Invariance of Structure in an Aging Colloidal Glass
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Abstract. We study concentrated colloidal suspensions, a model system which has a glass transition. The non-equilibrium
nature of the glassy state is most clearly highlighted by aging — the dependence of the system'’s properties on the time elapsed
since vitrification. Fast laser scanning confocal microscopy allows us to image a colloidal glass and track the particles in three
dimensions. We analyze the static structure in terms of tetrahedral packing. We find that while the aging of the suspension
clearly affects its dynamics, none of the geometrical quantities associated with tetrahedra change with age.

INTRODUCTION such systems, the control parameter is not temperature
but packing fractiong, and a glass is obtained onge
If a liquid is rapidly cooled faster than it can crystallize, increases abovey ~ 0.58 [8—11]. Previous work with
it can form an amorphous solid also known as a glasscolloids [12, 13] has shed some light on the aging pro-
This occurs below a temperature known as the glassess showing, for example, that aging is both spatially
transition temperaturely. As Ty is approached from and temporally heterogeneous. However a detailed un-
above, the viscosity of the liquid increases by manyderstanding of the microscopic mechanisms involved is
orders of magnitude over a small range in temperaturestill lacking.
However, a diverging structural length scale that would In this work we analyze aging in a colloidal glass from
also grow by orders of magnitude and thus explain thisa geometrical point of view. In particular we focus on the
thickening has not been identified [1-5]. idea of geometrical frustration [14, 15]. In hard sphere
A related phenomenon is that of aging [6, 7], the ob-systems the free energy is exclusively determined by en-
servation that a glassy sample is not in equilibrium andropy and, in order to minimize the former at a given
thus its properties depend on the age of the sample. Wetemperature, the system has no choice but to maximize
the system able to equilibrate at or beldy it would the latter. This is evident already at a packing fraction
assume the lowest energy configuration: a crystal. Howef @ystalization~ -494where the system crystallizes, de-
ever upon a temperature quenchite< Ty the system’s  spite the lack of inter-particle interactions, sacrificing
dynamics are severely slowed and its structure is frozesome configurational entropy to gain vibrational entropy
in an amorphous configuration. Slight thermal motionsinstead [16]. This is achieved by re-distributing the avail-
do survive this temperature quench and slowly allow theable space homogeneously so that all particles have more
system to change configurations albeit in a non-ergodidocal free volume and thus room to move about their av-
fashion. The time scale for rearrangements grows witherage lattice position.
the age of the sample; the older the sample, the longer The most efficient packing of four spheres in three
the time needed for a further change. Similarly to thedimensions is to pack them into a regular tetrahedron.
problem of the glass transition, a changing time scaleThe effective volume fraction of four such spheres is
for aging dynamics is suggestive of an underlying chang-@etranedror= 0.78. However regular tetrahedra don't tile
ing structural length scale. One conjecture is that as th&-D space, and thus the most efficient space filling con-
glass ages it optimizes its packing. Specifically the lengtHiguration is a hexagonally closed packed crystal with
scale over which some “optimal packing” is achieved gncp ~ 0.74. So while tetrahedral packing could locally
might grow during aging, thus slowing the dynamics of maximize vibrational entropy, the constraint that the
the sample, which in turn would slow the aging processsample fill space induces crystallization. Tfrigstration
itself. between local and global packing optimization has been
Suspensions of colloids have been studied as a modatvoked as a possible cause for the glass transition in sim-
glass-forming system with great success. Colloidal susple liquids [14, 15].
pensions consist of solid particles in a liquid, and exhibit We use fast laser scanning confocal microscopy to ob-
a glass transition as their concentration is increased. Iserve micron-sized particles in a colloidal glass in three
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dimensions. Specifically we study the static structure of 100 At[s] 00

the glass in terms of tetrahedral packing and analyze the 0.05

evolution of some geometrical properties as the sample I 102

ages. While the dynamics change dramatically over the I

course of our experiment, we find no change in the struc- 0.021

tural properties, as characterized by tetrahedra arranges 2= 101 <>

ments. [em?]
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EXPERIMENTAL DETAILS
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We use poly(methyl methacrylate) (PMMA) particles of ! mm/,diﬁ_ 100

diameterd = 2.36pumand polydispersity- 5%. The par-

ticles are sterically stabilized by a thin layer of poly-12-
hydroxystearic acid, dyed with rhodamine 6G and sus+IGURE 1. Aging mean squared displacement for a col-
pended in a mixture of cyclohexylbromide and decalinloidal glass afp ~ 0.62 The three curves represent three dif-
(85:15 by weight) that closely matches both the densit)f:r:g% "f‘%es oéotgf Sa_rpﬁé%;;\ﬁe:d (I)i;deiﬁﬁa?s :atvé Izptog]fdilﬁ and

; : : i tw = diff -

arilgirlrzligeexsgrjirriféﬁf;lt?:nogf;tgc?tsp:::jdtisi.m-l;)r:gv:-:‘sir?]oargl;i)ntg;) represents diffusive behavior, not seen in this glassy sample.
The solvent’s viscosity at 295 K i = 2.25mPas which
sets the time required to diffuse a distande thedilute

o 2 KaT or age zero, for the sample. The results below are not
limitto g5 = Tair = 11swhereD = z53. sensitive to variations of this choice. During the experi-
We use a confocal microscope to acquire threements, no crystallization is observed within the viewing
dimensional images of a viewing volume of §@n x  yolume. Note that in many aging studies, the initial sam-
58 um x 10 umat a rate of 1 frame every 26 s. Note that ple is prepared by a temperature quench (corresponding
the sample is glassy — at these densities the colloids mov® a rapid increase of the volume fraction in our exper-
very slowly. The particles can be tracked even though théments). The initial conditions in our experiments cor-
frame rate is comparable mjs. The viewing volume  respond to a shear-melted sample; the volume fraction
typically contains~ 2500particles. We focus at least 60 remains constant.
pm away from the cover slip of the sample chamber to  Henceforth all numerical values will be expressed in
avoid wall effects [19, 20]. We identify particles with a terms of particle diametat and characteristic diffusion
horizontal accuracy of 0.0@m and a vertical accuracy time 1.
of 0.05um, and track them in three dimensions over the
course of the experiment [17, 18].
The control parameter for colloidal phase behavior RESULTS
is the sample volume fractiop. While the rhodamine

impart_s a slight charge upon the partic_les,_ their Phas¢, order to determine whether our sample is aging we
behavior, hreeze = 0.38 and ¢heit = 0.42, is similar o 50 5 long £ 700r4i) data set and split it in three time
that of hard spheresjteeze= 0.494and ¢ineit = 0.549.  \ingows as follows{0 — 100r4i], [L00— 300rgi] and

We observe a glass transitiong@t~ 0.58, in agreement 1344 700r4¢]. Since the sample is not disturbed dur-
W!th what is seen_for h_ard spheres.NWe examine sampl g observation this is equivalent to running three exper-
Wlth volu_me_ fract!ons in the range ~ 0.58— 0.62 and iments withty — 0, 100, andB00rx from the sample ini-

find qualitatively identical results. These samples formy;;ization. We then measure the mean squared displace-

small crystals W.hi(?h nucleate at the cover slip, but do nofy, gt for the three data sets averaged over all particles
form crystals within the bulk of the sample even after 5,y gyer all initial imes within a given window. As can

several weeks. Here we report results based on a sam seen in Fig. 1 the data clearly show a slowing down of

atp~ 0.62 :

The sample is initialized by vigorous stirring. The sub- E?oen?())/rt](?gn(;((;zi:f:)clrhg)iiarlnrnepgerSIgs]?;szgIdeif?l?seegcgzs a
sequent particle dynamics are reproducible after this Stiraistance 0D.02d2 goes from approximatelgt ~ 601[diff '
ring, and depend only on the waiting ting since the ;1 A¢ 18001
start of the aging process. Within a minute of ending the While the dynamics are clearly changing with the age
_stirring, transient .ﬂOWS within the sample greatly dir_nin— of the sample, we wish to consider the static structure as
ish, and the particles move slowly enough to be ideny, | \we start by calculating the pair correlation function
tified and tracked. This defines our initial timg = O, g(r). The resulfing curve is plotted in Fig. 2, which has
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gr) ¢
27 7 FIGURE 3. Computer generated picture of a very regular
E E tetrahedron @, = 0.02d, left) and a very irregular onegf, =
15 - ] 0.22d, right). The spheres are drawn to scale<(2.36um).
ok
0 1 2 3 4 Figure 3 shows a computer rendered image of a very
r/d regular and a very irregular tetrahedron with= 0.02d

FIGURE 2. Pai lation function f le wi and o, = 0.22d respectively. Clearly our definition of
- Pair correlation function for a sample With~  \yhat constitutes a tetrahedron combined with the range
0.62. The dashed segment indicates the range of interparticle . . .
distances used as a definition of nearest neighbor. we set for nearest neighbor distances allows for fairly
irregular, quasi planar tetrahedra; though setting =

1.38d < v/2d avoids the possibility of a perfectly planar

been calculated from data averaged over all ages of thgonfiguration. . ,

sample; no change i(r) is seen as the sample ages. The | Since aging is the evolution of the system’s proper-
first peak ofg(r) is atr = 1.04d, slightly displaced from €S Over times much longer thagix we analyze these
the ideal hard-sphere position pf= d. This is mainly WO Static quantitiesh andoy, as the sample ages. If ag-
due to a slight charge induced by the dyeing processN9 IS @ result of t_hermal fluctuations slowly trying to re-
and may also be due to some uncertainty in the exactolve the frustration we referred to above, then one might

value of the average particle sidewhich we estimate expect the geometrical characteristics of the tetrahedra

to be 2%. Another effect of this soft potential is that forming the sample to evolve with time. We therefore

g(r) for r < d does not fall to zero as sharply as it tracked the values db) and(op) averaged over all tetra-

would for perfect hard spheres. Figure 2 also shows th&€dra in each frame as the sample ages, and show this in
characteristic double peak aroune- 2d seen in many Fig. 4. These two average quantities remain ess_ent|ally
glassy systems. constant over the duration of the experimei. varies

To further characterize the geometry of the colloidalPY 1€SS than 0.5%, reflecting the fact that the packing

glass we identify tetrahedra formed by the particles adraction ¢ remains constant. One could envisage that a

follows. Two colloids are labeled as nearest neighbors i€hange in the value ofo,) would allow the sample to
their distance is within the first peak gfr), namely, if find a configuration with lower energy. For example, a

0.74d > r > 1.38d as shown in Fig. 2. The upper bound “better packed” configuration might have fewer irregular
corresponds to the first minimum gfr) while the lower tetrahedra, as is the case for a crystal. Such a configura-

bound is set to eliminate some nearest neighbor pairs tha{on might allow each particle to have more local room to

are excessively close to each other as a result of occd0V€; thus increasing its vibrational entropy. This how-

sional errors in particle tracking. The results presentefVer iS not the case, asis seern in Fig. 4, which shows that
here are insensitive to variations in the limits faand to (0p) decreases by less thars% throughout the experi-

the use of Delaunay triangulation as an alternative near?€Nt- While a decrease is consistent with our argument,
est neighbor finding method. this decrease is not reproducible in other samples, and in

A tetrahedron is then defined as a quadruplet of mutufact we find in all cases thdoy,) varies by at mos1%
ally nearest neighbor colloids. The six inter-particle dis-With no preference for increasing, decreasing, or merely
tances, or “bond” lengths; with i = 0...5 are measured. fluctuating.

We then assign to each tetrahedron a “looseness” as mea-As neither of these average static quantities eyolve as
sured by the average bond lengtand an “irregularity” the sample ages, we consider a more complete picture by

as measured by the standard deviation of the six bon§@lculating the probability distribution functio%b/d)
lengthsay, and defined bys2 = 52 (b— by;)2. Note that andP(op/d). For each value of thg, the distributions
the looseness has the same limits as the nearest neigff€re calculated by averaging over all tetrahedra and all
bor distancelf € [0.74d, 1.38d]) while the irregularity is ~ UMeS in each time window. _
bound by zero (for an ideal tetrahedron) and by the max- 1 "€ distribution of average bond lengtR¢b/d) is

imum of the standard deviation of six numbers drawnSNOWn in Fig. 5 and is peaked Btd ~ (b/d) = 1.09.
from the interval0.74, 1.38], namelyay, € [0,0.35d]. P(b/d) is approximately a Gaussian with a width of 0.04,
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FIGURE 4. Plot of the average tetrahedral “loosnegb} FIGURE 6. The distribution functionP(ay,/d) for tetrahe-

(top) and average tetrahedral irregularijgp) (bottom) versus  dral “irregularity” for three agesA : ty = 0, x : ty = 100tq;f,

time. The average is taken over all tetrahedra at each time. and( : tw = 300tgir. The solid line is a reference curve com-
puted by considering random bonds based@n, without the
constraint that such bonds form a tetrahedron.

although the distribution is slightly asymmetric with a

bias toward larger values df. Thus compact tetrahe- . . .
9 p dicate that random packing requires both compact and

dra @/d < 1.05) are less prevalent, along with loose . .
- <. loose tetrahedra in order to tile space. Thus, the age of
tetrahedralf/d > 1.13). More significantly, the distri the sample is not detected Byb/d).

bution P(b/d) is unchanged during aging, as is seen by Now consider the distribution of tetrahedral irregular-

the excellent agreement between the distributions plot:. . . I
ted with the different symbols. Thus, while both compact!t'es P(0b/d) plotted in Fig. 6. The most striking feature

and loose tetrahedra are less likely, their relative preva'—S a btrogctjhntqhaxmum ?}roundb/ﬁ.? 0'f1' TT'S IS con-k_
lence remains unchanged as the sample ages. This seeﬂ{#en with the amorphous quality of a glassy packing
where, unlike in a crystal, one might expect to find a great

somewhat surprising, as entropy might favor a more stan-"" " tv of tetrahedra. f it lar t ite |
dardized tetrahedron size. Compact tetrahedra have Ie%@”e y of tetrahedra, Trom quite regular to guite irregu-

room for their particles to move; the opposite is true for ar ones. Howe_:ve_r, it is also |nterest|r_lg to n_ote that_the
loose tetrahedra. The system could maximize its overaIPrOb"’mIIIty of finding a tetrahedron with an irregularity

vibrational entropy by sharing free volume more evenly.grea.ter than 0.2 is. effectively zero while the theoretical
However, this is not reflected in the data, and may in-maximum forop/d is 0.35 AI.SO’.Wh'Ie notvery regulgr,
' ' the shape oP(agy/d) is qualitatively reproducible with

other samples abowgy.
b [um] The striking agreement in the tetrahedral properties
2.4 2;6 28 30 between different ages of the sample suggests that there

12 i 1 may be a simple underlying explanation for these distri-
10 b butions. One hypothesis is that the shape of these distri-

r ] butions is dictated by the statistics of choosing six bond
8¢ E lengthsb; at random from the overall distributidp(b;)

P(ord) ] in an amorphous configuratioR(b;) is closely related to

[ ] g(r) by P(r) = r2g(r). By randomly picking many sets
4F . of six bj, without the constraint that they form a tetra-

r 1 hedron, we can compute reference distributiBf{®/d)
2r B andP’(op/d). These are shown as solid lines in Figs. 5
0L ] and 6. While these are similar to the experimental data,

1.00 1.10 1.20 deviations are clearly seen. In Fig. 5, the solid curve
b/d shows a slight bias toward larger valuesbgtl as com-
o ) pared with the experimental data. In Fig. 6, the peak
FIGURE 5. 'I:‘he dIStrIbUEIOI’l functiorP(b/d) for tetrahedral of the distributions differs noticeably between the ex-
?gggilfing%sél??;?esza)d? .tl.hhrgesgﬁﬁir:‘g TS% Te'f;"rveice perimental values and the reference curve. While these
differences are not extreme, they are outside of the un-

curve computed by considering random bonds basegd(on : 28
without the constraint that such bonds form a tetrahedron.  certainty of the data, and thus indicate that tetrahedral
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properties do possess additional information beyond just4.

nearest neighbor bond lengths [which in turn are related
to g(r)]. 15

16.

CONCLUSION

We have examined an aging colloidal glass by Iookingl8-

at static structural characteristics of tetrahedral packing19
We find that there is no correlation between the age

of a glass and its static structure as evaluated by thesgp.

quantities. Nevertheless, our sample’s “awareness” of
its age must be encoded in the particle positions, and
thus in some feature of the packing of the particles.
We have checked other geometrical quantities based on
tetrahedral structure, such as volume or surface area, and
none of these show aging either. Tetrahedral properties
appear not to reflect the age and thus a static measure of
a sample’s age remains elusive.
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