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Surface diffusion of long chainlike molecules: The role of memory effects
and stiffness on effective diffusion barriers
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We study the coverage dependence of surface diffusion for chainlike molecules by the
fluctuating-bond model with a Monte Carlo dynamics. The model includes short-ranged excluded
volume interactions between different chains as well as an intrachain bond angle potential to
describe the chain stiffness. Our primary aim is to consider the role played by chain stiffness and the
resulting memory effects in tracer diffusion, and in particular their role in the effective tracer
diffusion barrierEj, extracted from the well-known Arrhenius form. We show that the memory
effects in tracer diffusion become more pronounced at an increasing coverage as a result of packing
requirements. Increasing the chain flexibility furthermore has the same overall effect as increasing
the chain length, namely, they both increﬁr@ We then analyze the influence of memory effects

on E,E and find that, for a single diffusing chain, about ZO%Emifarises from temperature variations

in the memory effects, while only the remaining part comes from thermally activated chain segment
movements. At a finite coverage, the memory contributidEIlris even larger and is typically about
20%—-40%. Further studies with chains of different lengths lead to a conclusion that, for a single
diffusing chain, the memory contribution E\X decreases along with an increasing chain length and

is almost negligible in the case of very long chains. Finally, we close this work by discussing our
results in light of recent experimental work as regards surface diffusion of long DNA molecules on
a biological interface. ©2000 American Institute of Physid$S0021-9606)0)70110-3

I. INTRODUCTION dence of the tracer diffusion coefficient, which is character-

surf diffusi | fund tal role i . _ized by the diffusion barrieE, extracted from an Arrhenius
urtace diffusion plays a fundamental Tole I varous, .\ s - Molecular dynamics simulatign®t1216.17 gand

physically and technologically important processes such asxperiment?‘zzhave revealed that diffusion of short chain-

chemical reactions in the purification of exhaust gases an . .
. ; . ike molecules can often be described by the Arrhenius de-
surface growth for the semiconductor industRincreasing - . .
scription. Unfortunately, however, the actualicroscopic

effort has therefore been devoted to understand the bas(l)cr. s of the effective activation barrier are poorlv under-
principles that govern diffusiofi.® In the case of diffusion of g1 v vatl ! poorly u

single atoms at very low coverages, significant steps forwaratOOd' Supposedly the diffusion barrier is somehow related to

have indeed been made. One example of this progress is tI%teractions between the chain and the substrate as well as
experimentdif‘ and simulétion work® that has established a interactions between the chains themselves. However, since

considerable understanding of various mechanisms by whicfonsecutive displacements of chain segments are correlated

single atoms diffuse on solid surfaces. However, in spite ofNd these dynamical correlatiofraemory effectsare tem-
the progress in the single-atom case, much less is knowherature dgpen@e?ﬁ,thg memory effects are also conFrlbut—
about surface diffusion of more complex particles such adnd t0 the diffusion barrier. In real systems all these different
chainlike molecules. This is mainly due to the complexity ofcontributions are mixed altogether, and therefore a micro-
these molecules, which gives rise to complex diffusionSCOPIC interpretation oE is very difficult to make, if pos-
mechanisms that involve coupled translational and rotationadible at all. In this respect, studies of model systems can
degrees of freedom as well as a strong dependence on thgovide a great deal of insight into the understanding of the
molecular size, molecular shape, the coverage, and the migiffusion barriers.
match between the molecule and the surfac&Most work The purpose of this work is to systematically consider
done so faf % has focused on the diffusion properties of the surface diffusion of long chainlike molecules over a wide
short, single molecules. Nevertheless, it should be stressaverage range. Our primary aim is to assess the importance
that in various technologically important processes that inof memory effects in the diffusion barriers of chains, whose
volve thin films, such as lubrication and coating, one is in-stiffness is varied between stiff and flexible regimes. Obvi-
terested in many-chain diffusion of long molecules, which isously, this would be a very tedious task if done by molecular
obviously a much more complicated issue. dynamics. The fluctuation-bond moé®f®> employed here,

Of special interest has also been the temperature depehewever, suits for this purpose very well. In this model, a
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number of structural unitécorresponding to the persistence FB model has been successfully applied to a number of prob-
length in a real linear molecule are replaced with a singlelems in many-chain system3jncluding studies of dynamic
model segment, which allows an efficient mappififrom  quantities such as diffusion and viscosify’}=33

a real chain to a coarse-grained model system. We employ Concerning the interactions, the exclusion rules lead to
this model to a study of tracer diffusion via Monte Carlo an entropic repulsion between the polymers and to a cover-
simulations, when the chain stiffness is controlled by an in-age dependence of the collective diffusion coefficiérit in
trachain bond-angle potential. Using a formal decompositioragreement with experimental observations for some polymer
of the tracer diffusion coefficierd1,?>?”we then extract the systems*3°In this work, we have complemented the exclu-
contribution of memory effects from the data as contained irsion effects by adding diredntrachain interactionsthat

the corresponding correlation factor. For stiff as well as flex-govern thestiffnessof a chain. To this end, we have used the
ible chains, we find the memory effects to manifest them<ollowing Hamiltonian:

selves as back-correlations; i.e., after an initial movement, a N Neg-2

chain segment tends to move backwards towards its previous E - iz 2 cose; | (1)

site. This effect increases in the presence of other chains, KgT keTi=1 =1 R

which leads to an overall conclusion that the memory effect

become more important with an increasing coverage. _As f ressed in terms of the angfe; between neighboring bonds
as the temp_eratL_Jre dependence of memory effe_cts |s_coj {from segmeng to j+1) andj+1 (from segmenj + 1 to
cerr_1ed, we fmd its role to be most pronounced in flex_|blej+2) of chaini such thatg; ;=0 if the two bonds are in
chams. Ir) th'? case, up to. abqut 40% of the effective dlffu'paraIIeI. Dynamics is introduced in the model by Metropolis
ston t.)arne'rEA of tracer diffusion anses from temperature e of single segments, with a probability of acceptance
variations in the memory effects, while only the remaining

. from th by activated ohai X min[e 4eft/%sT 1], whereA H, is the energy difference be-
part comes from thermally activated chain segment Move aan final and initial configurations for acceptable moves,
ments. In stiff chains, the memory contributionB, is less

. . .. for which site exclusion and bond length restrictions must be
prorpuncedl but still of the o'rde.r of 20%. Further studies W't_hsatisﬁed. Use of Metropolis moves to simulate dynamics has
chains of different lengths indicate that the memory contri-p . riticized in the past because this technique does not
possess all the mathematical properties required to generate

Where J is the interaction strength, and the cosine is ex-

bution in EX also depends on the chain length. In both flex-

ible and stiff chains, this contribution decreases along Witrkompletely realistic dynamic¥.In this regard, the Kawasaki
an increasing chain length and is almost negligible in thedynamics would be preferabfealthough its acceptance rate

I|m|t of very long chalps..FlnaIIy, we close th's work by is not as high as the one in Metropolis dynamics. Therefore,
discussing our results in light of recent experimental fata to make sure that the Metropolis dynamics chosen in this

as regards two-dimension@D) diffusion of very long DNA work is a justified approach to study qualitative aspects of

molecules on biological interfaces. the motion of chainlike particles, we have repeated some of
the calculations for tracer diffusion using Kawasaki dynam-
Il. MODEL POLYMER SYSTEM ics. We have found that this approach gives results qualita-
tively consistent with those obtained by Metropolis moves.
We consider a model of long chainlike molecules on  The time scale in the simulations is defined as one
smooth surfaces. The chains are modeled by the twoMonte Carlo step(MCS), during which one attempts to
dimensional fluctuating-bonB) model?*?® in which the  move each segment of all chains once on the average. All
flat substrate is discretized such that each of the segmentiansitions are between nearest neighbor sites. The simula-
occupies four lattice sites, whose double occupancy is fortions were started from a random initial configuration in
bidden. The coverage is therefore defined &  which all exclusion rules and bond length restrictions are
=4NNgg/L?, whereN is the number of chains aridis the  satisfied. The system was then equilibrated with laligT
linear size of the systenNgg is the number of segments in by letting the system evolve for a long time, during which
each chaifmonodisperse cagevhich in this work is varied we followed the temporal decay of various quantitigsach
between 3 and 108. Studies at a finite coverage were car- as the end-to-end distance of chains and the energy of the
ried out withNgg=5, while longer chains were examined in system towards their equilibrium values. Typically about
the case of a single diffusing chaisee Sec. IV ¢ Periodic  10*MC steps were needed to get to equilibrium, although in
boundary conditions are employed. The bond lengihde-  practice considerably larger equilibration times were used
tween two neighboring segments in a chadine allowed to  (especially for largeNgg and larged). The configuration ob-
vary in the range Zb,< /13 in lattice units, where the up- tained in this fashion was then used as an initial configura-
per limit prevents bonds from crossing each other. Withtion in a system with smalled/kgT, which in turn was
these restrictions each segment can occupy 36 different laeéquilibrated in a similar way.
tice sites and there are 28 different bond angtes|0,m), In the present study we will concentrate on the coverage
thus yielding a reasonable approximation for the continuundependence dD; (defined in Sec. 1Y with various degrees
behavior?® Furthermore, in the limit of only a single poly- of stiffness, which is essentially determined by the ratio
mer, the tracer diffusion follows Rouse dynami¢®;  J/kgT. For large values od/kgT, the chain acts like a rigid
~1/Ngg, describing polymer motion in the absence of hy-rod, while small values correspond to a flexible chain which
drodynamic interactions and entanglemgniss desired® s acting like a self-avoiding random walk. Further decrease
Being also numerically very efficient, it is no wonder that theof J/kgT to its negative region leads to a collapsed chain. In
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the simulations, we fix the temperature to a certain value 1.0 T T
(say,kgT=1) and then vary the chain stiffness in termsJof J”;B;;
In studies of Arrhenius behavior with various degrees of 08 f—a—u—a—a—a" 200
chain stiffness, in turnJ is held constant whilekgT is oo " 333 |
slightly varied around its chosen value. v~ o o——o—o 250

We now wish to comment on a few practical choices 045 s —a—a—0 200
made in the present model approach. The key point is to m 1.67
simplify the system as much as possible, since otherwise 02 125
studies of dynamic quantities such as the diffusion coeffi-
cient in a many-chain system with long chains would simply 0.0 y '

. . . 0.0 0.25 0.5 0.75

be out of reach. Therefore, the first choice we have made is
to neglect direct interchain interactions. This assumption is 0

; ; : ; 9-21

in accord with experimental studies ofalkanes.’"*'where  Fig. 1. Results for the orientational order paraméaf single chains vs

one concluded that interchain interactions are relativelycoverages, when the chain stiffness is controlled in terms of the ratiasT

weak. The second simplification concerns the absence of irfrom the flexible regime J/kgT=1.25) to the stiff one I/kgT=5).

teraction between the substrate and the adsorbate. This is not

a major problem either, however, since for long chain mol- . . . . .
jor p g cgom orientations in the limid/kgT— 0. For perfectly linear

ecules the mismatch between the molecule and the SUbStracﬁains we geS=1 after a proper normalization of E¢R).

becomes so pronounced that the substrate potential felt by R . .
: 516 Results shown in Fig. 1 confirm our expectation that the
the chain molecule becomes less and less corrugatéd® : : . . : :
orientational order of single chains is mainly determined by

This is often the case in physisorption systems, and it ha; e ratiod/kgT. This is in agreement with a previous stutly
also been observed in cluster diffusion on a solid substfate. ; . B greer mnap . '
in which one used a harmonic bending potential to study

The adsorption of segments of long chains is therefore delo'emiflexible polymers. This approabbf replacing cos, in

calized, which in the present model is reflected in the facEq (1) with ¢2.] relatesd/ksT to the persistence length of
. O

that the lattice sites occupied by the segments do not corre- . S . i .

. . : Single chains, which indeed is a measure of orientational

spond to real adsorption sites but are rather an effective rep- . ; ! . : :

. ) . order of single chains. We find that, for stiff chains, an in-
resentation of the chain motion on a plate.

We conclude that the present approach of using the Flﬁ:ease in the coverage leads to an increa&elinis plausible

. - e at this is due to orientational ordering of different chains,

model in characterizing the tracer diffusion process does nat , . : : ]
. . -~ Which tend to pack themselves in a regular fashion, and is
account for all microscopic degrees of freedom but is a

coarse-grained approach, whose aim is to desareric supported by configuration snapshots in Fig. 2. The behavior

DA . . : is different in the case of flexible chains, wheBdends to
featuresof diffusion of many-chain systems in a relatively . . . :
; - decrease slightly v8. This seems to be a fingerprint of very
simple and efficient manner.

flexible chains that tend towards a rounded shape, skge

is also found to decrease with an increasing coverage. Nev-
ertheless, in both limits we find that the tight packing sup-
lll. STATIC PROPERTIES presses thermal fluctuations in chain conformations and thus

. L . . . . affects the orientational order parameter. Therefore, it is rea-
This section is concerned with static properties of chain P

) o nabl X hat th king requiremen Iso influ-
structures that arise from the Hamiltonian in Ed). Thus sonable to expect that these packing requirements also influ

. . . i hai i ions. This i i ifi h
we aim to analyze the phase behavior, which then acts aseance Interchain orientations 's idea is quantified by the

basis for understanding the dynamics discussed in Sec. I\?rlentanonal correlation function.

We expect that the absence of interchain interactions in the C(r)=(2 co$ a—1), 3)
.Hamlltoman. !eads t,° a liquidiike phas_e, which is Ch_araCt,er'wherea is an angle between the backbones of two distinct
ized by positional disorder of the chains. However, just like

in liquid | L , | h ; , Ichains, whose centers of mass are a distanapart. C(r)
In liquid crystals or Langmuir monolayers, the orientationaly, ¢ jescribes the decay of interchain orientational order vs

order of singl_e chains _at high coverages may lead to Orien(:iistance. Results foE(r) are consistent with previous con-
tational ordering evenina I|qU|dI|_ke _system. , clusions, namelyC(r) of flexible chains decays very rapidly

. To chargcten_ze the order of individual chains, we €OM"and the orientational order between different chains dies out
sider the orientational order parameter, the more rapidly the larger is the coverage. In stiff chains, on

Neg—2 the other hand(short-rangg orientational order is consider-

N2 2 (2 coS ¢ — Sim). (2)  ably more pronounced and it increases with an increasing

FB coverage. To quantify these results in a simple manner, we
where ¢; is an angle between bonglendj+1 in a chain, show in Fig. 3 the correlation lengthas extracted from the
and() denotes a configuration average at a coverage studiedsymptotic (intermediat¢ behavior C(r)~exd —(r/&?].*
The quantityS;, is the athermal limit of 2 cog ¢j). Incon-  This allows us to summarize the present section by conclud-
tinuous systems with no self-avoidance between chain segng that there are two distinctly different regions. For stiff
ments,S;,, is simply one. In the present discrete case, how-<chains, orientational order becomes more pronounced with
ever, one obtains a coverage dependgptwhich needs to an increasing coverage, while flexible chains favor a de-
be calculated separately. This guarantees 830 for ran-  crease in order. Both regions are yet liquidlike.

S=
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(a) 6=0.1 which accounts for all the diffusing chaimns-1,...N, and is
J7 kT =1.25 J/ kT =5 defined in terms of their center-of-mass position&) at
03 7 70 = < time t. We note that in gener& is a tensor quantity. Since

60 60 diffusion in this system is isotropic, we use a simple scalar

50 ‘VSL\ \ 50 / \ notation.

> 40 < Jd = 40 / - / Within the lattice-gas description, which is the case in
(( \// [ the FB model, a formally exact way of describing the tem-
30 ™~ ( - D 30 \ perature and coverage dependent tracer diffusion coefficient
20 —~ N P J/_ D(6,T) is to write it ad2~**
b P e
1010 20 30 40 50 60 70 1010 20 30 40 50 60 70 a2
x x Dr(6.T)= 7 (0. Dfr(6,T), )
J/ kT =125 () 6=06 I/ kgT=5 \évhelre a=1is theﬂl(engt)h of ri]ndividual(nearest neighbor f
70 70 isplacements andl (0, T) is the average transition rate o
60 %V{QQV\E?.\/@} 60 %yfgsyiff_ the center-of-mass of a chain. In other words, given a chain
mg{ i’}_;{- 4’-”,_ \‘J-/T-/ | oS~z whose individual segments attempt to make displacements to
30 }v%;/_}z%a\ﬂ 50 “) é//'%’?( neighboring sites]" is their average success probabifity.
> 40 '\“'/DL\K(\?DQJ{ > 40 /_)/7—\::_}"\/\/\/ The term f{(6,T) is a correlation factor containingll
30 §>L\’;/>:|\,\f\ﬁ‘l(,) 30 \%‘§// }///-)/ memory effects that arise from intrachain and interchain in-
20 2 \é’i{" < JC/C’ Ve 20 \///J\\_’/r_-J // Jl teractions, and essentially describes the extent of correlations
10 A W AY 1o W2 L A= between transitions, when the chain moves by a series of
10 20 30 40 50 60 70 10 20 30 40 50 60 70 local chain displacements. In previous studies, substrate vi-
X X brations have also been shown to give rise to memory effects

FIG. 2. Demonstrative configuration snapshots of the model polymer systhat affect the mOtion of a s?ngle adatom such that it can no
tem at a coverag@) 6=0.10 andb) #=0.60, with two degrees of flexibility  longer be considered as a simple random wafé Since the
(J/kgT=1.25 andJ/kgT=5) when the number of segments is chosen assubstrate is static within the lattice-gas approach, these
Neg=5. Note that the figures are snapshots of a larger system and thLﬁ1emory effects are not included fi(6,T)
periodic boundary conditions are not seen correctly. . . Lo
The correlation factorf is very difficult to calculate
analytically for an interacting system, and thus numerical
simulations have usually been employ@ée discussion and
references in Ref. 27 The approximation wheré;=1 is
called the dynamical mean fieldMF) theory for D;.3344
This corresponds to a situation where all movements of chain
IV. TRACER DIFFUSION OF CHAINLIKE MOLECULES segments are clompletelly uncorrelated. In pre;vious stud.ies
_ _ _ o for athermal chains and in the presence of a direct attractive
We consider the motion of a single tagged chain in thenteraction between different chains, we have fotirttiat
presence of other chains as a function of the covetag®r  the DMF approximation yields a qualitatively correct de-
fixed coverage in the hydrodynamic regime, it is characterscription for the collective diffusion coefficient>*® while

In the remaining part of this work, we study coverages
6<0.6 in which these conclusions are valid.

ized by the tracer diffusion coefficient in tracer diffusion the DMF approach does not work as well.
1 N Here we use the decomposition in H&) to estimate the

Dr=lim —— > (Iri()=ri(0)|?), (4)  importance of actual memory effects via the correlation fac-

1w ANT=1 tor f1 and the importance of memory effects in the effective

diffusion barriers.

A. Overall behavior of D and memory effects

12 T
e The tracer diffusion coefficierD and the ratd” were
] numerically computed throughout the coverage range with
various ratiosJ/kgT. The results forD; and al'/4 are
w ] shown in Figs. &) and 4b). We first observe thab; de-
6l A_A/A/A/A/A creases with increasing coverage. This behavior simply re-
flects the blocking effect of sites occupied by other chains
4l Dﬁzg/—i i and is in agreement with recent molecular dynamics simula-
tions of n-butané”!® and n-hexané® molecules, and with
. . experiments on 2D diffusion of DNA oligonucleotides on
00 0325 05 075 coated glass platéé:*® Another and more interesting obser-
0 vation is thatD and the DMF approximation®I'/4 are not
FIG. 3. Results for the correlation lengétes it comes from the interchain in good agreement. This |mpI|_es that the memqry effects m
orientational correlation functiof(r) with Neg=5. The results fog are  th€ present case are of great importance. This is reflected in
given in lattice units. the correlation factorf+ shown in Fig. 4c). Unlike in the

& J/kyT=250
10| O s/kT=167
O J/kT=125
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0.03 T o Jeroo studies. In this context, it is often assumed that the effective
@) | § b1zt activation barrierE,I of tracer diffusion arises entirely from
0.02% o A J/kT=5 the thermally activated nature of chain movements. How-
~ 4 o ever, one needs to keep in mind that the diffusion process
Q . o arises from the motion of various individual chain segments,
001 . § i whose displacements are obviously correlated as is evident
‘ ﬁ 8 § from the previous section. Therefore, the temperature depen-
0.0 L L dence of the corresponding correlation fadtef6, T) results
' g b0 in an additional contribution t&} . This is indeed the case
0.15 b (b) o jﬁ’,ﬁzﬁfi's in our model system as shown in Figcht wheref; dem-
N2 A - onstrates a significant dependence on the chain flexibility via
a 01k & N 3 § 8 . J/IkgT (note the differences between adjacent curves
s ¢ a @8 8 To characterize the importance of memory effects in the
0.05 & observed activation barriers, we follow the common practice
in defining the effective tracer diffusion barri&) as the
O-OA : ol —= local slope ofD in an Arrhenius plot,
t © |8 wirss p
0.16 Q A J/kyT=5 EX( 0)=— mln D1(6,T). (6)
Lozt 1
ﬁ In a similar fashion, we define a displacement rate barrier
0.08 8 8 . E,E(a) as the local slope of IA(6) vs 1kgT. Within the
] 8 lattice-gas description, the effective tracer diffusion barrier
0'040 0 0 '25 0'5 075 therefore comes from two distinct sources,
9 EA=EA+EL, 7

FIG. 4. (a) Results for the coverage dependence of the tracer diffusio
coefficientD+ with various degrees of chain stiffne€¥ kg T ranging from
1.25 to 5. (b) Corresponding results for the DMF approximatafi /4, and

(c) the resulting correlation factdr; [see Eq(5)]. Results for the athermal
case (/kgT—0) are also given for comparison purposes.

"Where it needs to be emphasized tEéT should not be in-
terpreted as an actual “activation barrier,” sintgis not a
thermally activated quantity. RatheIE,LT just describes the
temperature dependence of the correlation factor.

The effective barrier& y andEL are shown in Figs. )
and 3b) with various degrees of flexibility. The qualitative

case of adatom diffusion, whefg tends to one in the low- ~. ™ " : . : :
9 similarity betweerE} andE}, is evident, but so is also their

coverage limit9—0,2" heref; is very small even in the limit

of a single diffusing chain. This is an indication of memory

effects as they arise from the correlated motion of individua

segments in a single chain. The connectivity of chain se
ments therefore governs their motion considerably. As th
coverage is increased, we furthermore find from Fig) 4

that the correlation factof; decreases monotonously and

thus the memory effects become more and more important.

quantitative disagreement. This difference is entirely due to

Ithe memory effects.

As shown in Fig. &c), the role of memory effects iE,I

és most important in flexible chains at finite coverages. Then

we find that up to about 40% of the effective barrief
comes from the memory contribution, which arises from
temperature variations ify; [see Fig. 4c)]. Even in the limit

The underlying mechanism that gives rise to the memor)p

effect is the back-correlation principle observed also in pre-the effective barrieE, is about 15%, which highlights the

vious studies for similar model syste#f€® The back- importance of intrachain correlations in the motion of a
correlation mechanism originates from an idea that, after aﬁha',n' In the case 9f stiff chains, the memory gffects are
initial displacement by some diffusing particle, a backwardplaymg a less s!gn#ﬂ_cant role._ Then the contribution due to
displacement of the particle is more likely than jumps tomemory effects irE,, is approximately about 20%, although

other sites. Based on various cases where this mechanism H&%Cover?‘ge dependence is rather strqng. e
been observel2749-5Lit is plausible that it is a generic The importance of memory effects in the tracer diffusion

arrier raises an interesting question of how well this

feature of dissipative 2D systems. Further studies regardin§1 but b d back to th q
this idea and the related power-law decay of velocity corre- emory contribution can be traced back to the coverage de-

lations are currently in progresS. pendence of the c_orrelation factb,r._ This idea is suppor_ted
by recent studies in a system of single adatoms diffusing on
a solid substrate, where the results indeed suggest that the
contribution of memory effects i&, directly correlates with

A convenient way to analyze the temperature depenthe coverage dependencefef 2>’ However, there is reason
dence of the diffusion coefficient is to fit it to the activated to stress that the memory contribution i}, describes the
Arrhenius form, which has been found to describe the surtemperature dependened memory effects, and therefore
face diffusion data of short chainlike molecules reasonablyhe connection is far from trivial. It turns out that flexible
well in various experiment&l~* and simulatioi®1121617  chainsthe memory contribution ifE; increases with an in-

B. Memory effects in the effective diffusion barriers
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FIG. 5. The effective barriers d8) E, and(b) E}, vs the coverag@witha  FIG. 6. The effective barriers @8) EX and(b) EX vs chain lengtiNgg with

few degrees of flexibilityd/kgT. (c) Corresponding results for the relative a few degrees of flexibility/kg T. Here the results are for a single diffusing
importance of memory effects in the tracer diffusion barrier as characterizedhain only.(c) Corresponding results for the relative importance of memory
by [ER—ERV/EL. effects in the tracer diffusion barrier as characterized By— EL]/E} .

assumption that there is some activation process whose bar-
rier is mostly dominatinggl, ,232"53which hence provides

me qualitative information of predominant interactions.

ow, we first note from Fig. @) that the effective rate bar-
rier of flexible chains is larger than the corresponding barrier
of stiff chains. Based on the Hamiltonian in E(.), this
guggests that the motion of stiff chains does not involve large
conformational changes but the chains prefer to maintain
Namely, as Fig. &) reveals, there is a crossover aroundtheir rodlike shape and instantaneous rate barriers are thus

6~0.10 above which the temperature dependence of memorﬁ?lqt'vely small(s_ee the snapshots in Figl. Zhe motion of
effects is most prominent in flexible chains. This demon-, exible chains with a curved shape, on the other hand, does

. nvolve lar nformational chan wh instantan
strates that, in general, the coverage and the temperature gvolve farge conio ational changes whose Instantaneous

pendence of memory effects are not directly coupled bu arriers are relatively large. The behavior of rate barriers in

rather depend on the thermodynamic conditions in questio .he present_model system is_ therefor_e related to the orienta-
Results above demonstrate that the effective tracer difyonallord.ermg of single chains, f’md IS suppo.rted by t_he re-

fusion barrierE,E is indeed a very complex quantity and, sults in Fig. $b). For example £, of very flexible chains

within the present model description, arises from two distincénmcrﬁasfﬁ :ntﬁnotﬁnic;]uslg asma fmunftl%n nc:fwﬁt?]ve;ai%]e’r Wh:(r:]h
sources. In addition to the contributid}, due to thermally phies that the chains become more be an increasing

activated displacement processes, there is also another i %ﬁ;ig?’v'vl a?;ﬁet?ir:] Vggzifg?ﬁ!;imzumﬁd;;n ?)?i(;n![!
portant contribution arising from temperature dependeni ' P 9

memory effects. This makes the interpretationl:‘(ﬁ very onal order and rate barriers seem to be related, it is not clear
' whether this idea works in systems where direct interchain

difficult even in simple adsorption systems, and obviously. ) .
even more complicated in systems where complex particle'smeractlons are of importance.
such as chainlike molecules are diffusing on a plane.

To understand the behavior of the effective diffusion
barriers in a bit more detail, we briefly discuss the interpre-  We close this section by briefly discussing the effect of
tation of E}, which in the present case originates from in- chain length on the effective diffusion barriers. In Fig&)6

trachain interactions onfy. To start with, we make the usual and @b), we show the barrier&) andE}, for a single dif-

creasing coveragsee Fig. &c)], in agreement with results
in Fig. 4(c), where the behavior of; implies that the
memory effects become more pronounced at an increasi
coverage. Fostiff chains, the same idea works well in the
single-chain limit(6—0), where the memory effects in stiff
chains are stronger than those in flexible ofse® Fig. 4c)].
However, as the coverage increases, it turns out that th
picture does not suffice to explain the situation completely

C. Effect of varying the chain length
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fusing chain(in the zero-coverage limi#—0) vs the chain chains. Increasing the chain flexibility has been found to
lengthNgg. It turns out that the behavior of flexible and stiff have the same overall effect as increasing the chain length,
chains is qualitatively very similar. In both cases, the barriersivamely, they both increaﬁ}. More detailed studies CEL
increase monotonously with an increasing chain length antave revealed that only a certain part of the tracer diffusion
converge to some limiting value, which dependsJékgT. barrier arises from thermally activated chain segment dis-
Increasing the chain length therefore has the same effect ggacements. Another important contribution comes from the
increasing the chain flexibility. This result is consistent withtemperature dependence of memory effects, which in the
previous molecular dynamics simulatidd$?*>*and ex-  zero-coverage limit is found to be about 20% Bf. This
perimental work® for short n-alkanes(up to n-octang, al-  memory contribution is coverage dependent and can be as
though a deviation from a monotonously increasing trend ofarge as about 20%—-40% at large coverages. However, we
the effective tracer diffusion barrier has also beennote that the memory contribution in the tracer diffusion bar-
observed>®One suggested explanation for this deviation isrier also depends on the chain length and tends to decrease
a change in the diffusion mechanism, when the chain lengtlith an increasing chain length. For very long chains, such
exceeds some critical valde.If this is the case, then the as in 2D diffusion of long DNA molecules, our results there-
interactions between the substrate and the chain are cleardgre give support to an idea that the memory contribution is
important. This aspect is not included in the present modelery small and the effective tracer diffusion barrier is asso-
system and could therefore explain the slight difference. ciated with thermally activated chain motions.

As far as the memory contribution i, is concerned, We wish to note that, in the present model approach, the
results in Fig. &) show that it is most prominent in stiff substrate has been assumed to be static. The memory effects
chains. Even in this case, however, the memory contributionve have studied have therefore arised from intrachain and
decreases rather rapidly as the number of chain segmentsiigerchain interactions only. In general, however, there is
increased, and converges to a value of a few percent at vepiso another source of memory effects that arises from
large chain lengths. This result can be related to previoushain—substrate interactions. Namely, if the substrate par-
observations for collective diffusion of similar chaitis’*  ticles move on a time scale that is comparable to the time
where one studied the center-of-mass diffusion of the wholacale of diffusive chains, then the two time scales cannot be
system and found that the corresponding memory effects argeparated and the substrate—chain interactions can give rise
weak. In a similar fashion, the motion of distinct segments into additional memory effects that influence the motion of the
a long chain is only weakly coupled, and thus the dynamicathains. This is the case, for example, in various biologically
correlations in the center-of-mass motion of a single chainnteresting problems, where complex molecules diffuse
cancel to a large degree. This trend is most evident in flexalong a flexible, fluctuating surface such as the membrane—
ible chains(with smallJ/kgT) as the results in Fig.(6) also  solvent interface. Such studies, where the two kinds of
demonstrate. It is also intriguing to compare these results tmemory effects are competing and their relative importance
recent experiments on 2D diffusion of DNA molecufésn is to be examined, would be most interesting but are beyond
this study, Maier and Rier found that conformations of the scope of the present work.
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