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ARTICLE INFO ABSTRACT

Keywords: Nonbiodegradable (co)polymers with all-carbon backbone produced via radical polymerization are used in
T?rpﬂlymers various applications. For some applications, like for example in skincare and haircare, these polymers are
g‘“df:)grta‘}jlable nonrecoverable and therefore would be preferably made biodegradable. Therefore, inserting ester bonds in the
emibatc!

backbone via radical ring opening terpolymerization of acrylates and 2-methylene-1,3 dioxepane (MDO) could
be a suitable approach to obtain biodegradable terpolymers. This report investigates the influence of batch versus
semibatch process on the polymerization of three terpolymerization systems viz. (i) methacrylamide (MAAM)/n-
butyl acrylate (nBA)/BMDO (5,6-Benzo-2-Methylene-1,3-Dioxepane), (ii) MAAM/nBA/MDO, and (iii) methyl
methacrylate (MMA)/VAc (vinyl acetate) /MDO. We demonstrate the improvement in number of ester groups
inserted and the homogeneity of insertion via semibatch polymerization processes. The process is guided via
optimal monomer addition feeding profiles generated using the reactivity ratios of comonomers. Such improved
insertion was demonstrated by the molecular weight distribution of fragments after alkali degradation in the

Optimal feeding profile
Chemical composition distribution

investigated systems.

1. Introduction

Free radical polymers are ubiquitous in modern society due to their
applications in packaging materials, plastics, encapsulation materials,
pharmaceutical excipients, care chemicals and film formers in coating
etc. In spite of superior properties, low cost and high durability, alter-
natives to these polymers are sought over due to major concern of
pollution resulting from accumulation of biodegradation resistant
polymeric materials such as plastic microbeads in the environment [1].
A good and well-known way to improve the degradability of a polymer is
the insertion of a weak chemical linkage such as ester bonds [2,3] or
thioester bonds [4-6] where polymer chains can be hydrolysed into
oligomers. If these polymers can be collected, this eases the recycling
process, which becomes very similar to recycling PET bottles. After
controlled hydrolysis, the oligomers can be reconstituted into new
polymer chains, and be used for different applications (e.g. packaging to
yarn or packaging to clothes) [3]. This is called open loop recycling.
Alternatively, if these polymers are not collected, they undergo envi-
ronmental hydrolysis and biodegradation by microorganisms [7]. A
good path to prepare vinyl polymers that produces oligomers upon

* Corresponding authors.

hydrolytic degradation is radical ring opening copolymerization (rROP)
of cyclic ketene acetals (CKA) with vinyl monomers [8-10]. In this
approach, vinylic free radical monomers are copolymerized with CKA
monomers, leading to insertion of a hydrolysable ester linkage in the
backbone of the radical polymer where originally only C—C bonds were
present. The radical polymerization of CKA can undergo two mecha-
nisms: ring opening, leading ester linkages in the chain (polyesters) and
ring retention leading to C—C linkages (poly vinyl acetals) [8,11,12].
The use of commonly available CKA monomer are seven-membered ring
CKAs such as 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) or 2-meth-
ylene -1,3-dioxepane (MDO). These are good choices for insertion of
ester linkages in the radical polymer back bone since their chemical
structure dictates (i) a higher steric hindrance for the ring retained
radical and (ii) a higher stability for the ring open radical. Both pa-
rameters favour ring opening during polymerization vs ring retention
[12]. Even though, the incorporation of ester functionality in the
backbone of vinyl-based radical polymers improve the biodegradability,
retaining the physical properties such as the glass transition temperature
(Tg), mechanical strength and degradation temperature could be a
challenge due to the change in backbone structure of the copolymer
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compared to the original polymer.

To improve and adjust the properties of a material, functional vinyl
monomers are often copolymerized or terpolymerized. Copolymeriza-
tion (two monomers) and terpolymerization (three monomers) are
commonly employed in fine tuning and adjusting material’s properties
of polymer products for a given application. Adjusting the nature and
quantity of comonomers enables the synthesis of tailored materials with
desired properties. Due to such possibility of obtaining tailored mate-
rials, free radically derived terpolymers have been extensively used in
personal care products as film formers, fixatives, binders, emulsion
stabilizers etc. as evidenced by the large body of patent literature reports
in terpolymers related to their use in the personal care domain. Early
reviews by Lochhead [13] and Patil [14] highlights several such poly-
mers used in care chemicals. However, because of heightened awareness
of their ecological impact and environmental persistence due to non-
degradable nature of such polymers there is tremendous regulatory
pressure to restrict use of such polymers even though they provide a
number of other benefits in formulation stability and sensory aspects
[15]. Controlled introduction of degradability in polymer systems
leading to environmental biodegradability could be a potential solution
to overcome negative ecological impact of such formulation terpoly-
mers. We have earlier reported [16] such uniform introduction in
acrylate copolymers using rROP with MDO by applying semi-batch ap-
proaches and optimal addition profiles. Such uniform introduction of
monomers in terpolymer systems is not trivial and often closed-loop
strategy with online monitoring is applied [17].

In a batch process, copolymerization and terpolymerization nor-
mally will result in a mixture of polymers with different monomer
compositions in the chain. Such mixtures are formed due to the
composition drift during polymerization originating from the different
reactivity ratios of the monomers in the batch reactor. In copolymeri-
zation systems, monomer with higher reactivity (“fast” monomer) is
consumed quicker than the monomer with lower reactivity (“slow”
monomer). At the starting stage of polymerization reaction (low con-
version), polymer chains formed will contain high amount of fast
monomer while toward the end stage of the polymerization (high con-
version), the polymer chains are rich in slow monomer derived units. In
a copolymerization system of vinyl monmer with CKA, the vinyl
monomer in the system depletes more rapidly than the CKA monomer
[18]. In our previous study on acrylates/MDO copolymerization [16],
we managed to partially overcome this issue by using a semibatch
process with optimal addition feeding profiles, which are calculated
from reactivity ratio values with the MAP software package [19]. The
MAP software is based on algorithms developed in the Eindhoven Uni-
versity of Technology under supervision of Prof. Alex van Herk by H.
Schoonbrood and R. van Eijnatten. The software is able to work with up
to 3 monomers and works in solution and emulsion copolymerization.
Based on reactivity ratios (and in the case of emulsion polymerization
also monomer partitioning) the software predict addition profiles of
monomers as a function of instantaneous conversion. Furthermore, it
can generate chemical composition distributions, both based on the
theoretical or the experimental addition profiles.

Beside the higher level of incorporation of MDO, aliphatic ester units
were more regularly inserted in the polymer chain, less ring retention
events occurred, and less residual monomer was produced. Semibatch
processes are also successfully applied in academic work previously on
butyl acrylate/butyl methacrylate [20], butyl methacrylate/2-
hydroxyethyl methacrylate [21] and recently in our team on anethol/
vinyl monomers [22]. In industrial copolymer production semi-batch is
the standard operating procedure.

Understanding reactivity ratios are essential to control the kinetics of
multicomponent polymerization systems. Even though the terpolyme-
rization process is quite common, the literature considerably lacks in-
formation on reactivity ratios for those systems. The main reason for the
lack of reactivity ratio originate from the complexity of terpolymer
composition models. Many researchers have previously reported binary
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reactivity ratios derived from copolymerization experiments in models
to control the monomer insertions in terpolymerization [17,23-29].
Even though this simplification occasionally leads to successful studies,
Scott et al. recently demonstrated that terpolymerization kinetic is
complex and this binary analogy is not always applicable, in their case
solvent effects played a role also [30].

It is known that for these systems, branching can occur (MDO ring
open units can undergo 1,4 and 1,7-backbiting [11,16,31-33] and the
nBA radical can exhibit 1,5-backbiting as well as intermolecular transfer
to polymer [34-36] and modify the property of the polymer chain [37].
In the current terpolymerization study, this aspect is not included since
the MDO incorporation and uniform degradability in the system is the
main focus and the property modulation by branching and ring retention
is considered to be negligible. Even though many copolymerization
vinyl/CKA systems were studied [8,10,32,33,38-49], only one terpoly-
merization system containing CKA is reported in the literature. In 2020,
Jackson et al. terpolymerized 2-(Diethylamino) ethyl methacrylate
(DEAEMA), N-Hydroxysuccinimide ester methacrylic acid (NSHMA)
and MDO by RAFT process [50]. They managed to form pH-responsive
and covalently cross-linked degradable nanoparticles. In 1996,
Schoonbrood et al. managed to carry out a homogeneous emulsion ter-
polymerization of St, methyl methacrylate (MMA), and methyl acrylate
(MA) using an optimal addition rate profile [51]. This feeding profile
was determined using binary reactivity ratios also. They demonstrated
that the optimal addition profile and addition rate profile as well as the
possibility to obtain homogeneous terpolymer composition did not
depend only on the reactivity ratios but also on the partitioning of the
monomers in the aqueous phase.

A few studies were carried out on copolymerization of meth-
acrylamide and its derivatives with other vinyl monomers. In 2003, Kao
et al. copolymerized styrene and methacrylamide in 1,4-dioxane [52].
They obtained short block copolymers with a single T,. They demon-
strated that there is no specific interaction between MAAM and St units.
The same year, they studied the thermal behaviour of PMAAM-co-MMA
[53]. This study demonstrated that for a system MAAM/MMA in 1,4-
dioxane, MAAM is the slow monomer. In 2004, Azab et al. copoly-
merized 2-Thiozil Methacrylamide (TMA) with different alkyl acrylates
in DMF [54]. They observed alternating copolymers TMA-MA and TMA-
ethyl acrylate. In 1986, Staunder et al. studied the terpolymerization of
the system a-methylstyrene/acrylonitrile/methacrylamide. They
measured the ternary reactivity ratios and observed that they differed
from the ones corresponding to the binary system [55]. The third system
studied (methyl methacrylate MMA/VAc/MDO) explored represents
introduction of degradability in the backbone of film forming and
optically clear system MMA/VAc. The aim of this work is to address the
issue of obtaining degradable terpolymers based on our previous studies
on acrylate/MDO copolymerization [16]. We target to investigate three
terpolymerization systems vinyl monomer/vinyl monomer/CKA sys-
tems: (i) methacrylamide MAAM/nBA/BMDO (ii) MAAM/nBA/MDO,
and (iii) MMA/VAc/MDO. The system (i) is particularly interesting as
terpolymers, MAAM/nBA/Styrene (St) are used as film formers and has
applications in cosmetic industry [56]. The use of a semibatch process
on terpolymerization was investigated. Feeding addition profiles were
estimated from binary reactivity ratios. Molecular and thermal charac-
terizations were carried out. Furthermore, the accelerated alkali
degradation was studied. Structures of the terpolymers are given in
Supplementary material (Scheme S1).

This is the first report of introduction of degradability by MDO
derived ester units in the backbone of a terpolymer and uniform distri-
bution of the weak bonds without using controlled radical polymeriza-
tion techniques. We try to gather proof for the better uniformity of the
terpolymers produced in semi-batch operation by looking at the olig-
omer lengths after hydrolysis, the glass transition temperatures and the
monomer consumption curves.
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2. Experimental section/methods
2.1. Materials

Methyl methacrylate (MMA, 99 %), Styrene (St, >99 %), n-butyl
acrylate (nBA, >99 %), vinyl acetate (VAc, >99 %) and 1,4-dioxane
(99.8 %) were obtained from Sigma-Aldrich, Methacrylamide (MAAM,
greater than98 %) was provided by Tokyo Chemical Industry ltd (TCI).
Dimethyl sulfoxide (DMSO) and hydrochloric acid (37 %) were obtained
from Merck. 2,2'-Azoisobutyronitrile (AIBN) was obtained from Halo-
Chem Pharm. Co. ltd. Tetrahydrofuran and triethylamine were pro-
vided by Fisher chemical. Dichloromethane (DCM), methanol, dieth-
ylether (Et;0) and tetrahydrofuran (THF) were obtained from VWR
Chemicals. DMSO-dg (D, 99.9 %) and Acetone-dg (D, 99.9 %) were
purchased from Cambridge Inc. Laboratory. Potassium hydroxide
(KOH), Sodium bicarbonate (NaHCOs3) and activated basic alumina
were obtained from Alfa Aesar. Pyridine (anhydrous, 99.8 %) was ob-
tained from Sigma Aldrich, acetic anhydride (ACS reagent) was obtained
from JT Baker and 4-dimethylaminopyridine (99 %) was provided by
Alfa Aesar. MDO and BMDO were synthesized as in ref [12]. Both are
petroleum feedstock based monomers. Styrene and n-butyl acrylate
were passed through activated basic alumina. All other chemicals were
used as received.

2.2. Polymerization

2.2.1. Batch polymerization

Co- and ter-polymers were prepared in 1,4-dioxane at 10 wt% for
MAAM/nBA/CKA and in bulk for MMA/VAc/MDO, this due to solubil-
ities of the terpolymers. The systems MAAM/nBA, MAAM/MDO, and
MAAM/BMDO were copolymerized. The systems MAAM/nBA/BMDO,
MAAM/nBA/MDO, MAAM/nBA/Styrene and VAc/MMA/MDO were
terpolymerized. For each co- and ter-polymerization systems, monomers
were added in equal proportion to the batch reactor. Polymerization
reactions were carried out under inert atmosphere by removing oxygen
from the reaction mixture by bubbling argon for an hour, and at 70 °C.
For the systems containing a CKA, the Schlenk flask was previously
washed with triethylamine to avoid hydrolysis of the CKA. An example
of terpolymerization is described as the following: into a Schlenk flask, 1
g of MAAM, 1.51 g of nBA, 1.22 g of St, AIBN (1 mol% to monomer) and
36 mL of 1,4-dioxane were added. To monitor the reaction by 'H NMR
spectroscopy, DMSO (20 mol% to monomer) was added. The Schlenk
flask was degassed by bubbling argon through the solution for 1 h. Then,
the mixture was left under stirring at 70 °C for about 24 h. The con-
versions were monitored by taking aliquots every hour during the first 4
h. A last aliquot was taken before quenching the polymerization to
determine the final conversion. Then, the reaction was quenched into ice
water. The polymer was then precipitated in Et;0, isolated by centri-
fugation. The polymer was redissolved in DCM, dried with a rotary
evaporator and in vacuum oven at 100 °C. Only purified polymers were
further analysed.

2.2.2. Semibatch polymerization

Performed on the terpolymerization system. The initial amount of
monomers in the flask and to be fed was determined via the MAP
(Monomer Addition Profile) software which is a modified version of
TRImonomeric Seeded Emulsion Polymerization Simulation (TRISEPS)
[51].

In MAP/TRISEPS, the main input parameters are the binary reac-
tivity ratio of the monomers and the monomer composition. In case of
ter-polymerization, the least reactive monomer and parts of the more
reactive monomers are added to the Schlenk flask before the start of the
polymerization and the remaining of the more reactive monomers are
then added at a rate such that the ratio of the 3 monomers is kept
constant in the polymerization. In this work, the more reactive mono-
mers are fed slowly by linear feeding rate in 8-20 h. The feeding profiles
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in MAP are calculated on conversion basis and not on time basis, which
means that only the reactivity ratios are needed, and the complex ki-
netics are not involved. To obtain the monomer addition on time basis, a
few experiments are performed to establish iteratively the addition
profile on time basis [19,51]. An example of such polymerization is as
following: All initiator, all of CKA, part of MAAM and nBA, part of the
1,4-dioxane and DMSO were added into a Schlenk flask (Fig. S24). The
ratio of initiator to (total) amount of monomers was the same as in a
batch polymerisation. The Schlenk flask was deoxygenated by bubbling
argon through the contents for 1 h and maintained under argon atmo-
sphere throughout the polymerisation. Separately, MAAM, nBA, and
1,4-dioxane were degassed in another flask and transferred to air-tight
syringe (Hamilton). The flask containing the CKA was placed in an oil
bath and the feeding of the remaining MAAM and nBA was started at t =
0 h. Binary reactivity ratios were used to obtain the feeding profile.
Feeding profiles are on conversion basis and not on time basis. When
semibatch process was used, both cumulative as well as instantaneous
conversions were calculated. In the calculation for the cumulative con-
version the full amount of monomer that is going to be added was
considered, whereas calculation of instantaneous conversion accounted
only what has been introduced in the reactor up to a specific time. Re-
actions conditions and monomer conversions are summarized in Table 1
and Table 2. An example of a semibatch procedure is given below.

Into a Schlenk flask, 58 mg of AIBN, 1.9 g of BMDO (100 % of the
total amount), 0.15 g of MAAM (15 % of the total amount), 0.23 g of
BMDO (15 % of the total amount), DMSO (20 mol% of total amount of
monomer) and 23 mL of 1,4-dioxane were added. The flask was by
bubbling argon through the solution during 1 h. Separately, 0.85 g of
MAAM (85 % of the total amount), 1.28 g of nBA (85 % of the total
amount) were dissolved in 20 mL of 1,4-dioxane. The mixture was also
degassed and transferred into a Hamilton syringe, which was connected
to a feeding pump. The flask containing AIBN, BMDO, MAAM (15 %)
and nBA (15 %) was placed into an oil bath at 70 °C. Then, the monomer
feeding was started and last for 24 h (constant rate of 0.833 mL.h~ D).
Aliquot were takenatt=0,t=1h,t=2h,t=3h,t=4h,t=24hand t
= 24 h30 to carry out 'H NMR analyses. After 24 h30, the polymer was
quenched and recovered as explained in section 2.2.1.

2.3. NMR spectroscopy

NMR spectra were recorded on a 400 MHz Bruker Ultrashield Avance
400SB Spectrometer equipped with a PBO probe and variable temper-
atures capabilities, operating at a Larmor frequency of 400.23 MHz for
'H and 100.65 for *3C. Data were acquired in acetone-ds for conversion
monitoring and DMSO-ds for polymer analyses. As polymers precipi-
tated in acetone-dg, only the monomers signals appeared on spectra, and
this limited the overlapping of signals. Analyses of final products was
carried out at 50 mg/mL and 300 mg/mL for 'H and 3C NMR mea-
surements, respectively. Analyses of some degraded polymers were
carried out at 10-20 mg/mL by 'H NMR. One dimensional 'H NMR
spectra were acquired with 64,746 data points, 16 scans, 29.9585 ppm
spectral width (11,990.407 Hz), 1 s delay, 2.70 s acquisition time, and
25° flip angle. One-dimensional '3C NMR spectra were recorded with
65,536 data points, 4000 scans, 238,2643 ppm spectral width
(23,980.814 Hz), 10 s relaxation delay, 1.37 s acquisition time, and a
90° flip angle with inverse gated decoupling. We demonstrated previ-
ously that in these conditions, 3¢ NMR analyses are quantitative [16].
The chemical shift was referenced to tetramethyl silane (TMS) at 0 ppm
for 'H and '3*C NMR spectra. Full set of NMR spectra (except the four that
constitute Figs. 1 and 2) are in Supplementary material (Figs. S6 to S21
and S25 to S28). Even though radical polymerization of MDO is expected
to lead to quantitative ring opening [11,12], ring retention, which af-
fects the degradability of polymer chains has previously been observed
in both homopolymerization and copolymerization of MDO
[31,389,10]. This leads to the formation of units whose acetal quater-
nary carbon and aliphatic CH; groups adjacent to an oxygen atom can be
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Table 1
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Reaction’s conditions and monomer conversions for co- and ter-polymerizations with MAAM, nBA, MDO and BMDO.

Polymers Monomers Add. Profile Feed. rate Time MAAM Conv. nBA Conv. CKA Conv. Overall Conv.
Polymer 1 MAAM:nBA Batch - 21h35m 1 0.98 - 0.99
Polymer 2 MAAM:BMDO Batch - 23h45m 0.79 - 0.18 0.50
Polymer 3 MAAM:MDO Batch - 22h35m 1 - 0.67 0.82
Polymer 4 MAAM:nBA:BMDO Batch - 19h30m 0.93 0.77 0.39 0.69
Polymer 5 MAAM:nBA:BMDO Semibatch 0.83 mL.h! 24h30m 0.90 0.70 0.67 0.47
(24 h feed.)
Polymer 6 MAAM:nBA:MDO Batch - 22h30m 1 1 0.68 0.89
Polymer 7 MAAM:nBA:MDO Semibatch 0.75 mL.h ™! 24h30m 0.86 0.70 0.47 0.67
(24 h feed.)
Polymer 8 MAAM:nBA:St Batch 22h20m 0.46 0.48 0.68* 0.54
All polymerization at equimolar ratio of monomers and run at 70 °C. Initiator was 1 % to total monomer.
*This correspond to St conversion and not a CKA conversion.
Table 2
Reaction’s conditions and monomer conversions for co- and ter-polymerizations with MMA, VAc and MDO.
Polymers Monomers Add. Profile Feed. Rate Time MMA Conv. VAc Conv. MDO Conv. Overall Conv.
Polymer 9 MMA:VAc Batch - 2h15m 0.87 0.50 - 0.69
Polymer 10 MMA:MDO Batch - 1h30m 0.94 - 0.24 0.60
Polymer 11 VAc:MDO Batch - 1h30m - 0.89 0.47 0.68
Polymer 12 MMA:VAc. MDO Batch - 2h30m 0.96 0.30 0.23 0.49
Polymer 13 MMA:VAc:MDO Semibatch 2.25 mL.h7! 8h 0.93 0.89 0.92 0.91
(8 h feed.)
All polymerization at equimolar ratio of monomers and run at 70 °C. Initiator to total monomer ratio is 1 mol %.
a -di == DMSO MAAM
(a) 1.4-dioxane i (@) OCH, (MMA)
Ar (BMDO) OCH, (nBA) l ‘ BMDO I
NH, (MVAAM -
L ( ) OCH2 . e 1 OCH, (MDO) |
\ BMDO ring open ‘ A Al ~ i A PR
pr WY S AL ol s NN Main chain CH ,‘,.‘ \‘ e
r T v T Y (VAc) v A proh \ AR IY
8 6 4 2 o . T - - T — — —‘I — - T T — T
. ppm 5 4 3 2 1 0
®) OCH, (MDO ring retained) ppm
CH, (nBA) (b)
C=0 (MDO ring open)) 3
C=N (MAAM) »
C=0 (nBA
) \ L Absence of
A . . ..
e v . MDO ring retained unit
200 1 50 100 60 0
ppm ' D ol IJLL ) \]I‘ L
T T T T T
200 150 100 50 0

Fig. 1. (a) 'H NMR spectrum of P(MAAM-co-nBA-co-BMDO) (Polymer 4)
recorded at 21 °C in DMSO at 50 mg/mL (b) 13¢ NMR spectrum of P(MAAM-co-
nBA-co-MDO) (Polymer 7) recorded at 21 °C in DMSO at 300 mg/mL.

detected by '3C and 'H NMR spectroscopy (§ = 100-110 ppm for qua-
ternary carbon (13C NMR), 6 = 62 ppm (13C NMR) 6 = 3.5 ppm (1H
NMR) for CH;, adjacent to an oxygen atom) [31,39]. The fraction of ring
retained unit was determined in this study.

2.4. Gel permeation chromatography (GPC)

GPC was conducted on a Viscotek TDAmax consisting of a GPCmax
integrated solvent and sample delivery module, a TDA 302 Triple De-
tector Array, and OmniSEC software. 2 x PLgel 5 pm Mixed-C
(200-2,000,000) columns were applied in sequence for separation.
The instrument was calibrated with polystyrene standards (PL2010 —
0100 Polystyrene calibration kit, S-M-10) purchased from Agilent. This
set included standards whose Mp is between 580 and 3000000 Da. THF
was used as the eluent at 1.0 mL/min with column and detector tem-
perature at 30 °C. For MAAM/nBA/CKA systems: samples were analysed
at a concentration of 10 mg/mL and prepared as follows: 15 mg of
polymer was dissolved in 1.5 mL of THF. A drop of dioxane was added to
dissolve the samples. Then, 1 mL of solution was filtered through PTFE.

ppm

Fig. 2. (a) 'H NMR spectrum of P(MMA-co-VAc-co-MDO) (Polymer 13) recor-
ded at 21 °C in CDCl; at 50 mg/mL (b) '3C NMR spectrum of P(MMA-co-VAc-co-
MDO) (Polymer 13) recorded at 21 °C in CDCl3 at 300 mg/mL.

GPC chromatograms are presented of Figs. S29 to S32 in Supplementary
material.

2.5. Thermal analyses

2.5.1. Thermogravimetric analysis (TGA)

The decomposition temperature of polymers was investigated using
the TGA Q500 (TA Instruments). TGA measurements were conducted by
ramping the temperature from room temperature to 700 °C at a constant
rate of 10 °C/min under a continuous nitrogen flow. The decomposition
temperature was defined as the temperature at the onset of the signifi-
cant weight loss. Results are presented in Supplementary material. DSC
thermograms are in Supplementary material (Fig. S22). Degradation
temperature values are in Table 3.



J.-B. Lena et al.

Table 3
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Thermal properties of polymer and molar mass of polymers/oligomers before and after degradation process.

Polymer Composition Deg. T (°C) Ty (°C) Before degradation After degradation
M, My ) M, My 5}

Polymer 1 MAAM. nBA 204.65 18.19; 3,400 5,600 1.65 - - -
0.60. 0.40 198.38

Polymer 2 MAAM. BMDO 250.95 NO - - - - - -
0.90. 0.10

Polymer 3 MAAM. MDO (RO). MDO (RR) 231.09 165.87 - - - - - -
0.92. 0.07. 0.01

Polymer 4 MAAM. nBA. BMDO (RO). BMDO (RR) 229.06 NO 2,400 5,200 2.17 650 1,750 2.65
0.50. 0.45. 0.05. 0

Polymer 5 (Semibatch) MAAM. nBA. BMDO (RO). BMDO (RR) 201.68 32.30 2,300 4,500 1.96 590 970 1.84
0.46. 0.45. 0.09. 0

Polymer 6 MAAM. nBA. MDO (RO). MDO (RR) 202.55 NO 7,000 14,400 2.06 470 650 1.38
0.45. 0.39. 0.11:0.04

Polymer 7 (Semibatch) MAAM. nBA. MDO (RO). MDO (RR) 194.20 —10.87 2,859 9,000 3.16 480 610 1.27
0.41. 0.37. 0.19. 0.03

Polymer 8 MAAM. nBA. St 213.46 25.72 10,400 18,500 1.78 11,700 23,400 2.08
0.28. 0.23. 0.49

Polymer 9 MMA. VAc 320 110.59 30,800 50,300 1.63 - - -
0.94. 0.06

Polymer 10 MMA. MDO (RO). MDO (RR) 362 45.64 55,800 109,500 1.96 - - -
0.88.0.12. 0

Polymer 11 VAc. MDO (RO). MDO (RR) 392 -13.12 26,700 54,600 2.04 - - -
0.67.0.33. 0

Polymer 12 MMA. VAc. MDO (RO). MDO (RR) 344 25.05 31,300 68,400 2.19 - - -
0.71. 0.18. 0.11. 0

Polymer 13 (Semibatch) MMA. VAc. MDO (RO). MDO (RR) 320 1.74 18,800 48,300 2.57 500 900 1.80

0.40. 0.30. 0.30. 0

NO: not observed, RO: ring open, RR: ring retained.

2.5.2. Differential scanning calorimetry (DSC)

The T, of polymers was measured using a DSC 3 Star system Mettler
Toledo. DSC measurements were also carried out under nitrogen envi-
ronment. The sample was heated from —70 °C to 180 °C, held isother-
mally for 2 min, and subsequently cooled down to —70 °C, then held
isothermally for 5 min. The scanning rate for both heating and cooling
processes was 10 °C/min. The upper temperature limit was 20 °C below
the decomposition temperature. The heat — cool cycle was repeated
three times. The first heating and cooling steps are used to erase the
thermal history of the samples and detect evaporation of small mole-
cules trapped in the samples. Data analyses for determining Ty values
were carried out using the last heating cycle thermogram. Thermograms
are presented in Supplementary material (Fig. S23) and T, values are in
Table 3.

2.6. Accelerated alkali degradation

About 100 mg of the terpolymer was dissolved in 8 mL of THF (added
with a few drops of 1,4-dioxane to improve dissolution if necessary).
Then a KOH solution (240 mg in 2.5 mL methanol) was added. The
solution was stirred for 72 h and acidifed with 6 M HCI. For P(MAAM-co-
nBA-co-CKA), the solution was dried with a rotary evaporator and then
in vacuum oven at 50 °C. It was then dissolved in chloroform and filtered
through cotton to remove the salt (KCl) and dried again at 50 °C.

After acidification with HCI, the solvent in P(MMA-co-VAc-co-MDO)
solution was evaporated. The resultant crude was added with
dichloromethane (DCM), pyridine (4 mL, 2:1) and acetic anhydride
(0.04 mL) and catalytic amounts of 4-dimethylaminopyridine. The
contents were stirred at room temperature for 16 h. The reaction
mixture was diluted with DCM and washed with NaHCOj3, water, and
brine. The DCM layer was separated and evaporated to dryness to get
crude acetylated hydrolysed product. Both terpolymers were then
analyzed with GPC-THF.

3. Results and discussions

The composition of all the co- and ter-polymers was determined by

'H NMR spectroscopy. For Polymers 6-8, it was necessary to perform
3¢ quantitative NMR spectroscopy as overlap in 'H NMR spectra pre-
vented the determination of the polymer compositions (see Figs. S10-
S12). Fig. 1 shows the 1Y and '3C NMR spectra of P(MAAM-co-nBA-co-
BMDO) and Fig. 2 shows the 1 and '3C NMR spectra of P(MMA-co-VAc-
co-MDO), respectively. GPC analyses in THF was carried out for Polymer
1 and Polymer 4 to 13. The number average molecular weight (M), the
weight average molecular weight (M) and the dispersities were
determined using conventional calibration. Polymer 2 and 3 were not
soluble in THF. Degradation in basic conditions was tested for all P
(MAAM-co-nBA-co-CKA) terpolymers and for Polymer 13, P(MMA-co-
VAc-co-MDO). Resulting oligomers were analysed by GPC. All polymers
were analysed by TGA and DSC. The degradation temperature was
determined from a significant mass loss step in the mass versus tem-
perature curve. In some cases, a smaller mass loss step was observed
around 100 °C due to loss of hydration water (previously absorbed by
the sample). Tgs were taken from the second heating of DSC thermogram
(except for polymer 8, whose Ty is less clear than on first heating). Re-
sults are summarized in Table 3.

3.1. Kinetics of batch co- and ter-polymerizations

The kinetics of co- and ter-polymerization reactions was monitored
by 'H NMR spectroscopy. The disappearance of methylene proton of
MAAM, nBA, St, MMA, VAc and MDO as well as the disappearance of the
O-CH; protons of BMDO were compared to the hydrogen signals of
DMSO. Details are in Figs. S1 to S3 and Eq. (S1-S3)) in Supplementary
material. The evolution of monomer fraction versus time was also
monitored. Results are presented in Figs. S4 and S5 and raw data in
Tables S1 to S13 in Supplementary material. In the batch copolymeri-
zation reactions, from the evolution of the monomer fractions with the
overall monomer conversion, reactivity ratios were estimated with the
help of the CONTOUR software [57]. Kinetic results are presented in
Figs. 3 and 4. Reactivity ratio values are presented in Table 4. For our
experiments, the joint Confidence Intervals are shown in S33-35. The
JCI's are narrow ridges and the two reactivity ratios are strongly
correlated. This is likely due to the fact that only one monomer
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composition was experimentally studied.

We have to make the remark that the estimates for the reactivity

semi-batch reactions is the conversion-time relationship, we are not so

ratios are very crude and are only used to roughly estimate the monomer

addition profiles in the semi-batch reactions. As another unknown in the

concerned about the accuracy of the reactivity ratios.

From Fig. 3 and Table 4, we can observe that MAAM reacts quicker

with itself than with nBA. This does not confirm the results obtained by
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Table 4

Binary reactivity ratios of 5 copolymerization systems.
System Reactivity ratio® Literature
MAAM/nBA rvaam = 3.8(—0.8,+2.8); rppa = 0.9(—0.25, +0.77) This work
MAAM/ rvaam = 1.7 10' (=4, +20); rpypo = 0.6(—0.3, This work

BMDO +1.3)

MAAM/MDO  ryaav = 6.3(—1.7, +6.5); rypo = 0.37(—0.2, +0.6)  This work
nBA/BMDO Tuga = 3.7; 'empo = 0.08 [49]
nBA/MDO Tmea = 1.76; rvipo = 0.044 [16]
MMA/VAc rvma = 2.7 10%; ryac = 0.010 [58]
MMA/MDO rvma = 3.5; rmpo = 0.04 [33]
VAc/MDO rvac = 1.71; rupo = 0.95 [18]

1. Errors are estimated standard deviations.

Kuo et al. who copolymerized MAAM and MMA in 1,4-dioxane and
obtained the reactivity ratios ryjaam = 0.24 and ryva = 1.38 [57].
However, Kuo et al. results showed that MMA is preferentially consumed
in copolymerization systems with MAAM. Similarly, acrylates are also
more incorporated when they copolymerize with acrylamide. Moreover,
it is known that methacrylate are preferentially consumed in a copoly-
merization with acrylate. Thus, it is not a surprise to observe high
incorporation of MAAM (tertiary propagating radical) when it copoly-
merize with BA (secondary propagating radical).

Adding CKA in the batch lowers the rate of MAAM and nBA con-
sumption in the terpolymerization. In our previous study on alkyl ac-
rylates/MDO copolymerization, the opposite effect was observed.
Adding MDO in batch boosted the nBA consumption rate. It is known
than BMDO and MDO ring open radicals are more reactive toward vinyl
monomers than toward themselves [18]. Reactivity ratio values suggests
that this effect is more pronounced for the binary system nBA/CKA than
for MAAM/CKA. Greater values for the cross-propagation rate co-
efficients kcka-nsa than kcka-maam are assumed. Binary reactivity ratios
imply that nBA radicals have a higher chance to attack CKA than MAAM
radicals to attack CKA. Consequently, nBA-CKA-nBA should be the
dominant triad containing CKA. This might explain why MDO and
BMDO conversions are higher in terpolymerization systems MAAM/
nBA/CKA than in copolymerization systems MAAM/CKA (especially for
the reactions with BMDO, as observed in Fig. 3) but it does not explain
why the overall consumption of monomers is slower. By comparing
copolymerizations between MAAM/CKA and terpolymerization of
MAAM/nBA/CKA systems, we observe a quicker MAAM consumption
but similar rate of CKA consumption. From binary reactivity ratio
values, we would expect the presence of nBA to boost the CKA con-
sumption as (i) nBA radicals would cross propagate more with CKA
monomers than MAAM radicals with CKA monomers and (ii) nBA rad-
icals would cross propagate more with CKA monomers than with MAAM
monomers. However, it is known that binary reactivity ratios are not
always suitable to describe a terpolymerization system [30]. As
mentioned previously, Staudner et al. observed that for the terpolyme-
rization system 2-ethylhexyl acrylate/MAAM/St, ternary reactivity ra-
tios did not corresponds to the ones of the corresponding binary systems
[55]. We observe that BMDO reactivity is slower than MDO reactivity.
This was observed previously, and it is due to the bulkiness of BMDO.
Polyester units from BMDO are not inserted as much as from MDO units
in MAAM/nBA/CKA polymerization systems but curiously, BMDO leads
to more polyesters units than MDO when polymerized only with MAAM,
even if the presence of ring retained units is taken into account. This is
not consistent with the observation in Fig. 3.

When CKA is replaced by styrene, the kinetics are completely
different. The presence of styrene strongly reduces the kinetics of
monomer consumption. This is due to a combination of two effects. First,
styrene radicals are stabilized by the presence of the aromatic ring.
Finally, nBA radicals are more reactive toward styrene than toward nBA
monomers [59] and MAAM radicals are more reactive toward styrene
monomers than toward CKA monomers [54].

For the system MMA/VAc/MDO, polymerization reactions were
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carried out in bulk, leading to a quicker monomer consumption. Our
results confirm previous studies. MMA is reacted quicker than VAc [58],
which is quicker than MDO [38,48,60]. This is due to the presence of an
oxygen in « of the radical carbon of VAc. Oxygen is electronegative and
exerts an attracting effect and stabilizes the radical. It is known that for
copolymerization of VAc and MDO, both reactivity ratio values are close
to unity [10,30,41], which should lead to a perfectly random copolymer.
As a result, less composition drift is observed than for the system MMA/
MDO (Fig. S5). However, even though the observed composition drift for
MDO/Vac system is less important than for MDO/MAAM, MDO/MMA,
and MDO/nBA systems, it is still clearly visible and our data does not
show perfectly random copolymers. A recent study with much more data
point from Wenzel et al. showed higher difference in reactivity ratio for
MDO/Vac system (rypo = 0.43 £ 0.06; ryac = 3.25 £+ 0.12) [61]. If we
compare the bulk terpolymerization of these three monomers to the
three different bulk copolymerizations present in this study, we notice
that the addition of MDO inhibits the polymerization of VAc but not the
polymerization of MMA. It is also interesting to note that no Tromms-
dorff effect is observed in the co- and terpolymerization with MMA in
bulk. This could be due to the rapid conversion of MMA compared to the
comonomer(s). In our previous study, we demonstrated that the intrinsic
barriers for both ring-retained and ring-open MDO radical to add an
acrylate monomer is lower in energy than the intrinsic barrier to add
acrylate monomer to an acrylate radical [16]. This may apply for MMA
but not for VAc. Another observation is the slower rate of VAc and MDO
consumption in presence of MMA. This can be explained by the reac-
tivity ratio values for the system MMA/VAc. ryma (27.465) is much
higher than rya., which is close to zero (0.012). Consequently, in the
terpolymerization system, MMA is almost fully consumed when only less
than 30 % of the other monomers have reacted. Binary reactivity ratios
seem to correctly describe the kinetics of the terpolymerization of MMA,
VAc and MDO.

For the system P(MMA-co-VAc-co-MDO), no ring retention is
observed (see Fig. 2b and Fig. S20). Only a small signal at 102 ppm on
the 13C NMR spectrum of P(MMA-co-MDO) is observed (Fig. S19), but
with a signal-to-noise ratio below 3, which is the limit of detection.
Consequently, it is not possible to confirm the presence of ring retained
units. This confirms previous literature results on Vac and MDO copo-
lymerization, where no ring retained unit is observed [60,62].

3.2. Thermal analyses

To establish whether the terpolymers are more homogeneous when
produced in semi-batch operation, the appearance of the glass transition
temperatures in the DSC thermograms can give some indication.

Detailed results are in Table 1, Figs. S22 and S23. DSC thermograms
of copolymers P(MAAM-co-BMDO), and terpolymers P(MAAM-co-nBA-
co-BMDO) and P(MAAM-co-nBA-co-MDO) produced in batch do not
exhibit a glass transition onset, while when these terpolymers are syn-
thesized in semibatch, a single T clearly appears. The presence of a clear
glass transition onset shows homogeneous insertion of different mono-
mer units while no well-defined T, suggests a long glass transition tra-
jectory, sign of a large heterogeneity of polymer chains. This
demonstrates the importance of using a semibatch process in these ter-
polymerization systems. Units are inserted more regularly. This was
observed in our study on acrylate/MDO copolymerization but a Ty was
observed in all cases, regardless the use of batch or semibatch process
[16]. Free radical polymerization of three monomers can result in the
formation of more heterogeneous polymer chains than polymerization
of two monomers. P(MAAM-co-nBA-co-MDO) has a lower Tg than P
(MAAM-co-nBA-co-BMDO). This is due to the high flexibility of MDO
derived six carbon units, leading to increased segmental dynamics
causing overall lowering of the Ty. P(MAAM-co-nBA-co-BMDO) and P
(MAAM-co-nBA-co-St) have T of 32.30 °C and 25.72 °C respectively.
This shows that replacing St units by BMDO ring open units does not
significantly reduce the glass transition temperature as anticipated. This



J.-B. Lena et al.

could possibly due to the aromatic ring being part of the polymer
backbone reducing segmental mobility in P(MAAM-co-nBA-co-BMDO)
compared to the aromatic ring as a side group in P(MAAM-co-nBA-co-St)
system. The presence of a single Ty for P(MAAM-co-nBA-co-St), which is
produced in batch, can be explained by the much less pronounced
composition drift for the polymerization of this system (see Fig. 3d).

TGA analyses shows that all polymers degrade between 190 and
250 °C, which is very close to the degradation temperature of P(MAAM)
[53]. They have high thermal stability. Replacing styrene units by
BMDO ring open units does not significantly affect the degradation
temperature.

3.3. Oligomer analysis after degradation by alkaline hydrolysis

Alkali degradation was tested on one P(MMA-co-VAc-co-MDO), all P
(MAAM-co-nBA-co-MDO), all P(MAAM-co-nBA-co-BMDO) and the P
(MAAM-co-nBA-co-St) terpolymers. 'H NMR analyses of degraded
polymers suggest that degradation of P(MAAM-co-nBA-co-CKA) is
incomplete and that the ester side chains of nBA are partially hydro-
lysed. Regarding the degradation of P(MMA-co-VAc-co-MDO), 'H NMR
analyses show that degradation mostly occurs on side chains. Conse-
quently, only the degradation of P(MAAM-co-nBA-co-MDO) will be
discussed. More information is given in section 6 of Supplementary
material.

After treatment with base in methanol, all terpolymers were alkali
degraded except P(MAAM-co-nBA-co-St) whose only side chains were
hydrolysed. Its M;, remained unchanged as expected. Fig. S26 does not
clearly show the hydrolysis of the ester side group of n-BA units. GPC
analyses of other terpolymers show a M, between 2400 and 7000 g/mol
before degradation and 470 and 650 g/mol after degradation. This
confirms the incorporation of ester groups in the main chains. An
example of GPC chromatogram is given below (Fig. 5).

Fig. 6 shows a rough decrease of the Mn of oligomers with increasing
incorporation of CKA ring open units. Dispersity (P) of the oligomers
decreases with CKA ring open units. This is also clear from Fig. S29, GPC
chromatograms of oligomers resulting from the degradation of polymers
produced in semibatch are not as broads as the ones resulting from the
degradation of polymers synthesized in batch. Oligomers resulting from
the degradation of terpolymers produced in semibatch exhibit a lower
molecular weight and a lower D. This confirms that with a semibatch
process, (i) more polyester units are inserted and (ii) their insertion is
more uniform. More details will be given in the next section.

It is important to note that at this stage, we only obtained a rough
estimate of the size of oligomers and we do not know yet the degree of
hydrolysis and the composition of hydrolized products.

3.4. Batch versus semibatch process

A batch process in free radical copolymerization will result in
composition drift, except for some special cases. Consequently, a
broader copolymer composition distribution (CCD) will be observed. For
batch terpolymerization of MAAM, nBA and CKA, composition drift is
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Fig. 5. GPC traces before and after hydrolysis for P(MAAM-co-nBA-co-BMDO)
produced in semibatch (polymer 6).
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observed (see Fig. 7 (a) [reproduced from Fig. 3(d) for comparison] and
7 (b). Likely, at the early stage of the terpolymerization, chains rich in
MAAM and nBA are formed while toward high conversion, more poly-
esters units are incorporated. For the terpolymerization of MMA, Vac
and MDO, Fig. 8 shows that the consumption of MMA is much quicker
than the consumption of Vac and MDO. At low conversions, chains rich
in MMA are formed and then, more VAc and MDO units are incorpo-
rated. To avoid composition drift and enhance the incorporation of ester
units in the main chain, we tested semibatch process on MAAM/nBA/
BMDO, MAAM/nBA/MDO and MMA/VAc/MDO terpolymerization
systems as it was successful for alkyl acrylates/MDO copolymerization
systems [16]. In this work, binary reactivity ratios were used to predict
the addition feeding profiles (on conversion basis) using MAP software
and an initial guess of monomer feed rate is used. A complete work to
obtain an optimal monomer addition profile through iterative method in
MAP software can be found elsewhere [19]. As the presence of a CKA
inhibits the consumption of MAAM and nBA, the feeding time had to be
24 h to obtain acceptable monomer conversions. For the terpolymeri-
zation of MMA, VAc and MDO, as the polymerizations are carried out in
bulk, 8 h were sufficient to reach high conversion. Addition profiles are
presented in Fig. S24 in Supplementary material. Figs. 7 and 8 show a
comparison of the evolution of monomer conversions and of monomers
fractions versus time for batch and semibatch processes.

From Fig. 7, we note that with a semibatch process (i) the appearance
of composition drift is much less prominent, (ii) overall conversions of
each monomer are closer to each other, especially at the early stage of
the polymerization, and (iii) instantaneous monomer fractions vary only
very slightly over time. Even though binary reactivity ratios may not be
completely suitable to describe the kinetics of these terpolymerization
systems, addition feeding profiles for a semibatch process obtained
based on these reactivity ratio allow better incorporation of the slow
monomer. However, we note that in the terpolymerization MAAM/nBA/
MDO system, the use of a semibatch process does not significantly in-
crease the amount of MDO consumed. In the terpolymerization with
BMDO, the amount of BMDO consumed is higher if the polymerization is
in semibatch but to a lower extent that in the case of alkyl acrylate/MDO
copolymerization [53]. As observed in Fig. 7, the amount of MDO
consumed is already high in a batch polymerization. The main differ-
ence between these terpolymerization systems and the alkyl acrylate/
BMDO copolymerization is the effect of addition of CKA in the batch on
the overall kinetics. In this case, the kinetics is slightly inhibited while
addition of MDO in a batch with only alkyl acrylates boosted the ki-
netics. We recently demonstrated that even though single values of the
cross propagation rate coefficient of the slower monomer with other
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Fig. 8. Evolution of monomer conversions and of monomer fractions versus time for (a) and (b) MMA/VAc/MDO terpolymerization system in batch (polymer 12), (c)
and (d) MMA/VAc/MDO terpolymerization system in semibatch (polymer 13). The lines are only added to guide the eyes. For the graph (d), cumulative fractions take
into account the total amount of monomers and instantaneous fractions take into account the amount of monomers in batch.

monomers in the system does not determine the addition feeding profile,
it plays a major role in the kinetics of the system and thus on the time
needed to feed the monomers [22].

Results are slightly different for the semibatch terpolymerization of
MMA, VAc, and MDO. From Fig. 8, we note a significant increase of
MMA and MDO consumption, but even though initial and final mono-
mer fraction values are close to each other, a fluctuation of monomer
fractions is observed over the polymerization process. It is likely due to
the optimal addition profile. As 85 % of the VAc is initially introduced in
the batch while more than 99 % of the MMA is fed, more VAc and MDO
are consumed at early stage of the polymerization.

As expected, the amount of MDO and BMDO incorporated in the
terpolymers are higher with a semibatch process, as well as the ratio ring
opening (esters) units versus ring retention units (acetals). During a
reaction in semibatch, the ratio of CKA to other monomers is higher
throughout the feeding process, which favours the insertion of CKA units
but the overall monomer concentration is lower, which favours ring
opening vs ring retention. Ring retention is a bimolecular reaction
whose rate directly depends on monomer concentration [16,63]. On the
other hand, ring opening is a unimolecular step, and it is not related to
monomer concentration. The disadvantages of semibatch experiment
are the reduction of molecular weight and longer reaction times.

3.5. Chemical composition distribution (CCD) of terpolymer

As previously described, composition drift is expected for batch
terpolymerization because of the different reactivity ratio of the
monomers. For such system, a semibatch process affects the kinetic of
the polymerization and thus producing co- or ter-polymer with a more
homogenous CCD than a batch process. As a further indication here, we
briefly look at one of the systems in terms of this CCD. MAP software can
estimate the CCD based on the experimental monomer consumption
profiles. The CCD estimation by MAP provides a good indication of the
distribution of the monomers in the polymer chain which is also
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reflected in the T, Fig. 9 shows the CCD of MAAM/nBA/BMDO
terpolymer as estimated by MAP from batch, semibatch and the CCD
predicted under an optimal addition profile (OAP) process. The CCD of
OAP serves as a benchmark and is a theoretical prediction from MAP
under an ideal feeding profile. The CCD of Polymer 4 (Fig. 9A) clearly
shows composition drift in which initially the terpolymer is rich in
MAAM/nBA and as the these two monomers are depleted at high con-
version, more and more BMDO is incorporated in the terpolymer
(forming BMDO rich polymer) and then finally only poly(BMDO) is
formed as can be seen in the sharp peak at BMDO. On contrary, the CCD
of Polymer 5 obtained through a semibatch process, the CCD (Fig. 8B) is
clearly more homogenous and closer to the CCD of OAP (Fig. 9C). It is
more near to the centre of the distribution and no poly(BMDO) is
formed. The CCD of the other monomer system (MAAM/nBA/MDO and
MMA/VAc/MDO) (not shown here) is also calculated and show a sig-
nificant improvement as compared to its batch process.

The CCD plot of Polymer 4 and 5 is in good agreement with the
polymerization kinetics (Fig. 7a-d). In the semibatch process, the con-
version of each monomers is closer to each other as compared to the
batch process. In terms of the T, Polymer 4 doesn’t show a clear tran-
sition whereas Polymer 5 shows one clear transition at 32.3 °C indi-
cating a more homogeneous polymer. All these data are consistent with
each other.

It is important to note that the CCD predicted by MAP software is not
a measured CCD. It is actually very challenging to measure the CCD of a
terpolymer. With MAP, the estimated CCD (based on the monomer
consumption curves) gives an indication of the distribution of the
monomer composition in the polymer chains for any polymerization
process.

4. Conclusion

Degradable poly(MAAM-co-nBA) can be obtained by terpolymeriz-
ing MAAM, nBA and a CKA. The terpolymerization approach is
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Fig. 9. CCD estimated by MAP for MAAM/nBA/MDO polymerization under (a) batch, (b) semi-batch, and (c) optimal addition profile.

demonstrated to work across different CKA monomers (MDO and
BMDO) and different vinylic monomers (vinyl acetate, acrylate, and
methacrylate monomers). The incorporation of ester units can be
improved by using a semibatch process with optimal addition feeding
profiles. These profiles are obtained from reactivity ratios. Even though
binary reactivity ratios might not perfectly describe these terpolymeri-
zation systems, they are still acceptable to predict the addition feeding
profile. Using a semibatch process is very important as it allows
obtaining polymers with a well-defined T,. Terpolymers were success-
fully degraded into short oligomers. GPC analyses of these oligomers
shows a more random insertion of ester units in the main chain when a
semibatch process is used. If in a terpolymer containing MAAm, alkyl
acrylate and styrene units the styrene is replaced by BMDO ring open
units, neither Ty nor thermal stability are significantly affected. In
general, molecular weights go down with the use of CKAs under the
same conditions. One could compensate for this effect, by changing
conditions or with the use of a crosslinking agent. These results are
important in relation to the feasibility of making existing products more
biodegradable, for example, film forming terpolymers used in the per-
sonal care products.
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