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We report an experimental and theoretical investigation of glass formation in soft thermo-sensitive
colloids following two different routes: a gradual increase of the particle number density at constant
temperature and an increase of the radius in a fixed volume at constant particle number density.
Confocal microscopy experiments and the non-equilibrium self-consistent generalized Langevin
equation (NE-SCGLE) theory consistently show that the two routes lead to a dynamically compara-
ble state at sufficiently long aging times. However, experiments reveal the presence of moderate but
persistent structural differences. Successive cycles of radius decrease and increase lead instead to a
reproducible glass state, indicating a suitable route to obtain rejuvenation without using shear fields.

I. INTRODUCTION

Microgel colloids of poly-N-Isopropylacrilamide (PNI-
PAM) have attracted much interest in recent years as a
model soft colloidal system which is sensitive to differ-
ent stimuli, like temperature, pH, flow, or osmotic pres-
sure [1]. Their softness can be tuned by the synthesis
of the microgel and changes in the external stimuli [2-5].
Among the many applications of this system we find drug
delivery, biosensing and photonics [1, 6-8]. On a more
fundamental level, dispersions of PNIPAM colloids have
been studied intensively as a model system to investigate
crystallisation [9-14], glass formation [15-24], and jam-
ming [9, 22, 23, 25-29]. Glass formation and jamming are
solidification transitions induced by compression, which
are typically observed for thermal or athermal systems,
respectively. The glass transition is a dynamical arrest
transition corresponding to the loss of ergodicity, while
jamming is related to geometrical constraints which im-
pede further compression, typically associated with close
packing [30]. It has been recently suggested that de-
pending on the particle size, the solidification transition
in this system could be dominated by glassy or jamming
physics [23, 26, 29|, with the glass transition dominating
when the particle size does not substantially exceed a few
micrometers [23]. For the glass transition, it has been
found that vitrification is shifted to larger effective vol-
ume fractions compared to hard spheres [18, 21, 28|, how-
ever showing still the same entropic nature [31]. Addi-
tional fundamental differences are observed, for instance
in the fragility [19], rheological response [21, 29, 32|, and
aging [20, 33-35].

The solid in this microgel system can be reached follow-
ing two distinct routes. In the most investigated route,
the transition to the solid state is induced from the fluid

state at temperature 7' 2 30 °C through a rapid de-
crease in temperature below 25 °C. This route exploits
the drastic increase of the radius of PNIPAM spheres be-
low around 32 °C [1, 9, 36, 37|, to obtain a strong and
rapid volume fraction change, which quenches the system
into the arrested state. In the second, much less explored
case, the route to the arrested state corresponds to in-
creasing the particle number density of the system while
keeping the radius fixed (by keeping the temperature con-
stant). This route can be only explored if crystallisation
can be avoided [28], i.e. for sufficiently large polydisper-
sity of the particles, typically more than 5% similar to
hard spheres [38-40].

The two routes lead to an arrested state in a rather differ-
ent way: in the radius increase route, the initial structure
of the sample is that of a fluid and the sudden swelling of
the particles leads to arrest abruptly; one can speculate
that the rearrangement of the fluid structure is at least
partially frustrated by the rapid swelling of the parti-
cles. On the other hand, the gradual increase in particle
number density at constant radius necessarily involves
restructuring of the dispersion to allow a higher degree
of packing of the particles. One might therefore won-
der whether the two paths lead to comparable arrested
states, a question which has not been addressed to date
and is relevant to understand glass formation in thermo-
sensitive colloids.

In this report we compare the particle number density
and radius variation routes to achieve an arrested state
in PNIPAM microgel dispersions. The size of our parti-
cles is of the order of the micrometer and therefore glassy
physics should be still dominant in this regime [23], how-
ever we cannot entirely exclude some contributions aris-
ing from jamming effects. Using confocal microscopy we
determine and compare the structure and dynamics of



arrested states obtained along a process in which a solid
initially formed by compression is first melted by reduc-
ing the particle radius through a temperature increase,
and successively reformed increasing the particle radius
through a temperature decrease. We confront the experi-
mental results to comparable protocols obtained through
the non-equilibrium self-consistent generalized Langevin
equation (NE-SCGLE) theory of the glass transition, ob-
taining remarkable qualitative agreement. This supports
the interpretation of the fluid-solid transition in our sys-
tem in terms of the glass transition. We find that the
glass formed through the increase of particle number den-
sity is structurally more ordered than the glass reformed
through the radius variation process, even when com-
parable aging times are considered. At the same time,
glasses formed by consecutive temperature variation pro-
cesses are reproducible, indicating a suitable route to re-
juvenation .

II. MATERIALS AND METHODS
A. Samples

We used PNIPAM colloids synthesized following the
route described in previous work [41]. The particle size
and polydispersity in dilute conditions at temperature
T =25°C, R=0.9%+0.1 pm was determined by Dy-
namic Light Scattering. The T-dependence of the parti-
cle size in dilute conditions was characterized previously
[41] and was used to determine the value of R at the
different temperatures studied. In the range of investi-
gated temperatures 25 < T' < 30 °C the T-dependence
of R is approximately linear as estimated by fitting the
data in Ref.[41]. Using the slope obtained from the fit
of the data in Ref.[41], we determined the radius at dif-
ferent temperatures T as R(T) = R(T = 25°C) — aT,
where a = 24.337 pm/°C. Data are reported in Tab.l.
The particles were labeled with carboxytetramethylrho-
damine (TAMRA) dye. Dispersions of PNIPAM colloids
at different concentrations were prepared in deionized wa-
ter starting from a low volume fraction solution, the par-
ticle number density of which was determined with con-
focal microscopy, as detailed in the next section. No salt
was added to the samples and therefore the system car-
ries a certain amount of charge[42]. In order to disperse
the particles uniformly, the solution was mixed using a
magnetic stirrer. Increasingly larger concentrations were
obtained in multiple steps by slowly drying the original
dispersion in a vacuum oven at room temperature. By
means of the very slow drying process we avoid the oc-
currence of concentration gradients, as later verified by
imaging. Samples were prepared in vials for confocal mi-
croscopy. The highest concentration sample was used for
the successive radius variation experiments, where the
temperature was used to control the variation of the par-
ticle radius and therefore ¢.

TABLE 1. Top: Particle radius as a function of temperature,
as determined by using the T-dependence of R reported in
Ref.[41]. In addition, the value of the area fraction ¢4 for
sample S6 (see table below) is reported for the different tem-
peratures, as estimated through R and the average number
of particles per image plane (n,). Bottom: Samples obtained
at T = 25 °C progressively increasing concentration: corre-
sponding average number of particles per image plane (n,)
and area fraction ¢4

T (C) 2R (om) (r0) oa
25 1.80 1179 0.68
26 1.775 1194 0.67
27 1.75 1218 0.66
28 1.73 1254 0.65
29 1.70 1257 0.64
30 1.68 1258 0.63

Sample (np) ba

S1 403 0.23

S2 500 0.29

S3 681 0.39

S4 922 0.53

S5 1137 0.65

S6 1196 0.69

B. Confocal Microscopy

Confocal microscopy experiments were performed on a
Zeiss LSM 710 confocal microscope, using a 63x oil im-
mersion objective (NA = 1.46) and a 546nm wavelength
HeNe laser as illumination source. For the investigation
of the structural arrangement of the particles we acquired
10 independent time series of 200 in-plane images each,
with an image size of 512x512 pixels, corresponding to
an area A of 66.56x66.56 ym? (0.13 pm/pixel). The
total of 2000 images was used to obtain statistical aver-
aging of the structural properties. For the determination
of particle dynamics we acquired 5 independent series of
2000 images each, with an image size of 256x256 pixels
(Area A 33.28x33.28 pum?), at a frame rate of approxi-
mately 8.3 fps. The image size in this case was reduced
in order to avoid that particles perform large excursions
between two consecutive images, which would complicate
the determination of trajectories using particle tracking.
Particle coordinates and trajectories were extracted from
the images using standard analysis routines [43]. Tem-
perature was controlled via a combination of a heating
plate and an incubation chamber (Peckon), and measured
with a thermocouple thermometer positioned on the sam-
ple. The accuracy on the temperature setting was of
40.1°C. The particle’s area fraction ¢, was determined
as ¢4 = n,mR?/A, with R the radius of the particles at
25 °C and n,, the average number of particles encountered
in the 2000 images used for structural characterization.
The investigated samples and corresponding area frac-
tions obtained through the concentration procedure are



listed in Tab.l. For the investigated ¢4 we did not ob-
serve a significant change in the particle radius R as a
function of ¢ 4.

C. NE-SCGLE theory

The NE-SCGLE theory describes the overall evolution
of the structural and dynamical properties of a glass-
forming liquid as a function of the waiting time t,,. The
most general version of the NE-SCGLE theory [44] al-
lows the calculation of the non-homogeneous evolution of
a liquid from an initial state to the final stationary state.
However, calculations using this general version are ex-
tremely demanding [44]. Affordable calculations can be
performed under the assumption that the local density
is approximately uniform. Under conditions of spatial
uniformity, the NE-SCGLE theory determines that the
time-evolution equation for the covariance (Eq. (2.11)
of Ref. [45]) may be written as an equation for the
non-equilibrium structure factor S(k;t¢) which, for ¢ > 0,
reads

0S(k;t)
ot

= —2k2Db ()R ED (k) | S(k; t) — 1/mEWD (k)| .
(1)

In this equation the function £ (k) = £(k;m, TW) is

the Fourier transform (FT) of the functional derivative:

Ellr —x' [;n, T] = [0Bp[r;n]/on(x")] (2)

evaluated at n(r) = 7 and T = T). As discussed in
Refs. [44, 45|, this thermodynamic object embodies the
information, which is assumed to be known, of the chem-
ical equation of state, i.e., of the functional dependence
of the electrochemical potential p[r;n] on the number
density profile n(r).

The solution of this equation, for arbitrary initial con-
ditions S(k;t = 0) = S@(k), can be written as

S(k:t) = 8O (k)e~e0u®) 4 [me®) (k)] (1 _ ew(k)u(t)) ,
3)

with
a(k) = 2k2D°RED (k), (4)

and with
u(t) = /0 b(t')dt'. (5)

In the equations above, the time-evolving mobility b(t)
is defined as b(t) = D (t)/D°, with D° being the short-
time self-diffusion coefficient and Dy (t) the long-time
self-diffusion coeflicient at evolution time ¢. As explained
in Refs. [44] and [45], the equation

b(t) = [1+ / NGO (6)

relates b(t) with the time-evolving, 7-dependent friction
coefficient AC*(7;t), which is given approximately by

N 2 [S(hit) — 177
20 =i [ 2 N5ie] o
XF(k,1;t)Fs(k,T;t).

Thus, the presence of b(t) in Eq. (5) couples the formal
solution for S(k;t) in Eq. (3) with the solution of the non-
equilibrium version of the SCGLE equations for the col-
lective and self NE-ISFs F(k,7;t) and Fs(k, z;t). These
equations are written, in terms of the Laplace transforms
(LT) F(k,z;t) and Fg(k,T;t), as

S(k;t)
F(kvz;t) = k2DOS—1(k;t) (8)
T TRm AT
and
1
FS(kv'Z;t) = k2 DO ) (9)

2+ T A G

with A\(k) being a phenomenological “interpolating func-
tion" [46], given by
Ak) = 1/[1+ (k/ke)?], (10)
with k. = 1.118 X kypax (t), where kypnqq () is the position
of the main peak of S(k;t). The simultaneous solution of
Egs. (1)-(9) above, constitute the NE-SCGLE descrip-
tion of the spontaneous evolution of the structure and
dynamics of an homogeneously quenched liquid.
The theoretical model chosen for the molecular inter-
actions is the well known Weeks-Chandler-Andersen soft-
sphere potential [47, 48], which vanishes for r > o, but

which for r < ¢ is given, in units of the thermal energy
kBT = B_la by

s =e[(2)" 2 (2) +1]

The state space of this system is spanned by the volume
fraction ¢ = 7mo3 /6 and the reduced temperature T* =
kpT/e. Note that different from the experiments, the
volume fraction instead of the area fraction is used in
the theoretical calculations.

(11)

III. RESULTS AND DISCUSSION

A. Vitrification by Variation of the Particle
Number Density at Constant Radius

In this section we present results on the structure and
dynamics of samples prepared at a constant radius R
= 0.9 pum (by keeping T = 25 °C) and with increas-
ingly larger particle number densities, corresponding to
increasingly larger ¢ 4. Note that the samples were not
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FIG. 1. (a) Radial distribution function g(r) and (b) Mean
square displacement (Ar?(t)) obtained from experiments for
samples with different area fraction ¢4 (as indicated), mea-
sured at T = 25 °C.

subjected to any kind of shear rejuvenation before mea-
suring. Using the particle coordinates extracted from im-
age series we calculated the 2D radial distribution func-
tions of samples with different area fraction ¢4, starting
from ¢4 = 0.23 (Fig.1la). We observe that with increas-
ing ¢4 the peaks of g(r) progressively become larger and
move to shorter distances, as a result of the increasingly
smaller average inter-particle distance and the increased
probability of contacts. The corresponding mean squared
displacements (MSD) (Ar2(¢)) (Fig.1b) show the pro-
gressive slowing down of the dynamics. The initial diffu-
sive behavior at the lowest concentrations (¢4 = 0.23 and
0.39), with a diffusion constant that decreases from D =
0.069 pm? at ¢4 = 0.23 to D = 0.033 pm? at ¢4 = 0.39,
becomes a sub-diffusive behavior at ¢4 = 0.53. The sub-
diffusive dynamics become then particularly pronounced
for ¢4 = 0.65. Finally, the sample with ¢ 4 = 0.69 shows
the appearance of an extended plateau which indicates
dynamical arrest, and an apparent increase at long times,
which suggests a slow relaxation possibly due to acti-
vated processes [49]. The dynamics of the sample with
¢4 = 0.69 indicate the formation of a glass state, in
agreement with previous results on a similar system [28].
During the preparation process, which consists in a very
slow solvent evaporation, the sample ages and we can es-
timate an initial aging of t, ~ 10%* g, with tg ~ 26.7s

101 J(a) T T T =

r Fluid T-change .

Glass

compression

g(r)

FIG. 2. (a) State diagram of the theoretical model system, in-
dicating the vitrification boundary (blue solid line), the fluid
state at ¢ = 0.4, T" = 0.001 (green triangle), the fluid state
at ¢ = 0.6, T* = 1.0 (red square) and the glassy state at
¢ = 0.6 and 7" = 0.001 (black diamond). The green arrow
indicates the compression process, the red arrows the temper-
ature change process. (b) Radial distribution function g(r)
and (c) Mean square displacement (Ar?(t)) obtained from
NE-SCGLE theory for samples with volume fraction ¢ = 0.40
(triangles) and ¢ = 0.60 (diamonds), at T = 0.001.

the Brownian relaxation time, i.e. the time required by
a colloidal particle to diffuse a distance equal to its di-
ameter. We monitored the evolution of the structure and
dynamics of the sample with increasing waiting time t,,
after the end of the evaporation process. However we did
not find any significant change of the g(r) and MSD up
to t, = 300tp.

A similar vitrification process was realised in the theo-
retical NE-SCGLE approach using a compression pro-
cedure. The system was initially prepared in a fluid
state at a volume fraction ¢9 = 0.4 (note that his is
the 3D volume fraction, not the 2D area fraction used
in experiments) and temperature 7* = 0.001. From this



state the system was brought to a final volume fraction
¢¢ = 0.6 using five instantaneous compressions of ampli-
tude A¢ = 0.04. In each step the system was allowed to
relax for a certain time, until reaching ¢ after ¢; = 6¢p,
where tp is the Brownian time. Once reached ¢y, the
system was aged for a time t; = 160fg. The compression
process is indicated in the state diagram of Fig.2a
Fig.2b shows the g(r) obtained for the initial fluid state
and the final glass state. The variations of the pair dis-
tribution function closely resemble those of the experi-
ments, with an increase of the peak amplitudes with in-
creasing ¢ and a shift of the position to smaller distances,
indicating the densification of the system. Similarly, the
MSD reported in Fig.2c at ¢ shows an extended plateau
characteristic of dynamical arrest.

B. Vitrification by Radius Increase at Constant
Particle Number Density

An alternative route to vitrification is provided by
changes in temperature T, which lead to a change in
particle size and thus changes in volume fraction. The
sample with ¢4 = 0.69 is found in a glass state at T
= 25 °C, as discussed in the previous section. Starting
from T = 25 °C we increased the temperature of this
sample in steps of 1 °C until reaching the temperature of
30 °C. We did not increase T to higher values in order to
avoid the occurrence of attractive interactions between
particles [50, 51]. At each temperature between 25 and
30 °C we acquired series of 2D images of the sample as
soon as the temperature was equilibrated, which took ap-
proximately 120s for every 1 °C. After acquiring the data
at T = 30 °C the heating devices were switched off and
the sample was left to cool down back to 25 °C under
the influence of blown air. In this case, the time needed
for the sample to decrease its temperature by 1 °C was
approximately 300s. Note that this is a relatively slow
process compared with T-quenches presented in previous
work on similar systems [28, 32, 34, 35]. We first com-
pare the results obtained for the extreme temperatures,
T = 25 °C and 30 °C (Fig.3). The radial distribution
function g(r) (Fig.3a), presented as a function of r/2R
to take into account the size variation associated with the
T change, shows a considerable reduction of the height of
the peaks and a shift of their positions to higher values of
r/2R. This can be understood in terms of the reduction
of the area fraction associated with the reduction of the
particle size.

The MSD shown in Fig.3b for T = 30 °C is much in-
creased compared to 25 °C and approaches a diffusive
behavior. This is consistent with the expected transition
to a fluid state associated with the reduction of the vol-
ume fraction of the sample indicated by the g(r). Fig.3c
shows that the reduction of the height of the first peak
of g(r), g™®*(r1), and the shift of its position r1 to larger
values is initially smooth and becomes more pronounced
when increasing T above 27 °C. Fig.3d evidences that the

MSD, calculated in this case at a specific time t = 10.56 s
(Ar2), also increases gradually with increasing T, with a
T dependence which is compatible with a power-law de-
pendence on T

When cooling down the system to 25 °C the structure and
dynamics show different results compared to the heat-
ing up process (Fig.3c,d). The peaks of the g(r) are
now smaller (Fig.3c). The MSD is generally larger at
all T (Fig.3d). Note that these differences considerably
overcome the error bars, which where estimated as the
standard deviation of the set of repeated measurements
for the peak of ¢g(r), and as the maximum deviation fro
the average for the MSD. We observe therefore a hys-
teresis, leading to a less pronounced structural arrange-
ment of the particles and faster dynamics. Note that the
equilibration time in the cooling down process is slightly
longer, indicating that the observed effects cannot be
attributed to equilibration effects. At 25 °C the MSD
still indicates dynamical arrest (not shown): however,
the localization length corresponding to the height of the
plateau of the MSD is larger (Fig.3d). This suggests that
after the initial melting, a different, looser glass state re-
forms through the T variation route. It should be noted
that the aging of this glass state is shorter than the one
formed through the particle number density route. In-
deed we already mentioned that the original state at T
— 25 °C presents an aging time t, ~ 10*p. On the
other hand, the glass formed by decreasing the tempera-
ture from the melted state at T = 30 °C, and measured as
soon as the temperature equilibrates, presents an aging
tm ~ 101t p.

In the NE-SCGLE theory calculations the heating and
cooling processes were realised in the following way:
starting from the aged state at ¢ = 0.60 and 7T7* = 0.001,
the temperature was increased in five steps of AT* =~ 0.2
until reaching T = 1.0. For each step the sample was
left equilibrating for a time At = 6¢p. After reaching 77,
the system was cooled down to T;* = 0.001 again in five
steps of equal duration and amplitude. Figs.4a,b show
the comparison of the g(r) and MSD in the initial aged
glass state and in the state reached after heating up the
system to 77 = 1.0. In agreement with the experimen-
tal results we observe the melting of the glass, resulting
in a g(r) with smaller peaks which resembles that of the
initial fluid sample at ¢ = 0.4, and an MSD which is
characteristic of diffusive behaviour.

Fig.4c shows the T*-dependence of the height of the
first peak of ¢g(r) during the heating and successive cool-
ing process. During the heating process the peak height
reduces, as already shown in Fig.4a. When cooling down
the system to 7™ = 0.001, the peak heights increase
again. The values at high temperatures are equal to those
obtained when heating up the sample, however at the two
smallest T the values are smaller than along the heating
process. In the MSDs calculated at a finite time ¢ = 10
(Fig.4d) one can observe that along the cooling process
the values at the two smallest T are larger, indicating a
larger mobility of the particles. Both observations are in
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FIG. 3. (a) Radial distribution function g(r) and (b) Mean square displacement obtained from experiments, for ¢4 = 0.69 at
T = 25 °C (circles) and 30 °C (squares).Temperature dependence of: (c) Height ¢™**(r1) of the first peak of ¢g(r) (d) MSD
value at t = 10.56 s, Arg. Full symbols: Data collected heating up the sample from 25 to 30 °C. Open Symbols: Data collected
cooling down the sample from 30 to 25 °C. (e) Value of the first peak of g(r), g™*(r1) and (f) MSD value at ¢ = 10.56 s, (Arg)
as a function of the area fraction ¢4, for the constant temperature (T = 25 °C) route (circles), and the temperature variation
route, when increasing (squares) and decreasing (triangles) the temperature T. Black line in b) is a fit to a VFT dependence
of <Ar§> on ¢4. Vertical error bars are in most cases smaller than the symbol size.

good qualitative agreement with the experiments in the
region of small 7%, and indicate that after the cooling
process the initial, aged glass state is not recovered. The
theory helps us elucidating this result looking in more
detail at the time-evolution of the MSD calculated at
t = 10, (Ar), along the heating and cooling process
(Fig.5). During the steps of the heating process (Arg)
decreases: along the first step a steady-state value is not
achieved, while this occurs after some time in the succes-
sive steps. This is because the long aging of the initial
state at T* = 0.001 does not allow to reach a steady-
state at T* = 0.2 in the heating process. In the first
four steps of the cooling process a steady-state is also
achieved, however, in the last step this is not. The ques-
tion whether a state comparable to the initial state will
be reached at long aging times will be answered in the
following section. The fact that we observe an hysteresis
in Figs. 3 and 4 is thus associated to the fact that the
final state after cooling is not a steady state of the sys-
tem. In this sense the hysteresis will thus vary with the
time at which we observe the cooled state, i.e. with the

aging of this state.

We can observe that the differences in the experimen-
tal data at different temperatures are more pronounced
than in the theoretical data. This might be an effect
of the shorter aging of the initial state in the theory
(ta ~ 10%*t5) compared to the experiments (¢, ~ 10%tp).
We therefore realised an additional initial theoretical
state with to ~ 103¢p (longer waiting times could not
be reached in a reasonable computational time) and re-
peated the heating and cooling processes. The results
reported in Figs.4c,d show that for the heating process
the difference of the values of the radial distribution func-
tion and MSD along the heating and cooling processes in-
crease, and the difference extends to higher effective tem-
peratures T* = 0.4. Note that this can be associated to
the fact that during the heating process the state barely
evolves during the equilibration time in the temperature
range 0.001 < 7T* < 0.4 (Fig.5). It is also important to
note that the cooling process does not change, since it
starts from the same fluid state at 7% = 1.0. Therefore
we can conclude that the difference in the degree of hys-
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Mean square displacement obtained from NE-SCGLE the-
ory, for ¢ = 0.6 and 7" = 0.001 (circles) and 1.0
(squares).Temperature dependence of: (c) Height ¢™**(r1) of
the first peak of g(r) (d) MSD value at t = 10, (Ar3). Full
Circles: Data for an initial aging to = 160t collected heating
up the sample from T = 0.001 to 1.0. Open Diamonds: Data
collected cooling down the sample from 7™ = 1.0 (final state
of full circles) to 0.001. Full squares: corresponding data for
an initial aging to = 1500t 5.

teresis observed in the theory and experiments can be
attributed to the aging of the initial sample.

C. Comparison of the Particle Number Density
and Radius Increase Routes

We compare for the experiments the two routes to the
glass state presented in the previous section in more de-
tail. We report in Fig.3e,f the values of the height of
the first peak of g(r), ¢g™**(r1), as well as the values
of the MSD calculated at a specific time ¢t = 10.56 s,
(Ard), as a function of the area fraction ¢4 for the two
different routes. The T variation route spans a relatively
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FIG. 5. Time evolution of the mean square displacement ob-
tained from NE-SCGLE theory calculated at ¢t = 10, (Arg),
along the heating and cooling process. Full red circles cor-
respond to the heating process and open black circles to the
cooling process with an aging of the initial state obtained
by compression to = 160tp. Full blue squares correspond
to the heating process of the system with an initial aging
to = 1500t 5.

small range of area fractions due to the limitation to tem-
peratures T' < 30 °C. As already commented at higher
T the particle-particle interaction would change signif-
icantly. It is to mention that the initial state of the
T variation route is the same state as the end state of
the constant T route. The data of the particle num-
ber density route show for the peak of g(r), g™**(r1),
a pronounced increase at small ¢ 4 which then tends to
plateau around ¢4 = 0.60 and then suddenly increases
again at ¢4 = 0.69. The values of Ar3 show a pro-
nounced decrease with increasing ¢ 4 which is compatible
with a Vogel-Fulcher-Tamman (VFT) dependence of the
kind (Ar2) = Ar3, exp[—B/(¢% — ¢4)] [20]. A fit to this
functional dependence gives a value of ¢% = 0.78, which
could be taken as an estimate of the critical area frac-
tion for the glass transition. In the radius increase route,
when melting the glass from the state at ¢4 = 0.69 the
values of ¢g™?*(r1) show a significant difference compared
to the constant T route, at comparable values of ¢4.
In particular g™®*(rq) is larger than along the particle
number density route. This suggests that the melting
process obtained by the T-induced size variation of the
particles leads to slightly more ordered samples. The dy-
namics represented by (Arg) initially seem to follow the
same trend as the particle number density route, how-
ever start to deviate considerably at around ¢4 = 0.65,
showing more pronounced displacements. This suggests
a faster transition to the fluid state compared to the par-
ticle number density route. When reforming the glass by
decreasing T, as already discussed in the previous section
the changes in ¢g™**(r;) are more moderate with increas-



ing ¢4 and the peak at ¢4 = 0.69 is smaller than in
the particle number density route. As already discussed,
this does not seem to be an effect of the different aging of
the system, since the difference persists at longer aging
times. We rather think that the higher disorder in the
glass formed by the T variation route might be a result of
freezing the structural correlation of the liquid into the
glass through the swelling process. The faster T-induced
variation of the area fraction might lead to dynamical
frustration that induces only a partial rearrangement of
the structural organization of the fluid state. In addi-
tion it is possible that changes in the degree of charging
of the system with temperature also affect the glass ob-
tained via the temperature variation route [42], and that
aspects of jamming physics start to affect solidification
through temperature jumps [26, 29]. The dynamics show
even more pronounced displacements than in the melt-
ing process and are more pronounced for ¢ 4 = 0.69 com-
pared to the particle number density route. However, as
discussed in the previous section, this appears to be an
aging effect and the dynamics at longer waiting times ap-
proach those of the sample obtained by the particle num-
ber density route. The ¢4 dependence of the dynamics
along the T-variation route could not be tested against
any functional dependence due to the limited range of
values of ¢ 4.

D. Aging of the Glass formed through the radius
increase route

We monitored the aging behavior of the final glass state
obtained along the radius increase route. For this sample
we determined the radial distribution function g(r) and
the MSD for different waiting times t¢,, after the tem-
perature was stabilized. The results for g(r) reported in
Figs.6a,c show an interesting and unexpected behavior:
initially the first peak increases with increasing t,,. How-
ever, after 5.4 103 s we observe that it starts to slightly
decrease, suggesting the onset of structural rejuvenation.
At the same time the peak position 71 increases from the
value r; = 2R for t,, = 0 to r;y = 2.05R for t,, > 0,
as seen in the inset of Fig.6a. The observed changes are
moderate, but reproducible. It should be also noticed
that we did not observe any significant change in the im-
age quality at long waiting times, which could affect the
determination of g(r). We see therefore that instead of
approaching the value of the peak of the glass formed
through the particle number density route, the height of
the first peak of the sample formed through the radius
increase route diverges from that value. The fact that the
position and height of the first peak of g(r) initially in-
crease for t,, > 0 possibly indicates a small swelling of the
particles. At later aging times the peak height reduces,
while the position remains constant (inset of Fig.6). This
might indicate that the small swelling of the particles ini-
tially leads to a moderate increase of the inter-particle
distance and an increase of contacts, followed eventually

by rearrangements which relax the structure to a con-
figuration comparable to the initial one, but keeping the
slightly larger average inter-particle distance. The origin
of the swelling might be related to a small temperature
decrease along the aging measurement. Theoretical cal-
culations (Fig.6e) indicate instead a monotonic behavior
in which a small increase of the peak height of the g(r) is
observed with increasing waiting time and at long aging
time the value of the peak obtained through the parti-
cle number density route is reached. The effect of the
specific choice of the interaction potential on this trend
should be investigated in the future. The correspond-
ing MSDs from experiments (Fig.6d) and theory (Fig.6f)
show a progressive slowing down of the dynamics, a be-
havior typical of glasses which has been observed pre-
viously [32, 34, 35, 52]. We can see that at the longest
waiting time the value of the MSD is very close to the one
of the glass state obtained through the particle number
density route. This indicates that from the point of view
of the dynamics, the two glass states become compara-
ble if the glass state formed through the radius increase
route is given sufficient time to age.

E. Second Melting and Vitrification in the radius
increase Route

After the first cycle of T-induced shear-melting and vit-
rification described in the previous section, we repeated
the process for an additional cycle. We therefore induced
melting of the glass formed through the T-variation route
and successively reduced the temperature to again vitrify
the sample, following the same route as in the previous
cycle. This time we did not measure the structure and
dynamics at all intermediate temperatures, only at T =
27.5 °C (on top of T = 25 and 30 °C). When increas-
ing T we observe again the reduction of the area fraction
in the g(r), i.e. the peaks decrease and move to larger
distances (Fig.7a). Also the dynamics become faster, as
shown by the increase of the MSD (Fig.7b). When the
sample is cooled down to 25 °C the peaks of ¢g(r) increase
again and move to shorter distances, i.e. ¢4 increases
again (Fig.7a). The MSD shows dynamical arrest, as ev-
idenced by an extended plateau (Fig.7b). The difference
with the first cycle can be found when comparing the
g(r) and the MSD of the glasses at 25 °C, before the
melting and after cooling down and vitrifying the sample
again. This time the differences in the g(r) and MSD
are much more moderate (Fig.7a,b), also at intermediate
temperatures, as shown by the values of the height of
the first peak of g(r) and (Ar3) shown in the insets of
Fig.7. This might be associated to the fact that now the
glass is formed through the same protocol. Moreover the
two glass states present a comparable degree of aging.
We should notice that a slight difference in the height of
the first peak of g(r) is present, however the difference
is considerably smaller than when comparing the glasses
formed through the particle number density and radius
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FIG. 6. (a,e) Radial distribution function g(r) and (b,f) Mean square displacement (Ar?(t)) of the sample obtained from the
first radius increase process from (a,b) experiments (¢4 = 0.69, T = 25 °C) (e,f) theory (T = 0.001), as a function of aging
time t,, (as indicated). Inset of (a,e): Zoom on the first peak of g(r). (c,g) Height ¢™**(r1) and (d,h) (Ard) as a function of
tw, extracted from experimental data in (a,b) and theoretical data in (e,f). Dashed red lines: Values of g™**(r;) and (Ar3) for

the glass obtained through the particle number density route.

increase routes.

We compare the experimental results with NE-SCGLE
calculations, where a similar protocol with two heating
and cooling cycles was realised. Fig.8a shows, similar to
Fig.7, the radial distribution functions obtained after the
first cooling down to T™ = 0.001, after the second heat-
ing to T* = 1.0, and after the second cooling down to
T* = 0.001. We can observe that the g(r) obtained after
the second cooling down process is practically identical
to the one obtained after the first cooling down process,
while the g(r) of the heated up sample indicates a more
dilute, fluid structure. The MSDs reported in Fig.8b
show a similar result, with the data of the two glassy
samples obtained from different cooling down processes
essentially indistinguishable. Once more the theory al-

lows us to monitor the time-evolution of the state of the
system by means of the non-equilibrium static structure
factor (Fig.8c). Comparing the data of the first and sec-
ond cooling processes one can clearly see that in each
AT* step the system reaches the same value. Moreover
in the first four steps a steady state condition is achieved,
whilst in the last the system is still evolving. However,
the non-steady state achieved in the distinct cooling pro-
cesses is the same, supporting the experimental observa-
tion that comparable aging leads to a reproducible non-
equilibrium state. These results indicate that the radius
variation route is a suitable way of obtaining rejuvenation
of glassy PNIPAM dispersions which can be used as an
alternative or in combination with shear-induced rejuve-
nation, which has been discussed in particular detail for
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FIG. 7. (a) Radial distribution function g(r) and (b) Mean
square displacement (Ar?(t)) obtained from experiments for
sample with ¢4 = 0.69 at different temperatures T (as indi-
cated), within a cycle of melting and vitrification. Insets: (a)
Height ¢™*(r1) and (b) (Ar?(t = 10.265)) as a function of
T, during the heating up (squares) and cooling down (circles)
processes.

hard sphere-like colloids [53-57|. It should be noted that
while the properties of the glass after rejuvenation are
typically controlled by the shear-rate or oscillation fre-
quency in shear-induced rejuvenation, in this case the T-
variation rate might be the control parameter and should
be investigated in future studies.

IV. CONCLUSIONS

We compared arrested states obtained from disper-
sions of thermo-sensitive PNIPAM particles following dis-
tinct routes: an increase of the volume fraction by radius
change at constant particle number density, or a change
of the particle number density at constant radius. We re-
alised qualitatively similar protocols in NE-SCGLE theo-
retical calculations. Experiments and theory show a good
qualitative agreement, supporting the interpretation of
solidification in terms of the glass transition. Our results
indicate that the glass state obtained through the radius
increase and the particle number density route are com-
parable, in terms of dynamics, at sufficiently long aging
times, despite the significantly different non-equilibrium
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FIG. 8. (a) Radial distribution function g(r) and (b) Mean
square displacement (Ar2(t)) obtained from NE-SCCGLE the-
ory for the sample with ¢ = 0.60 and different temperatures
T (as indicated), within a cycle of melting and vitrification.
(c) Height of the first peak of the non-equilibrium structure
factor S(k = kmax,t) as a function of time, calculated during
the two cycles of heating up and cooling down processes (as
indicated).

routes that lead to glass formation. However, in the
experiments the two glasses show structural differences
which persist even at long aging times. We speculate that
these structural differences might arise from the substan-
tially different processes that lead to glass formation: in
the particle number density route, the structure is pro-
gressively rearranging to accommodate the increasingly
higher number of particles; instead in the temperature
variation route the structure of the fluid is quenched into
the glass and the particles are limited in their rearrange-
ments due to dynamical frustration induced by the sud-
den swelling. Further investigation needs to clarify why
the dynamics are less affected by these effects. At short
aging times, the glass formed along the radius increase
route increasingly differs from that obtained along the
number density route when the aging of this last state
is larger. This arises from the fact that the glass state



obtained through the radius increase route is unaffected
by the aging of the system before melting. We find in
addition that the radius increase route leads to a re-
producible glass state when applied consecutively to the
sample. This route results therefore particularly suited
for rejuvenating the sample, for example in rheological
experiments, without the need of pre-shearing. Future
work should investigate possible contributions to solidi-
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fication related to the jamming scenario [23, 26].
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