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ABSTRACT

In dense particle systems, the coupling of rotation and translation motion becomes intricate. Here, we report the results of confocal uores-
cence microscopy where simultaneous recording of translational and rotational particle trajectories from a bidisperse colloidal dispersion is
achieved by spiking the samples with rotational probe particles. The latter consist of colloidal particles containing two uorescently labeled
cores suited for tracking the particle's orientation. A comparison of the experimental data with event driven Brownian simulations giv
insights into the system's structure and dynamics close to the glass transition and sheds new light onto the translation—rotation coupling. 2
data show that with increasing volume fractions, translational dynamics slows down drastically, whereas rotational dynamics changes vy
little. We nd convincing agreement between simulation and experiments, even though the simulations neglect far- eld hydrodynamic inte
actions. An additional analysis of the glass transition following mode coupling theory works well for the structural dynamics but indicate:
decoupling of the diffusion of the smaller particle species. Shear stress correlations do not decorrelate in the simulated glass statesand¢ n
affected by rotational motion.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonComme:uia
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-ncamig//0fpi.org/10.1063/5.0205459

I. INTRODUCTION phases explored, and the kind of tracer particle studied’In glass-
forming liquids, the sensitivity of the rotation—translation coupling
Atthe colloidal glass transition, the ow properties of a disper- has been used to inspect local motion, which remains incompletely
sion change at the colloid scalé single colloid in a continuum  understood when approaching the glass transition. Large tracers
uid exhibits Brownian random motion, and the diffusion coef- in molecular uids have shown a strong variation of the ratio
cients of translation and rotatiod: andDy, respectively, are coupled of diffusivities in experiments and simulations: While rotational
according to the laws of Stokes, Einstein, Debye, and Pefrin. diffusion remains strongly coupled to viscosify; E1~, transla-
The solvent ow has to obey the condition of vanishing relative tional diffusion decouples’*®Investigations of colloidal dispersions
velocity on the surface of the colloid. Thus, random forces andpromise to give further insights into these phenomena since individ-
torques are coupled, leading to a constant rdlie-D  d?~3 for  ual particles can be tracked even at concentrations close to the glass
a sphere of diameted, independent, for example, of the viscosity transition.” A direct observation of their rotational motion close
of the dispersion. In the semi-dilute regime, the coupling of rota- to the glass transition, however, has been possible only in two sys-
tion and translation of colloids has been a topic of longstandingtems. Edmoncet al.considered tetrahedral clusters of colloids in a
interest, especially the question whether the solvent or the disperhard sphere solutioR? They observed that translational diffusion
sion viscosity sets the rotational diffusion coef ciént.At higher  slows down less than rotational, which remains tied to structural
concentrations, the close relationship between rotation and transrelaxation. This is reminiscent of the molecular glass-forming lig-
lation gets lost when approaching solidi cation. The direction of uids. A quite different behavior was observed with spherical Janus

the deviations depends on the type of liquid, the thermodynamiccolloids??’where translational diffusion was found to slow down
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more strongly than rotational when the colloidal glass transition iscompare the results from experiment and simulation to mode
approached. Clearly, the question of rotation—translation couplingcoupling theory (MCT),® which predicts a glass transition value
at the colloidal glass transition remains intriguing. for our mixture, which is close to the observed ofieWithin
Here, we report the results of experiments and simulations ofMCT, rotational motion of anisotropic particles was also consid-
the translation—rotation coupling of dispersions of spherical colloidsered, predicting a peculiar decoupling of even and odd angular
near the colloidal glass transition and compare them to predictionsmomenta states for small aspect ratiés’’ which, however, lies
from mode coupling theory (MCTJ? Spherical colloids arguably are at a nite aspect ratio and thus cannot be accessed with spherical
the simplest system as they can be described by the paradigmatparticles.
hard sphere uid model. Crystallization can be prevented by mix- This paper is organized as follows. In Sec. |I, the system is intro-
ing two species with appropriate size and concentration ratios. Theluced together with the experimental and simulational methods. In
dominant control parameter is the total volume fractiGrExper- Sec. |ll, the results are presented, including radial distribution func-
iments were based on confocal uorescence microscopy of denseons (RDFs), mean squared displacements (MSDs), and angular
dispersions of polymethyl methacrylate (PMMA) core/shell col- correlation functions for three different densities. Experimental data
loids with hard potentials. These dispersions were spiked with loware analyzed and compared to data from the simulations. Section |V
concentrations of spherical PMMA colloids containing two cores compares with MCT predictions and analyzes the emergence of
as rotational probe particles.From the uorescence data, parti- elasticity. Conclusions and a discussion of the results are given in
cle trajectories could be obtained simultaneously for translationalSec. VI.
and rotational diffusion. For the simulations, a rough sphere model
was employed, which proved useful for understanding the collectivg;, seTups
angular motionin molecular uids, and had been studied by theoret- .
ical and numerical method<. “’It presumes that the spheres collide A- Experiment
elastically and the relative velocity of the contact points reverts in ~ The system studied in the experiments is based on a binary
the collision. Because there is no slip at the collision, the angumixture of sterically stabilized PMMA/PMMA core/shell particles
lar velocities of the collision partners get changed according to thehat were prepared following the procedure of Schitégral”
conservation of total angular momentum. Varying the mass den-(cf. Fig. 1). In brief, we rst synthesized PMMA core particles
sity distribution, the model has, for example, provided insights intowith a diameter of 1 m. The cores were copolymerized with
the origin of different coef cients in the Stokes—Einstein relation in either the BODIPY dye [4,4-di uoro-8-(4-methacrylatephenyl)-3,5-
liquids;*° and it is widely used in supercritical uids. This model  bis-(4-methoxyphenyl)-4-bora-3a,4a-diaza-s-indacéha] Quasar
of rough spheres can be tuned from the molecular scale, wheré70. Several seeded dispersion polymerization steps were employe:
atoms move ballistically, to the mesoscopic scale, where colloid® grow additional PMMA layers onto the cores to obtain parti-
perform Brownian motion. The model enables separation of thecles with a nal diameter of 2.08n [polydispersity index (PDI)
importance of interparticle correlations from the random forces and
torques exerted by the solvent. Thus, the cooperativity of the trans-
lational and rotational motion can be tested. From experiments, it
is known that particle roughness and long ranged solvent ow can
become important”** Both are neglected in the simulation, and
the comparison of the simulations with the experiment can elucidate
whether the local coupling of rotation and translation dominates in
dispersions of sterically stabilized hard colloids at packing fractions
close to the glass transition. At higher packing fractions, additional
phenomena may set in when approaching jamming.
Recently, long-ranged stress correlations in glass-forming col-
loidal dispersions have been predicted but not yet been obséfved.
Employing the Brownian simulations after calibration to the experi-
mental system, we explore the magnitude of the stress correlations
in order to address the possibility of their measurement in glass- @
forming colloidal dispersions. We not only approach the colloidal
glass transition but also enter the glass state where aging indicates + ——
that the system has fallen out of equilibrium. Quantitative Brow- @ @
nian dynamics simulations accompanying the experiments test the
aging phenomena, verifying that a colloidal glass was prepared. The

recorded me‘,'m square .dlsplacements ||.1d|cate.that large and sm: FIG. 1Colloid dispersions consisted of PMMA/PMMA core/shell particles with dif-
spheres are tightly localized, yet there still remains local free volum ferently labeled, uorescent cores. To avoid crystallization, bidisperse mixtures of
enabling fast translational and rotational motion. In the simula- particles with diameters of 2.08 andw @2re used as a host system. Col-

tions, we can tune the Brownian noise and thereby see that angl loids with two cores and a diameter comparable to the larger host particles were
variations get completely decorrelated by the random torques in ¢ @dded in high dilution and served as rotation probes. Scale barsae10

thermal heat bath, while molecular systems require many particle SEM images (@) and (b)n53 Lz SR il (6)), el s se e
collisions before angular diffusion becomes effective. Finally, we als uorescence images (c) and ().
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of 5.1% determined from electron microscopy images] and 402  steps ¢ (in Newtonian units this Maxwell-Boltzmann distribution
(PDI of 3.5%). Particles with two cores were synthesized by treateorresponds tovz ksT~m 1). Rotational diffusion is achieved
ing the particles with acetoné. Two-core particles with a diameter by redrawing angular velocities every time step Assuming a
of 4.06 m were employed as rotation probes. Several sedimentaMaxwell-Boltzmann distribution of angular velocities for spheres
tion steps were performed to reduce the number of particles withwith a moment of inertial ~ md?, where >"s, |+ denotes either
more than two cores as far as possible. For the preparation oémallsor largel particles,d denotes the respective diameter, and
the colloidal dispersions, the particles were dissolved in a density is a dimensionless number that encodes the mass distribution
and refractive index matching mixture of cyclohexyl bromide satu-of the spheres, the angular variance becomés ~d? for the
rated with tetrabutylammonium bromide ands-decalin (85%:15%, small and large particles. We assume a homogeneous mass distri-
w/w).** The number ratio of small particles, larger particles, andbution, which gives  10. After many Brownian time steps, the
rotation probes was 100:100:1. The reported packing fraction meamean squared translational displacements and angular displace-
sure the total volume taken by all colloidal particles. Steinhardt ordements grow linearly with the number of steps and the (short-time)
parameters were determined to verify that colloidal glasses weranslational and rotational diffusion coef cients take the values
prepared-? D: v t~2andD; !3 ,~2.In order to recover the ratio of rota-
Fluorescence images were acquired using a confocal uoresional and translational diffusion coef cients predicted by Stokes,
cence laser scanning microscope (TCS SP5, Leica Microsystenmshstein, and Debye for dilute colloidal sphefe~0 — d?~3, the
with a resonant scanner (8000 Hz, bidirectional scanning mode) andatio between rotational and translational Brownian time steps thus
a glycerol immersion objective (63magni cation, 1.3 NA). The needs to be chosen‘as
microscope was temperature stabilized (Ludin Cube 2, Life Imaging

Services) to 23 0.5 C. 3D-image stacks (1024256 100 voxels) t~r ~3. (@)
with pixel sizes of dx dy 141.3 nm and dz 210 nm resulting ) . ) )
in 3D image volumes of 144.7 36.2 21.0 m* were recorded At nite densities, the HS interact as perfectly rough elastic

with a lag time of t 5 s. The image stacks were recorded with SPheres.”*“ This collision rule couples rotations and translations.
distances of at least 26 to the sample chamber walls. To allow It inverts the relative velocities of the contact points at collision
equilibration, all samples were put onto the objective 16 h before th&’c v ¢ @s would hold for two colliding rubber balls. There is
measurements started. From the image stacks, trajectories for 3010 Slip of the two colliding surfaces. Before the collision, the con-
translation and rotation of the colloids were generated as describetfct points approach each other with velocity v2 v “$!1
earlier’® To capture faster dynamics, we additionally performed 2D 122! 2¢ nwiththe collision vectoir “r1  r;*~Sr r.S. Therel-
measurements in only one plane. Lag times for these measuremendgive velocity of the contact points after the collisiam, follows

weret 0.1s. from the nal velocities (marked by an apostrophe) given in the
collision law:
B. Simulation v, w1z Kp~miy, 2)
In order to interpret and analyze the experimental observations,
we performed event driven Brownian dynamics (EBD) simulations d
of a binary hard sphere mixture.*® Different from previous sim- I, 112 #ﬁ ®p, (3)
12

ulations of colloids, which neglected their rotational motion, we

account for the coupling of rotation and translation via the ow

of the solvent. In the EBD algorithm, the particles move with Xp
constant velocitiesv; and angular velocities ; between events
according to Newton's rst law. Diffusion is modeled by the Brow-
nian thermostat, redistributing the particles' (angular) velocities atand reduced moment of inertia. . > which capture the

xed “Brownian” time steps. Particle collisions encode the potential ™ "~ . e am, - Amy?
interactions. collisions of spheres with different radii.

Solvent-mediated interactions among the colloids, called  1heshown time dependent data are averaged over roughly 100
hydrodynamic interactions, are instantaneous and affect the shortSYStems, with particle numbers &f 1728 up toN  8000. The
time diffusion of the particle$.The EBD algorithm neglects their number ratio isNs~N 1, and the size ratio i, 2ds, as deter-
long-ranged contribution as do other potential free algorithms of Mined in the experiment. Only the density is varied. In order to
hard colloids!® For smooth spheres, this approximation has beenSample the dynamics, the Brownian time step of translation is set

7
tested and veri ed when approaching the colloidal glass transition. © t Dt~‘f 5 10 ". It has to be chosen small enough so that the
Here, we account for the aspect of the local ow of solvent aroungobservation of short time diffusion in the MSD is possible before the

the colloids to couple rotation and translation. We do this by two €29ing regime appears. This is hard for the used packing fractions up
strategies, rst by including the correct rotational and translational ©© 065, explaining why we had to use such a small value for
diffusion in the dilute limit, and, second, by collisions that account N ) ] ] )
for forces and torques. C. Equilibration and simulation preparation

To model diffusion, we draw the component of the trans- As we study samples above the glass transition, the structural
lational velocities in each spatial direction from a Gaussian distelaxation time is excessively long and aging affects the measure-
tribution with zero mean and unit variance3 1 at xed time  ments. Thus, the protocol to prepare the simulated systems needs to

2
1

A'U c A’U c ;l’ ;l’ . (4)

We introduced two convenient parameters, reduced mas%
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be speci ed. The particles start as point particles from a simple cubiemall-large, and large—large spheres are visible. Weak traces of these
lattice and with initial velocities drawn from the described Gaus- distances can also be seen at the second neighbor shells. While with
sians. Then, they are propagated by Newtonian dynamics, i.e., theiacreasing total packing fraction, the structuring in the RDF gets
is no Brownian time step. Every xed time step 0.05%~d, all stronger, in no case, sharp peaks indicating crystalline order emerge.
particles are in ated until they are in contact with their closest neigh- All states are thus uid like. In general, the peaks in the simula-
bor or they reached their maximum siZéThen, we proceeded with tion graphs are sharper than those in the experimental graphs. This
Newtonian dynamics and measured the decay of the coherent derpoints at the (small) polydispersity in the experimental sample. We
sity correlation function at a wave vector magnitude of the positionuse the RDF to calibrate the simulated systems to the experimental
of the nearest neighbor peak in the static structure factor. This wa®nes, for the following reasons: (i) The particles swell in the sol-
possible for all shown densities, except for the highest two. The latvent. (i) The assumption of a perfectly binary mixture does not
ter cases were stopped earlier because the waiting times increaseald for the experiment, where a small polydispersity exists. (iii)
drastically. We explicitly checked that for these two volume frac-The determination of packing fractions of colloidal dispersions is
tions, the data shown in Set! were stationary in the given time error prone>® The rst problem is overcome by choosing a single
window. The waiting time,, 0 is measured as time span from the length scale, the diameter of the large spedjesvhen comparing
instance when all particles reach their prescribed radii, and with thatsimulation and experiment. The experimental RDF data originally
the prescribed density of the system is reached. The in ation procesmeasured inm are scaled by the valugy 4.76 m, which visually
needs an increasing time span for increasing densities. F00.59,  provides the best t. This value indicates an appreciable swelling of
this process nishes on average after 489 and for' 0.65 after  the particles in solution. The simulated packing fractions, chosen for
18.3%~d. the ts, then turn out very close to the experimentally determined
values. The remaining differences between simulation and experi-
IIl. RESULTS ment are considered to arise_ from particle polydispersity and from
the problem to measure precisely.

We present experimental data compared to simulation for Overall, a very good mapping between the structures as
three different densities: below, closely above, and clearly above thgptured in the two-component radial distribution functions is
predicted MCT glass transitiofi. For the given size ratio and con- observed between simulation and experiment. As seen in many
centrations, microscopic MCT predicts!“"  0.52. Considering  investigations of glass-forming systems, the structure changes only
the tendency of MCT to overestimate the glass formatiom,we smoothly when crossing the colloidal glass transition.
estimate the experimental value to lie 15% high&f® 0.6, and
test it below. We compare the structure by presenting the RDF, the )
translational dynamics by measuring the MSD, and the rotationalC- Mean squared displacements
dynamics by showing averaged Legendre polynomials of the angular  After having studied the structure, we now turn to the dynamics

variation. of the system. Figure 3 depicts the MSD8 &r “ts r “0Oes %,
where denotes the particle species and colored symbols indicate
A. Crystallization the experimental data. The systems are the same as those showt.

in Fig. 2. The upper curves in each plot are MSDs from small host
is investigated in Ref>1. The authors report the appearance of partlcles, Wherea_s the lower ones originate from the Igrge host par-
AB; crystalline states for several densities. Within the density rangé'des' The experlm(_ental short time data_were determined from 2D

measurements, while data for longer times were extracted from

explored in this work, crystalline states are reported 'for 0.60 .
and'  0.62. For the experimental systems, Steinhardt order para-3D measurements. The two measurements are denoted by different

meters? of fourth and sixth order were determined and showed no color\'/sw;l_'lhe:mﬁraélonhcurv§ir?rtta &rawp |ntblack.f the b .
sign of crystalline order. To test for the possible formation of crys- h e dec. thSI OVth]_ atthe s ruckl_Jrefo t'e Iphary |mtIX-
tals in the simulated systems, we calculated bond order parameters ggre changed smoothly with increasing packing fraction, the plateaus

the nal con gurations. The coarse-grained bond order parametersIn the M%GD Qat_a highlight that the 90”0'(’ motlon_ sIc_nws down
are introduced in Ref>2. To calculate the nearest neighbors, we fol_strongly. Thisis caused by the trapping of the colloids in the cages

low the recipe outlined in Refi3. Our systems do not show signs of of their neighbors for intermediate times. The nite lifetime plateau
: indicates incipient localization, and a localization length following

crystallization, neither the experimental samples nor the simulated . d ' di o of tal melti Id b d-off. Thi
systems. We attribute this to the dif cult pathway to Laves-phase. Indemann's discussionor crystal meiting could be read-oft. 'his
formation observed and overcome in Refé and 54 is emphasized by the purple bar ifig. 3(b), denoting the explicit
' value of r*t — @ according to Lindemann's criterion evaluated

in MCT.*® Yet, determining the long-time diffusivity is dif cult
because of the nite time-window of experimental observation and

In order to characterize the dispersions and determine theirbecause of possible aging effects. Here, the simulations can help us
structural parameters, we study the RDFgjure 2shows the RDF  interpret the dynamics, because the waiting time can be controlled,
results for increasing densities. The packing fraction of the uppeand additional states can be sampled.
panel corresponds to a uid state, that of the central one to a state  Since the particle diameter was taken from the RDF com-
around the MCT glass transition, and the bottom panel shows datgarison, the MSDs can be plotted in re-scaled forn?1~q2 with
for a packing fraction deep in the glass state. For all densities, threq2 (4.76 m) 2. As the packing fractions have also been deter-
next-neighbor peaks indicating the three distances of small-smalinined in the ts of the RDFs, the only parameter to match the

The phase diagram of the binary mixture studied in this work

B. Radial distribution functions
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! curve shown in Fig. 3(b) was measured after Newtonian propaga-
g (a) 1 tion fort,, 19000¢~w. The MSDs in the time window shown in
:'; {". _oko Fig. 3(b), however, are already stationary and do not change with
oy Il\ i Psim _ 0 ‘574 increasing,,. Data for a density far above the predicted MCT-glass
= 0 ,"\‘ Peap = 0- transition are depicted in Fig. 3(c). In this case, aging effects would
14 A | ‘\ .‘ \ PR N not come as a surprise. They are, indeed, observed in the simulations,
A :‘ W shown by the magenta line. We simulated a system that was equili-
04 | ™ brated by using the standard in ation protocol and then followed by
T T T T Newtonian dynamics fot,, 1000¢~w. This reproduces the ear-
0-5 1.0 1.5 2.0 lier onset of the-relaxation in the experiment very well. For longer
i waiting times, however, the escape out of the cage takes longer. In
44 3 [ Fig. 3(c), the black curve shows the MSD of a system that aged for
(b) I 1 A tw 16 000¢~w, whereas for larget,,, no aging effects remain in
Ik n ¢sim = 0.62 . . .
— i\ i 6o = 0.634 the studied time window.
S 24 B! fl exp 1T Concluding the comparison of the translational dynamics, one
) ] \\ A can summarize that very good agreement between experiment and
I i\ 1\ e
0o4—4
050 0.75 1.00 1.25 1.50 1.75 2.00
8 —F 10°
() ‘ ---- simulation (a)
6 4 i ' experiment 101 4 o
h
h N
- I . bsim = 0.65 s
& 4 4 14 ~ 2 |
4 n Geap = 0.658 3 10
| \
21 ';“ : “\ :“| 1073 4 ¢sim =0.59
) \ -
NN T Gewp = 0.574
- A —
0 T T T T T T 107 T T T T T
0.50 0.75 1.00 1.25 150 1.75 2.00 107* 107* 107* 107" 10°
10°
T/dl
(b)
FIG. 2Radial distribution functigns of the colloidal mixtures (orange solid 107" 4
lines) compared to the ones from simulation (blue dashed lines). The volume _
fractions correspond to systems below, close to, and above the MCT glass =< 10-2 4 -
transition. & //__a};-‘""‘
"= Gsim = 0.62
1077 4 - Geap = 0.634
time-dependent data from simulation and experiment is the time T e —
scaled?~D, given by the translational short-time diffusion coef - 10™* 107 107 107! 10°
cient. Best agreement was achieved by rescaling experimental data 107!
by (c)
1072 4
D™~ 0.001 s". (5) T 0] =
S Gsim = 0.65
Figure 3(a) shows the diffusion in a colloidal uid state. Long- 104 4 o 0'658
time diffusion of both particle species is clearly attained at long L Peap = 0.
times. At intermediate times, a plateau in the MSDs starts devel- 105 L e
oping, which indicates the incipient localization of the colloids. As 107° 107* 107* 107* 107" 10°
expected, the larger colloids move less than the smaller ones, and tD,/d?

the gap widens with increasing time. At the intermediate packing . ; ; _
fraction' oxp 0.634, the MSDs have slowed down, and long-time FIG. 3MSD of small (upper curves) and big particles (lower curves) in experiment
diffusion of the large colloids cannot be seen in the experimenta (coloreq symbols) and §|mulat|on (black Ilnes_) for the densities where RDFs are

. g : ; P .~ shown in Fig. 2. Experimental data at short times are from 2D confocal scans,
window anymore. Yet, the apparent diffusion of the smaller colloids yhile 3D scans gave the data at long times. In panel (b), a bar gives Lindemann's
at long times suggests that the state could be uid. This is, howevel

criterion, and in panel (c), the magenta line shows simulation data of a system that
not supported by the simulations at this packing fraction. The sys- was given less time for equilibration (see the text). At short times, the experimen-

tem at' ,, 0.62 cannot be equilibrated and exhibits a structural tal data converge to the positioning accuracy, explaining the deviations from the
relaxation time that grows with waiting timé,,. The simulation ~ Simulated data.
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simulation can be achieved by a mere tuning of the short-time dif-diffusion close to the glass transition is still very similar to rotational
fusion coef cient and transferring all other parameters from the diffusion of a dilute sphere. Figure 4(b) shows the fourth Legen-
structural comparison. dre polynomial, which is affected by smaller angle variations and

thus records somewhat larger differences to Debye's free rotational
diffusion.

Considering the strong slowing down of the translational
motion shown in Fig. 3, the ndings in Fig. 4 state, by contrast, that
he rotational diffusion of a sphere is not affected by the packing
raction. This holds true even in the extreme case when crossing

the colloidal glass transition. In the limit - 0, the rotational dif-
> 1 fusion is that of a free rotor and it remains that of a free rotor at any

Qh' (6) measured density. There is a slight subtlety, though, arising from the

solvent mediated hydrodynamic interactions, which m&kandD;
where we chose™0s 0 for each particle. The idealized case of slightly density dependent. The blue dashed lines in Fig. 4 are cal-
diffusion on a sphere yields culated using Eq. (7) with} directly taken from measurements of
dilute tracer particles. It does not agree as well with the measured
data because the increased particle density has changed the local
friction experienced by the colloids. This is captured in the small
density-dependence of the short-time rotational diffusion constant,
while the long-time diffusion constant does not change relative to

D. Rotational dynamics

To quantify the rotational dynamics, we calculate Legendre
polynomials L, of the angle variation of the tracer. The sec-
ond polynomial, which can also be measured by depolarized Iight
scattering;’ reads

- 3 ~ -
Lot cé%aos oo

Late exp"n "n 1eDyte. @)
Experiment and free diffusion are compared ing. 4. The
ratio of the rotational and translational diffusion coef cients

of a single spherical colloid of diametat; is given by the this short-time one.

Stokes—Einstein-Debye and Stokes—Einstein relation®:tet} Simulation results at  0.65 are shown in Fig. 5. We see per-
di~3. From Eq5), we can then predict the free rotation coef cient fect agreement between the theory of free Brownian rotation and

of the experiment to read

D! 0.003 st

The black dashed theory slope lifigs. 4(ajand 4(b) is calculated
with Egs.(7) and (8). From this, it can be concluded that rotational

simulation. This can be rationalized because we choesenaller
than the mean collision time to produce proper short time diffusion.
From Eg. (1), it follows that is even smaller. So, the rotational
Brownian events of the thermostat are much more frequent than
collisions with other particles. The mean collision time' at 0.65
inBDis ¢ 40 10 'Di~cf, which means a rotational thermostat
eventis roughly 26 times more frequent than a collision. This implies

= R that the thermostat wipes out the effect of the collisions on the rota-
0.75 - &= 0.634 tional diffusion. To this point, one could argue that this is the same
— $=0.658 for the translations as well, because translational velocities are also
0.50 1 777 theory resampled eight times more often than collisions happen on aver-
Q dilute theory . . .
~ 0251 (@) age. Yet, this clari es the essence _of the cooperative cage effect: _The
’ translation of a spherical tracer is hindered by the surrounding parti-
0.00 - — cles, and diffusion requires a collective rearrangement. This leads to
long-lasting memory in the particle collisions that are not destroyed
R o R by random ve_Iocity changes. By contrast, the ro_tation of a sphere
6D does not require extra voIL_Jme (in _contrast to, for instance, tgtrahe-
0.75 t6 D dra’® or ellipsoids;' or particles at interfacé$. Thus, the rotation
— ¢=05m of a sphere does not couple to the cage of the surrounding particles
0504 N\ _ ji 322;1 and no (strong) excluded volume effects are observed for rotational
\ === theory diﬁusion.
v dilute theory
= 0.259 (b) N
0.00 7 —- IV. MCT GLASS TRANSITION ANALYSIS
In order to estimate the glass transition point, we per-

T
10()

FIG. 4Experimental angular correlation fundiiopanel (a)] athg[in panel
(b)] for different densities. The black dashed line “theory” gives the free
ian rotation equation (7), wBeis calculated from the short-time translation

formed an -scaling analysis following the predictions from MCT.
It predicts a scaling of the density autocorrelation (ACF) func-
tion, Sgq;te a’q, t¢ “q,0e f, during the decay from the plateau
é-relaxation) for packing fractions approaching the MCT glass
OWn-. et 23 A 12N . P
dransition’ ¢~ .° Here, "q, t+ N = “3y ; explig rjtes is the

diffusion (8) at thi§ he blue dotted-dashed line uses the dilute rotational diffuctuating microscopic density.
sion coef cient. The density dependence is very weak, especially compared to tHeigure 6 shows the re-scaled density ACF for different densities;
extreme sensitivity of the MSDs in this density range. Note the different scqa(ljfl@pf;iency’ the Brownian time step is in this section increased to

the time axis.

tDi~f 5 10 °. The predicted-scaling is well con rmed by the
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L0 pem====zo—- — 1, corresponds to size ratid~d; 2 and equal concentrations;~Ns
0.8 4 - . La 1% As can be seen in Fig. 7, the divergence is well con rmed by
’ AN =77 theory the relaxation times taken from the total, see Fig. 6, and the species-
0.6 1 AN resolved density ACF. In each case, the wave vector corresponds to
8 04 A the average particle separation. The power-law behavior leads to the
i estimate g™ 0.612. In the inset of Fig. 6, a correlator at packing
0.2 fraction' 0.612C' {™isincluded, where the plateau value already
increases above the oné at 0.605, i.e., scaling is no longer possible
04 __ as discussed in Refs. 63 and 64. The corresponding relaxation times
10°? 10°? 107! 10° at' 0.612 shown in Fig. 7 deviate from the algebraic divergence
t D). and hint toward an avoided ideal MCT glass transition.

The MCT analysis in Fig. 6 includes the diffusion coef cients
Yotfined from the MSD of small and large spheres. The diffusion of
the large spheres is strongly coupled to the structural relaxation, but
the smaller particles appear not to arrest with the structure at the
same packing fractiorDs rather appears to vanish at an appreciably

FIG. 5Simulation results for the rotational correlation functions [Eq. (6)]
large particles. The dashed lines show the theory of the free rotation (7).

10 higher packing fraction. In Ref. 66, the relation between the appear-

0.8 1 ance of dynamical heterogeneities and the decoupling of coherent
a}@ 06— ¢=0s6 and incoherent time scales is discussed. The data in Fig. 7 show
=~ ¢ = 0.57 the decoupling in the form of different power-law divergences for
l;: 044 zzgjiz D and . Thisis especially apparent for the small particles, where
5 0ad — $=06 IR the collective relaxation time**approaches the same singularity as

— $=0605 e \ the one of the big sphered®, while Ds vanishes at an appreciably
0.0 A $=0608" 45-7 193 higher packing fraction of 0.638. This follows when the black
10-7 10~ 10-3 101 10! dashed tted slope iriig. 7is extrapolated to zero.
t/Ta

i ) ) _ V. SHEAR MODULUS
FIG. 6Normalized collective density ACH at7.9. Re-scaled so that a unit ) ] )
time marks a decay to 0.23. The graphs collapse almost peHetlyafiba Recently, the rheology of rough colloids has been discussed in
times extracted from this gure are shown in Fig. 7. The inset includes a corthatoontext of shear thickening caused by frictional CONtacts.
at'  0.612 * g, which violates scaling and cuts the emerging scaling functifys, it is of interest to compare the shear moduli of rough and
smooth spheres, which can be done using the standard Brownian
dynamics algorithri"*>and our modi ed one. The shear modulus
simulations. MCT predicts an algebraic divergence of the relaxations given by the ACF of the shear stressest e,
times "¢ toward the glass transition,
CS 'S ©) cte Llsa e coef (10)
" ke T3> |
with an MCT-exponent  2.6477 depending on the parameters of
the binary mixture, such as number and size ratios. The quoted valug, the smooth sphere case, the shear stresses come from collisions,
which are instantaneous and binaty/*For the considered system
0.15 with rotational degrees of freedom, the stress tensor is in general
not symmetric but can be symmetrized following Ref. 74. Then, the
stress tensor reads

D¢/Di)7/4

- 1 1

Here,X . denotes the time window, over which we average the
collisions. The sum runs over all collisions, happening in the time

0.56 0.57 0.58 0.59 0.60 0.61 intervalt >t X ~2t K ~2.Kr denotes the center to center
é vector of the two colliding particles, ariép denotes the transferred
momentum.

FIG. 7Relaxation times of the total and partial density correlation functions fr
Fig. 6. By plotting1 , the algebraic law from Eq. (9) is given by a linear gra
The linear tto the relaxation times predicts a glass trangitio@@12. The

relaxation time'at 0.612 is excluded from this t. A simiIaDi opredicts
a signi cantly higher divergente a0.638.

°™he time-dependent shear modul@te does not show any
®fifferences between smooth and rough spheres. For the density
above the glass transition, the modulus does not decay in the sim-
ulated time window and rather approaches a long time plateau
(marked by a horizontal bar in Fig. 8), while it decays to zero in
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2000 % — 0.5 shaoott encoded in the particle structure not in the solvent ow. The angu-
@ x ¢ =0.59 rough lar motion thus does not couple to the slow cooperative structural
o 1500 A o0 ¢ = 0.62 smooth rearrangement.
&8 o %o * |¢ =062 rbugh Recently, the emergence of long-ranged stress correlations at
§ 1000 ~ e the glass transition has been predictédhis requires the macro-
= 8 . LTINS scopic shear modulus to become slow because it sets the amplitudes
O 500 "xxx, %M of the stress correlations. The simulations indicate that the shear
BRx, H
S oo modulus per particle by far exceeds thermal energy close to the glass
(| == W.“"" — transition and that rotational motion has no consequences on the
107* 1073 1072 107" 10° rheology of the investigated dispersions.
t Do/ d In addition to experiments and simulations, we performed an

-scaling analysis of the simulated density correlation function that

FIG. 8Time-dependent shear modiiltisis shown for the binary mixtures Ofgrovided an estimate of the MCT glass transition'd™ 0.61,
the rough and the corresponding smooth spheres at a uid and a glass volym . cT

fraction; see the legend. The shear elastic constant of the glass states is should be compared to the predicted valuf™" 0.52.

by a horizontal barGat  nkzT ~ 240. The difference for the considered mixture is similar to the one

obtained for slightly polydisperse colloidal hard sphefeBhe alge-
braic divergence of relaxation times predicted by MCT agrees well
with simulations of the local density uctuations. Yet, the very dif-
the liquid. The lack of a difference suggests that appreciable aspefierent mobilities of the two species cannot be neglected. The smaller
ties are required in order for frictional forces to lock the rotational colloids decouple from the glassy structural relaxation and remain
motion. The amplitudeG  of the shear stress correlations frozen-in rather mobile around ™. We also observe stronger aging of the
in the glass state gives the shear modufuSwhich sets the scale of large particles compared to the small ones. This decoupling was
the long-ranged stress uctuations in glass-forming dispersionis. ~ already observed in a unimodal system with a broad size distribu-
It is clearly of entropic origin and scales with the thermal energytion.”” In contrast to Ref. 77, however, the glass transition of the
per particle G k sT"N ~Ve. Figure 8shows that the prefactoris large spheres is not smeared out but remains sharp in our case. For
large compared to unity, 240. even larger size disparity, experimefitand simulatiori® found a
qualitative difference in large and small particle motion and anoma-
VI. DISCUSSION lous sub-diffusion of the Iatter._Eve_n though we report a decoypling
of small and large particles' diffusion, we see the same caging and
We have reported simultaneous measurements of the rotatiorstructural arrest for both species.
and translational dynamics of a binary colloidal dispersion in the
vicinity of its glass transition. The rotations of tailor-made uo-
rescently labeled multi-core shell tracers could be tracked at vers ckNOWLEDGMENTS
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