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Abstract

Nanoporous polymer networks of N — vinylpyrrolidone (VP) with dimethacrylates of ethylene, 1,6 —hexanediol and triethylene
glycol were obtained by three-dimensional free-radical copolymerization in bulk using branched copolymers as pores templates.
The branched copolymers consisted of monomers of the same type to provide their thermodynamically compatibility and
solubility in the appropriate mixtures of VP —dimethacrylate. They were synthesized by radical copolymerization in toluene
under chain transfer condition and characterized by the FTIR, 'H NMR, GPC, DSC and DLS methods. After curing of the stable
visually homogeneous monomer-polymer mixtures, polymer composites with optical properties differed from conventional
network copolymers were obtained due to the micro- or macrophase separation. According to the gravimetry, FTIR, GPC and
DSC data, the macromolecular additives were partly extracted by isopropyl alcohol as a “good” solvent. The hierarchical
nanoporous structure of the obtained gels was demonstrated by the SEM and low-temperature nitrogen adsorption methods.
Polymer networks crosslinked with dimethacrylates of ethylene and triethylene glycol contained mostly mesopores, while pores
less than 20 nm predominated in the N — vinylpyrrolidone copolymer crosslinked with 1,6 —hexanediol dimethacrylate. It was
shown that the values of the specific surface area increased by an order in comparison with conventional polymer networks and
reached about 11-16 m%/g.

Keywords N-vinylpyrrolidone - Three-dimensional radical copolymerization - Branched copolymers - Polymer composite -
Porogens

Introduction

The rapid development of innovations in biomedicine and
biotechnology requires creation of biocompatible polymers
of various structures including nanoporous polymer networks.
They can be used as encapsulation agents for controlled drug
release [1-3], supports for biomolecular immobilization and
cell scaffolds [4-10], biosensors [11-15], etc. Among various
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vinyl monomers, N-vinylpyrrolidone (VP) attracts special at-
tention as a raw material for creating biocompatible polymers
for biomedical purposes [16—-19], since they could be consid-
ered in a certain sense as models of natural macromolecules
with amide groups. A new step in their macromolecular de-
sign is associated with the use of the template methodology
for the elaboration a simple procedure for preparing the hier-
archical nanoporous polymer networks based on N-
vinylpyrrolidone [20].

Using this methodology, a variety of porous polymers
with different nanostructures and functionalities obtained
by conventional radical polymerization of various mono-
mers either on the surface of nanostructured templates, or
in the internal pores of templates has already been success-
fully produced [21, 22]. Typically, silica nanomaterials
(e.g., silica nanoparticle and mesoporous silica), aluminum
oxide, as well some polymer nanomaterials, for example,
hyperbranched polymers are used as templates [23-25].
Despite irregularity and structure imperfection of
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macromolecules, they may possess the useful properties
(high solubility, low solution viscosity, and high density
of functional groups at the periphery of the macromole-
cule) similar to those of dendrimers. And, at the same time,
one of their advantages is a more economic and facile syn-
thesis [26]. In particular, they can be synthesized by poly-
condensation [27], ring-opening polymerization [28], liv-
ing radical polymerization [29, 30], “click” reactions [31],
and copolymerization of commercially mono- and divinyl
monomers in the presence of a catalytic chain transfer
agent [32] or a chain transfer agent (the “Strathclyde
methodology”) [33]. The latter methodology allows syn-
thesizing branched polymers with a broad variety of archi-
tectures, sizes, and functionality in a simple one-pot pro-
cess [33—41]. Thus, copolymers were successfully pre-
pared using branching agents of different molecular struc-
ture and functionality [34, 35], conventional chain transfer
agents of various structures [33, 36]. They were obtained
by copolymerization in homogeneous solution [33], emul-
sion [36], and suspension [37, 38]. It is possible to synthe-
size branched copolymers based on methacrylates and ac-
rylamide which are sensitive to temperature and pH chang-
es owing to wide possibilities of macromolecular design
[39-41].

In our case [20], the templating methodology includes
three-dimensional radical copolymerization of VP and
triethylene glycol dimethacrylate in the presence of the
purposefully synthesized copolymers with well-defined
branched structure, which are compatible with the como-
nomers. After copolymerization the branched copolymers
were removed by extraction with a solvent. The polymer
framework was robust enough to withstand the high inter-
facial energy and strong capillary actions that could lead
to pore deformation or even pore collapse after the tem-
plate removing.

The purpose of the present work is to study the effect of
the structure and polarity of dimethacrylate as a crosslinking
agent on parameters of the porous structure of the copoly-
mer networks of N-vinylpyrrolidone with various
dimethacrylates using branched copolymers of the identical
chemical nature as pore templates. Bifunctional monomers
— ethylene glycol dimethacrylate (EGDM), 1,6 —
hexanediol dimethacrylate (HDDM), and triethylene glycol
(TEGDM) dimethacrylates, differed in length and polarity
of the spacers between methacrylic groups, were used as
branching and crosslinking agents in the synthesis of the
soluble and crosslinked copolymers of VP, respectively.
The soluble copolymers branched with the corresponding
dimethacrylates were added in the VP — dimethacrylate
mixture to achieve their compatibility and to control the
micro- and macrophase separation under copolymerization,
since both the branched copolymers, and the formed net-
work copolymers were similar in the chemical composition.
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Materials and methods

N-vinylpyrrolidone (“Alfa Aesar”) was distilled in vacuum to
remove inhibitor NaOH. EGDM, HDDM, TEGDM
(“Aldrich”), and 1-decanethiol (DT, “Alfa Aesar”) as a
chain-transfer agent were used as received.

Soluble copolymers of VP —EGDM (br— VP —EGDM),
VP —HDDM (br— VP —HDDM), and VP —TEGDM (br—
VP —-TEGDM) were prepared via crosslinking radical copo-
lymerization at molar ratio of [VP]:[dimethacrylate]:[DT] =
100:12:12 in toluene as described in [42]. Their amorphous
powders were isolated from the reaction mixture by precipita-
tion with a 10-fold excess of hexane and dried in vacuum to a
constant weight. The prepared copolymers (20 wt%) were
dissolved, respectively, in the comonomer mixtures of VP —
EGDM, VP -HDDM, VP —-TEGDM of the same composi-
tion (0.6:0.4 mol fractions).

The obtained monomer-polymer mixtures were placed in
glass ampoules (3 mm in diameter), evacuated, and sealed.
Three-dimensional radical polymerization in bulk initiated
by AIBN (0.2 wt%) was carried out at 60 °C in the absence
and in the presence of the soluble copolymer additives. To
prevent spontaneous copolymerization, a stable TEMPO rad-
ical ((3-4)-10"* M) was added to the reaction mixture. As a
result, in the absence and in the presence of copolymer addi-
tives, respectively, the VP — dimethacrylate network copoly-
mers (nc — VP — dimethacrylate) and polymer composites (pc
— VP — dimethacrylate) were obtained.

Characterization
FTIR and "H NMR spectroscopy

The compositions of br — VP — EGDM, br— VP —HDDM,
and br— VP — TEGDM were studied by IR-spectroscopy
using a Bruker « FTIR equipment, and by '"H NMR using
an AVANCE III 500 MHz Bruker BioSpin superconducting
pulsed broadband two-channel NMR spectrometer. IR spec-
tral analysis was performed using films of the copolymers
casting from chloroform solutions on KBr glasses. For 'H
NMR studies, the copolymer solutions in deuterated chloro-
form (6 mg/ml) were prepared.

GPC method with two detectors

The molecular weights of the branched copolymers and the
sols isolated from the copolymer composites were measured
by GPC as described in [42] with the use of a Waters GPCV
2000 chromatograph (two PL-gel columns, 5 um, MIXED-C,
300-7.5 mm) equipped with two detectors — a refractometric
detector with Empower Pro software and a light scattering
detector with Astra software.
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DSC method

The glass-transition temperatures 7, of the branched copoly-
mers and the gels isolated from the copolymer composites
were measured by the DSC method using a METTLER
TOLEDO STAR® instrument with DSC 822 modulus at a
heating rate of 5 °C/min.

DLS method

The dynamic light scattering method was used to study
the solutions of the branched copolymers of various con-
centrations in isopropyl alcohol, as well as the monomer-
copolymer mixtures containing 1 wt% of the branched
copolymers at a detection angle of 90°. A Photocor
Compact (Photocor Instruments Inc., USA) equipped with
a diode laser, operating at a wavelength of 654 nm, was
employed. The solutions of the branched copolymers in
isopropyl alcohol were previously passed through a filter
with pores of 0.45 um in diameter. Before measuring, the
vial with the solution was thermostated for ca. 20 min.
The autocorrelation functions of the scattered light deter-
mined in the dynamic light scattering regime were proc-
essed using "Dynal.S" software, which allowed analyzing
distribution functions of the particles in solution depend-
ing on correlation times 7z, and diffusion coefficients D.
The hydrodynamic radii Ry, of the branched copolymers in
isopropyl alcohol were calculated using the Einstein-
Stokes equation

kT
D= /67T7]R’ (1)

where D is the diffusion coefficient, £ is the Boltzmann
constant, 7 is the absolute temperature, and 7 is the vis-
cosity of the medium, in which the dispersed particles are
suspended. The dependences of the light scattering inten-
sity distribution versus the correlation times ¢, the diffu-
sion coefficients D, and the hydrodynamic radii R;, were
plotted.

The isothermal calorimetry

The kinetics of copolymerization of VP — dimethacrylate
in the absence and in the presence of the branched copol-
ymers was investigated by isothermal calorimetry using a
DAK-1-1 instrument. The values of the double bonds
conversion and reduced copolymerization rate w/[M] were
calculated according to the procedure described in [43],
taking into account the molar heats of VP and MMA
polymerization in bulk equal to Q;=64.3 kJ/mol and
0, =58.8 kl/mol, respectively. The Q;, values for

copolymerization were calculated by the additive scheme:
Ql,z =mQ; +mQ,, (2)

where n,, n, are the molar fractions of VP and
dimethacrylate in the initial mixture.

When the values of the copolymerization heat were aver-
aged according to the additive scheme, a certain error, increas-
ing with the difference in the molar heats of the monomers,
was included. The rate was reduced to the current averaged
concentration of the monomer mixture.

Scanning electron microscopy

The surface of the network copolymers after extraction of
polymer additives was studied by SEM on a Zeiss Leo
Supra 25 instrument. For this purpose, the end surface of
cylindrical samples was sprayed with ultrafine carbon.

The sol—gel analysis

The sol—gel analysis of pc— VP —EGDM and pc— VP —
HDDM was carried out in the Soxhlet extractor for 14 h,
and of pc— VP —TEGDM - for 7 h at the boiling point of
isopropyl alcohol as a good solvent for the branched copoly-
mers. The isolated soluble (sols) and insoluble (gels) products
were dried in vacuum to a constant weight. The compositions
of the gels and the sols were studied by the FTIR method
using a "Bruker " equipment in the transmission mode.
The sols were placed on the glasses and evacuated from the
solvent; the gels were prepared as suspensions in vaseline oil.

The BET analysis

After sol extraction, the porous structure of the previously
evacuated at ca. 100 °C gels was investigated by low-
temperature nitrogen adsorption on an Autosorb-1 analyzer
(Quantachome Instruments corp., USA). The specific surface
area (Ssp) of the gels is determined using the Brunauer-
Emmett-Teller (BET) equation:

W(Po/P]" = (WnC) ™!+ [(C)(W,C) !
x (P/Po), 3)

where P is the nitrogen pressure in the sample cell, P, is the
saturated nitrogen vapor pressure at 77 K, Wis the weight of
nitrogen absorbed at a given value of P/P,, W,, is the weight
of adsorbate in the surface monolayer, C is the parameter of
the BET equation characterizing the adsorbent-adsorbate in-
teraction. The value of total pore volume V,, was determined
by measuring the amount of nitrogen adsorbed at the value of
P/P, close to 1. The pore size distribution curves were plotted
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using the Barrett, Joyner, and Halenda (BJH) method [44].
The error in V;, and S, values determination did not exceed
7%.

Results and discussion

Synthesis of the branched copolymers, their structure
and physicochemical properties

The branched copolymers were prepared by radical copoly-
merization of VP with various dimethacrylates in toluene in
the presence of a chain transfer agent — DT (Scheme 1). The
reaction proceeds with a high yield (Table 1). The obtained
copolymers were soluble in polar and low polar solvents (wa-
ter, alcohols, chloroform, etc.).

According to IR-spectroscopy data on the kinetics of the
separate conversion of the components of the reaction mix-
ture, EGDM was more reactive in radical copolymerization
than VP [43]. These conclusions are more reliable than those
based on the values of copolymerization constants defined for
methyl methacrylate as a monofunctional analogue. The ef-
fective constant of copolymerization of “pendant” C=C bonds
of dimethacrylates can change significantly in crosslinking
copolymerization.

As a result, in the initial stages of copolymerization all
radicals attach dimethacrylates and polymer chains are
formed, consisting mainly of dimethacrylate units. Attaching
polymer radicals to pendant double bonds of dimethacrylates
leads to the appearance of side branches in the polymer chain
and to the formation of branched structures (Scheme 1). In the
presence of DT, the primary polymer radicals become shorter
due to the chain transfer reaction, and the probability of the
macrogel formation decreases. According to elemental analy-
sis, the prepared copolymers contained sulfur atoms (Table 1).
The experimental sulfur content was less than the calculated
value because of some amount of —=SC;oH,; groups contained
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in the low-molecular fraction (soluble in hexane) enriched
with dimethacrylates. Furthermore, DT was consumed incom-
pletely in the chain transfer reaction [42].

With the increase of the conversion degree, after depletion
of dimethacrylate in the mixture of the monomers, the poly-
mer chains appear, consisting mainly of VP-units. In addition,
at deep copolymerization stage one can expect the appearance
of VP polymer. As a result, compositionally heterogeneous
polymer products were formed; their macromolecules differed
markedly by solubility in toluene. Thus, after the synthesis
completion, br — VP — EGDM was entirely soluble in toluene,
and the reaction mixture was visually clear. At the same time,
br— VP —HDDM and br — VP — TEGDM had limited solubil-
ity in toluene and, as a result, the reaction mixtures were opal-
escent. Moreover, a toluene-insoluble fraction of br— VP —
TEGDM was isolated from the reaction mixture.

Some conclusions on the structure of the prepared copoly-
mers were made by analyzing their IR spectra (Fig. 1S,
Supplementary Materials). The specific absorption bands of
C=0 bonds in the methacrylate group of br — VP — EGDM, br
— VP —-HDDM, and br— VP —TEGDM were observed at v
~1728, 1723, and 1726 cm™', respectively. The absorption
band of C=0 bonds in the lactam cycle of VP — units for all
copolymers was observed at ~1680 cm™'. To evaluate the
composition of the studied copolymers, the optical densities
at the maximum of the absorption bands were measured, and
their ratios (A) were calculated (Table 1). It can be concluded
that the prepared copolymers were similar in composition.
This is also confirmed by elemental analysis and the calculat-
ed monomer composition (Table 1).

The copolymers were also investigated by "H NMR spec-
troscopy (Fig. 2S, Supplementary Materials). As expected,
signals related to monomer units were observed in the spectra.
Thus, there were two groups of bands related to VP units; the
first set included signals due to NCH,, protons in the polymer
chain and —CH,C=0 fragments of pyrrolidone at § =3.0—
4.0 ppm. The second one consisted of signals attributed to
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Scheme 1 The synthesis of the copolymers of VP — dimethacrylates by radical copolymerization in toluene in the presence of DT
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Table 1

The yields of the obtained copolymers, A values (the ratio of optical densities of the absorption bands related to C=0O bonds in dimethacrylate

and in VP units in the copolymers), C, H, N, S content in the branched copolymers, and their composition

The copolymer The copolymer A C, % H, % N, % S,% The copolymer
yield, % composition*, mol%

br— VP —-EGDM 84.7 0.24 60.8 9.1 8.5 1.9 78.1:14.4:7.5

br— VP —-HDDM 85.7 0.20 61.9 9.3 84 1.7 80.3:12.5:7.2

br— VP —-TEGDM 79.9 0.25 59.9 9.1 82 1.7 80.5:12.4:7.1

*Elemental analysis

protons of CH, in the polymer chain, as well as to C-CH,—C
and NCH, fragments of pyrrolidone at 6 = 1-3 ppm. Signals
of CH3-group in dimethacrylate units were detected in the
spectrum of the copolymers at o~1 ppm. Signals at §=1.3
and 2.5 ppm may correspond to protons of (CH;)g and
CH,-S fragments of DT. Signals of hydrogen atoms in —
CH,—CH, fragment of dimethacrylate involved in reaction
were observed in 'H NMR spectra at 6~4.1 ppm. Weak signals
detected at 5.7 and 6.2 ppm were corresponded to vinyl hy-
drogens on pendant unreacted C=C bonds in dimethacrylates
(Fig. 28, inset, Supplementary Materials) [35]. In accordance
with ozonolysis data [42], the similar object contained ca.
0.56:10 " mol of double bonds per gram of the copolymer
or about 11 mol C=C bonds per mole of the copolymer with
M, ca. 20-10>. These can be either pendant unreacted C=C
bonds of dimethacrylates, or C=C bonds resulting from the
polymer chains termination by disproportionation.

Figure la shows molecular weight distribution (MWD)
curves of the soluble copolymers of VP — dimethacrylate.
For comparison, the curve for linear PVP is given. It can be
seen that the MWD curves of the copolymers are multimodal
and consist of several overlapping peaks at low molecular
weight area, which indicates their high degree of molecular
weight heterogeneity. The average molecular weight M, and
molecular weight at the peak maximum M, (a significant pa-
rameter for compositionally heterogeneous copolymers), cal-
culated from the data of two detector method, are given in

Fig. 1 Molecular weight br-VP-EGDM
distribution curves of the soluble
VP — dimethacrylate copolymers
and PVP (a); the dependences of
their molecular weights M,, on
elution volume Vy in
semilogarithmic coordinates (b)
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Table 2. The absolute values of M,, and M, for br— VP —
HDDM are higher than those for br— VP — EGDM and br —
VP —TEGDM. The growth of br— VP —HDDM polymer
chains probably proceeds under conditions favorable for in-
creasing their length and molecular weight.

Some conclusions about the topology of the studied copol-
ymers were made from the analysis of the semilogarithmic
dependences of M, on the elution volume Vi (Fig. 1b). The
curves can be divided into several regions. In the first region
with small values of Vx~5.5-6.5 ml, macromolecules with
molecular weight above ~10°-10° are eluted. In this region,
at the same Vj value, a part of macromolecules of br— VP —
EGDM and br— VP —HDDM with a lower molecular weight
than that of linear PVP is eluted. They probably represent
nanogel particles with a high content of dimethacrylates —
internally crosslinked and slightly swelling in the eluent. It
can be seen that the part of macromolecules of br— VP —
TEGDM with M,~10° has a dense packing of the chains
due to the branched structure. At the same V value, they have
a higher molecular weight than linear PVP. In the second
region, in the range of Vg~6.5-7.7 ml, the M(VR) curves
for br— VP —EGDM and for linear PVP practically coincide,
indicating their similar structure. The curves for br— VP —
HDDM and br— VP — TEGDM lie higher than that for linear
PVP, and the topology of their macromolecules is likely to be
branched. At Vi values above 7.7 ml, the copolymers contain
low-molecular weight macromolecules of similar topology.
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Table 2 The physico-chemical

characteristics of the branched Copolymer M- 107 M, 107 P Ty °C Ry*, nm
copolymers
br— VP - EGDM 22.0 23.0 2.0 53.7;120.5 4;1-10*
br— VP -HDDM 27.0 26.0 2.1 55.0; 131.0 3;23; 5:10°
br— VP —-TEGDM 20.0 21.0 1.8 53.8; — 4;310°

*were measured in isopropyl alcohol at 30 °C

The factor g’ is defined as the ratio of the root-mean-square
gyration radius (rms) of the copolymer to that of linear PVP
and characterizes its branching. The value of g’ for macromol-
ecules with molecular weight less than 3-10* lies in the inter-
val of 0.5-0.64, while for the linear polymer g’ = 1. The small
values of rms~10 nm for br — VP —EGDM and br— VP —
HDDM with M,, more than 3-10* indicate their close packing
caused by a branched nature. Thus, the studied copolymers
differ in molecular weight and topology; they consist of mac-
romolecules with various branching degree and nanogel
particles.

Important information on the copolymers studied was ob-
tained from the analysis of their thermograms and the values
of glass transition temperature 7, which were closely related
to the molecular weight, the topology of macromolecules, and
the water content. Figure 3S, Supplementary Materials shows
DSC curves for the first and the third scanning of the studied
copolymers. In the region of ca. 40—140 °C, for the first scan
of all copolymers the DSC curves have a wide endothermic
peak, apparently associated with the loss of water. According
to IR-spectra in the region of 3400-3600 cm ' (Fig. 18,
Supplementary Materials), it forms hydrogen bonds to the
copolymers. It can be seen that this peak overlaps with the
step of the change in the heat capacity due to the phase tran-
sition, namely, the glass transition.

According to the literature data [45], PVP is considered to
be dry after the first scanning of the sample to 200 °C. In
general, this assumption is also fulfilled for all studied copol-
ymers. So, the glass transition temperatures of the copolymers
were determined during the second and the third scanning and
were fairly similar. Here, we present the result of the 3-th scan
as more reliable, because no peaks associated with water evap-
oration were observed on the thermograms. The steps on the
thermograms were considered as second-order phase transi-
tions, and the glass transition temperatures of copolymers, T,
were determined by a DIN standard [46] (Table 2). The second
step on the thermograms is weak, and the T, value is less
reliable (especially for the br— VP — TEGDM copolymer),
so we do not show it in Table 2. As will be shown below,
the experimental 7, values will allow to identify these copol-
ymers in the gels isolated from polymer composites.

All copolymers have an o-transition in the low-
temperature region due to the defrosting of the mobility of
polymer chains with branches. Moreover, in the high-
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temperature region, there is the second «-transition, which
can be caused by the defrosting of molecular mobility in linear
PVP. Here, we estimated the range of 7, values as 125-150 °C
for linear PVP with M, ca. (9—13)-10°. Therefore, it can be
assumed that the studied copolymers contain a linear PVP
formed during the copolymerization. However, the second
glass transition temperature can also be interpreted as the
a-transition in nanogel particles, in which the mobility of
polymer chains is frozen due to intramolecular crosslinking
or their strong physical interactions.

The studied copolymers consist of high polar (VP) and low
polar (dimethacrylates) monomer units; in addition, there are
nonpolar —SC¢H,; groups at the ends of the polymer chains
terminated by the chain transfer mechanism. The difference in
polarity of these units determines the amphiphilic character of
the copolymers and their ability to self-organization with the
formation of polymer aggregates in polar media. It is known
[47] that the mechanism of aggregation of amphiphilic mac-
romolecules may differ, depending on the composition, the
diphilicity, and the topology of macromolecules. Thus, the
amphiphilic macromolecules of branched topology exist in
polar solvent as monomolecular micelles and their aggregates
(multimolecular micelles), or they can undergo intra-phase
separation and form stable micelle-like aggregates similar to
the traditional block copolymers. The investigated composi-
tionally heterogeneous copolymers of VP — dimethacrylates
of different topology seem to exist in polar media as mono-
molecular micelles, multimolecular micelles, as well as
micelle-like aggregates. They have a core formed by the frag-
ments of polymer chains enriched with dimethacrylate units.
The micellar nature of macromolecules of some branched co-
polymers in water was demonstrated in work [48], where ful-
lerene Cg and its small clusters were found in a hydrophobic
core of the polymer particles by the cryo-TEM method.

At first, we studied the behavior of the branched copoly-
mers in polar VP and in isopropyl alcohol as a model polar
solvent by the DLS method. Polar VP was a good solvent for
the copolymers, and their diluted solutions containing separat-
ed macromolecules dispersed light poorly. However, they
were self-organized in isopropyl alcohol, what evidenced by
the dependences of the average intensity of light scattering /
on the copolymer concentration ¢ (Fig. 4S a, Supplementary
Materials). In the studied concentration range, /(c) curves of
the investigated copolymers (Fig. 4S a, Supplementary
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Materials) have one or two break points, which should be
interpreted as critical concentrations of aggregation. In the
solutions of br— VP —EGDM and br— VP —HDDM at con-
centrations of ~0.3 and ~0.4 wt%, respectively, the value of /
increases, evidently, due to the aggregation growth. For br—
VP — TEGDM, there are two breaks at the /(c) dependence at
concentrations of ~0.1 and ~0.6 wt%, indicating a more com-
plex solution structure due to the strong compositional hetero-
geneity of its macromolecules. Low polar macromolecules
with a high TEGDM content seem to be aggregated at low
concentrations, whereas more polar macromolecules are ag-
gregated at high concentrations of this copolymer.

The values of the hydrodynamic radii Ry, of scattering cen-
ters in 1% solutions of the studied copolymers in isopropyl
alcohol are given in Table 2. The solutions have nano- and
micron-sized scattering centers (individual macromolecules
and their aggregates), the contribution of the latter to light
scattering reaches ca. 60% in the solutions of br— VP —
EGDM and br— VP —HDDM. In the solution of br— VP —
TEGDM, light scattering occurs mainly due to the scattering
centers of small size (70%). Thus, br — VP — EGDM and br —
VP —HDDM are more prone to aggregation in isopropyl al-
cohol than br— VP —TEGDM. This can be explained by a
high diphilicity of their macromolecules containing low-
polar units of EGDM and HDDM, and, therefore, by declining
of their thermodynamic affinity with the solvent.

Figure 4S b, Supplementary Materials shows I(c) depen-
dences for the mixtures of VP — dimethacrylate containing the
corresponding branched copolymers. The experimental points
on these dependencies can be satisfactorily approximated by
only one linear function. The corresponding monomer mix-
tures appear to be thermodynamically good solvents for these
copolymers, and only individual macromolecules are present
in the monomer mixtures. However, the experimental points
on the /(c) dependence for the mixture of VP —HDDM with
br — VP — HDDM additive lies much higher, and their consid-
erable dispersion is caused probably by changes in the con-
centration of aggregates during filtration of the solution.

The dependences of the light intensity distribution / on the
correlation times 7. and on the diffusion coefficients D for the
investigated mixtures differ significantly (Fig. 2). The distri-
bution curves of I(¢.) and /(D) for the mixture of VP — HDDM
exhibit narrow peaks with the maxima at ~18 ms and
13:10'° em?/s, respectively. Such small values of diffusion
coefficients are usually characteristic for light scattering with
Ry, ~10° nm. Consequently, in the VP — HDDM monomer
mixture there are highly structured regions formed by
HDDM molecules in the polar monomer. The distribution
curves of I(t,) and I(D) for the mixture of VP — HDDM with
br— VP —HDDM additive have also narrow peak with the
maxima at ca. 26 ms and 9-107'° cm?/s, respectively. The
polymer additive leads to an expected reduction in the value
of D by a factor of 1.4 and an increase in the . value due to

increasing the medium viscosity. At the same time, the asso-
ciative structure of the VP-HDDM monomer mixture is not
destroyed.

Thus, the VP — dimethacrylate copolymers were soluble in
polar media. They contained branches in side chains and were
characterized by the same monomer composition, similar mo-
lecular weight, and more than one glass transition temperature
due to the compositional heterogeneity of the macromole-
cules. In dilute solutions of isopropyl alcohol, amphiphilic
copolymers were represented as individual macromolecules
(monomolecular micelles) with hydrodynamic radii ca. 3—
5 nm and multimolecular micelles; copolymers with low-
polar EGDM and HDDM units were more aggregated.
Aggregation of the VP — EGDM and VP — TEGDM copoly-
mers was suppressed in the corresponding monomer mixtures.
In turn, the mixture of VP —HDDM with br— VP —HDDM
additive was a highly ordered system contained light scatter-
ing centers of micron size. Individual macromolecules and
their aggregates, apparently, can serve as pores templates.
So, the next step was to prepare polymer networks and to
determine parameters of their porous structure.

Formation of the porous polymer networks

Although all monomer-copolymer mixtures are visually trans-
parent, they represent colloid systems, which are stable in time
and not destroying into separate phases due to the high ther-
modynamic compatibility of polymer additives consisting of
the same monomers as the VP — dimethacrylates mixtures.
Figure 3 shows kinetic curves of polymerization of the VP

— dimethacrylate mixtures with and without the polymer ad-
ditives. All monomer mixtures are copolymerized in
autoacceleration and autodeceleration modes caused by freez-
ing of the mobility of the reagents and pendant C=C bonds. A
comparison of the curves for the copolymer mixtures indicates
that the dimethacrylate structure effects the process rate, the
beginning of structure formation, and the limiting conversion
of C=C bonds. A high mobility of the monomers and pendant
C=C bonds is maintained in the course of copolymerization of
VP with HDDM or TEGDM as crosslinking agents. As a
consequence, the maximum reduced reaction rate is achieved
at the values of conversion C equal to 33 and 39%, respec-
tively. When VP copolymerizes with EGDM, the structure
formation begins earlier and the maximum reduced rate is
reached at C ~11%. At the same time, the VP —HDDM sys-
tem exhibits specific behavior during copolymerization: the
maximum values of the reduced rate and the limiting conver-
sion of C=C bonds (85%) are observed. It should be noted that
during homopolymerization these values increase in the line
of EGDM<HDDM<TEGDM, as expected, according to their
length, flexibility, and effective reactivity. This effect is, ap-
parently, due to such peculiarity of VP — HDDM mixture as a
highly ordered system. In the polar monomer HDDM exists in
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Fig. 2 Distribution of the light
scattering intensity / by
correlation times 7, (a) and
diffusion coefficients D (b) for the
monomer — copolymer mixtures
at 20 °C. The content of the
branched copolymer additive is

1 wt%

- - - the mixture of VP-HDDM

—— the mixture of VP-EGDM with br-VP-EGDM
the mixture of VP-HDDM with br-VP-HDDM
the mixture of VP-TEGDM with br-VP-TEGDM

—— the mixture of VP-EGDM with br-VP-EGDM
the mixture of VP-HDDM with br-VP-HDDM
the mixture of VP-TEGDM with br-VP-TEGDM
- - - the mixture of VP-HDDM .

10'

Time correlation () (ms)

(a)

the form of associates, what is in a good agreement with the
DLS data (Fig. 2). Such HDDM associates can act as nano-
and microreactors, in which heterogeneous copolymerization
proceeds at higher rates than in more homogeneous VP —
EGDM and VP — TEGDM mixtures.

The character of copolymerization is generally maintained
in the presence of the corresponding polymer additives.
However, the reduced rates are significantly decrease, the w/
[M](C) curves shift to the area of smaller conversion values,
and the maximum rates are observed at C ~ 4 and 24%, re-
spectively. The rate decrease is apparently caused by the in-
fluence of the polymer additive on the initiation rate constant,
or its inhibitory effect. Polymer additives containing pendant
C=C bonds of dimethacrylate units are probably inactive in
three-dimensional radical copolymerization. This is favored

— VP-EGDM mixture
=+ VP-EGDM with br-VP-EGDM
= VP-HDDM mixture
= =+ VP-HDDM mixture with br-VP-HDDM
= VP-TEGDM mixture
= = * VP-TEGDM with br-VP-TEGDM

Reduced rate (w/[M]-10”) (1/min)

0,6 0,9
Conversion (C) (a. u.)
Fig.3 Dependences of the reduced rate of copolymerization w/[M] on the
conversion C in the absence and in the presence of the copolymer
additives at 60 °C. Concentrations of AIBN and TEMPO are 0.2 wt%
and 4-107* M, respectively
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10° 10° 10

Diffusion coefficient (D) (cm’/s)

(b)

by micellar character of macromolecules with core formed
by dimethacrylate fragments. As a result, C=C bonds of
dimethacrylate concentrated in the core remain inaccessible
for interaction with growing radicals. It should be noted, that
the highest rate is also observed during copolymerization of
the mixture of VP —HDDM with br— VP - HDDM.
Branched copolymer does not destroy the structure of the
monomer mixture what affects the copolymerization rate.
After copolymerization, polymer composites with the ho-
mogeneous distribution of the additives in the polymer body
were obtained. According to isothermal calorimetry, the lim-
iting conversions of double bonds in pc — VP —EGDM, pc—
VP -HDDM, and pc— VP —TEGDM were ca. 90, 84 and
77%, respectively. The polymer composites represented
chemical networks of various crosslink densities and free vol-
umes with the end chains consisted of VP units. The crosslink
density of chemical network is determined by the
dimethacrylate structure, and it is the reciprocal value of its
molecular weight. Therefore, the polymer composite based on
EGDM and HDDM have a more dense cross-linked and is
characterized by small free volumes compared to pc — VP —
TEGDM. The appearance of PVP should be expected after the
depletion of the active comonomer during three-dimensional
copolymerization both in the absence, and in the presence of
the polymer additives. Optical properties of the polymer
monoliths occurred to be different. The samples of pc — VP
—EGDM, and pc — VP — HDDM were opaque white due to a
strong scattering of visible light, whereas pc — VP - TEGDM
was only opalescent. These optical changes indicate the phase
separation induced by three-dimensional radical copolymeri-
zation of the monomer—polymer mixtures. During pc — VP —
EGDM, and pc — VP —HDDM preparation, the macrophase
separation is more pronounced due to the formation of three-
dimensional structures, crosslinked by dimethacrylates with
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short oligomeric spacers between methacrylic groups, and the
polymer additives are separated into discrete regions, which
refractive indexes are significantly differed from those of the
network structures. It should be noted that nc — VP — EGDM,
nc— VP —-HDDM, and nc— VP —TEGDM obtained in the
absence of polymer additives were transparent, and the micro-
phase separation between the formed copolymer networks and
soluble polymer products, for example PVP, was insignificant.
These processes determine the resultant morphology and al-
low us to control the monolith structure [49].

Sol—gel analysis of the polymer composites

The copolymer composites were extracted with isopropyl al-
cohol as a "good" solvent for branched copolymers. After
extraction, all samples were opaque white monoliths without
changing their shape and size. The monolith did not mechan-
ically destroyed at high temperatures, but some structural
changes were observed caused by limited swelling. In all
cases, the sol content was two times higher than expected
(20 wt%) under the assumption that the polymer additives
did not participate in copolymerization.

The IR spectra of both the sols separated from various
polymer composites, and the initial polymer additives were
recorded (Fig. 4). The IR spectra of br — VP —EGDM and
the sol separated from pc — VP —EGDM were similar (Fig.
4a), the individual characteristic bands of stretching vibrations
of C=0 groups in EGDM and VP units were observed. It is
obvious that br— VP —EGDM was present in the analyzed
sol. However, the IR spectra of the sols separated from the
pc— VP —TEGDM and related branched copolymers differed
noticeably (Fig. 4b). In the IR spectra of the sol, the band of
stretching vibrations of C=0 bond in TEGDM units was rep-
resented as a shoulder on the C=0O absorption band of the

lactam cycle at ca. 1660 cm™'. A shift in the frequency of
stretching vibrations of C=0 bond in VP units to lower fre-
quencies in comparison with the initial copolymer additives,
as well as the broad absorption band of the stretching vibra-
tions of OH group with a maximum at 3300 cm ' were also
observed. Compared to br— VP — TEGDM, the maximum of
the absorption band of OH groups is shifted by 150 cm ™. In
addition, there are some changes in the IR spectrum of the sol
in the range of 1200-1100 cm . These may be caused by a
strong hydrogen bonding of methacrylic C=0 groups with
isopropyl alcohol and adsorbed water, or even by a chemical
transformation of -C-O-C bonds in TEGDM units during co-
polymer extraction. According to elemental analysis, the ni-
trogen content was 2.6%, and the sol was different from br —
VP —TEGDM in the monomer composition. The 'H NMR
spectrum of the sol confirms the low content of the VP units
in the polymer chains and the residues of the DT, judging by
the signals of the H-protons of -CH,-S- groups at 2.5 ppm. It
is very likely, that formed PVP is also extracted from the
polymer networks. This leads to a further change in the sol
composition.

The assumption of the presence of a new polymeric prod-
uct in the sols is confirmed by GPC data obtained from refrac-
tometer detector, what allows us to determine products with
low molecular weights. Figure 5 shows chromatograms of the
branched copolymers and the sols extracted from the related
polymer composites. In addition to a product with high mo-
lecular weight, there is a low-molecular oligomer with M,, ca.
500 or 700. It is probably a product of VP
homopolymerization after depletion of active dimethacrylate
in radical copolymerization. Thus, the molecular weight dis-
tribution of the extracting polymer additives varies. As can be
assumed from the IR-spectroscopy and GPC data, the sols
separated from polymer composites contain a high-

Fig. 4 IR spectra of branched ~10- — br-VP-EGDM ~ 10r br-VP-TEGDM
copolymers (a) and sols extracted z ’ sol isolated from pc-VP-EGDM 5 sol isolated from pc-VP-TEGDM
from various polymer composites t S
(b) g 8
308 W s 08 ‘
= s
= =
2 H E
g =
= 06} = 0,61
-
&
04+ 0,4F
02+ 0,2F
0’0 1 1 IIII 1 1 1 0,0 1 1 IIII 1 1 1
4000 3500 3000 1500 1000 500 4000 3500 3000 1500 1000 500
Wavenumber (cm'l) Wavenumber (cm'l)
(a) (b)
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br-VP-EGDM
.. sol isolated from pc-VP-EGDM
—— br-VP-HDDM
---- sol isolated from pc-VP-HDDM
—— br-VP-TEGDM

-- sol isolated from pc-VP-TEGDM

Time (t) (min)

Fig.5 Chromatograms of the branched copolymers and the sols extracted
from the polymer composites by isopropyl alcohol

molecular weight fraction of the copolymer additives, PVP,
and the residual solvent bound by H-bond to C=0 groups of
the soluble copolymer. We found that template was washing
out during pc — VP — TEGDM extraction with water. This was
confirmed by a decrease in the sample mass, as well as by the
appearance of the intense C=0 absorption bands of TEGDM
units in the IR spectrum.

The content of the gels after pc— VP —EGDM and pc—
VP —HDDM extraction exceeded the theoretically possible
value, i.e. 80%, if all monomers participated in the network
formation. They appeared to contain the solvent and partially
retained the branched copolymer additives. The content of the
gel after pc — VP — TEGDM extraction was below than ex-
pected (58%). Apparently, during copolymerization of VP
and TEGDM in the presence of br— VP — TEGDM, soluble
PVP was formed in a larger amount than in the other two
systems.

Some conclusions on the gel composition were made from
the analysis of their IR-spectra (Fig. 5S, Supplementary
Materials) and of A values. The gels after pc — EGDM—VP,
pc— HDDM-VP, and pc — TEGDM—-VP extraction were
characterized by A values of 0.9, 1.21 and 1.33, respectively.
Perhaps, a residual template with a high content of
dimethacrylate units contributed to the VP —HDDM and
VP —TEGDM gel composition. Judging from a wide absorp-
tion band in the range of 3600-3000 cm ™" in the IR-spectra,
adsorbed water and isopropyl alcohol form hydrogen bonds
with C=0 groups in VP units of different strength and energy.
As a consequence, the vibration frequencies of C=0 bonds for
the studied gels were 1660, 1678, and 1670 cm respective-
ly. Thus, the gel after pc — VP — EGDM extraction with the
low conversion of C=C bonds is the most favorable for the
diffusion of polar molecules (alcohol, absorbed water), which
are firmly bound by hydrogen bond with C=0 groups of the
copolymer.

Taking into consideration the IR data of the studied gels, a
three-fold DSC scanning of the samples in the temperature
range of 20—180 °C was carried out to remove low molecular
components (residual solvent and absorbed water), as well as
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to determine their glass transition temperature and to verify
their compositional heterogeneity. During the first scan, wide
endothermic peaks associated with removal of water and al-
cohol were observed (Fig. 6S a, Supplementary Materials). At
the third scan (Fig. 6S b, Supplementary Materials) these
peaks disappeared completely, and the steps observed on the
thermograms were caused by glass transition in the investigat-
ed samples. In the region of 50-70°C, low-temperature tran-
sitions were observed which apparently caused by the
defrosting of the mobility of the residual polymer additives.
The determined glass transition temperatures of 66, 55, and
54 °C correlated well with the T, values related to branched
copolymers (Table 2). The second transition took place in the
high-temperature region and was apparently associated with
the defrosting of the polymer network mobility. However, it
was not sufficiently intensive to reliably determine the 7, val-
ue of the polymer network. The DSC data confirm that poly-
mer additives are not fully extracted from densely crosslinked
polymer networks. It may be caused by three-dimensional
radical polymerization of VP and dimethacrylates in the inter-
nal volume of branched templates; as a result, their macromol-
ecules are included in the structure of the polymer network.
Thus, it is not possible to remove completely the polymer
additives under given extraction conditions: they are partly
retained in polymer gels and can affect the parameters of their
porous structure.

The porous structure of the gels isolated
from the polymer composites

It is reasonably to assume that after removing the polymer
additives from the polymer composites, pores should appear
in the gels. Indeed, SEM micrographs confirm the presence of
pores between polymer agglomerates (Fig. 6). The micro-
graphs clearly show interconnected pores of various sizes per-
meating the polymer body. The gel of pc — VP —HDDM con-
sists of larger agglomerates compared to the gels of pc — VP —

EGDM and especially of pc — VP — TEGDM. It is apparently
caused by kinetic features of copolymerization and the growth
of polymer chains in the highly structured system.

The stages of the preparation of VP porous networks in the
presence of a polymer additive are shown in Scheme 1S,
Supplementary Materials. As a result of the phase separation
induced by three-dimensional radical copolymerization of VP
with dimethacrylate, the polymer additives are separated into
micro- and macrophases of different sizes. Owing to the swell-
ing of the polymer network, they are extracted with a solvent
and partially released leaving pores. Taking into account the
size of individual macromolecules and their aggregates deter-
mined in polar solvent by DLS, it can be assumed that primar-
ily mesopores should be present in the prepared gels.

The quantitative characteristics of the porous structure of
the prepared gels, such as pore size, total pore volume V,,, and
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200 rfn

Fig. 6 Micrographs of the end surfaces of the gels isolated from pc — VP — EGDM (a), pc — VP — HDDM (b), and pc — VP — TEGDM (c) obtained by

the SEM method

specific surface area Sg,, were estimated by the low-
temperature nitrogen adsorption method. Figure 7 shows the
adsorption and desorption isotherms of nitrogen after evacua-
tion of volatile components from the gels. They can be attrib-
uted to type IV [44]. The obtained isotherms practically coin-
cide, which indicates the close porosity of the studied gels.
The hysteresis on the curves indicates their mesoporous
structure.

As it follows from Table 3, the S, value increases in the
line of the gels separated from pc-VP-EGDM, pc-VP-HDDM,
and pc-VP-TEGDM. This can be due to the formation of large
amount of the sol, the removal of which leads to increase in
the specific surface area of the resulting polymer network VP
— TEGDM. Howeyver, such correlation is not observed for the
case of the pore volume. It is possibly that the pores of a small
size are unstable when the samples are drying from the
solvent.

As follows from the curves of the pore size distribution
(Fig. 8), nanopores appear in the prepared gels. All the curves
have two peaks indicating the presence of pores of different
size including micropores (up to 2 nm in diameter), small
mesopores or submicropores (from 2 to 4 nm), mesopores
(up to 50 nm), and macropores (over 50 nm) [21].
Micropores appear as a result of the polymer chains
crosslinking in the polymer framework; they can also be
formed due to internal stresses and shrinkage in the polymer

120 -

i
= n
8 m gel isolated from pc-VP-EGDM
> A gel isolated from pc-VP-HDDM

80 - egel isolated from pe-VP-TEGDM

40 -

0

1 1
03 0,6 09 PP,

Fig. 7 Adsorption-desorption isotherms of the prepared gels

networks during the three-dimensional copolymerization and
the solvent removal; the walls of the pores converge, and even
their complete closure is possible. The appearance of the
mesopores in the gels is obviously caused by the release of
the dispersion phase of various sizes formed by both the indi-
vidual macromolecules, and their aggregates. Macropores are
formed due to the appearance of large cavities occupied by the
solvent and its subsequent removal. The meso and macropores
compose the transport porous structure of the obtained poly-
mer networks. Thus, the VP polymer networks, prepared
using various dimethacrylates as crosslinking agents, repre-
sent hierarchical nanoporous structures, which simultaneously
possess micro-, meso-, and macropores. The pore size distri-
bution curves in the gels isolated from pc — VP — EGDM and
pc — VP —TEGDM practically coincide. At the same time,
mesopores less than 20 nm predominate in the gel isolated
from pc — VP —HDDM. Evidently, HDDM as a crosslinking
agent is useful for preparing a polymer network with small
pores. Possibly, this is caused by specific conditions for prep-
aration of this copolymer composite when copolymerization
of VP with HDDM takes place in micro- and nanoreactors
formed by a low-polar monomer in polar VP. This leads to
an increasing the size of the polymer particles presented on the
micrographs of this gel (Fig. 6¢) and to decreasing the pore
size. The VP — TEGDM network copolymers obtained in the
absence of the pore templates have practically no porous
structure; their S, value is less than 1 m?/ g. Thus, in this study
polymer monoliths of VP with dimethacrylates of various
structure and polarity with a noticeable specific surface and
a hierarchical porous structure were prepared.

Table3  The parameters of the porous structure of the gels isolated from
the polymer composites

Gel Seps mz/g Vos cm3/g

pc— VP -EGDM 11.4+0.8 0.16+£0.01
pc— VP —HDDM 14.1+1.0 0.13+0.01
pc— VP -TEGDM 162+1.1 0.16+£0.01
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Fig. 8 Pore size distribution curves of the gels isolated from the polymer
composites

Conclusions

The monolithic polymer networks of VP — dimethacrylates
with controlled hierarchical nanoporous structure have been
prepared by three-dimensional radical copolymerization using
branched copolymers of VP —dimethacrylates as pore tem-
plates. These branched copolymers are thermodynamic com-
patible and high soluble in the monomer mixtures. After co-
polymerization of the monomer-polymer mixtures, polymer
composites with the homogeneous distribution of the addi-
tives in the polymer body and high conversion of the C=C
bonds were obtained. The polymer additives were separated
into discrete regions of different size and refractive index due
to the micro- or macrophase separation. Then they were ex-
tracted by a “good” solvent. The gels are slightly swollen in
polar media owing to the high crosslinking degree and me-
chanically stable. The S, values increase by an order in com-
parison with conventional polymer networks formed in the
absence of the macromolecular additives. The resulting VP
— TEGDM monolith was characterized by a maximum specif-
ic surface area and demonstrated large number of mesopores,
whereas the VP —HDDM monolith obtained under copoly-
merization in highly structured media contained mainly small
pores. Thus, we have established a new factor to control the
porous structure of VP polymer networks and to increase the
micropores and submicropores content using low polar
HDDM as a crosslinking agent. The monoliths of VP —
dimethacrylates are promising for applications in aqueous so-
lution, and these materials could be useful for the solving of
many biomedical and biotechnological problems e.g., for rap-
id mass transport and for controlled releasing drugs as encap-
sulation agents. The initial monomers are easy commercially
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available, and the methodology for the production of template
pore agents and porous polymer monoliths is simple. In this
work, we propose a route to hierarchically nanoporous poly-
mer monoliths of VP with tunable morphology by means of
templating methodology that is apparently applicable to vari-
ous network polymers based on a wide range of vinyl
monomers.
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