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Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) is currently used for a wide range of applications,
often involving the synthesis of block copolymers. Here, an in-depth characterization of PDMAEMA pre-
pared by atom transfer radical polymerization (ATRP) is reported, with a focus on end group analysis. The
structure of the polymer was elucidated by one- and two-dimensional NMR spectroscopy, which
assessed the presence of deactivated chains and allowed for a quantification of their fraction. Detailed
characterization by MALDI-TOF MS further provided insightful information about the chain end fidelity.
On this basis, termination by disproportionation was found to be the main mechanism for the loss of
active chain ends. The detailed characterization allowed for an estimation of the preserved chain end
functionality (CEF) of PDMAEMA. Additionally, a chain extension experiment was conducted, using
PDMAEMA as a macroinitiator for the polymerization of methyl methacrylate (MMA) by ATRP. The results
of chain extension supported the estimation of CEF based on the data provided by NMR and MS.
Although assessing the degree of polymerization of a block copolymer proves challenging when the
amount of the initial block able to act as a macroinitiator is not known a priori, an accurate estimation of
the DP and M,, of the obtained block copolymer was possible by total nitrogen analysis. The tools here
provided for the characterization of PDMAEMA and its block copolymer architectures allow the obtain-
ment of essential information about the extent of control over the homo- and copolymerization.
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Introduction

PDMAEMA is a polymethacrylate with attractive properties, the
first being its solubility in aqueous media." Furthermore, due
to the presence of dimethylamino pendant groups in its
polymer chain (Chart 1), PDMAEMA is both pH- and tempera-
ture-responsive in water. At pH = 8, the dimethylamino groups
are partially protonated and the polymer displays a lower criti-
cal solution temperature (LCST) ranging between 32 and
57 °C. At pH = 10, the contracted state of completely non-
ionized chains results in a decrease of the LCST to as low as
25 °C. At pH = 4, on the other hand, the polymer is fully proto-
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nated and not thermoresponsive." The exact values of pH
and LCST are dependent on the molecular weight.
Additionally, the introduction of permanent charges by
methylation of the amines can systematically increase the
LCST.*® Fully quaternized PDMAEMA is a strong polyelectro-
lyte whose solubility in water is no longer affected by tempera-
ture or pH.

These tunable properties arising from the amine function-
ality, combined with PDMAEMA’s biocompatibility, have
opened up routes for applications in the biomedical field such
as drug delivery with stimuli-driven controlled release®® and
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Chart 1 Repeating unit of poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA).
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gene therapy, owing to its efficient DNA complexation.>°
Moreover, the polymer is investigated for a wide spectrum of
additional advanced applications such as water-dispersed
nanolatexes,'"'? electrostatic adsorption and surface modifi-
cation of negatively charged substrates,"*'* antimicrobial
materials,"'® biosensor and bioseparation systems based on
stimuli-responsive grafted surfaces,'”'® water nanofiltration
membranes,'®?® and stabilization of Pickering emulsions.>"*?
The majority of these applications require a tailored design
and a well-defined structure.

PDMAEMA as a homopolymer with narrow molecular
weight distribution has been synthesized primarily by atom
transfer radical polymerization (ATRP)**>® and reversible
addition—fragmentation chain-transfer (RAFT).>°>® The devel-
opment of these reversible deactivation radical polymerization
(RDRP) techniques has also led to the preparation of well-
defined copolymers of PDMAEMA with various architectures,
ranging from random, gradient, block and star copolymers>®~"
to macromolecular brushes.””?>** Among these structures,
amphiphilic block copolymers made of a hydrophilic
PDMAEMA block and a hydrophobic block—often poly(methyl
methacrylate) (PMMA), poly(butyl methacrylate) or polystyrene
—have gained significant attention. Their most distinctive
characteristic is the ability to spontaneously self-assemble in
water, which has been extensively studied.’**® PDMAEMA is
an attractive choice of a hydrophilic corona in these micellar
systems, not only promoting “smart” properties related to the
response to varying pH values and temperatures,®” > but also
effective adsorption onto hydrophilic substrates.*®™*>

Well-defined PDMAEMA has an advantageous structure in
the context of a wide variety of research fields over the past
three decades. However, its synthesis entails specific chal-
lenges which are not always addressed in application-driven
studies: (1) the amines in DMAEMA units may be involved in
unwanted side reactions. In the context of RDRP techniques
involving the use of metal catalysts, the pendant amine groups
can compete with the selected ligands (usually amines) in
metal complexation. Consequently, achieving good control
over the polymerization is challenging and reducing the
amount of the metal catalyst employed is hardly feasible,
although it has been explored with tailored methods.***?
Moreover, the amines may participate in nucleophilic substi-
tutions and redox reactions. (2) Thermally induced self-
initiated free radical polymerization of DMAEMA is known to
take place, although with a low rate of initiation, as first eluci-
dated by Shalati et al.** (3) DMAEMA readily undergoes hydro-
lysis when polymerized in the presence of water, generating
methacrylic acid which is then incorporated into the polymer
chain, to an extent that can be limited by controlling the pH
and quantified.”> PDMAEMA, on the other hand, is not sensi-
tive to hydrolysis,*® unlike its acrylate counterpart poly(2-(di-
methylamino)ethyl acrylate).”””*® (4) When synthesized in
polar protic media, PDMAEMA’s response to pH and tempera-
ture must be taken into account.

In studies where well-defined architectures are required, a
thorough characterization of PDMAEMA and its copolymers is
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needed. However, there is a lack of systematic knowledge on
how to elucidate PDMAEMA’s structure with commonly avail-
able techniques. To the authors’ knowledge, during the past
few decades only a limited number of studies have dwelled on
PDMAEMA’s detailed characterization by nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry
techniques,*®*°~>! which can provide useful information about
the degree of polymerization, molecular weight distribution
and chain end fidelity. In the context of mass spectrometry,
both matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS) and electrospray ioniza-
tion mass spectrometry (ESI-MS) are widely used for the struc-
tural investigation of synthetic polymers, with different advan-
tages and limitations,”>* and the choice of one over the other
is usually a matter of availability.>* However, neither of them
has been intensely used and thus optimized for PDMAEMA.
Size-exclusion chromatography (SEC), on the other hand, is
often used for estimating the molecular weight of PDMAEMA,
although it does not give highly representative results in terms
of molecular weight,**! as discussed later.

In this work, the aim is to provide adequate tools for the
characterization of PDMAEMA, with an in-depth investigation
of its structure by one- and two-dimensional NMR spec-
troscopy and MALDI-TOF MS. The objective is not to optimize
experimental parameters for the synthesis, but to highlight
important information that can be deduced from widely avail-
able analysis techniques. With this, we aim to further
strengthen the potential of PDMAEMA and its copolymer
architectures.

For this purpose, a commonly used method for the RDRP
of DMAEMA was applied to prepare a model PDMAEMA that
was extensively characterized: a typical protocol for ATRP
mediated by CuBr, with a tetradentate ligand, in acetone.
Similar protocols are widely used for the synthesis of
PDMAEMA in view of various applications,®***%> in some
cases targeting its chain extension to yield block
copolymers.*****® Especially for the latter goal, as well as for
the purpose of chain end functionalization post-polymeriz-
ation,”” having information about the chain end fidelity is of
primary importance. Traditional ATRP is most commonly
mediated by CuBr. Copper bromide salts are preferred over
copper chloride salts since alkyl bromides are more active than
the corresponding alkyl chlorides.”® However, bromine is con-
sidered a rather labile end group due to the low dissociation
energy of the C-Br bond and its loss has been observed during
polymerization at medium to high conversions.>**°

Furthermore, samples of PDMAEMA were prepared by tra-
ditional ATRP mediated by CuCl (PDMAEMA(,), as well as with
a very different ATRP system mediated by a photoredox catalyst
(PDMAEMAyy, gpizg and PDMAEMAyy kgpa), to provide insights
into the different impacts of side reactions when varying the
parameters of the ATRP system.

In this study, characterization aspects providing important
information about the control and livingness of the polymeriz-
ation are highlighted. The investigated characterization tools
allow the obtainment of essential information about the pres-

This journal is © The Royal Society of Chemistry 2023
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ervation of chain end functionality (CEF) ie. the fraction of
chains bearing the active w-end group which enables con-
trolled propagation. CEF is often considered the most impor-
tant parameter for assessing the livingness of ATRP
systems.®"®* Additionally, a chain extension experiment was
conducted to add evidence with respect to the CEF of the syn-
thesized PDMAEMA.

Experimental

DMAEMA was polymerized by CuBr/HMTETA-mediated ATRP
in acetone at 30 °C, using ethyl a-bromoisobutyrate (EBiB) as
the initiator. The polymerization was conducted with the fol-
lowing molar ratios of monomer, initiator, catalyst, and
ligand: [M]/[I}J/[Cu(1)]/[L] = 65/1/1/2, in the absence of external
stimuli. PDMAEMA was obtained at 52% conversion (¢ =
135 min); unless stated otherwise, the results of the character-
ization of this PDMAEMA sample were discussed. During the
synthesis, purification and storage of PDMAEMA, heating was
always avoided aiming to lower the risk of side reactions.

In a second step, PDMAEMA was chain-extended with
PMMA, producing a PDMAEMA-b-PMMA block copolymer. The
polymerization of MMA was carried out by CuCl/HMTETA-
mediated ATRP in acetone at 50 °C, with the following molar
ratios of monomer, initiator, catalyst, and ligand: [M]/[I]/
[Cu(]/[L] = 400/1/1/2. PDMAEMA-b-PMMA was obtained at
55% conversion (¢ = 280 minutes); unless stated otherwise, the
results of the characterization of this PDMAEMA-b-PMMA
sample were discussed.

The reaction steps are visualized in Scheme 1. Further experi-
mental details, as well as the synthetic procedures for preparing
PDMAEMA;;, PDMAEMAyy gz and PDMAEMAgyyggpa, are
reported in the ESL{

Results and discussion
DMAEMA polymerization kinetics

PDMAEMA was synthesized by applying a commonly used
ATRP protocol employing a CuBr/HMTETA catalyst complex.
The reaction kinetics was monitored by "H-NMR and the
polymerization was stopped at approximately 50% conversion,
aiming for a limited extent of termination and for the preser-
vation of the active chain end functionalities.®® The latter is
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specifically important to enable chain extension, from the per-
spective of designing well-defined polymer architectures for
materials science applications. The "H-NMR of the polymeriz-
ation mixture at final conversion is reported in Fig. S1.7

The polymerization kinetics is presented in Fig. 1A. The
values of In([M]y/[M]) were found to increase rather linearly
with time after what could appear to be an induction period
affecting the initial polymerization rate. A linear behavior of
In([M]o/[M]) is commonly considered a sign of good control
over the reaction, indicating a stable concentration of active
species. However, the slightly curved trend observed in the
kinetics plot is likely to be the result of slow initiation, which
is observed in the polymerization of methacrylates in tra-
ditional ATRP systems.®*®** The kinetics plot gives no direct
indication of the chain end fidelity. Further investigations are
essential to gain information about the fraction of chain end
functionality (CEF) preserved when the polymerization is
stopped.

The deviation from the linear behavior of the plot of
number average molecular weights determined by SEC
(M, skc) as a function of conversion (Fig. 1B) can be correlated
with slow initiation or side reactions that are hampering the
control. Nonetheless, the evolution of M, sgc is not regarded
as highly sensitive to termination reactions.®

An overlay of SEC traces revealing the evolution of mole-
cular weight distributions (MWDs) with increasing monomer
conversion is reported in Fig. S2.f To a certain extent, low
molecular weight tailing was observed which may indicate loss
of active chain ends in the course of the polymerization.
The dispersity (P) values obtained, around 1.2 (Fig. 1B), are
consistent with other reports of ATRP of DMAEMA at low
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Fig. 1 (A) Kinetic plot of In([M]o/[M]) (W) and conversion (O) over time

for the ATRP of DMAEMA. (B) M,, sec (A\) and dispersity (A) of PDMAEMA
determined by SEC in DMF as a function of degree of conversion.
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Scheme 1 Synthesis of PDMAEMA and subsequent chain extension with MMA. X = Br or CL.
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temperatures.”>*® This P, rather high in the context of RDRP
systems, indicates the presence of side reactions; it is usually
higher for DMAEMA polymerizations performed at higher
temperatures.”> However, SEC results are to be interpreted
carefully, as discussed later.

From the final monomer conversion, the theoretical degree
of polymerization of PDMAEMA was calculated as DP, = 34,
resulting in an average molecular weight M, ¢eo = 5500 g
mol ™. This value was later confirmed by the end group ana-
lysis of PDMAEMA conducted by NMR after purification.

1D and 2D NMR analysis of PDMAEMA

A comprehensive and detailed interpretation of the NMR
signals of PDMAEMA prepared by RDRP was not found in the
literature. In fact, wrong interpretations have been reported
because of this lack of accessible information. Here, an exten-
sive investigation of the structure of the purified polymer was
carried out by means of NMR spectroscopy, which allowed the
determination of the experimental DPyyr from end group ana-
lysis and estimation of CEF.

View Article Online

Polymer Chemistry

For the purpose of conducting an in-depth analysis of NMR
spectra, acetone-d¢ was preferred over CDCl; and D,O, as it
provided the highest peak resolution while allowing for high
concentrations of PDMAEMA. The signals in the '"H-NMR spec-
trum (Fig. 2) and in the "C-NMR spectrum (Fig. S31) were
identified with the aid of two-dimensional NMR spectroscopy
—correlation spectroscopy (COSY), heteronuclear single
quantum coherence (HSQC) and heteronuclear multiple bond
correlation (HMBC)—and distortionless enhancement by
polarization transfer (DEPT). The resulting spectra, together
with the respective assignments, are reported in Fig. S4-S9.1

In the "H-NMR spectrum of PDMAEMA initiated by EBiB,
the signals arising from the o chain end (Hj, Hj, Hiq) and Hyg))
were identified, providing useful information. The normalized
integral ratio between the broad triplet arising from protons H;
and polymer signals, as shown in Fig. S10, allowed the calcu-
lation of DPyyr = 34 and consequently M, xvr = 5500 g mol ™.
This value, coinciding with the calculated M, ¢heo, is an indi-
cation of overall good control over the polymerization; possible
side reactions have not led to a deviation from the targeted DP.
The occurrence of self-initiation (which has been shown to
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Fig. 2 Enlargement of the !H-NMR of PDMAEMA in acetone-ds. The full spectrum is reported in Fig. S11,1 and the assignments are supported by
2D NMR spectra (Fig. S4-S97). An “s” notation is used to mark the multiplet arising from acetone-dg (2.05 ppm) along with the singlet arising from
residual acetone (2.09 ppm). The signal at 2.44 ppm, marked with a dotted cross, is a satellite of the intense H. signal, as it is evident in the HMBC

spectrum (Fig. S87); the second satellite overlaps with the solvent signal.
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take place at higher polymerization temperature than that
selected in this study**) would affect this calculation; however,
the absence of self-initiation was confirmed by MALDI
TOF-MS analysis.

The interpretation of the region of the "H-NMR spectrum at
a low chemical shift is often neglected when spectra of
PDMAEMA are reported. However, since the signals of the o
chain end are commonly found in this region, it is important
to report a comprehensive analysis. The methyl and methylene
protons in the backbone of PDMAEMA give rise to signals
both in 'H-NMR and "*C-NMR spectra which are split in dis-
tinct peaks associated with different configuration sequences.
In the '"H-NMR spectrum, in agreement with the peaks that
have been described for PMMA,®® the methyl group on the
polymer backbone (H,) gives three signals: 0.95 ppm (syndio-
tactic triad, rr), 1.09 ppm (heterotactic triad, mr/rm), and
1.30 ppm (isotactic triad, mm). The content of triads with
different tacticity configurations in the polymer chain is pro-
portional to the areas of the respective peaks, when well
resolved.®” Based on the signals arising from H,, it is evident
that isotactic triads are present only in low amounts, whereas
syndiotactic triads are prevalent. The signals arising from the
methylene protons in the backbone (Hy) appear at 1.50, 1.90
and 1.96 ppm, with a more complex configuration-based split-
ting compared to H,.

Similarly, the "> C-NMR spectrum of PDMAEMA presented
in Fig. S31 shows tacticity-split signals of methyl (C,), methyl-
ene (Cp), quaternary (Cq) and carbonyl carbons in the back-
bone, with patterns that are typical of polymethacrylates.>"*°

While the signals of the initiator segment at the a chain
end were identified, w-end group analysis by means of NMR
was limited. Evidence of Br-terminated PDMAEMA chains is
hard to find in NMR spectra because of overlapping signals.
The protons of the methyl and methylene groups geminal to
the Br-end group cannot be distinguished for this reason, as
already pointed out in a previous study.”® Similarly, in the
BC-NMR spectrum the signal of the quaternary carbon at the
chain end, expected at approximately 58 ppm in analogy to Br-
terminated PMMA,®® overlaps with the Cq4 resonance (Fig. S31).

On the other hand, small characteristic signals of
o-unsaturated polymer chains were detected in the NMR
spectra of PDMAEMA, as a consequence of side reactions
affecting the o chain end. After proving that they did not orig-
inate from monomer residues, a quantitative analysis of CEF
was conducted based on their integration, made possible by
the selection of suitable parameters for the NMR analysis (i.e.
the sample concentration and the number of scans).

Two signals of alkene protons were identified in the
"H-NMR spectrum at 5.61 and 6.18 ppm, denoted H,() and
H,(;) in Fig. 2. These signals were found to correlate with each
other in the COSY spectrum (Fig. S5t) and to correlate with
carbon signals of low intensity in the HMBC spectrum, attribu-
ted to the w chain end (Fig. S87). Based on their chemical shift
and on the HMBC long-range C-H correlations, the signals
were attributed to the alkene protons of structure III shown in
Scheme 2. Their chemical shift is extremely similar to that of

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Possible side reactions leading to active end group loss
during the Cu()-mediated ATRP of DMAEMA. ° Disproportionation.
b Chain transfer. € Elimination of HB.

the alkene protons of the DMAEMA monomer, but diffusion-
ordered spectroscopy (DOSY) allowed their assignment to
polymer units and not the residual monomer. In the DOSY
spectrum of the polymer (Fig. S127), protons H,;y and Hy,
indeed have a diffusion coefficient of approximately 1 x 107°
cm? 57, in contrast with the diffusion coefficient of 2 x 107>
em” s displayed by the monomer signals (Fig. S137).

Side reactions affecting the control over the polymerization
are known to occur during polymerizations via traditional
ATRP, especially when the reaction is stopped at medium to
high conversions.®® In Scheme 2, the major possible pathways
towards the formation of PDMAEMA “dead” chains, under the
current experimental conditions, are summarized as follows:
(a) termination via disproportionation, producing an
o-unsaturated chain (structure III)—via abstraction of a methyl
proton from the propagating radical chain—and an
o-hydrogenated chain (structure II) in a 1:1 ratio. On the
other hand, the elimination product originating from the
abstraction of a methylene proton (structure III-A in
Fig. S14Aft), is commonly neglected,>***7° since structure III is
largely favored due to lower steric hindrance.”" Nonetheless,
the formation of structure III-A is not expected to alter the
results of this study in terms of CEF assessment: in MS, the
mass would be equal to that of structure III; in 'H-NMR, the
signal of the resulting alkene proton is expected to overlap
with the signal of proton H,, of structure III, and therefore it
would be accounted for. (b) Chain transfer via hydrogen
radical abstraction, which has been shown to occur under
certain conditions with the ligand acting as the hydrogen
radical donor (usually at very high conversions or in the pres-
ence of excess ligand; however, in this study it cannot be
excluded that DMAEMA amines may lead to a similar
reaction).”>”’* (c) Additionally, it has been reported that the
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elimination of HBr occurs during ATRP at medium to high
conversion,®®”* also leading to structure III.

Termination via recombination, on the other hand, is
known to have a minor impact on the polymerization of metha-
crylates, compared to disproportionation. To mention a largely
studied example, approximately 70% of termination occurs via
disproportionation for PMMA at 25 °C.%*7%”” However, dispropor-
tionation is known to be even more dominant for polymer chains
with a bulkier ester alkyl side group, such as PDMAEMA;”® model
studies have shown that the ratio of kw/ky, (Where ki is the rate
constant of termination via disproportionation and &, is the rate
constant of termination via recombination) is approximately
twice as high for butyl methacrylate (BMA) compared to MMA.”*
In this study, recombination was thus not expected to be a signifi-
cant side reaction in the polymerization of DMAEMA, which was
confirmed by MALDI-TOF MS.

From the ratio between the integrated signals of the Hy( or
H,(;) alkene protons at unsaturated o chain ends and the
signal of « chain end protons H; (Fig. S107t), it was found that
approximately 27% of all PDMAEMA chains are terminated
with a C=C double bond (although small signals only allow
for a rough estimation). If disproportionation was the main
mechanism responsible for the formation of chains of struc-
ture III, a population of structure II should be present in an
equal amount, resulting in CEF ~ 46% (approximately 54% of
all PDMAEMA chains are devoid of the active w-end group).
This assumption was further supported by the results of
MALDI-TOF MS.

The singlet of the terminal proton in structure II could not
be identified in the 'H-NMR spectrum, therefore a direct
quantification of structure II was not possible by means of
NMR spectroscopy. Structure II was, however, detected by
MALDI MS measurements.

Overall, highly valuable data were obtained from NMR ana-
lysis. The assignment of the signal of proton H; at the o chain
end allowed the determination of the M, xmr. Moreover, in
combination with the unequivocal assignment of protons Hy()
and H,(; at the o chain end, it enabled a preliminary esti-
mation of CEF.

When comparing the 'H-NMR spectrum of PDMAEMA
shown in Fig. 2, obtained in acetone-ds, with a spectrum of the
same polymer in D,O (Fig. S15%), it is evident that less infor-
mation is provided by the latter.

The results highlight a rather poor chain end fidelity and a
large impact of side reactions over the polymerization mecha-
nism, despite the fairly good data obtained in terms of kine-
tics, the agreement between the targeted and experimental
degree of polymerization, as well as dispersity of the polymer.
In the current case, the end group loss was apparently slow
enough for it not to alter the agreement between the targeted
and experimental DP. Stopping the polymerization at higher
conversion would most likely lead to more evident effects.
However, a low CEF obviously has a detrimental effect on the
possibility of chain-extending PDMAEMA, as confirmed later,
and therefore it is important to highlight which tools are avail-
able to assess it.
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The polymerization conditions may be tuned to improve
the control over the side reactions, but this was beyond the
scope of this work.

MALDI-TOF MS analysis of PDMAEMA

Structural investigation of PDMAEMA was further conducted
by mass spectrometry, which can provide in-depth insight into
the chain end fidelity. In this regard, soft ionization MS tech-
niques are a powerful asset, since they can display specific
populations of polymer chains. Quantitative analyses are,
however, challenging due to limitations such as mass bias.**

MS spectra of PDMAEMA have rarely been reported in the
literature, and the use of this analysis should be further opti-
mized. The interpretation of the spectra was not straight-
forward, and some important limitations were encountered
when using MALDI-TOF MS for the characterization of
PDMAEMA. The following discussion is expected to be a valu-
able basis for further studies.

An enlargement of the MALDI-TOF MS spectrum of
PDMAEMA (isolated at 52% conversion) is presented in
Fig. 3A. A population corresponding to structure I (Scheme 2)
was not detected in the spectrum. Two main populations were
observed, as Na' adducts. The consecutive peaks in each of
these populations are separated by a mass interval corres-
ponding to the monoisotopic mass of DMAEMA repeating
units (A = 157.1 + 0.1), hence the peaks are to be attributed to
polymer chains. This provides proof that no side reactions
have affected the units in the main populations of polymer
chains. Additionally, smaller peaks due to adducts with H"
and K" are present.

The masses of the peaks in the major series correspond to
the masses of the overlapping isotopic distributions of struc-
tures II and III shown in Scheme 2. The presence of
o-hydrogenated and w-unsaturated chains devoid of the Br-end
group functionality is in agreement with the findings deduced
from NMR analysis, although MALDI-TOF MS provides signifi-
cantly more detailed information. The population of de-
activated chains appears to be predominant in the mass
spectrum.

The absence of the expected end group in the masses of at
least one of the main populations detected by MALDI-TOF MS
is often observed for polymethacrylates and polyacrylates pre-
pared by RDRP techniques, confirming the presence of side
reactions during polymerization such as those displayed in
Scheme 2.7>7%7781 1t must be noted that dehalogenation via
gas phase elimination of HBr or HCI during the MALDI ioniza-
tion process, and thus not correlated with reactions occurring
during polymerization, has also been proposed in this
context.>>®”® Nonaka et al. proved that under their experi-
mental conditions, the appearance of peaks due to deactivated
chains of poly(methyl methacrylate), poly(methyl acrylate) and
polystyrene was linked to the high laser power and decompo-
sition during the flight in the reflector mode.*® In this study,
the minimum laser power required to generate a spectrum was
used, and the ratio between the peak intensities of the two
main populations observed when mass spectra were acquired

This journal is © The Royal Society of Chemistry 2023
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(A) Enlargement of the MALDI-TOF MS spectrum of PDMAEMA acquired in the reflector mode, where monoisotopic masses of different

populations are reported. In the case of populations Il and lll, whose signals overlap, the monoisotopic mass of population Il is reported. The full
spectrum is shown in Fig. S17C.1 (B) Comparison between the observed isotope distributions and those simulated via EnviPat,®® with arrows pointing

at the monoisotopic masses of different populations for DP = 12.

in the reflector mode (Fig. 3A) is similar to that obtained in
the linear mode (Fig. S16Bt) with the latter displaying lower
isotopic resolution. Moreover, complementary evidence of
o-unsaturated structures was found in the NMR spectra.
Therefore, the mass populations assigned to structures II and
III were believed to exist in the sample prior to analysis, at
least partially; a contribution of gas phase HBr elimination
during the MALDI process could not be excluded.

A MALDI-induced dehalogenation process involving cycliza-
tion at the w-chain end is proposed here to account for the
presence of the population of lower intensity identified in the
mass spectrum, whose masses are equal to those of chains of
structure IV, depicted in Scheme 3. It has been shown pre-
viously that the C-X (X = Br or Cl) bond in polymethacrylates
may be unstable under the conditions of the MALDI ionization
process, in contrast with polyacrylates.?” Irvine and co-workers
demonstrated that decomposition via the loss of methyl
bromide and formation of a five-membered lactone end group
can occur for halogen-terminated PMMA.®® Evidence of PMMA
with this end group in MALDI-TOF MS analysis has since been

Scheme 3 Proposed mechanism of PDMAEMA w-end group decompo-
sition during MALDI-TOF MS analysis.

This journal is © The Royal Society of Chemistry 2023

89-91 Here, a similar mechanism

highlighted in several studies.
is proposed for the end group decomposition of PDMAEMA
during MALDI, with loss of 2-bromo-N,N-dimethylethanamine
and cyclization as depicted in Scheme 3.

The interpretation of the masses allowed the identification
of the main populations of PDMAEMA chains, with the
support of well-resolved isotope distributions. The isotope dis-
tributions of the peaks assigned to populations IV and II + III
were compared to simulated isotope distributions, as shown in
Fig. 3B (where the simulated isotope distribution arising from
population II + III was based on a 1:1 intensity ratio between
the two populations). The similarity of the observed patterns
with simulated patterns is a strong confirmation of the assign-
ment of the peaks to the proposed structures.

The intensity ratio between peaks of populations IV and II +
III was not used for an estimation of CEF, for two reasons.
First, the mechanism shown in Scheme 3 might not be the
only process of MALDI-induced end group decomposition
occurring for PDMAEMA. Second, a strong effect of mass dis-
crimination towards shorter chains was observed, especially
when mass spectra were acquired in the reflector mode (e.g.
the spectrum reported in Fig. 3A), but probably also affecting
the spectra obtained in the linear mode (Fig. S16Aft). For this
reason, MS was not used for assessing the average molecular
weight and dispersity of PDMAEMA. Mass discrimination
towards shorter chains has been highlighted and thoroughly
studied for more common polymethacrylates, such as
PMMA.?>®* On the other hand, the data available on matrix
selection and optimization of sample preparation for
PDMAEMA are still very scarce. In this work, a limited screen-
ing of commonly used matrices was carried out before select-
ing 2,3-dihydrobenzoic acid (DHB) as the preferred matrix.
Further studies may provide improvements in this regard.

The issue of mass discrimination obviously implies that the
amount of terminated polymer chains is overestimated in the
mass spectra. Accordingly, the intensity of the peaks assigned
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to population IV, even lower than expected on the basis of the
NMR results, was not directly correlated to the amount of Br-
terminated PDMAEMA chains in the sample prior to analysis.

The relative intensity of the signals of populations II versus
111, on the other hand, provides information about the ratio
between the different side reactions discussed above and dis-
played in Scheme 2. Since both populations II and III are
present in the mass spectrum, and with a roughly 1:1 inten-
sity ratio, it is reasonable to assume that disproportionation is
the dominating side reaction leading to end group loss. A con-
tribution from both elimination of HBr (mechanism c) and
chain transfer (mechanism b) to the formation of populations
IIT and II, respectively, could be additionally present. There are
several studies investigating end group analysis of various poly-
mers by mass spectrometry where only w-hydrogenated chain
ends have been detected,”>’*"> hence suggesting the occur-
rence of chain transfer reactions. In contrast, when popu-
lations of w-unsaturated and o-hydrogenated chains are
detected with equal intensity, disproportionation is the most
likely cause.®

Since MALDI-TOF MS spectra indicate that o-hydrogenated
polymer chains are present in a 1:1 ratio with respect to
wo-unsaturated chains, the results corroborate the calculation
of CEF =~ 46% based on NMR analysis.

To gain some qualitative insight into the evolution of CEF
with conversion of PDMAEMA, samples isolated at increasing
monomer conversions were analyzed by MALDI-TOF MS. The
mass spectrum of the polymer at 14% conversion (Fig. S17A¥),
when M, heo = 1400 g mol™, shows a single distribution of
peaks with masses corresponding to those of population 1V,
and therefore attributed to active chains with the preserved Br
end group. It can be concluded that, at this early stage of the
polymerization, termination was not significant. At 35% con-
version (Fig. S17Bf), when M, meo = 3600 g mol™", active
and deactivated chains generated two populations of roughly
equal intensity. Finally, at 52% conversion (Fig. S17Ct}), when
M, theo = 5500 g mol ™", the population of deactivated chains
became predominant. Although the last two measurements
were affected by mass discrimination to some extent, the
results correlate with a gradual loss of bromine functionality
during the synthesis, starting at rather low values of
conversion.

The results of MALDI-TOF MS analysis on PDMAEMA con-
firmed the significant presence of deactivated chains, as first
suggested by the NMR spectra. Furthermore, mass spectra
allowed the obtainment of insightful information about the
mode of end group loss and thus confirmed the estimation of
CEF =~ 46%. Finally, it is worth pointing out two additional
considerations. First, a population with masses corresponding
to self-initiated chains was not detected in the spectra,
suggesting control over the initiation mechanism. Second, a
population with masses corresponding to bimolecular termin-
ation via recombination was not present in the mass spectra
acquired in the linear mode (less affected by mass discrimi-
nation), suggesting that this termination route is not plausible
for PDMAEMA under the current experimental conditions.
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Comparison with different ATRP systems

PDMAEMA synthesized with a traditional EBiB/CuBr/HMTETA
ATRP system, and recovered at approximately 50% conversion,
was herein used as a model PDMAEMA on which an extensive
end group analysis was conducted. Since a variety of ATRP
methods exist, with significant differences, it is relevant to
apply the characterization tools investigated here to
PDMAEMA synthesized using different ATRP systems,
especially from the perspective of highlighting the value of
CEF, and the impact of different side reactions by means of
MALDI-TOF MS. For this reason, the analysis of PDMAEMA
prepared using two additional ATRP systems is discussed here.

First, PDMAEMA was synthesized using CuCl while
keeping all other experimental conditions previously used for
the CuBr-mediated ATRP constant. Chlorine is regarded as a
less labile RDRP end group compared to bromine, due to the
higher dissociation energy of the C-CI bond, therefore the use
of CuCl is expected to result in less significant side reactions,
as opposed to CuBr.’®®” The dispersity of PDMAEMA;, deter-
mined by SEC in DMF (P = 1.2) was similar to that observed
for PDMAEMA synthesized by CuBr-mediated ATRP.

In the mass spectrum recorded for PDMAEMA(
(Fig. S18Af), the same major populations observed for
PDMAEMA synthesized with CuBr were detected (IV and II +
III). However, the intensity ratio of the peaks of populations IV
over II + III was found to be significantly higher. This sup-
ported the assumption that population IV corresponds to the
population of chains with a preserved halogen end group: a
population which is present in higher number in the case of
PDMAEMA(; due to the higher stability of the Cl end group. It
is thus reasonable to propose that halogen-terminated
PDMAEMA, under the current experimental conditions, under-
goes the end group decomposition pathway presented in
Scheme 3 during the MALDI process, both in the case of Br-
and Cl-terminated chains. It is hypothesized that the pattern
of isotope distribution attributed to populations II + III for
PDMAEMA; (Fig. S18Bt) differs from that shown in Fig. 3B for
PDMAEMA prepared by CuBr-mediated ATRP due to a smaller
contribution of the elimination of HCI, compared to HBr.

The 'H-NMR spectrum of PDMAEMA(,, with integrated
signals, is reported in Fig. S19.f Signals originating from
protons in unsaturated chain ends were detected. By applying
the same calculation carried out before, a CEF ~ 34% was esti-
mated for PDMAEMA(,, lower than that of PDMAEMA syn-
thesized by CuBr-mediated ATRP.

To provide an additional comparison, PDMAEMAyy rpip
and PDMAEMAyy ggpa Were prepared by photomediated ATRP
using 10-phenylphenothiazine (PTH) as a photoredox catalyst,
according to a method adapted from that described by Treat
et al.®® (however, a different light source was used). The two
polymers were prepared by using two different initiators, EBiB
and ethyl a-bromophenylacetate (EBPA), respectively. A high
dispersity was determined by SEC in DMF when analyzing
PDMAEMAyy ggip and PDMAEMAyy gppa (P = 2.4, in both
cases), indicating very low control over the polymerization.

This journal is © The Royal Society of Chemistry 2023
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In the MALDI-TOF MS spectra of the polymers (Fig. S20 and
S21t), two major populations are present. The population with
the highest intensity corresponds to terminated chains of
structure II + III. Interestingly, both for PDMAEMAyy ggip and
PDMAEMAyy gpa the masses of the signals of the population
of lower intensity correspond to those of self-initiated
PDMAEMA chains devoid of the Br end group. It is proposed
that, under the current experimental conditions, the amine
group of DMAEMA is involved in a photoredox reaction result-
ing in the abstraction of a hydrogen atom from the carbon
adjacent to the amine group, with a mechanism analogous to
that reported by Allushi et al. for tertiary amines used as “co-
initiators” for photomediated ATRP in the presence of thiox-
anthone photocatalysts.”® Under these conditions, the result-
ing DMAEMA radical (Fig. S14Bf) is thus able to initiate
polymerization, competing with the initiator. It is evident that
the choice of experimental set-up for photomediated ATRP
(e.g. choice of photocatalyst, wavelength of the light source
and light intensity) is particularly important, to achieve poly-
mers with narrow MWD and to control the initiation mecha-
nism. Since self-initiated chains are present in the samples of
PDMAEMAyy gpip and PDMAEMAyy rgpa, it is not possible to
calculate CEF on the basis of the ratio of integrated signals of
® and a chain ends. However, since neither a population of
chains having the Br end group nor a population of chains
corresponding to structure IV were identified in the mass
spectra, CEF can be expected to be extremely low.

It is evident that the results of mass spectrometry con-
ducted on PDMAEMA samples prepared by these additional
ATRP systems raise insightful considerations, although more
extensive investigations are needed to draw conclusions with
respect to the polymerization mechanisms. CuCl can ensure
higher control over the polymerization, compared to CuBr.
Photomediated ATRP of DMAEMA, on the other hand, can
lead to a notable extent of self-initiation of DMAEMA and a
high dispersity.

SEC analysis of PDMAEMA

Size-exclusion chromatography, performed using N,N-di-
methylformamide (DMF) as the eluent and poly(methyl meth-
acrylate) standard calibration, was used to provide information
about the polymerization kinetics, but its use is not relevant
for giving representative values of molecular weight of
PDMAEMA. SEC analysis on purified PDMAEMA determined
M, sec values significantly deviating from M, jheo. When the
analysis was repeated, traces with varying M, spc values were
obtained, ranging from 7000 to 9600 g mol™'. Polymers con-
taining amine functionalities such as PDMAEMA are difficult
to characterize using conventional SEC systems. Many authors
have highlighted that the plausible interaction of PDMAEMA
with the columns may lead to a broadening of the MWD,
especially at low molecular weights, and additionally the
M, sec obtained is highly affected by different hydrodynamic
volumes in relation with the standards.”**>'%° Addition of tri-
ethylamine in the mobile phase may help in avoiding inter-
actions with the columns'® and other existing solutions (e.g.

This journal is © The Royal Society of Chemistry 2023
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converting the polymer into poly(methyl methacrylate) for the
purpose of the analysis® and using more complex SEC
systems>®).

Chain extension of PDMAEMA

A chain extension experiment produced additional evidence of
the extent of chain end fidelity of PDMAEMA. PDMAEMA was
used as a macroinitiator for the synthesis of PDMAEMA-b-
PMMA by ATRP mediated by CuCl. CuCl was used for chain
extension since the high activity of the Br end group of the
macroinitiator, more labile than Cl which is expected to
become predominant in the propagation step, should ensure
initiation efficiency.’® The kinetics plot of the reaction,
reported in Fig. 4A, reveals a trend similar to that observed in
the polymerization of DMAEMA. The plots of M, sgc and P
over conversion are shown in Fig. S22.7 The rather linear trend
observed in the In([M]o/[M]) might be the result of a balance
between slow initiation and termination, since it is not corro-
borated by the evidence of high control the
polymerization.

In agreement with the presence of deactivated chains
revealed by NMR and MS, the MWDs of aliquots withdrawn
from the polymerization mixture at 34% and 43% conversion,
plotted in dotted and dashed blue lines in Fig. 4B, show
bimodality. The peak at lower molecular weight, overlapping
with the trace of the PDMAEMA macroinitiator, corresponds to
the fraction of PDMAEMA dead chains, unable to initiate
copolymerization.

During copolymerization, the presence of dead PDMAEMA,
unable to initiate chain extension, could also be immediately
detected by NMR, using a DOSY experiment. In Fig. S23,7 the
DOSY spectrum of the sample withdrawn from the polymeriz-
ation mixture at 34% conversion is reported. The spectrum
reveals the presence of the PDMAEMA homopolymer, whose
protons show distinctive signals with a lower diffusion coeffi-
cient compared to the protons of the copolymer.

The selected method of purification of the copolymer (pre-
cipitation in MeOH) ensured the complete removal of
unreacted PDMAEMA, as it is evident from the molecular
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Fig. 4 (A) Kinetic plot of In([M]lp/[M]) over time during ATRP of MMA
initiated by PDMAEMA. (B) Overlay of MWDs obtained by SEC in DMF:
PDMAEMA macroinitiator (black, solid line); samples from the
PDMAEMA-b-PMMA reaction mixture at t = 150 min, 34% conversion
(blue, dotted line) and at t = 210 min, 43% conversion (blue, dashed
line); purified PDMAEMA-b-PMMA isolated at t = 280 min, 55% conver-
sion (blue, solid line).
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weight distribution of the purified copolymer plotted in a solid
blue line in Fig. 4B. The block copolymer showed P = 1.2,
suggesting that a functional material can be obtained despite
the non-ideal character of the polymerization.

When discussing the results of chain extension of
PDMAEMA, an additional consideration can be elaborated.
The consequence of a significant amount of disproportiona-
tion is that the w-unsaturated chains are not truly dead; in
fact, they can be involved in chain transfer reactions'®® and
may even react further as macromonomers (although with low
reactivity) and thus be incorporated into the copolymer struc-
ture. This mechanism might contribute to the chain extension;
however, further investigations should be conducted in this
regard.

Molecular weight determination of PDMAEMA-b-PMMA

Assessing the molecular weight of the PDMAEMA-b-PMMA
copolymer proved challenging. The presence of deactivated
chains affects the monomer/macroinitiator ratio, hindering
the correlation between targeted and experimental DP. Since
the amount of the initial block able to act as the macroinitiator
was not known a priori, the DPy., of PMMA initiated by
PDMAEMA (and, consequently, M;, tneo) Was an underestimated
value. Moreover, after purification of the block copolymer,
determining M, nmr based on the ratio between integrated
signals of the extension block and of the initiating block was
not possible, due to the different solubility of the two blocks
in the NMR solvent leading to the overestimation of one over
the other. The PMMA/PDMAEMA integrated signal ratio in the
"H-NMR spectrum of the copolymer obtained in acetone-ds,
reported in Fig. S24,7 would lead to a DPyur of 1470 for
PMMA, resulting in a M;, xur Of approximately 150 000 g mol ™
which is not a reliable estimation.

To determine the molecular weight of PDMAEMA-b-PMMA,
the amine in the repeating units of PDMAEMA was an advan-
tageous asset. Elemental analysis (EA) was conducted on the
copolymer using a total nitrogen analyzer. With this method,
the ratio of molpymaema PET Eeopolymer t0 MOlyva PET Zeopolymer
was determined, from which it was possible to estimate the
DPg, = 553 of PMMA and, consequently, the average molecular
weight M, zs as presented in Table 1. The obtained value of
M, s was considered highly representative of the average
molecular weight of the purified copolymer, in contrast with
M, src which is highly affected by the difference in the hydro-
dynamic volume compared to the standards and thus not
accurate.

Table 1 Molecular weight of PDMAEMA-b-PMMA assessed via different
methods

a b c
Mn,theo Mn,EA Mn,SEC

27400 60900 75900
“Calculated on the basis of conversion assessed by 'H-NMR.
b Determined by calculations based on total nitrogen analysis.

“ Determined by SEC with DMF as the eluent.
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M, ra strongly deviates from M iheo, confirming that de-
activated PDMAEMA chains were largely present in the
polymerization mixture. Since PMMA’s DPg, is 2.5 times the
DP calculated from the conversion of MMA assessed by
'"H-NMR (DPg,, = 219), an estimation of CEF =~ 40% is
deduced. This value is slightly lower than that calculated on
the basis of NMR combined with MS analysis (CEF ~ 46%),
but very close to it. This shows that the estimation of CEF
based on the data provided by NMR and MS is rather reliable.
When designing the block copolymerization of PDMAEMA, the
calculation of CEF may allow the adjustment of the ratio of the
monomer to PDMAEMA for a better prediction of the final
degree of polymerization.

Conclusions

In response to a lack of information available in the literature,
an in-depth characterization of PDMAEMA prepared by ATRP
was carried out by using NMR and MALDI-TOF MS techniques.
The detailed investigation of PDMAEMA’s structure, especially
the chain ends, provides insightful information about future
studies where PDMAEMA-based architectures are prepared.

A comprehensive one- and two-dimensional NMR character-
ization allowed the assignment of the signals originating from
PDMAEMA and consequent verification of the experimental
degree of polymerization of the polymer, as well as the pres-
ence of side reactions lowering the fraction of chain end func-
tionality (CEF).

An interpretation of the peaks in MALDI-TOF MS spectra
was given, with the conclusion that a MALDI-induced fragmen-
tation—with the formation of a lactone at the o chain end—
affects the observed masses of halogen-terminated PDMAEMA
chains (both Br- and Cl-terminated). Based on the mass
spectra, the loss of the active end group was found to be
mainly due to disproportionation during polymerization.
MALDI-TOF MS also enabled a qualitative assessment of the
evolution of the loss of the active end group throughout the
course of the polymerization. It was observed that Br-termi-
nated chains were gradually converted into chains devoid of
the expected end group, already with a significant end group
loss at low values of conversion.

The selected analyses allowed the examination of aspects of
the non-ideal character of the conducted polymerization of
DMAEMA and subsequent chain extension. Additionally, the
combination of the data collected from NMR and MS led to
estimate CEF = 46%. Providing tools for conducting these ana-
lyses will be useful especially in view of the synthesis of block
copolymers of PDMAEMA by ATRP.

By varying the ATRP system used, different samples of
PDMAEMA were analyzed and compared. MALDI-TOF MS and
NMR analyses provided evidence that replacing CuBr with
CuCl leads to higher control over the ® chain end.
Furthermore, when samples of PDMAEMA synthesized by
photomediated ATRP were analyzed, MALDI-TOF MS allowed
the assessment of the presence of a self-initiated polymer.

This journal is © The Royal Society of Chemistry 2023
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The chain extension of PDMAEMA with MMA confirmed
the poor chain end fidelity highlighted by NMR and
MALDI-TOF MS; only a fraction of the PDMAEMA chains
initiated the block copolymerization, as shown by SEC and
DOSY. The obtained copolymer was, however, successfully pur-
ified from any unreacted PDMAEMA. The challenge of deter-
mining the DP of the extension block, not knowing a priori the
percentage of active PDMAEMA chains, was overcome by
means of elemental analysis.

PDMAEMA is a polymer with highly tunable properties,
which are attractive in the context of a variety of advanced
applications. It is often employed in the synthesis of tailor-
made copolymer architectures. The characterization tools pro-
vided in this work are important in view of verifying the extent
of control over DMAEMA polymerization and chain extension,
and highlighting how well-defined the polymer structures are.
Therefore, these tools are believed to strengthen the versatility
of PDMAEMA and its copolymer architectures, especially in
the contexts where well-defined structures are needed.
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