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Abstract

Nanogels, due to their unique properties, have potential for promising applic-
ations in several fields. There is a growing interest in understanding which
are the mechanisms controlling their properties, as those depend not only on
composition, but also on internal structure. In this work Dissipative particle
dynamics simulations were applied to simulate the formation of nanogels
from monodisperse end-functionalized polymer chains, with the crosslinking
reaction modelled using a distance-based algorithm, including a reversible in-
termediate step. Nanogel properties are studied by calculating their swelling
transition curves and structure properties, such as network defects and en-
tanglement state. Various chain lengths, reaction schemes, nanogel in silico
synthesis methods and solvent ratios are compared and discussed, showing
how these factors influence the nanogel swelling behaviour and structure.
Our results show that, in order to be compared with experiments, nanogel
simulations should carefully consider processing parameters.
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formation.

1. Introduction

Micro- and nanogels, colloidal particles of 10-1000 nm in size [1], con-
stitute nowadays a very important and fascinating class of macromolecules.
According to their composition, microgels show a range of unique features,
the most notable of which is the capacity to respond to external stimuli
such as temperature [2], pH [3], salt concentration [4] and electric fields [5],
amongst others. Moreover, nanogels are also very appealing from a funda-
mental point of view because of their dual colloidal and polymer nature [6],
and they are currently investigated both theoretically [7, 8, 9] and experi-
mentally [10, 11, 12, 13].

While poly(N-isopropylacrylamide) microgels are the most studied sys-
tems, due to their temperature controlled deswelling transition occurring at
physiological ranges [1], polyurethane-based nanogels are particularly inter-
esting biomaterials, due to their intrinsic versatility [14] and biocompatibil-
ity [15]. Indeed, they have been synthesized and applied in diverse biomedical
applications, such as targeted drug delivery [16, 17, 18], vascular emboliza-
tion [19] and to improve lifespan of shape memory biomaterials [20].

A novel method to synthesize PU-based hydrogels has been developed [21,
22], based upon the cyclotrimerization of isocyanate end-functionalized chains,

which has been proven capable to provide networks with excellent swelling



and improved mechanical properties, conjugated with a well-defined and con-
trolled structure. To fully explore their potential, an investigation on how
their structure and swelling properties may be controlled by different pro-
cessing parameters is desired, since it is known the nano-scale features of a
network are crucial in defining the material properties [23, 24].

While experimental studies are rapidly approaching the small time and
length scales required to explore gel nanoparticles, simulations remain one
of the most effective ways to investigate them [25, 26, 27, 28]. Regardless
of the simulation method, the first and most important step is the in silico
synthesis of the microgel particle itself. Many techniques have been devised
for this, such as self-assembly of patchy colloidal particles [27], joining of
randomly distributed crosslinks [29], chemical crosslinking reaction model-
ling [30]. Moreno and Lo Verso [30] demonstrated how the microgel internal
structure could remarkably alter its kinetics, thus pointing out the import-
ance of considering realistic structures. In this context, Dissipative Particle
Dynamics (DPD) [31, 32, 33, 34] is emerging as a promising technique, be-
cause it reproduces the Flory-Rehner [35] theory in a natural way and allows
for much larger time and length scales when compared with fully atomistic
molecular dynamics. DPD has been confirmed capable to provide a good ex-
plicit representation of solvent and gel-solvent interactions [28, 29], thereby
representing an appropriate choice to study nanogels within a solvated envir-
onment. As a matter of fact, DPD was used to study nanogels with an inner
diamond-like network [36, 37, 38] or structures obtained by joining randomly
distributed crosslinks [29].

In this work, we simulated the formation of crosslinked nanogels by the



reaction of end-functionalized chains, and to investigate their properties in
terms of swelling transition curves, structure factors and density profiles, av-
erage elastic strand and minimal loop lengths. A two-step reversible reaction
scheme has been implemented within the framework of DPD simulations,
based upon the isocyanate trimerization process, and it has been compared
with a more traditional crosslinking reaction. Furthermore, two different in
silico protocols to obtain the nanogel from network were compared, as well

as various solvation states during the network assembly phase.

2. Methods

2.1. DPD simulation parameters and system preparation

Throughout this work, reduced DPD units will always be used, with 7
denoting the DPD time unit. In dissipative particle dynamics simulations,
DPD particles are generally coarse-grained representations of one -or more-
monomer. Any DPD particle ¢ is subject to the DPD force f;, composed by

a pair term Fg, a dissipative term Fp and a random force term Fl:

ﬁ = Z (ﬁqij + FD,ij + ﬁR,ij) (1)
J
Foij = agw(r)iy (2)
ﬁD,ij = —’7102(7") (f’ij < Tij) T (3)
ﬁR,ij = aw(r)Qij (t)fw (4>
r
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w(r)=1- 1, 9

where r. is the cut-off radius of DPD interactions, set to r. = 1. The

function 6;;(t) is a randomly fluctuating variable [32, 33], the damping factor
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v is set equal to 4.5 and o2 = 2kTy. The density of all systems was set
to p = 3, while the temperature T" = 1 was used for all simulations. The
timestep is At = 0.02.

The pair repulsion parameters a;; are connected to the Flory-Huggins
parameters x;; by equn. (6) [33], which in turn may be related to the Hildebrand
solubility parameters, eqn. (7) [39]:

Q5 = Qg4 + 327)(” (6)
Vii
Xij = o (0 = 6;)° (7)
0.5
(A = BT\ ®
V;

where AH,,, is the enthalpy of vaporization, and v;,v;; are the molar
and partial molar volume, respectively. Equations (6) — (8) therefore suggest
a bottom-up approach to obtain the a;; from atomistic simulations, as done
in [40].

Liquid state Molecular Dynamics simulations were performed to obtain
the AH,q, and 9d; of every different gel constituent, by considering a PEG-
PU isocyanate-end crosslinked nanogel as a model system. The GAFF-IC
force field [41], an optimized version for isocyanates of GAFF [42] was used.
The interaction parameters are reported in table 1 for the different types
of beads. To calculate x;; an unique average bead volume of v = 110 A3
was used. Incidentally, this also defines the length scale of the simulation:
rppp = (pv)% — 6.91A. The repulsion parameters a;; are equal to 25 when
1=7.

Concerning solvent-gel interactions, the solvent has been made insensitive

of polymer bead type and only one repulsion parameter a,, was used to treat
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Table 1: DPD interaction parameters for all species appearing in the simulations. Ring
indicates an isocyanurate ring, that is a fully crosslinked bead. Concerning the not fully
crosslinked beads, their DPD parameters are assumed to be equal to those of isocyanate

beads.

Bead type | PEG Urethane Isocyanate Ring Alkyl
PEG 25 25.69 25.03 26.32  36.02
Urethane 25 25.42 25.10 31.9
[socyanate 25 25.93 34.85
Ring 25 29.70
Alkyl 25

all the interactions between nanogel and solvent. To replicate the swelling
transition, as, was varied from 15 (very good solvent) to 50 (very poor).
Good solvent condition will always refer to as, = 25.

Polymer chains were represented using a bead-spring model, with har-

monic bond and bending potentials defined as:

%(md - Kbond(r - T0)2 (9>
V:Lngle = Kbend(e - (90)2' (1())

In particular, the bending potentials allow to better reproduce the stiffness of
the polymer chains[43, 44]. Regardless their type, all DPD beads are assumed
to have the same mass and volume. The equilibrium length of all bonds was
set to 0.434, corresponding to the average center-of-mass distance of PEG
monomers in the atomistic representation, and a stiff spring constant Kp,,q =

500 was used. Such choice helps to prevent unphysical chain crossings. To
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further enforce this condition, a segmental repulsive (SRP) potential [45] was
used, with a range of 0.4 and a force constant of 100. Equilibrium angles of
7/2 radians and a spring constant Kpe,q = 0.5 were adopted, except when
the vertex is a crosslinking (CL) bead, in which case 0., = 27/3 radians.
Initial polymer and polymer-solvent configurations were randomly gener-
ated in a cubic periodic box at the target density, and equilibrated for 50000
7. Three independent runs were considered for every system. All simulations
were performed using LAMMPS [46] and the DPD implementation therein.
For each system considered, three statistically independent runs were per-

formed and their results averaged.

2.2. Crosslinking reaction modelling

The isocyanate end-crosslinking reaction might be seen as a two-step
reaction (see figure 1), in which an activated dimer is formed first and a
stable trimer is obtained when another isocyanate comes nearby and reacts.
To model this, a distance-based routine has been adopted [47, 48], which
searches for all the reactive beads closer than d = 0.8. Each reaction has
a predetermined probability to happen, under the constraint that any bead
cannot react more than once per iteration. To take into account reversibility,
bond-breaking reactions were also included. Equal probabilities p = 0.4 were
set for dimerization and trimerization, while a p = 0.04 was chosen for the
activated dimer dissociation. Reactive iterations are performed every 2.5 7,
to guarantee proper relaxation and diffusion between reaction steps. Newly
created bonds were directly added with their equilibrium lenthghs and force
constants. Despite this, no abrupt changes in potential energy or temperature

were observed.
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Figure 1: a) The structure of a precursor isocyanate-end functionalized polymer chain.
The circles identify the corresponding DPD beads.b) The crosslinking reaction scheme,
modelled as a two-step process.c) Representations of the precursor melt(left), the reacted
network(center) and the obtained nanogel(right) for a n=20 system. In the nanogel picture,

solvent is not shown.



The formation process was carried on until at least 90 % of the initial re-
active bead content is fully reacted. To achieve this, 5000 to 40000 iterations
were required, depending upon the system under consideration (see supple-
mentary information for more details). For the interested reader, source code

for the reaction routine is available upon request.

2.3. Nanogel bead construction, swelling and characterization

Nanogel beads were cut from the crosslinked network, in such a way
that all chains severed in correspondence of internal bonds were entirely
stripped off. The resulting disconnected parts were also removed. To avoid
bonds crossing the periodic boundaries, the maximum allowed cut-off radius
is Tymae = L/2 — 0.5, L being the periodic box length. At the same time, the
cut-off radius should be large enough to ensure a good representation of the
internal structure of the nanogel and reduce size effects. In this sense, a min-
imum cut-off radius of 10.5 was adopted (further details on the determination
of this quantity are reported in supplementary information).

Alternatively, the reaction can be performed in spherical confinement
region, so that the final reaction product is already a nanogel and no further
handling of the system is needed. A third approach [29] consists in joining
a set of randomly distributed CL beads with chains of the desired length,
under periodic boundary conditions. In this case the cut still needs to be
done, but the reaction phase is completely skipped. It is worth nothing that,
unlike the others, this method does not contemplate any equilibration phase,
since the initial CL beads’ positions are generated randomly.

Subsequently, nanogels were then put into a larger periodic box, with at

least L = 50 and solvent particles were added in the required amount to have
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p = 3. The centre of mass of the nanogel was kept fixed to the centre of the
box. Solvated systems were equilibrated under good solvent conditions for at
least 10000 7. The gyration radius R, was adopted as an estimation of the
nanogel size. The swelling ratio is here defined as the ratio between R,(as,)
and the collapsed state R, ., defined as R, . = R,(50).

The form factor P(q) has been calculated as:

Plg) = % En: emitalri=r)
ij=1
where the sum runs over all the nanogel beads and angle brackets indicate
an average over the possible directions of q and over time.

The swelling curves were obtained by changing the value of a,,. For each
value, simulations 6000 7 long were run, the last 2000 7 of which being used
for data production.

The network topology has been inspected by counting CL and linear link-
age (LL) beads, as well as CL beads concentration and CL functionality, that
is the average number of bonds involving both CL and LL beads. Further-
more, network defects such as dandling chains and single-chain loops were
counted, along with loops made up by two chains. To gain information upon
the entanglement state of the system, a primitive path analysis (PPA) [49]
was performed using the Z1 code [50, 51, 52, 53].

3. Results and Discussion

3.1. Chain length dependence

Nanogels were obtained from reacted networks made from n=10, 20 and

40 chains by carving them out from the melt.
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As shown in figure 2, all nanogels undergo the expected swelling trans-
ition when put in solvent. In the collapsed state (as;; = 50), they assume
a spherical shape with well-defined borders and a central density of 3.5, re-
gardless of the internal structure. This high density value is caused by the
short equilibrium bond lengths adopted in this model. By using the typical
value of 0.6[29], a density of 3 is recovered. In terms of swelling ratios, the
results are unaffected by this change, as setting larger bonds is equivalent to
a rescaling of the bead internal distances. So, it was decided to present here
the results with the shorter bond lengths, as they were obtained through a
mapping of an all-atom representation to DPD.

On the other hand, nanogels can be clearly differentiated when swollen.
As the precursor chain length is increased, lower CL beads densities are
found, resulting in an increase of the average elastic strand length, as can
be seen in table 2. Consequently, longer chain-made nanogels present larger
radii and lower densities in the swollen state. The calculated structure factors
confirm these observations, showing the hard-sphere scattering pattern for a
collapsed nanogel and fuzzy sphere curves in the swollen state. Regarding
the latter, is possible to see that the first P(q) peak, corresponding to length
scales typical of the nanogel sizes, are sharper for shorter precursor length
nanogels. Finally, it is worth noting that a sharper swelling transition is
found for longer chain networks, as predicted by theory [35].

Concerning their topological features, the lower CL functionality found in
longer chain networks reflects in an increase in the percentage of elastically
inactive defects, which includes both dandling ends and tadpoles. Interest-

ingly, the increased number of defects for n=40 is mainly due to a larger
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Figure 2: Swelling transition curves(top left), structure factors (top right) and radial
density profiles in good solvent(bottom) of n=10,20 and 40 end-crosslinked nanogel beads.
The form factor and radial density of the n=20 nanogel in the collapsed state are also

shown as a dashed line.
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Table 2: Topological characterization polymer networks obtained for different initial chain
lengths. The elastically inactive defects (1-defects) and 2-loops are expressed as a percent
ratio with respect to the initial chains. (N)is the number of beads per strand and (Z) is

the number of kinks per chain. Numbers in brackets represent the uncertainty.

System CL density CL functionality 1-defects 2-loops (N) (Z)

10 5.30(0.01) % 2.77(0.01) 9.17(0.54) % 1.36(0.06) %  11.33(0.01)  0.025(0.001)
20 3.02(0.01) % 2.71(0.01) 13.02(0.27) % 1.07(0.32) %  21.36(0.02)  0.153(0.01)
40 1.14(0.01) % 2.63(0.01) 18.38(1.02) %  0.81(0.35)%  41.39(0.07)  0.47(0.01)

number of dandling chains, while the number of tadpoles is significantly
lower. This is a consequence of the fact that the probability for two ends of
the same chain to find themselves in the same point is reduced as the chain
length increases. In what concerns the entanglements, the network formation
freezes the pre-existent state and changes the melt entanglement state only

slightly.

3.2. Comparison of in silico nanogel synthesis techniques

Since there are several ways to perform the in silico synthesis of the nano-
gel, it is important to consider how such a choice could alter the calculated
quantities of the simulated system. In figure 3 the swelling curves, structure
factors, radial density and means squared internal bead distances (MSID)
profiles are reported for three possible ways to obtain nanogel beads from a

n=20 precursor melt:

 (random-made) Cl points are randomly joined with linear chains,

 (confinement-made) or by letting the melt self-assemble in a confined

region,
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o (cut) letting the melt self-assemble under periodic conditions, and cut

the nanogel afterwards.

Table 3: Topological characterization of networks made from a n=20 chain melt, using
different in silico methods. The elastically inactive defects (1-defects) and 2-loops are
expressed as a percent ratio with respect to the initial chains. (N) is the number of beads
per strand and (Z) is the number of kinks per chain. The first row, already appeared in

table 2, is reported here for comparison. Numbers in brackets represent the uncertainty.

System CL density ~ CL functionality 1-Defects 2-loops (N) (Z)

20 cut 3.02(0.01) % 2.71(0.01) 13.02(0.27) % 1.07(0.32) %  21.36(0.02)  0.153(0.01)
20 confined  3.08(0.01) % 3.00(0.01) 20.93(2.26 ) %  1.40(0.17) %  21.35(0.01)  0.10(0.01)
20 random  1.73(0.01)% 2.12(0.01) 1.025(0.04) %  1.73(0.12) %  21.08 (0.01)  0.65(0.07)

The random-made nanogels show the lowest swelling ratio and the highest
density in the swollen state, with a significant deviation with respect to
the other simulation designs. Long simulations were performed to verify
whether the difference in swelling ratios could be caused by the random-
made nanogels not being fully relaxed. However, it was found that, in good
solvent conditions, the nanogel radius is not changing over periods of at least
200 swelling relaxation times(more details can be found in supplementary
information).

By contrast, both of the reaction based nanogels allow for larger swollen
sizes, the cut one being the largest, and practically equal densities for r/R, . <
1.5. The main difference between the two is actually the skin layer, which
is wider and less defined in the cut nanogel. The form factor reflects these

differences, with a more compact structure found for the random-made nano-
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Figure 3: Radial density profiles (top left), form factors (top right), swelling transition
curves (bottom left) and mean squared internal distances (bottom right) of n=20 nanogel

beads obtained with three different in silico methods.
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gel, with the first peak more visible and shifted at larger ¢, while the other
beads show qualitatively the same P(q).

From table 3, it can be observed that the nanogel made under confinement
has a higher CL density and functionality. It is then natural to expect, as
observed, a lower swelling ratio. In what concerns topology, the confinement-
made network has a lower value of (Z) when compared to periodic networks,
which is a surface effect. At the same time, the number of elastically inactive
defects is slightly larger.

Concerning the random-made network, a much lower CL density and
functionality is found, although the number of elastically inactive defects is
sensibly lower and the higher order loops are virtually inexistent. On the
other hand, a much larger (7) is found for them, indicating that random-
made networks are much more entangled than the others. This seems contra-
dictory, since a poor CL density suggests larger swelling ratios, while greater
(Z) suggests the opposite. However, there is also another aspect that should
be considered. Due to the formation process, which directly provides the
crosslinked network without any previous equilibration, the random-made
network is mainly constituted by stretched chains subject to an entropic
elastic force which acts to contract them, thereby opposing and hindering
any solvent-induced swelling. This can be easily revealed by calculating the
mean squared internal distance[54, 49] for the unreacted N=20 melt and the
different networks. While the reaction-based network formation results in a
final structure with chains still having a internal distance distribution very
close to that of the precursor melt, for the random-made network MSID

shows a significant deviation, meaning that the chains are overstretched.
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3.8. Comparison of reaction routes

Apart from end-crosslinking, we considered a more traditional crosslink-
ing technique, in which the end-reactive chains covalently bond to poly-
functional CL small molecules, as sketched in the top left panel of figure
4. This way, we could assess the differences of nanogels simulated using
both reaction schemes. Stoichiometric mixtures of trifunctional crosslinkers
were mixed to n=16 precursor chains, the ends of which could react with
a probability coefficient of 0.4 with the functional CL beads. In this way,
network strands would have the same length as for the end-crosslinking case.
Two different crosslinker formulations were used: one fully made of trifunc-
tional crosslinker and a more realistic one, containing a 30 % weight ratio
of 4-functional impurities. This reflects the fact that a certain degrees of
higher functionality impurities is always present in commercial isocyanurate
products. Since only a one-step process is considered this time, the reaction
speed is significantly faster, and fully formed network can be reached in only
5000 iterations.

All nanogel beads were cut from a periodic network of n=20 chains and
contained roughly 10000 beads. During equilibration and network forma-
tion, the mixtures always appeared well mixed and no phase separation was
observed.

Figure 4 reports the form factors, swelling ratios and radial density pro-
files at ay, = 25, for polymer networks obtained in three different ways, the
properties of which are summarized in table 4. For the impure mixture,
the stoichiometric ratio between chain and crosslinker ends is not exactly

matched, hence lower products are expected.
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Figure 4: The structure of the crosslinking molecules and schematics of the alternative
reaction scheme are in the top left panel. The colour legend is the same as in figure 1.
Swelling curves (top right), form factors (bottom left) and radial density profiles (bottom
right) in good solvent conditions are also reported for the nanogels obtained considering

different chemical routes and crosslinker purity level.
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The structure factor is not revealing significant differences between the
differently processed nanogels. However, the end-functionalized ones exhibit
slightly larger swelling ratios and lower radial densities, whereas pure and
impure chain-crosslinker made nanogels exhibit very similar swelling ratios.
Therefore, the two synthesis methods provide negligible differences in terms
of swelling properties and also in averaged strand and loop lengths. The
enhanced swelling of the end-crosslinked nanogels is related to the lower
overall content of crosslinking beads.

Interestingly, the presence of impurities in the crosslinker composition
does not seem to impact significantly the swelling ratios. This is expected
as the lower number of bonds due to the stoichiometric impairment is com-
pensated by the presence of effective 4-functional CL beads, tightening the
structure, as reflected by the smaller average chain length (N). In terms
of defects, it is interesting to observe that the mixing approach significantly
reduced their occurrence. The number of kinks per chain is also larger for

the system containing impurities.

Table 4: Comparison of topological properties of n=20 networks obtained with different
chemical routes. The elastically inactive defects( 1-defects) and 2-loops are expressed as a
percent ratio with respect to the initial chains. (N) is the number of beads per strand and
(Z) is the number of kinks per chain. The first row, already seen in table 2, is reported

here for comparison. Numbers in brackets represent the uncertainty.

System CL density ~ CL functionality 1-defects 2-loops (N) (Z)

end-crosslinked  3.02(0.01) % 2.71(0.01) 13.02(0.27) %  1.07(0.32) %  21.36(0.02)  0.153(0.01)
pure-mix 3.53(0.01) % 3 7.58(0.85)%  1.10(0.13)%  21.51(0.06)  0.173(0.03)
impure-mix 3.72(0.01) % 3 12.85(0.54) % 1.25(0.20)%  19.97(0.01)  0.170(0.02)
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This comparison is useful to assess the effectiveness of an end-crosslinking
reaction. Since no phase separation was observed in the 2-component pre-
cursor melts, their final network structures are very close to an ideal realiza-
tion, especially when pure trifunctional crosslinkers are employed. Therefore,
having found very similar results with end-crosslinked structures confirms
that very well-structured networks can be easily obtained through this tech-
nique. This represents a clear advantage because this process, apart form

catalyst and solvent, involves only one component.

3.4. Effect of explicit solvent inclusion

In real systems, crosslinking processes commonly take place in solvated
environments, hence it is important to consider how explicit solvent inclu-
sion during the network formation process can influence the computational
predictions. Different solvation levels, from 0 to 66 %, were considered dur-
ing the network assembly of n = 10 chains, from which nanogels containing
about 13000 beads were cut. It is expected that the end-crosslinking reaction
would be slower due to reduced reactant concentration. This is indeed the
case, as it can be observed in figure 5, where the CL bead formation speed
decreases as the solvent concentration increases.

In addition, the explicit solvent inclusion produces a sensible increase
of the nanogel swelling in good solvent even though, as shown in table 5,
the CL concentrations and functionality are very similar for all the solvent
percentages. This increased swelling ratio is due to two key factors. First, as
the solvent percentage increases, so does the incidence of elastically inactive
defects and 2-loops. This can be understood considering that the solvent

presence decreases the overall chain density, thereby reducing the probability
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Table 5: Topological characterization of networks made from a n=10 chain melt, under
the presence of solvent at different weight ratios during their formation. The elastically
inactive defects (1-loops) and 2-loops are expressed as a percent ratio with respect to the
initial chains. (V) is the number of beads per strand and (Z) is the number of kinks per

chain. Numbers in brackets represent the uncertainty.

Solvent %  CL density =~ CL functionality 1-defects 2-loops (N) (Z)

0 5.33(0.01) %  2.78(0.01) %  9.17(0.54) %  1.36(0.06) %  11.33(0.01)  0.025(0.001)
33 5.66(0.01) % 2.84(0.01) %  16.33(0.21)%  1.89(0.47)%  11.31(0.01)  0.011(0.002)
50 5.60(0.01) % 2.86(0.01) %  18.86(1.28)%  2.22(0.17) %  11.30(0.01)  0.004(0.002)
60 5.64(0.01)%  2.86(0.01) % 21.34(0.56)%  2.72(0.21)%  11.27(0.01)  0.003(0.001)
66 577(0.01)%  2.87(0.01) % 24.43(1.53)%  3.23(0.21) %  11.27(0.01)  0.001(0.001)

of two chain ends from different chains to come in close contact and react.
Second, the number of kinks per chain is decreasing as solvent is added.
Clearly, this effect is expected to be more significant for longer chains, as the
n=10 presented here are almost unentangled.
The addition of solvent has thus a strong effect on the simulated networks,
dramatically changing their topology and, by consequence, their macroscopic

properties.

4. Conclusions

In this work, the assembly of isocyanurate-crosslinked networks from end-
functionalized chains has been investigated by using a bead-spring polymer
model in conjunction with a scheme for the chemical crosslinking reaction
and dissipative particle dynamics simulation with MD-derived parameters.

Realistic nanogels with the typical core-corona structure and the swelling
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Figure 5: Reaction rates(top left), swelling curves (top right), form factors (bottom left)
and radial density profiles (bottom right) in good solvent conditions of n=10 nanogels

obtained at different solvation ratios during the network formation phase.

22



transition were obtained, equivalent to those made from ideal prepolymer-
crosslinker mixtures. It is worth noting that the techniques employed can
be used as well for any isocyanurate-crosslinked material, and the reaction
scheme can be easily modified to take into account more complex chemical
networks.

Concerning the nanogel properties, it was shown that their swelling ratios
are strongly dependent not only the precursor features, such as chain length,
but also on the processing route -or simulation design- chosen. Indeed, from
the same precursor, it was possible to make nanogels with a dramatically dif-
ferent swelling behaviour, demonstrating that the in silico techniques tested
here are inequivalent, and the choice upon which one to employ should be
made in an informed way. Moreover, apart from the swelling differences, the
networks also look structurally different, with different degrees of entangle-
ment and concentration of defects.

Nanogel swelling ratios and, by extension, network elastic properties are
indeed intimately connected with topological features, in particular with
chain entanglement and elastically inactive defects, as shown through their
inspection and primitive path analysis. As it is made clear in the solvation
study, these two factors are both affecting the final network properties, with
less-entangled and more defective networks obtained as the solvent content
is increased during the crosslinking phase.

The model can be improved in several ways, for instance by introducing
extra terms for specific interactions such as those involving urethane [55, 56]
and isocyanurate[57] groups, but it is remarkable that it is already capable

to capture most of the relevant features of end-crosslinked networks.
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