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Abstract: A kinetic model describing aqueous acrylamide homopolymerization and copolymerization
of acrylamide with methylene bisacrylamide, leading to hydrogel formation, is presented and applied
in the simulation of these reaction processes. This modeling approach is based on population balances
of generating functions and, besides the crosslinking mechanisms inherent to network formation,
other specific kinetic steps important in acrylamide polymerization (e.g., branching due to backbiting)
are considered in the simulation tool developed. The synthesis of acrylamide polymers and hydrogels
was performed at 26 ◦C and at 40 ◦C using two different initiation systems. The formation of such
materials was monitored using in-line static light scattering (SLS), and the spatial inhomogeneity
of the final hydrogels was also measured using this experimental technique. It is shown that the
simulations are helpful in describing information provided by SLS in-line monitoring, namely in
the early stages of polymerization with the transition from dilute to semi-dilute regime. Indeed,
it finds a plausible match between the critical overlap polymer concentration and gelation, this later
leading to the observed spatial heterogeneity of the hydrogels. Usefulness of the kinetic model
for defining operation conditions (initial composition, semi-batch feed policies, chain transfer, etc.)
in making the shift from gelation to the semi-dilute regime is discussed, and the extension of this
approach to processes enabling a higher control of gelation (e.g., controlled radical polymerization) is
also prospected.
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1. Introduction

Synthetic, water-soluble polymers find many important applications in diverse technological
fields. Thickening, emulsification, stabilization, rheology modification, and gelation are operations
carried out with aqueous solutions by using water-soluble polymers. Thus, among other applications,
these materials are used as flocculants and coagulants in water treatment, film-formers, binders and
thickeners (e.g., in pulp and paper industry), and also as special devices in biomedical, pharmaceutical,
or cosmetic industries [1].

In particular, polyacrylamide homopolymers and copolymers of high molecular weight (>106 Da)
are commonly used in mining, textile, and oil industries (e.g., flocculants, as these materials have the
capacity to bind charged particles) [2]. Additionally, polyacrylamide hydrogels (often synthesized with
methylene bisacrylamide as crosslinker) are especially important in biomedical and pharmaceutical
applications. DNA and protein electrophoresis are probably the most well-known applications of
polyacrylamide hydrogels. Also, the use of these materials as controlled release vehicles is being
considered in the scientific community.
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Structure and properties of polymers are mainly defined during their synthesis process (being an
important example of “products-by-process”), and, therefore, polymer reaction engineering plays an
important role in tailoring such kinds of products [3]. Indeed, the connection between fundamental
kinetic mechanisms that intervene in synthesis and the resulting polymer microstructure can be
explored to design production conditions leading to optimized materials. In the present work,
these issues are addressed in the framework of polyacrylamide homopolymer and polyacrylamide
hydrogel synthesis. A kinetic model, including complex kinetic steps involved in acrylamide
homopolymerization (e.g., backbiting) and also the crosslinking mechanisms inherent to hydrogel
formation, is developed and tested considering different operation conditions (e.g., with ammonium
persulfate/tetramethylethylenediamine initiation at room temperature or with an azo initiator at 40 ◦C).
Additionally, static light scattering (SLS) is used to perform in-line monitoring of polyacrylamide
homopolymers and hydrogel synthesis at room temperature, namely at the onset of polymer formation.
It is shown that comparison of the observed SLS data with the predictions of the developed kinetic
model provides important insights on some polymer formation mechanisms. Moreover, SLS is also used
to investigate spatial inhomogeneity of the polyacrylamide hydrogels (produced at room temperature
or 40 ◦C). Spatial inhomogeneity is an important issue with hydrogels because this phenomenon has
deleterious effects on the mechanical strength of crosslinked materials and their optical properties [4].
Thus, the tools here described can be helpful to monitor and control the structure of these classes of
polymers and gels, namely through the definition of initial recipes, temperature and/or semi-batch
monomer feed policies with impact on the crosslinking process, and the concomitant increase of
spatial homogeneity of the networks. The ideas here explored can also be extended to investigate the
possibility for improvement of gel homogeneity through the use of controlled radical polymerization
techniques (e.g., NMRP, ATRP or RAFT polymerization), which is an issue being currently considered
in the scientific community.

2. Materials and Methods

2.1. Reagents

Acrylamide (AAm), methylene bisacrylamide (MBAm), ammonium persulfate (APS),
tetramethylethylenediamine (TEMED), and thioglycolic acid (TA) were supplied by Sigma-Aldrich
(St. Louis, MO, USA). The azo initiator 2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride
(VA-044) was purchased from Wako Chemicals (Richmond, VA, USA). Millipore water (Milli-Q quality)
was used in all the experiments unless otherwise mentioned.

2.2. Static Light Scattering (SLS) Instrument

Static light scattering (SLS) measurements were performed using a DAWN8 + HELEOS
λ = 658 nm MALLS detector equipped with a 50 mW linearly polarized GaAs (gallium arsenide) laser.
This multiangle laser light scattering instrument allows recording scattered light intensities from eight
different angles θ= 32◦, 44◦, 57◦, 72◦, 90◦, 108◦, 126◦, and 141◦. Considering the refractive index of water
for the scattering medium (n0 = 1.331) the correspondent scattering vector q = (4πn0/λ) sin(θ/2)
is q = [7.0, 9.5, 12.1, 14.9, 18.0, 20.6, 22.6, 24.0] × 10−4 Å−1. Through a flow-to-batch conversion kit,
this MALLS instrument was used to perform in-line measurements of scattered light intensity during
polyacrylamide homopolymer or hydrogel formation, as below described. The same instrument was
used to measure scattered light intensity of the final polyacrylamide products prepared in different
reaction conditions, namely with VA-044 initiation at T = 40 ◦C.

2.3. Polymerization with Ammonium Persulfate/Tetramethylethylenediamine (APS/TEMED) and In-Line
SLS Monitoring

The following experimental procedure was used with polyacrylamide homopolymer and hydrogel
synthesis and simultaneous in-line SLS monitoring: a solution of water, acrylamide, and methylene
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bisacrylamide at the desired concentrations was degassed with a flow of dry argon for 30 min, and then
a required amount was filtered (through a 0.45 µm filter) to a scintillation vial. Afterwards, a prescribed
small amount of an aqueous solution containing APS/TEMED was added to the scintillation vial. It was
closed, and then it was immediately placed in the batch cell of the MALLS detector for in-line SLS
monitoring. Polymerization was allowed to proceed in these conditions, typically for 2 h. During this
period, the temperature of the batch cell of the MALLS detector was recorded, and an average value
T = 26 ◦C was most often observed. The scintillation vial was then removed, and the polymerization
completed at room conditions up to 24 h. Then, new SLS measurements for the final products were
performed and, at this stage, the SLS signals were recorded at different positions (at least three)
through the rotation of the scintillation vials between successive measurements. Averaging of the
measurements performed at different positions was considered, as below discussed, for comparison
with theoretical models.

2.4. Polymerization with VA-044 at T = 40 ◦C

Polymerizations performed with VA-044 at T = 40 ◦C followed a similar procedure to that of
the above described, up to the formation of the required degassed and filtered aqueous solution
containing acrylamide, methylene bisacrylamide, and initiator in the scintillation vial. Then, the vial
was placed in a thermostatic oil batch preset to 40 ◦C. Polymerization was allowed to proceed for
24 h. Afterwards, the vial was equilibrated at room temperature before measuring the SLS signals,
and, as above described, different recording positions were considered through the rotation of the
scintillation vials between successive measurements.

2.5. Polymerization Conditions Used in the Experimental Runs

The polymerization conditions used in the different experimental runs performed in this work are
described in Table 1.

Table 1. Polymerization conditions used in the preparation of polyacrylamide homopolymers
and hydrogels.

Product Monomers Initiator T (◦C) CTA YM YI YCL YCTA/M

L1 AAm APS/TEMED 26 - 9 0.1 - -
L2 AAm APS/TEMED 26 - 9 0.2 - -
L3 AAm APS/TEMED 26 - 5 0.2 - -
L4 AAm APS/TEMED 26 - 13 0.1 - -
H1 AAm/MBAm APS/TEMED 26 - 9 0.1 0.5 -
H2 AAm/MBAm APS/TEMED 26 - 9 0.1 1.0 -
H3 AAm/MBAm APS/TEMED 26 - 9 0.1 2.0 -
H4 AAm/MBAm APS/TEMED 26 - 9 0.2 1.0 -
H5 AAm/MBAm APS/TEMED 26 - 13 0.1 0.1
H6 AAm/MBAm APS/TEMED 26 - 13 0.1 0.5 -
L5 AAm VA-044 40 - 9 0.2 - -
L6 AAm VA-044 40 - 5 0.2 - -
H7 AAm/MBAm VA-044 40 - 9 0.2 0.5 -
H8 AAm/MBAm VA-044 40 - 5 0.2 1.0 -
H9 AAm/MBAm VA-044 40 - 9 0.2 1.0 -
L7 AAm APS/TEMED 26 TA 9 0.2 - 0.5

H10 AAm/MBAm APS/TEMED 26 TA 9 0.2 1.0 0.5

Definitions for the composition parameters described in this table are the following: YM—mass fraction of
acrylamide + methylene bisacrylamide in the solution (×100). YI—mole ratio of initiator compared to acrylamide +
methylene bisacrylamide (×100). YCL—mole fraction of methylene bisacrylamide in the monomer mixture (×100).
YCTA/M—mole ratio of chain transfer agent (CTA) compared to acrylamide (×100).
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3. Theoretical Background

3.1. Kinetic Modeling of Hydrogel Synthesis through Population Balances of Generating Functions

A general kinetic approach based on population balances of generating functions, previously
developed by this research group [5–14], was here used to describe the synthesis of polyacrylamide
homopolymers and hydrogels. In the framework of this method, predictions before and after gelation
are possible without the consideration of usual simplifications, namely, pseudo-steady state for radical
concentration, closure conditions for the moments, and absence of multiple radicals or multiple
pendant double bonds in the same polymer molecule [5–14]. Besides the prediction of the molecular
weight distribution (and the correspondent averages) or of the weight fractions of sol and gel, sequence
lengths [11,13] and the average radius of gyration [12,13] can also be computed for non-linear polymers
using this kinetic modeling technique. In order to keep this presentation within a manageable size,
and taking into consideration the experimental information provided by SLS (as below discussed),
only predictions before gelation are provided here. Examples for the analysis of the post-gelation
period with this method considering similar hydrogel systems can be found elsewhere [15–17].

In Tables 2 and 3 are presented the sets of chemical groups and chemical reactions here
considered for the kinetic modeling of acrylamide (AAm) with methylene bisacrylamide (MBAm).
Homopolymerization of acrylamide is a particular case of this scheme obtained by setting the amount
of MBAm to zero. Recent studies [2,18] showed that the formation of mid-chain polymer radicals
(MCR) due to backbiting plays an important role in the aqueous polymerization of acrylamide.
So, besides the usual secondary propagation polymer radicals (SPRs), the less active MCR were also
considered in this analysis. Thus, this scheme accounts for the simultaneous formation of nonlinear
polymer structures due to crosslinking of MBAm (through pendant double bond polymerization) and
branching as consequence of backbiting. Note, however, that in this kind of systems, crosslinking
is dominant, compared to branching, even when a relatively small amount of crosslinker is used
(see e.g., [19] where crosslinking and branching densities are compared in the framework of acrylate
polymerization). The set of chemical groups presented in Table 2 includes also, as usually, the initiator,
primary radicals, a chain transfer agent, and an inhibitor/retarder that was considered in order to
describe the experimentally observed induction time, as below discussed. Generically, the chemical
groups were distinguished by their presence in polymer (δP = 1, and δP = 0 otherwise) or their activity
in chemical reactions (δA = 1, and δA = 0 otherwise). The set of chemical reactions presented in
Table 3 encompasses the different kinetic steps that intervene in the polymerization mechanism, namely,
initiator decomposition, initiations, propagations, backbiting, transfer to monomer, transfer to agent,
inhibition of radicals, termination by combination, and termination by disproportionation. These steps
were discriminated for the different species involved because of their different reactivities, as discussed
below, in the framework of the numerical values considered for the involved kinetic parameters.
Our kinetic approach [5–14] is based on the use of generating functions for the number of groups in
polymer molecules, which in this case is a six-dimensional distribution, as described by Equation (1).
Each dimension corresponds to a chemical group A1 to A6, as described in Table 2. Specifically, n is the
count of SPR, m is the count of pendant double bonds, k of MCR, x and y of polymerized AAm and
MBAm units, respectively, and l of branching points due to backbiting. Considering the kinetic scheme
presented in Table 3, the population balance equation for polymer molecules in the generating function
domain is described by Equation (2). This equation can be numerically solved using the method of the
characteristics [5–14]. If predictions of moments before gelation are only sought (as below discussed),
an initial value problem would result. However, after gelation, a multidimensional boundary value
problem (BVP) should be solved [5–14]. Note that prediction of chain length distributions (not tackled
here) always requires a BVP solution in either situation (before or after gelation) [14].



Processes 2019, 7, 237 5 of 24

Table 2. Set of chemical groups considered in the kinetic modeling of the crosslinking polymerization
of acrylamide (AAm) with methylene bisacrylamide (MBAm).

Group Alias Group Description δP δA

A1 Secondary propagation polymer radical (SPR) 1 1
A2 Pendant double bond 1 1
A3 Mid-chain tertiary polymer radical (MCR) 1 1
A4 Polymerized Acrylamide unit 1 0
A5 Polymerized methylene bisacrylamide unit 1 0
A6 Branching point due to backbiting 1 0
A7 Acrylamide monomer 0 1
A8 Methylene bisacrylamide monomer 0 1
A9 Primary radical 0 1
A10 Initiator 0 1
A11 Chain transfer agent 0 1
A12 Inhibitor/retarder 0 1

Table 3. Set of chemical reactions considered in kinetic modeling of the crosslinking polymerization of
acrylamide (AAm) with methylene bisacrylamide (MBAm).

Chemical Reaction Chemical Equation

Initiator decomposition I
kd
→ 2 f R0

Acrylamide initiation R0 + M1
ki1
→ P1,0,0

1,0,0

Methylene bisacrylamide initiation R0 + M2
ki2
→ P0,1,0

1,1,0

Pendant double bond initiation R0 + Px,y,l
n,m,k

ki3
→ Px,y,l

n+1,m−1,k

Acrylamide propagation with SPR Px,y,l
n,m,k + M1

kp1
→ Px+1,y,l

n,m,k

Methylene bisacrylamide propagation with SPR Px,y,l
n,m,k + M2

kp2
→ Px,y+1,l

n,m+1,k

Pendant double bond propagation with SPR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
kp3
→ Px+x′,y+y′,l+l′

n+n′,m+m′−1,k+k′

Backbiting Px,y,l
n,m,k

kbb
→ Px,y,l+1

n−1,m,k+1

Acrylamide propagation with MCR Px,y,l
n,m,k + M1

kpT1
→ Px+1,y,l

n+1,m,k−1

Methylene bisacrylamide propagation with MCR Px,y,l
n,m,k + M2

kpT2
→ Px,y+1,l

n+1,m+1,k−1

Pendant double bond propagation with MCR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
kpT3
→ Px+x′,y+y′,l+l′

n+n′+1,m+m′−1,k+k′−1

Transfer to monomer Px,y,l
n,m,k + M1

k f m
→ Px,y,l

n−1,m,k + P1,0,0
1,0,0

Transfer to chain transfer agent Px,y,l
n,m,k + S

k f s
→ Px,y,l

n−1,m,k + R0

Inhibition of primary radicals R0 + Z
kz
→ Dead products

Inhibition of SPR radicals Px,y,l
n,m,k + Z

kz
→ Px,y,l

n−1,m,k

Inhibition of MRC radicals Px,y,l
n,m,k + Z

kz
→ Px,y,l

n,m,k−1

Termination by combination SPR/SPR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
ktcss
→ Px+x′,y+y′,l+l′

n+n′−2,m+m′,k+k′

Termination by disproportionation SPR/SPR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
ktdss
→ Px,y,l

n−1,m,k + Px′,y′,l′

n′−1,m′,k′

Termination by combination SPR/MCR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
ktcst
→ Px+x′,y+y′,l+l′

n+n′−1,m+m′,k+k′−1

Termination by disproportionation of SPR/MCR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
ktdst
→ Px,y,l

n−1,m,k + Px′,y′,l′

n′,m′,k′−1

Termination by combination MCR/MCR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
ktctt
→ Px+x′,y+y′,l+l′

n+n′,m+m′,k+k′−2

Termination by disproportionation of MCR/MCR Px,y,l
n,m,k + Px′,y′,l′

n′,m′,k′
ktdtt
→ Px,y,l

n,m,k−1 + Px′,y′,l′

n′,m′,k′−1

G(sR, sB, sT, sX, sY, ssb, t) =
∞∑

n=0

∞∑
m=0

∞∑
k=0

∞∑
x=0

∞∑
y=0

∞∑
l=0

sn
Rsm

B sk
Tsx

Xsy
Ysl

sbPx,y,l
n,m,k(t) (1)
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∂G
∂t = ki1[R0][M1]sXsR +ki2[R0][M2]sYsRsB + ki3[R0]

( sR
sB
− 1

)
∂G

∂ log sB

+kp1[M1](sX − 1) ∂G
∂ log sR

+ kp2[M2](sYsB − 1) ∂G
∂ log sR

+kp3

[
1
sB

∂G
∂ log sB

∂G
∂ log sR

− [R] ∂G
∂ log sB

− [B] ∂G
∂ log sR

]
+kbb

( ssbsT
sR
− 1

)
∂G

∂ log sR
+ kpT1[M1]

( sXsR
sT
− 1

)
∂G

∂ log sT

+kpT2[M2]
( sYsBsR

sT
− 1

)
∂G

∂ log sT

+kpT3

[
sR

sTsB
∂G

∂ log sB
∂G

∂ log sT
− [RT]

∂G
∂ log sB

− [B] ∂G
∂ log sT

]
+k f m[M1]

[(
1
sR
− 1

)
∂G

∂ log sR
+ [R]sXsR

]
+ k f s[S]

(
1
sR
− 1

)
∂G

∂ log sR

+kZ[Z]
(

1
sR
− 1

)
∂G

∂ log sR
+ kZ[Z]

(
1
sT
− 1

)
∂G

∂ log sT

+ktcss

[
1
s2
R

(
∂G

∂ log sR

)2
− [R] ∂G

∂ log sR

]
+ ktdss[R]

(
1
sR
− 1

)
∂G

∂ log sR

+ktcst

[
1

sRsT
∂G

∂ log sR
∂G

∂ log sT
− [R] ∂G

∂ log sT
− [RT]

∂G
∂ log sR

]
+ktdst

[
[RT]

(
1
sR
− 1

)
∂G

∂ log sR
+ [R]

(
1
sT
− 1

)
∂G

∂ log sT

]
+ktctt

[
1
s2
T

(
∂G

∂ log sT

)2
− [RT]

∂G
∂ log sT

]
+ ktdtt[RT]

(
1
sT
− 1

)
∂G

∂ log sT

(2)

3.2. Analysis of Gels and Gel Formation Processes by SLS

3.2.1. SLS with Diluted Polymer Solutions

Static light scattering is a standard technique used for the characterization of polymer solutions.
Indeed, the structure, size, and shape of polymer molecules can be obtained by measuring the scattering
intensity of a diluted polymer solution as a function of the scattering vector. Following the theory of
light scattering for solutions at infinitely high dilution and monodisperse scatters of size much smaller
than light wavelength (size << λ/20), the following relation can be derived (see e.g., [20–22]):

Kc
Rθ

=
1
M

(3)

In this equation, Rθ = r2Iθ/(VSI0) represents the Rayleigh ratio (units of length−1), with I0

standing for the intensity of the incident beam, Iθ the scattered light intensity at the scattering angle
θ, VS the volume of the scattering medium, and r the distance between the scattering volume and
the detector. On the other hand, M represents the molecular weight of the scatter (monodisperse
polymer molecules) and c the respective concentration. When writing Equation (3) in the general
form above presented, it is important to note that the parameter K depends on the polarization of
incident light. For instance, with vertically polarized light K = 4π2n2

0(dn/dc)2/
(
NAλ

4
)
, whereas for

unpolarized incident light K = 2π2n2
0(dn/dc)2

(
1 + cos2 θ

)
/
(
NAλ

4
)

(see e.g., [20–22]). Here, NA is
Avogadro’s number, dn/dc the refractive index increment with respect to c, n0 the refractive index of
the solvent, and λ the wavelength of incident light.

However, in practice, one needs to deal with polydisperse mixtures of molecules, the size of
which can be higher than λ/20 and that are present in solutions at finite concentrations. In this
case, Equation (3) should be replaced by an equivalent form, taking into account corrections for the
concentration effect (solute concentration fluctuations) and dissymmetry resulting from the large size of
molecules interfering in light scattering. Equations (4) and (5) below are often used in these conditions:

Kc
Rθ

=
1

MwP(θ)
+ 2A2c + O

(
c2

)
(4)
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Kc
Rθ

=
1

Mw

1 +
R

2
g

3
q2 + O

(
q4

)+ 2A2c + O
(
c2

)
(5)

In these equations, Mw represents the weight-average molecular weight of the polymer, A2 the
second virial coefficient, P(θ) the form factor of the scatter, Rg the z-average radius of gyration for
the polymer, and q = 4πn0sin(θ/2)/λ the scattering vector. Note that different form factors can be
considered for the scatters in Equation (4), with the Gaussian coil model (with P(θ) = 2(e−u

− 1 + u)/u2

and u = q2R
2
g), the rigid rod model, and the hard sphere model as the most common functions considered

in this context (see e.g., [21]). Equation (5) is the base for the famous Zimm plot [23] that requires
extrapolation to c→ 0 and q→ 0 in order to estimate polymer properties. Note that the use of the
function P(θ) corresponding to the Gaussian coil model in Equation (4), considering a power series
expansion in u, leads to Equation (5) [23].

3.2.2. SLS with Semi-Diluted Polymer Solutions and Gels

In spite of the high relevance of the previous equations in polymer characterization, they cannot
be used to describe in-line static light scattering monitoring of soluble polymers or hydrogel formation
processes, and they cannot be directly applied to offline analysis of the final products. The question
arises because the above described SLS relations are only valid in the diluted regime (with extrapolation
to infinite dilution), and much higher polymer concentrations are observed in the common synthesis
processes. For instance, with hydrogel formation, the overlap concentration c∗ is inevitably surpassed
during synthesis in order to allow the formation of a cluster with “infinite” dimensions, leading to
total spatial connectivity. Infinite dilution is, thus, impossible with these systems [24]. The polymer
concentration in usual processes resulting in the formation of soluble materials is also much higher than
c∗, and therefore, the interference between different chains hides their individual molecular features
(e.g., Mw and Rg). In this case, post-dilution of the polymers is needed before SLS analysis [24].

However, in the semi-dilute regime (c > c∗), the analysis of polymer solutions by SLS reveals
the phenomenon usually known as “blob scattering” [25]. This information is being used in the
scientific community to describe gel spatial inhomogeneity (also called crosslinking inhomogeneity).
Comparison of SLS for a polymer gel and for the analogous polymer solution is often considered
within this purpose. Note, however, that several different kinds of inhomogeneities are possible in
polymer gels, and some examples are illustrated in Figure 1 (see e.g., refs [24,26,27] for a comprehensive
discussion on these issues). Concentration fluctuations are observed both in polymer solutions and in
gels. Nevertheless, with polymer solutions, only thermal concentration fluctuations are possible, while
in polymer gels, thermal fluctuations and frozen fluctuations (due to crosslinking) take place [24,26,27].
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Figure 1. Depiction of some possible frozen inhomogeneities often found in polymer gels: (a) spatial
inhomogeneities, (b) topological inhomogeneities, and (c) connectivity inhomogeneities (scheme
adapted from [24] with the publisher’s permission).

Spatial inhomogeneities in polymer gels, depicted in Figure 1a, are due to spatial variations in
crosslinking density, and they generate abnormal light scattering, namely in comparison with a similar
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polymer solution. Topological inhomogeneities (Figure 1b—representing defects in the network),
connectivity inhomogeneities (Figure 1c—dependent on the molecular architecture of the chains),
and mobility inhomogeneities (describing the local mobility in the chains [24]) are other kinds of
inhomogeneities possible for polymer gels. It is often accepted that SLS can be used to measure
spatial inhomogeneity and spatial correlation (mobility inhomogeneity introduced by crosslinks), while
topological and connectivity inhomogeneities (dynamic and connectivity correlations, respectively)
can only be accessed through dynamic light scattering (DLS) [24,26–29].

As a consequence of the above described inhomogeneities, different correlation functions were
developed to describe the anomalous scattering observed for polymer gels in comparison with the
analogous polymer solutions [30–32]. Indeed, with polymer gels, light scattering intensities [33] (or the
related Rayleigh ratios), small-angle X-ray scattering (SAXS) intensities [34], or small-angle neutron
scattering (SANS) [35–37] intensities are often described through the sum of the scattered intensity
from an analogue polymer solution, Isol(q), and an excess scattering, Iex(q):

I(q) = Isol(q) + Iex(q) (6)

In swollen gels, polymer concentration is often in the semidilute region, thus, Isol(q) is usually
described through a Lorentz function, also named as Ornstein−Zernike function:

Isol(q) =
Isol(0)

1 + ξ2q2 (7)

with ξ representing the correlation length (blob size) for the polymer in solution. On the other
hand, different functions have been considered to describe excess scattering observed with gels Iex(q),
namely another Lorentz function Equation (8), a stretched exponential function Equation (9), or the
Debye-Bueche function Equation (10):

Iex(q) =
Iex(0)

1 + Ξ2q2
(8)

Iex(q) = Iex(0)exp
[
−(Ξq)a

]
(9)

Iex(q) =
Iex(0)(

1 + Ξ2q2
)2 (10)

In these equations, Ξ represents a characteristic length scale of the gel. Functions described
by Equations (8)–(10) were introduced to take into account additional fluctuations of the gel and
spatial inhomogeneities associated with the solid-like behavior of the gel material, as above discussed.
Note that the function in Equation (9) is an extension of the Guinier equation with parameter a
changing among different kinds of gels (e.g., a = 2 and a = 0.7 are different values reported in the
literature). The Debye-Bueche model Equation (10) assumes a two-phase structure of the gel with
a sharp boundary, and a second correlation length Ξ > ξ in the gel is simply considered with the
Ornstein−Zernike function Equation (8).

Comparison of experimental SLS data with models described by Equations (6)–(10) was considered
in the present work to assess the spatial inhomogeneity of AAm/MBAm hydrogels synthesized in
different conditions. Note that this kind of analysis is being also considered in the scientific community
to investigate the eventual advantages of reversible deactivated radical polymerization (RDRP)
mechanisms (e.g., RAFT, NMRP or ATRP), compared to free radical polymerization (FRP), for the
production of more homogeneous gels. Actually, by using scattering techniques [34] or swelling
techniques [38], different recent works indicated that RDRP allowed the synthesis of gels with improved
spatial homogeneity.
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A depiction of such effects is presented in Figure 2, where possible spatial structures of polymer
networks, resulting from RDRP and FRP, are compared (see [34]). In Figure 2, two different correlation
lengths were considered, ξ and Ξ, with ξ representing the size of polymer clusters (regions with high
crosslinking density) and Ξ the distance between clusters [34]. These parameters are the same involved
in Equations (7)–(10) because ξ also represents the correlation length associated with a semidilute
polymer solution. It should be stressed that only a few angstroms are expected for the correlation
length ξ (e.g., on the order of 10 Å) and, therefore, only SAXS [34] or small-angle neutron scattering
(SANS) [35–37] reveal such dimensions.
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Figure 2. Depiction of plausible spatial inhomogeneities observed with (a) reversible deactivated radical
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(scheme adapted from [34] with the publisher’s permission).

On the other hand, the length associated to the Ξ parameter can be in the range of more than
50 nm, which is accessible using SLS [24,34]. Indeed, the difference between the SLS of a gel and the
analogous polymer solution, Iex = I − Isol (see Equation (6)) can be used to estimate Ξ, as explored
below in this work.

3.2.3. In-Line SLS Monitoring of Polymers and Polymer Gel Formation

In-line SLS monitoring provids some important insights concerning polymer and polymer gel
formation, mainly at the very early stages of the reaction processes when the diluted and semi-diluted
regimes are observed. The interpretation for the time-change of the SLS signal observed in such
polymerization processes was studied in previous works, and a gelation model was proposed [24,39,40].
In Figure 3, possible depictions of different time-stages for linear polymerization are presented as well
as for the gel formation process and its impact on SLS intensity (see also [24,39,40]). At the first stage,
no change in SLS intensity is observed because there is an induction period without reaction in the
monomer solution. Suddenly, polymerization starts and the size of individual molecules or network
clusters become large enough to be detected by SLS (as a result of increases in polymer concentration and
molecular weight—see Equation (3)). If the overlap polymer concentration (c∗) is surpassed [24,39,40],
a peak in the scattering signal is observed as consequence of the volume filling with such kinds of
individual structures. Thermal concentration fluctuations dominated during this stage. After volume
filling with overlapping, the formation of a permanent network or the entanglement of linear chains
takes place, and scattering is dominated by local concentration fluctuations. Note that important
changes are revealed by light scattering when the overlap concentration is attained and surpassed (see
e.g., [21,24,25,39–41]). Actually, the characteristic mesh sizes of the permanent gel or of the entangled
chains are the correlation dimensions showed by scattering analysis of semi-diluted solutions above
c∗ (the trace of the individual chains disappears [21,24,25,39–41]). In fact, the interchain repulsive
effect associated with overlap causes the decreasing of the ‘blob’ size (see Figure 3). Thus, at this
stage, a drop in scattering intensity is observed because the correlation dimensions of the permanent
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arrangements are much smaller than those corresponding to individual structures [21,24,39,40] (due to
interchain repulsive effects). However, polymerization proceeded, and fluctuations in scattering
intensity could be observed as a consequence of the rearrangement in chain conformations. A plateau
is observed after the end of the reaction, and a comparison between scattering for the gels and for
the analogous polymer solutions (Iex = I − Isol, as above discussed) allows the estimation of their
frozen inhomogeneities [24,39,40]. Important developments concerning the in situ characterization of
polymer reactions, namely involving the homopolymerization of acrylamide, were also reported in
references [42–44]. Indeed, these works showed that time-dependent static light scattering (TDSLS)
signatures could be used to describe, experimentally and theoretically, the growing of a polymer
population for AAm free radical homopolymerization.

Processes 2019, 7, x FOR PEER REVIEW 10 of 25 

 

polymer solutions ( 𝐼𝑒𝑥 = 𝐼 − 𝐼𝑠𝑜𝑙 , as above discussed) allows the estimation of their frozen 

inhomogeneities [24,39,40]. Important developments concerning the in situ characterization of 

polymer reactions, namely involving the homopolymerization of acrylamide, were also reported in 

references [42–44]. Indeed, these works showed that time-dependent static light scattering (TDSLS) 

signatures could be used to describe, experimentally and theoretically, the growing of a polymer 

population for AAm free radical homopolymerization. 

 

 

Figure 3. Depiction of different time-stages in linear polymerization and gel formation processes and 

their impact on static light scattering (SLS) intensity (scheme adapted from [24,39,40] with the 

publisher’s permission). 

All the issues just discussed are very important for analysis of the dynamics of scattering 

intensity observed during gel formation, as will be explored in the framework of the in-line SLS 

monitoring of AAm/MBAm hydrogel synthesis. 

4. Results and Discussion 

At the first stage, the predictive capabilities of the kinetic model presented for AAm/MBAm 

copolymerization were assessed, considering the simpler case corresponding to AAm 

homopolymerization. The experimental conditions reported in [45] (𝑇 = 21 °C, 𝑌𝑀 = 5%, and 𝑌𝐼 = 

0.5%) were used within this purpose, and the measured value for the molecular weight of the final 

PAAm was also considered for prediction/experimental comparisons (𝑀̅𝑤 = 0.91 × 10
6 g/mol was 

measured in water using light scattering [45]). 

Besides the synthesis conditions, and in order to obtain the prediction for the dynamics of 

polymer properties, the involved rate coefficients must be known (see Table 3). In Table 4 is presented 

a reference set of kinetic parameters considered along this work in the simulations performed. Critical 

information concerning the kinetics of aqueous AAm homopolymerization was obtained from 

previous studies based on the use of the PLP-SEC technique (see references [2,18]). Indeed, rate 

parameters for the kinetic steps concerning AAm chain propagation, transfer to monomer, several 

kinds of termination (SPR-SPR, MCR-MCR, and SPR-MCR), backbiting, and addition to MCR (see 

Table 4) were estimated by these authors [2,18]. Moreover, rate changes of these parameters with 

temperature and with the weight fraction of AAm in water (𝑊𝑀) were determined in these works 

Figure 3. Depiction of different time-stages in linear polymerization and gel formation processes
and their impact on static light scattering (SLS) intensity (scheme adapted from [24,39,40] with the
publisher’s permission).

All the issues just discussed are very important for analysis of the dynamics of scattering intensity
observed during gel formation, as will be explored in the framework of the in-line SLS monitoring of
AAm/MBAm hydrogel synthesis.

4. Results and Discussion

At the first stage, the predictive capabilities of the kinetic model presented for AAm/MBAm
copolymerization were assessed, considering the simpler case corresponding to AAm
homopolymerization. The experimental conditions reported in [45] (T = 21 ◦C, YM = 5%, and
YI = 0.5%) were used within this purpose, and the measured value for the molecular weight of the
final PAAm was also considered for prediction/experimental comparisons (Mw = 0.91× 106 g/mol was
measured in water using light scattering [45]).

Besides the synthesis conditions, and in order to obtain the prediction for the dynamics of polymer
properties, the involved rate coefficients must be known (see Table 3). In Table 4 is presented a reference
set of kinetic parameters considered along this work in the simulations performed. Critical information
concerning the kinetics of aqueous AAm homopolymerization was obtained from previous studies
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based on the use of the PLP-SEC technique (see references [2,18]). Indeed, rate parameters for the
kinetic steps concerning AAm chain propagation, transfer to monomer, several kinds of termination
(SPR-SPR, MCR-MCR, and SPR-MCR), backbiting, and addition to MCR (see Table 4) were estimated by
these authors [2,18]. Moreover, the changes of these parameters with temperature and with the weight
fraction of AAm in water (WM) were determined in these works [2,18], which allowed simulation of
the polymerization system in a diverse range of operation conditions.

Table 4. Reference set of rate parameters considered in the kinetic modeling of the crosslinking
polymerization of acrylamide (AAm) with methylene bisacrylamide (MBAm).

Kinetic Step Rate Parameters Reference

Initiator decomposition With VA0-44 [46]
kd = 1.29× 1013 exp

(
−

108.2×103

RT

)
f = 0.7

With K2S2O8 in 0.1 M NaOH solution [47]
kd = 709× 1015 exp

(
−

148×103

RT

)
f = 0.5

A multiplication factor of 2000 on the kd value for K2S2O8 was
estimated in this work with APS/TEMED This work

Chain propagation kp = kpmax exp(−WM(1.015 + 0.0016T)) [2,18]
kpmax = 9.5× 107 exp

(
−

2189
T

)
Transfer to monomer Ctrm = k f m/kp = 0.00118 exp

(
−

1002
T

)
[2,18]

Termination SPR-SPR ktss = 2× 1010 exp
(
−

1991+1477WM0
T

)
[2,18]

αss = ktdss/ktss = 0.1
Backbiting kbb = 3.7× 109 exp

(
−

5874
T

)
[2,18]

Addition to MCR kpT = 0.0155 exp
(
−

1412
T

)
[2,18]

Cross termination SPR-MCR ktst = 0.27ktss αst = ktdst/ktst = 0.7 [2,18]
Termination MCR-MCR kttt = 0.01ktss αtt = ktdtt/kttt = 0.9 [2,18]

Inhibition kz = 109 This work
Chain transfer to agent k f s = kp This work

Rate parameters expressed in s−1 for the unimolecular steps and in L·mol−1
·s−1 for the bimolecular steps. Temperature

(T) expressed in K in the rate parameter expressions and the ideal gas constant was R = 8.314 J/(mol·K).

In Table 4, information concerning the rate parameters needed for the two different initiation
systems used in this work (APS/TEMED and VA0-44) is also presented. The kinetics of decomposition
for VA0-44 was obtained from the supplier [46]. With APS/TEMED, in the absence of specific data,
namely concerning the measurement of catalytic effect of TEMED, the kinetics of decomposition for
potassium persulfate in 0.1 M NaOH aqueous solution was taken as reference [47]. Considering
experimental information for the induction period and the dynamics of monomer conversion observed
in AAm homopolymerization (see [45]), a multiplication factor of 2000 on the kd reported for potassium
persulfate (due to TEMED catalysis) was estimated for operation conditions similar to those considered
in the present work, namely at room temperature range.

Note that clear induction periods were experimentally observed in different AAm polymerization
experiments, and this effect was here simulated through consideration of the presence of a
retarder/inhibitor in the system (Z, as described in Table 3). The addition rate constants associated
with these species are often very high (see chapter 5 in [47] for a comprehensive discussion on these
issues), and a value in the range kz = 109 L·mol−1

·s−1 was estimated for the systems considered in
this work, as discussed below. Chain transfer with thiols was here used as reference (thioglycolic acid
was considered as CTA), and near to ideal chain transfer constants (k f s = kp) were reported for these
compounds with acrylic monomers. These transfer reactions are accelerated in polar solvents, namely
in water (see [47], chapter 6).

Considering the absence of polymer at the start of polymerization, Equation (2) is solved with the
following initial condition:

G|t=0 = G0 = 0 (11)
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If the polymer properties before gelation are only sought (as here explored), Equation (2) is
transformed to a set of ordinary differential equations (ODEs) through the method of the characteristics,
and an initial value problem (IVP) should be solved [5–14]. In this work, the function ode15s of
MATLAB® was used to solve the systems of ODEs involved in the simulations.

In Figure 4, predictions for the dynamics of monomer conversion and average molecular weights
during aqueous polymerization of AAm at T = 21 ◦C, with YM = 5% and YI = 0.5% (experimental
conditions used in ref [45]), are presented. As described above, the main kinetic parameters used
in the simulations were those reported in references [2,18] (see Table 4). The rate for APS/TEMED
decomposition was estimated (using K2S2O8 data as reference) in order to reproduce the experimental
time evolution for monomer conversion reported in [45]. The experimentally observed induction
time (around 5 min) was reproduced considering kz = 109 L·mol−1

·s−1 and a small concentration of
inhibitor/retarder Z = 10−5 M.
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Figure 4. Predicted monomer conversion (a) and average molecular weights (b) for aqueous acrylamide
polymerization at T = 21 ◦C (the remaining simulation conditions are the same described in [45], namely
YM = 5% and YI = 0.5%). Main kinetic parameters used in the simulations are those reported in [2,18],
and the decomposition rate for APS/TEMED was estimated in order to reproduce the time evolution
for monomer conversion reported in [45] (see Table 4). For comparison purposes, the measured value
for Mw reported in [45] was also included in plot (b).

In Figure 4b, besides the predictions for Mn and Mw, the experimentally measured value for
the final Mw of the PAAm homopolymer was also plotted [45]. A slight discrepancy was observed
between the predicted and measured value, likely resulting from uncertain parameters used in the
simulations (note that the parameters proposed in [2,18] were directly used without refitting) or from
experimental error associated with the Mw measurement. Indeed, a similar mismatch was also reported
in reference [2] when comparing simulations and experimental data from different authors. The use of
different experimental conditions for measurement of Mw was pointed out as a possible explanation
for these differences [2]. However, the comparison presented in Figure 4b is in a similar deviation
range between theory/experiment of the study presented in [2], when the own experimental data of
these authors [2,18] were considered. Thus, we decided to use as reference set the kinetic parameters
presented in Table 4.

Having demonstrated with independent experimental data that the modeling tools here developed
were able to capture the main features of AAm homopolymerization, these principles were applied with
experimental systems addressed in this work. In Figure 5, simulations for AAm homopolymerization
at T = 26 ◦C, with YM = 9% and YI = 0.2% (experimental conditions corresponding to L2 in Table 1),
are presented. Dynamics for monomer conversion, average molecular weights (Mn and Mw), and
polymer concentration (expressed in g/L) are presented in these plots. An experimentally observed
induction time of around 5 min was reproduced considering in the simulation a concentration of
inhibitor/retarder Z = 3.7× 10−5 M. Note that the induction time for each experiment performed in this
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work at room temperature was obtained from light scattering data, recorded with in-line monitoring of
polymerizations, as presented in Figure 6 for runs L1 to L4 (see also Table 1).
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Besides static light scattering data obtained with in-line monitoring of different AAm
polymerization runs (the SLS signal of the 90◦ detector was here selected), in Figure 6, prediction for the
time-evolution of the polymer concentration in these experiments is also presented. Knowledge of the
polymer concentration helps in interpreting the SLS signal observed during in-line monitoring. Indeed,
as discussed in Section 3.2.3, the maximum observed in the scattering curves should correspond to the
point at which the polymer concentration in the reaction system equaled the overlap concentration of
the system (see also e.g., [45]). These features are highlighted in Figure 6, where, after adjusting the
induction time for each run, a very fast rise in the polymer concentration was predicted, and a critical
value on the order of 1.7 g/L matched the maximum experimental SLS curves obtained with different
experiments. Thus, this value should be close to the critical overlap concentration for PAAm in water,
which can be estimated from the relation:

c∗ =
Mw/NA

4
3π

(
R

2
g

)3/2
(12)

Actually, values for c∗ in the range 1.3 to 3.7 g/L were estimated in previous works for the

critical overlap concentration of PAAm in water using experimental Mw and R
2
g values (see [45,48,49]).

The comparisons between simulations and the observed SLS peaks, as presented in Figure 6, are
consistent with this estimation range.

Having demonstrated the usefulness of the kinetic modeling technique used to deal with
homopolymerization of acrylamide when particular branching steps were included, namely backbiting,
a more complex system corresponding to simultaneous branching and crosslinking will now be
addressed. This was the prevalent case when AAm/MBAm hydrogels were synthesized. Additionally,
as performed above with AAm polymerization, comparison between the in-line observed SLS signal
and model predictions will be explored to get insights on the crosslinking process.

The key kinetic parameter in a crosslinking process is the reactivity of the pendant double bonds
(PDBs) in the associated propagation step. Additionally, propagation of the crosslinker and the
initiation of PDBs, or the initiation of the crosslinker (see Table 3), also play important roles in this
context. In the most simple case, the reactivity of the PDBs could be assumed to be the same as
the monovinyl monomer (thus kp3 = kp1), and the similar rules could be used for the remaining
parameters (e.g., kp2 = 2kp1 in the propagation of an “ideal” bifunctional crosslinker). However,
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different reactivities of the diverse radicals, and carbon–carbon double bonds that participate in
the crosslinking process, are often found, namely when compared with the monovinyl monomer.
This possibility will also be considered here through the use of a single reactivity ratio:

Cp =
kp3

kp1
=

ki3
ki1

=
kpT3

kpT1
=

kp2/2

kp1
=

ki2/2
ki1

=
kpT2/2

kpT1
(13)

Thus, Cp describes a constant ratio for the comparison of the reactivity of the MBAm and AAm
carbon–carbon double bonds when the same kind of radical is involved, namely SPR, MCR, or primary
radicals (see Table 3). In the “ideal” case, Cp = 1.Processes 2019, 7, x FOR PEER REVIEW 14 of 25 
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Figure 6. Predicted time-evolution of polymer concentration (g/L) and in-line measured static light
scattering signal (the 90◦ detector is here considered) for polyacrylamide synthesis at different starting
conditions. (a) homopolymer L1, (b) L2, (c) L3, and (d) L4 (see Table 1).

In Figure 7, results concerning the predicted time-evolution of polymer concentration and average
molecular weights, up to gelation, for a typical run performed in this work with AAm/MBAm
polymerization are presented. The values T = 26 ◦C, YM = 9%, YCL = 0.5%, and YI = 0.1%, which
were the conditions of experiment H1 in Table 1, were here used for illustration purposes. The gelation
point was predicted through divergence of the second order or higher moments (Mw was here selected
to show this behavior). A Cp value smaller than 1 shifted the gelation towards a higher polymerization
time, but it had a residual effect on the polymer concentration and only changed the location of the
sol-gel transition for Mn (see Figure 7a,b). Moreover, the time-evolution for the polymer concentration
and monomer conversion in systems with a very low amount of crosslinker (like the hydrogels
here addressed) was very similar for the homopolymerization case (AAm polymerization) and the
corresponding crosslinking system (AAm/MBAm copolymerization).
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Figure 7. Predicted time-evolution of polymer concentration and average molecular weights up
to gelation for a typical run performed in this work concerning AAm/MBAm polymerization with
APS/TEMED initiation (T = 26 ◦C, YM = 9%, YCL = 0.5%, and YI = 0.1%). (a) Polymer concentration
(g/L) and Mw considering two different values for the reactivity of the pendant double bonds (Cp).
(b) Mn and Mw up to gelation considering two values for Cp.

Predictive features (illustrated above) for AAm/MBAm copolymerization were explored with
interpretation of the SLS signal experimentally observed during the in-line monitoring of hydrogel
formation. Such analysis is illustrated in Figure 8, where the SLS signals measured in the synthesis of
different kinds of AAm/MBAm products (runs H1 to H6 in Table 1) were plotted with the predicted
dynamics for Mw. To highlight the effect of the reactivity of the pendant double bonds (and associated
functional species) on the gel point location, two predictions with different Cp values are presented in
these figures (equal reactivity, corresponding to Cp = 1, and systems presenting lower crosslinking
reactivity with Cp < 1). Indeed, it was suggested in previous works that the shift of the gel point
comparatively to the critical overlap concentration improves the homogeneity of the gels. [45,48–50].
A kind of random crosslinking, in the semi-diluted regime, of pre-formed primary chains should
prevail in such circumstances, avoiding the spatial inhomogeneity associated with simultaneous cluster
formation and chain overlap (see depiction in Figure 3).

Actually, for AAm/MBAm copolymerization, it was shown that gelation occurred at, or slightly
beyond, the maximum point of scattering curves corresponding to the critical overlap concentration
(c∗) [45,49]. SLS signal and gel point were independently measured in these works. Interestingly,
it was shown that the form of the SLS curve and the relation between chain overlap and gelation
changed when different synthesis conditions were used. Notably, with the DMA/MBAm system, no
significant intensity rise was observed during crosslinking polymerization, and the delay in gelation
was proved [45]. The shift of gelation to the semidiluted regime was attributed to the bulky side groups
of PDMA chains causing a lower crosslinking reactivity. Thus, improvement of the PAAm hydrogels
through the introduction of DMA and NIPA co-monomers was investigated [48]. A positive effect
on the homogeneity of the gels was observed as a consequence of the shift of the gel point to later
reaction times in comparison to the critical overlap concentration. This delay was ascribed to the steric
effects of the side groups of DMA and NIPA in crosslinking, also causing a decrease in termination
reactions [48]. Additionally, the change of the initiation system, causing the formation of shorter
primary chains and a delay in the gelation point, was also considered to generate more homogeneous
AAm-based hydrogels [49]. Moreover, control of the gel point in AAm/MBAm copolymerization
through manipulating the reactivity of the crosslinker or its availability using a semi-batch feed policy
(eventually regulated by the solubility of the crosslinker in water) was also pointed out as a strategy to
tailor the structure of hydrogels [50] (see also [51–53] where different chemical systems were addressed).
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Figure 8. Predicted time-evolution of weight-average molecular weight (Mw) and in-line measured
static light scattering signal during AAm/MBAm hydrogel formation. Predictions considering two
different values for the reactivity of the pendant double bonds (Cp) are here compared. (a) hydrogel H1,
(b) H2, (c) H3, (d) H4, (e) H5, and (f) H6 (see Table 1).

The studies above described [45,48–50] showed that control of gelation was a key point in tailoring
hydrogels, and the two simulations presented for each run in Figure 8 highlight the possibility of using
the developed modeling tool to get insights on this issue. Indeed, for the systems in Figure 8, the gelation
predicted with equal reactivity (Cp = 1) matched with the first peak observed in the experimental SLS
signal. Considering previous research with AAm/MBAm [45,48–50], a close combination between
chain overlapping and gelation at this point is plausible, and equal reactivity should therefore prevail
in AAm/MBAm copolymerization. The simulations presented in Figure 8 with Cp < 1 evidence the
possibility to shift the gelation towards the semi-diluted regime, avoiding coexistence with chain
overlapping. Note that the change in reactivity of the PDBs was here considered to illustrate this
opportunity, but the simulation tool could be used to design other synthesis conditions leading to a
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similar outcome (e.g., definition of semi-batch feed policies, design of co-monomers composition, or
manipulation of the initiation system, as above described).

Besides, a secondary peak on the SLS signal was clearly observed in some of our experiments with
the system AAm/MBAm (see Figure 8a,b,f). Such kinds of peaks were not reported in previous related
works [45,49], and a Cp < 1 value was deliberatively selected in each of our simulations in order to
force the match between the prediction of gelation and this maximum of the SLS signal. A very small
reactivity of the PDBs was estimated in such circumstances (e.g., Cp = 0.07), which suggested that
this second SLS maximum is not associated to gelation but eventually to the rearrangement in the gel
spatial structure, as above discussed in the framework of the model depicted in Figure 3. Although no
independent replicates were conducted in this work with respect to SLS measurements, it is important
to emphasize that with in-line SLS, and in spite of the stochastic nature of the phenomena measured,
a low enough deviation from the average could be observed when different replicated experiments are
performed with controlled conditions (see e.g., [45]).

It is also necessary to stress that a higher temperature (T = 26 ◦C) was used in our experiments
compared to previous works [45,49], which should allow a higher rearrangement of the network during
synthesis. On the other hand, notice that saturation of the SLS signal presented in Figure 8c was due to
the high crosslinker content used in this run (YCL = 2%), leading to a very strong scattering of the gel.

The spatial heterogeneity of the final hydrogels was also studied in our research considering the
experimental and theoretical methods described in Section 2.3, Section 2.4, and Section 3.2.3. In Figure 9,
typical results observed for in-line SLS monitoring of PAAm homopolymers and of AAm/MBAm
hydrogel formation processes are compared. Light scattering measured at different angles (information
needed for the spatial heterogeneity assessment) is here presented (the instrument used was equipped
with eight scattering detectors). Note a higher scattering signal was measured with the hydrogel
compared to the homopolymer, showing the inhomogeneities introduced by the crosslinking process
(the excess scattering of the hydrogels, as described in Section 3.2.3). With all runs, the polymerization
time t = 24 h was considered as a reference for final product formation, and the corresponding scattering
data were taken for inhomogeneity evaluation.
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Figure 9. Typical results concerning the in-line static light scattering monitoring of polyacrylamide
homopolymers and hydrogel formation processes. (a) Homopolymer L4. (b) Hydrogel H6.

In Figures 10a, 11a, and 12a the comparison of the measured Rayleigh ratios (Rθ = r2Iθ/(VSI0)

in cm−1) is presented at different scattering angles (q = 4πn0 sin(θ/2)/λ in A−1) for the final
products obtained in homopolymer and gel synthesis (the pairs H4/L2, H7/L5, and H8/L6 were here
selected for illustration purposes). In Figures 10b, 11b, and 12b the associated excess Rayleigh ratios,
Rex,q = Rgel,q − Rsol,q are presented. Note that analysis of the excess scattering of gels, compared
to the analogue homopolymers, is often performed using the Rayleigh ratios instead of the direct
intensities (see Equation (6)). In Figures 10b, 11b, and 12b, the fitting of the excess Rayleigh ratios to the
Debye-Bueche and Guinier models (see Equations (9) and (10)) is also shown, allowing the estimation
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of the characteristic length scale of the gel (Ξ). In Figure 13, similar data for the excess Rayleigh ratios
of gels produced with APS/TEMED or VA-044 initiation are presented (see Table 1).
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Figure 10. (a) Experimental data relative to the SLS analysis of a polyacrylamide hydrogel and the
analogous polyacrylamide homopolymer (Rayleigh ratios at different scattering angles for H4 and L2).
(b) Measured excess Rayleigh ratio for hydrogel H4 and data fitted using the Debye-Bueche and
Guinier functions.
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Figure 11. (a) Experimental data relative to the SLS analysis of a polyacrylamide hydrogel and the
analogous polyacrylamide homopolymer (Rayleigh ratios at different scattering angles for H7 and
L5). (b) Measured excess Rayleigh ratio for hydrogel H7 and data fitted using the Debye-Bueche and
Guinier functions.

An overview of the estimated correlation lengths associated to the different gels is provided in
Table 5. Globally, these results seem to point to the spatial inhomogeneity of the prepared AAm/MBAm
hydrogels. Indeed, high correlation lengths were also measured for these kinds of products in some
previous works, namely Ξ on the order of 30 nm [50]. Moreover, in a very recent work [34], for FRP
gels, values of Ξ > 60 nm were estimated, and this high correlation length was associated with a higher
spatial heterogeneity of FRP networks compared to CRP products (Ξ on the order of 17.5 nm was
reported for analogous NMRP products [34]).
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Table 5. Correlation length (Ξ in nm) for different kinds of products estimated through static light
scattering measurements and using different models for data analysis, namely the Debye-Bueche (DB)
and the Guinier (GU) functions.

Product H1 H2 H3 H4 H5 H6 H7 H8 H9

Ξ(nm)
DB 24 27 - 20 - 36 64 48 24
GU 31 35 - 27 - 42 65 54 31
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For hydrogel H3, estimation of Ξ was not possible because a high crosslinker content was used
that led to a saturation of the SLS signal. Conversely, hydrogel H5 was produced with 0.1% of MBAm
(see Table 1), and a negligible difference in the SLS signal was observed compared to the analogous
AAm homopolymer.

Note that similar correlation lengths were estimated in our work for hydrogels synthesized
with initiation by APS/TEMED or VA-044 (see Table 5), indicating an equivalent degree of spatial
heterogeneity for these materials. Actually, simulations presented in Figure 14 for the production
of PAAm or AAm/MBAm hydrogels with the two initiation systems showed common dynamics for
homopolymer or network development, and the same range of values was predicted for the final
properties (e.g., Mw associated with the length of primary chains or a close relation between chain
overlapping concentration and gelation).
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Figure 14. Simulation of the effect of the initiation system (VA-044 at T = 40 ◦C or APS/TEMED at
T = 26 ◦C) on the dynamics of polymerization and gelation. (a) AAm polymerization with YM = 9%
and YI = 0.2%. (b) AAm/MBAm copolymerization with YM = 9%, YCL = 1.0%, and YI = 0.2%.

In Figure 15, experimental and theoretical results concerning the synthesis of PAAm homopolymers
and AAm/MBAm hydrogels in the presence of a chain transfer agent (thioglycolic acid was used as
CTA in this work, as detailed in Table 1) are presented. It is worth to observe the noisy SLS signal
measured for experiments in the presence of CTA as a consequence of the higher thermal concentration
fluctuations, allowed by the shortening polymer chains (see Figure 15a,b for the comparison of
polymerization in the presence/absence of CTA). Thus, the decrease of chain length of the primary
polymer chains was achieved using a CTA, and the peak corresponding to the critical overlapping
polymer concentration could also be suppressed (Figure 15a,b).

Moreover, simulations for the dynamics of polymerization in the presence of CTA (Figure 15c,d)
matched with these experimental observations, namely concerning the huge decrease in average molecular
weight of the homopolymer (linked with the primary chain length) achieved with these conditions.
Simulations also showed the possibility to shift the gelation point relatively to the abrupt increase in
polymer concentration, as highlighted in Figure 15d. Thus, as above discussed, the production of hydrogels
with higher spatial homogeneity should be possible with these synthesis conditions.

Current research work is being devoted to measuring effective crosslinking densities in these
hydrogels, as well as their swelling and mechanical properties. However, results presented in Figure 15
anticipate promising applications of controlled radical polymerization, namely RAFT, with the current
family of hydrogels. Actually, a higher precision in control of the size of primary chains and of the
gelation is expected with RDRP compared to FRP, even when the latter is performed in the presence of
irreversible CTA. Limited solubility of RAFT agents in aqueous systems and the concomitant need for
the use of a co-solvent (e.g., dimethylformamide) are some shortcomings associated with reversible
activation–fragmentation chain transfer mechanisms.
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Figure 15. (a,b) In-line measured SLS signal for polymerization runs involving the use of a CTA and
their comparison with experiments without CTA. (c) Predicted time-evolution of monomer conversion
and weight-average molecular weights (Mn and Mw) during PAAm synthesis in the presence of a chain
transfer agent (T = 26 ◦C, APS/TEMED, YM = 9%, YI = 0.2%, and YCTA/M = 0.5%). (d) Predicted
polymer concentration and Mw corresponding to AAm/MBAm hydrogel synthesis in the presence
of a chain transfer agent. Two different CTA concentrations were considered, YCTA/M = 0.5% and
YCTA/M = 2.5%, with YM = 9% and YI = 0.2%.

Prediction of post-gel properties [5–14], as well as the average chain length between crosslinking
points (these calculations are possible, even after gelation, using the method developed for sequence
size predictions [11,13]) are other issues that need to be addressed, namely in the framework of RDRP
polymerization techniques.

5. Conclusions

In this work, a kinetic model useful for the description both of the aqueous acrylamide
homopolymerization and copolymerization of acrylamide with methylene bisacrylamide was developed.
Thus, reaction processes and reactors leading to the formation of polyacrylamide homopolymers
or hydrogels can be simulated using this tool. Through the consideration of a modeling approach
based on population balances of generating functions, complex kinetic steps such as the crosslinking
mechanisms inherent to network formation and branching due to backbiting (important in acrylamide
polymerization) were simultaneously accounted for in the simulations. These theoretical developments
were accompanied by experimental work that included the synthesis of acrylamide polymers and
hydrogels at 26 ◦C and at 40 ◦C. Two different initiation systems were used within this purpose,
namely APS/TEMED and the thermal initiator VA-044. The formation of acrylamide homopolymers
and hydrogels at 26 ◦C was monitored using in-line static light scattering (SLS), and the spatial
inhomogeneity of the final hydrogels was also measured using the same experimental technique.
In this work, we show that the simulations provided by the kinetic model are helpful in interpreting the
information provided by SLS in-line monitoring, namely in the very beginning of the polymerization.
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Transition from a dilute to semi-dilute regime is a key point in hydrogel formation, as observed
experimentally and confirmed by the theoretical predictions. Actually, a plausible match between
the critical overlap polymer concentration and gelation was found, leading to the observed spatial
heterogeneity of the polyacrylamide hydrogels. In this work, we also discussed the potential usefulness
of the developed kinetic model in defining operation conditions (e.g., prescription of initial composition,
semibatch feed policies, initiation system, presence of irreversible chain transfer, etc.), allowing the
shift of gelation to the semidilute regime, with a possible decrease of the spatial inhomogeneity of
the hydrogels. Results also showed that extending the theoretical and experimental work presented
here to controlled radical polymerization should be a promising research line for tailoring hydrogels.
Indeed, a higher control of the size of primary chains and gelation is expected with these techniques.
Therefore, improved precision in designing these materials can be conceived.
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