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Dynamics of order formation by colloidal adsorption onto a substrate
studied with Brownian dynamics
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Colloidal adsorption and spontaneous ordering of adsorbed particles on a substrate was simulated
using a three-dimensional simulation model for colloidal dispersion system with an adsorptive
surface under a specified bulk concentration, where the particle-particle and particle-substrate
interactions were modeled on the DLVO theory. The key process for order formation is considered
to be the adsorption of a particle that induces the transition from incomplete order to perfect order,
and is found to involve a stochastic nature due to an energy barrier which must be overcome for the
system to reach ordered state. Also, a model was developed to predict the energy barrier for order
formation based on direct observation of the key process. Further, a model to describe the stochastic
nature of the process was developed and its quantitative validity was demonstrated. Through the
examination of the key process, it is concluded that the mechanism of the order formation is
composed of two successive processes and the rate-determining step varies depending on the ionic
strength. ©2005 American Institute of PhysidDOI: 10.1063/1.1859279

I. INTRODUCTION adsorption has potential for fabricating ordered particle ar-
Colloidal adsorption is an attractive process to fabricate =Y~ with controlled surfa_ce coverage or interparticle spacing
) . . since the process contains important factors, such as repul-

a monolayer film on a substrate. Colloid particles are ad-. o . . .
. sive characteristics among particles, control of interaction

sorbed onto a substrate with countercharge due to the E|ercén e by varving ionic strenath. and the Brownian motion
trostatic attraction, while the adsorbed particles repel par- g€ by varying lon gmn, ’
hich would be required to form ordered structures that are

ticles in bulk because of the electrostatic repulsion when th .

surface coverage reaches saturation, which leads to the fot?_nergetlcally more stable than rar)dom-packed structureg.

mation of a monolayer film. The main features of the colloi- Some experiments have studied struptures of nanosized

dal adsorption are its rapidity, applicability to a wide rangepart!cles adsorbed_on asubstr_ate, observing polystyre_ne latex
pamcles on a titanium oxide substrdtepn a mica

of particle size, and coverage control by changing the sal :
y g Y ging bstrat€.™ on an alumina substraté,and on a polymer

concentration or the thickness of the electric double Iayer.Su

Thus the method would be suitable for various applications/iM surface:” Though a high degree of short-range order

such as antireflection coatifidhiosensoré,data storage me- @mong particles was reported, no further and detailed analy-
dia, lithography maskdand catalysté,where the important SIS ON aQSorbed structures has been done..ln adqur.] to the
particle size would be from hundred nanometers down t@Pservation of adsorbed structures, particle mobility at
several nanometers. The quality of such products can be iniquid-solid interface, i.e., an in-plain Brownian diffusion has
proved by the formation of a regular lattice structure of ad-2lS0 been studied for many combinations of particle and sub-
sorbed particles, as seen in an example of antireflectiofitate, including latex particles on an alumina sgbsﬂr?ate,
coating® Furthermore, the order formation of adsorbed struc2lumina colloids on mic&*> and gold colloid$® and
tures would open the possibility for the application to opticalglycoproteins’ on various substrates. No definitive conclu-
devices. In that sense, control of adsorbed structures is &fon, however, has been drawn and this issue is still under
great importance. discussion because the particle mobility would depend on
As for the formation of close-packed hexagonal arrays ofseveral factors such as geometric shape of particles, surface
particles, several techniques utilizing capillary forces actingoughness of particles and substrates, and the adhesive force
between particléshave been proposed, which include meth-between particles and substrates, etc., of which it is difficult
ods by drying particle suspension prepared as a thin wettingp make systematic studies on the effects. Nonetheless, those
film on a substrateor by withdrawing a substrate from par- studies show at least the possibility for spherical particles to
ticle suspensiofi. These approaches can produce closemove along a smooth substrate, which leads to order forma-
packed arrays although they have difficulty in controlingtion.
monolayer formation; a bilayer or multilayer may form in Following the experimental studies, computer simulation
some areas. Colloidal adsorption has an advantage to covstudies on order-disorder phase transitions of adsorbed par-
large areas with a monolayer film of particles. Also, colloidalticle structures have been reported examining the following
factors: the effect of particle potentials, wall potentials, par-
dauthor to whom correspondence should be addressed. Electronic maificle concentration, and salt concentration onto order-
miyahara@cheme.kyoto-u.ac.jp disorder boundarie® surface structures of charge-bidisperse
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particle mixtures? and the structural phase behavior of par-

ticles tethered to a substr&fe?’ Recently, we developed a o O o o 5 Virtual
three-dimensional cell model to simulate colloidal adsorption “bulk cell
and order formation on a substrafeOur simulations dem- (" o O o
onstrated that the ordered structures of the adsorbed particles ’/0 b

o O
perfect reﬂec‘t(ionc ------ o H Main

are formed only when what we call “one-directional average
force” acting on an adsorbed particle exceeds a critical value,
which is independent of the salt concentration or the interac-

reservoir region

tion potentials. Though these studies clarified the dependence o o ™ cell
of wall and particle potentials on order-disorder transition o o o
and a determinant factor required for order formation, the o
kinetic process of adsorption and order formation has not o p 9 .

. - adsorption v
been investigated. P i

In contrast to the physical adsorption of molecules, "o o

which attain equilibrium state quite easily, the colloidal ad- / o o e vt
sorption exhibits highly nonequilibrium nature: surface cov- T I >

erage cannot attain a true equilibrium coverage because, as
particle adsorption proceeds, an energy barrier due to the FIG. 1. A schematic drawing of the simulation cell.
electrostatic repulsion between the adsorbed layer and a par-
ticle in bulk will form. Thus the energy barrier would play a study, has a viscosity,, a relative permittivitye, and an
crucial role not only in particle adsorption but also in theinverse Debye lengthk that is proportional to the square root
order formation, which needs a higher coverage. In mosbf ionic strength. The colloidal particles, which are modeled
cases, nevertheless, the existence of the energy barrier has polystyrene latex, have a radias a positive surface
been qualitatively described only through the emergence of eharge density,, and a diffusion coefficierid given by the
depletion region between an adsorbed layer and bullStokes—Einstein relatiod=kgT/677a, where kg is the
phase'®****As a quantitative description of the energy bar- Boltzmann constant ariflis temperature. ¢, is the particle
rier, Antelmi and Spall¥ developed a model to calculate a surface potential scaled tkgT/e, and is calculated under the
potential-distance profile of a particle approaching a partiallyconstant charge condition with the following equatf@n:
covered substrate as a function of surface coverage, but they 2
did not consider adsorbed structures because of the em- ﬂp_:,/, +f2_La, (1)
ployed assumption that adsorbed particles are fixed on a sub- keegkgT ' ° kA = Tika
strate. In order to model the klne.tlcs of adsorption processynere 7=2 sinyp/2)~ gy, 7,=4 tanky,/4) -y, € is the
the authors thmk that a stochastic approach should be €Mjementary charge, ang is the vacuum permittivity of the
ployed as seen in, for instance, the treatment of the nuclésg|yent. The adsorptive substrate with a surface potedtial
ation proces%, which is typical of the processes involving s modeled on mica which has uniform negative charge.
an energy barrier. To our knowledge, no studies to date have A getajled description on the simulation cell is given in
examined the relationship of the energy barrier with strucges 22, and here we explain briefly the concept of the cell.
tures of adsorbed particles on a substrate glong this line.  The simulation cell is composed of two parts: the main cell
In the present paper, we explore the kinetic process ofq the virtual bulk cell. The former, which is periodic in the
particle adsorption and order formation by conductingy anqy directions, has an adsorptive surface at the bottom
Brownian dynamics simulations with the three-dimensional z=0) and a reflective boundary at the t@=H,,). Since the
cell in which the particle-particle and particle-substrate inter,5icle-surface interaction is strong under the condition em-
actions are modeled on the DLVO thedfyThe stochastic ployed in the present study, the particle adsorption can be
nature of the adsorption process is demonstrated by COMPagarded as irreversible. In fact no desorption was observed
ing several simulation runs with common conditions but with,yithin the simulation time. The virtual bulk cell, attached on
different initial configurations. We then focus on a particle 4 top boundary, is an independent bulk phase in which
that brings perfect order into the adsorbed phase upon itSricle interactions follow the periodic boundary condition
adsorption, and observe directly the behavior of the particlg, 4| the directions. The particles in the main cell are as-
to reveal the mechanism of order formation. Through deg meq to be subjected to forces from the particles in the
tailed analysis of the particle’s adsorption process, we dey;rya| bulk cell, and to exert no forces onto them: the rela-
velop a stochastic model to describe the rate process of ordgp, petween the two cells is “one-way.” Without the virtual
f_orrr_lat|on Fa_kmg Into account the energy barrier. The quany, cell, the particles in the main cell would localize in the
titative validity of the model is demonstrated through COM-yicinity of the top boundary because they would have no
parison between the stochastic model and simulation result§iaraction with the top boundary. In addition, a reservoir
region is set in the upper part of the main cell in order to
Il. MODEL AND METHOD keep the bulk concentratipn cqnstant against adsorption_ of
particles on the substrate, in which new particles are supplied
The simulation cell is illustrated in Fig. 1. The solvent of if the concentration averaged over every 100 time step is less
the suspension, which is assumed to be water in the presethitan the desired one. We have confirmed that the simulation
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TABLE I. Simulation parameters. TABLE II. Physical parameters.
xa[-] 1 2 5 10 20 a (nm) 50
L/a[-] 88 66 44 36 30 oy (mC/m?) 27.4
Hy/a[-] 24 14 8 6 5 s (mV) —100
Hn/a[-] 20 D (m?/s) 4.88x 1072
¢ (vol/vol) 8.0x107%-2.8x 10! Aop ) 0.95x 10720
At (n9) 50 Aps 6) 1.60x 10720
T (K) 298
7 (Pa-$ 8.94x 1074
cell solves the difficulty and makes it possible to simulate the ° (-] 8.3

colloidal dispersion system with an adsorptive substrate un-
der a specified bulk concentration.

In a Brownian dynamics simulation, the motion of a col-
loidal particlei in the suspension follows the discrete form of
the Langevin equatio?f‘.

i
KT

cal properties in Tables | and I, respectively. The system size
we employed is comparable to that of Ref. 18, and further,
we confirmed that the simulations with twice the side length
yielded no significant difference of structural results. The
dimensionless produeta, the ratio of the radius of a particle
to the Debye length, is an important parameter that deter-

) N ) i mines the range of the electrostatic interaction. The volume
wherer(t) is the position vector at timg FP is the external  fraction of the particles in the bulk phageis another im-
force due to the particle—particle and particle—substrate inteortant factor to be examined.

actions,At is a time step, amz}.riB is a random displacement
which forms a Gaussian distribution WikhkriB(t)>=0 and
((ArP(D)(Arf (1)) =2DAtS; 5, wherek and | are indices
for the coordinate direction&,y, z), andd; is the Kronecker ~ A. Probabilistic nature in adsorption process
delta function. _ Figure 2 shows the time evolution of surface coverédge
The external forcd= is calculated based on the DLVO ¢4, five simulation runs with commora and ¢ (xa=5 and
theory. The electrostatic and the van der Waals interaction
Ee and E g, respectively, are given by the following
equation&®*’ scaled bykgT:

ri(t+At) =r(t) + D—=At+Ar?, 2)

IIl. RESULTS AND DISCUSSION

$=0.08, among which only initial configurations of par-
ticles are different. Surface coverages for five runs show
quite different behavior, except for the very beginning of the
AmkgTeepd | ( ¢, + 4yQxka 29 adsorption process. As surface coverages increase, the differ-
Eelpp = & 1+0ra | 1 exf - xa(r - 2], ences stand out; three of the five rynsns 1, 3, and ¥reach
the critical surface coverag€ for order formation, i.e., at-
3) tain the ordered state within the simulation time, but the rest
(runs 2 and 5do not. The critical surface coveragé for
E - _AEP_[L L2, In(l _ i)] (4)  variouska was obtained in our previous wdfkas summa-
VaWeR T gl Tl r2-4 12 r2) ]’ rized in the first row of Table IIl. Although runs 2 and 5
might reach the ordered state in some time, it would be dif-
_ [ 4mkgTesoa [ i, + 4y Qka /A ficult to know the time. This behavior reflects a stochastic
e'(PS>_( e? )( 1+Qxka ){Mank(—)] nature of the adsorption process of particles, and suggests
that it is almost impossible to describe in a deterministic way
xexp - «ahl, ) the time evolution of surface coverage or to predict the time
>] needed to reach the ordered state. Since the stochastic nature

()  becomes marked when the surface coverage comes close to

A |1 1 h
EVdW(pS):_skpfr{HJ’h+2+'n<h+2 it i i i
B the critical one, it would be attributed to an energy barrier

where the subscript pp means particle—particle and ps

particle—substrater. and h are the dimensionless center-to- 032
center interparticle distance and the dimensionless surface- T
to-surface separation distance between a particle and a sub- ® 0.30
strate, both of which are scaled by A is Hamaker’s g Fi
constant, andy and () are given byy=tanH,/4) and Q) 2 028 i
= (=401 (27, g
The sum of the two contributiong, andE, 4, gives the °§ 0.26
total particle—particle and particle—substrate interactions. The ©n
particle—particle interaction is repulsive, while the particle— 024 s . ! .
substrate interaction is attractive under the condition em- 0 0z 04 06 08 L0

ployed in the present study. Time ¢ (s)

The SimU|ati(_3n Condi_tion iS_ described in Ref. 22, andI?IG. 2. Time evolution of the surface coverage for five different runs in
here we summarize the simulation parameters and the physishich only initial configurations are different aa=5 and¢=0.08.
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TABLE IIl. Values of &%, I, V4 andVy for five values ofxa. (@ s

xa[-] 1 2 5 10 20 4

¢ [-] 0.787x 101 0.156 0.315 0.456 0.576 3 ' |
1 (nm) 332 242 170 142 124 s " 4
Vaq (kgT) 0.35 478 10.8 10.8 10.2 HL ]
Vy (kgT) 8.6 116 6.50 3.82 2.28 @) T‘
1l
® (© )
: - e . . . D)
built up by adsorbed particles. Particles in bulk phase have to ®) 0 y - - y
overcome the barrier to get adsorbed onto a substrate cov- 2r ]

ered with many adsorbed patrticles.

If the adsorption process of particles is stochastic, the @
process of order formation must also be a stochastic phenom- S
enon. The key process for having the ordered state would be g @ ® s .
the last adsorption that brings the transition from the struc- = 2 © (D) \:
ture with incomplete order to that with perfect order. In order .
to see the probabilistic nature of the key process in detail, a . . . . . .
single simulation run would not be sufficient. Hence, we ~o 025 050 075 100 125
sampled the elapsed time required for the last adsorption by Time ¢ (ms)

conducting 200 simulation runs of the following simulation: G. 4. The adsoro f the last particledar’s and¢=0.07

. . . 4. € adasorption process O € last particlekarFo an =0.07:
each of the_ simulation runs started from a sn.apshot' of aC{Ea) height variation,(b) force profile inz direction. Indications(A)—D)
sorbed particles before the last adsorption with a differentorrespond to the snapshots of Fig. 5.

random seed for Brownian motion. The bulk particles were

|folace_d_ _ralndon;_ly with a gi;/er:j cogczntrati_or;. V\f/e prepared g1 yes ofg. P(t) exhibits an exponential-type decay against
ourd|_n_|t|a ?on |gL(erat|on3 or a Zor ed partic Ies_ ora g|¥enthe elapsed time, and thus the process of the last adsorption
condition of«xa and¢, and carried out 50 simulation runs for clearly demonstrates the characteristics of stochastic phe-

each initial configuration, which produced 200 samples Ofnomena. AlsoP(t) depends significantly on the bulk concen-

the time needed for the last adsorption or the or_der format'ration; the distribution of the elapsed time becomes wide as

tion. The results are expressed as the probabity) for e i concentration decreases. This behavior would be

remaining disordered after a tinmeFollowing the definition, ., Jjitatively reasonable because decreasing the bulk concen-

P(t2)=0.2, €.9., means that 80% of samples hqve got Orderel(ﬁliation leads to the decrease both in the bulk potential that

beforet=t,. Figure 38 showsP(t) for ka=5 with various 4,14 push a particle to the substrate and in the frequency of
the attempts for particles’ adsorption onto the substrate.

@ The effect ofka on P(t) is shown in Fig. 8) and is
1.0‘. T T T T . .
S, ] more significant thgn that of t_he bulk con_centratlon. kar
- 08 L4 m _ =1 the last adsorption occurs in tens of microseconds, and as
- TS : gzg'(l)g 1 ka increases, the time required for the adsorption increases
T 0614 "-. " $=005 . several orders of magnitude. Since the particle-substrate at-
% oal? A‘X "h-h ] tractive interactiqn becomgs strong gnd long rangedas _
_g . 4 L decreases, the increase in the particle-substrate attraction
& o2le ™ ] would lower an energy barrier, resulting in easy and fast
. adsorption. Although the particle-particle repulsion increases
0 S —— with decreasingka, the particle-substrate attraction would

play a dominant role in the adsorption process, prevailing

Time 7 (s) . . . . . .

® against the increase in the particle-particle repulsion.

R R AN In order to have a quantitative understanding of the ef-
- 08 fects of the interactions and the bulk concentration onto the
= : last adsorption process, it would be necessary to investigate
X 06t [, =1 the detailed mechanism of the key process by directly ob-
2 . xa : . o : X
= o | 4 x@=2 serving the last adsorption, which is described in the follow-
g 0‘4': s T ing section.
£ 0.2_0: ¢ xka=20

:L B. Dynamics of the last adsorption
0 - 1 1 - 1 - L . ) ) )
L e We observed directly the order formation process in-

Time £(s) duced by the last adsorption for various conditionsafand

FIG. 3. Probability of remaining disordered state far ka=5 with various - AS & typical example of the process, Figs. 4 and 5 show
values of bulk concentratiosh and (b) various values ofa with ¢=0.01. the case foka=5 and¢=0.07. Figures &) and 4b) show
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) @ 10 | .
8 4
< T _
: T
T w  ®Y]
2t © 3 |
\i7 \ T
° XXX . ' . ' I
z o ® o3| ) 1
FIG. 5. Snapshots of the adsorption process of the last particieafob and & 0 T |
$=0.07. &-03- (A) . b
E’: 06} © 3
. o VR *
the variation of heighh and the forcé=, in z direction acting s 3T
on the last particle labeledagainst time during the adsorp- 30r ) *
tion process, whert=0 is set at the moment the observation 60 . , .
was started. FiguredA)-5(D) show snapshots taken at time 0 0.5 Lo L5
pointed by the corresponding arrow in Figga¥and 4b), in Time # (ms)

V_VhICh the_laSt partlcle is drawn in black, t_he a@sorbed par- FIG. 6. The adsorption process of the last particledar1 and¢=0.001:
ticles are in gray, and the rest of the particles in the suspeng) height variation,(b) force profile inz direction. Indications(A)~(D)
sion are not shown for clarity. These figures demonstrate theorrespond to the snapshots of Fig. 6.

detailed adsorption process. The particleomes down to a

relatively disordered part where particles form almost &gl rearrangement of the part continues until the part turns
square arrangement rather than a triari@ieg. S5A)], ap-  into a hexagon. Similar manner of order formation was ob-
proaches gradually near to the substrate fighting against regrved in the case fora=2.
pulsive forces from the particles in the disordered pBig. Figure 8 shows typical force-distance profiles of the last
5(B)], and then is repelled away by them. The particle particlei for ka=5 andxa=1, in which only the maximum
however, makes some attempts at adsorption at arounghjue of the forceF, at each distanch is plotted for clarity.
t=0.50, 0.75, 0.90, and 1.12 ms. After the fa“ures, the parThe last partide for both values afa must go through re-
ticle i pushes the particles of the squarelike part aside untipuisive forces in order to get adsorbed. However, the repul-
they form almost a hexagonal arrangemghig. 5C)].  sive forces come from different processes depending on the
Finally the particlei gets adsorbed into the center of the xa. For ka=5, repulsive forces dt/a=1.5-2.0 come from
hexagon[Fig. 5D)]. Here it is interesting that not one but the process of pushing the particles of a disordered square-
some disordered parts are seen in Figé)%nd §B) even Jike structure aside to get adsorbddgs. §B) and 5C)]. On
though the coverage is quite close to the critical surface cowthe other hand, foka=1 the repulsion arountd/a=5-8 is
erage ¢, and the adsorption of the last particle alters thedue to the process of trying to disturb a triangle structure
other disordered parts into the hexagonal arrangemenfFigs. 1A)-7(C)].
Though not shown here similar processes of the last adsorp- The above observation reveals that the process of the
tion were observed in the cases for larger valuegkafl0  order formation involves the disturbance process to make a
and 20. disordered squarelike part and the adsorption process onto a
As an example of the case for a smaller valuecafthe  disordered squarelike part: the two processes are successive.
observation results foka=1 and ¢$=0.001 are shown in The mechanism is as follows. For largea (5, 10, and 20
Figs. 6 and 7, which are in the same format as Figs. 4 and %t would be easy and fast to disturb triangle structures. A
It is clearly seen that a disordered squarelike part is made
after the approach of the partidléo a triangle arrangement
in contrast to the cases with larga, in which the disordered
part was existing before thé-particle’s approach. The
particle i approaches gradually to the adsorbed pH&sg.
7(A)], and wanders above a triangle being subjected to re;
pulsive forces from the already adsorbed particles
[Fig. 7(B)]. Then the particlé begins to penetrate the tri- o
angle[Fig. 7(C)], changing the triangle arrangement into a [+ R XA
squarelike on¢Fig. 7(D)], and finally gets adsorbed. In this
last stage the adsorption into a squarelike part proceeds s
fast that the squarelike part does not have sufficient time t

transform itself into a hexagonal arrangement contrary to the,g 7. Snapshots of the adsorption process of the last particleafot and
case for largea. After the adsorption, however, the struc- ¢=0.001.

(A)  Side view .. Topview | |(B)

R
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@ 20 Overhead view Z
’ i
1.0}
z
=
& ol
Q
5
= ol o Simulation result | |
' Adsorption model
- — — Disturbance model
_2'0 L L 1
0 1 2 3 4 5
ha
® 45 Side view z
(1] S
z
& 0s5)
Q
£
27 I o Simulation result
-1.0f $ Adsorption model | L
- — — Disturbance model
.15 . ' . . .
0 4 8 12 FIG. 9. A schematic drawing of the adsorption process model.
h/a

FIG. 8. Force-distance profile of the last particle obtained from the simulaStructures appear only whéfy,, exceeds a critical valug®,
tion and the proposed modelg) xa=>5, and(b) xa=1. or in other words, adsorbed particles in the ordered structures

are subjected to the critical for¢€ in any direction, regard-

disordered part may be made up by other particles than thiess of the values oka.
last particle, given that some disordered parts are observed. We model the order formation process assuming that ad-
For smallerka (1 and 3, in contrast, the disturbance processsorbed particles at the coverage just below the critical sur-
is much more time consuming than the adsorption proces$ace coverage are subjected to the critical force. First, we
and necessarily a particle that happens to make a disorderédlculate the energy barrier for the adsorption of a last par-
part would become the last adsorption particle. ticle, or for the order formatioiSec. Il C 1), and then, de-

Then an important factor for order formation would be scribe the stochastic phenomena of the order formation uti-
the potential energy acting on the last particle since the magdizing the obtained energy barri¢gec. 111 C 2.
nitude of the energy barrier determines the probability of the
adsorption. Now the potential energy is estimated by modeld. Estimation of the energy barrier for order formation

ing the order formation process as described in the following The adsorption process of the last particle onto a disor-

section. dered squarelike part is modeled as illustrated in Fig. 9. The
scheme of the model is as follows.

C. Modeling of order formation process . . S
g P (i) A square structure with an initial side lengthcom-

The modeling is based on a characteristic property of the posed of four adsorbed particles labejed =1-4) is
order formation of adsorbed particles: in our previous set on a substrate, where the adsorbed particles are
work,?2 we examined intensively the condition required for assumed to be subjected to the critical average force
order formation of adsorbed particles on a substrate, and F¢.
found that the determinant factor for order formation, which(ii) A particlei approaching to the substrate is set above
is common to any value ofa, is neither the potential energy the center of the square with the particle surface-

in adsorbed phase nor the two-dimensional pressure of the substrate distande.
adsorbed particles, but “the one-directional average forcelii) Upon approach a force-distance curve of the particle

acting on an adsorbed partidkg, defined by the following as a function oh is calculated based on the following
equation: scheme considering the balance between the critical
Ng i i i i average forcé=° and the horizontal component of the
Fo= 1 D (|Fx+| + B+ [Fyl +|F —|> , 7) force acting on an adsorbed partigleFl,.
Ng \ iz 4 .

S ' (@ If F,,<F¢, the adsorbed particlgsstay at initial
whereNs is the number of the adsorbed particles & is positions, i.e.] =l
the sum of thex-component forces on particleacting from (b) If Fi(y> F¢, the adsorbed particles are moved, or
particlesj existing on the right-hand side of it, i.e., satisfying the square is expanded to have a side lehgthat
X;>X;. Thus the four terms df' in the numerator means that satisfies the equatiorFLy: FC. With slightly
the forces of all four directions are averaged. The ordered smaller h this calculation is repeated: in other
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words, the square is gradually expanded main- @ , . . .
taining the force F® with surroundings. The T ™ ~ _with adsorbed particles
force-distance relation will be given by E¢L1) ~
. = 10} X .
for each distancé. £ towm xa=5
- ad
(iv) By integrating the calculated force-distance curve, the ; 0
potential energy curve for the particleis obtained. E /
As for the initial side length, detailed examination & -0} / with substrate _
of the structures and pair correlation functions re-
vealed that particle—particle distances of disordered 20 i , .
squarelike parts are by 5% longer than the nearest 0 1 2 3 4
particle—particle distandé of the ordered structure at ®) Wa
0=¢°, and accordingly the initial side length of the 60 y y y -
squarel is set as 1.0%1°. The values of° are sum- 40f ~ ~ ~with adsorbed particles ]
marized in the second row of Table Ill. Here it is 20k N a=1 -

noted that the value off and 6° can be calculated
analytically from the value of the critical average

e

Potential V; [kgT)
<
I

force F¢ based on the particle—particle interaction 20 T
force?? 40t ; ;
/ with substrate
1 C 60 - / 1
[€=—In ) .80 ! L 1
K C C 0 6 8 10
In( + ) ha
(In2C)2 In2C
FIG. 10. Potential curves obtained from the adsorption process mode) for
C xa=5 and(b) ka=1.
+ : (8
C C . .
In + To check the validity of the model, the force-distance
(In2C)?> In2C curves obtained from the above-explained adsorption process
) model are shown as a solid line in Fig. 8 comparing with the
with force-distance data of the last particle obtained from the
2+\3 1 (4mkgTee, simulation. As seen, the force-distance curve#ar5 is in
= 5 FC 2 ) good accordance with the simulation result. Contrarily, the
case forka=1 does not give agreement with the adsorption
+4yQka\? rocess model, but it is still quite reasonable because the
| ot VAN 2 e 2ka). @9 P < au .
1+Qxa rate-determining step for smath is not the adsorption pro-
o cess but the disturbance process as explained in Sec. Il B,
Then ¢° is given by which will be quantitatively modeled later in this section.
7 [ a)? The agreement between the adsorption model and the simu-
= 2—5 12) (10) lation with lagerxa demonstrates the model's quantitative
v

performance. While the present model of the adsorption pro-
Considering the geometric condition shown in Fig. 9, theC€SS S quite simple and considers only extension of the
Fi and the hori- sduare structure caused by the approach of the pattide

force acting on the particlein z direction,F,, : : :
zontal component of a particle F.,, are given by the fol- ¢an grasp the essential point of the last adsorption process
wi

. - xy!
lowing equations:

By integrating the calculated force-distance curve, the
Fi(hl)=4 (_ dEEE(ri'))sna _dEydh) (11) potential energy curve for the last particle is obtained as
2 dr; . dn shown in Figs. 1) and 1@b). The total potential energy,

which is the sum of the potentials with already adsorbed

. dE, (1) particles and with the substrate, has an energy bavtigr
— | - Z=ppVii) : . ’
Fiy(h*l)‘( dr- )cosmj, (12)  \which must be overcome by the particle getting adsorbed
! onto a disordered part to make the structure ordered. Figures
where «;; is the angle of the line between particlieand 10(a) and 1@b) show quite good contrast; fara=5 the en-

from thex axis, andr;; is the distance between the centers ofergy barrier is clearly seen, but faa=1 no distinct barrier.
particlesi andj. Note that the distance; is the function of  The values oW/,qfor variouska are summarized in Table Ill.

h and| and is expressed for a givemas follows: (a) If  For ka=5, 10, and 20V,4is about 10kgT. Considering that
Fy(h,l9 <FS, rij:\ﬂh2+I§/2, (b) If Fi(h,l9>F° an ex- colloidal particles are generally said to be dispersed in a
tended side lengthis first calculated by an iterative calcu- stable state if the interparticle energy barrier exceeds
lation so that satisfiesF’Xy(h,I)=FC with rj; =Vh?+I%/2, and  (10-15kgT, the obtained value XQT seems to be in reason-
then the obtained;; is used in Eq(11). able range. On the other hand, fem=1 and 2,V,qis much
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smaller and would not serve as a “barrier.” As expected fromThen a schematic diagram for the order formation process is
the observation resul{Sec. Il B), for ka=1 and 2, the dis- drawn in terms of the probability as follows:
turbance process to make a disordered part would be the
rate-determining process, and should be modeled to estimate 3 G
the energy barrier for the order formation. P;— P,—[ordered state

The disturbance process, however, is rather complicated . ) )
and difficult to model since the process involves the structurdn the diagram, triangle structures decrease with theagte
change from a triangle to a square. We thus simplify theand squares increase by the decreased amount of triangles
process: the change of the arrangement is neglected and orfjpd decrease with the ratg:
the extension of the sides of a triangle arrangement is con-
sidered in the way similar to the case for the adsorption dPs

process model. We set a regular triangle structure with the — dt CaPs,

side length € of three particles on a substrate and a pariicle

above the center of the triangle, where the particles on a

substrate are assumed to be subjected to the critical average dPy = C3P3 - 4P (14)
force FC. Then we calculate the force acting on the particle dt

approaching to the center of the triangle until the particle o _
elongates the side length of the triangle frtfio the length ~ ThenP(t) is given by solving Eqs(12) and (13):
of the square structurg. The adsorbed particles move only
when the particleé exerts the force with its horizontal com- _
ponent larger thaf®, which is the same condition applied in P(t) = Cam C3{C4 eXpl= Caf) — 3 exp(= Cal)}. (15
the adsorption process model. ] o
The calculated force-distance curves of the disturbance Following the definition of the rate constants, and Ca
process are given also in Fig. 8 as a broken line, whicHnust be proportional to thg frequency of the pgrncles over-
demonstrates that the disturbance model expresses well t§8@Ming of the energy barriery andVyy respectively. Con-
rising part of the force profile observed in the simulationSidering the net energy barrier for a particle in bulk phase
(h/a=2~3 for ka=5 andh/a=5~8 for ka=1). with a certain potential energy,, the frequencyl; for the
Then the energy to elongate the side length fiéno | disturbance process can be expressed as
is obtained by integrating the calculated force-distance

curve. The qbtamed pc.)tentlial enerlyy for five different Ji=n, exp( d b)VB(l_QC)LZ, (16)
values ofka is summarized in Table lll. In contrast to the ks T

result of the adsorption procesdg, for ka=1 and 2 is about

10kgT and larger than that foka=5, 10, and 20. wheren, is number density of particles in bulky/y—V,) is

The above results for the energy barrier for the ordetthe net energy barrier for a particle to overcome the barrier
formation supports the mechanism derived from the observéor disturbing a triangle structure? is the velocity of the
tion: for smallerxa the rate-determining step is the distur- particle due to Brownian random force, at—6°)L? ex-
bance process rather than the adsorption process, and for theesses the area of triangle structures excluding adsorbed
largerka, on the other hand, the adsorption onto a disorderegarticles where particles in bulk can approach. All the or-
part is the dominant process. Consequently, it is probabléered triangle structures are taken into account as the site to
that the mechanism of the order formation is a successivbe disturbed in determining the frequendy and accord-
process composed of the disturbance and adsorption stepsgly, c; is equal toJs.
and the rate-determining process alters depending on the val- Similarly to J;, the frequency for the adsorption process,
ues ofka. J4, is given by the following equation:

Vg~V
J,=n, ex;{ al: = b)vBS, (17

2. Rate process for order formation B

Since we obtained the energy barrier for the order for'whereS(:IZ) means the area of the square structure of the
mation, we can now consider the probabilistic nature of th%lisorderedspart shown in Fig. 9. Here it should be noted that
_order formation process seen in I_:lg$a)3and 3b). Assum- J, is the frequency for particles to get adsorbed onto a single
ing that the process is a sequential process composed Of thesrgered square structure. However, as mentioned above,
disturbance process and the adsorption process, the probalime gisordered parts are observed in the structures near
ity P(t) of remaining in nonordered state &t is given by qered state, and accordingty should be proportional to

P(t) = Py + P, (13) the frequencyl, with a factorc, which means the number of
disordered parts, as,=c,J,.
where P; is the probability for remaining in triangle struc- Further, since the two important factors, the bulk poten-

tures andP, is that for being square structures. Let us definetial V,, and the velocity»®, exhibit certain distributions, the
the rate constant; and c, as measures of easiness for theintegral average over each of the distributions should be
disturbance process and the adsorption process, respectiveigken. Thus finally we obtain
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Simulation model IV. CONCLUSIONS
o — xa=1,$=0001 i . .
. o ﬁzg’ﬁzgigi We have simulated the colloidal adsorption and order
v - — xa=10,4=0.18 formation of particles using a three-dimensional cell with an
< — xka=20,4=026 . .\ .
10 — adsorptive substrate under a specified bulk concentration.
~~~~~ Through examining the dynamics of order formation, the fol-
- 08 lowing conclusions are drawn.
S 06 (1) The order formation is shown to be a stochastic phenom-
=y enon; taking notice of the last adsorption that brings the
£ 04 transition from the structure with incomplete order to
E that with perfect order, the adsorption process is found
0.2 to have an exponential-type distribution of the probabil-
0 e, e ity for the system remaining disordered. This result sug-
10°? 10?2 10" 10° gests that it is difficult to describe the time evolution of

Time 7 (s) surface coverage or to expect the time taken to reach the

ordered state in a deterministic way.

Direct observation of the order formation process re-

veals that the process is composed of the disturbance

process to make up a disordered squarelike part and the

oo | [ Tohrvonlavio e e oo s

; - g step alters
depending on the value afa.
(3) Based on the observation, a model to estimate the en-
, ergy barrier for the order formation is developed, and

C4:C4f f [WOP)g(Vo)da]d V. (18) the comparison of the model with the simulation result
demonstrates that the model is quantitatively effective.
The energy barrier obtained from the model is about
10kgT.

4) A model to describe the probabilistic nature of the last
adsorption process with time is developed and shown to
be quantitatively valid by the comparison with the simu-
lation result, which reinforces the basic mechanism of
the order formation.

FIG. 11. Comparison of the probability for remaining in disordered state
obtained from the present model with that from simulation results. (2)

Here the distributiorg(V,) depends onca and bulk concen-
tration ¢, and the distribution for each condition e& and ¢
was obtained by conducting the simulation of bulk disper-(
sion phase with the periodic boundary condition in all direc-
tions.

Figure 11 compares the probabiliB(t) obtained from
the analytical model with that from the simulations. The pa-
rameterc, was determined so as to give the fit for the simu-
lation result fqua=5, #»=0.03, and the value was abou_t 10 ACKNOWLEDGMENTS
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