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A proper mechanistic understanding of the deaggregation process of small colloidal particle aggregates is of generic
importance within many fields of science and engineering. The methodology for modeling colloidal deaggregation is
currently limited to analytical solutions in the two-particle case and time consuming numerical algorithms, such as
Brownian Dynamics (BD) simulations, for many-particle aggregates. To address this issue, a simplified alternative
model that describes deaggregation of few-particle aggregates is presented. The model includes end-particle deaggrega-
tion and a particle reconfiguration mechanism, which are the two most important mechanisms for deaggregation. Com-
parison of the calculated first passage time distribution for various two-, three-, four-, and five-particle aggregates with
the corresponding result using BD simulations confirms the validity of the model. It is concluded that the dominating
mechanism behind deaggregation can be quantified using a deaggregation number, which reflects the time scale for
reconfiguration relative to the time scale for end-particle deaggregation. © 2014 American Institute of Chemical

Engineers AIChE J, 60: 1863-1869, 2014
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Introduction

Deaggregation of colloidal species plays an important role
in many engineering fields, for example, drug release from
tablet formulations,' subsurface transport of Contaminants,2
filtration, bioremediation, and water treatment.> In contrast
to aggregation, the fundamental mechanisms behind deaggre-
gation are currently not well understood. However, earlier
work on agglomeration in milling processes has shown that
the stability factor, which accounts for electrostatic and van
der Waals interactions between particles, seems to play an
important role.* Similarly, a recent pharmaceutical study has
shown that the addition of ionic surfactant at subcritical
micelle concentrations enhances drug dissolution from drug
particle aggregates, making the dissolution process approach
that of a nonaggregated system.” These findings both suggest
that colloidal interactions and DLVO theory,®’ may provide
at least a partial qualitative explanation of the deaggregation
process.

Colloidal interactions and stability are mainstay topics of
research within colloid science and they have been extensively
studied in the literature. Based on the theory of hydrodynami-
cally interacting Brownian particles® and the Smoluchowski
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equation, that are relevant for describing the dynamics of
colloidal-size particles, Chan and Halle’ derived an analytical
expression for the so-called mean first passage time (MFPT),
that is, the mean time it takes for two particles to deaggregate,
for a pair of weakly flocculated particles subject to, for exam-
ple, a DLVO interaction-potential. A similar mathematical
treatment related to diffusion-controlled reactions has also
been presented by Szabo et al.,'® from which also the full first
passage time distribution (FPTD) can be obtained. Unfortu-
nately, these methods are in practice limited to two-particle
aggregates and cannot be directly applied to study more gen-
eral many-particle aggregates. An alternative methodology
that can be used in these cases is Brownian dynamics (BD)
simulations.'' In a recent study by Kaunisto et al,! it was
found that BD simulations can be used to calculate and ana-
lyze FPTD:s and MFPT:s of three- and four-particle aggre-
gates. Kaunisto et al.' also found that BD simulations are
very time consuming and quickly become infeasible as the
number of particles increases. The general applicability of BD
simulations is thus limited and computationally less expensive
models are required.

The objective of this work is to develop a simplified
model for deaggregation of small particle aggregates that
can replace otherwise time and resource consuming BD sim-
ulations. For this purpose, this work is based upon a previous
result due to Kaunisto et al.,' who found that deaggregation
of at least small aggregates seems to be governed mainly by
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relatively loosely bound initial end-particles as well as a par-
ticle reconfiguration mechanism. The new model combines
these two mechanistic assumptions, where end-particle deag-
gregation is based on an extension of the two-particle “on-
off” dissociation dynamics approach by Bergenholtz et al.'?
and reconfiguration is regarded as a simple diffusion process.
The model is used to calculate FPTD:s of polystyrene par-
ticles in water, which are compared with those obtained
from BD simulations for compact two-, three-, four-, and
five-particle aggregates (densely packed particles) and non-
compact three-, four-, and five-particle aggregates (non-
densely packed particles). Further, the impact of the particle
interaction-potential on the FPTD:s is studied and the rela-
tive importance of initial end-particle deaggregation and
reconfiguration is discussed.

Theory
Model for deaggregation of two particles

This work is based on first passage time theory approach
for colloidal two-particle aggregates.9’10 Neglecting hydrody-
namic interactions, this framework allows for the diffusing
and interacting identical particles to be described by the
two-particle adjoint Smoluchowski equation for the survival
probability, X(z|x), Eq. 1, subject to a no-flux boundary con-
dition at a short separation x, and an absorbing boundary
condition at the separation distance x;
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where u(x) (J) is the pair-interaction potential, Dy (m?/s)
is the single-particle diffusion coefficient (Stokes—Einstein),
t(s) is the time, ¢ (m) is the particle diameter, r (m) is
the center-to-center distance between the particles, ky
(J/K) is the Boltzmann constant, 7 (K) is the temperature,
and 1 (kg/m/s) is the shear viscosity of the suspending
fluid. The survival probability describes the likelihood that
a pair of particles, initially separated by x, have not deag-
gregated by time t and can be used to obtain the FPTD,
Q(T|x)=—% and MFPT, 7= [ 10(t|x)dr. Equation 1
can generally only be solved numerically, but in the case
of the MFPT, the closed-form expression by Chan and
Halle,9 Eq. 2, can also be used
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Even though the FPTD cannot be obtained analytically in
the general case, there has been significant progress. For exam-
ple, in a recent article by Bergenholtz et al.,'* the solution to
Eq. 1 using a square-well pair-interaction potential in the
Baxter limit" is discussed. It turns out that for strongly adhe-
sive particles the long-time dynamics of the solution com-
pletely dominates, leading to a survival probability and a
FPTD given by Egs. 3 and 4, respectively

S(t)1) & et 3)
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where o) is the eigenvalue governing the long-time dynam-
ics, defined as the smallest of the eigenvalues, o,,, satisfying
Eq. 5, where 14 is the Baxter stickiness parameter. Small val-
ues of 74 correspond to strong adhesive interactions between
the particles and in these cases the FPTD:s obtained from
solving Eq. 1 with a DLVO potential and Eq. 4, respectively,
show the same qualitative features.'? 1t is, therefore, argued
that the physics of the DLVO potential can be mapped onto
the Baxter parameter by matching the MFPT from Eq. 2
with the corresponding expression in the Baxter limit, Eq. 6'2

1
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Further, as the FPTD according to Eq. 4 is an exponential
distribution, it can be interpreted as a Poisson process where
the dynamics is governed by a constant probability. In the
limit of small time steps, the distribution can thus be recon-
structed from a simple coin-flip process, where the probabil-
ity p < 1 to deaggregate during an arbitrary but sufficiently
small time step At is given by Eq. 7'2

p=aiAt
2Dy At )
A= 2

As shown above, the coin-flip model offers a tractable way
of simplifying the two-particle deaggregation process without
a significant loss of physical understanding or accuracy. In
this work, the possibility to expand upon this approach to
describe deaggregation of two-, three-, four-, and five-particle
aggregates is examined.

The particle interaction potential

The particle interactions are taken to be described by a
fluid-averaged isotropic DLVO pair-interaction-potential of
mean force. The interactions consist of both attractive van
der Waals forces and repulsive electrostatic forces and can
be modeled using the linear superposition approximation.''*
In this work, the DLVO parameters correspond to spherical
polystyrene particles with a radius of 3 um in water, using
Yo=50mV for the surface potential, ¢,=1.3, 2.0, 2.8 mM,
for the 1:1 electrolyte concentrations, A=13X10"% T for
the Hamaker constant,'> & =80 for the dielectric constant of
water and 7=298.15 K. The different potentials are shown
in Figure 1.

Based on previous work,]’g’16 the FPTD in the case of
reversible aggregation can be based on the time it takes for a
particle to escape the secondary minimum, as shown in Fig-
ure 1. Using the definition by Kaunisto et al.,' the particles
are considered deaggregated when they have reached x, > x
with an interaction energy equal to 1 k,7, which represents
the typical energy of thermal fluctuations. The resulting cal-
culated eigenvalues were «;=3.8006, 1.3898, 0.4920 for
c,=1.3, 2.0, 2.8 mM, respectively.

Model for deaggregation of small aggregates

A common approach to describe colloidal particle displace-
ments on the Smoluchowski time scale is to use BD simula-
tions."" As previously mentioned, the study by Kaunisto et al.'
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Figure 1. The DLVO pair-interaction potentials for the
different 1:1 electrolyte concentrations stud-
ied.
The corresponding primary energy barriers at small
center-to-center separation distances are visible. The
secondary minima are located at approximately x=
1.0126, 1.0098, 1.0081 with corresponding well depths
of Umin=7.6,10, 124k, T for c,=1.3,2.0, 2.8mM,
respectively.

demonstrated that the BD algorithm can be used to calculate
both FPTD:s and MFPT:s and thus provide an understanding
of the deaggregation process of three- and four-particle aggre-
gates. Conversely, a BD algorithm quickly becomes infeasible
as the number of particles increases due to the computational
effort required. One way to address this issue is to develop an
alternative and computationally efficient model that can
replace a BD model by only taking the most important mecha-
nisms of deaggregation into account. As concluded by Kau-
nisto et al.,' the two most important mechanisms appears to be
deaggregation of loosely bound initial end-particles and recon-
figuration, where the former can be approximately described
as a two-particle deaggregation process. If end-particle deag-
gregation is relatively slow, reconfiguration may transform an
initially noncompact aggregate (nondensely packed particles)
into a compact aggregate (densely packed particles) with an
increased amount of particle interactions which delays
deaggregation.

It is reasonable to assume that the total probability p; to
deaggregate an end-particle from a noncompact aggregate
during a time step At is proportional to the number of initial
end-particles n.. As each end-particle in turn can be approxi-
mated by the two-particle case, Eq. 8 is a logical extension
of Eq. 7 that accounts for the fact that an n-particle aggre-
gate can have more than one end-particle. Analogously, if
the aggregate is compact the deaggregation process is gov-
erned by the number of most weakly bound particles n. and
the number of particle neighbors, according to Eq. 9, where
A% is a modified time step and & is the neighbor coefficient.
The neighbor coefficient is to be interpreted as the effective
number of particle interactions for the most weakly bound
particles in a compact aggregate. Further, in order to account
for the reconfiguration mechanism for noncompact aggre-
gates, a simple diffusion process is used, Eq. 10, where d,4
and d are the equipotential distances traveled before and
after the latest time step, respectively, and n is a Gaussian
random number from the unit normal distribution. The
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aggregate is assumed to be compact when the absolute trav-
ersed diffusion distance |d| reaches the critical value d,

D1 =nep=neoc%Ar ®)
pzznzpk:n;oc%kA% )
d=dyg+Va2Atxn (10)

Using a convenient acronym, the combined algorithm
based on Eqs. 8-10 will in this work be referred to as A
Simple Algorithm for Peptization (ASAP) model and can be
schematically summarized as follows:

for number of trajectories

Update ©

if aggregate status = noncompact — X=p,

Update d

if | d| > d. — aggregate status = compact

if aggregate status = compact — X=p,

6. if random number [0, 1] < X— save ©
else goto 2

7. reset aggregate status

goto 1

Eala i e

e

The ASAP algorithm was implemented in Fortran 77 and
run on an Intel Xeon W3530 2.80 GHz processor in a sys-
tem with 12 GB RAM memory to generate independent tra-
jectories for the FPTD:s of the aggregates studied. The
corresponding BD simulations were also performed on a
computer cluster, as previously described by Kaunisto et al.'
The CPU time for the ASAP model was typically on the
order of seconds to hours, depending on desired accuracy.
For the BD simulations, the corresponding times were on the
order of minutes to days, using 1000 CPU cores.

Results and Discussion
Two-particle model validation

To check the validity of the coin-flip assumption, the
results for the two-particle model by Bergenholtz et al.'> were
compared with the results from the corresponding BD simula-
tion, by setting p;=p in the ASAP model. The scenario corre-
sponds to a specific situation with one end-particle, that is,
n.=1, which is due to the fact that both particles deaggregate
simultaneously and thus cannot be distinguished between. The
simulations were carried out with parameters corresponding to
a 1:1 electrolyte concentration of 2 mM, using a time step A
7=0.001 and a time step tolerance (i.e., the time step govern-
ing parameter of the BD simulation)! of §=0.001 for the
ASAP model and the BD simulation, respectively. The num-
ber of trajectories was 5000 for the BD simulation and 20,000
for the ASAP model. The time step and time step tolerance
were chosen to be sufficiently small not to have any signifi-
cant effect on the results.

In the BD simulations,' the time step was sufficiently
small to resolve particle diffusion and interaction on the high
primary energy barrier (see Figure 1), and it was, therefore,
not necessary to include a bounce-back criterion explicitly.
That is, in the BD simulations, the time step was sufficiently
small for the barrier itself to act as a natural bounce-back
criterion. A bounce-back criterion is included in the ASAP
model using a no-flux boundary condition at a short separa-
tion distance and an absorbing boundary condition at a larger
separation, as explained by Bergenholtz et al.'? This latter
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separation distance was chosen so that the total particle
interaction energy at the separation distance was the same in
the BD simulation as in the ASAP model.

The FPTD:s are shown in Figure 2, where probability dis-
tribution function is plotted vs. the first passage time. As can
be seen in Figure 2, the FPTD:s from the ASAP model and
BD simulation are in good agreement. The time step and
time step tolerance correspond to real time steps of approxi-
mately 0.2s and 40 us for the ASAP model and the BD
simulation, respectively. The ASAP model thus gives results
with the same accuracy as the BD simulation model but
using a time step that is larger than the BD time step by a
factor of almost 10*, which clearly demonstrates the effi-
ciency of the ASAP model.

Model comparison for three-, four-, and five-particle
aggregates

Using the same time step, tolerance, and number of trajec-
tories as in the two-particle case, the ASAP and BD models
were also applied to study different three-, four-, and five-
particle aggregates. Figure 3 shows the FPTD:s from the
three-particle aggregates. For the compact triangular aggre-
gate shown in Figure 3A, the ASAP model shows the same
unimodal distribution characteristics as the BD simulation.
However, tuning the ASAP model to give agreement with
the BD simulation model requires a neighbor coefficient of
k ~ 1.88, which is slightly less than the value that can be
anticipated based upon the number of neighbors of the most
weakly bound particles, that is, k=2. The effective number
of particle neighbors is thus less than expected, most likely
due to the simultaneous movement of all particles. This latter
effect, which is a many-body effect, is not taken into account
in the ASAP model. Conversely, as can be seen in Figures
3B, C the same value of k=1.88 was used to predict the
position of the late-stage peaks of the bimodal distributions
for linear and L-shaped aggregates, thus further validating
the ASAP model. Further, in Figure 3B, the early stage
peaks are in good agreement and are slightly shifted toward
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Figure 2. FPTD:s obtained from using a time step At=
0.001 and a time step tolerance of 6=0.001
for the ASAP model and the BD simulation,
respectively, for a two-particle aggregate
with ¢,=2.0 mM and t,=1 s.

The number of trajectories was 5000 for the BD
simulation and 20,000 for the ASAP model.
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early times, as compared to Figure 2. This can be explained
by the multiplicity of the end-particles, that is, n.=2, in the
three-particle case, resulting in a higher probability for deag-
gregation than in the two-particle case. The relative inten-
sities of the early stage and late-stage peaks are captured, at
least qualitatively, by assuming a representative critical
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Figure 3. FPTD:s obtained from using a time step At=

0.001 and a time step tolerance of 6=0.001
for the ASAP model and the BD simulation,
respectively, for different three-particle
aggregates with ¢,=2.0mM and tp=1s.
(A) Compact triangular aggregate with n:=3 and k=
1.88 (unimodal distribution). (B) Noncompact linear
aggregate with n,=2, k=188, and d.=" (bimodal dis-
tribution). (C) Noncompact L-shaped aggregate with
n.=2, k=188, and d.= {5 (bimodal distribution).
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diffusion distance corresponding to the least amount of total
equipotential movement required for the two initial end-
particles to come in contact and form a compact aggregate.
The shorter the diffusion distance the larger the intensity of
the late-stage peak and vice versa.

For the aggregates depicted in Figures 3B, C, the diffusion
distance d. can be roughly estimated by considering diffu-
sion of the end particles around the middle particle. Thus,
for the aggregates in Figures 3B, C, the diffusion distance
can be roughly estimated as d.=7% and d.= 4, respectively,
which is simply the product of half the minimal total tangen-
tial movement required for particle contact and the particle
diameter. We emphasize that this merely is a rough estimate
and that a better estimate in this particular case may be
obtained by considering diffusion of a particle on a spherical
surface with an absorbing boundary at some azimuthal coor-
dinate, ¢p=¢., where the absorbing boundary represents the
other end particle. In such a representation, the diffusing end
particle starts at zero, and the configurations in Figures 3B, C
then correspond to ¢, = %" and ¢, =2, respectively. Although
such a consideration is ‘expected to have no effect on the
results for the configuration in Figure 3B, it is clear that it
will result in a larger value of d. and possibly better agree-
ment with the results from the BD simulations for the config-
uration in Figure 3C. This issue is interesting in itself, but we
emphasize that it is an issue that is limited to the particular
case in Figure 3C and that the rough estimate of d. works sur-
prisingly well in all other cases considered, including the
four- and five-particle aggregates considered below.

In addition, unlike the BD model, the ASAP model
assumes that the middle particle is static. A possible expla-
nation for the differences between the two models in Figures
3B, C is, therefore, that movement of the middle-particle has
an effect on the end particles in the BD model, whereas it
does not in the ASAP model. For example, initial movement
of the middle-particle for the aggregate in Figure 3B perpen-
dicular to the axis of the aggregate maintains the same
center-to-center distance with both end-particles. However,
diffusion of the end particles is promoted in the direction of
the secondary minimum, that is, toward the center of the
middle particle, which implies that the motion of the end
particles in this new configuration has a component which
causes the end particles to move toward each other, thus pro-
moting reconfiguration to a compact cluster. Using this sim-
ple example, it is thus easy to understand that the middle
particle has an effect that will tend to delay deaggregation in
the BD model relative to the ASAP model, which is in
agreement with the results in Figure 3B. It is not in agree-
ment with the result in Figure 3C, though we have already
noted that this discrepancy most likely is due to a less than
optimal choice of the diffusion distance in Figure 3C.

The FPTD:s obtained from the four-particle aggregates are
shown in Figure 4. The deaggregation process of the tetrahe-
dral aggregate in Figure 4A yields the same type of unimo-
dal distribution as for the triangular aggregate in Figure 3A.
The value of the neighbor coefficient that is required to
obtain agreement between the ASAP and BD models is
k ~ 2.53, which is less than the expected value of k=3.
Similar to the three-particle case, this value of k& was also
used to predict the bimodal FPTD:s of the linear and
propeller-shaped aggregates in Figures 4B, C, respectively.
Compared to the three-particle case, the critical diffusion
distance for the linear four-particle aggregate is more
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Figure 4. FPTD:s obtained from using a time step At=

0.001 and a time step tolerance of 6=0.001
for the ASAP model and the BD simulation,
respectively, for different four-particle aggre-
gates with ¢,=2.0 mM and t,=1 s.
(A) Compact tetrahedral aggregate with n:=4 and k=
2.53 (unimodal distribution). (B) Noncompact linear
aggregate with n.=2, k=2.53, and d.=" (bimodal dis-
tribution). (C) Noncompact propeller-shaped aggregate
with n.=3, k=2.53, and d.="¢ (bimodal distribution).

difficult to estimate as it is not obvious how this aggregate
reconfigures into a more compact form. However, as can be
seen in Figure 4B, assuming similar diffusion distances turns
out to be a good approximation. For the propeller-shaped
aggregate in Figure 4C, the shortest required diffusion dis-
tance required for two end-particles to meet, that is, d.= "¢,
seems to be a good approximation.
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Figure 5. FPTD:s obtained from using a time step At=

0.001 and a time step tolerance of 6=0.001
for the ASAP model and the BD simulation,
respectively, for two five-particle aggregates
with ¢,=2.0mM and ty=1s.
(A) Compact triangular dipyramid-shaped aggregate
with n:=2 and k=2.63 (unimodal distribution). (B)
Noncompact linear aggregate with n.=2, k=2.63, and
d.=7 (bimodal distribution).

As can be seen in Figure 5, the ASAP model was also
compared with BD simulations in the five-particle case. Fig-
ure 5A shows the FPTD:s obtained from a triangular
dipyramid-shaped aggregate. In this aggregate, the two most
weakly bound particles have three neighbors, whereas the
remaining three particles have four neighbors. For n;=2, the
required value of the neighbor coefficient for agreement
between the two models is k ~ 2.63. This value of the
neighbor coefficient is similar to that of the tetrahedral
aggregate in Figure 4A, suggesting that the two most weakly
bound particles in the triangular dipyramid-shaped aggregate
play the most important role in governing the deaggregation
process. As in the previous cases, the FPTD of the linear
five-particle aggregate shown in Figure 5B was calculated
using the same diffusion distance as in the three- and four-
particle cases.

When comparing the compact three-, four-, and five-
particle aggregates, it is worth noting that the value of the
neighbor coefficient is smaller than the expected value for
all aggregates. In addition, it differs less from the expected
value for the five-particle aggregate than for the four-particle
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aggregate. As the number of neighbors and the number of
particles with which a particle can interact is limited even
for many-particle aggregates, the trend observed in the value
of the neighbor coefficient as more particles are added sug-
gests that an asymptotic value of the neighbor coefficient may
exist for compact many-particle aggregates. Although this
asymptotic value obviously cannot be determined from the
limited simulation data in this work, the small difference in
the value of the neighbor coefficient between the four- and
five-particle aggregates may indicate rapid convergence to the
asymptotic value as more particles are added. Further research
is, however, needed to establish whether such an asymptotic
value exists, which requires simulations of particle aggregates
that contain far more than four or five particles.

Effect of the pair-interaction potential on deaggregation

In the previous section, it was shown that the intensities
of the early stage and late-stage peaks in the bimodal distri-
bution of a noncompact aggregate can be related to the dif-
fusion distance. However, the relative intensity of these
peaks also depends on the pair-interaction potential. To
explore the effect of the interaction potential on the deaggre-
gation process, simulations are also carried out for parame-
ters that correspond to a 1:1 electrolyte concentration of
¢,=1.3 mM and ¢,=2.8 mM.

Figures 6A, B show the FPTDs for the linear three-
particle aggregate for 1:1 electrolyte concentrations of c¢,=
1.3 mM and ¢,=2.8 mM, respectively. As can be seen in
Figure 6, there is a significant mechanistic shift in the deag-
gregation process of the linear three-particle aggregate for
the electrolyte concentrations considered. From Figure 1, it
can be seen that a lower electrolyte concentration implies a
shallower energy minimum, in which case end-particle deag-
gregation will govern the deaggregation process and the
reconfiguration mechanism will be insignificant. This
explains the unimodal distribution in Figure 6A. Conversely,
if the electrolyte concentration is higher, the energy mini-
mum will be deeper and the end-particles will be more
strongly bound. In this case, the aggregate will have time to
reconfigure to a more compact form, which explains the
bimodal distribution in Figure 6B. Thus, the importance of
end-particle deaggregation relative to reconfiguration
depends on the time scale for deaggregation compared to the
time scale for reconfiguration. Assuming that the MFPT in
the two-particle case, that is, Eq. 2, can represent the time
scale for end-particle deaggregation and that the time scale
for diffusion can be estimated based on the concept of diffu-
sion length,17 implying d.=+/4Dot., where t. is the time
required to reach d., a dimensionless deaggregation number,
N, can be defined according to Eq. 11. With this definition

'Xp 'y
ZUQJ dyy_zeﬁ“(")J dss?e™Puls)
Xa

T
N=—_= ad
T d (11)
_ 2Dyt _ dg
TR T 22
N <1 means that the end-particle deaggregation process

dominates, whereas for N > 1 reconfiguration is more impor-
tant. For the linear three-particle aggregate, the deaggregation
numbers for ¢,=1.3, 2.0, 2.8 mM are N=0.13, 0.94, 7.53,
respectively. The FPTD:s in Figures 3B and 6A, B are thus
straightforward to understand.
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Figure 6. FPTD:s obtained from using a time step At=
0.001 and a time step tolerance of 6=0.001
for the ASAP model and the BD simulation,
respectively, for a linear three-particle aggre-
gate with ne=2, k=188, d.=7, and to=1s.
(A) ch,=1.3mM (unimodal distribution). (B) c,=2.8 mM
(bimodal distribution).

Conclusions

In this study, a computationally efficient model that
describes deaggregation of small compact and noncompact
colloidal aggregates has been developed. This model, which
is referred to as the ASAP model, was used to calculate and
analyze FPTD:s from different two-, three-, four-, and five-
particle aggregates. The results were found to be in qualita-
tive agreement with results from corresponding BD simula-
tions. From the results, it was concluded that the two most
important features governing the deaggreation process can be
attributed to an end-particle detachment process on the one
hand and a particle reconfiguration mechanism on the other.
The relative importance of these two mechanisms can be
estimated from their relative time scales. It was shown that
the time scale for reconfiguration is related to a critical equi-
potential diffusion distance, whereas the time scale for

end-particle deaggregation depends on the pair-interaction
potential.

As the number of particle neighbors is limited even in
many-particle aggregates, deaggregation from large aggre-
gates may be expected not to depend critically on the num-
ber of particles in the aggregate. Although this work is
limited only to two-, three-, four-, and five-particle aggre-
gates, the results obtained indicate that an asymptotic behav-
ior is obtained as more particles are added to the aggregates;
further work is needed to establish whether this indeed is the
case.
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