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The Sprcding t>vna~n~cs e f  51tlcr)n WII Fi lms at thl~kiic\\cr 1 1 1  tljc rno~~olayar ref i im~ i f  

studicd by rnnnztclrlng nlic cvolutlon cf tlu, covt=r,lgc prof~lc with oprlcally excilcd FU rface 
plasmons. W h ~ l r  for thicknrsscs above trnc rnonolaycr tllc ohscrvrd prolilcs agrm well 
with the ttrcwrv of v~scous flow sprc~ding,  qtrrlng dcvlat~or~s arc nhscrvd at smaller 
cavrrages which point to a diftusivity which dccteascs with draearing coverage.. This can 
be qunl!tat~vcly erpla~ncd In the Irarnework of the cxcluded area lnleraclion of the chain 
rnot~culec W h ~ n  [fie coverage decreases, the configurational entropy of thr individual 
molccvl% cfiangc~. stmnglv, leading to a ~~Sstantially enhanced appasrnt v~<<os~ty for 
submonolayer films. 
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ne dynarnia of oil films on solbd surfam5 has h e n  studied intenslvelv during 
the last d ~ a d e ,  ma~nly because of I!$ rmportancr for lubr~cat~on and coating appl~cat~ons  
I~,z]. An extensive rhwretlcal treatment of the sprcadlng of nonvolntlle Ysqtnd~ ha4 been 

up 131 assuming viscous flow and nrglectlnp, t 1 1 ~  cflecr of !he rnolrcutar stnlcturr of the 
011. W~thin thls fsarncwork, many experimenlal obscrvations could be qi~anl!lat~vely 
predicted. More rcc~ntly, one has started to focuson tlie impact of the molecular slructure 
on thc film profiles. In the monolayer regime, a tendency of layerlng w a s  alru observed 
with drainl~ke molerules in experiments 14.51 as wrll as in molecular dynamics 
stmula~rons [5-81. In !he p e n t  work, wc tnvesrlgate the regime of molecular difluclon In 
the submonnlayer repme for chainl~ke molecules. In expprlrnents wlth poly(d l m ~ t h y l -  
siloxanr) (PDMS) films on metal surlace, we monitored the cmrrglng fllm proI~les 
optically by means nf surface plasmons, as descrlhprl before 141. It is observed 7 hat the 
contmuum mdel breaks down quitc abruptly a t  a film thicknc~s correspond lng tn the 
backbone diameter of the mo~ecutrs, c a s i n g  over to subrnonola~~r diffusion RILS I< the 
rrRmme rve want to  tocus on in the present papcr 
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Fig2 shows a set of typical data obtained for a vrrhcal-r~ce gcolnctry. The prnlilc. 
obtaind a r c  pfottd on n lot;-Iog scalp In order to compare w ~ t h  thr thcorcticaI prt-d~c t Ion 

that the precursor film ihickness d should scale ac thr inverse q u a r c  of distancr, d - f 2  
[Z]. The slope of rhc s t r a i~h t  line i s  -2, dcmonstrat~nfi the good aE~recrncnt of ihrory with 
the proftles found cxpcr~rnentally, at Icasl for film thrckncss~s r.xcrcd~ng 7 h. This IS just 
the dlarneter of the PDM5 backbonc and ro r rwpnds  ro the thil-knrqs of one monolayer 
(ML) of dcnseIy packed ~ ~ C C U ~ K  t v ~ n g  flat on t h ~  z u r t a c ~ .  Drlow t h~q  thtcknrs~. 
sl~nrficant deviations irnm thc scaling lab++ .are ~rbrcn~rd Qllal~tatir~rly, a steeper prnl~lp IS 

needed to produce the crrrp velocity ol llir prccurstrr Illm. ~ . l > l c h  Folnts to a C C ~ L I C I I I I I I  of 
dbffuslv~r y lor coverages Ir>s. than onc MI, 

Th~s I <  supported by simr lar dala obta~ned w ~ t l ~  qprtadlng rntcrodroplets, which hatre 
been publlshed before 141. I t  was found both exprr~mentallv and in Motecarto (>4C) 
srmulations that the proflle of sub-monolayer 'drtlplrts' wa3 quite wcll reprmcntcd by a 
sphcrlcal cap, Instcad 0 1  a gaussian d~slrbhution rvprrtrd lor d~llusing singtr nlonorncrs 



with hard-core ~ntcrar t~on.  I t  was shown by MC stmulnt~on th?t thc cxpcrimrntnl l~rrl(llcl 
could be well explained by assuming t h a t  the clia~n moleculrs were l y ~ t ~ g  flat r,fl t t I c  
surface. I f  these data are reanalyzed in the framework of the d~ffusion cquntiu[l, 
grad[D(c) grad c] - a,c = 0, one can extract tha diffusrvlty D(c), w h ~ c h  is plottcd in f e ~  2 (c  

denotes the coverage, with c=l corresponding to one ML) I t  IS clcarly s c c ~ ~  that D(L) 
increases with increasing coverage for subrnonolaycr flllns. At first glance, this scclns tn 

be a puzzle, since one would expect the mobility of the moiccules to dccrrasr as they 
become more densely packed, thus mutually hinder~ng their motion I t  will now be 
shown that although this cffect is present, there is also an znfluence of the rotiformat~unal 
entropy of the chains which acts rn the  oppos~tc d~rection. overcornpencat lng the forlncr 
effect. As a result, one obta~ns, from purely analytical considerations, a simple p~rtlirc 
which accounts for the observed behaviour of the diffusivity. 

Fig.2. The diffusivity vs. 
the coverage in the 
submono-Iaycr regrmc 
as derived from the data 
of ref. [4 j  (Monte Cnrlo 
SunuIations). It IS 

clearly sccn that t l ~ r  
diffus~vity incrcascs 
w ~ ! h l n  the analyzrd 
range of coveragc by 
about a factor of foilr. 

We writc the molecular mass current j (in thc plar~c) as 191 

whcre c is the cnvcragr, <v> is thc lnt..rlr ~ l r ~ l t  \,t.I~,rity of Ilic r~inl~,cr~lrs, I[((.) is lltu 
chemical potential and ITI is tltc mobility of llrc r l~r>luculcs, 1~1-nri1 tlrv ~lltl!l~inn c.qut~tirm icc 
have j = D(c) grad c and thu.: 

For indcpcndcnt monolncrs, 11 = kT In c, and  D l-reco~ncs corlstanl, n s  cxpcctc~l [-or clraltl 
rnolecuIes, we have A n  additional ler~n -TSc In tile cl~cnucal ptltenti.~! which is runiicct~d 

to the conformational entropy S, of the chains. This can be wrlttcn as -kT In ~ v ,  rvllcrc rv is 
the number of posstbIc confrgr~rations of the chaui. This drpcnds on l l ~ p  c o v e r a p  c, 
namely on how inany ncar SI tcs arc alrcndy occup~c~l  I iy InoiIorllrrs bclot>glng to n t tlrr 
molecules. We thus I~avc  fur llic clicmical polcrit ~ a l  



where n = c/l i s  the number of chain molecules per unit area and 1 is the number of 
monomers per chain (i.e., the degree of polymerization). For the diffusivity we thus get 

For further evaluation, we have to find expressions for m and w, which are both affected 
by neighboring molecules. 

We are interested in the coverage dependence of D, whereby we want to compare with 
the ddfusivity Do of a free (single) chain molecule diffusing alone on the surface. For the 
latter, there is also a finite coverage being seen by the monomers, namely the other 
monomers belonging to the same chain molecule. This gives, for Instance, rise to the fact 
that tor the conformation of the single chain. only self avoidlng random walks (SAW) are 
to be taken into account (no1 the 'phantom cham' configura tianr;), Further reduction of the 
number of possible conformat~ons IS effected only by otl~er cham ~nolecules. Similarly, the 
mobilrty rn of the molecule is effectively (with respect to the rnobillty of a 'lonely' 
molecule) reduced only by mQnOmeK belonging to other chains, not by those belonging 
to the same one, 

In what follows, we denote the probability that a site next ta the chain under 
consideration is occupied by a monomer belonging to a ne~ghboring chain as 5. For the 

mobility, we simply wr~te rn = q ( l  - h). Here rn, plays the role of an attempt frequency 
for jumps to neighboring sites of the substrate, and c, is the probability that a jump is not 
successful because the target site is occupied by a monomer belonging to another chain. 
Next, we have to derive an expression for the number of conformations of the chain, w. 
This is given by the number of SAWS possible under the condition that there is a certain 
density of forbidden (occupied) sites For zero coverage on a square lattice, wc can 

approximate this by w 3I. since a bond can continue e~ther stratght, bend 90 degrce to thc 
left, or bend 90 degree to the right {three possibilities). Th~s represens a walk which is 
self-avoidingonly in the first consecutive step, but we will take this as an approximatron 
for the sake of sirnpl~c~ty. 

What happens if someot the sites areoccupied? 317 the case that all nearest neighbour sites 
are occupied, there remains only a single conformat~on, namely the onc which is aIrcady 
realized. Generally, there are Z(1-%)+I possibilities for a stngle bond, where agn~n we 

need to know the foreign occupation of the sites next to the chain. We thus have for the 
number of conformations 

and for thediffusivity D(c) 

To obtain an expressron for c,,, we f~rst calculate the blob size 5 of the chains, along the 
lines of standard scaling theory. To do this, we flrsl recall that the cnd-to-end distance R 



a s  derived from Flory's t hcory nf swcllrng FI,I!CS a< 

where d is the dimensionof the system. For 3D, thls Ids to thc wrII knowt~ taw R 41"' 

T ~ P  critical concentratron (or coverage, rc<peclivcly) r* lor mutual penclralcnn of rlw 

chains is approximately given by the self-dcnsrty, c* z- 1 , ' ~ ~  (in two dirncnqtons) For 
coverages larger than c', the blob SIZC : should not dcpcn~l on I ,  slncc Ihe chalnc arc tticri 
Ionger than the blob diamcler On the othrr I l ~ i ~ d .  for c 5 c' i v v  haz,c R Thus (or c I. I '  

we can write a scallt~g larv Tor 6 .  

whcre rvc IIRI t used cqua tion (7) Trl cancrl I ht- I.dcl>cr~rlcnct.. Irn* I i , i \ . t ~  t r> dvt) I.\T:~! r l ~ , ~  t 

3 - ?m = 0 or, slncc wc arc intcrcstcd only i ~ u  rlw r -d(~pr~nt l r~ur ,  

Viewed from tne chain whosc motion is to be cxdlnlncd, the co~~ccntmtion 1 7 f  l o r r ~ j i i ~  
monomers chr) increases up lo the total coverage c wiihin a d~qt~ncc  rz5 ( r  IS thc distnrrrv 
to the chain,rneasured in un~ts of bond tength) Thc probabtlitv cF(1) that a sirr rirrt tn f l l r \  

chain is occupied by a monomer belonging to annt l~cr r l ia~r~ is Illus rur~glrlyg~vrn hy 

The prefactor must be w~rity, bccausc r v h c ~ i  (-1, IIIV prvbnbrlity L,, to t~avc a Iw>rc>t 

neigt~bour silc (rr-hich would elsc be free) ( I C C U P I ~  i s  ( ~ q i ~ a l  111 0111~ COIISC~LII-IIIIY, IEV 

have cn =A. Inwrting this Into equation (6),  rueobtnln for llir rlrffur~vllp D(c) 

The cmtral result of this p a p  is shown 111 1 1 ~ 3 ,  ~vhcrc wr3 pluttcd D(c)/D,, v <  c for 

d~fferent valuer of I For 1-10, which is il typtcal Icngth o l  l l i t .  polymcis uwl i r r  our 
cxp~riments, an incrmsc ~n the d~lfusivity similar to l l~r ohcenorgd OIIC is s c m .  RIP s l t i a l l  

full circles o n  the awes indicatr the e t i m a l ~ d  I~miting conccr~tralrons, cw = 1-1JZ. They 
correspond in each curve to an increase in D of  roughly a factor of two, a s ~ J c  from th r .  
'patl~ological' case I=1 'fiis case, which ~ l i ~ u l d  yiclrl D/ r, 1 1101, 1s also dcsrribc.d 

ratlicr well by the tl~cnry ,IS long a. nnv doi@% nnt approach c=l too closrly. Thc 



irifvrwct~<~n r v f  al l  cur\ 1.k .I! 1 > I )  unrrrxpr~ncl'; tn 111r fact that whm the mnlrctrrm arr lvrnc 
cl~~nwlv,  thrrr n ! o l ~ t ~ r r ~  IS cbq~~nl Irr rrrn For a p lymrr  diilirqiny: cln a surfacr, I h ~ s  c a v  I6 r l f  

mu-c ncvrr cjl~\~,n u ~ r l  L,~t lc 1. ac c - r 1 (Irnrn bclow), ~t bccomr,: mtropirally i;lvourahlr Inr 
n>cinor;lcn trr Ilaavc thr- I l r ~ l  l . ~ ~ c r ,  nnd thv  rnodcl h r f ~ k ~  down. 
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