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We analyze the dynamics of polymers in a microgel system under different swelling conditions. A
microgel particle consists of coarse-grained linear polymers which are tetra-functionally crosslinked
and undergoes conformational changes in response to the external stimuli. Here, a broad range of
microgel sizes, extending from tightly collapsed to strongly swollen particles, is considered. In order to
account for hydrodynamic interactions, the microgel is embedded in a multiparticle collision dynamics
fluid while hydrophobic attraction is modelled by an attractive Lennard-Jones potential and swelling of
ionic microgels is described through the Debye-Hiickel potential. The polymer dynamics is analyzed in
terms of the monomer mean square displacement and the intermediate scattering function S(qg, #). The
scattering function decays in a stretched-exponential manner, with a decay rate exhibiting a crossover
from a collective diffusive dynamics at low magnitudes of the wavevector g to a hydrodynamic-
dominated dynamics at larger g. There is little difference between the intermediate scattering functions
of microgels under good solvent conditions and strongly swollen gels, but strongly collapsed gels
exhibit a faster decay at short times and hydrodynamic interactions become screened. In addition,
we present results for the dynamics of the crosslinks, which exhibit an unexpected, semiflexible

polymer-like dynamics. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972893]

Il. INTRODUCTION

Responsive microgels are a unique class of materials com-
prised of a crosslinked polymer network.!-> Microgels exhibit
large conformational changes in solution in response to stimuli
like changes in temperature, pH, or ionic strength of the sol-
vent. These unique features render them ideal candidates for a
broad range of applications such as drug delivery,>* sensing,’
fabrication of photonic crystals,® separation and purification
technologies,” and synthesis of organic nano-particles.® For
the rational design and special-purpose applications of micro-
gels, a fundamental understanding of the internal dynamics of
the polymers inside the gel is desirable.

Despite its importance, little is known about the dynam-
ical properties of individual microgels. Due to their porous
structure, microgels allow for a free penetration and passage
of small solvent molecules which implies that hydrodynamic
interactions (HI) play an important role in their internal dynam-
ics.” Additionally, the finite size of microgels may result in
processes that are not present in bulk systems. Experimen-
tally, the properties of microgels are accessible by scattering
experiments, specifically Neutron Spin Echo (NSE) spec-
troscopy.'!®"13 Such NSE studies reveal a dynamic crossover
from a Zimm-type dynamics to a collective diffusive behavior
with a decreasing scattering vector. However, the transition
point changes according to the network structure and solvent
conditions.”! On the theoretical side, usually the polymers
in the networks are treated as Rouse chains'*'® and the
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network geometries are limited by periodic boundary condi-
tions or simple structures.

In the absence of a well-established theoretical frame-
work, computer simulations are a viable approach to study
the internal dynamics of finite-size microgels in solution.
Recently, coarse-grained models with an implicit solvent have
been successfully employed to investigate the equilibrium
properties of neutral and charged microgel systems,'”'? but
the internal polymer dynamics has not systematically been
analyzed, aside from a few studies on core-shell micro-
gels.” The presence of solvent molecules gives rise to long
range HI, which has been carefully taken into account in
the simulations. There are various mesoscale approaches,
which adequately capture HI and can be combined with
embedded objects like polymers and colloidal particles. The
most widely used approaches are the lattice Boltzmann (LB)
method,?*-%? dissipative particle dynamics (DPD),>*»** and
the multiparticle collision dynamics (MPC) approach.>~27
Here, we adopt the MPC method, a particle-based simulation
technique, which incorporates thermal fluctuations, provides
hydrodynamic correlations, and is ideally suited to be coupled
with molecular dynamics simulations for the microgels.”® It
has successfully been applied to study equilibrium and non-
equilibrium dynamical properties of linear?®>72°33 and star
polymers.3%-3°

In this article, we elucidate the internal dynamics of
complex microgels by performing mesoscale hydrodynamic
simulations. Specifically, we systematically analyze the poly-
mer dynamics of microgels of different swelling degrees,
from tightly collapsed to strongly swollen microgels. For this
purpose, we determine intermediate scattering functions in

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4972893
http://dx.doi.org/10.1063/1.4972893
http://dx.doi.org/10.1063/1.4972893
mailto:r.winkler@fz-juelich.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4972893&domain=pdf&date_stamp=2016-12-28

244902-2 Ghavami, Kobayashi, and Winkler

order to unravel the effect of hydrodynamic interactions and
chain stiffness on the polymer dynamics. In addition, the
dynamics of individual monomers is studied by means of their
mean square displacement (MSD) with respect to the center
of mass of the respective polymer and the whole microgel,
respectively. The analysis of the MSD is crucial for a correct
interpretation of the intermediate scattering data, especially in
microgels, which are typically comprised of short polymers
(low molecular weight).'> Moreover, in order to gain a bet-
ter understanding of the network dynamics, we also study the
intermediate scattering function and the mean square displace-
ment of crosslinks. Our studies are intended to provide insight
into the polymer dynamics, which is inaccessible by scatter-
ing experiments, e.g., mean square displacements, and to assist
in the interpretation of experimental scattering data, e.g., the
intermediate scattering function.

The paper is organized as follows. In Section II, the
model and simulation approach are outlined. The structure
and dynamics of non-charged microgels of various poly-
mer lengths under good solvent condition are studied in
Section IIT A. In Section III B, microgels collapsed in poor
solvent conditions are considered. The dynamics of microgels
with Debye-Hiickel interactions are investigated in Section
II C. The crosslink dynamics of collapsed and swollen micro-
gels is studied in Section III D, and Section IV summarizes
our results.

Il. MODEL AND METHODS
A. Microgel model

A microgel is modeled as a network of tetra-functionally
crosslinked polymers, each of length N,,. Their monomers
are treated as point particles of mass M, which are con-
nected with their neighboring monomers by the harmonic
potential

Ub

K
i = 5 (R = Ril = 17, )
where R; (i = 1,...,Npy,) is the position of monomer i, [ is the
bond length, and KX is the spring constant. Non-bonded interac-
tions are described by the truncated and shifted Lennard-Jones
(LJ) potential

12 6
o — | _ ..
UL = 46[(&7) (R)] € Ri<re
0, Rij>rc

where € is the strength of the interaction, R;; = [R; — R}|, o
indicates the diameter of the monomer, r.. is the cutoff distance,
and C = 4e[(0'/rc)12 - (a'/rc)é]. In order to simulate good
solvent conditions, the cutoff distance is set to r, = 21/°0
and €/kgT = 1, where kg is the Boltzmann constant and T
is the temperature; in the following, we will denote this as a
self-avoiding microgel. For poor solvent conditions, the cutoff
distance is set to r, = 2.50 and interaction strengths in the
range 0.3 < €/kgT < 1.0 are considered.*’ This covers a wide
range of solvent qualities from nearly good to poor solvent
conditions. Swelling by electrostatic interactions is described
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by the Debye-Hiickel potential

keTlg (_ Ry )
Upn=4q Ri *pP{~L, )
O, Rl:/' > IDH

Rij < DH

3

taking the screening effect of the counterion into account
implicitly by the Debye length Lp. Here, Ip is the Bjerrum
length and the cutoff radius is set as rpg = 5.31p.18

The dynamics of the monomers is treated by molecu-
lar dynamics (MD) simulations applying the velocity Verlet
integration scheme.

B. Multiparticle collision dynamics fluid

Inthe MPC approach, the solvent is represented by N point
particles of mass m, which are homogeneously spread over a
periodic cubic box of length L. The dynamics of the solvent
particles consist of a streaming step followed by a collision
step.?%?” During streaming, the particles move ballistically for
the time interval & according to

ri(t +h) =ri() + hv;(1), “)

where r; and v; are the position and velocity of particle i,
i =1,...,N.Inthe collision step, the particles are first sorted
in cubic collision cells of length a*®?’ to determine the inter-
action environment. Then, for each collision cell, the relative
velocities of the particles, with respect to the center-of-mass-
velocity v, of all particles in that cell, are rotated by a fixed
angle @ around a randomly orientate axis. Hence, the velocities
of the particles are updated according to

vi(t + h) = vem(7) + R(@)(i(1) = vem (1)), &)

where R(@) is the rotation matrix.”®?’ To guarantee Galilean
invariance, a random shift of the entire collision grid is applied
at each collision step.*!

The coupling between the monomers and the MPC solvent
is achieved by the inclusion of the monomers in the collision
step as described in Refs. 34, 42, and 43.

C. MPC parameters

We consider microgel particles of various polymer lengths
with a fixed number of crosslinks N, = 729, which corresponds
to 1236 polymers with 64 dangling polymers at the outer sur-
face of the microgel. By choosing /, kg7, and m as units of
length, energy, and mass, the unit of time is 7 = (ml?/kg T)O'S.
For the polymers, we set o = 0.8,/ =a, M = 10m, lp = 51, and
K = 103kgT/I?, and perform 20 MD simulation steps between
collision steps. The parameters of the MPC solvent are chosen
as h = 0.17, @ =130°, and the average fluid particle number
(N.) = 10. The simulation box size L is set to twice the radius
of gyration of the microgels and after equilibrating the struc-
tures, we perform at least 5x 10° MPC steps in order to achieve
an acceptable statistical accuracy.

D. Analyzing simulation data

The static structure factor is calculated according to

1 < [sin(gRy
S@=5 . <—S”;(Z] ’)> ©)

ij=1
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using the simulated trajectories, where ¢ is the magnitude of
the scattering vector. The intermediate scattering function is
determined by the expression

1 N
S(q.0) = D (explig - Ri() ~R(O)). (7
ij=1

In order to calculate S(g, t) with reasonable accuracy, the
simulation data are stored at every 10 time units and the
scattering profiles are calculated via the method proposed by
Ramirez et al.**

Moreover, we characterize the time dependence of the
intermediate scattering function by describing it via the
stretched exponential function'?

S(q.1/8(g,0) = exp(~[T,117). ®)

Through fitting, we obtain a decay rate I'; and an exponent
B.5 The time interval of the fitting is chosen such that the
normalized intermediate scattering profile is larger than e~ !.

To further characterize the dynamics, we consider the
mean square displacement (MSD) of the center of mass of
the polymers and the MSD of the monomers with respect to
the center of mass of the microgel particle as well as the MSD
of the monomers with respect to the center of mass of their
polymer.

In addition, the correlation function of the end-to-end
vector R, is calculated according to

_ (Ree(®) - Ree(0))

C) = .
= Ree(0) - Real0))

C))

The effective relaxation time 7 of the end-to-end vector corre-
lation function is obtained by a fit of the stretched exponential
function C(¢) = exp[—(¢t/7 )b ] to the numerically determined
correlation functions.

lll. RESULTS AND DISCUSSIONS

The structural properties of a microgel particle strongly
depend on the environmental conditions and, thus, on inter-
actions between the monomers, as illustrated in Fig. 1. In the
following, we investigate the effect of microgel swelling on
the dynamics of polymers comprising the microgel network.

Swollen

Collapsed Neutral
FIG. 1. Snapshots of microgels for various monomer interactions. Under bad
solvent conditions, the microgel is collapsed (e = 1.0, left), under good solvent
conditions, it is neutral (middle), and with repulsive charge interactions, it is
swollen (Ip = 2.8, right). Here, N,,, =20, N = 729, and the red dots represent
the crosslinks.
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A. Microgel under good solvent conditions
1. Structure factor

The static structure factor S(g) of individual polymers
under good solvent conditions is presented in Fig. 2 for var-
ious polymer lengths. As is well known, we find a shift of
the curves for g/ < 1 to smaller g values with the increasing
polymer length, which is related to the increasing size of the
microgel particle. The polymer specific aspects appear for suf-
ficiently large g, where S(g) exhibits a power-law decay with
the exponent —1/v; v being the Flory exponent. A fit yields the
critical exponent v = 0.62, in agreement with previous simu-
lations of individual polymers of these lengths.”” The scaling
regime for microgels with longer polymers starts at smaller g
values, which can be attributed to the larger end-to-end dis-
tance (or larger mesh size) of the individual polymers. Hence,
the individual polymers exhibit scaling properties of flexible
polymers even in the crosslinked state.

2. Correlation function

Figure 3 displays the end-to-end vector correlation func-
tion (Eq. (9)) for various polymer lengths. Evidently, C(¢)
decays in a non-exponential manner, which reflects the con-
tribution of several polymer-internal modes to the correla-
tion function. The polymer-length dependence of the longest
polymer relaxation time is presented in the inset of Fig. 3.
According to the Zimm model, the longest relaxation time of
the polymers scales as 7; ~ N3”.* With v =0.62, this yields
the dependence 7| ~N!80. The relaxation time of the free
polymers shows a 7; ~N'7> dependence, i.e., the exponent
is somewhat smaller than the theoretical prediction, which
might be attributed to the shortness of the considered polymers.
The relaxation times obtained for the self-avoiding microgels
exhibit the dependence 7 ~N'#, which is markedly lower
than the theoretical prediction. This small exponent is certainly
specific for the considered networks and cannot be explained
by the lack or presence of hydrodynamics. To the best of
our knowledge, there is no theoretical explanation for this
observation yet.

3. Mean square displacement

More insights into the monomer dynamics are gained
by studying their mean square displacement (cf. Fig. 4). The
total mean-square displacement averaged over all monomers

S(q)

FIG. 2. Static structure factor of self-avoiding microgels for the polymer
lengths N, = 20, 25, 30, and 40. The dashed line corresponds to ~q‘l/ 06,
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FIG. 3. Correlation function of the end-to-end vector of individual polymers
in the microgel network for various polymer lengths N,,. The inset shows the
length dependence of the relaxation time for polymers in the microgel (black
circles) and free polymers in dilute solution (red squares).

(solid lines) can be written as the sum of the mean square dis-
placement of the center-of-mass of the individual polymers
(dashed-dotted lines) and mean square displacement of the
monomers with respect to the center-of-mass of each poly-
mer (dashed lines). The average mean square displacement of
the center-of-mass position of the polymers exhibits a diffu-
sive dynamics and increases linearly in time over a large time
range. However, the diffusive regime slows down on large
time scales due to the hindered movement of the polymers
in the microgel network and the diffusive dynamics of the
whole microgel is approached. Zimm theory predicts a scaling
regime, where the mean-square displacement of the monomers
with respect to the polymer center-of-mass increases as t>/>.4
We do not find a clear and long time range, where this scaling
regime applies. We observe a very short time window only,
ie., 20 < z‘/(maz/kBT)O'5 < 70. This is clearly a consequence
of the shortness of the considered polymers and agrees with
simulations of polymers in dilute solution.?

4. Intermediate scattering function

Normalized intermediate scattering functions of polymers
of length N, = 20 in a self-avoiding microgel are shown in
Fig. 5(a) for various ¢ values. The functions evidently decay
in a non-exponential manner and are well described by Eq. (8).

10°

— N =20
m
— N =40

2/3
~t

MSD
Ll

._
o|
T
Loul

10 10° 10
1741

FIG. 4. Monomer mean-square displacements for microgels with N, = 20
and 40 as a function of time. The solid lines show the averaged monomer
mean-square displacement with respect to the center of mass of the microgel.
The dashed lines depict the mean-square displacement of the monomers with
respect to the center of mass of the polymer where the monomers belong to.
The dashed-dotted lines represent the mean-square displacements of the center
of mass of each polymer with respect to the center of mass of the microgel.

RIGHTS L1 N Hig

J. Chem. Phys. 145, 244902 (2016)

g=0.2 -
q=0.4 1
¢=0.8 ]
s q=1.0 ]
> q=1.2
2 =14 |
3 =16
11 q=1.8
— ¢=20
‘ 1000
(a) %4
0
10 ¢ 3
E Nl(lz? Y
v £
| T0E b
100~ "¢ ®
F 10" ]
L J
L7107
‘e
Y
g e
¢ °_
4 -
10
2x10°
(b)
N =40 ' ‘ ‘ =10
—_ = q=1.
= m ¥=3.07 —_— =
5 Nm=30\ gz%ji
i N =23 9=1.6
> ol — i
Z 10 N, =20 4=2.0+
5 I
S
>
a
S
1951
5 ‘
2
(© (gDl

FIG. 5. (a)Intermediate scattering functions for various g values ranging from
gl = 0.2 to 2.0 for polymers in a self-avoiding microgel with N,, = 20. The
dashed lines show the fitted stretched exponential functions. (b) Decay rates I';
obtained by fitting the stretched exponential function Eq. (8) to the data. The
inset shows scaled decay rates as a function of the normalized magnitude of
the scattering vector, gR... (c) Normalized intermediate scattering functions of
microgels of various polymer lengths as a function of scaled time for microgels
ina good solvent. Results are presented for 1.0 < g/ < 2.0 and the time interval
20 < t/t < 70. Note thatin (b) and (c) the data for the various polymer lengths
(except for N, = 20) are shifted vertically for better visibility.

The extracted decay rates are displayed in Fig. 5(b). The Zimm
model predicts for these parameters I'y ~ g*>and B8 = 1 as
long as (qR..)* < 1,0r T, ~ ¢ and B = 2/3 for (qR..)* > 1
and /7 < 1 < l"qt.45 Our simulation results are in agree-
ment with these predictions. For low g values and all polymer
lengths, the decay rates exhibit approximately the power-law
dependence ¢°. This is attributed to a collective diffusion-like
motion of the polymers inside the microgel network.'®> For
larger g, I'; shows a transition to a~q® regime due to the
hydrodynamic interactions in agreement with the theoretical
expectations. It is interesting to note that the transition point
froma ~ g° to a ~ ¢° regime shifts to larger g values as the poly-
mer length N, decreases. This is consistent with the polymer
scaling regime shown in Fig. 2.

In order to exclude the effect of polymer length, the decay
rates are multiplied by the relaxation time 77 and are plotted
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against the normalized scattering vector gR,. (see the inset
of Fig. 5(b)). As is evident, all of the decay rates fall on a
master curve with two distinct regimes: a diffusive regime
characterized by I';, ~ q2 at low g, i.e., gR../2m < 1, followed
byal, ~ ¢ regime due to hydrodynamic interactions for
large ¢, i.e., gR../2n > 1. For single free polymers, the
intermediate scattering function exhibits the universal scal-
ing relation S(g,t) = S(q,0)f(g"t) for a suitable range of g
and time scales.?>*~*7 The analytical calculation for a flexi-
ble Gaussian polymer and scaling considerations for a polymer
with excluded volume interactions in solution (Zimm model)
yields an exponential function for f(x), with x ~ (q“"t)z/ ¥ and
y = 3.4648 Polymer stiffness changes the exponent to y = 8/3
for semiflexible polymers.*® The structure factor (Fig. 2) and
the monomer mean square displacement in the center-of-mass
of the polymers (Fig. 4) suggest such a universal scaling regime
for 1.0 < gl < 2.0 and Zimm dynamics for 20 < ¢/7 < 70. As
displayed in Fig. 5(c), the intermediate scattering curve follows
the dynamical scaling relation rather well with vy ~ 3.07, as
for similar polymers in dilute solution.?® This suggests that the
polymer dynamics in the crosslinked network of the microgels
under good solvent conditions is governed by hydrodynamic
interactions. Note, in order to see the internal polymer dynam-
ics only, the center-of-mass dynamics is removed by dividing
the intermediate scattering function by exp(—g>Dcmt), where
Den is the diffusion coefficient of the center-of-mass motion
of the polymers with respect to the center of mass of the
microgel.

B. Microgel under poor solvent conditions
1. Structure factor

The equilibrium properties of microgels at different
swelling conditions have been studied previously.'® Here, we
are primarily interested in the dynamics of the polymers in
the different swollen states of the microgel. From this point
onwards, we consider the microgel in a good solvent with
Ny, = 20 as reference and discuss microgel swelling and
collapse with respect to that. Static structure factors S(g) of
microgels of various degrees of swelling, i.e., € values, are
presented in Fig. 6. With increasing e, the S(g) curves shift to
large g values, consistent with the decreasing size of the micro-
gels. Aslong as €/kpT < 0.5, there is still a scaling regime for
gl > 1. However, the slope of the decaying regime becomes
steeper with increasing € compared to the self-avoiding case.

— self-avoiding

ql

FIG. 6. Static structure factors of microgels under bad solvent conditions for
various degrees of swelling. The microgel-size decreases with increasing €.
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Monomer-monomer attractions compensate excluded-volume
interactions, and the polymer conformations become theta-
solvent-like. Yet for even larger values of €, the microgel
drastically shrinks and exhibits a compact state with a sharp
boundary (cf. Fig. 1). Then the structure factor curves follow
a g~* scaling.

2. Mean square displacement

The monomer mean square displacement curves for
microgels with various attraction strengths are shown in
Fig. 7(a). The MSD curves for the partially swollen micro-
gels (i.e., €/kpT < 0.5) are close to that of the self-avoiding
microgel and the average mean square displacement of the
monomers in the center-of-mass reference frame of the poly-
mer scales as ~t>/3 at short times. For strongly collapsed
microgels (i.e., €/kgT > 0.5), the exponent of the mean square

— self-avoiding
r €=0.3
— e=0.5
101§ _220.8 B
o —e=10
a [
2] L
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FIG. 7. (a) Average monomer mean-square displacements for collapsed
microgels with respect to the center of mass of the microgel. The dashed
lines show the monomers mean-square displacement with respect to the cen-
ter of mass of the polymers. (b) Intermediate scattering functions of polymers
for self-avoiding, partially collapsed (e/kpT = 0.5), and strongly collapsed
(e/kgT =1.0) microgels for g/ = 1.0, 1.5, and 2.0. (c) Decay rates Iy of
the intermediate scattering functions for microgels of different degrees of
swelling. Note that the plots (except for the self-avoiding microgel) are shifted
vertically for better visibility.
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displacement curve decreases and longer times are required to
enter the polymer scaling regime.

3. Decay rate

The intermediate scattering functions of the polymers in
the collapsed microgel exhibit a significantly different time
dependence compared to those under good solvent condi-
tions as shown in Fig. 7(b). For strongly collapsed microgels,
S(q, t) decays significantly faster at short times compared to
the self-avoiding case, whereas a slower decay is observed
for long times. The decay rates for the self-avoiding and col-
lapsed microgels are compared in Fig. 7(c). As expected, the
results show a crossover from a ¢ to a ¢> dependence of I, for
€/kpT < 0.5 which is similar to our previous results for a self-
avoiding microgel. However, the transition point shifts toward
higher values as € increases. For higher interaction strengths
(i.e., €/kgT > 0.5), we observe no clear transition point and
the g dependency of I'; gradually changes from a q* depen-
dence to a regime with exponents larger that vy = 3.0. This
is also reflected in the mean square displacement curves of
the collapsed microgels (see Fig. 7(a)). For the completely
collapsed microgel (i.e., €/kgT =1.0), the exponent of the
time scaling regime is lower than 2/3 and is closer to 1/2 for
t/T > 70. We attribute this lower exponent of the MSD curves
and consequently higher scaling exponent of the decay rates
v to a screening of hydrodynamic interactions, which is cer-
tainly the case for the collapsed microgel, and which ultimately
leads to an exponent of y = 4.0, corresponding to the Rouse
model.*?

C. Swollen microgels with Debye-Hiickel interactions
1. Structure factor

Microgels in the presence of electrostatic interactions
(ionic microgels) at low salt concentrations can be significantly
more swollen than self-avoiding microgels.*” To analyze the
effect of such a strong swelling on the internal dynamics of
a microgel, we study the polymer dynamics within a Debye-
Hiickel description of the charge interaction. Of course, this
neglects correlations between the polymers and counterions
but sheds light on differences to less swollen polymers. Again,
we consider polymers of length N,,, = 20, where the individual
monomers interact via the Debye-Hiickel potential (Eq. (3)).
As shown by the static structure factor in Fig. 8, the chain
conformations exhibit a crossover from self-avoiding to rod-
like polymer behavior with increasing Debye length Lp. In the

AT

T

= | s
= : 3
> B 1 q12 3 4]
10 self-avoiding 3
— L,=04 1
4 — L =0.8 1
107 Z 1720 §
=1 E|
s \D=2‘8 | \ ]

10° 10" 10” 10'

FIG. 8. Static scattering functions for N,, =20, Lp =04, 0.8, 1.5, and 2.8.
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polymer scaling regime, S(g) is approximately proportional to
g 067 and g~ for Lp/l = 0.4 and 2.8, respectively, which is
consistent with our findings in Ref. 18.

2. Mean square displacement

Monomer mean square displacement curves for various
Debye lengths are presented in Fig. 9. The results show that
the average mean square displacement decreases with increas-
ing Lp. This is consistent with theoretical expectations for the
crossover from flexible to semiflexible and stiff polymers.*¢
Simultaneously, the scaling regime (+*) for the mean square
displacement of the monomers with respect to the polymer
center of mass, which is shortened with increasing Lp, seems
to be shifted to shorter times, and a broader crossover regime
to the asymptotic value for # — co appears. For small Lp val-
ues, i.e., Lp/l = 0.4 and 0.8 still a time regime over which the
monomer dynamics is dominated by hydrodynamic interac-
tions is observed (#*3), but the interval of the time regime is
shorter compared to a self-avoiding microgel. However, for
larger Debye lengths, Lp/l = 1.5 and 2.8, a very short 2> scal-
ing regime is observed as the mean square displacement of the
monomers is suppressed due to the shortness of the polymers
and hindered movement by the crosslinks. This implies that for
large Debye lengths, the monomer mean square displacement
is in a crossover regime even for very short times /7 > 10.
We like to emphasize that the monomer mean square displace-
ments, with respect to the center of mass of the microgel, for the
various persistence lengths exhibit a time dependence close to
t*3 over a wide time window. One has to bear in mind that this
displacement does not reflect the internal polymer dynamics
but rather the coupled dynamics of the network. The theoreti-
cal predictions in terms of scaling properties are typically not
meant for that dynamics.

3. Decay rate

The intermediate scattering function for various
g-values closely resembles that of self-avoiding microgels (cf.
Fig. 5(a)). The decay rates I'; for various Debye lengths are
compared with those of self-avoiding microgels in Fig. 10(a).
The results suggest that as the Debye length increases, the
crossover from the collective diffusive regime to non-diffusive
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FIG. 9. Average mean square displacement of monomers with respect to the
center of mass of the microgel (solid lines) and with respect to the center
of mass of the polymer (dashed lines). The mean square displacement of
the center of mass of the polymers with respect to the center of mass of the
microgel is shown by dotted-dashed lines. Thin black lines are included as
guide.
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FIG. 10. (a) Decay rates I'; of microgels with N, = 20 for Lp = 0.4, 0.8,
1.5, and 2.8. The dashed lines are guides for ¢> and ¢>3> scaling. Note that
the data are shifted vertically for better visibility, except for the self-avoiding
microgel. (b) Intermediate scattering profiles as a function of the scaled time
for microgels with N, = 20. Results are presented for 1.0 < g/ < 2.0 and
10 < ¢/t < 50, for Lp = 0.4, 0.8, 1.5, and 2.8. Note that the scaling curves
are shifted vertically (except for Lp = 0.4) for better visibility.

regime shifts to lower g. This is indeed due to the increased per-
sistence length of the polymers in the presence of long-range
repulsive electrostatic interactions. At larger ¢, i.e., g/ > 0.8,
the exponent of the g-dependence of I’ is approximately 3 for
self-avoiding microgels as well as for swollen microgels with
Debye-Hiickel interactions. This is in disagreement with the
theoretical prediction for stiff polymers suggesting a depen-
denceI'y ~ g% of the decay rate on ¢.*® This discrepancy can
be explained through the mean square displacement curves
shown in Fig. 9. Since the mean square displacement curves
for swollen microgels show no #** behavior due to the short-
ness of the polymers, no I'; ~¢*3 scaling can be expected
for the decay rate. The exponent 3.0 for the g dependence of
the decay rates is rather consistent with the slope of the mean
square displacement of the monomers with respect to the cen-
ter of mass of the microgels which for all Debye lengths shows
approximately a ¢>/3 behavior within the fitting time interval
(see Fig. 9). Thus, the decay rate does not simply reflect the
internal dynamics of the polymers but rather the monomer
dynamics in the coupled network.

4. Intermediate scattering function

In contrast to the collapsed microgels, no slow decay-
ing regime is observed in the intermediate scattering func-
tions of the swollen microgels and the functional form
of the intermediate scattering functions closely resembles
those of the self-avoiding microgels. In Fig. 10(b), the
universal scaling properties of the intermediate scattering
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profiles for swollen microgels are illustrated for the interval
1.0 < gl <2.0 and the time range 10 < #/7t < 50. It should
be noted that the effect of the center-of-mass movement of
the polymers is excluded by dividing the intermediate scat-
tering functions by exp(—g?Demt). The result suggests that
the polymer dynamics follows the universal scaling relation
S(g,1) = S(¢,0) £(q"1)/ exp(=q>Dept) quit well. The scaling
exponent is close to y = 3 for Lp/l = 0.4 and 0.8. For the larger
persistence lengths, the exponent increases to y = 3.1 (Lp/l
= 1.5) and vy = 3.2 (Lp/l = 2.8). Although this contradicts
the expectation for stiff semiflexible polymers, it is consis-
tent with the behavior of the mean square displacement curves
showing a slope smaller than 2/3 (see Fig. 9) for larger Debye
lengths in the fitting time interval. Hence, we still observe a
scaling behavior for the intramolecular dynamics of the poly-
mers, but with scaling exponents differing from theoretical
predictions. This is also observed in recent experimental stud-
ies on cationic microgels where the polymer dynamics can be
better explained by the Zimm model rather than a semiflexible
polymer.”® Nevertheless, the polymer dynamics is determined
by hydrodynamic interactions, which we conclude from the
small deviations of y from 3.

D. Crosslink dynamics
1. Mean square displacement

The internal dynamics of the self-avoiding, collapsed, and
swollen microgels is further analyzed by the mean square dis-
placement of the crosslinks (see Fig. 11). The MSD curves for
the various degrees of the microgel swelling exhibit distinc-
tively different power-law exponents. For the most strongly
collapsed microgel, we find a crossover from an approximate
34 dependence (20 < t/y/ma?/kgT < 70) to a ~ 1172 regime
for longer times. The crossover time seems to shift to longer
times with an increasing degree of microgel swelling, such
that the strongest swollen systems exhibit the dependence 34
over the whole considered time window. Hence, the crosslinks
exhibit a distinctively different dynamics compared to the
monomer dynamics. The coupling between the various poly-
mers yields a dynamics typical for semiflexible polymers at
short times for collapsed microgels and a larger time-range for
swollen microgels. The collapsed microgels show a long-time
behavior typical for Rouse polymers without hydrodynamic
interactions.
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FIG. 11. Mean square displacement of crosslinks in collapsed and swollen
microgels. Note that the plots are shifted vertically (except self-avoiding
microgel) for better visibility.
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FIG. 12. Decay rates I'; of crosslinks intermediate scattering profiles for
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vertically (except self-avoiding microgel) for better visibility.

Figure 12 displays the decay rate of the intermediate
scattering function of the crosslinks. At large g-values, we
expect that S(q, t) reflects the dynamics of nearby crosslinks.
Assuming a negligible diffusion constant of a microgel, the
intermediate scattering profile for crosslinks can be written
as S(¢.1) ~ S(g,0) exp(=¢*(Arai(1)*)/6), where (Ara(1)?) is
the mean-squared displacement of a crosslink. Therefore, the
decay rate scales as I'; ~ g*'®, with a being the exponent of
the mean-square displacement curve. The results in Fig. 12
show that I'; for crosslinks indeed exhibits an approximate
¢%3 scaling at sufficiently high g, which is compatible with
the ** behavior of the crosslinks shown in Fig. 11.

The dynamics of the crosslinks is evidently significantly
different from the monomer dynamics. In order to under-
stand the different regimes of the crosslink dynamics better, an
analytical description is needed. Specifically, the underlying
mechanisms leading to semiflexible polymer features need to
be unraveled.

IV. SUMMARY AND CONCLUSIONS

We have exploited a hybrid mesoscale hydrodynamic sim-
ulation approach to study the internal dynamics of microgel
particles. The method combines multiparticle collision dynam-
ics simulations for the fluid with molecular dynamics sim-
ulations for the microgel. For these simulations, a simplified
representation of microgel topology is considered, where poly-
mers are arranged in a regular network with polymer ends
being tetra-functionally crosslinked.

A wide spectrum of microgel structures has been con-
sidered, from strongly collapsed to completely swollen. This
includes self-avoiding microgels corresponding to good sol-
vent conditions, where the conformations are determined by
excluded-volume interactions, entropy, and network topology.
“Poor solvent” conditions, where hydrophobic interactions
dominate, are achieved by an attractive LJ interaction charac-
terized by the depth € of the potential. The “swollen” state is
described by introducing Debye-Hiickel interactions between
charged monomers, where the strength of charge repulsion is
defined by the Debye length Lp.

The polymer conformations were first characterized by
the static structure factor, where we observed the expected
change in the scaling behavior in terms of g from a self-
avoiding polymer (S(g) ~ ¢~'/¥, with v ~ 0.62) to a larger

RIGHTS L

J. Chem. Phys. 145, 244902 (2016)

exponent for a collapsed microgel. For the swollen microgels,
a smaller exponent was observed similar to that for a stretched
polymer (S(g) ~¢~'!) which closely resembles a rod-like
behavior.

The dynamical behavior is less clearly distinguishable,
which is mainly a consequence of the shortness of the poly-
mers. For various polymer lengths of self-avoiding micro-
gels, we observe a crossover from the collective diffusive-like
dynamics to Zimm scaling for the decay rate of the intermedi-
ate scattering function as ¢ increases. This Zimm-type scaling
is also reflected in the scattering function itself, suggesting that
the polymer dynamics is mainly determined by hydrodynamic
interactions in the self-avoiding microgels. This also applies to
partially collapsed and weakly swollen microgels. However,
strongly collapsed microgels exhibit a decay rate dependence
of I'; ~ ¢*>, with an exponent larger than the Zimm value 3.0.
We attribute this to the (partial) screening of hydrodynamic
interactions.

Interestingly, the decay rate of swollen microgels does
not reflect the stretching of the polymers as is evident in
the structure factor. This unexpected behavior is traced back
to the lack of a semiflexible-polymer-like diffusive behavior
in the monomer mean square displacement. The monomer
MSD shows a rather broad crossover behavior which starts
from very short times due to the shortness of the polymers.
Therefore, the intramolecular polymer dynamics in the stud-
ied microgels does not show signatures which are typical and
are most pronounced for long polymers.*> It should be noted
that the decay rate is determined from the intermediate scatter-
ing function comprising the intramolecular and center-of-mass
dynamics of a polymer. Here, the monomer MSD shows a
consistent seemingly hydrodynamics-dominated time depen-
dence which is merely a consequence of the superposition of
the center-of-mass and intramolecular dynamics. Hence, the
interpretation of dynamical measurements in terms of univer-
sal polymer scaling relations must be performed with care,
since the polymers in microgels are typically short.

Furthermore, we have analyzed the dynamics of the
crosslinks. This is relevant since it could be measured exper-
imentally by suitably labeling the crosslinkers. Interestingly,
the crosslink MSD and decay rate of the intermediate scattering
function exhibit features corresponding to semiflexible poly-
mer properties. According to our results, this behavior cannot
be simply explained through available theoretical frameworks
for single free polymers and unraveling the underlying dynam-
ics demands an appropriate analytical model which is out of
the scope of the current manuscript.

While most of the research works are focused on the
structure of microgel particles, to the best of our knowledge,
this is the first work systematically addressing the internal
polymer dynamics in responsive microgels. Here, we made
an effort to characterize the dynamical features of polymers
in microgels under different swelling conditions and where
possible examined them against available theoretical predic-
tions. The complex dynamics of polymers in the microgel
network is the result of several overlapping processes which
are not easily separable. These include limited motion of poly-
mers in the crosslinked network of the microgel, hindered
movement of monomers with respect to the center of mass of
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the polymers, and short relaxation time of the polymers due the
short polymer lengths. We hope that our results will be helpful
in experimental studies of the polymer dynamics in microgels
and serve as a guide in the interpretation of scattering results.
Moreover, modifications of scattering results due to impurities
might be resolved by comparison with our investigations.
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