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Reversible random sequential adsorption of dimers on a triangular lattice
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We report on simulations of reversible random sequential adsorption of dimers on three different lattices: a
one-dimensional lattice, a two-dimensional triangular lattice, and a two-dimensional triangular lattice with the
nearest neighbors excluded. In addition to the adsorption of particles atki ratee allow particles to leave
the surface at a rat€ . The results from the one-dimensional lattice model agree with previous results for the
continuous parking lot model. In particular, the long-time behavior is dominated by collective events involving
two particles. We were able to directly confirm the importance of two-particle events in the simple two-
dimensional triangular lattice. For the two-dimensional triangular lattice with the nearest neighbors excluded,
the observed dynamics are consistent with this picture. The two-dimensional simulations were motivated by
measurements of €& binding to Langmuir monolayers. The two cases were chosen to model the effects of
changing pH in the experimental system.

PACS numbg(s): 68.45.Da, 61.43:], 64.70.Pf

[. INTRODUCTION esting features. Perhaps the most dramatic feature is the ex-
istence of two very different time scales for the evolution of
A large number of nonequilibrium systems can be quali-the coverage fraction of particl¢s4]. First, there is a rapid
tatively described as a flux of particles impinging on a sur-approach to a coverage fraction that is equal to the jamming
face or line. Two hea\/”y studied models of such Systeméimit. This is followed by a slow relaxation to a Iarger Steady
treat the particles as either fixed in place upon imgeat-  State value. The slow relaxation is understood in terms of
dom sequential adsorptipror as free to diffuse along the collective parking or leaving events involving multiple cars
surface or lingrandom cooperative adsorptigri]. One can [14].
also consider the deposition of particles that are free to des- In this paper, we present the results for simulations of the
orb[2-5]. Some examples of the wide range of applicability reversible adsorption of dimers @h) a one-dimensional lat-
of these models include coating problems, chemisorptiontice, (2) a two-dimensional triangular lattice, ai@) a two-
physisorption, the reaction of molecular species on surfacedimensional triangular lattice with the nearest neighbors ex-
and at interfaces, and the binding of ligands on polymercluded. The one-dimensional lattice mod&R,15-17 was
chains. Jamming is one of the common occurrences in thegd0sen as a test case, and the results are in good agreement
systems that random sequential adsorption models effedvith existing data. In particular, our simulations confirm the
tively describe. Loosely speaking, a jammed system is onénportance of collective parking events in controlling slow
that is locked into a state of partial coverage because diynamics, as seen in Refl4]. The two triangular lattice
adsorbate size or shape. In addition to the various adsorptidﬁOdeB exhibit differences in their time evolution that can be
processes, jamming occurs in a wide range of nonequilibattributed to effects of bond orientation and packing on the
rium situations, including glasses, granular materials, angollective events. The case without nearest-neighbor exclu-
traffic flow [6—8]. In spite of significant progress, no general Sion corresponds to attempting to cover the plane with a
framework exists for the description of jamming phenomenashape formed by two regular hexagons sharing a side. The
A particular realization of random sequential adsorption isnearest-neighbor excluded case corresponds to a tiling of dis-
the parking lot model1,9—14. In the irreversible version of torted hexagons that cover multiple sites.
this model, identical particlegar9 adsorb on a linécurb) at The rest of the paper is organized as follows. Section Il
a rateK™. In this model, the phenomenon of jamming hasdeSCTibeS the details of the simulations. Section Ill presents
been known for some timd]. A certain number of the the results for the one-dimensional model. Section IV pre-
parked cars leave a space that is too small to fit another cafents the results for the two triangular lattices. The simula-
These are referred to as bad parkers. The result is a densfins were motivated in part by experimental measurements
of cars along the curb that is less than 1. The density of car@f the viscosity of Langmuir monolayers. A brief description
reached in the irreversible model is the jamming limit. of the experimental system and its relationship to the simu-
In the reversible version, identical particle=ars adsorb lations presented here is given in Sec. V. The results are
on aline(curb) at a rateK* and leave the linécurb) at arate  discussed and summarized in Sec. VI.
K™~. The removal of cars allows for adjustments in the bad
parkers that relieve the jamming. Recently, there has been
renewed interest in the reversible case because of its success-
ful application to compaction in granular materials when For the one-dimensional simulations, a line of 32 000 par-
generalized to three dimension3]. In this version, the ticles was used. Both of the triangular lattices consisted of a
“parking spots” are voids in the material that can be filled grid of 1000x 1000 particles. To distinguish between the
with particles. The dynamics of the reversible parking lottwo-dimensional models, we introduce the following nomen-
model for large values df =K /K~ has a number of inter- clature. Model A will refer to the triangular lattice without

II. SIMULATION DETAILS
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FIG. 2. Shown here is the coverage fractjoras a function of
FIG. 1. (a) Example of bonds in the one-dimensional lattice the number of iterations for the one-dimensional model. The dashed

model. The sites are represented by the dots, and the incomirlipe represents the evolution fé&¢~ =0. The other curves are for

particles are represented by solid lines. The patrticles form a bondolid line (K=5), open triangles K=40), open squaresK(

between two neighboring sitegh) Example of bonds in model A. =200), and open circlesk(=1000).

In this case, particles can bind any two nearest-neighbor sites that

are not already part of a bon@) Example of bonds in model B. In Ill. ONE-DIMENSIONAL SIMULATION

this case, nearest neighbors of a bound site are not allowed to form

bonds. Examples of such sites are represented by open circles.  Figure 2 shows as a function of the iteration step for

selected values oK=K*/K~. We include the cas& ™

i i ) . =0, which givesp;,,=0.864 74. For comparison, analytic

nearest-nelghpor exclusion. _Model B will refer to the_ t”‘f’m'calculations giVepjam=0.864 66[15,17. The original work

gula_r lattice with neares_t-nelghbors exclude_d from binding.gn the reversible parking lot modgL2] proposed a mean-

Particles are taken to bind to two neighboring sites on theje|d description of the dynamics that can be expressed in

lattice, forming a dimer. The binding occurs at a réteé,  terms of the average density, or fractional surface coverage,

and particles leave the surface at a ratéof p. Both the continuous and lattice versions of the parking lot
At each step in the simulation, a site was chosen at ranmodel were considered. Figure 3 shows the steady state

dom. Then, a random number between O and 1 was convalue of p for the values ofK plotted in Fig. 2. The solid

pared with the ratic */(K*+K™) to determine whether a curve in Fig. 3 is the value fqs(x) for dimers binding to a

binding or unbinding event was attempted. For unbindingone-dimensional lattice, as determined by the following

events, if the chosen site was part of a bond, the bond wasqguation from Ref[12]:

broken; otherwise, no action took place. For binding events,

a nearest neighbor was randomly selected. A binding event p(*)=1—(K /K172, D

occurred only if both sites were allowed binding sites. The

definition of allowed binding site depends on the model. ForThe agreement between our simulations and(Eoconfirms

the one-dimensional and model A cases, an allowed site i1e mean-field prediction for the equilibrium values mf

any site that is not part of a bond. For model B, if either siteHowever, as with the continuous parking lot mofid], the

is part of a bond or the nearest neighbor of a bound sitemean-field description is unable to accurately predict the

binding is not allowed. It is important to note that the num-time evolution ofp. This can be seen in Fig. 2 where the two

ber of new bonds created is directly proportional to the numiime scales controlling the evolution pf are evident forK

ber of allowed sites, which is not the same as the number of

open sites. The number of desorption events is still directly 1.00
proportional to the coverage fraction. The coverage fraction,
p, is defined as the ratio of sites that are part of a bond to the 0.95
total number of sites.

A schematic of each of the model systems with examples 0.90
of bound sites is shown in Fig. 1. It is important to notice the
different spatial structures in model A and model B. In 0.85

model A, complete coverage corresponds to all sites being
part of a bond. In model B, perfect coverage of the system
corresponds to a tile of distorted hexagons that are composed

of both empty and bound sites. This results in a maximal 07 = 100 1000 10000
coverage fractiorp,,,=0.4. For both the one-dimensional
case and model Agax=1.0. In this paperp(c) will des-
ignate the steady state value of the fractional coverage, and FIG. 3. The solid line is the mean-field prediction fgf=) as a
pjam Will refer to p() in the caseK™ =0, i.e., the jamming  function ofK. The symbols are the values pf=) taken from Fig.
limit. 2.

0.80

K'/K
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@ 4(b) and 4c). As these events are expected to dominate the
—=o o o6l o o—o dynamics, one can write the following equation for the evo-
lution of p once the jamming limit has been reached:
®) —e o—B-o-A:oﬁo —s dp/dt=Rpg—Rgp+ -+, 2
[where the ellipsis represents higher-order ter®.t)].
(©) B A C HereR,q and Ry, are the rates of bad to good and good to
—o o--0—90-0 o+ bad transitions respectively, amdo.t are collective transi-
tions for a larger number of particles, and hence, occur at a
(d) B D AE C slower rate.
4 - 0—0-0—0-0% o We were able to track the bad to good and good to bad

transitions during the simulation. This was accomplished by
converting the particle sites to an array of bond locations.
Each location between two sites was assigned a value of 1 if
This illustrates a transition from one bad parker to two good park-a bond_ was pr_esem and 0 if there was no bond. Far example,
ers. The dashed line represents the original bad parker at Ioa!-lmionthe solid Ilneslln Fig. &) .vv_o'uld be represented by the string
that desorbs. Then, the two good park&sndC, adsorb(c) This _1010101. Notice, by definition, between_ any two bonds there
illustrates the two good parkers to one bad parker transition. In thiéS @n Open space, so the completely filled system is repre-
case, the two parkers & and C leave and one attaches at(d) ~ sented by 101010101 . . . Thestring of bond locations was
This illustrates a spatial arrangement that corresponds to a two-téaved at step andi+A. Each bond location was taken as
three particle transition. The two possible bond distributions ardhe initial digit in a seven digit string, and these strings were
given by the dashed lines at sitésB, andC (the good parkejsand ~ compared for steps andi+A. We counted the following

the solid lines at site® andE, respectively. transitions:

FIG. 4. (a) This illustrates the concept of a “bad” parker. The
bond at locatiom is the bad parker, as it leaves two sites frim.

>10. The system rapidly reachps,,, and then slowly ap- 101010%-1001001.

proaches its equilibrium value. AS goes to infinity,p(<)  These transitions correspond to two good to one bad and one
approaches 1, but the time to reach equilibrium approachesad to two good, as discussed in Figés)4and 4b), respec-
infinity. This is in agreement with results for the continuoustjyely. The choice ofA is important. IfA is too small, the
parking lot model reported in Reff14]. _ transitions do not have enough time to complete. For ex-
~ We have found that the explanation of the two distinctample, in the extreme limit of choosini to be a single time
time scales reported in Refl4] applies to the discrete case gtep it is not possible to have multiparticle events, but the
as well. Essentially, collective events are responsible for thegia| number of bound sites can change by 1. Essentially
evolution ofp for p>pjap. In Ref.[14], the authors calcu-  myst e large enough for the multiparticle transitions to have
lated the transition rates for two good particles to one badime to complete. Fon large enough, the recorded number

particle and one bad particle to two good particles and found transitions is essentially independent®f For the data
that these rates account for the additional slow time scales. 'ﬂeported here. we usell=2x 106.

contrast, we directly monitor the transitions as part of the |, sqdition to counting multiparticle transitions, we also

simulation. The reason such transitions result in an additiongkcorged the total change jn Figure 5 compares the actual
slow time scale can be understood in terms of the following, 5 e of p as a function of the number of iterations with the
argument. _ _ _ - _ , value obtained using Eq2) and the computed number of
As discussed in the introduction, whén =0, Jamming paq to good and good to bad transitions. Once the jamming
occurs because of “bad parkers” that leave empty space. FQfiyt is reached, the bad to good and good to bad transitions
the one-dimensional lattice, “empty space” refers to a single;ccount for 94.3% of the change in confirming the general
site that is unable to bond. An examplfa_ is shown in Fi@.4  ijea behind Eq(2). An additional 3.2% of the change jnis
For small values oK, bad parkers initially occur at €ssen- ,ccounted for by considering a single class of three particle
tially the same rate as fat ~ =0 because very few particles yansitions where three good parkers were replaced by two

desorb. Therefore, the coverage fraction for the systemy,ikers and the reverse process. These were counted by con-
quickly approaches a value pf,y,. Even when a value of  gjgering nine digit strings and looking for the transition:
pjam IS reached, the rare desorption event is generally fol-

lowed immediately by a readsorption becalseis so large. 10101010%100101001.

The total number of particles is not changed by these eVent%‘his curve is also plotted in Fig. 5. The spatial arrangement

However, when one bad parker desorbs and two particle : . e 2 - .
adsorb in the opened good locations, then the number qorrespondmg to this transition is shown in Fiddy It is

articles is increased by one. Likewise, if two good parkers portant to note that when bonds exist at sieandE, the
P y : ' 9 P only way to increase the number of bound sites in this region

unbind and one bad parker binds, the number of par_ncles % for two particles to desorb and three particles adsorb at
decreased by 1. Because these events involve multiple PaliasA B. andC

ticle transitions, they occur on a longer time scale then
simple adsorption/desorption events.

For the one-dimensional discrete case, one can identify
the relevant good to bad and bad to good transition that The results of the simulation fgr as a function of itera-
involve only two good parkers. These are illustrated in Figstion step for the adsorption of dimers on a two-dimensional

IV. TWO-DIMENSIONAL SIMULATIONS
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FIG. 5. Shown here is the coverage fractjpras a function of
the number of iterations for the one-dimensional model #nd FIG. 7. Shown here is the coverage fractjoms a function of
=1000(solid curve. The curve is plotted starting at the end of the the number of iterations for model B. The dashed line represents the
jamming limit plateau. Also plotted are two curves that are obtainec@volution forK™==0. The other curves are for crosses=200),
by numerically integrating Eq2) using the coverage fraction at the OPen triangles K=500), solid line K=1000), closed circlesk
jamming limit as the initial state. The dashed line is the result when™2000), closed square&({=5000), and plus signs{(= 10 000).
only the rates for the good to bad and bad to good transitions are ] ) ) o
included in Eq.(2). These transitions are described in Fig. 4. Thetime scales: a rapid approach to the jamming limit and a slow
dotted line shows the improvement at late times by including afelaxation to the steady-state value. This suggests that the
single higher-order transition involving three good parkers convertsame picture of multiparticle transitions will apply to the
ing to two parkers. two-dimensional system. However, in contrast to the one-

dimensional case, the identification of collective transitions
triangular lattice(lmodel A) and on a two-dimensional trian- is significantly more complex for models A and B because of
gular lattice with nearest-neighbor exclusitmodel B are  the number of arrangements due to differing orientations of
presented in Figs. 6 and 7, respectively. For model A, previthe bonds that can produce bad parkers. However, we did
ous simulations have found a jamming limit of 0.9243]. carry out a limited analysis for the case of model A.
Our simulations give a value of 0.9120. For model B, we The method used to track multiparticle events in model A
find a jamming limit of 0.275. Recall that complete coveragewas similar in concept to the one-dimensional case. How-
in this case corresponds po=0.4. We are not aware of any ever, because the bonds have orientation, we compared the
previous work on a model B type simulation. However, byactual sites instead of the bonds for three classes of transi-
appropriately including the empty nearest-neighbor sites irions:
the definition ofp, we can compare to simulations involving

n-mers of length 6 that cover a hexagonal patch. These simu- 011061111

lations find a jamming limit of 0.6847, and our converted 01 11
value is 0.687918]. 109 11
The results for the two-dimensional cases are qualitatively
similar to the one-dimensional case. One observes multiple 10 11
0111
1.00 ——rrrrm—rrrrrr——rrry
In this case, occupied sites are represented by 1 and unoccu-
pied sites are represented by 0. Using sites instead of bonds
0.95 - results in some differences between the methods used in the
two-dimensional and one-dimensional cases. First, the tran-
sitions counted in this manner correspond to classes of tran-
o sitions in the following sense. Because we track sites and not
0.90 bonds, two neareset-neighbor sites can be occupied either
because they share a bond or because of two neighboring
bonds that are at an angle to the line being considered. So,
0.85 LBt vt it o i the first class of transitions includes the transitions that are
10 107 10° 10° 10" exactly analogous to the one-dimensional good to bad tran-
) i sitions. But it also includes multiparticle transitions that in-
number of iterations volve bonds at an angle to the horizontal and that success-

FIG. 6. Shown here is the coverage fractjoras a function of  fully fill the empty sites along the horizontal. Second, the
the number of iterations for model A. The solid line represents thedffset of the 1's and 0's in the second two classes of transi-
evolution forK~=0. The other curves are for solid diamond¢ (  tions are important and reflect the underlying hexagonal lat-
=200), crossesK=500), open square(=1000), open circles tice. Note that because only nearest-neighbor bonding is al-

(K=2000), open triangles K=5000), and plus signs K(  lowed, the diagonal connecting the two zeros in each case is
=10000). not an allowed binding site. Finally, for the two-dimensional
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FIG. 8. In this figure, the curves are the coverage fracpon time (h)

versus number of iterations for model A. A reduced grid of 600 by

600 was used to facilitate the counting of collective events. The FIG. 9. In this figure, the solid points are taken from Fig. 2 in
dashed line is the result of the simulation #=5000. The solid Ref.[24]. They are the viscosity valugkeft-hand axi$ versus time
line is the result obtained by tracking two-particle events and inte{bottom axig for pH=5.5 and a C&" concentration in the subphase
grating Eq.(2) starting at the jamming limit. The symbols are plot- of 0.65 mM. The solid curve is the simulation data for model A and
ted against the right-hand axis and give the ratio of the change in K=500. Plotted here is coverage fractipifright-hand axisversus

as computed by the two methods. The agreement between the twawmber of iterationgtop axis.

methods is excellent until approximatelyxA0® steps. At this

point, the contrl_butlon to the dynamics of two-particle events de'the degree of ionization of the fatty-acid headgroup. At low
creases dramatically.

values of the pH, essentially all of the fatty-acid molecules

are neutral, and the €4 ions do not bind. As the pH is

case, we exploited the hexagonal symmetry of the problem, - eased, an increasing number of fatty-acid molecules be-
and multiplied the rate for the first type of transition by 3. ., 1o charged, and the Caions are free to bind to the
The rates of the second two transitions are multiplied by 3/2monolayer. '

to account for double counting. The value dfwas chosen The possible relevance of models A and B to the fatty-

in a similar fashion to the one-dimensional case and correzciqg monolayers is based on viscosity measurements as a
sponded to a constant interval &p=0.005.

: _ ) function of time in the presence of €a for the hexatic
The results fop as a function of the number of iterations phase of a particular fatty acj@4]. Figure 9 reproduces one

and the value op computed from Eq(2) using just these gt of data from Fig. 2 of Ref24], illustrating a typical time

three classes of events defined above are plotted in Fig. &olution of the viscosity. The viscosity increases 3 orders of

One striking feature of Fig. 8 is the fact that the two-particle 5 gnitude over 15 h. The time evolution can be divided into
events we identified account for nearly 100% of the dynamy,ee distinct regions: an initial rapid rise in viscosity within

ics O,‘;'m” the number of steps reaches approximately Zpe first hour, a slower rise in viscosity covering 5 to 6 h, and
X10°. At this point, the coverage continues to grow, only 5 fing| even slower rise in viscosity. For comparison, the

there is essentially no change due to the identified tWOgompyted fractional coverage pfis shown in Fig. 9 versus
particle events. This strongly suggests other two-particlgne nymber of iterations. In this case, we have used a linear
events or higher-order events involving more than two pargcgje for the number of iterations. The previous plots all used
ticles are becoming important. a logarithmic scale. The time evolution of the’Cabinding
exhibits the three general regions present in the viscosity
V. POSSIBLE APPLICATION data, and as such, provides a natural explanation for the ef-
TO LANGMUIR MONOLAYERS fect. . .
There are a number of points with regard to the connec-
An obvious question is do the triangular lattices consid-tions between the model and the monolayer experiments.
ered here apply to any experimental systems? There is indiFhe simulations are consistent with the fact that previous
rect evidence that the models discussed here are relevant neeasurements of €a binding do not observe multiple time
the binding of C&" ions to a Langmuir monolayer. Lang- scales. In the simulations, the interesting change in coverage
muir monolayers are composed of insoluble, amphiphilicfraction occurs at late times, while in the experiments, only
molecules that are confined to the air-water interfet®@.  relatively early times are considerg2P]. Also, the fact that
They exhibit the usual gas, liquid, and solid phases, as welhe experiments agree reasonably well with equilibrium cal-
as a large number of two-dimensional analogs of smecticulations[23] is not surprising because the late-time changes
phase$20]. Many of these phases are hexatic, with the mol-in p are relatively small in the simulations. Therefore, longer
ecules locally arranged on a distorted hexagonal latticeexperiments with more precise measurementy @re re-
When C&" is present in the water, it can bind two fatty-acid quired to directly observe the effects predicted by our simu-
molecules together. This substantially alters a number of thiations. This discussion naturally leads to the second point:
physical properties of the monolayer, such as the lattice spattow do small changes in coverage fraction produce large
ing and the viscosity21]. Existing measuremen{®2] and  changes in viscosity? Aad hoc model that is capable of
models[23] of C&" binding have focused on the equilib- explaining the large viscosity rise assumes that the viscosity
rium coverage fraction. However, the measurements have fas proportional to 1/A—p), where A is a constant deter-
cused on time scales @ h or less. The coverage fraction mined by the equilibrium coverage fraction. This model is
depends strongly on pH, which is understandable in terms dfased on the idea that the fluiditthe inverse of the viscos-
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ity) is proportional to the number of unbound sites. Clearly,value is reached, and the coverage plateaus again.
both more careful direct measurements of the coverage frac- In contrast, one can imagine more complicated dynamics,
tion versus time and a better theoretical understanding ofuch as multiple plateaus in the time evolution, occurring
the connection between viscosity and coverage fraction arghen collective events involving three or more particles are
needed. important. For example, Fig.(d) illustrates the existence of
The final two comments concern possible refinements o§patial arrangements of unbound sites that cannot be cor-
the adsorption model when applying it to the monolayer sySrected by two-particle events. In model A, Fig. 8 shows that
tem. In this paper, we considered the two cases of binding e two-particle events are not capable of bringing the sys-
any open pair of sitegmodel A and binding with nearest- e 1g its steady-state value, as they are no longer contribut-
neighbor exclusionémodel B because they are simple casesing to the dynamics at late enough times. This suggests that
with different geometric arrangements. The correct detailegy,o remaining unbound sites occur in spatial arrangements
description of the Langmuir monolayer system is certainlyihat gre analogous to those in Figd# Multiple plateaus
more complicated than either of these. However, as menqoy|q arise in the extreme case where the transition rates for
tioned, the degree of ionization of the monolayer is pH deyo_particle and three-particle events are sufficiently differ-
pendent. To zeroth order, model B is a reasonable desCrigsnt This would occur as follows. The two-particle transi-
tion of a monolayer that is only partially ionized for two tions would drive the system to some valge in a given
reasons. First, for a partially ionized monolayer, if a particu-me t. If t was small enough compared to the three-particle
lar site is available for binding, it is highly unlikely that any yansition rate, the system would stay st until the three-
of the neighbors will be available as well. Second, thepaicie events contributed to the dynamics.
steady-state values of found in model B are in reasonable * |gentifying the existence of multiple plateaus is extremely
agreement with measurements of the values fported for  cpajlenging. First, the steady-state valuepaust be suffi-
monolayers for pH between 5 and B3] ... . . ciently large that at late times the unbound sites are arranged
__ The second refinement concerns lateral diffusion of'Ca i sch a way that two-particle events are ineffective. This
ions once they have bound to the monolayer. Inclusion Ofiypjies a sufficiently high value of. However, this in turn
diffusion should not substantially alter the qualitative resultsyih gecreases significantly the rate of collective events and
presented here, but it would effect the quantitative interprecreases the time to reach steady state. For models A and B,
tation of the rate constant<™ and K™. One can model \ye have indirect evidence of multiple plateaus. In both cases,
lateral diffusion of C&" as the unbinding of a Ca from  the coverage fraction fok =10000 appears to be leveling
one of the monolayer molecules followed by a rotationgff at 3 value that is lower than the apparent steady-state
around its remaining bond and subsequent binding to anothgges fork =500, in the case of model A, ariti= 200, in
available site. However, this process could also be viewed a$,e case of model B. In principle(=) should approach one
a complete unbinding and rebinding at a neighboring sitgqr 0.4 for model B asK approaches infinity. Therefore, the
with a renormalized rate constant. In addition, forto pepayior fork =10000 suggests the beginning of a second-
evolve in time, diffusion would need to be coupled with oy piateau. Unfortunately, as discussed, the time required to
additional binding. This would result in rearrangements that, -hieve steady-state increases withand we do not have
are completely analogous to transitions from one bad parkeg ticient computing power to determine if this is a true in-

to two good parkers. Therefore, even with diffusion in thegrmediate plateau foK =10000 or if this is actually the
plane of the monolayer, the basic physics remains the SaMgieady-state value.

Jamming will still occur, and the slow relaxation of the bad | is clear that both analytic and more numeric work is

parkers due to cooperative behavior will result in the slowhee e 1o fully explore the effects of higher order transitions.
time scales. Identification of the higher order terms in E@) is an im-
portant step in this process. An exhaustive identification of
all possible transitions is beyond the scope of this paper;
however, Fig. 10 identifies a small subset of transitions that
Equation(2) provides a means of expanding the dynamicsillustrates why one would expect differences between models
in terms of collective events that occur on slower and sloweA and B for large enough times or large enough valuek.of
time scales. We were able to directly confirm this in the Figure 1Qa) shows a set of transitions for model A, and
simple situation of the one-dimensional model and for theFig. 10b) illustrates the equivalent ones for model B. In both
two-particle transitions in model A. For the one-dimensionalcases, there exists at least two different classes of transitions
case, two-particle events were sufficient to describe the dythat turn two good parker@abeledA, B, andC in Fig. 10
namics of the system, as was found in the continuous modeinto one bad parker. For model A, & and C desorb, then
This results in two plateaus in the time evolution of the cov-there are two possible sites that result in a bad parker, and
erage fraction. Single-particle events, dominated by adsorpgwo possible sites that result in the reestablishment of a pair
tion, rapidly drive the system to the jamming limit. Processeof good parkers. But, ifA and B desorb, then the situation
involving two particles are slow enough thatplateaus for reverts to the one-dimensional cade.one dimension, after
some time. The length of this plateau is controlleddhyasK  two good parkers desorb, bonding to one out of the three
ultimately determines the rates of multiparticle transitions.open sites corresponds to the creation of a bad pddes
The larger the value oK, the longer the system remains at Fig. 4(c)].) For model B, ifA andC desorb, then there are six
the jamming limit. After enough time, the two-particle pro- possible sites that result in a bad parker, and six possible
cesses have a sufficiently large contribution to the dynamicsites that result in the reestablishment of a pair of good park-
thatp increases at a noticeable rate until the true steady-statrs. This results in the same probabilities as in model A.

VI. DISCUSSION
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(a)

PRE 61

have directly confirmed the importance of multiparticle tran-

© o o o o o o sitions for governing the late time behavior in two of the
=g T e = models. The behavior of the third model is consistent with
—* ¢ ° o 0, the other two. We discussed the implications of a description
PP : of the dynamics in terms of collective events. For the right
e o o o o o o ratios of transition rates, one would expect to observe mul-
B & » = @« & & & tiple plateaus. There is a suggestion of intermediate plateaus
—4 & 6—8 © o—s in our system, but computational limits prevented any con-
g o o 8 o o 0 clusive evidence. One alternative method for finding mul-

tiple plateaus would be to consider different particle shapes
as a means of adjusting the relative rates of multiparticle
transitions. Finally, we presented the possible relevance of

[ ] [ ] [ ] [ ] [ ] [ )
—e o o—o o o—o the model to the binding of ¢a to Langmuir monolayers.
[ ] [ ] [ ] [ ] [ ] [ ] [ ]

We showed that the jamming and subsequent slow relaxation
of the binding of C&" ions is a strong candidate for the
FIG. 10. This figure illustrates collective events in the two- source of the long-time scales observed in the viscosity mea-
dimensional modelga) Initially, there are particles at the locations surements. There are experimental and theoretical details that
labeledA, B, andC. There are two possibilities. K andC desorb,  require further exploration, including direct measurements of
the open circles represent the now available site& dfidB desorb, the C&* coverage fraction, modeling of the dependence of
the open circles af\ and the gray circles are now the available viscosity on CA" coverage fraction, better modeling of pH
bonding sites(b) Again, particles are initially at the locatiods B,  effects, and both measurements and modeling of lateral dif-
andC._If A andC desorb, the open circles. represent the now avail-fsion. However, given how well the model presented here
able sites. IfA and B desorb, the open circles &tand the gray  cq51res the time scales present in the viscosity data, such

C|rcl_e_s are now the ayallable bonding sites. In this case, there iS 8fture studies should prove extremely fruitful.
additional available site because of the nearest-neighbor exclusion.

However, in theA to B case, two sites are available for bad
parkers, and two sites are available for good parkers. There-
fore, the chance of two good switching to one bad is in- We thank Amy Kolan for bringing the parking lot model
creased. Because differences in transition rates may affetd our attention, and Chuck Knobler and Robijn Bruinsma
the length of any additional plateaus, detailed calculations ofor fruitful discussions. This work was supported in part by
these rates are needed for a fuller understanding of the po#iie NSF through Grant No. CTS-9874701. Acknowledgment
sible dynamics. by M.D. is made to the donors of The Petroleum Research

In conclusion, we present results of simulations of theFund, administered by the ACS, for partial support of this
reversible parking lot model for three different lattices. Weresearch.
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