This article was downloaded by:

On: 28 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

VOLIME L% WUMBIE 3 U0 HEN: B LR Physics and Chemistry Of Liquids
P hySiCS and Publication details, including instructions for authors and subscription information:
Chemistry of Liquids http://www.informaworld.com/smpp/title~content=t713646857

AN INTERNATIONAL JOUARNAL

Brownian Dynamics Simulations of Aggregation and Gel Formation in

Lennard-Jones Fluids
J. F. M. Lodge®; D. M. Heyes®
2 Department of Chemistry, University of Surrey, Guildford

- Norman H. March

’ - EmeriLas Protesios, Owfond Unbeersite UK
H. Angilella

Gluseppe 6.
{Co-Erfier] Uriversits o Catania, (starcs, Jlsly

To cite this Article Lodge, J. F. M. and Heyes, D. M.(1996) 'Brownian Dynamics Simulations of Aggregation and Gel
Formation in Lennard-Jones Fluids', Physics and Chemistry of Liquids, 31: 4, 209 — 230

To link to this Article: DOI: 10.1080/00319109608031656
URL: http://dx.doi.org/10.1080/00319109608031656

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713646857
http://dx.doi.org/10.1080/00319109608031656
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:13 28 January 2011

Downl oaded At:

Phys. Chem. Lig., 1996, Vol. 31, pp. 209-230 - 1996 OPA (Overseas Publishers Association)
Reprints available directly from the publisher Amsterdam B.V. Published in The Netherlands under
Photocopying permitted by license only license by Gordon and Breach Science Publishers SA

Printed in Malaysia

BROWNIAN DYNAMICS SIMULATIONS
OF AGGREGATION AND GEL FORMATION
IN LENNARD-JONES FLUIDS

J.F. M. LODGE and D. M. HEYES
Department of Chemistry, University of Surrey, Guildford, GU2 SXH

{ Received 5 November 1995)

We report structural, thermodynamic and rheological properties of a three dimensional Lennard-Jones
fluid as it is quenched, at various densities, from above the critical temperature into the two phase
gas-liquid coexistence region. The structural and dynamical behaviour observed has many similarities
with a sol-gel transition. There is a growth in cluster size for the spherical particles, evident also in
growing peak heights in the radial distribution function, with the formation of a percoiating network at
low temperature (T ~0.2-0.3) and at sufficiently high volume fractions (> 0.1). This change is also
marked by diverging structural relaxation times, manifest in an increasing viscosity and decreasing
self-diffusion coefficient during the quench. The shear stress time correlation functions exhibit stretched
exponential behaviour at long time. In fact, limiting long time relaxation is dominated by a single
relaxation time, which is evident in excellent Maxwell-like viscoelastic behaviour in the low frequency
region of the dynamic moduli.

KEY WORDS: Sol-gel transition, 3D Lennard-Jones, spinodal decomposition, Brownian dynamics,
computer simulation.

I INTRODUCTION

Aggregation of colloidal particles has been the subject of many experimental and
theoretical studies in recent years. The cluster that grow form a self-similar structure
that was first noted by Vold! and subsequently characterized in terms of the fractal
dimension, D,. The mechanism of growth determines the fractal dimension of the
clusters, as has been elegantly shown using lattice computer simulation techniques®**.
The fractal dimension of clusters for gold, silica and polystyrene particles, has been
found to be D, = 1.75 for fast aggregation and D, =2.02-2.12 for slow aggregation®.
At sufficiently large volume fraction, an infinitely spanning network or ‘gel’ forms
from the clusters as they merge together to form a connected cluster of macroscopic
dimension (this is known as the sol-gel transition—sol referring to a state with finite
sized clusters). These so-called ‘particle’ gels (as distinct from polymer gels) form a
useful model for a range of soft solid-like foods including yoghurt and cheese.

The gel point, GP, is a second order transition in connectivity, which is character-
ised by a divergence in the viscosity beneath the GP and a growth of the elastic
modulus, G above the gel point. Near the sol-gel transition, gelling systems exhibit a
slowing down in structural relaxation as a result of the divergence in average cluster
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size. For example, for the viscoelastic behaviour, as the gel point is approached,
correlation functions become more nonexponential, reflecting an increasingly broad
range of relaxation times. The correlation function has been found to be initially a
power law decay, ~t™% terminating in a stretched exponential, ~ exp(—t/t)”%),
with S~ D /(D, + 1)>*7%12 Before the gel point the stress correlation function is
truncated by a stretched exponential, beyond a certain (divergent) time. At the gel
point, the decay is power law”®. The viscoelastic behaviour of physical (‘entangle-
ment’} and chemical (e.g., silica) gelling systems near the sol-gel transition manifest a
power law decay with time of the stress relaxation function and the dynamic moduli,
G'(w), G'(w)oc @*'3°1% A consequence of this scaling is that tan (8)=G"/G is
independent of frequency, which has been convincingly demonstrated in a number
of recent experimental studies on crosslinking gels®!!-!3, This behaviour has how-
ever still to be observed for the particle gels. Well above GP, for particle gels, the
elastic modulus increases as ¢?, where ¢ is the solids volume fraction, where y lies in
the range 3.7-4.5 from different studies!**3,

Recent studies of polymer induced flocculation by the depletion mechanism and
gelation of monodisperse spherical colloidal particles located the gel state in the
two-phase coexistence region!®!7. As the system is ‘quenched’ into the two phase
region (by adding free non- adsorbing polymer) a gel state can be formed. There still
remain unresolved fundamental issues relating to gel formation in attractive particle
systems. For example the effect of particle concentration and strength of attraction
between the particles on the level and nature of clustering, and the effects these have
on the dynamic rheology of these systems around the gel point. Further work is
required to establish the relationship between the equilibrium phase diagram and
viscoelastic behaviour. The purpose of the present study is to a) explore if it is
possible to model the process of gel formation by Brownian dynamics and b) to
attempt to resolve some of the above issues using this method. A 3D Lennard-Jones
model is employed, because its phase diagram is now known very well, and its form
is not unrealistic for some colloidal systems.

The LJ phase diagram is given in Figure 1), based on recent co-existence data
The curves delimit various regions in the T vs. p plane. Outside the gas-liquid
coexistence line, either the gas, liquid or fluid phases are stable. However, inside the
gas-liquid coexistence line a single phase gas or liquid is not at thermodynamic
equilibrium. The gas and liquid phases co-exist. Approaching from left to right on
the figure, in the metastable region growth of the liquid phase proceeds by nu-
cleation (‘germination’) and accretion of the gas molecules onto the surface of the
clusters. In the unstable region, density fluctuations on all wavelengths are facile,
and the development of two phases takes place by a process known as ‘spinodal
decomposition’. The spinodal line shown on the figure was estimated from the locus
of (0P/dp);=0 in the two phase region, using a recent Lennard-Jones par-
ameterised equation of state?®. Simulation studies of 2D Lennard-Jones fluids have
been carried out and demonstrated this growth mechanism?* 22 for a single compo-
nent fluid and also for a 2D binary fluid?3. An earlier study of spinodal decomposi-
tion in 3D LJ single component fluids is given in Ref. [24].

The spinodal region is something of a transient curiosity in molecular fluids, as the
time scales are rather short (t ~ 107%S). However, in colloidal systems, the relaxation

18,19
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Figure 1 The Lennard-Jones phase diagram.

times scale as the cube of the particle diameter and the solvent viscosity, so that this
transient process is long and is significant on human time-scales. The relaxation times
can be years, so that the early stages of the spinodal process in these systems, where
there is still a percolating network, called a gel, is of considerable practical importance
not least in the area of consumer health-care and cosmetic products.

2 COMPUTATIONAL DETAILS

We consider a cubic simulation cell containing N LJ model molecules. The volume
fraction, ¢ = t Na3/V, where V is the volume of the simulation cell, is V. The volume
fractions chosen for our simulations are ¢ = 0.030, 0.100, 0.150, 0.300, 0.31416, 0.455
and 0.500. In each case an equilibrated system above the critical temperature, was
quenched in stages down in temperature well into the two phase region. Recent
critical point values for the truncated L] molecule are, T,=1.321+0.004 and
p.=0.306+0.001 [18]. Calculated properties are quoted in particle based reduced
units, e.g., o for length, ¢ for energy, and a(m/s)"/? for time, where m is the mass of
the model colloid particle. The Brownian Dynamics simulation technique is the
same as we have used in previous studies (e.g.,>”).

The Lennard-Jones potential is used to represent the interaction between model
colloidal particles in the simulation,

wr-el (3 (2]
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substituted in the Zwanzig-Mountain formula for the shear rigidity modulus at
infinite frequency, G, [25] gives

G, = p(108u;,» —18<us»)/15 (2)

where (u,,> and {u, ) are the average r~'? and r™ ® interaction energy per particle.

In the case of the colloidal systems G, was computed during the simulation as a
time average.
The stress tensor, g, is in terms of the microscopic details,

N

a=2'y
7=y 2

1 N
Y, (ryry/r) Vi, ©)
1 j=i+1

We also compute the shear-stress time autocorrelation function, C(t),

| 4

C(n= m

(0,(0)a,,(1)), 4)

where {---> indicates an average over time origins in Eqn. (4). This is the same as a
shear stress relaxation function, as would be measured in a step-in-strain experiment
in the limit of zero strain. A useful relationship (and consistency check in the
simulation) is

G,=C,(t=0). (5)

The interaction part of the shear viscosity is given by,

%=J?wML (6)

0

The viscosity is conveniently normalised by the solvent viscosity, #,.
The time correlation function can also be used to calculate the linear viscoelastic-
ity of the colloidal liquid by Fourier transformation. The complex shear modulus is,

G*w) = G'(w) + iG"(w), 7

where G'(w) is the storage modulus and G'(w) is the loss modulus. In terms of the
stress time-correlation function we have,

G¥(w) =i J " (0 exp( — it wdt. (8)

0
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The Maxwell model for a classical viscoelastic fluid, characterised by a single shear
stress relaxation time, 1, gives for the time-correlation function, C(t) =G exp (—t/7)
where the relaxation time is given by t1=1,/G,,

. Gllon)?
o) 1+ (w1)? ©)
and
" — GI,(U)T)
G'lw)= I+ (w1)? (10)

The storage modulus increases monotonically with wt and the loss modulus first
increases as @t increases from 0, then maximises and equals the storage modulus at
wt=1.

It is convenient to render the colloid liquid’s viscosity in dimensionless units, by
dividing them through by the host liquid’s viscosity, to form the relative viscosity,
N,0="Mo/Ns and n,, = n, /1, The complex dynamic viscosity,

n*(w) = n'(w) + in"(w) (11)

is related to the dynamic shear modulus, G*(w) through G*(w) = wy™(w). We have,

iJ C(tye™ "'dt|. (12)

0

n{wy=n'(oc)+3

and

n(w)="R . (13)

i j ﬂ C(t)e™'dt

0

where #'(o0) =, which is hydrodynamic in origin.
The self-diffusion coefficients were obtained from the force auto-correlation func-
tion, generalising the treatment of?®

I t
D(t)=D, — §j (1 —t/0(EO)/UONAEQ) /LY > dr. (14)
0

The calculations are conveniently carried out in reduced units appropriate to both
the interaction potential and the solvent. The system of units used for computation
and presentation of data is discussed in Appendix A.
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3 RESULTS AND DISCUSSION

As temperature decreases into the two phase region, there is evident a pronounced
change in the local structure. This can be seen in the pair radial distribution func-
tion, g(r), which shows a dramatic growth in the height of the first peak, which is
evidence of a condensation of the particies into clusters. These clusters grow as
temperature decreases, manifest in additonal peaks at ¢,20...for the very lowest
temperatures considered (7< 0.5). Figure 2 presents radial distribution functions for
a series of quenches at volume fractions ranging from 0.03 to 0.5. For example,
Figure 2(a) gives the g(r) for ¢ =0.03 and ¢ =0.314 states at several temperatures.
Long-range order grows to about 3o, but further growth is restricted by the low
density of particles. However, at ¢ =0.15, shown in Figure 2(b), much longer range
structures are evident at T< 0.3, indicative of a gel-like state. It is therefore probable
that, with a given range of attractive interaction, there is a minimum density of
particles required to form a gel. It is interesting that there is a peak in the radial
distribution function at r ~ 1.7, which suggests some local crystalline structure. This
is not surprising, as at these low temperatures we are in the gas-solid coexistence part of
the phase diagram. This feature is present at ¢ =0.314 (Fig. 2(c)) and also at ¢ =0.500
(Fig. 2(d)), the latter state is in the liquid-solid region of the Lennard-Jones phase
diagram, and therefore the supercooled states are best referred to as glasses®°,

A typical configuration at T=10.5 and ¢ =0.1 in Figure 3 gives some evidence of
clustering in the two-phase regime. Visual evidence for the gel-structure was rather
disappointing. The human eye appears not to be very effective at noticing long-
range order in randomly arranged systems. The long range structuring probably
takes the form of evolving transient structures (note that there are not chemical
bonds between the particles) which can only be identified using a time-average
property, such as the radial distribution function. Another such function is the
average cluster size (using the definition that a single particle is in a cluster if it is
less than 1.84¢ from at least one particle already in the cluster) which also shows
clearly the growth of co-existing low and high density phases. The interaction dis-
tance used to define the cluster is where the interaction potential has the
value—0.1 ¢ at a separation greater than the minimum in the pair potential. Figure 4
shows the average cluster size (i.e.,, number of particles in a typical cluster) as a
function of temperature for a ¢ =0.03 state. This quantity increases dramatically for
T< 1.0. Another time-average property that reflects this process of phase separation
is the average interaction energy per particle, 4, computed from

=S L Y by (15)

Figure 5 shows u(T) for a series of volume fractions. u decreases with temperature,
reflecting the increased level of association that takes place in this part of the phase
diagram. There is qualitative difference in the behaviour of the systems in the gel
regime (¢ = 0.03 - 0.3) and those in the glassy regime (¢p = 0.455—0.5). The rate of
descent is much more gradual on the glassy part of the phase diagram. Excluded
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Figure 2 Radial distribution functions as a function of temperature given on the figures for: (a) ¢ = 0.03
and N =108, (b) ¢ =0.15and N =256, (c) ¢ =0.314 and N =256, and (d) ¢ = 0.500 and N = 108.

Figure 3 Snapshot configuration in perspective of the LJ particles taken from a ¢ =0.10, T=0.5 and
N =108 simulation.

volume effects prohibit major structural changes, so there is a limit to the extent that
the internal energy can change. However, in the lower density gel regime, structural
changes can be much more dramatic owing to the greater free volume. Therefore the
transition apparent in u is much sharper than at higher volume fractions, particular-
ly at ¢ =0.1, which is clearly close to being an optimum density for gel formation
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Figure S Average interaction energy per particle as a function of temperature for a series of volume
fractions, given on the figure (N = 108).

with this pair potential. There is a sharp drop in u commencing at T~ | as greater
morphological changes are possible in this part of the phase diagram. The ther-
modynamic changes associated with this kinetic transition are much more pro-
nounced that in the glassy region.

The two-phase part of the phase diagram is also characterised by a slowing down
in the dynamical behaviour of the molecules. The time dependent diffusion
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coeflicients, calculated from Eqn. (14) plotted as D(t)/Dy(T) are shown in Figure 6
for ¢ =0.15 and ¢ = 0.314. Note that the self-diffusion coeffcients are normalised by
the temperature dependent self-diffusion coefficient at infinite dilution, Dy(T).
Therefore we have scaled out the ‘trivial’ temperature dependent component of the
self-diffusion coeflicient arising from the variation in the mean square displacements

09 | ¢ =015
0.8 L T

D(t)/Dy(T)

D(t)/Do(T)

b ta~2Dy(1)

Figure 6 Time dependent, diffusion coefficients for (a) ¢ =0.15 and (b) ¢ =0.314 at temperatures given
on the figure.
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of the particles. As temperature decreases, the long-time self-diffusion coefficients
diminish to smaller values, even after scaling out the trivial temperature dependence.
This is reasonable, as the LJ particles increasingly participate in larger agglomerates
as temperature decreases and their mobility will be reduced as they take part in the
dynamics of larger structural units.

Self-diffusion, being a single particle property, can only give a relatively limited
picture of the dynamics of the system. The shear stress autocorrelation function,
C (), which is a collective dynamical property shows evidence of a slower decay with
decreasing temperature. Figure 7 presents the C(t) for the ¢ =0.15 and ¢ =0.314

S
_0'2 L Il Il 1 I L i L L
0 05 1 15 2 25 3 35 4 45 5
a ta™2Do(1)
1 T T T T T T T
: ¢ = 0314
0.8 f ]
0‘6 T e —
< T=2.0 ———
g T=1.5 i
S I S
i T=0.9
0.2 ! T=0.6 q
T=0.3 -
0 | sneiimas . e SR ST N <

b ta~2Dg(1)

Figure 7 Shear stress time correlation functions for (a) ¢ = 0.15 and (b) ¢ = 0.314 at temperatures given
on the figure.
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states. There is a gradual transition for the ¢ =0.15 states, with the decay of the
correlation function slowing down as temperature decreases. At ¢ =0.314 there is a
sharp transition at T=0.3, at which point the correlation function decays very
slowly (it still has a value of only 0.5 even for the relatively long time
t =20a?/Do(T = 1). The long-time self-diffusion coefficient is essentially zero for this
state (consult Fig. 6(b)) and therefore we can assume that this state is structurally
and kinetically arrested, and has probably gone past the gel-transition to form a
highly interconnected network. The gel transition is sharper in the stress correlation
function that in D(t), which shows a more gradual evolution through these state.
There is a major change in C(t} going from T=0.6 to T=0.3, which is not mir-
rored to the same extent in D{t).

Table 1 presents the thermodynamic quantities and shear rigidity moduli, com-
puted using Eqn. (2) and Eqn. (5), for the ¢ =0.150 and 0.314 systems. The two
methods for G, agree within statistics for all states apart from ¢ =0.3142 and
T =0.3, which we have already identified as being well within the gel region. The
difference in the two ways of computing G, reflects the non-ergodic nature of this
supercooled state. Table2 gives the corresponding shear viscosities from Eqn. (6)
and self-diffusion coefficients calculated using Eqn. (14). The viscosities increase with
decreasing temperature, whereas the self-diffusion coefficients diminish with decreas-
ing temperature. The product of the two, also shown in Table 2, indicates that the
relative change in viscosity is greater than that of the self-diffusion coeflicient. This is
reasonable, as one would expect collective properties to reflect to a greater extent
the growth in long range connectivity associated with the sol-gel transition. Self-
diffusion can still take place to some extent within the percolating framework,
especially as these networks are probably evolving in local detail over time, even
though the network itself persists over long rheological times.

The temperature dependence of the shear viscosity (Fig. 8) and the shear stress
relaxation time, t=1#,/G, (Fig.9) show a dramatic increase as temperature
decreases. The temperature at which this occurs depends strongly on volume; it

Table 1 Summary of data from the quenched states. Key: ¢,
volume fraction; p, number density; T, reduced temperature; u,
average interaction energy per particle; P, interaction part of
the pressure; G, infinite frequency shear rigidity modulus from
Eqn. (2); G°, infinite frequency shear rigidity modulus from
Eqn.(5).

¢ p T u P G G

Pa

0.150 0.286 02 =576 —0.265 7.2 7.14
0.150 0.286 04 —506 —-0.297 6.06 6.14
0.150 0.286 07 =367 -0336 4.04 4.08
0.150 0.286 1.0 —241 —-0316 236 2.37
0.150 0.286 .5 =19 -0212 2.06 2.10
031416  0.600 03 —628 —1.20 1446  28.5
0.31416  0.600 06 —-503 —IL15 11.06 112
031416  0.600 09 —428 —1.04 9.21 9.23
0.31416  0.600 1.2 —410 -058 10.06  10.1
031416  0.600 1.5 =39 -0.14 1096 11.0
0.31416  0.600 20 =375 0.55 1244 124
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Table 2 As for Table 1. except Key: a,, percolation threshold search diameter; /5. LJ
interaction part relative shear viscosity taken from Eq. (6); D(T)/D(T), the reduced
long-time self-diffusion coefficient, D(t — «) from Eqn. (14).

¢ P T g Ho/Hy tDy/a® DIT)/DYT)  noD/Dyn,
0.150 0.286 0.2 1.0740 14.9 0.890 0.0 0.0
0.150 0.286 04 1.0756 4.87 0.341 0.024 0.117
0.150 0.286 0.7 1.1087 1.04 0.109 0.396 0412
0.150 0.286 1.0 1.1801 0.138  0.025 0.666 0.092
0.150 0.286 1.5 1.2412 0.058  0.012 0.743 0.043
0.31416  0.600 0.3 1.0750 >799 23.44 <0.019 15.0
031416 0.600 0.6 1.0780 290 0.111 0.237 0.690
031416  0.600 0.9 1.0943 0.624  0.029 0.410 0.256
0.31416  0.600 1.2 1.0914 0.646  0.027 0.442 0.286
031416  0.600 1.5 1.0882 0.527  0.020 0.457 0.241
0.31416  0.600 2.0 1.0832 0477  0.016 0.493 0.235
20 T v T T T T T
18 | ¢ .
16 | . ]
14 £ ‘ .
. *'.
12 1 " ~- ]
E 10 [ .‘ . » * . T
I L]
: » 0.500
L Y . 1
6 . boeeia - .
a | - |
©mmmimin. o.. 4
2t e
0 > Y S - M S S
0.2 12 14 16 18 2

Figure 8 Temperature dependence of the reduced viscosity for a series of volume fractions given on the
figure. All simulations were for N = 108 except ¢ =0.150 and ¢ =0.314, which were carried out using
N =256.

increases with volume fraction. For ¢ =0.15 for example, this occurs at T ~0.5
whereas for ¢ =0.455, the temperature at which divergence starts in T= ~ 0.9.

As discussed in the Introduction, the analytic form adopted by the shear stress
correlation function is a signature of the onset of gelation that is used in experimen-
tal studies (recast as its Fourier transform, G'(w), G"(w) oc w?®). With this in mind, we
now consider the analytic forms of our computed time correlation functions. In our
previous simulations on model stabilised colloidal liquids, using the same algorithm,
we found that the computed C(¢) can be represented very well by a so-called
‘fractional’ or ‘stretched’ exponential (except at very short times where this analytic
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Figure 9 As for Figure 8, except the shear stress relaxation times, 7, are shown.

form underestimates the simulation C(#))*®. The stretched exponential has the
analytic form

C{t) =G exp(— /7)), (16)

where 7" and f are adjustable parameters. A graphical manipulation of the com-
puted normalised (i.e., C,(0) = 1) functions is an alternative method for determining
the analytic form of the computed BD C(r), which has the advantage that adherence
to a particular form in only part of the time domain can be readily seen. (The
procedure has been suggested previously, e.g.,?®) For an exponential decay
C,,(t) = exp(—t/1), for example, we have that In(C_(t)) is linear with slope — 77!
when plotted against t. For a stretched exponential In(— In(C,,(#))) has a slope of
and an intercept of — fln(z'). An algebraic decay C,(t)= At~ * when plotted as
In(C,,(#)) vs. In(t) has a slope of —«. Therefore a graphical representation of these
computed functions should indicate clearly which of these analytic forms (if any) the
data conforms to and in what time regions. Treatment of the computed data re-
vealed that, as for the model stabilised systems, overall the stretched exponential is
the analytic form that best describes the data at long time, although this form is not
suitable as t—0. Figure 10, for example, shows a In(—In(C(1)) vs. In(t) plot for
N =108 and ¢ = 0.3 systems at a range of temperatures above and in the two-phase
region. There is a linear regime at long times for all of the states.

Figure 11 reveals that there is some evidence that the algebraic form is starting to
appear in a supercooled state T=0.2, as there is a linear regime In(C, (1)) vs. In(1).
The slope —a = —1.0, a little high on the basis of the above fractal dimension
criterion. However, at this stage we cannot confirm the generality of this behaviour,
as with the current stage-by-stage quench procedure it is difficult to locate the gel
point itself, and (only at the gel point is algebraic decay thought to dominate).
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Figure 10 log( — CA (1)) vs. log(1) for ¢ = 0.3 and N = 108 at temperatures given on the figure.
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Figure 11 A plot of log(C_(1)) vs. log() for the ¢ = 0.15 and N = 108 systems.

The storage and loss moduli reveal near-Maxwellian limiting behaviour at low
frequency, as illustrated in Figures 12 and 13. The low frequency dynamic moduli at
frequencies below wa?/Dy(1)~ 5 can be represented by a single relaxation time
Maxwell element. This gives additional support to the conclusion made above, that
the stress time correlation function is close to being a stretched exponential at long
times. Any stretched exponential can be written as a weighted sum of exponentials
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Figure 12 The G’ and G” for ¢ =0.03 and N = 108. Note the near-linear behaviour at low frequency at
temperatures given on the figure.
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Figure 13 The G” for ¢ =0.314 and N = 256 states at temperatures given on the figure.

with different relaxation times. It would appear that at long times only one of these
‘Maxwell elements’ survives and therefore a single relaxation time, the so-called
‘longest relaxation time’, 7,, dominates the evolution of the system on these time
scales®®. This occurrence of a characteristic time at long times is widespread in
polymer and colloidal systems. This relaxation time can be computed as a function
of frequency from 1,(w) = G'/wG”, on assuming Maxwell behaviour to hold at each
frequency. Figure 14 shows t,(w,T) for the ¢ =0.314 states, and reveals that it



08:13 28 January 2011

Downl oaded At:

BROWNIAN DYNAMICS SIMULATION 225

10 T T
ma //
g
S 1t - s ]
& o T
T=0.7 ——
T=10 e
¢=0.15
0.1 - . '
0.001 0.01 0.1

L"‘12/ Dy(1)

Figure 14 The longest relaxation time 1, for the ¢ = 0.15 and N = 256 state as a function of frequency in
the low frequency limit.

reaches a constant value, somewhere between a value of 1 — 104D, (1), depending
on temperature. The longest relaxation time, 7, is observed to increase with dimin-
ishing temperature in a similar manner as the mean relaxation times (see Fig. 15),
defined earlier from the viscosity, 7,. The values of 7, are typically an order of

10 T T T T T T T T
= 1
8
1
2,
=
0.1 ¢
0‘01 L ] ! 1 Il 1 A 1
04 06 08 l L2 14 16 18 2
T

Figure 15 The longest relaxation time 7, as a function of temperature for the volume fractions indicated
on the figure. N = 10&.
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magnitude larger than the z, at the same state point. This is because 7, is a mean of all
the component relaxation times in the system and therefore 7, includes the shorter
relaxation times as well as t,; all show evidence of increasing as temperature
decreases.

The frequency dependent absolute complex viscosity, shown in Figure 16, gives
another perspective on the critical slowing down of the dynamics through the quench.
As expected, the greatest relative change with temperature is at low frequencies, as the
modes of the network are most different from an unassociated fluid at low frequency.
Figures 17 and 18 give the »"(w) for ¢ =0.33 and 0.5, which manifest similar trends.

10 T T T T T T T
1k R e =N i
[ = TS
§:~ 0.1 ¢ = 7
:zl ,4—-7&“.”"..’.
=001 | o ;
0.001 ¢ ]
0.0001 L L L 1 L L L
0.001 0.01 0.1 1 10 100 1000 10000100000

wa®/ Dy(1)

Figure 16 Complex viscosity for the states given on the figure. N = 256.
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Figure 17  5'(w) for ¢ = 0.03 states at a scrics of temperatures. N = 108,
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Figure 18 As for Figure 17, except ¢p = 0.5.

Another perspective on these supercooled states is revealed in the structure factor,
S(k), which is obtained from the Fourier transform of the radial distribution function?’.
In Figure 19 are given S(k) at different temperatures during the quench at ¢ = 0.314.
It is notable that S(k) for k —0 diverges as temperature decreases, indicating an
infinite compressibility [34], which is expected for a weak network. The enhanced
tendency for network formation at low temperature, is also reflected in the per-
colation behaviour. We have computed the ‘search diameter’, o, at which 50% of
the computed configurations form percolating clusters, the so-called percolation

14 T T T T T T T T T
12 ".".,

S(k)

18 20

Figure 19 Structure factor for ¢ = 0.314 states at different temperatures and for N = 256.
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thereshold [35]. A particle is defined to belong to a cluster if its centre is within a
distance of a, from the centre of at least one other particle already in the cluster.
Table 2 shows that this distance decreases as temperature decreases, indicating that
the system is becoming more ‘connected’. At some large value of o, any system will
percolate. The significance of a small value for g, is that the long-range structure in
the system is facilitating network formation, so o, does not need to be so large.

4 CONCLUSIONS

We have used Brownian Dynamics to form a model particle gel by quenching a
supercritical Lennard-Jones fluid in three dimensions well into the spinodal region
of the phase diagram. At sufficiently low temperature ( ~ 0.3) a network does form
which has a limiting diverging viscosity and zero self-diffusion coefficient and
structural features associated with a classical gel. An optimum gel-like state would
appear to form at a reduced number density of ~ 0.2, as this forms the sharpest
transition, especially in thermodynamic properties. Also there is a critical number
density of particles required to form a gel. For too many particles, the properties
tend to show more gradual changes on cooling, more akin to a glass.

One of the main deficiencies in the current model is that, by having such large
steps in the quench procedure we were unable to locate the gel point itself. This was
reflected in our time correlation functions exhibiting stretched exponential, rather
than algebraic decay with time, which is expected only at the gel point. Nevertheless,
we have identified many of the features of classical sol-gel behaviour even with a
simple Lennard-Jones model, auguring well for future studies of gels by Brownian
Dynamics simulations.
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APPENDIX A

The program units (denoted by*) for length (L), mass (M) and energy (E) are
¥ = Ljo, M* = M/m and E* = E/e where ¢ and ¢ are defined in the pair potential of
Eqn. (1). Mass, m is the mass of the colloidal particle. The mass of the colloidal
particle plays no role in the dynamics of large colloidal particles, the so-called
‘creeping flow’ limit. Nevertheless it is still a useful internal unit or intermediate unit
within the BD program.

The scaling behaviour of suspension rheology has been a subject of considerable
interest [31] [32]. Dispersion rheology for suspended particles of arbitrary diameter
and solvent viscosity can be reduced in the low Reynolds number limit (i.e., where
suspended particle inertia can be ignored) as follows. The shear rate, 7, scales as the
Peclet number, P, = 9t where t = «?/D,, for a spherical particle of radius, a. D, is the
self-diffusion coefficient of the particle at infinite dilution. 7 is the natural unit of
time, as it has the size and solvent dependence of structural relaxation behaviour
included in its definition. The infinite dilution value for the self-diffusion coefficient,
Dy(T)=kgT/({, and the friction coeflicient, {, = 3nan, where 7, is the viscosity of the
solvent. This scaling behaviour enables the computations to be carried out without
specifying an explicit ¢ or n,.

In program units, (¥ = 3nc*n* =3ny¥, as ¢* = 1. It is convenient to arrange that

¥ =1, which forces the definition, n* = 1/3n. Therefore in the computer program,
the solvent viscosity has the numerical value of 1/37.

The infinite dilution value for the self-diffusion coefticient, DF(T) = k,T/&% and in
program units, D¥(T) =k, T/{¥ = T*. Therefore, DT* = 1) = D§(1)= 1. From this
the reference reduced relaxation time can be defined as t=a?/Dy(1). We have
T = a*2/D¥(1)= 1/4. The particle-based unit for time is a(m/z)'/? and therefore
r=4"'o(m/e)"%. An alternative reduced time and self-diffusion coefficient would be
to scale out the temperature as well, i.e, t¥(T) = a**/D¥T*) = T*/4. We use both
definitions. The former definition is temperature independent, whereas the latter
scales out the ‘trivial’ temperature dependence of a property that arises by virtue of
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the change in mobility of the individual particles. (Note that in the model, the mean
square displacement in a time step from the Brownian motion component of the
dynamics, (Ar*(At)> = 6D At.) Generally, it is not meaningful to use t*(T) for unit
of time, especially if states at different temperature are being considered, as in the
present study. It is better to use ©=a?/Dy(1) as the unit of time. However,
D(t)/ D(T) is a sensible reduction of the time dependent self-diffusion coefficients, as
discussed in the main text.



