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ARTICLE INFO ABSTRACT
Keywords: Gamma-radiation initiated polymerization is an easy-to-use and simple technique for the prep-
Porous polymer monolith aration of porous polymer monoliths widely used as active materials in separation columns.
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Herein, binary porogen mixtures of ethyl acetate/acetone/acetonitrile with methanol were used
to synthesize diethylene glycol dimethacrylate monoliths with this technique. Systematic studies
have been performed to determine the effect of the composition of the solvent mixture on the
morphology and the reaction kinetics, including the growth mechanism and the growth rate. The
irradiation dose-dependent conversion profiles showed that with binary solvents the polymeri-
zation is much faster than with the same compounds used as single solvents. Depending on the
type and the composition of the solvent one-, two- and three-dimensional, and fractal growth
mechanisms were identified.

1. Introduction

Porous polymer monoliths (bulk polymers with pores formed during the polymerization) have gained significant attention in recent
years due to their unique properties and versatile applications in various fields. These three-dimensional structures with inter-
connected pores exhibit a high surface area, mechanical stability, and tunable porosity, making them suitable for applications such as
chromatography, catalysis, adsorption, and drug delivery [1-6]. Tailoring the properties of monoliths, including the pore size and
distribution, connectivity and surface characteristics is a critical step for their applications.

Gamma radiation-initiated polymerization is widely used to prepare porous polymer monoliths [7-13]. Its main advantages over
the conventional thermal or UV initiated [14-16] approaches include the absence of initiators and other additives (since the radiation
produces radicals directly on the monomer), temperature-independence, and the broad size and shape options for molding [17,18].
This method allows the synthesis of the media for chromatographic separations directly in the column container. In the simplest form
of gamma radiation-initiated polymerization the monomer mixture is composed of only the solvent (porogen) and the monomer. With
this technique structures ranging from non-porous to macroporous can be obtained changing only the type of the solvent [19-23].

Obviously, dose is a crucial parameter determining the degree of conversion and cross-linking during gamma radiation-initiated
polymerization. It has to be large enough to ensure high levels of the degree of conversion (usually >90 %). The process is also
affected by the dose rate determining the rate of free radical formation, and so the rate of polymerization and cross-linking [8].
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Among other factors such as polymerization time [24], monomer concentration [6], temperature [25,26] etc. the selection of the
solvent (porogen) plays a crucial role in the morphology, pore size and volume, and mechanical stability of the resultant monolith [6,
24]. The main criteria to the porogen are [24]: it must be inert, not polymerizing or reacting with the monomer, or other components of
the polymerization mixture; it must be compatible with the initiation method; in case of using more than one porogen, they must be
miscible with each other and able to form a homogeneous solution when mixed with the monomers and the crosslinkers.

The main mechanism behind the porous monolith structure formation is the precipitation polymerization [8-10]. The gamma
radiation activates the monomers and their crosslinking results in formation of polymer nuclei. After reaching a certain size these
nuclei precipitate from the monomer mixture and the polymerization is concentrated on their surface [27,28]. Subsequently, the
growing nuclei connect with each other and merge into a porous structure. During this process the selection of the solvent influences
mainly two parameters: the material transport in the monomer mixture and the precipitation [8-10]. The first affects the growth rate of
the polymer, while the second - the porous structure. If the porogen facilitates early precipitation of the nuclei, large structural unit
will merge leaving voids between them and thus forming a porous polymer; on the other hand, the absence of precipitation will result
in a bulk or nanoporous structure. As our previous studies showed, the efficiency of the porogen depends on the dose rate [8]. The
latter affects the rate of polymerization and cross-linking, and therefore, the phase separation. For the same monomer mixture
composition higher dose rates will result in earlier phase separation and so in larger nuclei and bigger pores between them.

It was shown that the process occurring in a given monomer mixture is governed by the relation between the solubilities of the
monomer and the solvent [8,9,29]. In case of methacrylate monomers the use of alcohols as porogenic solvent resulted in monoliths
with large pores, while acetone, tetrahydrofurane, ethyl propionate, ethyl acetate or dioxane led to monoliths with very small or no
pores [6,30]. This effect was found to be related mainly to the difference in the solubility of the monomer and the porogen: the larger it
is, the larger pores will form [10]. In contrast, similar solubilities will result in nanoporous or bulk structures.

In addition to single solvents, their combinations could also lead to the formation of monoliths with specific properties. This case is
especially interesting when the mixture is formed by a poor (large difference in the solubilities of the solvent and the monomer) and a
good solvent (close solubilities). While solubility could be a selection criterion for solvent(s) in some monolith systems, other pa-
rameters, like dipole moment, partition coefficient (log P) or polarity index (PI) have also been proposed [24]. However, none of them
can be considered omnipotent: for some monoliths the dipole moment works best, while for others it is better to use the solubility
parameter.

In this study the effect of the binary mixture of a macropore forming solvent (methanol) with nanopore or bulk forming solvents
(acetone, acetonitrile and ethyl acetate) is investigated for diethylene glycol dimethacrylate polymer monoliths prepared by gamma
radiation-initiated polymerization. The morphology of the formed structures was studied, together with the polymerization kinetics
obtained from irradiation dose-dependent conversion curves. Our aim is to evaluate the formation of bulk and macroporous monoliths
from the same monomer in different solvents through the interpretation of the reaction kinetics in the context of the Avrami approach,
and to determine the effect of the composition of binary solvent mixtures on the growth and porous structure of the monoliths.

2. Materials and methods

Diethylene glycol dimethacrylate (DEGDMA, Sigma Aldrich) monomer was used for the preparation of the monoliths with
methanol (MetOH, AnalityCals, Carlo Erba), acetone (AC, Reanal), acetonitrile (AN, Carlo Erba), ethyl acetate (EtAc, Reanal) poro-
gens. All chemicals were HPLC grade and used as received. The solubility parameters of these materials are given in Table 1.

The monoliths were prepared by using in situ gamma-radiation initiated polymerization. Approx. 25 mm long and 4 mm ID Teflon
tubes were placed in plastic bags that were filled with deoxygenated solution of the monomer in the solvents of different composition
and sealed in nitrogen atmosphere. The samples were irradiated with a®’Co y-source at room temperature. The total absorbed dose was
set between 1 and 22 kGy, with a dose rate of 11 kGy/h. The dose and dose rate values were determined by using ethanol—
chlorobenzene dosimeter solution. All monoliths were prepared in duplicates, and the same irradiation experiments were repeated
several times. After the irradiation, the tubes were removed from the bags, and cleaned from the polymer that is formed outside the
tube. Then, the tube was attached to a Liquochrom Model 2010 (LMIM, Hungary) chromatographic pump via standard chromatog-
raphy fittings. Solvent was pumped through the tube to clean the monolith from the unreacted monomers and the solvent. During these
experiments, the monoliths in the tubes were swollen due to the presence of the solvent. This prevented them from coming out of the
Teflon tubes under pressure. When they were left drying out in the tubes, it was easy to remove the polymer from the tubes.

The morphology of the samples was studied using a JEOL JSM 5600LV (Tokyo, Japan) scanning electron microscope (SEM).
Approximately 1 mm thick samples cut from the monolith were fixed to the sample holder, and sputter-coated with platinum/
palladium by using a JEOL JFC-1300 Auto Fine Coater (Tokyo, Japan).

Table 1
Solubility parameters of the materials used in this study.
Material Solubility parameter (MPa'/?) [31]
Diethylene glycol dimethacrylate - DEGDMA 9.8
Acetone — AC 19.7
Acetonitrile — AN 12.5
Ethyl acetate — EtAc 18.2
Methanol — MetOH 29.7
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Mercury porosimetry measurements, performed on a Carlo Erba Pascal 140 (Milan, Italy) was used to determine the average pore
size, while nitrogen absorption measurements for the specific surface area were done on a Micromeritics, ASAP 2000 (Norcross, USA)
instrument.

The conversion of the monomer was calculated by comparing the weight of the crosslinked polymer to the weight of the initial
monomer in the feed solution. The weight measurements were performed on a micro-scale. The polymerization times were obtained
from the dose and the dose rate values.

The conversion data were fitted with the Avrami equation [32]:

y(t)=a (1 —exp(=kt")), ©)

where a is a correction factor, k is the Avrami constant related to the reaction rate, and n is the Avrami exponent. For a polymerization
process, the reaction rate k is dependent on the nucleation rate and the propagation rate. The Avrami exponent n is determined by the
character of the nucleation and propagation. In general, its values are ranging from 1 to 4, being characteristic for different growth
mechanisms [33], however, anomalous Avrami exponent values, even of >20 were also reported [34].

100 vol.% MetOH

25 vol.% EtAc + 75 vol.% MetOH 25 vol.% AN + 75 vol.% MetOH 25 vol.% AC + 75 vol.% MetOH

75 vol.% AN + 25 vol.% MetOH

88, Skm 3008

100 vol.% EtAc ‘ 100 vol.% A 100 Vo.% AC

Fig. 1. Morphology of the samples prepared with 30 vol% DEGDMA and 70 vol% binary porogen system of MetOH with EtAc, AN, and AC,
respectively. The captions show the composition of the solvent mixture. The irradiation was performed with 22 kGy dose and 11 kGy/h dose rate.



B. Beiler et al. Heliyon 10 (2024) e38852
3. Results and discussion

The morphology of some typical samples from the EtAc/MetOH, AN/MetOH and AC/MetOH binary porogen mixtures can be seen
on scanning electron microscopy images in Fig. 1. The use of pure alcohol, being a poor solvent for DEGDMA (and so a good porogen
for the monolith), results in a macro- and microporous structure with channels of a few or a few tens of microns. The formed polymer
consists of micron-sized microglobules agglomerated into larger clusters. This morphology is the result of the precipitation poly-
merization process: the microglobules are the nuclei that precipitated from the solution, that are coalescing and/or growing further by
the attachment of the monomers to their surface.

The addition of the second porogen (a good solvent for DEGDMA, see Table 1) to the mixture in small (25 vol%) concentrations
causes minimal changes in the porous properties for the EtAc/MetOH and AC/MetOH systems, but the morphology of aggregated
microglobules almost completely disappears in the sample prepared with the AN/MetOH mixture. Here, some microparticles can be
recognized but the surface is generally smooth, yet pores can be observed.

The further increase of the concentration to 50 vol% leads to nanoporous (EtAc, AC) and bulk (AN) structures, and this tendency
continues towards the monomer mixtures containing only the second (good) solvent. At 100 vol% solvent concentrations recognizable
pores and porous structure can be observed for the EtAc sample only.

The above-described changes in the morphology and porosity of the monoliths affect their flow-through characteristics, and
therefore, are critical parameters in the most widespread applications of these polymers — chromatographic separation media. It can be
concluded that the average pore size can be increased and even doubled by the addition of AC, AN or EtAc solvent to the alcohol in
small concentrations (20-30 vol%). In this regard, they can be used to tune the (macro)porous properties of DEGDMA monoliths to
specific chromatographic needs. Higher concentrations of these solvents, however, lead to a rapid decrease in average pore sizes.
Above certain concentrations, the obtained bulk polymers with micro- and nanopores will have low permeability, not suitable for
chromatographic applications.

The average pore size and specific surface are values of the samples are shown in Table 2. These measurements were performed on
samples with 0, 20, 30 and 40 vol% solvent concentrations. As it can been seen on the SEM image, the single-solvent MetOH/DEGDMA
monolith is mesoporous with average pore size of 3.54 pm and surface area of 1.7 m?/g. Interestingly, the addition of the second
solvents in small (20 vol%) concentrations results in structures with larger average pore sizes and smaller specific surfaces. For 30 vol%
concentrations the average pore size slightly increases and decreases for EtAc and AC, respectively, while drops by cca. 35 times in the
case of AN. Further increase of the concentration causes rapid drop of the pores to the nanopore range for AN and AC (26 and 111 nm,
respectively), while it is 590 nm for the EtAc sample. At 100 vol% solvent concentrations pores were detected only in the EtAc sample.
These findings are in good agreement with the contents of the SEM images.

Three different binary solvent systems were used in different concentrations for DEGDMA monolith preparation: ethyl acetate/
methanol, acetonitrile/methanol and acetone/methanol. The dependence of the conversion on the irradiation time (which is pro-
portional to the gamma-radiation dose, with the 11 kGy/h dose rate coefficient) for the three systems is shown in Fig. 2. It can be seen
that the conversion is minimal at very low doses (0.1 and 0.2 h irradiation times), then increases rapidly, and reaches a plato after
0.4-1.0 h of treatment, depending on the type and composition of the porogen. A nearly 100 % conversion can be achieved for all three
systems and all compositions after 1.5 h of gamma-irradiation (corresponding to 16 kGy dose).

The experimental data were fitted with the Avrami equation [24,32], describing the (liquid to solid) phase transformation of the
materials at a constant temperature. This formula is widely used to characterize crystallization and glass formation processes that are,
in many aspects, analogous to the precipitation polymerization occurring during the DEGDMA monolith synthesis. Therefore, the
fitting of the experimental data with the Avrami equation could help in understanding the monolith formation process. This approach
has been used for the gamma radiation-initiated polymerization of DEGMA monoliths in different single-solvent systems earlier [35].
The results of the fitting with the Avrami equation are also shown in Fig. 2.

As Fig. 2 illustrates, the change of the conversion with the irradiation time (or the rate of the polymerization) is affected by both the
type and the composition of the binary solvent. Fig. 3 shows the dependence of the Avrami constant, related to the nucleation rate and
growth rate [36], on the content of the second solvent in the monomer mixture. It can be seen that for 0 vol% of second solvent
(corresponding to 100 vol% of methanol) the nucleation and growth rates, and so the monolith formation is relatively slow (k =
1.71/hr). Similarly small Avrami constant values were obtained for the monomer mixtures prepared purely with the second solvents.
Here EtAc and AC have very similar values (k = 1.57 and 1.61/hr, respectively), while for AN it is slightly higher (k = 1.81/hr).

However, k has a bell-shaped behavior in-between, with the highest values being almost double of the above-mentioned ones, 3.13,
3.00 and 3.22 for 50 vol% EtAc, AC and AN, respectively. It can be seen that the use of solvent mixtures under the same conditions

Table 2

Average pore diameter and specific surface are values for the single- and double-solvent DEGDMA monoliths.
Solvent in MetOH, vol% Avg. pore diameter, nm/Sggr, m/g?

AC AN EtAc

0 3540/1.7
20 5276 /1.2 7193 /0.9 6451 / 0.97
30 4622 /1.4 189/ 31.0 6834 / 0.94
40 111 / 43.0 26/ - 590 /10.4
100 -/- -/- 85/ 24.2
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Fig. 2. Conversion of the DEGDMA monolith with the irradiation time for monomer mixtures consisting of the monomer and ethyl acetate/
methanol (bottom), acetonitrile/methanol (center) and acetone/methanol (top) binary solvent mixtures of different composition. The symbols
indicate the experimental results, while the dash-dot curves correspond to the fitted Avrami functions.
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Fig. 3. Dependence of the (left) Avrami constant and the (right) Avrami exponent on the concentration of the second solvent in the binary porogen
system of ethyl acetate, acetonitrile and acetone with methanol.

results in higher nucleation and growth rates, compared to the single-solvent cases for all three porogen systems. Presumably this is the
reason for the larger pores observed by the pore size measurements in the samples with low concentrations of the second solvent,
where the pore formation is still dominated by the poor solvent (MetOH).

The change of the Avrami exponent n with the composition of the solvent mixture is also shown in Fig. 3. The Avrami exponent
reflects the nucleation and growth mechanisms during the polymerization [36,37]. In the case of pure methanol porogen the value of 2
for n is characteristic for nucleation on the surface, accompanied by one-dimensional growth [38,39]. As EtAc, AN and AC are added to
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the solvent mixture in increasing concentrations the Avrami exponent increases. For EtAc and AC it has similar values, reaching
2.7-3.1 for the 50 vol% case and the maximum value of 4.2 for the compositions with 75 vol% EtAc and AC content. This behavior
indicates the transformation of the growth from one-dimensional first to two- (n ~ 3) and then to three-dimensional (n ~ 4), depending
on the concentration of the second solvent in the mixture. Interestingly, with pure EtAc the growth switches back to one- (n ~ 2.0),
while with pure AC to two-dimensional (n ~ 2.9) mechanism.

Compared to EtAc and AC, the Avrami exponent increases faster with acetonitrile concentration. nis 3.0, 5.0 and 6.3 for 25, 50 and
75 vol% of AN, respectively, and decreases to 4.1 in the pure single-solvent case. In general, values of the Avrami exponent exceeding
4.0 are treated as anomalous [39,40], and interpreted as indication of fractal growth mechanism with non-constant nucleation and
growth rates. In 100 vol% AN the growth mechanism becomes three-dimensional.

The fitting results of the conversion curves give some insights on the growth mechanism of monoliths with binary porogen mix-
tures. In pure MetOH, being a poor solvent for DEGDMA resulting in microporous monolith formation, the growth mechanism is one-
dimensional, as it would be expected for the precipitation polymerization. The other solvents are bulk or nano-porous polymer-forming
solvents for DEGDMA, and the growth mechanism for 100 vol% concentrations of EtAc, AC and AN is one-, two- and three-
dimensional, respectively. The use of solvent mixtures increases the dimensionality of growth and the growth rate in all cases. This
behavior is especially remarkable for AN, where it leads to fractal growth with a growth rate being smaller than for EtAc and AC.

4. Conclusions

Binary porogen mixtures of ethyl acetate/acetone/acetonitrile with methanol were used to synthesize diethylene glycol dime-
thacrylate polymer monoliths with gamma radiation-initiated polymerization. The effect of the composition of the solvent mixture on
the morphology, pore size and specific surface area, and the reaction kinetics, including the growth mechanism and the growth rate
was studied with the irradiation dose-dependent conversion profiles. It was found that the use of solvent mixtures almost doubles the
polymerization rate, compared to the single solvents. Binary solvent ratios dominated by methanol cause the formation of larger pores
in the monoliths. The addition of the second solvent also changes the growth mechanism by increasing its dimensionality in all cases,
from one- (solely methanol and solely ethyl acetate solvents) and two-dimensional (solely acetone) to three-dimensional (solely
acetonitrile, and binary porogens of 25 vol% methanol + 75 vol% ethyl acetate and 25 vol% methanol + 75 vol% acetone). A fractal
growth mechanism has been identified for the 25 vol% methanol + 75 vol% acetonitrile binary solvent mixture.

Our results show that the use of binary solvent mixtures of a poor and a good solvent has several advantages in the preparation of
dimethacrylate porous monoliths with gamma radiation-induced polymerization. Changing the ratio of the two solvents allows to
control the growth mechanism of the polymer growth in a broad range. It can be used to tune the pore size, and even to increase it
compared to the single-solvent case. The reaction kinetics can be interpreted by the Avrami equation in a broad range of solvents and
solvent mixture compositions. The obtained Avrami parameters are in good agreement with the findings of the morphology and pore
size measurements of the formed monoliths.
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