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ABSTRACT

Itaconic acid and its derivatives can be obtained from renewable feedstocks. However, there are only very limited applications of
polymers containing itaconic acid so far. One limitation of the application of this polymer is that commonly utilized polymeriza-

tion techniques lead to very low conversions of the corresponding monomers. Consequently, itaconic acid and its derivatives are

generally considered difficult or poorly polymerizable monomers. The current study presents the improvement of the polymeri-

zation by applying an emulsion polymerization of itaconic acid esters, leading to very high monomer conversions with a residual

monomer content of less than 1%.

1 | Introduction

Due to the depletion of petroleum and more environmental
awareness, the synthesis of polymers using renewable feed-
stocks is getting more and more important [1-3]. Besides lac-
tic acid, itaconic acid (IA) and its derivates are one of the most
promising renewable monomers [4-6]. IA can be produced by
fermentation of corn, rice starch, or lignocellulosic feedstock,
which is not used for food, using many different fungi such as
Aspergillus terreus (7, 8], Pseudozyma antarctica (9], Ustilago
maydis [10], and Aspergillus niger [11]. The former fungus is uti-
lized for the commercial production of IA, which is more than
80,000 tons per year [8, 12].

IA can also be applied as a building block for the synthesis of
polyesters in polycondensation reactions [13-15]. Furthermore,
it is also an alternative to methacrylate- and acrylate-based
monomers. Thus, IA and the corresponding esters, the itacon-
ates, can be used as comonomers in radical polymerizations

[3, 16-20]. Depending on the composition of these copolymers,
the applications range from superabsorbents [21] to thickeners
[22] or coatings [23]. It is also possible to equip the ester groups
with other polymerizable functionalities [24].

The radical homopolymerization of IA and its derivates is highly
challenging, and thus, these homopolymers or copolymers with
the TA-esters are nearly not accessible on a larger scale. In par-
ticular, IA has a rather low reactivity and tends to side reactions,
such as decarboxylation [18, 25-27]. Furthermore, the conver-
sions are often relatively low, leading to low yields. Nevertheless,
there are some first reports on the radical polymerization of IA
and its derivates [28]. In the case of the free-radical polymeriza-
tion (FRP) of IA, the reachable monomer conversions are low
to medium (32% [26] up to 84% at 60°C after 142h in dioxane
with azobisisobutyronitrile (AIBN) as the initiator [25]). The
molar masses obtained under these conditions are rather low,
combined with high dispersities [25, 26, 29]. The synthesis of
IA oligomers in water with V-50 as initiator has already been
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reported. The monomer conversion was above 90%, but the
molar mass obtained was rather low [30].

In contrast, the FRP of IA esters in bulk leads to higher conver-
sions, although the molar masses tend to be lower here as well
[18, 25, 26, 31]. For dibutyl itaconate (DBI), a conversion of 81%
can be achieved with FRP in bulk after 20h at 25°C with di-
methyl 2,2’-azobisisobutyrate (MAIB) as the initiator [32].

During the atom transfer radical polymerization (ATRP) of IA,
complexes are formed between the CuCl catalyst and the depro-
tonated monomer, which disrupts the control over the polym-
erization [33]. In contrast, the ATRP of the uncharged cyclic
itaconimides leads to high polymerization rates [34]. The revers-
ible addition-fragmentation chain transfer (RAFT) polymeriza-
tion of TA esters leads to high conversions (up to 99%) and molar
masses, as well as narrow molar mass distributions. However,
the reaction time of the RAFT polymerization was 160h, which
is very long and, therefore, high-energy consuming [35]. In gen-
eral, the esters and the anhydride of IA are easier to polymerize
via different radical polymerization reactions compared to the
acid. Nevertheless, even for the IA esters and the itaconic anhy-
dride, the conversions are relatively low, the reaction times are
rather long, and the molar mass are mostly low and the molar
mass distributions are very broad [28, 31].

Enabling a potential industrial application of poly(itaconic acid)
derivatives, the synthetic route toward these materials must
also be applicable on a larger scale. Within this context, emul-
sion polymerization offers one possibility. Due to the great po-
tential of emulsion polymerization, emulsion polymerization
has developed as a method for synthesizing a wide variety of
polymers. Nevertheless, there are many reaction parameters,
such as the stirring geometry, which make it difficult to trans-
fer the reaction to other reaction vessels. If the reaction param-
eters change, the properties of the polymer may also change.
Therefore, optimization and online control of the reaction is
necessary [36]. Emulsion polymerization is receiving a lot of at-
tention in research due to its many possibilities, especially since
water is in demand as a green solvent in terms of sustainability
[37]. However, no homo-polymerization of IA using emulsifiers
reaching high conversions has been described in the literature
so far, whereas the copolymerization of IA esters with acrylic
acid, acrylic acid esters and acrylic acid amides is well reported

[3,17, 18, 38]. A first example of the emulsion polymerization of
IA esters is reported in the literature. However, the conversion
of this reaction is low (below 13%) [39].

Within this context, we present a new approach for the emulsion
polymerization of IA esters reaching high conversions, yields
and higher molar masses. For this purpose, different reactions
conditions have been studied systemically.

2 | Results and Discussion

The aim of our study was to establish an emulsion polymeriza-
tion of TA esters with high monomer conversions and yields. The
intended monomers were the dialkyl itaconates (diethyl itacon-
ate [DEI] and DBI) as well as the monoesters (monobutyl itacon-
ate [MBI] and monododecyl itaconate [MDI]) (see Scheme 1). All
monomers were selected due to good accessibility either com-
mercially or via a one-step synthesis.

The two diesters should be utilized in copolymerizations with
the monoesters. Hereby, the ratio of the comonomers was always
set to 95:5 (diester:monoester). Furthermore, the homopolymers
of the diesters should be synthesized for comparison.

2.1 | Initiator Screening

To establish the emulsion polymerization of the itaconates, first the
effect of various water-soluble initiators was examined. Therefore,
four different water-soluble initiators have been utilized: potas-
sium persulfate (K,S,0,) and the three different azoinitiators
4,4'-azobis(4-cyanopenatonic acid) (ACPA), 2,2’-azobis[2-(2-imid
azolin-2-yl)propane| dihydrochloride (VA-044), and 2,2’-azobis(2-
methylpropionamidin)dihydrochloride (V-50). The initiators used
differ in their decomposition temperature, whereby ACPA features
the highest decomposition temperature. Here, the 10-h half-life de-
composition temperature is 69°C [40], whereas it is 60°C for potas-
sium persulfate [41], 56°C for V-50 [42], and 44°C for VA-044 [40].
The applied initiators are either cationic or anionic. Compared to
the emulsifier and the acid groups of the polymer; however, the ini-
tiator only has a very small influence on the overall charge of the
polymer particle due to its low content in the mixture. For other
emulsion polymerizations, it has been reported that the opposite
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SCHEME1 | Schematic representation of the emulsion polymerizations of itaconates.
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charge of the initiator and the emulsifier did not affect classical
emulsifiers (in contrast to polysoaps) [43].

All four initiators were screened for the polymerization of DEI
and MBI (see Table 1) and two different initiator concentrations
have been applied. The polymerizations have been performed in
water at 60°C for 6h utilizing sodium dodecyl sulfate (SDS) as
emulsifier (for details see the experimental part). All reactions
performed were characterized according to the same protocol.

The yield of the polymers was studied by weighing the obtained
dry polymer after purification via dialysis (1kDa). Hereby, any
residual monomer, small oligomers, or other contaminations,
such as solvents, are removed to determine the yield of the poly-
mers only. We aimed at high yields of high molar mass polymers
with only a lower content of smaller oligomers and a low content
of residual monomers. The yields of these polymerizations are
shown in Figure 1.

Furthermore, the molar mass and the dispersity of the purified
polymers were determined via size-exclusion chromatography
(SEC). The measurements are shown in Figures S2-S32. Hereby,
the polymerization can be verified; however, the molar mass of
the reactions is rather low, which is due to the poor polymeriz-
ability of 1A esters. In the 13C spectrum, a proportion of less than
5% of the chain transfer, which will reduce the molar masses,
can be recognized. This content is a rather low proportion com-
pared to the literature. There, a proportion of 15% is reported in
the bulk, and with the addition of a Lewis acid, the proportion is
reduced to 5% [44, 45].

For only a few polymers, an interesting feature can be observed:
they feature a bimodal molar mass distribution. In particular, this
phenomenon can be observed for polymers with low yields, such
as P8. In general, bimodal distributions in emulsion polymeriza-
tions can be caused by various factors. The more hydrophilic co-
monomer MBI could presumably lead to partial polymerization in
solution, which would cause the bimodal distribution.

For all polymers with a yield of more than 10%, the acid content was
determined by titration as well. The content was found to be about

TABLE1 | Composition and analytical results of P1-P8.

5% (Table S4), as it could be expected due to the utilized monomer
composition (95:5). The results are summarized in Table 1.

Potassium persulfate is a frequently used initiator for the emulsion
polymerization, for example, of styrene [46]. However, the stan-
dard amount of potassium persulfate (P1) is not sufficient to obtain
any relevant yield (0.9%). Only the double amount of this initiator
leads to an improved yield (P2: 24.1%, M, =78,400gmol ™). The
observed behavior can be explained by the accelerated decompo-
sition of the potassium persulfate due to an interaction of the free
acid of the monoester with the initiator, requiring a higher amount
of initiator for sufficient polymerization [47].

Since azoinitiators are bulkier compared to potassium persul-
fate, the interaction with the acid should no longer take place
or at least should be reduced [47]. Therefore, three different
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FIGURE1 | Overview of the obtained yields of the emulsion polym-
erization of DEI with 5% MBI with different initiators as well as differ-
ent amount of these (black—lower amount, red—higher amount). The
composition of the emulsions is described in detail in Table 1.

Diester = Monoester Initiator Emulsifier M, M, Yield
Polymerization type type [mmol] Type [g] Type [gmol™']* [gmol']* P2 [%]
P1 DEI MBI 0225  K,5,0, 0.5 SDS 43,000 159,600 370 0.9
P2 DEI MBI 0.45 K,S,0, 0.5 SDS 78,400 353,500 4.51 24.1
P3 DEI MBI 0.225 ACPA 0.5 SDS 19,800 63,500 3.21 5.5
P4 DEI MBI 0.45 ACPA 0.5 SDS 65,500 112,700 1.72 12.3
P5 DEI MBI 0.225 VA-044 0.5 SDS 23,200 75,900 3.40 44.2
Pé6 DEI MBI 0.45 VA-044 0.5 SDS 3500 29,300 8.44 23.6
P7 DEI MBI 0.255 VA-50 0.5 SDS 187,000 1,367,000 7.31 69
P8 DEI MBI 0.45 VA-50 0.5 SDS 234,200 975,800 4.17 3

4Determined via SEC measurements (THF, PMMA-standard).
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water-soluble azoinitiators, ACPA, VA-044, and V-50, were uti-
lized, which differ in their 10-h half-life temperature as well as
their charge. During the emulsion polymerization, it could be
recognized that ACPA is not a suitable initiator for the polym-
erization of IA esters since reaction yield is well below 15% (P3:
5.5%). Even the double amount of ACPA is not sufficient to ob-
tain any relevant conversion (P4: 12.3%). For ACPA, the molar
mass M, is about 19,800 gmol~" (P3) and for the double amount
of initiator, M was found to be 65.500 gmol~'(P4).

In contrast, the application of VA-044 resulted in significantly
higher yields of 45% (P7) with the standard initiator amount.
If the initiator quantity was doubled, the reaction yields were
lower. With VA-044 as the initiator, M decreases when the ini-
tiator quantity is increased. The molar mass M, of the polymer-
ization of P5 with the standard amount of initiator was found
to be 23,200 and only 3500gmol~! with the double amount of
VA-044 (P6). As a result, a significant percentage of the yield is
lost during dialysis due to the very low molar mass of the syn-
thesized polymer.

Finally, V-50 was tested and was found to be also suited as the
initiator. With a single initiator quantity, the yield is only slightly
lower compared to VA-044 (P7: 69%). However, the yield when
using twice the amount of initiator is significantly lower com-
pared to VA-044 (P8: 4%). Since V-50 has a higher decomposition
temperature than VA-044, there are less radicals in the reaction
mixture, and the molar mass of the reactions is higher (P7,
M, =187,000gmol™" and P8, M =64,500gmol™"). The disper-
sity of the polymers obtained by V-50 is also significantly higher
than that of VA-044 despite the good yield (P7: D=7.31). This is
probably also caused by the higher decomposition temperature.

The result of the initiator screening was that VA-044 was identi-
fied as the best working initiator for the selected copolymer, since
the reactions resulted in higher yields and lower dispersities.

To test the transferability to the second dialkylitaconate, the po-
lymerization has also been performed with the same conditions
as DBI. The results of this synthesis are summarized in Table 2
and are displayed in Figure 2.

In general, the results are comparable to the polymerization of
the DEI, P1 to P8. The main difference can be found for the
azo-initiators VA-044 and V-50. Comparing P5 to P11 (VA-044
as initiator), the yield of P5 (44%) is slightly lower than the yield
of P11 (69%). With P7 (69%) and P12 (38%) (V-50 as initiator) it

TABLE 2 | Composition and analytical results of P9-P13.

is the opposite. Depending on the monomer, either V-50 or VA-
044 provides the better yield. However, since VA-044 works a
slightly better overall, VA-044 was used as the initiator for fur-
ther experiments.

2.2 | Emulsifier Screening

With VA-044 as a suitable initiator for both copolymers in hand,
various emulsifiers were investigated. The interaction of polymer
and emulsifier depends on various factors, such as the surface
charge of the particle or the type of emulsifier [48]. This inter-
action has a major influence on the stability and, consequently,
on the yield of the emulsion. For later potential applications of
the synthesized emulsion, the emulsifier will also play a crucial
role. For the first tests, SDS was a good surfactant; however, it
is not yet known if there are other suitable emulsifiers IA esters.
Consequently, various emulsifiers were tested. In addition to the
previously utilized anionic SDS, another anionic emulsifier, as
well as nonionic surfactants, were tested (Figure 3). Cationic
surfactants have been excluded due to the anionic monoester.
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FIGURE 2 | Overview of the obtained yields of the emulsion polym-
erization of DBI with 5% MBI with different initiators as well as differ-
ent amounts of these (black—lower amount, red—higher amount). The
composition of the emulsions is described in detail in Table 2.

Diester = Monoester Initiator Emulsifier M, M, Yield
Polymerization type type [mmol] Type [g] Type [gmol']* [gmol']2 D2 [%]
P9 DBI MBI 0.45 K,S,0, 0.5 SDS 68,700 148,600 2.16 34.5
P10 DBI MBI 0.45 ACPA 0.5 SDS 70,400 132,900 1.89 0.2
P11 DBI MBI 0.225 VA-044 0.5 SDS 32,500 91,900 2.80 69.0
P12 DBI MBI 0.255 VA-50 0.5 SDS 64,500 155.800 2.42 38
P13 DBI MBI 0.45 VA-50 0.5 SDS — — — 0

4Determined via SEC measurements (THF, PMMA-standard).
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Dioctyl sodium sulfosuccinate (DOSS) is another anionic
surfactant that has been utilized frequently as an emulsifier
[49]. The nonionic surfactants used were Triton X-405 and a
mixture of Span 80 and Tween 80 with a ratio of 9 to 91. This
mixture has been selected on the basis of their hydrophilic-li-
pophilic balance (HLB) value, which describes the hydrophilic
and lipophilic content of nonionic surfactants. The HLB value
is calculated using the molar mass of the lipophilic part of the
molecule M, and the total molar mass M of the molecule. The
scale ranges from 0 to 20 [50].

HLB = 20( 1~ M
- ( _'RZ>' o)

For an emulsion polymerization, this value should be between
8 and 18 [51]. For Triton X-405, the HLB value is 17.9 [52],
which means that this emulsifier is relatively hydrophilic [51].
Consequently, Triton X-405 has already been applied for emul-
sion polymerizations [53, 54]. The HLB value of a 9:91 mixture of
Span 80 and Tween 80 is 14 [55] and is, therefore, also according
to literature a good emulsifier for emulsion polymerization [51].
Based on this, we chose this ratio for a detailed investigation.

For the investigation of the emulsifier, we applied polymerization
in analogy to the polymerization of P5 (P14, P16, P18) and P11
(P15, P17, P19) and exchanged SDS by the other emulsifiers (see
Table 3). Figure 4 clearly shows that the emulsion polymerization
yields differ significantly when Triton X-405, Span 80 and Tween
80 (9:91), and DOSS are utilized instead of SDS. However, Triton
X-405 and the mixture of Span 80 and Tween 80 are not suitable,
although their HLB values are in the acceptable range for emulsion
polymerizations. DOSS, which works well in the polymerization
of acrylates [49], is not suitable for the emulsion polymerization of
IA esters. Although it is a sulfate, comparable with SDS, the emul-
sion polymerization yields are only about 5%.

SDS

O Na+
Triton X-405

XXC("VOJ':

The obtained molar masses do not differ significantly between
the different reactions. In general, molar mass (M) of DEI as IA
diester is lower compared to DBI. Based on the results, VA-044
and SDS are still the most promising combination and were uti-
lized for the subsequent emulsion polymerizations.

Since the emulsions with VA-044 and the standard amount of
SDS were not stable during long-time storage (agglomeration
was observed), the amount of emulsifier was also doubled. This
step slightly decreased the gravimetrically determined yield
(25% for P20 vs. 44% for P5 and 75% for P21 vs. 69% for P11).
The results are summarized in Table 4.

2.3 | Comonomers

In addition to the already tested initiators and the emulsifiers,
the choice of the (co)monomers also has an influence on the po-
lymerization as already been seen for the investigations above.
In general, the yield of the polymerization with DBI is higher
than the yield with DEI (Figure 5; Table 5). Furthermore, the
molar masses of the polymers with DBI are slightly higher than
those of the polymers with DEI.

To understand this behavior, the water solubility of both mono-
mers was determined and a low water solubility was detected:
DEI 48 mmol L' and DBI below 4 mmol L~!. The water solubil-
ity of DBI is comparable to that of styrene (4.3 mmol L) [37].

The utilized monoester MBI has a water solubility of 32 mmol L.

Besides the already studied systems, other monoalkyl itaconates
have also been considered. However, the shorter alkyl chains,
such as monoethyl itaconate (MEI), are not suitable due to the
higher water solubility of these monoesters (solubility of MEI in
water: 1050mmol L1). The application of longer alkyl chains,

Span 80

FIGURE3 | Schematic representation of the emulsifiers utilized for the emulsion polymerization of itaconates.
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Composition and analytical results of P14-P19.

TABLE 3

Emulsifier

Initiator

Yield [%]

Da

M, [gmol™']*

M_[gmol™]?

Type

[e]

0.5

Type
VA-044

[mmol]

Diester type Monoester type

Polymerization

5.3

3.78

53,200

14,100

DOSS

0.225

MBI

DEI

P14

4.1

1.74

57,800

33,200

DOSS

VA-044 0.5

0.225

MBI

DBI

P15

21.1

1.51

84,300

34,000

Triton X-405

VA-044

0.225

MBI

DEI

P16

18.1

2.45

110,400

44,900

0.5 Triton X-405

VA-044

0.225

MBI

DBI

P17

13.5

3.31

21,400

6500

0.5 Span 80:Tween 80 (91:1)

VA-044

0.225

MBI

DEI

P18

2.9

3.86

20,000

5200

Span 80:Tween 80 (91:1)

VA-044 0.5

MBI 0.225

DBI

P19

4Determined via SEC measurements (THF, PMMA-standard).
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FIGURE 4 | Overview of the obtained yields of the emulsion polym-
erization using DBI and MBI (black) as well as DEI and MBI (red) with
different emulsifiers. The composition of the emulsions is described in
detail in Table 3.

like the MDI, has a solubility below 3mmolL~!, which was
investigated.

In addition, the polymerization without the addition of a mon-
oester was tested and these emulsions led to the highest yields
(Figure 5).

The trend of lower yields when using monoesters is also evident
for the molar mass. For DEI, M, decreases from 33,000 gmol™!
(without monoester, P24) via 23,200gmol~! (with MBI, P5) to
17,000gmol~}(with MDI, P26). This trend is even more pro-
nounced for DBI. Without monoester, M, is 41,700 gmol~! (P25),
with MBI 32,500 gmol~! (P11), and with MDI only 5800 gmol~!
(P27). Consequently, the choice of the itaconate, as well as the
monoester, significantly influences the output of the emulsion
polymerization.

2.4 | Influence of Concentration

Finally, the amount of water was varied to determine the influ-
ence of the concentration. The results are shown in Table 6. In
this context, only slight variations regarding molar mass and yield
could be observed. It can be seen that the yield is highest for P28.
The amount of initiator, emulsifier and water was doubled com-
pared to before. For P29, the quantity was increased by a factor of
1.5. For P29, the amount of emulsifier and water was increased by
a factor of 1.5, but the amount of initiator was kept the same. The
polymerization with the lowest monomer concentration (P28),
therefore, has the highest yield. However, if Table 7 is also consid-
ered, it can be seen that the residual monomer content is higher
than for P29 and P30. This is presumably due to the fact that the
dilution of the reaction solution results in fewer chain termination
reactions, and therefore, the proportion of oligomers is lower.

Furthermore, the reproducibility of the emulsion process for
itaconates was investigated and P21 and P23 were subse-
quently synthesized a second time and SEC measurements were
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TABLE 4 | Composition and analytical results of P20-P23.

Diester = Monoester Initiator Emulsifier M, M, Yield
Polymerization type type [mmol] Type [g] Type [gmol]* [gmol™']* D3 [%]
P20 DEI MBI 0.255 VA-044  0.125 SDS 24,800 50,400 2.03 7.1
P21 DEI MBI 0.225 VA-044 1 SDS 8761 18,560 2.12 25.1
P22 DBI MBI 0.255 VA-044 0.125 SDS 23,300 66,900 2.81 9.5
P23 DBI MBI 0.225 VA-044 1 SDS 21,100 110,300 5.20 75.7

2Determined via SEC measurements (THF, PMMA-standard).

100 -
80 1
m P25
. =Pl
§ 60 -
i i
2 401 *P2 *P5
P26
20 1
P27
0 T T T
+MBI +MDI
Monomer

FIGURE 5 | Overview of the obtained yields of the emulsion with
different itaconates (DEI—red, DBI—black).

performed (Table S3). These values differ only slightly from the
previously determined ones showing the reliability of the syn-
thetic pathway.

2.5 | Residual Monomer

For selected emulsions with high yields, the residual monomer
content was also determined by gas chromatography-mass
spectrometry (GC-MS) by performing the reaction a second
time (Table 7). A defined amount of dodecane was added to the
emulsion and the monomer content was determined based on
this standard to provide information about the conversion of the
monomers during the polymerization and not only about the
gravimetrically obtained yield after dialysis. All of the measured
emulsions had a very low residual monomer content, between
0.3% and 2.4%, showing the high benefit of emulsion polymer-
ization, since the hardly polymerizable monomers, itaconates,
can be efficiently converted to polymers. The emulsion with
only DBI as monomer (P25) had the highest residual monomer
content and the emulsion with DEI and MBI, with a doubled
amount of SDS (P21) featured the lowest monomer content.

The difference between the determined yield and the residual
monomer content is due to the fact that the lower molar masses
of the oligomers are not recorded during dialysis and subsequent
gravimetric determination.

2.6 | Particle Size

In addition, the particle size for selected emulsions was deter-
mined via DLS measurements (Table 8). These are the same
emulsions in which the residual monomer content has already
been determined and, therefore, have a high yield and are long-
term stable. The results are shown in Table 8. The exact mea-
surement results are shown in Table S12 and Figures S65-S71.
In general, the particle size is between 40 and 200 nm, which is
expected for an emulsion polymerization [37]. For polymers P23
and P28-P30, different amounts of emulsifier were used, and it
can be seen that they do not influence particle size significantly.
P25, which is the polymer with no acid content, forms signifi-
cantly smaller particles than comparable polymer with 5% acid
content (P11).

The particle size was utilized to determine the concentration
of the particles in the solution (for calculation, see Supporting
Information; values are listed in Table 8). As can be seen, only
P11 has a lower concentration, as the particles are slightly larger
than those of the other polymers. Together with P25, P11 has the
lowest emulsifier concentration, resulting in the largest particles
for P11. The behavior of P25 is different, and values comparable to
those of other polymerizations can be found. P25 is the homopoly-
mer of DBI, whereas P11 is the copolymer of DBI and MBI, which
introduces additional charges from the monomer mixture.

3 | Conclusion

In summary, we have shown that the emulsion polymerization
of TA esters, which are typically hard polymerizable mono-
mers, reaching high conversions and molar masses is possible.
Although K,S,0, is widely used in emulsion polymerization
of styrene, it is not suitable for the emulsion polymerization
of IA esters, as the free acid group of IA leads to accelerated
decomposition. Azoinitiators, like the water-soluble VA-044,
are a better choice as an initiator for the polymerization, in
particular, in combination with SDS as an emulsifier. Other
anionic and nonionic emulsifiers, which were tested as well,
resulted in significantly lower yields of the polyitaconates.
The nature of the utilized itaconate also strongly influenced
the obtainable yields. MBI, in combination with DEI or DBI,
resulted in the highest yields of up to 81% (after purification).
GC measurements revealed that the residual monomer con-
tent was less than 1.3% for both the emulsions, that is, with
DEI and with DBI, indicating a very high conversion of these
bio-based monomers.
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TABLE 5 | Composition and analytical results of P24-P27.

Diester = Monoester Initiator Emulsifier M, M, Yield
Polymerization type type [mmol] Type [g] Type [gmol]* [gmol']? b? [%]
P24 DEI 0.225 VA-044 0.5 SDS 33,000 372,800 11.30  41.27
P25 DBI 0.225 VA-044 0.5 SDS 41,700 95,400 2.30 75.2
P26 DEI MDI 0.225 VA-044 0.5 SDS 17,000 56,800 3.30 32.0
P27 DBI MDI 0.225 VA-044 1 SDS 5800 49,000 8.50 0.2

2Determined via SEC measurements (THF, PMMA-standard).

The herein presented emulsion polymerization of IA esters
can open up the pathway to large-scale synthesis of bio-based
polymers. This process has been available for the commercial
oil-based acrylates and methacrylates and now also for their bio-
based analogs, the itaconates.

4 | Experimental Section
4.1 | Materials

Sodium dihydrogen phosphate (NaH,PO,, Fluka), MBI (Sigma-
Aldrich), DBI (Sigma-Aldrich), and itaconic anhydride (TCI)
were used as received. DEI (TCI, stabilized with TBC) was
purified over a column with neutral alumina (Molekula). MDI
was synthesized using 1-dodecanol (TCI) and IA anhydride
(TCI) analog to literature [56]. The initiators potassium per-
sulfate (K,S,0, Fluka), ACPA (Sigma-Aldrich), VA-044 (TCI),
V-50 (Sigma-Aldrich) and the emulsifiers SDS (TCI), Triton X-
405 (Sigma-Aldrich), DOSS (Sigma-Aldrich), Span 80 (Sigma-
Aldrich), and Tween 80 (Sigma-Aldrich) were used without
further purification. Dialysis tubes (molecular weight cut-off:
1kDa) were purchased from Carl Roth.

4.2 | Instrumentation
4.2.1 | Size-exclusion chromatography

SEC was performed on a Shimadzu 10er series equipped with
a DGU-14A degasser, a CBM-20A controller, an LC-10AD vp
pump, a SIL-10AD vp autosampler and a CTO-10A vp oven, a
PSS SDV guard/linear M column with 5um particle size and a
separation range of 400-1,000,000gmol~!. The flow rate was
1mLmin~! at 30°C with tetrahydrofuran (THF) as eluent and
PMMA as standard. As a refractive index detector (RID), a RID-
10A and a UV detector (UVD), an SPD-10AD VP was used.
The measurements were carried out in blocks of four to eight
samples, with the device being calibrated before each measure-
ment block.

One-dimensional nuclear magnetic resonance spectra ('H)
were recorded using a Bruker (Rheinstetten, Germany) AC 300
(300MHz) at 298 K. 13C spectra were recorded using an Avance
NEO 500 (500.18 MHz, 'H; 125.7 MHz, 13C).

Elemental analysis was performed using a Vario El III
(Elementar, Langensebold, Germany) elemental analyzer.

Dynamic light scattering (DLS) was performed for selected
samples with a DynaPro Plate Reader III (Wyatt Technology
Corporation, Santa Barbara, CA, USA). The laser has a wave-
length of 1=820.9 nm. Intensity fluctuations of the backscattered
light were recorded at an angle of 150°. These were used for hydro-
dynamic size estimations based on the Stokes-Einstein equation.
For each sample, five consecutive measurements (3s acquisition
time each) were performed at a temperature of 25°C. DLS data
was processed with the Dynamics 7 software (Wyatt Technology
Corporation, Santa Barbara, CA, USA). For the sample prepara-
tion, 5L of the emulsion was mixed with 520 uL of water.

4.3 | Gas Chromatography-Mass Spectrometry
4.3.1 | Analysis of the monomer

Five hundred microliters of the emulsion was mixed with 500 uL
ethyl acetate. The mixture was briefly vortexed and centrifuged
at 10,000x g for 10min. One microliter of the centrifugate was
diluted with 89 uL ethyl acetate, combined with 10 uL of a dodec-
ane standard solution (1 mgmL~' dodecane in ethyl acetate) and
subjected to GC-MS analysis.

For quantification, a calibration curve using dodecane as in-
ternal standard (10ugmL~! final concentration) and DBI in
a concentration range from 10 to 100yugmL~" in 10 ugmL™!
steps as triplicates. Data integration was carried out using
Thermo Xcalibur Quan Browser version 4.5.445.18. Retention
time of dodecane was set to 11.04 and 16.26 min for DBI, re-
spectively. Quantification ions were m/z 57.1 for dodecane
and113.0 for DBI, respectively. General settings for peak
detection are: Mass deviation +0.5 u; ICIS peak detection,
smoothing points: 1, baseline window: 40, area noise factor:
5; peak noise factor: 10. Linear regression was performed with
OriginPro 9.8.0.200. Calculations have been executed using
Microsoft Excel Version 2010.

Samples were measured on a GC-MS system from Thermo
Fisher Scientific GmbH (Bremen, Germany) consisting of a
TRACE1300GC with an S/SL injector installed and an ITQ
900 ion trap mass spectrometer. The scan range was set be-
tween 45 and 550 m/z. The transfer line temperature was set
to 300°C, the ion source temperature was set to 200°C, and the
damping gas flow was set to 0.3 mL min~! helium. Three micro
scans were recorded at a maximum ion time of 25 ms. The fil-
ament delay was set to 5min for the GC run time. After an
initial 2min at 40°C, the GC oven temperature was raised
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Composition and analytical results of P28-P30.

TABLE 6

Emulsifier

[g]
1

Initiator

Yield [%]

Da

M, [gmol™']* M [gmol']*

Water [mL]

Type

Type
VA-044

[mmol]

Diester type Monoester type

Polymerization

80.9

4.70

17,000 80,300

100

SDS

0.55

MBI

DBI

P28

61.2

3.44

21,700 74,700

75

SDS

0.75

VA-044

MBI 0.338

DBI

P29

72.4

6.10

17,600 107,400

75

SDS

0.75

VA-044

MBI 0.225

DBI

P30

2Determined via SEC measurements (THF, PMMA-standard).

to 320°C with 10°C min~'. The injector was operated in split
mode at 220°C with a flow rate of 10 mL min~!, the split flow
was 10, and the column flow was 1mLmin~!. As column, a
trace TR-5ms SQC 30m from Thermo Fisher Scientific GmbH
was used, with 0.25mm inner diameter and 0.25um film
thickness. The autosampler AS200SE (CTC Analytics AG,
Zwingen, Switzerland) injected 1 uL sample solution using the
hot needle injection technique.

4.3.2 | Determination of Water Solubility

To determine the solubility of the monomers in water, the
monomer was weighed out and mixed with 1mL of water.

TABLE 7 | Residual monomer content of the emulsions determined
via GC-MS measurements.

Residual monomer

Polymerization content [%] Yield?
P11 0.9 69.0
P21 0.3 25.1
P23 1.3 75.7
P25 2.4 75.2
P28 1.0 80.9
P29 1.1 61.2
P30 0.5 72.4

2The yield was determined by the mass of the polymer after dialysis (1kDa).

TABLE 8 | Particle size of the emulsion polymerization determined
via DLS measurements.

Particle
Particle concentration

Polymerization size [nm]? [10°L-1]2
P11 195.8 89

P21 75.6 1629

P23 45.7 4227

P25 56.4 3602

P28 42.8 5146

P29 49.7 4108

P30 49.2 4235

2Particle size was determined via DLS measurements. The complete results can
be found in Tables S6-S12.

TABLE 9 | Elemental analysis of MDI.

Theoretical Measured
Element amount [%] amount [%]
C 68.42 68.40
H 10.13 10.12
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| (Continued)

TABLE 10

Initiator

Water [mL]

NaH,PO, [mg]

Emulsifier [g] Type

Type
VA-044

[mmol]

Monoester [eq] Type

Type

Diester [eq]

Polymerization

50

25

SDS

0.5

0.255

DBI

P25

SDS 25 50

0.5

0.05 MDI 0.255 VA-044

DEI

0.95

P26

SDS 25 50

0.5

0.05 MDI 0.255 VA-044

DBI

0.95

P27

100

50

SDS

0.45 VA-044

0.05 MBI

DBI

0.95

P28

SDS 37.5 75

0.75

0.05 MBI 0.3375 VA-044

DBI

0.95

P29

75

SDS 37.5

0.75

0.05 MBI 0.255 VA-044

DBI

0.95

P30

After 24h, it was checked whether it was dissolved in water.
Different amounts of monomer were weighed in to determine
the solubility.

4.4 | Synthesis of Monododecyl Itaconate

1-Dodecanol (9.317 g, 50 mmol) was placed in a 50mL flask and
heated to 110°C [56]. After the alcohol was melted, itaconic an-
hydride (5.605g, 50 mmol) was added. The reaction was stirred
at 110°C for 90min. After the reaction solution was cooled,
25mL of heptane was added. The obtained precipitate was trans-
ferred from the flask to a mortar and crushed. Subsequently, the
powder was transferred back to the flask and stirred in 25mL
heptane for 4h. The white residue was obtained by filtration and
was dried.

'H NMR (300 MHz, DMSO) §=0.84 (m, 3H, CH, dodecyl), 1.23
(m, 18H, CH, dodecyl), 1.52 (m, 2H, CH, dodecyl), 2.49 (m,
4H, DMSO), 3.28-3.32 (d, 3H, CH, itaconic acid), 3.98 (t, 2H,
CH, dodecyl), 5.74 and 6.13 (s, CH, itaconic acid double bond)
ppm. Furthermore, elemental analyses of MDI were performed
(Table 9).

4.5 | Synthesis of the Polymers

In a 150mL sulfonation flask with stirrer shaft water, NaH,PO,
as a buffer, initiator and emulsifier were dissolved. The solution
was degassed for 1h, and then a solution of 25 mL monomer was
added under stirring. Subsequently, the resulting solution was
stirred at 60°C for 6h. Then, the yield of the polymerization was
determined gravimetrically. Therefore, the emulsion was puri-
fied via dialysis (molecular weight cut-off: 1kDa) for 3days in
water and 8days in THF. Meanwhile, the solvent was changed
once every day. Furthermore, the emulsions with a yield above
60% were analyzed via GC-MS regarding the residual mono-
mer content by performing the corresponding reaction a second
time. In Table 10, the different polymerization conditions are
summarized.

Our cooperation partner carried out the syntheses of P21 and
P23 several times and determined the molar masses using SEC.
The results are shown in Table S3.
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