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Deep Eutectic Monomers were prepared by dissolution of selected tetrabutylammonium salts serving as hydrogen
bond acceptors (HBA) in methacrylic acid (MAA) acting both as hydrogen bond donor (HBD) and vinyl mono-
mer. In this study, we systematically investigate the influence of chloride, nitrate, hydrogensulphate and fluo-
roborate anions on properties of DEMs and the course of radical photopolymerization. By Combining FTIR, 'H
and '3C NMR spectroscopy we found the that degree of coordination of MAA in DEMs by anions follows the
order: CI” > NOs~ > HSO4 > BF4 . Moreover, the studies indicated that the strength of hydrogen bonds be-
tween HBD and HBA in DEMs is lower than in MAA dimers. Real-time FT-IR spectroscopy studies of photo-

polymerization of DEMs indicate that the mixtures formed from MAA and tetrabutylammonium fluoroborate
show significant lower initial photopolymerization rate in comparison with other investigated DEMs, which

polymerize with similar rates.

1. Introduction

Deep eutectic solvents (DESs) belong to a class of ionic liquids (ILs).
They are composed of low molecular weight organic compounds or
inorganic salts. The lowering of the melting point is caused by strong
intermolecular interactions between the constituents of the mixtures.
The most common components of DESs are hydrogen bond donor (HBD)
- hydrogen bond acceptor (HBA) pairs [1-3]. Analysis of the extensive
research material indicates that quaternary ammonium chlorides (and
in lesser extent bromides) are the most commonly used HBA, whereas
carboxylic acids, amides, alcohols and phenols act as HBD. The litera-
ture also provides very new type of DESs composed of non-ionic com-
ponents like menthol, thymol or camphor, called hydrofobic DES (ni-
DES) around which interest has been growing [4]. In recent years ni-
DESs were tested for many applications e.q extraction, metal removal
from water or membranes [5-7].

From polymer chemistry perspective, also monomers could be
components of DESs and serve both as HBD (e.g. acrylic, methacrylic,
itaconic citric acids, resorcinol, glycerol) or as HBA (quaternary
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ammonium vinyl derivatives) [8]. To distinguish this subtype of DESs,
the term Deep Eutectic Monomer (DEM) will be used in this work [9,10].
DEMs are new systems, not previously studied, and therefore the poly-
merization processes in such mixtures are poorly understood [8,11-13].
Interestingly, polymerized DEMs (PDEMs) have found many applica-
tions as solid electrolytes and flexible conductive materials, which de-
serves special attention, and is also a subject of many review articles
[14-16]. Radical polymerization (RP) of DEMs can be initiated by
thermal or photoinduced decomposition of the initiator as well as redox
systems [9,17,18]. The great advantage of photoinitiation over the
commonly used thermal initiation is the possibility to rapidly initiate
polymerization at ambient temperature with low energy requirements
and to shorten the duration of polymerization to few seconds [19]. The
photopolymerization in DES was reported for the first time by Mecer-
reyes et al. [9,10]. The whole reaction was carried out with the use of a
2-cholinium bromide methacrylate monomer as an HBA and a variety of
unreactive HBDs (e.g. citric acid, 1:1 M ratio HBA:HBD), which allowed
achieving 100% monomer conversion (confirmed by Bii NMR). Li et al.
conducted photopolymerization of DEM based on acrylic acid and
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choline chloride with a molar ratio of 1:1.6-2 obtaining 100% monomer
conversion after 30 s of UV irradiation (confirmed by real-time FTIR).
The PDEM thus obtained is a transparent and conductive elastomer [20].
The same research group also developed a rigid and self-healing mate-
rial by photopolymerization of DEM consisting of choline chloride,
acrylic acid and acrylamide with equal ratios of components [21].
Panzer et al. prepared a gel electrolyte by photoinduced RP of DES
consisting of ethylene glycol, choline chloride and 2-hydroxyethyl
methacrylate [22]. In turn, DES composed of bis(trifluoromethane)sul-
fonamide lithium salt and N-methylacetamide in a mixture with
different monomers (2-hydroxyethyl acrylate, poly(ethylene glycol)
methyl ether acrylate, 4- acryloylmorpholine and ethyleneglycol dime-
thacrylate) has been used by Logan et al. and Joos et al. to obtain gel
electrolyte by photopolymerization [23,24].

Although photopolymerization has become a popular way to obtain
PDEM materials, there has been only a few publications so far focused
strictly on the kinetics of the photoinduced RP in DEMs. Pojman’s
research group used real-time FTIR spectroscopy to investigate the ki-
netics of the photopolymerization process in acrylic acid-choline chlo-
ride and methacrylic acid-choline chloride DEMs [25]. An increase of
the polymerization rate for all the tested DES systems compared to those
carried out in bulk was reported. The combined effect of DES’s high
viscosity, hydrogen bonding network and polarity was proposed as
possible explanation. In another work, Li et al. investigated the copo-
lymerization of acrylamide and acrylic acid both in bulk and in choline
chloride:acrylic acid:acrylamide DEM by real-time FTIR. It has been
shown that the copolymerization rate in analysed DEM is much faster
than in bulk. What is more, in DES the monomer conversion reached
almost 100% after 24 s, whereas in bulk polymerization it achieved only
15% after the same time of irradiation [21].

It is known that the anion structure determines the strength of
hydrogen bonding in molecular complexes formed between HBA and
HBD [26]. However, the influence of the anion structure of the quater-
nary ammonium salt (HBA) on the intermolecular interactions in DEM
systems, and therefore the impact of this factor on the polymerization
process of DEMs has not been investigated yet. Therefore, the purpose of
the present work is to fill this gap and perform a systematic study on the
influence of the anion structure of HBA on radical polymerization. In
this work, we used tetrabutylammonium chloride, nitrate, hydro-
gensulphate and fluoroborate as HBDs and MAA as HBA. The spectro-
scopic properties of the DEMs were used for an explanation of the course
of radical photopolymerization.

2. Experimental
2.1. Chemicals

Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide) (TPO, 97% pu-
rity), methacrylic acid (MAA, 99% purity containing 250 ppm of 4-
methoxyphenol as inhibitor), quaternary ammonium salts (QX): tetra-
butylammonium chloride (TBAC, 97% purity), tetrabutylammonium
nitrite (TBANO, 97% purity), tetrabutylammonium hydrogensulfate
(TBAHS, 97% purity) and tetrabutylammonium tetrafluoroborate
(TBABF, 99% purity) were purchased from Sigma Aldrich and used
without any further purification.

2.2. FTIR spectroscopy

The FTIR experiments were performed at room temperature on
anlIRSpirit FTIR (Shimadzu, Japan) spectrometer equipped with a crystal
in horizontal attenuated total reflectance (ATR) cell. The spectral range
was from 4000 to 450 cm™?, the resolution was set to 2 cm ™}, and the
spectra shown are an average of 32 scans.

The complex formation efficiency was defined as the ratio of
heightsof the carbonyl stretching band of MAA-QX complex to the
carbonyl stretching band of hydrogen-bonded dimers of MAA (B/A,
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Fig. 2).

2.3. 'H NMR and '3C NMR spectroscopy

'H NMR and '3C NMR analysis were performed on a 500 MHz JOEL
JNM-ECZR500 RS1 (JOEL Ltd., Japan) spectrometer. The DEM samples
were loaded without solvent to a sealed NMR tube. Coaxial capillary
with D,O was inserted as an external reference. Because of high samples
concentration, 8 scans for'H NMR analyses and 32 scans for'3C NMR
were sufficient to obtain spectra with high quality. Spectra were
collected at 21 °C. The total sample measurement time (*H and *3C) was
c.a. 5 min.

2.4. Density measurements

Density measurements were taken using a Kyoto KEM DA-640 (Kyoto
Electronics Manufacturing CO., LTD., Japan) vibrating-tube densimeter.
The instrument was calibrated at atmospheric pressure using ultrapure
water and dry air. Measurements were carried out at atmospheric
pressure at 25 °C (+0.05 °C), with the resolution of 1 x 1074 g-cm’s,

and uncertainty of measurements of +5 x 107> g-cm ™.

2.5. Viscosity measurements

The viscosities were measured using an Anton Paar MCR 302 (Anton
Paar, Austria) rheometer using a cone-plate CP50-1sensor. Measure-
ments were conducted at 25 °C. The temperature was maintained using
the integrated thermostat system. The viscosity was determined for the
shear rate ranged from 30 to 100 s™*.

2.6. RT-FTIR

The progress of free-radical photopolymerization of DEM was fol-
lowed by real-time FT-IR spectroscopy using FT-IR i10 NICOLET™
spectrometer equipped with a horizontal adapter (Thermo Scientific,
USA). The evaluation of methacrylate group content was continuously
followed at about 6164 cm ™~ *. Because the decrease of absorption of the
peak area is directly proportional to the number of polymerized groups,
conversion degree (X) of the functional group was by using Eq. (1):

XFT—IR [\%} = <1 7%) '100\% (1)

0

where:A is an area of the absorbance peak of C=C vibration overtone
before polymerization, and A; is an area of the peak at certain photo-
polymerization time. LED emitted the blue edge of the visible spectrum
(emission maximum 405 nm, Thorlabs Inc., USA) with the insensitivity:
19.8 mW/cm?, 1.0 mW/cm?, and 0.2 mW/cm? was used to initiate the
photopolymerization. The light source was switched on 10 s after the
start of spectral acquisition. The distance between the LED and the re-
action mixtures, which were placed in a 1.4 mm thick ring, was 2.1 cm.
The initial concentration of the TPO photoinitiator was 2 mg/ml of the
mixture. Additionally, during the photopolymerization process, the
temperature of the samples was monitored using a thermal imaging
camera from Dongguan Xintai Instrument Co., Ltd. (see Figs. S12 and
513).

2.7. Size excusion chromatography

Size exclusion chromatography (SEC) was carried out in phosphate
buffer (0.1 M) at 40 °C using Knauer AZURA liquid chromatography
system (KNAUER, Germany) with Knauer Azura RID 2.1L refractive
index detector. Analyses were conducted using Phenomenex
PolySep_GFC-P Linear column calibrated with poly(methacrylic acid)
sodium salt standards.
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2.8. Time — resolved EPR spectroscopy

The EPR measurements were run using a Bruker-EMX AA spec-
trometer (Bruker BioSpin, Germany) and a dedicated custom-made
high-power 405 nm LED chip (light intensity of 13.1 mW/cm?CHAN-
ZON, China). The first scan was obtained in the dark (LED OFF), then
samples were irradiated for 6.75 s (LED ON), and after that the, decay of
EPR signal was collected for 120 s in dark time (LED OFF). Samples of
DEM with TPO photoinitiator (2 mg/ml) were placed in NMR tubes and
located in the resonant cavity of EPR spectrometer. The following pa-
rameters were used for the EPR measurements: microwave power of
16.73 mW, modulation amplitude of 0.05 mT, centre field of 338.48 mT,
sweep width of 2 mT and scan time of 3.375 s.

3. Results and discussion
3.1. Synthesis of DEMs

Preliminary studies have shown that variety of tetraalkylammonium
salts with different cation and anion structures have very limited solu-
bility in MAA and form at room temperature heterogeneous solid-liquid
mixtures. However, we have found that some tetrabutylammonium salts
(Fig. 1) are well soluble in MAA in a wide range of concentrations, what
makes them useful in systematic studies. DEMs were prepared by heat-
ing the acid with the salt at selected molar ratios of HBD to HBA namely,
3:1, 4:1, 8:1 and 16:1 what corresponding to 75, 80, 88, 94 M % of MAA.

3.2. FTIR spectroscopy

In order to investigate the molecular HBD-HBA interactions, FTIR
analyses were performed. Our studies focused on the analysis of the
position, intensity and shape of carbonyl stretching band of MAA,
because this vibration is sensitive to association state of carboxylic
group [27,28]. Fig. 2 shows a schematic representation of the effect of H-
bonding on the position of the carbonyl band on FTIR spectra.

Due to strong hydrogen bonding carboxylic acids exist as cyclic di-
mers and other higher-order associates. The carbonyl band corre-
sponding to MAA dimers appears at 1690 cm !, whereas the vibration of
the monomeric form of MAA shows absorption at higher wavenumbers
[29]. Normalized FTIR spectra of carbonyl band region for DEMs
composition are shown in Fig. 3. The demonstrated spectra reveal a
decrease in the absorption intensity of the carbonyl band originating
from the cyclic MAA dimer (1690 cm’l) and a slight shift towards a
higher wavenumber as the molar ratio of the HBA increases. In addition,
one new band(Fig. 2, B) for TBAC (1708 cm™') , TBANO (1710 cm™!)
and TBABF (1719 ecm™ 1) and two extra bands for TBAHS(1676 cm™! (C)

H4C
B CH
H,C  OH 3
g
c—C f
/ \\
HiC O

ey

CHs A

Fig. 1. Chemical structure of methacrylic acid and tetrabutylammonium salts
used in this study. A~: Cl- (TBAC), NO3~ (TBANO), HSO4  (TBAHS) and
BF,  (TBABF).
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Fig. 2. Schematic representation of the effect of H-bonding on position of the
carbonyl band vibration on FTIR spectra: (A) MAA dimers, (B) MAA-QX com-
plex, (C) MAA-HSO4~ complex.

and 1713 cm™!) appear. The new band appearing at higher wave-
numbers (B) comes from MAA involved in complex formation with
ammonium salts. This phenomenon have been reported before by Poj-
man and Mota-Morales for other carboxylic acid-based DES [30,31]. It
can be concluded, that the interactions between MAA and anionic spe-
cies leads to the breakdown of dimeric associates of MAA and formation
of MAA-QX complexes.

The observed shift of carbonyl band toward higher wavenumbers in
DEM indicates that the strength of hydrogen bonds in the MAA-QX
complex is lower than in MAA dimers. In addition, the wavenumber of
the carbonyl band of complexed MAA follows the order TBAC (1708
em™!) > TBANO (1710 cm™!) > TBAHS (1713 cm™!) > TBABF (1719
cm™1), which may suggest that the H-bond energy between the carboxyl
group of MAA and salt anions decreases according to the seriesCl™ >
NO3~ > HSO4~ > BF4 . The order perfect fits to the trend of H-bond
acceptor parameters (B)determined for these anions using UV-VIS
titration by molecular probes [26].

The second important feature is the intensity of the C—0 band. The
extent of the decrease in the C=O0 band intensity of cyclic dimers and
increase in the C=0 band intensity of complexed form indicates the
efficiency of the formation of the monomer complexes by different an-
ions (see Supplementary Materials Fig. S1). As can be seen in Fig. 2 the
magnitudes of the changes in the spectra are strictly correlated with the
H-bond energy between MAA and ammonium salts anions, due to the
fact that higher H-bond energy increases competitiveness for the HBD
group. The efficiency of monomeric complex formation by ammonium
salts follows the same trend as the H-bond energy.

In the case of the MAA-TBAHS system, one extra vibration band at
1676 cm ™! is visible. Interactions between MAA and hydrogen sulphate
anion can be interpreted similarly to a system composed of carboxylic
acids and sulphuric acid in which the formation of cyclic complexes via
two hydrogen bonds takes place [32]. One type of hydrogen bond is
formed in a manner similar to the rest of the anions studied in this work,
that is via carboxylic proton, and the second type of H-bond is formed by
sharing of acidic proton in sulphuric anion (SO—He++O—C—). It should
be noted that carbonyl band corresponding to cyclic complexes MAA-
TBAHS (1676 cm’l) shows a greater red shift effect than carbonyl
band MAA dimers (1696 cm’l), which might indicate that SO—He+<O
= C—H-bond has higher energy than CO—Hs«+O in acidic cyclic
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Fig. 3. Area-normalised ATR-IR absorption spectra in the range of 1570-1750 cm ™" for DEMs systems with different molar ratio of HBD:HBA: (a) TBAC, (b) TBANO,
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Fig. 4. Chemical shift of carboxylic MAA proton (a) and carboxylic carbon (b)in function of mole fraction of HBA.
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complex [33].

Finally, as can be seen the Fig. 3 the band from stretching of double
bond (1632 cm™!) does not change position in DES systems in com-
parison to bulk MAA. No change in band position suggests that the
formation of the MAA-DES complex has no impact on the vibrational
energy of double bond.

3.3. 'H and '3c NMR

DEM mixtures were further analysed by NMR spectroscopy. This
method is the most validate technique to study H-bond interactions due
to the chemical shift of the carboxylic group is very sensitive to inter-
molecular interactions [34].Measurements of neat samples were per-
formed using a capillary containing D,O as lock reference. The full
spectra are shown in Supporting Information (Figs. S2 and S3).

Analysis of trends chemical shifts for different HBD:HBA molar ratios
on NMR spectra could suggest the nature of molecular interactions in
DES systems [35]. Chemical shifts of carboxylic proton and carboxylic
carbon in the function of the molar fraction of HBA are presented in
Fig. 4. A drift of the position of the chemical shift of the acidic MAA
proton is a result of a change of concentration of cyclic dimers and
complexed forms. The observed value of the shift is a weighted average
between chemical shift proton in MAA dimer and in the DEM complex.
Based on the direction of carboxylic proton chemical shift the H-bond
strength between the carboxylic group and anions in tetrabutylammo-
nium salts can be compared. As can be seen on Fig. 4a changes of the
chemical shift of acidic proton are arranged linearly with the reverse
slope with the increase of the molar ratio of HBA. The upfield shift of
exchangeable proton signal indicates an increase in the shielding of
acidic proton [36]. Drift of the carboxylic proton signal toward lower
frequency in MAA-QX complex indicates lower H-bond energy
compared to dimers. By anion type, the magnitude of the change is ar-
ranged as follows CI~ > HSO4  >BF4 > NOgs’, however, the effect
caused by chloride anions diverges significantly from the others which is
in line with relative high H-bonded acceptor properties for the anion
[26].

It should be mentioned that the strength of H-bonds between MAA
and QX estimated based on NMR measurements do not fully correlate
with FTIR results. Both techniques indicate that hydrogen bonds with
the highest strength are formed with chloride anion, but do not correlate
with respect to the rest of the anions studied. A possible explanation of
this observation may be the fact that chemical shift does not solely
depend on H-bond acceptance properties of HBA but also on shielding
properties of anion which affect changes in chemical shift of acidic
proton [37].

To further analyse H-bond strength we have also employed >C NMR
spectroscopy experiment. The signal from the carboxylic carbon is
sensitive to H-bond interactions, and its chemical shift of the carboxylic
carbon in the HBD correlates with the strength of the chemical bond
[38,39]. It should also be pointed out that changes on the carbon
spectrum are less responsive to shielding by unpaired electrons on an-
ions in ammonium salts than carboxylic proton during 'H NMR exper-
iment. Chemical shifts of the signal corresponding to carboxyl carbon in
MAA in the function of the molar fraction of the HBA are presented in
Fig. 4b. As can be seen for all systems the upfield shift of the signal for
carboxyl carbon correlates with the increasing concentration of HBA. In
addition, the effect of anion type on the chemical shift of carboxyl car-
bon fully correlates with changes of the wavenumber of carbonyl band
in the MAA-DES complex obtained by FTIR. Assuming that the deter-
mination of H-bond strength by FTIR and '3C NMR experiments are
more precise than 'H NMR it should be stated that H-bonded acceptors
properties for tetrabutylammonium salts anions are arranged in order
ClI” > NO3™ > SO4H™ > BF4 .

Interesting inferences can be drawn from the chemical shifts of vinyl
atoms. Several examples can be found in the literature showing a cor-
relation between the reactivity of unsaturated monomers and chemical
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Fig 5. Chemical shift of unsaturated f-carbon of MAA in function of molar ratio
of HBA.

shifts on 'H and >C NMR spectra of vinyl atoms [40,41]. Typically, the
reactivity of a monomer is determined by n-electron density on double
bonds which strictly correlate with the chemical shift of vinyl protons
and p-carbon [42]. Fig. 5 presents chemical shifts of p-carbon in the
function of the molar ratio of HBA. As evident, the shift toward a higher
field corresponds with an increase in the concentration of ammonium
salts for all cases, which indicates an increase in n-electron density on
B-carbon. Increasing electron density on double bond might indicate an
increased reactivity in radical reaction of MAA-QX complex compared to
bulk MAA. It should be emphasized that based on >C NMR experiments
reactivity of DEMs can be arranged in order CI~ > NOs~ >HSO4 >
BF,~, which strictly correlate with the strength of the H-bond. More-
over, the chemical shift of vinyl protons increases linearly with chemical
shift of B-carbon (see Supplementary materials Fig. S4), which suggest
that increase in n-electron density on p-carbon lead to a decrease in
chemical shifts of vinyl protons [41]. The same conclusion can be made
by analysing trends in chemical shifts of vinyl protons (Fig. S5).

3.4. Density

The literature provides examples of both contraction and expansion
of density with increasing molar ratio of HBA to HBD. The most
important factor affecting the density of DES are intermolecular in-
teractions. An interesting example is glycerol-choline chloride systems.
The presence of choline chloride disrupts to some extent the hydrogen
bond network in pure glycerol resulting in an increase in molecular
mobility and better molecule packing which lead to strong contraction
with an increase of the molar ratio of choline chloride (HBA) [43]. The
opposite effect can be observed in aurea-ZnCly mixture when salt
addition to pure urea lead to enhancements of vacancies concentration
and thus expansion of density [44]. Density measurements of DEMs
were conducted at 25 °C. The relationship between density and molar
ratios of HBA is presented in Fig. 6 and summarized in Supplementary
Materials Table S1. As can be seen density increases for mixtures
composed of MAA-TBAHS and MAA-TBABF, while decreases for MAA-
TBAC and MAA-TBANO systems. The differences in changes of density
might be attributed to a different molecular organization or packing of
the DEM components. The density reduction observed for MAA-TBAC
and MAA-TBANO systems can be explained using free volume theory
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[43]. As we mentioned above, CI~ and NO3 ™~ anions form the most stable
hydrogen-bonded MAA-QX. The complexes have increased mobility and
better molecule packing compared to acidic cyclic dimers (and higher-
order agglomerates of MAA) which lead to a decrease in density. This
effect is caused by a similar phenomenon as in the glycerol-choline
chloride system. In addition, it should be pointed out that the contrac-
tion effect caused by Cl™ is greater than NO3~ and densities for the
highest HBD:HBA (3:1) ratios are respectively 0.9830 g/ml for TBAC
and 0.9981 g/ml for TBANO. It should be also said that these anions
differ in thermochemical radii. The estimated thermochemical radii of
Cl™ is 181 A and the NO3™ is 202 A [45]. The difference in thermo-
chemical radii of anions can also influence the degree of contraction.
Densities of the systems including BF4~ and HSO4 anions increase with
an increase of the molar ratio of HBA. This phenomenon can be
explained by the hole theory of DES [44]. Average hole radius decrease
in MAA-QX complex which lead to an increase of the DES density.
Furthermore, density expansion is much greater for HSO4~ than BF4,
which for HBD:HBA (3:1) is 1.0372 g/ml for TBAHS and 1.0161 g/ml for
TBABF. A potential explanation for observed variations might be the
formation of complexes due to extra H-bond between SO—He«+O—C.
Additional H-bond lead to better packing of molecules. In addition,
HSO,~ (223 A) has slightly greater thermochemical radii than BF4~
(211 A), which may determine the expansion of density [45].

3.5. Viscosity

Viscosity is one of the key characteristics of the polymerizable sys-
tem, due to the fact that it affects the termination and propagation rate.
DES viscosity can be explained on the basis of intermolecular in-
teractions and hole theory. In analogy to classic fluids viscosity of DES is
related to free volume and the probability of movements of molecules to
the free volume [46]. Viscosities of DEM mixtures were measured as a
function of the molar ratio of HBA:HBD at 25 °C. The obtained results
are presented in Fig. 7 and summarized in Table S2. As can be seen,
viscosity increases with an increase in the molar ratio of HBA for all
investigated systems. An increase in viscosity of DES is attributed to the
formation of hydrogen bond network (MAA-QX complexes), which lead
to a decrease in mobility of the species. For the highest analysed molar
ratio HBD:HBA 3:1 viscosity shall be arranged in order: HSO4~ (184 cP)
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>Cl7(88 cP) > NOj3™ (68 cP) > BF4 (51 cP). As evident, hydro-
gensulfate anion stands out significantly from the rest of anions studied.
A possible explanation could be the ability of hydrogen sulphate anion
to share of its acidic hydrogen and to form an extra hydrogen bond with
a carboxylic group of MAA (or another HSO4~ molecule). This leads to
an increase in the attractive forces between molecules and thus making
the liquid more viscous [47]. It is worth noting that higher viscosity
values correlate with H-bond accepting properties of anions. Summari-
zing these studies, it can be stated that the viscosity in MAA - tetrabu-
tylammonium salts mixtures depends on the number of hydrogen bond
sites on the anion and HBA strength.

3.6. Photopolymerization by real time FTIR

RT-FTIR is a widely used technique for monitoring the light-initiated
processes [19]. This method was used to follow the conversion of vinyl
bonds in order to determine the effect of anion structure in HBA on the
polymerization process. The obtained conversion curves have typical for
auto accelerated processes sigmoidal shapes. At the beginning, a short
induction period is observed due to the inhibition effect by MEHQ and
traces of O, dissolved in MAA. At the end, the process is slowing down at
a certain reaction time because of the glass effect, which leads to
reduced macroradical mobility at high monomer conversion [48,49].

It is known that photopolymerization rate and induction period
depend on light intensity and photoinitiator concentration. For our an-
alyses, we used TPO as a photoinitiator with a concentration of 2 mg/ml,
as its absorption spectrum is well separated from the monomer ab-
sorption spectrum. A low concentration of TPO was chosen to keep the
optical absorbance at a low level and homogeneous optical properties. It
should be noted that the polymerization of MAA-based DES is an
exothermic process and proceeds rapidly, which lead to an increase in
system temperature. The temperature rise promotes the segmental
mobility of polymer chains and enhances the reactivity of radicals. One
way to achieve isothermal conditions during the polymerization process
is to minimize the light intensity, but this leads to a slower reaction and
formation of polymers fractions with higher molecular weights that
precipitate out during the initial phase of the reaction. In the initial
studies, we observed that a significant temperature increase occurs even
at low light intensities of the LED, so we conducted the experiment with



S. Wierzbicki et al.

0,2 mW/cm?
100 —
e CI-
® NO3~
HSO,4 ™
80 A BF,~
bulk MAA _p®-
3
& 601
K]
(2]
—
g
c 404
o
]
20 A
J /
o4l ” -

0 25 50 75 100 125 150 175 200
Polymerization Time , s

European Polymer Journal 161 (2021) 110836

1 mW/cm?
100 4 T
e |c ]
® NO3~
HSO,; ™
80 A BF4~
3
bulk MAA / F]
° [
> [ {
s *] 2
2 N 4
— [}
] e
g 4o s f
G [ 4
o &
20 $
[
o
4
0- ~
0 20 40 60 80 100 120

Polymerization Time , s
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the light time.

Table 1
Initial rate of photopolymerization reaction for HBD:HBA 3:1 as well as MAA
determined on the basis of initial slopes of conversion curves.

Light intensity [mW/ Anion Initial photopolymerization rate, s ™!
cm?] type
0.2 bulk MAA  no polymerization during 200 s of light
irradiation
Cl 0.92
NO3~ 0.96
HSO4~ 1.04
BF,~ 0.57
1 bulk MAA  no polymerization during 120 s of light
irradiation
cr 2.13
NO3~ 2.87
HSO,~ 2.66
BF; 1.77

the following conditions: 0.2 mW/cm?1 mW/cm? and 19.8 mW/cm?.
The conversion versus irradiation time plots of the DEMs(HBD:HBA 3:1)
are presented in Fig. 8 (other molar ratios in Supplementary Materials
Fig. S6). Calculated rates taken from initial slopes are presented in
Table 1 (and Supplementary Materials TableS3).

Due to the fact that the poly(methacrylic acid) precipitates from the
monomer, it is difficult to achieve high conversion in bulk MAA. Zhou
et al. reported that maximum conversion for bulk MAA can reach up to
60% [50]. As can be seen in conversion plots, polymerization of MAA as
DEM leads to increased conversion up to 70-90%. A possible explana-
tion for this phenomenon is the solvation of poly(MAA) by the quater-
nary ammonium salt, which inhibits the precipitation of the polymer to
some extent and limits the trapping of active radicals in a separated solid
phase. As shown in Table linitial polymerization rates for DEM with
different type of anion are arranged in order HSO4~ > NO3~ > Cl™ >
BF,4~ for 0.2 mW/cm? and NO3~ > HSO4~ > Cl~ > BF, for 1 mW/cm?.

It has been known that higher viscosity leads to an increase in the
polymerization rate [51]. However, despite the significantly higher
viscosity of MAA-TBAHS than other investigated DEMs, no significant
increase in initial polymerization rate is observed, which lead to the
conclusion that the viscosity is not crucial in the analysed cases. The
second factor determining the rate of polymerization in DES is a mo-
lecular organization of the monomer e.g. degree of dimerization. Top-
chiev et al. showed that MAA polymerizes faster in monomeric form
than as hydrogen-bonded cyclic dimer [52]. Based on this, we postulate

that the key factor influencing polymerization rate is the efficiency of
the formation of a monomeric complex between MAA and QX. The
formation of monomeric complexes might reduce repulsive interactions
between monomers, leading to increased reactivity. Systems containing
TBAHS, TBAC and TBANO show similar initial polymerization rates, in
contrast to TBABF, where a significant lower polymerization rate is
observed. As we mentioned earlier BF4 anion is the weaker HBA
studied and concentration of the uncompleted form of MAA, i.e. dimers
in MAA-TBABF systems is the highest among all salts investigated.

For a more complete analysis of the photopolymerizationof DEMs
systems, we calculated the reaction rate as a function of reaction time.
The rate was calculated by differentiating the sigmoidal function fitted
to the monomer conversion. In addition, in order to determine the effect
of temperature increase on reaction rate we completed our experiments
by measuring the temperature profile during irradiation time. Fitted
models are presented in Supplementary Materials in Fig. S7. Fig. 9
presents the obtained results and temperature profile for 0.2 mW/cm?
and 1 mW/cm? light intensity (Fig. S8 for 19.8 mW/cm?). As can be
seen, a significant decrease of Ry™* is observed for the system con-
taining BF4~ salt. The Ry™® for DEM based on NO3~ salt is more than
twice than BF,~ -based DEM for both 0.2 mW/cm? and 1 mW/cm?. In
addition, it should be noted that the course of change of the reaction rate
for tetrafluoroborate anion is considerably milder which is determined
by the slow temperature rise and the significantly lower Ty (53 °C —
0.2 mW/cm? and 78 °C — 1 mW/cm) reached during the photo-
polymerization. For lower light intensity (0.2 mW/cm?) there is no
significant difference for systems containing NOs~, HSO4~ and Cl~ an-
ions both in R,™ and Tpax. For 1 mW/cm? we can note significant
changes in comparison to 0.2 mW/cmz.Rpmax for NO3~ and HSO,4~ are
very similar while the maximum rate for Cl~ is much lower. Addition-
ally, it should be noted that MAA-TBAC achieves higher Tpax (97 °C)
than MAA-TBAHS (94 °C) and MAA-TBANO (86 °C). R,™® correlates
with initial rates designated on the base of the initial slope of the con-
version curve. On this basis, it can be concluded that tetrabutylammo-
nium salts containing NO3~ and HSO,4 anions form complexes with
MAA polymerizing at similar rates, a slightly lower photopolymerization
rate is observed for the system with Cl™, while the MAA-QX complex
with BF4~ anion polymerizes the slowest.

Polymerization of monomer-based DES results in the formation of
solid materials (PDEM) containing polymer, unreacted monomer and
ammonium salt. The PDEMs obtained by photopolymerization of mix-
tures of MAA with the ammonium salts show a different appearance
(Figs. 10 and S9). Depending on the composition of DEM and the light
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intensity used for initiation of photopolymerization, PDEMs are trans-
parent and tough (glass-like) or cloudy and brittle (see Fig. 10). The
obtained results indicate that higher content of ammonium salt in DEM
(molar ratios 3:1 and 4:1) and higher light intensity during photo-
polymerization (19.8 mW/cm?) promote the formation of glass-like
PDEM. An exception is the MAA:TBABF system which acquires the
cloudy state regardless of the initial composition of DEM MAA:TBABF

and the light intensity used for photopolymerization. As shown by FTIR
analysis, the H-bond between MAA and TBABF are the weakest among
the quaternary ammonium salts tested, so it is likely that these in-
teractions are insufficient to solubilize poly(MAA) formed, which might
be a reason of phase separation. PDEM with low ammonium salt content
(molar ratios of 8:1 and 16:1) generally have a cloudy appearance. These
systems behave like bulk MAA, probably because of too small amount of
the salt, which results in the precipitation of poly(MAA) in the system, as
it occurs in bulk MAA [53-55]. However, when MAA is polymerized in
DEM with high ammonium salt content, e.g. MAA:choline chloride
(1.6:1 and 2:1) and MAA:lidocaine (3:1) molar ratio, a transparent
polymeric material are obtained [17,30].

Compared to other DEMs, MAA:TBAHS stands out in terms of
obtaining transparent PDEM, which retains glass-like properties after
polymerization in the widest range of concentrations and photo-
polymerization light intensity used. MAA:TBAHS DEM (molar ratios of
3:1 and 4:1) is the only one to form transparent PDEM when using a light
intensity of 1 mW/cm? for photopolymerization. It is possible that the
higher solubilisation of poly(MAA) by TBAHS is due to extra hydrogen
bonds between the carboxylic groups of the polymer and hydrogen
sulfate anion presented in the mixture. At present, it is not clear why the
higher light intensity during photopolymerization, and therefore the
faster polymerization process and the higher maximal temperature that



S. Wierzbicki et al.

the sample achieves, promote the preparation of glass-like PDEM.

3.7. SEC analysis

To determine the effect of the anion structure in HBA on the mo-
lecular weight of poly(MAA) formed in photopolymerization reactions
we performed SEC analysis. The results i.e. number and weight average
molecular weight, polydispersity index values and molecular weights
distributions are collected in supplementary materials (Table S4,
Figs. S14-S15).

Fig. 11a shows weight average molecular weight as the function of
molar ratio of HBA for polymers synthesized under 1 mW/cm2 light
intensity. The molecular weights of formed polymers increase with
increasing HBA concentration. The greatest effect of the increase is
observed for HSO4~, whereas BF,~ has the weakest influence. Since
molecular weights of polymers formed by radical polymerization
depend on many factors it is not easy to find out the clear effect of anion
structure in HBA on molecular weight of polymer produced. However, it
should be noted that the increase in molecular weights correlates with
hydrogen bond acceptor properties of the analysed anions reported in
previous sections by FTIR and NMR experiments.

It can be seen that for most of the analysed systems, polymers formed
in the presence of BF4 anion featuring the lowest polydispersity and
molecular weight (Fig. 11b). A possible explanation for this phenome-
non is the weakest coordination level of MAA by BF4~ anion, which lead
to relative fast precipitation of poly(MAA) from monomer and trapping
the propagating macroradicals in a separated solid phase. The opposite
effect can be observed for HSO4 , which is the anion with the best
coordinating properties of the MAA and the polymerization reaction
takes the longest time in the liquid phase.

3.8. Time-resolved EPR

In the present study, the Time-Resolved EPR method was applied to
investigate the influence of the type of tetrabutylammonium salt anion
on the relative termination rate of photopolymerization of DEM. The
EPR experiments were conducted in bulk systems and without the
addition of spin traps. Fig. 12 shows an example of full EPR spectra
presenting the propagating poly(methacrylic acid) macroradical. The
structure of the spectra agrees with published measurements [56].

The aim of the measurements was to determine qualitatively relative
rates of the termination of polymerization for the investigated DEM
systems. Since the intensity of the EPR signal is proportional to the
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Fig. 12. EPR spectra of the propagating poly(methacrylic acid) macroradical
generated in MAA-TBAC system.

concentration of radicals, the radicals generation/consumption rate can
be determined from the intensity of the EPR signal. The relative termi-
nation rates where estimated on the basis of the decay on the central line
of EPR spectra after a short flash of light. For bulk systems, in which the
polymer is not soluble in its monomer and precipitates, radicals are
going to be trapped in a separated phase, which strongly reduces the
possibility of termination and keeps the EPR signal at a constant level for
a long time [57]. Phase separation makes also the overall system more
complex and the EPR measurements more difficult to quantitative
interpretation.

In order to make the results independent on the initial radical con-
centration, the amplitude values at each time were divided by the
maximum amplitude recorded for each system. The linear range of
decreasing amplitude vs time is shown in Fig. 13, whereas raw EPR data
are presented in Fig. S10. The relative rate of termination was deter-
mined from reverse the slope of the amplitude decays and the results are
listed in Table 2. As can be seen, the structure of the salt anion affects the
relative rate of termination, which follows the order: HSO4~ >NOj3~
>Cl~ >BF,4 . It is not clear what contributes to the different relative
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Fig. 11. (a) Weight average molecular weight of poly(MAA) synthesized under 1 mW/cm? light intensity in function of molar ratio of HBA, (b) Polydispersity index
of poly(MAA) synthesized under 1 mW/cm2 light intensity in function of molar ratio of HBA.
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Table 2
Slopes of of decreasing EPR signal amplitude in linear range for HBD:HBA 3:1.

Anion type Slope of decreasing EPR signal amplitude
cl- —0.029
NO3~ —0.036
HSO4~ —0.038
BF,~ —-0.015

termination rates, but one reason for the reduced chain growth termi-
nation is the reduced mobility of precipitated macroradicals. As
mentioned above, the solubility of the polymer in MAA-DES depends on
the type of ammonium salt anion. Extra H-bonding site provided by the
HSO4  anion increase the solubility of poly(methacrylic acid), which
enhances the mobility of macroradicals and keeps the higher probability
of termination. The opposite effect is evident in systems with BF4~
anion. Weak interactions through H-bond with poly(MAA) reduces the
solubility of the macromolecules in DEM and leads probably to early
precipitation of macroradicals, that are trapped by phase separation,
which significantly reduces the probability of termination.

4. Conclusions

A range of Deep Eutectic Monomers based on methacrylic acid and
tetrabutylammonium salts with different anions (C1~, NOs~, HSO4~ and
BF,7) have been prepared and investigated using spectroscopic
methods. Dissociation of MAA dimers and formation of HBD-HBA mo-
lecular complexes between MAA and the anions were proven. Based on
FTIR spectroscopy it could be concluded that ClI”, NO3~ and HSO4
coordinate MAA at a similar level, whereas BF,  presents much lower
hydrogen-bond acceptor strength. However, both FTIR and NMR data
indicate that H-bonds formed between MAA and tetrabutylammonium
salts are weaker than in H-bonds in MAA cyclic dimers. Interestingly,
HSO4 anion demonstrates the ability to acts both as HBD (sharing its
acidic proton) and HBA, which results in the formation of cyclic and
higher order, resonance-stabilized complexes with MAA, demonstrating
higher hydrogen-bond strength than in the dimeric state. This effect is
presumably an explanation of the much higher viscosity of MAA-TBAHS
mixtures compared with the other systems studied.

The photopolymerization results presented here suggest that the
main factor influencing the radical polymerization of DEMs is the

10
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hydrogen-bond accepting strength of the anion. Systems containing
weekly coordinating BF;~ anions show the lowest both initial photo-
polymerization rate and maximum rate. In contrast to NMR findings,
showing an increase in electron density on the vinyl group of MAA in
DEMs what should lead to enhanced reactivity of MAA, the other anions
have a little bit ambiguous but rather a similar effect on the photo-
polymerization rate. Contrary to expectations, also the significantly
higher viscosity of MAA-TBAHS mixtures seems to be a negligible factor,
not affecting the process rate. EPR studies proved the presence of long-
living radicals trapped in polymerization products. However, the results
are qualitative and it is difficult to conclude what is the effect of anion
structure on termination rate, and thus radicals lifetime.

In conclusion, we demonstrated that the chemical structure of
hydrogen-bond acceptor anion determines intermolecular interactions
with acidic monomer in DEMs, and thus impacts course of radical
polymerization. It seems that the effect of cation type could be less
pronounced, but this hypothesis will be examined in our future work.
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