polymers obtained were transpar-
ent. Polymer monoliths prepared in toluene based on
TRIM (T2) or EDMA (T3) showed macroporous mor-
phology and high surface areas in both cases (Table 2).
The changes of characteristic morphology data were
dramatic in some cases. The pore volume (Hg intrusion)
and surface area (BET) are doubled for the polymer
monolith where TRIM (T2) was replaced by EDMA (T3).
Pore area and skeletal density increased by about 60%,
and bulk density showed a slight decrease. The mean
pore diameter stayed unchanged. Pore size maxima
were observed at 500, 60—50, and 13 nm. The absolute
pore size maximum however moved from 13 (TRIM) to
60 nm (EDMA). Polymers T6 and T7 are only different
from T2 and T3 in that the porogen was changed from
toluene to chlorobenzene (Table 1). However, a drastic
increase in surface area (BET) was observed when the
cross-linker was changed from TRIM (1.2 m2 g~1; T6)
to EDMA (390 m2 g~1; T7). This was also reflected in a
threefold increase of pore area (Hg intrusion) (Table 2).
The mean pore diameter increased from 4.6 (T6) to 7.2
nm (T7) and the absolute pore size maximum moved
from 500 nm for T6 to 13 nm in the case of T7.

The relatively small structural change in the chosen
cross-linker (TRIM for polymers T2 and T6; EDMA for
polymers T3 and T7) did not affect the transparency of
the polymers. The pore size distribution pattern is not

influenced to any significant degree. Transparency is
also independent from the choice of porogen (toluene or
chlorobenzene) and the polymerization temperature (20
or 60 °C). However, the number of samples studied is
too small to allow more general conclusions to be drawn.

Influence of Porogen/Cross-Linker Ratio (Poly-
mers C1—C4). A series of TRIM-based polymers were
prepared with chlorobenzene as the porogen (Table 5).
The ratio of porogen to cross-linker was varied in steps
of 10% from 60:40 to 30:70 (v/v) (C1—C4). All polymers
were obtained as transparent macroporous monoliths.
Data on their morphology are shown in Table 6. The
changes in all the porosimetry parameters are rather
small but concur with observations made in the litera-
ture for styrene—divinylbenzene resins by Millar et al.36
Overall, this porogen yields matrices with low surface
areas (BET).

Influence of Initiator Concentration (Polymers
IC1-1C4). TRIM was polymerized in the presence of
toluene and chlorobenzene (2.5:1 v/v) with varying
amounts of initiator ADVN (0.009—0.58 mmol, 0.2—12.3
mol % (IC1—1C4)) at room temperature (see Table 7).
All polymers obtained were transparent. Porosimetry
data suggest that the polymer morphology is little
changed. Surface area does show some increase with
increasing amount of initiator, although pore sizes
gradually decrease (Table 8).

Influence of Polymerization Temperature (Poly-
mers T6—T9). Polymers T6 and T8, and T7 and T9,
are identical except for the temperature at which they
were polymerized (Table 1). The latter were polymer-
ized at 60 °C in the presence of AIBN, whereas the
former were polymerized at 20 °C using ADVN as
radical initiator. A less reactive initiator was chosen
for the higher temperature in order to ensure that
polymerization took place at a comparable rate. For the
TRIM polymers, increasing the polymerization temper-
ature increased the pore area, pore volume, and mean
pore size and at the same time decreased the bulk and
skeletal densities. Changes in polymer morphology
were less pronounced with EDMA as cross-linker but
the trends were similar. Again, all polymers obtained
were transparent. In a recent paper by Sellergren and
Shea,3! the synthesis of EDMA polymer networks is
reported either using an azo initiator at elevated tem-
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Table 6. Hg Porosimetry and N, Adsorption (BET) Data for Polymers C1-C4 (See Footnote a of Table 2)

polymer area volume bulk skeletal pore ¢ pore max pore surf area

code (m2g™h (mL g™ (g mL™1) (gmL™1) s/b (nm) (nm) >500 nm (m2g™h
C1l 62.7 0.22 0.99 1.27 1.27 6.0 13/50/130 yes 1.8
Cc2 57.8 0.20 0.99 1.23 1.24 6.0 13/60/130 yes 0.9
C3 51.6 0.20 1.03 1.30 1.27 5.6 13/50/130 yes 0.0
C4 40.3 0.21 1.00 1.27 1.26 4.9 13/60/120 yes nd

Table 7. Compositions and Reaction Conditions for
TRIM Polymers (IC1-1C4) Obtained Using Different
Concentrations of Free-Radical Initiator to Monomer?2

polymer solvent initiator optical

code mL:mL mg/mmol appearance

IC1 PhCl:tol ADVN transp
1.00:2.50 2.0/0.009

1C2 PhCl:tol ADVN transp
1.00:2.50 5.4/0.025

IC3 PhCl:tol ADVN transp
1.00:2.50 23.8/0.11

1C4 PhCl:tol ADVN transp
1.00:2.50 128.0/0.58

a Conditions: TRIM = 1.50 mL/4.7 mmol; polymerization time/
temperature = 144 h/20 °C; curing time/temperature = 16 h/60
°C.

perature (60 °C) or a different, more reactive azo
initiator at 15 °C, which was decomposed photochemi-
cally. THF as porogen led to a transparent polymer at
the lower polymerization temperature, but an opaque
polymer was obtained (using the same porogen) at 60
°C (Figure 8). The transparent polymer had a smaller
surface area (BET), pore volume, pore diameter, micro-
pore surface area (BET) and micropore volume com-
pared to its opaque counterpart. Significant contribu-
tion of pore sizes above 300 nm were not reported. The
presence or absence of pores of comparable size to the
wavelength of light does not therefore account for the
difference in turbidity observed with polymerization
temperature. A tentative explanation is offered later.

Influence of Drying and Swelling. Upon evapora-
tion of the porogen after polymerization, polymers with
high surface area turn milky or opaque, and low surface
area polymers stay clear. The degree of transparency
of rewetted polymers was reduced relative to the
original wet appearance in some cases, probably due
only to light scattering at fractures produced in the
matrix on drying, and not to any bulk effect.

Polymer T14, prepared in the presence of acetonitrile
(Table 1), was dried and then swollen in chlorobenzene.
The formerly opaque, dry polymer turned transparent
with this change of medium. There was no obvious
difference in transparency in the swollen polymer
particles between T6, polymerized and swollen in chlo-
robenzene, and chlorobenzene-swollen T14. The poro-
simetry data on polymer T6 and T14 (Table 2) show
major differences in pore volume, mean pore diameter,
and skeletal density as well as pore size distribution
and pore size maxima. The difference in refractive
index between the porogens used is 0.18. Another
representative case study is polymer T7. This was
prepared in chlorobenzene and was swollen in chloro-
form after drying. Compared with the suspension of
polymer particles of T7 in its original porogen, the
presence of chloroform produced a less transparent
suspension (difference in refractive indices between the
two porogens = 0.05). Likewise polymer T8 showed a
higher restoration of its transparency in its original
porogen, chlorobenzene, than in NMP. The difference
in refractive index is 0.05 in this case. This behavior
can be explained by a better match of refractive indices

between polymer and swelling agent. In the case of
polymer T14 for example, the initial difference in
refractive index is 0.13 for the combination of poly-
(TRIM) (assumed to be close to the refractive index of
its monomer, TRIM) and acetonitrile. This difference
is reduced to 0.05 by using chlorobenzene instead of
acetonitrile as swelling agent. Both solvents are capable
of swelling polymer T14 to a similar degree, so that one
can assume that changes in pore structure are small.
Therefore the difference in turbidity observed is not
attributable to a change in the pore size distribution of
the polymer network but to a closer match of refractive
indices. While the latter is therefore clearly important,
it is not the only factor.

Influence of Changing the Porogen in the Swol-
len State. For this purpose, polymer E1 was prepared
as a monolith in a mixture of chloroform/NMP (3.7:1
v/v). In contrast to the composition of all other polymer
monoliths, E1 contained 5 wt % of a 2.4:1 molar ratio
of AMPSA to MK, giving the polymer a strong orange
color in daylight. Irradiation at 254 nm however caused
the polymer to fluoresce by emitting green light. The
initial porogen mixture was changed gradually toward
n-hexane over a 3 day period, leaving the transparency
of the monolith unaffected apart from a hint of a milky
appearance. The porogen was then changed back to
more polar porogens, via chloroform and finally metha-
nol (2 days in each case). The milky appearance
disappeared and did not change when the porogen
mixture became slowly richer in methanol. The polymer
stayed transparent with a slight change of color from
orange to red/orange. The sequence of solvent ex-
changes is shown in Scheme 1. The difference between
the refractive indices of CHCI3/NMP (3.7:1 v/v) and
n-hexane is 0.07 and for CHCI3/NMP (3.7:1 v/v) and
methanol is 0.13. This obviously cannot be regarded
as being a match of refractive indices, and it is remark-
able that the polymer morphology allows this gap to be
bridged.?® As discussed in the previous section, a
difference in refractive indices of 0.13 was sufficient to
change a formerly opaque polymer into a transparent
one. An explanation for the difference in behavior is
not at hand at the moment. It is clear however that
matching refractive indices between polymer and poro-
gen is not the only parameter involved in producing
(macro)porous transparent polymer monoliths.

Concluding Discussion

It has been shown that it is possible to prepare
transparent polymers with very different morphologies
in the presence of a wide range of porogens. Within
limits, transparency is not affected by a change of cross-
linker or the ratio of porogen to cross-linker in the
polymerization mixture. Different polymerization tem-
peratures, various amounts of initiator, and different
porogen combinations (within limits) also left the trans-
parency of the polymer monoliths unaffected. All these
changes however caused significant changes in the
morphology of the polymer.

The most dominant factor controlling transparency
seems to be the refractive index of the porogen. How-
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Table 8. Hg Porosimetry and N, Adsorption (BET) Data for Polymers IC1-1C4 (See Footnote a of Table 2)

polymer area volume bulk skeletal pore ¢ pore max pore surf area
code (m2g™h (mL g™ (g mL™1) (gmL™1) s/b (nm) (nm) >500 nm (m2g™h
IC1 107.0 0.38 0.82 1.18 1.45 8.0 13/40/500 yes 322
IC2 66.3 0.24 0.87 1.23 1.41 8.3 13/60/500 yes 327
IC3 95.1 0.33 0.87 1.23 1.41 7.7 13/50/500 yes nd
IC4 100.3 0.28 0.85 1.11 1.31 7.5 13/30/200 no 456
1 [ e A AM A A Ahaiada 4 when more than 90% of light is passing through the
= sample. As shown before, not all of the evidence can
"y THF / 60°C (thermal) be explained by considering the influence of the refrac-
2 tive index. Both, refractive index and polymer morphol-
= ogy, have to be taken into account.
g 05 as iy If one assumes that the transparency phenomenon
< encountered can be described within the classical theory
> of light interacting with matter, either the porogen must
§ THF / 15°C (photochemical) have the ability to form a homogeneous polymer gel or
T oot Maam . i the polymer gel is only partially penetrated by the

1.3 1.35 1.4 1.45 1.5 1.55
refractive index

Figure 8. Plot of refractive indices of the porogens used
versus the transparency of the corresponding polymer mono-
liths (polymers T1—T19 and S1—S9 and data taken from refs
30 and 31).

Scheme 1. Effect of Solvent Exchange on the
Transparency of Polymer T19 (E1)

Solvent CHCIZNMP  34ays N-hexane g4eys  CHCI3 2days  Methanol
— — —

Transparency transparent .;‘c’:;’:n'g’ sli‘%tly a:g:-?r?;. transparent a;g::’n"':‘;e transparent
milky

Colour orange orange orange dark orange

ever, simple correlations between the porosimetry pa-
rameters of the polymer networks and the properties
of the porogen have not been established. It was hoped
that the pore size distribution data would correlate with
polymer transparency. However, this analysis has
revealed that the volume contribution of pore sizes
between 1000 and 100 nm is not more than 13% of the
total pore volume and this result is independent of the
polymer being transparent or opaque. The fraction of
pores that would scatter light therefore seems too small
to affect turbidity in any significant manner.

In Figure 8 results from different investigations30.31
together with the results described in this paper are
combined. Transparency is plotted against refractive
index and it is obvious that the relationship shown is
not straightforward. The graph suggests that a thresh-
old value exists, with exceptions, which separates
transparent from opaque polymers. The number of
exceptions, however, indicates that transparency is
controlled by more than one parameter.

In particular, the morphology of the polymer also
seems to be significant, as the outcome of an identical
polymerization at two different temperatures demon-
strates. Transparency restoration studies have indi-
cated that a change of porogen (solvent) which differs
by almost 0.1 unit in its refractive index from the
original porogen is still capable of preserving the
transparent state. Scattering theory predicts that a
mismatch in refractive indices of 0.1, where the scat-
terers (polymer particles or pores) are of comparable size
to the wavelength of light, would lead to a reduction in
transmission of 10%.3® Smaller or larger polymer
particles will scatter less. These results indicate that
the effect of the porogen on the transparency of the
polymer samples is just within the prediction made.
PMMA for example is considered to be transparent only

porogen but the domain sizes of the regions from which
the porogen remains excluded are too small or too large
to scatter light. Because no evidence was found in our
investigation of a sufficient number of pores that are
similar in size to the wavelength of light, one has to
explain the presence of opaque polymers by assuming
the presence of agglomerates of smaller pores, not
detectable by nitrogen adsorption or mercury porosim-
etry as such, but nonetheless of sufficient size to cause
significant scatter of light. This structural hypothesis
is supported by a recent paper by Righetti et al.,®” who
interpreted the dependence of the transparency of their
cross-linked acrylamide gels in terms of different de-
grees of agglomeration depending on the polymerization
temperature. The direct measurement of the angular
dependence of the intensity of scattered light would
allow a test of this hypothesis to be made.3*
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