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Analysis of the Local Mobility of RAFT Mediated
Poly(acrylic acid) Networks via Low Field 'TH-NMR
Techniques for Investigation of the Network Topology

Federica Cavalli, Christoph Pfeifer, Lukas Arens, Leonie Barner,* and Manfred Wilhelm*

An in-depth investigation of the network topology for a series of sodium acrylate
hydrogels synthesized via conventional free radical polymerization (FRP) and
reversible addition—fragmentation chain transfer (RAFT) polymerization is con-
ducted. The role of the RAFT agent on the crosslinking process is demonstrated
on a model system upon analysis of the reaction mixture via size-exclusion
chromatography before the gelation point. For a comprehensive study, both the
impact of the amount of RAFT agent and of the degree of crosslinking on the
microstructure of the final product are systematically investigated. In addition
to swelling experiments and oscillatory shear rheology measurements, the
resulting networks are analyzed via low-field proton nuclear magnetic resonance
("H-NMR) techniques such as transverse relaxation and double-quantum coher-
ence to evaluate the network mobility, which is then correlated to structural

insoluble, so that in contact with solvent it
swells rather than dissolve.! The swelling
ability mainly depends on the affinity
of the gel for the solvent, which in turn
is determined by the chemistry of the
polymer backbone.’! For example, hydro-
gels are networks able to swell in water
due to the presence of hydrophilic groups
on the polymer chain.l’l The water absor-
bency is substantially enhanced if perma-
nent charges are introduced within the
network microstructure.”® In the afore-
mentioned case, the materials are referred
to as polyelectrolyte gels or superabsorbent
polymers (SAPs). The improved absor-

inhomogeneity. A broader mobility distribution is observed for the RAFT medi-
ated networks compared to the FRP samples, which can be assigned to a higher
content of dangling ends in the former case. The results are further elaborated
to propose a mechanism for network formation in presence of a RAFT agent.

1. Introduction

Polymer networks are a 3D assembly of polymer chains physi-
cally or covalently crosslinked with each other!-3l The par-
ticular microstructure of polymer networks makes the material
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bency makes SAPs a relevant material on
the industrial scale.’! The production of
SAPs reached 3.2 Mt per year in 2015,[1%
with poly(sodium acrylate) (PSA) covering
65% of the market share.’!l The main
usage of SAPs finds space in personal
hygiene products,'? soil conditioners in
agriculture,’¥ and specifically designed coatings for under-
water-cable sealing.!'Yl Furthermore, new promising applications
such as separation agent for the desalination of salt water!!>-17]
or to recover energy in an osmotic enginel'®l was recently pro-
posed. Aside the chemical composition, also the network micro-
structure plays an important role for the achievement of, for
instance, ultra-tough hydrogels!'”! and more homogeneous net-
work topologies to improve mechanical strength and swelling
ability.?% It was shown that structural defects, such as primary
and secondary loops, negatively affect the elasticity of the net-
work, 2122l while dangling ends and unreacted moieties influ-
ence the pore size distribution and thus the swelling ability.?]
Although the presence of defects is currently still inevitable
during the crosslinking process,’?Yl current research focuses on
the development of new synthetic methods to limit their forma-
tion.[?>~?7] At the same time, the expansion of analytical tools to
detect the presence of defects and to investigate their impact on
the final properties of the gel plays a key role.?228:2%]

On a large scale, polymer networks are often synthesized
via conventional free radical polymerization (FRP),2% which
allows only a poor control over the network microstructure
leading to hydrogels with an undefined pore size distribution
and crosslinking density.ll! To overcome this problem, starting
from the pioneering work of Ide and Fukuda,?'*2 the use of
controlling agents is proposed in the literature as a simple tool
for the achievement of more homogeneous network micro-
structures.*>! This idea is based on the controlled growth
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Figure 1. Comparison of the crosslinking process for the conventional free radical polymerization (FRP) and the reversible addition—fragmentation
chain transfer (RAFT) polymerization of the monomer (blue), initiator (green), crosslinker (red), and RAFT agent (yellow) as proposed in the litera-
ture.3 The main difference between the two processes is the length of the polymer chain at low conversion. Particularly, the FRP is characterized by
long chains at early stage, which can lead to the formation of nanogel, and thus networks with both high and low crosslinked domains. The RAFT
polymerization in contrast, allows for a higher control of the molecular weight of the growing chains, a better diffusion of the growing radicals, and

potentially to a more homogeneous network microstructure.33]

of the radicals during the crosslinking process, as shown in
Figure 1, and gained increasing interest due to the possibility to
adapt the concept to different vinyl/divinyl monomer combina-
tions upon a proper selection of the controlling agent. Another
advantage is the facile experimental set-up, and the possibility
to achieve polymer networks in one-pot synthesis, similar to
FRP. Nevertheless, recent reports disputed the homogeneity of
networks obtained via “living” polymerizations.?¢-38l

Concerning the characterization of polymer networks, the
challenges are associated with the insolubility of the analyte
as well as the complexity of its microstructure.l?>*l The com-
monly performed swelling experiments!® and oscillatory shear
rheology measurements*l generally describe differences in
the crosslinking density with only one mean value. However,
for a complete picture, the network microstructure needs to be
resolved at different length scales.??) In the range between 10
and 100 nm information on the network topology are obtained
via scattering techniques,*!! such as dynamic light scat-
tering (DLS),*?! or small angle neutron scattering (SANS).[*3]
The length scales below 10 nm refer to the size of the single
mesh.[?% Analytical techniques working in this range allow for
the detection of loops, unreacted moieties, and dangling ends.
In this context, few groups reported the possibility to quan-
tify the presence of unreacted moieties,** while Johnson
and coworkers developed a procedure for the quantification of
primary and secondary loops.?®#’] In addition, the pore size
distribution can be determined by evaluating the diffusion of
probing species of known size within the network matrix.8!
Some examples include the diffusion of either non-charged
polymers evaluated via inverse size exclusion chromatog-
raphy,*! or of magnetic particles upon application of magnetic
fields.P0)
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Recently, the analysis of the network structure via low-
field 'H-NMR techniques, such as T, relaxation and double
quantum 'H-NMR (DQ-NMR), was discussed in the literature
as a powerful tool for correlating differences in mobility to
structural inhomogeneity.?!2 The concept is based on the fact
that the network is composed of structural elements with sig-
nificant different mobility, for example, crosslinking points are
rigid, dangling ends and loops are mobile, while the mobility
of the elastic chains increases with increasing the length of the
chains itself.

In the current study, the synthesis of superabsorbent poly-
mers based on poly(sodium acrylate) (PSA) is performed via
reversible addition—fragmentation chain transfer reaction
(RAFT) particularly focusing on the impact of the controlling
agent on both the crosslinking process, and on the final net-
work structure. With the aim of gaining insight into the net-
work topology, and on how different synthetic parameters affect
the final material, a series of networks with a fixed degree of
crosslinking (DC) and different amounts of RAFT agent, var-
ying from 0 to 1 mol% were synthesized first. Subsequently, the
RAFT content was fixed at 0, 0.10, and 0.25 mol% and the DC
varied between 0.6 and 5 mol%. All networks were character-
ized by swelling tests, oscillatory shear rheology, and low-field
TH-NMR techniques such as T, relaxation and DQ experiments.

2. Experimental Section

2.1. Materials

Prior to use acrylic acid (AA, 99%, Sigma-Aldrich) was distilled,
azobis(isobutylnitril) (AIBN, 98%, Merck) was recrystallized,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Reaction scheme for the achievement of poly(sodium acrylate) hydrogels. First the poly(acrylic acid) network is synthesized, with or without
the presence of TRITT as RAFT agent, then the carboxylic group is neutralized.

and methyl acrylate (MA, stabilized, 99%, Sigma-Aldrich) was
passed through a column loaded with basic alumina.

4,4’-Azobis(4-cyanovaleric acid) (V-501, 98% Alfa Aesar),
1,3-butanediol diacrylate (DAc, 98%, Sigma-Aldrich), 2-(((dode-
cylthio)carbonothioyl)thio)propanoate (DoPAT, Lanxess
GmbH), N,N’-Methylenebisacrylamide (MBA, 299.5%, Sigma-
Aldrich), sodium carbonate (NaHCOj;, 299.5, Roth), sodium
chloride (NaCl, 99.9%, AnalaR, VWR) were used as received.

Deionized water and 1,4-dioxane (>99.5%, extra-dry, Acros
Organic) were employed as solvents.

Deuterium oxide (D,0, 99.9% isotope purity, Acros Organic)
was used as deuterated solvent for the low-field 'H-NMR
experiments.

2.2. Synthesis
2.2.1. Synthesis of Poly(methyl acrylate) Networks

Poly(methyl acrylate) networks were synthesized using AIBN as
initiator (0.15 equiv.), methyl acrylate (MA, 1000 equiv.) as mon-
omer, 1,3 butanediol diacrylate (DAc, 10 equiv.) as crosslinking
agent (DC =1 mol%, calculated according to Equation (1)), with
or without the presence of DoPAT as RAFT agent (1 equiv.), as
depicted in Figure S1, Supporting Information.

m01 monomer

DC= x 100 (1)

mOICrosslinking agent

The components were dissolved in 1,4-dioxane (20:80 w/w
ratio monomer to solvent). Subsequently, the solution was
divided into different vials in order to stop the reaction at dif-
ferent intervals of time. The oxygen was removed by purging
each vial with argon for 15 min. The reaction was performed in
a heating block preheated at 70 °C and stopped by placing the
vial in liquid nitrogen at the desired reaction time. The conver-
sion is calculated gravimetrically according to Equation (2).

M final

Conversion [wt% | =
Migitial X 0.2

x 100 2)

where mg,, is the mass of the crude reaction mixture after
evaporation of the solvent and the monomer. The individual
masses were obtained with a precision of £0.1 mg. The mass
of the solution after stopping the reaction myy;;, is multiplied
by 0.2 to compensate for the contribution of the solvent to the
overall weight.
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2.2.2. Synthesis of Poly(sodium acrylate) Networks

For the synthesis of poly(sodium acrylate) networks (PSA), first
the poly(acrylic acid) network was synthesized and thereafter
the carboxylic group was neutralized with sodium carbonate
(NaHCO;) as reported in Figure 2.

Poly(acrylic acid) networks were synthesized using
4,4’-Azobis(4-cyanovaleric acid) (V-501, 0.15 equiv.) as initiator,
acrylic acid as monomer, and N,N’-methylenebisacrylamide
(MBA) as crosslinking agent. Furthermore, S,S-di((2-methyl)pro-
pionic acid) trithiocarbonate (TRITT, 1 equiv.) was used as RAFT
agent, while deionized water was used as solvent (20:80 w/w
ratio monomer to solvent). For the exact masses the reader is
referred to Table S1, Supporting Information. After purging
the reaction mixture with argon for 15 min, the polymeriza-
tion was performed at 70 °C for 16 h. The reaction was stopped
by cooling the solution with liquid nitrogen and exposing it to
air for quenching the radicals. The extractable fractions were
removed by swelling the resultant network for 24 h in an excess
of deionized water and removal of the supernatant phase. The
procedure was repeated at least three times. Afterward, the net-
work was dried via lyophilization and neutralized.

The neutralization was performed by mixing a known
amount of dry polymer with a volume of 0.1 M NaHCO; (in
deionized water) calculated according to Equation (3).

m lymer
Vianico, = DN —— 2% 3
Narieos M, [NaHCO; | G)

where Vis the volume of NaHCO; (c = 0.1 m), DN is the desired
degree of neutralization (relative amount of charges, it assumes
value between 0 and 1), m is the mass of dry network, and My,
is the molecular weight of acrylic acid. An excess of 10% of
NaHCOj; was used to assure full neutralization when targeting
DN = 1. After equilibration (16 h), the polymer was washed
with deionized water until the pH of the external solution was
neutral. As before, the water within the hydrogel was removed
via lyophilization.

2.3. Characterization Methods
2.3.1. Determination of the Amount of Extractable Fractions
The influence of the RAFT agent content on the amount of

extractable fractions, that is, sol content, was determined as fol-
lows: a known volume (1.4 mL) of the crude reaction mixture

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of the poly(acrylic acid) networks synthesized either
via conventional FRP or RAFT polymerization.

Sample RAFT content [mol%] Crosslinker [mol%)]
FRP-DCO0.6 0 0.6
RAFTO0.1-DCO0.6 0.10 0.6
FRP-DC1 0 1.0
RAFTO0.05-DC1 0.05 1.0
RAFTO0.1-DC1 0.10 1.0
RAFT0.17-DC1 0.17 1.0
RAFTO0.25-DC1 0.25 1.0
RAFTO0.5-DC1 0.50 1.0
RAFT1-DC1 1.0 1.0
FRP-DCT1.5 0 1.5
RAFTO0.1-DC1.5 0.10 1.5
RAFTO0.25-DC1.5 0.25 1.5
RAFTO0.5-DC2.0 0.5 2.0
FRP-DC3 0 3.0
RAFTO0.1-DC3 0.10 3.0
RAFTO0.25-DC3 0.25 3.0
FRP-DC5 0 5.0
RAFTO0.1-DC5 0.10 5.0
RAFTO0.25-DC5 0.25 5.0

The sample abbreviations are denoted, as well as the corresponding RAFT agent
and crosslinker contents.

was prepared and subjected to polymerization as described in
Section 2.2.2. As the focus is set on the impact of the RAFT
agent, the DC was fixed to 1 mol% with respect to the mon-
omer and the amount of RAFT agent was varied from 0 to 1
mol% (refer to Table 1). Contrary to the previous procedure, the
water used for the removal of the extractable fractions during
the three washing cycles was collected and combined. Subse-
quently, the water was removed in a vacuum oven at 70 °C to
afford the sol content as sticky polymer. The amount of extract-
able fractions was determined upon comparison of the mass
of the extractable fractions (mg,) with the mass of polymer
initially present in the solution (m,; = maa + Mypa), according
Equation (4).

Sol content [%]= M %100
mtot

()

2.3.2. Swelling Experiments

In a typical experiment, 10 mg of dry polymer (myg,,) was placed
on a metal sieve, which was then placed on a metal rack. The
metal rack was immersed in a closed Petri dish to prevent evap-
oration containing NaCl solution (1 wt%). The contact between
the dry polymer and the solution occurred exclusively through
the sieve. After an equilibration time of 16 h, the sieve and the
polymer were gently pressed onto a paper towel for 1 min to
remove the excess of water, and weighed (Mgyolen)- The degree
of swelling (Q) was calculated according to Equation (5).

Macromol. Chem. Phys. 2020, 221, 1900387 1900387 (4 of 14)

www.mcp-journal.de

Myater _ Maywollen — Msieve — Mary

Q= ©)

mdry mdry

The data reported in the main text are the mean value and
the standard deviation of the results obtained in three inde-
pendent measurements.

2.3.3. Size Exclusion Chromatography

Size-exclusion chromatography (SEC) measurements were con-
ducted on an Agilent 1200 system, consisting of an autosam-
pler, a Plgel 5 um bead-size guard column (50 x 7.5 mm), one
Plgel 5 um Mixed E column (300 X 7.5 mm), three Plgel 5 um
Mixed C columns (300 x 7.5 mm) a differential refractive index
detector and a UV detector. Tetrahydrofuran was employed as
eluent at 35 °C with a flow rate of 1 mL min~!. The SEC system
was calibrated using linear poly(methyl methacrylate) standards
ranging from 800 to 2.2 x 10° g mol™L. In a typical procedure,
100 pL of a 2.0 mg mL™* polymer solution was injected into the
system.

2.3.4. Rheology

For the rheological measurements, poly(acrylic acid) hydrogels
were prepared in a 7 mL head spaced vial to afford disk-shaped
specimens. The vials were filled with 1.4 mL of crude solu-
tion, prepared as described in Section 2.2.2. The samples were
recorded in the “as-prepared” state, thus without removal of the
extractable fractions, as the swelling during the washing, the
neutralization, and mostly the drying procedure would lead to
cracks in the specimen.

The oscillatory shear rheological measurements were con-
ducted on the strain controlled rheometer ARES-G2 (TA Instru-
ments), using a parallel plate geometry (25 mm). The tempera-
ture was set to 20 £ 0.1 °C and controlled via a Peltier element
(Advanced Peltier System, TA Instruments). First, an amplitude
sweep in the range of 1, = 2 1073 to 10% with an angular fre-
quency of @; = 1 rad s was carried out to find the linear vis-
coelastic regime (LVE). Subsequently, a frequency sweep from
®; = 0.1 to 100 rad s! was conducted using a strain amplitude
of ¥ = 0.1%. Finally, the networks were compared using the
absolute value of the complex modulus (/G*)) obtained at y, =
0.1% and o, = 1 rad s7! as representative quantity.

2.3.5. TH-NMR T-Relaxation

For the 'H-NMR T)relaxation measurements 40-50 mg of
dry sample was placed in a sealed 10 mm NMR tube, mixed
in a 1 to 9 weight ratio with D,0, and equilibrated for 2 days.
The sample height was adjusted to ensure it is in the region of
highest homogeneity of the B; magnetic field. The tests were
run on a bench-top 20 MHz minispec (Bruker, NF series) and
the sample temperature was kept at 30 °C using a BVT3000
unit (Bruker). Before each measurement, the magnetic field
was matched and the pulse lengths were determined with the
90° pulse length being below 3 ps. The T,-relaxation process

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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covers several orders of magnitude between 10 ps and 4 s.
Thus, it is not possible to acquire the full decay in one meas-
urement and the full relaxation curve was obtained employing
a combined set of sequences: the magic sandwich echo (MSE)
pulse sequence and 4-5 Carr—Purcell-Meiboom-Gill (CMPG)
based pulse sequences, which are recorded individually.”* To
compensate the spin locking effect that might occur during
the CPMG sequence,* XX451 and XY16P% phase cycling
sequences were used, as shown in Table S1, Supporting Infor-
mation. For each measurement, 100 data points were collected
and 1024 scans averaged. The MSE was recorded for 50 s, fol-
lowed by a XX4 sequence with a pulse separation of 7= 50 us
and the time between two echos of 2 7. Subsequently, three
XY16 pulse sequences were employed with a pulse separation
of 7= 0.04, 0.1, and 1 ms to cover the long tailing of the relaxa-
tion curve. In the cases where the decay of the curve is steep
at short relaxation times, an additional XX4 sequence with
T=>5 s was measured to increase the point density in the cru-
cial time frame. A recycle delay of 1 s and no dummy scans
were used. From the XY16 cycle every 8th cycle was recorded,
while from the XX4 all cycles were traced. The data from all
measurements of one sample were collected in a single data
file. Subsequently, the solvent signal was subtracted using
a single exponential decay fitted to the data above 100 ms, as
shown in Figure S4, Supporting Information.’]

2.3.6. Double Quantum Measurements

The double quantum (DQ) experiments were performed
employing the same NMR equipment and sample condi-
tions described earlier. The measurement of DQ coherences
is accomplished by the complex Baum-Pines pulse sequence,
which was further improved and implemented for the minispec
by Saalwichter et al.’”*8] The acquisition parameters, such as
pulse length, phase angle, and resonance frequency are opti-
mized for a maximum signal intensity and the imaginary part
has to be matched to zero. In these experiments, 70 points of
data were recorded for the DQ signal Spq and the reference
intensity S,r with an initial spacing of 0.01 ms and an incre-
ment of 1 us, which was doubled after each eight points. Due
to the length of the excitation and reconversion pulse trains, the
first point could be measured only after 80 us, which proved
to be insufficient to cover the full build-up curve of the higher
crosslinked samples. Therefore, an adapted version of the pulse
program was taken with a shortened excitation and recon-
version pulse train, both having three pulses.’’! The altered
pulse program enabled earlier acquisition of 30 points of data
between 10 and 100 ps with an initial spacing of 1 us, while the
spacing was doubled after every eight points of data.

A normalization of Spq is required to recover the build-up
curve undistorted by relaxation effects. Normalization is per-
formed by a stepwise fitting of the long-time tail of the double
quantum curve with two single exponential functions. Normali-
zation using Equation (6) yields the so-called build-up curve of
the double quantum signal S,..,, which consists purely of the
network contribution. The detailed process is adapted from
Chassé et al. and described in the Supporting Information.P”!
Two procedures were applied to extract the inherent distributions

Macromol. Chem. Phys. 2020, 221, 1900387 1900387 (5 of 14)
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of the residual dipolar coupling constants (D,) from the build-up
curve. As a first approach, an analytical fit function was applied
to the dataset, see Equation (3).5% The fit takes into account that
in inhomogeneous polymer networks, with broad or even multi-
modal chain length distributions, a single constant D,.; cannot
be applied. As reported by Saalwichter et al., a Gaussian distribu-
tion of D, is assumed.’?l Consequently, the mean value of the
residual dipolar coupling constant distribution (Dies mean) and the
width of the distribution (0) can be derived from the normalized
build-up curve DQ data S,om(t) according to Equation (6).552

Srom (1) = e
SDQ +Sref _Bexp(_b t)_cexp(_ )
:0.5(1—exp( 014%2‘“1‘;2 j/1/1 0807°F ] (6)
(o2

where Spq is the double quantum intensity, S, is the inten-
sity of the reference signal, B, C, b, and ¢ are empirical fit fac-
tors, and ¢ is the time. The standard deviation was taken as a
measure of the width of the distribution and was renormalized
to its average to enable the comparison of different distribu-
tions such as the Gaussian and those described later. As a rep-
resentative example, the normalization procedure is shown in
Figure S9, Supporting Information.

As a second method, a Tikhonov regularization was used
for an inversion procedure to extract the distribution of the
residual dipolar coupling constants, D, from the normalized
DQ data. The procedure was conducted on a program reported
by Chassé et al.*#>% Gaussian kernel functions were used for
the regularization, which are reported to fit the DQ build-up
curves of hydrogels well.’> Only raw data up to 2 ms of DQ
evolution time was used due to the fast build-up of =1 ms and
the high noise levels at later data points, which hindered an
effective evaluation.

3. Results and Discussion

3.1. Analysis of the Crosslinking Process

In close analogy to the synthesis of linear chains, networks syn-
thesized in the presence of a controlling agent are claimed to
have a more homogeneous microstructure due to the assumed
gradual growth of polymer chains during the crosslinking
process.3%33 Furthermore, the lower molecular weight of the
growing chains at the early stage of the conversion potentially
facilitates the diffusion of the chains, favoring intermolecular
reactions and limiting the formation of nanogels.?* Accord-
ingly, a mechanism as reported in Figure 1 was proposed.>’!
Herein, the copolymerization of methyl acrylate as monomer
and 1,3-butanediol diacrylate as crosslinking agent was studied
before the gelation point via SEC to confirm the validity of the
aforementioned hypothesis. The reaction scheme is depicted
in Figure S2, Supporting Information. Methyl acrylate (MA),
which is the ester of the acrylic acid (AA), was chosen as a
monomer to suppress enthalpic interaction of the analyte with
the stationary phase in the aqueous SEC, which can occur
in case of AA samples. The crosslinking agent was used in a

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Evolution of the molecular weight (M,) of the growing chains
with conversion using different amounts of RAFT agent: 0 (black square),
0.70 (red square), and 0.17 mol% (blue triangle) and a crosslinker con-
centration of 1 mol% with respect to the monomer. The M,, was deter-
mined by SEC analysis.

concentration of 1 mol% with respect to the monomer (DC
= 1 mol%) and, in a first approximation, the copolymeriza-
tion parameter between the two acrylate monomers is assumed
to be equal to 1. For comparison, the reaction was performed
with and without the presence of DoPAT as RAFT agent. In the
absence of the RAFT agent (FRP), the molecular weight (M) of
the chain after only 2% conversion is equal to 1.5-10° g mol™,
as summarized in Figure 3, while the dispersity (D) is 2.4. A
similar SEC trace was obtained after 5% conversion (Figure
S2a, gray line, Supporting Information), confirming that the
length of the polymer chains is determined only by the ratio
of monomer to initiator and not by the conversion. At higher
conversion, such as 16%, the molecular weight distribution
becomes broader due to the presence of the crosslinking agent,
which promotes the crosslinking between different chains to
achieve the final network. The gelation occurs at conversion of
=32%. In contrast, when the mono- and difunctional acrylate
derivatives are copolymerized in the presence of 0.10 mol%
of DoPAT, after 2% conversion the polymer chains have M, =
4500 g mol™! and D = 1.3 as shown in Figure S2b, black line,
Supporting Information.

Moreover, from Figure 3 it is noticeable that the molecular
weight of the growing chains gradually increases with the
conversion, in agreement with the assumption reported in
the literature.33] The shoulder and broadening of the SEC
traces at higher conversion is ascribable to intermolecular
reactions between different chains. In this second reported
case, the gelation occurs at = 75% conversion. In an addi-
tional experiment, the effect of different amount of RAFT
agent on the crosslinking process was evaluated. As reported
in Figure 3, the higher the amount of DoPAT, the lower the
molecular weight of the chain at a fixed conversion. For the
SEC traces the reader is directed to Figure S2¢, Supporting
Information.

It is also shown that the linking between different chains—
represented by a shoulder in the SEC traces—occurred at 38%
conversion instead of 28% when a higher amount of RAFT
agent (0.17 mol%) was present. In addition, the gelation point
occurs at a later conversion, equal to 85%. In summary, signifi-
cant differences were observed during the crosslinking process

Macromol. Chem. Phys. 2020, 221, 1900387 1900387 (6 of 14)
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in the presence of the RAFT agent confirming the validity of
the mechanism reported in the literature at early stage of the
polymerization (Figure 1).3%! In the next step, the study is
extended to understand how the different crosslinking process
affects the network topology. Assuming that the observed dif-
ference between the FRP and the RAFT mediated crosslinking
process are independent from the monomer used, the impact
on the network topology was evaluated directly on the targeted
poly(acrylic acid) networks.

3.2. Synthesis of Poly(sodium acrylate) Networks

First, the impact of the amount of RAFT agent was evaluated
by synthesizing a series of poly(sodium acrylate) (PSA) net-
works having the same degree of crosslinking (DC = 1 mol%)
but different amounts of RAFT agent (TRITT), as summarized
in Table 1. The suitability of TRITT in mediating the polym-
erization of acrylic acid (AA), which is a fundamental pre-
requisite for the network sythesis as well, is shown in Figure
S3, Supporting Information. The network formation was suc-
cessful for concentrations of RAFT below 0.5 mol%.

In the previous section, as well as in the literature,l®” it is
shown that the length of the polymer chains mainly depends
on the ratio between RAFT agent and monomer. Therefore,
higher amounts of RAFT agent lead to shorter chains, which
in turn contain less crosslinking agent. For instance, in the
case of 0.50 mol% of RAFT agent, the theoretical number of
monomer units per chain is equal to 200 and the number of
the crosslinking agent (MBA) is two per chain. As a conse-
quence, a polymer chain would potentially form up to four
junction points, under the prerequisite of full conversion
and that crosslinker molecules are not incorporated into the
same chain twice. Experimentally, it is found instead that the
final product is rather a branched polymer than a polymer
network as depicted in Figure 4 on the left. Consequently, the
assumption that crosslinks will always interconnect chains
has to be discarded and a higher number of crosslinks per
chain is found to be necessary to yield a network. To confirm
this hypothesis, two networks both containing a theoretical
number of four MBA units per chain starting from different
amount of TRITT and MBA were synthesized. The idea is
conceptually depicted in Figure 4, and the successful network
formation in both cases indicates the existence of a critical
ratio K between the concentration of DC and RAFT agent.
Below this value, the number of potential crosslinking points
per chain is not sufficient to guarantee the formation of the
network. In the present work K is found to be equal to four
crosslinker molecules per chain, thus a maximum of eight
junction points.

Accordingly, the amount of extractable fractions increases
with increasing the RAFT agent content as shown in Figure 5.

In a second step, the amount of RAFT agent was fixed to
0, 0.10, and 0.25 mol% with respect to the monomer and the
amount of crosslinking agent was systematically increased
from 0.6 to 5.0 mol% with respect to the monomer, as sum-
marized in Table 1. This set of data serves for understanding
how the presence of the RAFT agent affects the mechanical and
swelling ability of the network at different DC.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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0.5 mol% TRITT, 0.5 mol% TRITT 0.25 mol% TRITT,
K= DC/ RAFT=2 K=4 K=4
T~ R = =
X N \/ T \/

Figure 4. Theoretical description of the influence of the ratio RAFT agent (TRITT) content to degree of crosslinking. Highlighted is the impact of the

number of crosslinking points per chain.

3.3. Swelling Experiments

Swelling experiments were conducted to obtain a first insight
into the average crosslink density. The results, listed in Table 1,
show an increase in the degree of swelling (Q), calculated
according to Equation (5), from Q=29.1+ 1.8 to Q=39.2£0.8
with increasing the amount of TRITT used during the synthesis
from 0 to 0.25 mol%. The data indicate a less densely crosslinked
microstructure in case of RAFT polymerized samples.

Concerning the series of PSAs having different degree of
crosslinking, it was observed that the higher the DC, the lower
is the Q, regardless of the synthetic approach employed. The
relationship between DC and Q is described by the Flory—
Rehner theory as shown in Equation (7).
Q=AxDC" (7)
where A and B are two empirical factors. The theory was
developed for non-charged networks and predicts a value of
B =-0.60 for ideal networks.

In Figure 6 it is shown that for the polyelectrolyte hydrogels
synthesized via FRP B = —0.55, while for the RAFT mediated
networks B = —0.54 and —0.64 when using 0.10 and 0.25 mol%
of TRITT, respectively. All the scaling exponents are similar to
the predicted B = —0.60 value, indicating that the prediction of
the Flory—Rehner theory can be applied as the presence of the

-
o
o
"
.

o]
o

60+
40+ /

20+ A

content extractables / wt%

0
0.0

02 04 06 08 10

RAFT content | mol%

Figure 5. Amount of extractable fractions obtained after the synthesis of
the PAA networks in the presence of different amount of RAFT agent. The
line is meant as a guide for the eye.
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charges affects the prefactor A but not B. However, further inves-
tigation is necessary to better elucidate the network topology.

3.4. Rheology

The rheological measurements were conducted on poly(acrylic
acid) networks in the “as-prepared” state and the complex mod-
ulus |G*| was probed. The complex modulus |G*| consists of
the storage modulus G’, which describes the elasticity of the
sample, and the loss modulus G”, which describes its viscous
part. The phantom model can be employed to describe the
elastic deformation of a polymer network. The model assumes
freely moving chains and that the time-averaged, mean posi-
tions of the crosslinks are affine to the macroscopic deforma-
tion, that is, all parts of the network are displaced in the same
direction and by the same extent, while there are dynamic
thermal fluctuations around these mean positions. Accordingly,
the average length of a mesh in hydrogel network M, can be
estimated from the storage modulus G’ using Equation (8).®!

o

where fis the functionality of the crosslinks (4 for tetrafunctional
linker), R is the gas constant, T is the absolute temperature,
p is the monomer density, v the polymer volume fraction, and
Vo is the polymer volume fraction during gel formation, with
Vo =Vv=02g g in the “as-prepared” state.’) The phantom
model is appropriate for dilute networks obtained by statistical
crosslinking.[!!

The rheological measurements show that the |G*| moduli
decrease from 15 to 2.5 kPa for samples polymerized with 0 and
0.25 mol% RAFT agent and constant 1 mol% of crosslinking
agent, as depicted in Figure 7a. Moreover, the |G* moduli
increase with increasing amount of crosslinker independently of
the synthetic approach as shown in Figure 7b. A decrease in the
complex modulus is associated with a lower apparent crosslink
density, in agreement with what is observed during the swelling
experiments. The differences in the moduli between FRP and
RAFT polymerized samples become less pronounced when
diminishing the amount of RAFT agent or with increasing
amount of crosslinker, and no differences are observed when

RTpv'/veP

m ®
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« FRP

401 * 0.10 mol% RAFT
+ 0.25 mol% RAFT

301
- — * -0.64
o Q=39.9*DC
2201 {
© Q=288*DC?%®

Q=33.6*DC0%
10

DC / mol%

Figure 6. The degree of swelling (Q) in 1 wt% NaCl aqueous solution obtained for a series of PSA networks having a) DC = 1 mol% and different
amounts of RAFT agent, and b) 0 (black symbols), 0.10 (red symbols), and 0.25 mol% (blue symbols) of TRITT and different DC.

the DC > 3 mol%, as shown in Figure 7b. This hypothesis is
also confirmed by the calculations of M,, obtained using Equa-
tion (8), which revealed that the apparent chain length between
two junction points is larger than the theoretical value in each
case, but it is more significant for the RAFT mediated samples.

The disagreement between the theoretical and experimental
M, values are shown in Figure 7c and can be ascribed to the
presence of nonelastic defects such as primary loops and
unreacted moieties. By comparing the calculated and the theo-
retical value of the molecular weight of the elastic chain, the
crosslinking efficiency k can be obtained according to Equa-
tion (9).°! In a first approximation, the lower the value of k, the
higher is the amount of defects in a network.

a b
) 405 10t P
e 10°
E 104 "1 o
= e S hos
5 | ot ®) T =
— 107 o O ’,/ >
O s 10
10? . . x 10°
0.0 0.1 0.2 0.3
RAFT agent / mol%
0 --o--- theoretical d)
—=s—FRP
= RAFT0.05
10°+ —
LN —=— RAFT0.01
P . = RAFT0.17
= =§l S = RAFT0.25
E) 104 *I\\l -
() O~ —
S . =
~0O-
3] (u}
10 ‘ -
1
DC / mol%

Mare
k=100 _ 100 9)
M. 2DC M,

where M,, is the molecular weight of the monomer acrylic
acid and DC is the degree of crosslinking. The calculated
crosslinking efficiencies are depicted in Figure 7d and were
found in the range between 3% and 27%. It was shown that
with increasing the RAFT content k decreases. Furthermore,
the differences between RAFT polymerized and FRP samples
vanish for high degrees of crosslinking.

In addition, the dissipation factor tan 8, which is the well-
known ratio between the loss modulus G” and the storage
modulus G’, was calculated according to Equation (10).

FRP  —=—|G
10%70.10 mol% --o--- tan & £ 10"
0.25 mol% g————F
/.7. l L 100
g 104 —F - w
o o
= e L1078
i) 2 o
e £102
- ~g------tooIo 8
o
102 , - . ' —10°
o 1 2 3 4 5
DC / mol%
= FRP
© 30+ = 0.25 mol%
< = = 0.10 mol%
] |
§25 I = 0.17 mol%
8 20+ - = = 0.25mol%
S . -
S 15 .
£ - - "
E 104
I | |
° o

o 1 2 3 4 5
DC / mol%

Figure 7. The absolute value of the complex modulus |G*| (full symbol) and tan & (empty symbols) is reported for a series of PSA networks having
a) DC =1 mol% and different amounts of RAFT agent, and b) different DC but fixed amounts of RAFT agents, such as 0 (black symbols), 0.10 (red
symbols), and 0.25 mol% (orange symbols). c) Theoretical (blue empty symbol) and experimental (full symbol) molecular weight of the elastic chain
(M,). The experimental value was calculated using the phantom according to Equation (8). d) Crosslinking efficiency estimated from the comparison

of the theoretical and experimental M, value, according to Equation (9).
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”

tand =
ang = (10)

Van Den Bulcke et al. observed that in case of hydrogels
|G*| = G, and thus low values for tan § are to be expected.l®
The samples containing amounts of RAFT agent up to
0.17 mol% and DC = 1 mol% provide similar values of tan § =
0.01 as the FRP sample, as shown in Figure 7a. Interestingly,
tan & increases to =0.1 for the samples with 0.25 mol% of RAFT
agent. The higher values of tan § could be caused by the higher
content of soluble fragments of 20 wt%, which were found by
the extraction experiments. The mobile chains are character-
ized by a higher degree of freedom, and thus leads to a higher
dissipation of energy.

3.5. Transverse Relaxation

The dominant relaxation mode in the transverse 'H-NMR
relaxation arises from the orientation-dependent homonuclear
dipolar couplings D of neighboring proton spins along the
chain. The orientation dependency is characterized by the dis-
tance r between the spins and the angle O to the applied mag-
netic field By according to Equation (11).[6%

K
D=F(3 cos’@-1) (11)

with the proportionality factor k = 240 kHz A3 for 'H-'H spin
pairs.[®®l Therefore, the relaxation behavior can be linked to
the orientation autocorrelation function of chain segments as
the most relevant description of molecular dynamics.P8%4 The
crosslinking points in networks bring additional constraints
into the system and result in a long-time plateau of the auto-
correlation function. The amount of residual correlation, which
is related to the crosslinking density, can be measured either
by a direct analysis of the residual dipolar couplings D, as
described later in the double quantum section, or by analyzing
transverse relaxation decays. The transverse relaxation of the
magnetization, also called T)-relaxation, is related to the auto-
correlation function of the motion and thus it is mostly affected
by slow motions. Consequently, the molecular dynamics

a) + FRP
1.0jwae s, = 0.05 mol%
« 0.10 mol%
0.8+ + 0.16 mol%
S + 0.25 mol%
'; 0.6- mol“%
Soa4] RAFT DC =1 mol%
0.2-
0.0 . . .
0.01 0.1 1 10 100 1000

t/ms

www.mcp-journal.de

of polymer chain segments in a network, as probed by T,-
NMR, can be linked to the network structure via its hindered
dynamics.

Apart from the junction points, the amount of charges
present at the polymer backbone might influence the relaxa-
tion behavior due to its effect on the magnetic susceptibility
of the sample and on the motion of the chains.®! Therefore,
a T,relaxation study of samples with varying charge fractions
from 0 to 100 mol% with respect to the acrylic acid was con-
ducted. It was found that the influence of the charges on the
measured network mobility can be neglected when the charge
content is higher than 50 mol%. For more details, the reader is
referred to Figure S5, Supporting Information.

The T,-relaxation curves of the fully charged samples are
depicted in Figure 8 and Figure S6a, Supporting Information,
revealing that with decreasing RAFT content and increasing
the DC a faster relaxation decay is observed. The fast relaxation
reflects a more rigid network structure and confirms the rhe-
ological finding of lower apparent crosslinking densities of
RAFT samples. As before, the difference arising from the
adopted synthetic procedure diminish at higher DC.

To further process the data, first an empirical stretched
exponential curve is fitted to the data according to
Equation (12).

B
I(t):Aexp(—L) (12)

T
where time is ¢, the normalization pre-factor A, the empir-
ical time constant 7; and the stretch factor . According to
Béhmer et al. the empirical stretch factor f3 is inversely pro-
portional to the width of the relaxation rate distribution in
decades.l°®%71 Thus, 8 can be taken as a measure for the inho-
mogeneity in mobility of the network and was found to be in
the range of 0.42-0.62, independently from the polymeriza-
tion procedure, as shown in Figure S7b, Supporting Informa-
tion. In case of a more homogeneous network, a narrower
distribution of the relaxation time is to be expected. According
to our measurements, most of the RAFT mediated networks
have lower stretching factors than the FRP ones, which is
most likely correlated to a higher heterogeneity of the FRP
network topology. The factor 7; refers to the characteristic

= DC 5.0 mol%
= DC 3.0 mol%
= DC 1.5 mol%
= DC 1.0 mol%

0.0 ; .. SO
0.01 041 1 10 100 1000

t/ ms

Figure 8. a) T,-relaxation curves of poly(sodium acrylate) hydrogels with DC = 1.0 mol% and different amount of RAFT agent shown in the legend.
b) T,-relaxation curves of hydrogels with DC ranging from 0.6 to 5 mol% synthesized via FRP, empty symbols, or with 0.25 mol% RAFT agent, full

symbols.
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relaxation time and provides an insight into the average
mobility of the networks. It was found that the parameter 7,
is linearly dependent on the RAFT agent content, as shown
in Figure S7c, Supporting Information. Thus, the networks
are more mobile at higher RAFT content, confirming the pre-
vious findings from the rheological measurements and the
swelling experiments of an apparent lower DC. In addition,
the parameter 7; revealed a power law dependency on the
degree of crosslinking, which reflects the loss of mobility due
to the additional crosslinks, as depicted in Figure S7d, Sup-
porting Information.

A second way for data treatment involves the use of an
inverse Laplace transformation (ILT) for the deconvolution of
the T)-relaxation data. The ILT was performed using the Contin
approach, and provides information about the relaxation rates
present in the networks based on exponential fit functions.
The T)-relaxation rate distributions are displayed in Figure 9a,b
and Figure S6b, Supporting Information and show a shift of
the peak maxima and the average values to higher rates with
decreasing RAFT agent content and increasing of the DC, con-
gruently with the previous data.

In this second approach, the inhomogeneity of the mobility
was determined by calculating the standard deviation oj,4 as
description of the width of the T,-relaxation rate distributions.
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In order to ensure that all points have an equal spacing and
thus an equal weight in the calculation of the standard devi-
ation, the x-axis was linearized by taking the logarithm
giving the linearized standard deviation oy,. This approach
enables the comparison of distributions, which are dif-
ferent in shape and well separated on the logarithmic scale.
Subsequently, the standard deviation oj,4 Was obtained by back
transformation of oy, by Equation (13).
Glog = 107" (13)

The findings are in agreement with those obtained using
Equation (12), where the width distribution increases with
increasing the RAFT content (Figure 9c). In addition, the
mobility distribution of the RAFT samples becomes nar-
rower toward extreme DC in both directions, while for FRP
samples the trend is less pronounced (Figure 9d). Since it
is assumed that a broader distribution is associated with a
less homogeneous network microstructure, the next step
is to understand whether the heterogeneity arises from a
more heterogeneous mesh size distribution or from a higher
content of mobile network defects, such as dangling ends.
For this purpose, DQ measurements were performed, as
reported in the following section.

b)
51 . DC5.0mol% .
51 = DC 3.0 mol% .
5 1° DC15mol% .
354-- DC1.0mol% _. DC
23
(7]
32
S
1_
0_
0.01
d)
N204 .0 b
~ A, ®. N - .
15| el R,
kS
>
2 1.0
° --=--FRP
§ 051 -+ --0.10 mol% RAFT
8 --+--0.25 mol% RAFT
v
0.0 : : . . .
0 1 2 3 4 5

degree of crosslinking / mol%

Figure 9. T,-relaxation rate distributions as obtained by the inverse Laplace transformation. Dependency on the a) RAFT agent content during synthesis
at DC =1 mol% and b) the degree of crosslinking, with a RAFT agent content of O (full symbols) and 0.1 mol% (empty symbols). Standard deviation
of the distributions of the latter at c) different RAFT agent contents (DC =1 mol%) and d) different DC, with the RAFT agent contents displayed in
the legend.
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3.6. Double Quantum Measurements

Double quantum measurements provide a direct access to
the residual dipolar coupling D, and thus the molecular
dynamics.”® In the previous section, it was shown that the
RAFT samples exhibit broader T)-relaxation rate distributions.
However, the source of the underlying heterogeneity could not
be assigned since both, network defects and the mesh size dis-
tribution could contribute. To answer the remaining question,
DQ measurements were performed. The pulse sequence yields
the reference signal S, and the double quantum signal Spq,
as shown in Figure S8, Supporting Information. To evaluate
the content of mobile species in the networks, the DQ data
could be described by a tri-exponential function according to
Equation (14).52

Ster (£) — Spa (t)

14
St (t=0) (4

= A, exp(-at)+B,exp(-bt)+C, exp(—ct)

where A, + B, + C, = 1 and ¢ is the time. The pre-exponen-
tial factor A, represents the contribution of the elastic net-
work to the overall signal, B, the amount of mobile network
fractions, for example, network defects like loops, or dangling
ends, and C, the content of mobile components, such as sol-
vent, or extractables. The empirical factors a, b, and ¢ serve as
the characteristic relaxation rates of the fractions A,, B,, and
C,. The network and the network defects relax faster than the
mobile components due to the higher rigidity, introduced by
the crosslinking points (a > b > ¢).

The relative content of mobile network defects in fraction
C, could not be separated from the solvent and the potentially
remaining extractables. Thus, only the content of B,, was consid-
ered as a measure for the amount of defects. It was observed that
when the RAFT content is increased, the content of the mobile
fraction B, increases, indicating a higher amount of defects,
such as dangling ends and loops as depicted in Figure 10a. The
amount of mobile fractions B, increases with decreasing DC, as
shown in Figure 10b, which can be explained by a lower content
of dangling chains due to the high crosslink density.

Subsequently, the structure of the effective elastic network
was evaluated without defects, by renormalizing the double

a) 70
60
50 .

R 40

@ 301
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quantum signal Spq according to the procedure described
in the Experimental Section. The samples with increasing
crosslink density revealed that the build-up of the double
quantum coherence is faster, which is an indication for the
increased rigidity of the polymer structures, as depicted in
Figure 11b and Figure S9, Supporting Information. Addition-
ally, the build-up curves of PSA network with DC = 1 mol%
with different amount of RAFT agent were measured. The
results showed a slower DQ build-up, and thus more flexible
network microstructures, compared to the FRP. This might
suggest that the RAFT samples have larger mesh sizes than
their FRP counterparts, or likely that the FRP samples have
more entanglements, which act as additional crosslinks. The
differences in mobility among the RAFT based samples at
DC = 1 mol% could not be resolved, since the curves over-
lapped, as shown in Figure 11a, which could indicate equally
large mesh sizes.

A Tikhonov-regularization and an analytical fit function
assuming a Gaussian distribution of D, were applied to
extract the inherent distributions of the residual dipolar cou-
pling constants as described in the Experimental Section. The
D, distributions obtained by the Tikhonov-regularization are
depicted in Figure S11, Supporting Information. It was found
for both applied methods, the Gaussian approach and the Tik-
honov regularization, that the standard deviations of the distri-
butions remain independent of the crosslink density and the
RAFT agent content, as shown in Figure 11c,d.

The standard deviations of the 3 and 5 mol% crosslinked
sample synthesized using 0.25 mol% of TRITT, obtained by
the Gaussian approach, were not considered as the measured
Dres,mean = 0 lead to a singularity. The results suggest that the
mesh size distributions are equally heterogeneous for both
FRP and RAFT polymerization. Thus, the heterogeneity in
mobility arises from nonelastic defects, such as dangling ends
and loops. Based on our findings, especially those described in
the current section, a new picture of the RAFT based network
formation mechanism is proposed. In detail, it was generally
observed that higher RAFT agent content leads to shorter chain
with, on average, fewer crosslinking units per chain. Thus,
the formed junction points are distributed over more chains
leading to a higher number of dangling ends. The extreme case
is one crosslinking point per chain, as shown in Figure 12a,

b) 70- = FRP
. e 0.25mol% RAFT

60
50
2 40/
@ 30
20 .
10/

0 T T T T T
0 1 2 3 4 5

degree of crosslinking / mol%

Figure 10. Relative amount of the moderately mobile fraction B, that is, loops and dangling chains, as obtained according to Equation (12) measured
for a) different amounts of RAFT agent at DC = 1 mol%, and b) different DC at RAFT agent contents of O (black) and 0.25 mol% (red).
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Figure 11. "H-double quantum (DQ) build-up curves of PSA hydrogels measured with a) different amount of RAFT agent and b) different degree of
crosslinking. The inherent D, distributions are shown in Figure S11, Supporting Information. The calculated standard deviation of the D, distribu-
tions of the build-up curves at varying DC reveal c) the dependency on the RAFT agent content and d) on the DC with a RAFT agent content of 0 (full

symbols), and 0.10 mol% (empty symbols) of TRITT.

where no network formation was observed. When reducing the
RAFT agent content, the crosslink density per chain increases
(Figure 12b). Here, the network formation is achieved, but
the network still contains many mobile parts, for example,
dangling ends. Eventually, at a minimal amount of RAFT

RAFT polymerization

~ N b
ah::(",\‘;(zl’
LAY

A8 R
*fﬁ N

RAFT content

chain length /
crosslinks per chain

Figure 12. Representation of the new proposed theoretical description
of PSA network synthesized via RAFT mediated polymerization. a) High
RAFT content leads to a not sufficient number of crosslinking point
per chain for the achievement of network formation. b) Decreasing the
amount of RAFT agent yield networks with high content of dangling ends
and c) at low amounts of RAFT agent the chains are bound multiple times
to the network, limiting the amount of dangling ends, that is, network
defects.
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agent the length of the elastic chain is comparable to the one
obtained in the FRP and the contribution of the mobile content
is negligible, indicating fewer network defects, as reported in
Figure 12c.

4, Conclusion

The impact of two different synthetic procedures, that is, RAFT
polymerization and conventional FRP, on the topology of the
resulting networks was compared for poly(sodium acrylate)
based hydrogels.

The crosslinking process performed with and without the
presence of the RAFT agent showed a significant influence
of the controlling agent on the network formation. The pres-
ence of the RAFT agent led to a narrower molecular weight
distribution, and to a constant growth of the chains during
conversion. Moreover, the usage of a controlling agent low-
ered the length of the polymer chains and thus by statistics
the average number of crosslinking molecules per chain,
which drastically affected the network formation. In case of
PSA networks, a critical ratio of DC to RAFT agent equal to 4
was found, yielding a theoretical amount of four MBA units
per chain, which could form crosslinks. With lower number of
crosslinker molecules per chain hydrogels cannot be obtained.

Increasing the amount of RAFT agent also led to higher
degree of swelling from Q =29.1 £ 1.8 up to Q = 39.2 £ 0.8
when 0.25 mol% of TRITT were used with respect to the
monomer, which can be beneficial for applications where
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a high water absorbency is required. This high swelling
degree is associated with a decrease in the elastic modulus
of the network. Assumptions on the network inhomogeneity
were concluded from the mobility distribution, as obtained
by low-field 'H-NMR techniques such as T,-relaxation and
DQ measurements. In detail, the T,-relaxation measure-
ments showed a broader mobility distribution in case of the
RAFT mediated crosslinking process. Independently from
the broadness of the distribution, the networks synthesized
with a higher RAFT agent content showed a higher mobility.
This result, together with the general trend observed in
the previous analysis, indicates that increasing the amount
of RAFT agent leads to less densely crosslinked networks.
Lastly, the DQ measurements revealed that the increase in
mobility and in the swelling ability, as well as the decrease
in the mechanical properties can be attributed to a higher
amount of defects, such as dangling ends, rather than to a
less homogeneous mesh size distribution. Upon subtraction
of the defects indeed, the mobility distribution was compa-
rable independently from the employed synthetic approach.
The higher amount of dangling ends is due to the shorter
length of the polymer chains, and thus needs to be taken
into account in following studies for the investigation of,
for instance, the mesh size distribution. In case of further
studies however, the RAFT agent concentration should be
chosen low enough that the chain lengths are similar for the
compared techniques. Equal chain lengths is an important
prerequisite to ensure that the findings are solely associ-
ated on the influence of the RAFT agent on the crosslinking
process.
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