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Impact of the acetone/DMSO binary solvent
on porosity of epoxy polymer films
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Effect of mixed acetone/dimethyl sulfoxide solvent composition on morphology of
porous epoxy polymer films obtained by chemical solution deposition method was studied.
Total and surface porosity of the polymer films as well as the size of open pores were
determined using FTIR spectroscopy and SEM techniques. It was revealed that the choice
of the solvent composition is a key factor affecting the porosity of the polymer films. It
was shown how varying the composition of the binary acetone/dimethyl sulfoxide solvent
in a wide range of concentrations affects the rheology and characteristics of the porous
polymer films. The obtained results allow to influence both the overall porosity of the
polymer films and the size of the formed pores.

Keywords: porosity, epoxy polymer, mixed acetone/DMSO solvent, thermodynamic
affinity, polymer film.

Buius Ginapuoro posuunnuka aueron//[IMCO Ha mopucTicTh €MOKCHIHUX IIOJiMepHHX
niaiBok. A J[yHaesa, [[.Miwypos, C Hyrxapos, O.Powanv
Hocnimxeno Buaus ckjaagy smimanoro posumuHuika areroH — JIMCO ma mopdosoriio
TMOPUCTUX IIOJiMepHMUX IJiBOK Ha OCHOBI eNOKCHUIHOTO IOJIUMEpPY, CTBOPEHUX MEeTOAOM
XiMiuHOTO OCAMKEHHS 3 POSUNHY. 3aTANbHY TA MTOBEPXHEBY MOPUCTICTL MOJIMEPHUX MIiBOK,
a TaKOM PO3MIP BIAKPUTHX IOp BUsHAUAAM 3a gomomoroio cmextpockomii FTIR Ta SEM.
Byno Becramossmeno, 1o Bubip poSYMHHUKA € KJIHUYOBUM (GAKTOPOM, IO BILIUBAE HA IIO-
pucricte nomiMepHux naiBok. llokasaHo, #K BapiroBaHHA cKJIaxy OiHapHOTO AalleToOH —
JAMCO posuymHHUKA B LINPOKOMY AiamasoHi KOHIfeHTpAaIlill BIJMBAae Ha PeOJIOTiio Ta xapakx-
TEePUCTUKU MOPUCTUX NOJIMePHUX NIiBoK. OTpumMaHi 3aKOHOMIpHOCTI [JalOTH MOMKJINBICTH
BIIUBATH AK Ha 3arajibHy IIOPUCTICTH MOJIMepHUX IJIiBOK, TaK i Ha po3Mip yTBOpPEeHUX IIOP.
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1. Introduction

In recent decades, the popularity of po-
rous thin-film materials has grown rapidly.
Thin porous polymer films are widely used
as various functional applications [1-5]. De-
spite the fact that such materials have been
developed quite a long time ago, research on
synthesis of the new porous polymeric films
with a set of specific properties, as well as
the search for the new areas of such film
application is being actively conducted today.

Polymer porous films with nano-size
pores, are among the most promising mate-
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rials. They are widely used due to their ef-
fective functional and mechanical charac-
teristics, and low thickness compared to the
porous systems composed of inorganic sub-
stances. That explains the key role of such
film materials usage in the high-tech indus-
try. Besides, the application of these mate-
rials is also an effective way to solve the
problem of miniaturization and to reduce
the material consumption for devices of
various purposes. That is why, one of the
top priority in this research area is the
search for an optimal method for obtaining

537



A.Dunaieva et al. / Impact of the acetone/DMSO ...

the polymer porous films, that allows to
control effectively the number and size of
the pores in the films. The control of these
parameters, in turn, can result in increase
the films functionality during their use.

At present, various methods to obtain
the thin polymer porous films are developed
[6—8]. These methods allow to create the
porous film materials of different permeabil-
ity, common porosity, bulk structure, and
having various sizes of the pores, physico-me-
chanical and chemical properties. The film
properties are influenced by many factors de-
pending on some technological parameters [9—
11] that must be taken into account when the
new polymer porous systems are developing.

One of the most effective way for the
polymer porous films obtaining is the
chemical solution deposition (CSD) method.
CSD method is relatively simple and may be
carried out at ambient temperatures. In this
method, the control of the porous structure
of the formed polymer films is performed
by selecting a certain individual or mixed
solvent [10, 12]. The choice of one or an-
other solvent or solvents mixture is based
on its thermodynamic affinity to the poly-
mer that can be characterized by the Han-
sen solubility parameters (HSP) [13].

The HSP is a very useful experimental
tool allowing to affect the porosity of the
polymer films obtained wusing the CSD
method [14, 15]. Varying the HSP parame-
ters of a binary solvent by changes in a
ratio of its components over a wide range,
one is able to control the size and number
of pores in the polymer films [10]. The pur-
pose of the present work is to study the
features of the formation of the supra-
molecular and porous structure of films
based on an epoxy polymer using a binary
solvent containing different ratios of ace-
tone and dimethyl sulfoxide (DMSO).

2. Experimental

2.1. Materials

Bisphenol A liquid diglycidyl ether
(DGEBA) was used to prepare epoxy poly-
mer (520 epoxy, Spolchemie, with epoxy
equivalent weight of 184). Diethylene-
triamine (DETA, Dow Chemical) was used as
a hardener. Commercial acetone and di-
methyl sulfoxide (DMSO) — components of
the binary solvent were purified before use.

2.2. Polymer films preparation

Thin films for the study were obtained
by chemical deposition method from DGEBA
solution in binary solvent DMSO:acetone
with ratios of components (v/v): 10:90;
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20:80; 30:70; 40:60; 50:50. First, 0.1 g/mL
DGEBA solutions in all the binary solvent
with mentioned DMSO:acetone ratios were
obtained. Then, DETA was added into each
solution to achieve a stoichiometric ratio of
DGEBA/DETA equaled to 10:1 w/w.

Glass microscope coverslips of 170 mm
thickness used as a substrate for the polymer
films were cleaned by sonication in detergent
solution for about 10 min. Then, they were
rinsed in deionized water and boiling ethanol,
and finally dried at 90°C for 10 min.

Thereafter, the thin films were spin-
coated onto the pre-cleaned coverslips at
1000 rpm for 0.5 min and cured at the
room temperature for 24 h in vacuum. To
remove residual acetone, the polymer films
were then annealed for 8 h at 100°C [16].
To remove residual DMSO, the polymer
films were washed in distilled water for
72 hours at 25°C using a magnetic stirrer.
Presence of the residual solvents traces in
the polymer films was monitored using FTIR
spectroscopy. Quantification of the residual
solvent was based on the values of optical
density at 1710 cm™! [16] and 1180 cm™! in
the absorption band maximum of acetone car-
bonyl group stretching and S=O group in
DMSO, respectively. The thickness of the ob-
tained polymer films was 1.0 mm.

2.3. Polymer films characterization

FTIR spectra were registered by a Spec-
trum One (Perkin Elmer) Spectrophotometer
in the range of 400-4000 cm™!. Photomi-
crographs of the polymer film surfaces were
obtained using scanning electronic micros-
copy (JSM JEOL Model 840) with operating
voltage of 20 kV. Since the polymer films
under investigations are dielectrics, the pre-
liminary vacuum deposition of electrically
conducting chrome layer of 100 nm thick-
ness on the films surfaces was made. The
obtained experimental data are presented in
Table 1. The thickness of the polymer films
was measured using a Linnik type interfer-
ence microscope MII-4. The Linnik inter-
ferometer configuration (a kind of Michel-
son configuration) was described in [17].

3. Results and discussion

3.1. Determination of thermodynamic affin-
ity of mixed solvent acetone-DMSO and epoxy
polymer using Hansen solubility parameter

As noted above, one of the most common
methods for porous thin polymer films ob-
taining is techniques for the polymer depo-
sition from solutions containing solvents of
various nature. In this case, the solubility
of the polymer plays a decisive role [18].

Functional materials, 29, 4, 2022
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Table 1. Hansen solubility parameters for mixed acetone/DMSO solvent

Ratio of co-solvents, v/v | dDg, MPal/? | dP¢, MPal/? | dH, MPal/? R, RED
acetone DMSO

100 0 15.5 10.4 7.0 4.3 0.86
90 10 15.8 11.0 7.3 3.7 0.73
80 20 16.1 11.6 7.6 3.2 0.63
70 30 16.4 12.2 8.0 2.8 0.56
60 40 16.7 12.8 8.3 2.8 0.56
50 50 16.9 13.4 8.6 3.1 0.62
40 60 17.2 14.0 8.9 3.5 0.70
30 70 17.5 14.6 9.2 4.1 0.82
0 100 18.4 16.4 10.2 6.3 1.27

The formation of a polymer phase during » |

the monomer polymerization first leads to ‘

phase separation in the polymer-solvent sys-

tem, and consequent removal of the solvent o ‘ s

causes the formation of micropores in the vso T >

polymer film formed [19]. 2 s

Obviously, a necessary condition of tuning s e o
the size and number of pores in the polymer e Qc:mne
epoxy polymer

films is the possibility to change in the poly-
mer solubility, which is easy to achieve using
mixed solvents consisting of "good”™ and
"bad” components in different ratios.

In the previous section, we noted that
synthesis of the thin epoxy polymer films
was carried out in two-component mixtures
containing acetone (as a "good” solvent) and
dimethyl sulfoxide (as a "bad” solvent).

In our opinion, the most important step
responsible for micropores formation is a
first stage of the polymer synthesis, when
forming the aggregates of macromolecules,
and appearing the polymer phase in the solu-
tion. The aggregation level and structure of
the aggregates formed depend on the solubil-
ity of the polymer in the mixed solvent used.

Following curing the polymer phase leads
to cross-linking the macromolecules and their
further aggregation. Following washing and
drying of the films results in removal of the
components of the mixed solvent from the
pores. This last stage of the polymer film
formation is unlikely to significantly affect
the rheology of the polymer phase.

Solubility of the epoxy polymer in the
mixed solvent containing various ratios of
acetone and DMSO, as well as the sub-
sequent establishment of a relationship be-
tween the composition of the mixed solvent
and the porosity of the resulting films were
evaluated using the Hansen solubility pa-
rameters [20].
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Fig. 1. Hansen space positions for epoxy
polymer (blue bullet) and solvents (grey bul-
lets) in coordinates dD (dispersion parame-
ter), dP (dipole-dipole polar interaction pa-
rameter), dH (hydrogen bonding parameter).
The radius of a blue sphere corresponds to R,
parameter for the epoxy polymer.

As is known, any solute and solvent can
be characterized by the four empirical Han-
sen parameters. Three of them — dD, dP
and dH describe, respectively, an influence
of dispersion, dipole-dipole interactions and
hydrogen bonding. The differences in corre-
sponding parameters for two substances
characterize their physical affinity and, ac-
cordingly, their mutual miscibility or solu-
bility. In a graphical interpretation, dD, dP
and dH values are coordinates of the point
in the 3D so-called Hansen space. The
fourth empirical parameter, Ry, is the ra-
dius of the sphere centered at that point. A
greater overlap of the spheres of the compo-
nents indicates their greater affinity and,
accordingly, solubility [18].
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Figure 1 shows the relative position of
the sphere, whose position and size corre-
spond to dDp, dPp, dHp and R, parameters
of the epoxy polymer (of uncrosslinked
structure) [18]. Points with coordinates
dDg, dPg dHg for acetone and dimethyl sul-
foxide and their mixtures are also presented
in Fig. 1.

Mathematically the miscibility can be
characterized with a solute/solvent affinity
parameter R, calculated according to the
equation [15]:

R, = V4(dDg - dD)* - (dPg - dPp)* - (dHg — dHy)?,

For the solubility estimation, the value
RED can be used [15]:

RED Ba
R,

When RED > 0, the solvent is classified
as "bad”, when RED <0 — as "good”.

The values of the Hansen parameters
dDp, dPp, dHp and R, for epoxy resin based
on DGEBA were taken from [15, 21, 22],
and equal, correspondingly, to 17.4 MPal/2;
10.5 MPal/2; 9.0 MPal/2 and 5.0 MPal/2,
Similar parameters for the mixed solvent
were calculated according to the algorithm
published in [28]. They are listed in Table 1.

The analysis of the RED wvalues shows
that epoxy resin has the best solubility in
the mixed solvents containing from 20 % to
50 % vol. of DMSO. In pure acetone, the
affinity of the polymer to the solvent is
lower than that in the mixtures. At the
same time, pure DMSO can be classified as
a "bad” solvent for epoxy resins.

The similar conclusion can be formulated
from Fig. 1. It can be seen that the point
corresponding to DMSO is out of the affin-
ity sphere that allows to classify DMSO as a
"bad” solvent for epoxy resin [20], where
the solubility of the latter is lower than in
the acetone/DMSO mixtures. It is worth to
note that pure acetone also does not demon-
strate a high affinity to the polymer, and
the maximal solubility is typical for the mixed
solvent containing 30—-40 % vol. of DMSO.

The relationship between polymer solu-
bility in the binary acetone/DMSO solvent
and porosity of the obtained films is dis-
cussed in the following sections.

3.2. Determination of total porosity and pores
size of polymer films by FTIR spectroscopy

The relative porosity of the obtained
films was estimated using IR spectroscopy
by the changes in the optical density of the
samples. According to previously described
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Fig. 2. FTIR spectra of epoxy polymer films
obtained from mixed solvent acetone/DMSO
with different DMSO concentrations.

methods [4-26], one carries out measure-
ments in bands with minimal transmittance.
Therefore, for the studied samples, the
transmittance values were determined at
1250 cm™! that corresponds to the charac-
teristic band of the C-O-C ether group va-
lence vibrations. IR spectra of the polymer
films obtained from the solutions with dif-
ferent ratios of acetone and DMSO are
shown in Fig. 2.

On the one hand, the presence of pores
leads to a decrease in the bulk density of
the films and, as a consequence, to a de-
crease in the volume concentration of IR-ab-
sorbing groups of the polymer. The last, in
turn, results in a decrease in optical density
of the samples [24]. Thus, an increase in
porosity should lead to an increase in the
transmittance of the films and a decrease in
the intensity of mentioned absorption band.

However, on the other hand, the increase
in porosity should also lead to the opposite
optical effect: a growth in optical density
due to increased scattering of the IR beam in
the polymer layer. Therefore, in contrast to
works [24—26], we previously separated two
mentioned effects using the baseline method,
for which we additionally measured the trans-
mission values in the regions of maximum
transparency of the films: at 700 cm™! and
2000 cm™1 — 7%, and T%5000-

Considering the baseline in the IR range
to be linear, we calculated the background
transmittance at 1250 em™1 (T%,.,) using
the least squares method, and the resulting
value (responsible for light absorption due
to dispersion effect) was subtracted from the
experimental transmittances measured at
1250 cm™1. According to [24] transmittance

Functional materials, 29, 4, 2022
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Fig. 8. Dependence of optical density due to ether absorption ACi2s0 and due to light ABisso dispersion
on volume concentration of DMSO in acetone — CDMSO (a), and on Hansen parameter R, (b).

values should be transformed to extinction
coefficients. However, since the layer width
of all the studied films was always 1 pm,
the corrected transmission value was con-
verted further to optical density.

Plots of the optical density in the absorp-
tion band of the ether fragment A ,5,) and
background optical density (AB;,5,) against
mixed solvent composition are depicted in
Fig. 3a.

As can be seen, the weakest absorption of
the ether groups and, accordingly, the
maximal porosity of the polymer film are
observed when obtaining the epoxy resin in
the solvent containing 30-40 % vol. of
DMSO. With a further increase or decrease
in the DMSO concentration, the porosity of
the film decreased. Minimal porosity is
typical for polymer films obtained from
mixtures containing low concentrations of a
"bad” solvent.

A dotted curve in Fig. 8b shows that the
values of the background optical density
due to scattering are maximal when using
the mixed solvent with 80-50 % vol. of
DMSO. Thus, the maximum light scattering
and, accordingly, the maximum porosity,
estimated from background optical densi-
ties, demonstrate approximately the same
results as those obtained from the absorp-
tion of ether groups.

The parameter o used as a measure of
relative porosity was calculated according to
the equation:

| AMaX; 950 — ACi250

o=
AMaXys50

where A™M2%1250 is the optical absorption of a
film of minimal porosity, ACizs0 optical ab-
sorption of films obtained from binary sol-
vent with different ratio of components.
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As A™M3%1950 value for o calculations the
optical density of the film obtained from
the solvent containing 10 % vol. DMSO was
used. The plot of o aginst binary solvent
composition is depicted in Fig. 4a. It can be
seen that a maximal porosity about 40 % is
typical for the mixed solvent containing
30-35 % wvol. DMSO.

The dependence of the polymer film ab-
sorbance AC250 on the Hansen parameter R,
depicted in Fig. 8b shows a general trend
towards increase in the porosity of the ob-
tained films with increase in the affinity of
the solvent to the polymer. However, as can
be seen from the figure, the experimental
points form two separate dependences for
binary solvent with high and low DMSO
content. This suggests that the affinity be-
tween the polymer and the binary solvent,
characterized by the parameter R,, is not
the only factor affecting the porosity of the
obtained samples.

The same conclusion can be made for a
plot in Fig. 4b demonstrating the interplay
between the relative porosity o and the R,
parameter. It can be seen that the porosity
of the polymer films decreases with the de-
crease in solvent-polymer affinity, however
this effect is more dramatic for the binary
solvent with low DMSO content.

In our opinion, the observed dependency
of polymer porosity on the binary solvent
composition and the Hansen parameter Ra
is due to at least two main reasons. The
first one, already mentioned above, is the
level of affinity of the binary solvent to the
polymer when obtaining the latter.

It is obviously that with increase in aver-
age molecular weight of a polymer during
its synthesis, the solubility of this polymer
decreases. The rate of the solubility fall de-
pends on the affinity between solvent and
solute.
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(a), and on the Hansen parameter R_ (b).

In the solvents with lower affinity to the
polymer, the solubility decreases faster, and
the formation of the polymer phase begins
at low polymer concentrations. In this case,
by the end of the synthesis, macromolecules
form large aggregates with a small surface
area and a narrow solvation shell that ex-
plains the formation of a dense network when
cross-linking at high-temperature curing.

In solvents with the high affinity to the
polymer, where the latter has a higher solu-
bility, the aggregates form at later stages
of synthesis. When finishing the reaction,
such aggregates have a smaller size, a
larger surface area, and consequently a
solvate shell of larger volume. In this case,
the resulting polymer is less cross-linked
and the polymer phase must contain a
larger amount of the solvent, after removal
of which a greater number of pores is
formed.

We can see that the maximal porosity is
typical for the polymer, when it was ob-
tained in the binary solvent containing 80—
40 % vol. of DMSO and having the affinity
to the epoxide polymer with R, = 0.56.

The second reason explaining the ob-
served dependency of the polymer porosity
on the binary solvent composition is peculi-
arities of the solvent removing from the
polymer phase. When curing the polymer
films at 100°C, acetone (T, = 56°C) diffuses
and evaporates from the polymer phase. A
high boiling DMSO (T} = 189°C), which has
low affinity to the epoxy polymer remains
there as a separate solvent phase. After for-
mation of the polymer films, DMSO is ex-
tracted by water freeing additional pores.
This explains why the polymer films ob-
tained from the binary solvent of similar R,
— with 20 % vol. and 50 % vol. of DMSO
have different porosity, the higher one in
the latter case.
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3.3 Determination of open pores distribu-
tion in polymer films using SEM method

Another important characteristic of po-
rous materials is the size of open pores, i.e.,
pores which are in contact with the polymer
film surface. The number and size of the
pores determine the surface area, which di-
rectly affects the functionality of the poly-
mer films (for example, when they used as
contact polymer sensors or catalysts). Sur-
face porosity analysis was carried out using
SEM microscopy. The resulting micrographs
are shown in Fig. 5. As seen from the mi-
crophotographs, a change in the ratio of
acetone and DMSO in the binary solvent
drastically affects the distribution and pa-
rameters of the pores.

The parameters of the open pores, such as
their average transverse area, average diame-
ter and number of the pores per unit area of
the polymer film, are listed in Table 2.

Graph plots of the porosity charac-
teristics of the polymer films and the aver-
age pore parameters against the composition
of the binary solvent are depicted in Fig. 6.

As shown in Fig. 6a, the number of the
pores on the surface of the films increases
sharply when the polymer is obtained from
the binary solvent having maximal affinity
to the polymer and containing 30—-40 % vol.
DMSO. This conclusion is in a good agree-
ment with the results obtained by IR analy-
sis of the film porosity.

The dependence of the pore concentration
on the Hansen affinity parameter R, (Fig.
6b) can be described by a power function
that demonstrates sharp increase of poros-
ity with increasing of the solvent-polymer
affinity. In the case of low affinity, the
polymer films demonstrate always the low
porosity regardless the composition of the
binary solvent.

Functional materials, 29, 4, 2022
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Fig. 5. Microphotographs of polymer films obtained from binary solvent acetone/DMSO containing

a— 10 % vol., b — 20 % vol., ¢ — 30 % vol., d — 40 % vol., e — 50 % vol., f — 60%

DMSO.

vol. of

Table 2. Geometrical parameters and surface distribution of the open pores in polymer films
obtained from binary solvent with different ratios of acetone and DMSO

DMSO content, % | Number of pores Total transverse Average cross- Average pore
vol. per 103 Hm2 of the | pore area relative |sectional pore area, diameter, um
film to the entire film um?
area (Sp), %
10 0.2 14.2 1181.6 38.8
20 5.2 15.2 29.4 6.1
30 42.3 28.9 6.8 3.0
40 50.2 28.3 5.7 2.7
50 6.5 11.2 15.6 4.5
60 2.5 9.1 36.8 6.8

Functional materials, 29, 4, 2022

543



A.Dunaieva et al. / Impact of the acetone/DMSO ...

a

»n w B a
(=] -1 =) -]

Pore number for 1000 ym?

o
)

Pore number for 1000 um?

50

'S
(=)

30

20

30 40

Cowmso; % vol.

40

30

20

Relative summary area of pore, %

70

Average pore diameter, ym

40

30

30 40
Comso, % vol.

35

Cowmso, % vol.

45 55 65

Fig. 6. Dependencies of the polymer films porosity parameters obtained by microscopic method on
solvent composition. a and b — number of pores for 10% pm? of surface against DMSO content and
R, Hansen parameter, correspondingly; ¢ and d — relative total transverse pore area (SR) and
average pore diameter against DMSO content, correspondingly.

Another parameter characterizing the po-
rosity of the films is the relative total
transverse pore area — Sp, which is the
ratio of the total transverse pore area to the
total surface area of the film (or the area of
the site on which the number of pores and
their geometrical parameters were counted).
As shown in Fig. 6¢, the obtained depend-
ence of S on solvent composition basically
repeats that in Fig. 6a, that indicates a re-
lationship between the Sy parameter and
the pores number. The linear correlation co-
efficient between these parameters reaches
0.95 that is possible only at approximately
the same average pore diameter. As shown
in Fig. 6d, in most cases, the pore size does
not change significantly with the solvent
composition, ranging from 3 to 7 Um.

Some indirect conclusions about the
pores structure can be made when compar-
ing the surface concentration of the open
pores obtained by SEM microscopy and the
total porosity o calculated from their IR
spectra. The first parameter is related to
the pore diameter, while the second one de-
pends on its volume.

For the binary solvent containing from
10 to 40 % vol. of DMSO, there is a strict
linear relationship (R = 0.997) between the
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total porosity of the films (Table 1) and the
surface concentration of the open pores
(Table 2). This indicates the similarity of
the pore geometry in all the films obtained.
However, the films obtained from the mixed
solvent with 50-60 % vol. of DMSO the
porosity (in bulk) remains quite substantial
in spite of a dramatic decrease in concentra-
tion of the open pores on the film surface.
This can evidence the changes in the pores
geometry, particularly the increase in the
pores length at simultaneous decrease in
their cross-section diameter.

4. Conclusion

The studies performed have shown that
the use of binary acetone/DMSO solvent
with different affinity to the polymer is an
effective way to control the porosity of
epoxy polymer films and, accordingly, to
tune their physico-chemical properties. The
dependence of the polymer porosity on com-
position of the solvent, in which the poly-
mer forms, is mostly determinates by dif-
ferent solubility of the polymer. By this
way, the solvent governs the formation rate
of the polymer phase, which, in turn, af-
fects the sizes of aggregates formed at the
final stage of the synthesis.

Functional materials, 29, 4, 2022
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The ability to use the solubility Hansen
parameters to adjust the polymer films po-
rosity not only opens a simple way for opti-
mizing the physico-chemical properties of
the porous polymer materials, but also pro-
vides a rational and generalized way of the
design and obtaining the new materials for
wide applications with the fully tunable
functionality.
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