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Th e li near p olymer chain s w ere mo deled on a simple cubic lattice . T he
excluded volume w as inclu ded into the model w hile the system remained
athermal (no attractive interactions ) which simulated the good solvent con-

ditions. The polymer chain w as located betw een two paralle l imp enetrabl e
w alls and the distance betw een the w alls w as changing. N o interaction b e-
tw een w alls and p olymer segments was assumed. These models of polymer

chains were simulated by the means of the Monte C arlo metho d. I n the
sampling algorith m w e used the micromo di Ùcatio ns of chain ' s conf ormations
to sample e£ciently the conf ormational space. T he size of the chain did
not change monotonicall y for all lengths under considerati on (up to 800

statistical segments). For distances betw een the plates close to the double
value of chain' s radius of gyration the size of the chain approached its min-
imum value. I t w as show n that scaling of chain dimension s w ith its length

changed from N
1 : 1 8 to N

1 : 5 w hile the distance betw een the w alls was decreas-
ing. T he behavior of the asymmetry of the chain was found to be analogou s
to that of the radius of gyration.

PAC S numb ers: 02.50.N g, 05.10.Ln, 61.25.H q

1. I n t rod uct io n

Polym er chains conÙned in a sli t form ed by sol id surfaces shoul d be trea ted
as an im porta nt phenomenon due to i ts pra cti cal appl icati ons l ike chro mato graphy,
col loida l stabi l izati on, lubri cati on, etc. [1]. The conÙnement of polym er chains is
also interesti ng from the theoreti cal point of vi ew because the presence of the
im penetrabl e surfaces usual ly changes dra mati cal ly the properti es of such chains
when compared wi th the case of free chain in soluti on. Theo reti cal consi derati ons
concerni ng the conÙned m acromolecules go back to the wo rks of de Gennes [2].
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The theo reti cal m odel and the resul ts are l imited to well -deÙned geometri es of the
conÙnement l ike a sli t or a cyl inder only.

Co mputer simula ti ons are also very useful in studyi ng conÙned polym er
chains because of the di£ cul ti es wi th analyti cal soluti ons as wel l as exp eriments
of such system s. Am ong m any works devoted to thi s subject onl y a few of them
concerned stati c pro perti es of sing le chains. Van Vl iet and ten Bri nke carri ed out
Mo nte Ca rlo sim ulati ons of latti ce m odels of polym er chains [3]. They f ound tha t
the size of a polym er chain exhi bi ts a universa l behavi or disregardi ng i ts length.
They also di scussed the pro blem of orienta ti on of the chain whi le squeezing the
wa lls. Mi lchev and Bi nder bui l t an o˜- latti ce m odel of a polym er chain and studi ed
i t by the means of the Mo nte Carl o m etho d [4]. Besides, the results concerni ng
the size of a chain they also calcula ted the polym er density proÙles inside the
sli t. Ci fra and Bl eha empl oying latti ce m odel checked the inÛuence of ki nd of
the conÙnement (sl i t versus cyl inder) on the pro perti es of a polym er chain [5].
Arteca studi ed the grafted polym er chain between two wa l ls (so-cal led \ polym er
m ushro oms" ) [ 6 ] . He f ound tha t the properti es of a squeezed chain could depend
on i ts ini ti al conform ati on in unconÙned state ta ki ng into account the num ber of
enta nglements. Recentl y, som e intensi ve simul atio ns concerni ng latti ce models of
sing le star- branched polym ers were done [7]. It was shown tha t besides the uni ver-
sal behavi or of the polym er size, the sim i lar resul ts were found for the short- ti m e
(rel axa ti on pro cesses) and long-ti me (self-di ˜usi on) dyna m ic properti es. The pos-
sible changes in the mechani sm of a chain m oti on duri ng the squeezing of wa l ls
were di scussed there.

In thi s work we presented results of calculati ons concerni ng some stati c prop-
erti es of sing le l inear latti ce polym ers conÙned between two para l lel impenetra ble
wa lls. W e have chosen a sim ple cubi c latti ce because the pro perti es of free poly-
m er chains were frequentl y and preci sely determ ined and, theref ore, we had a good
ref erence state (unco nÙned chain). The chains were sim ulated wi th the exclude vol -
um e only and wi th no attra cti ve segm ent À segment and segment { wall intera cti ons
whi ch corresp onded to good solvent condi ti ons. The Mo nte Carl o sim ulatio n al -
gori thm was previ ously worked out for al l chain topologies and was used for some
calculati ons of di ˜erent condi ti ons l ike polym er m elts, adsorb ed chains, grafted
chains [7{ 9]. The classical version of the algori thm was chosen because a new
m ulti -bond algori thm wa s ine£ cient in the conÙned space.

2. Mo del an d si m ul ati on al gor i t hm

The locati ons of polym er segm ents were restri cted to the vertex of a sim -
pl e cubi c latti ce in order to speed up the simulatio ns. The latti ce appro xi m a-
ti on wa s su£ cient for our purp oses as we studi ed param eters describing the en-
ti re chain. There wa s no disti ncti on between intera cti on of segm entÀ segm ent,
segment{ solvent, and segm ent{ surface and, theref ore, the system should be con-
sidered as atherm al . The onl y potenti al used was the excluded volum e whi ch can
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be easily real ized by forbi ddi ng the doubl e occupancy of latti ce sites by polym er
segments. Thi s condi ti on reproduced good solvent condi ti ons where the excluded
vo lume was not com pensated by the attra cti on between polym er segm ents. Cha ins
were Ûexible because no conf orm ati onal biases were intro duced. Al l the calcula-
ti ons were perform ed for single l inear chains (i nÙnite di luted soluti on). The chains
were put in a Mo nte Carl o box wi th periodi c boundary condi ti ons set in x and y

di recti ons only. The size of the Mo nte Carl o box, L = 2 0 0 latti ce uni ts, wa s large
enough to m inimi ze the inÛuence of i ts size on the pro perti es of the system. The
wa lls tha t conÙned the polymer chain were put to be para l lel to the x y plane. Thi s
surf ace was im penetra ble for polym er segments whi ch was real ized by forbi dding
polym er segm ents to move to the latti ced points wi th non-positi ve z -coordi nates.
One surf ace was located at the plane z = 0 whi le the second one at the plane
z = d + 1 . Thi s im pl ied tha t in the z -di recti on there were d consecuti ve latti ce
sites tha t can be occupi ed by polym er beads. Fi gure 1 shows a schemati c repre-
sentati on of a chain located between the wal ls.

Fig. 1. The scheme of a linear polymer chain trapp ed betw eentw o parallel imp enetrabl e

w alls. The surf aces are located d apart.

The Mo nte Carl o algori thm used was based on the classical Metro pol is
scheme. The conf orm ati on of a polym er chain underwent a series of local m i-
cro modi Ùcati ons. The fol lowi ng set of m icromodi Ùcati ons was previ ously work ed
out for simulati on cubi c latti ce m odels: two- bond moti on, three- bond m oti on,
three- bond crankshaft m oti on and chain' s ends reori entati ons [10]. A new conf or-
m ati on obta ined after such m icromodi Ùcati on wa s accepted due to to pological
constra ints and the excluded volum e condi ti on. The series of local changes of con-
form ati on were selected at random along the chain duri ng the simul atio n pro cess.
The Mo nte Ca rlo sim ulati on run consi sted of 1 0 7

À 1 0 8 ti m e uni ts (a ti me uni t
corresponds to an attem pt of al l microm odiÙcati ons per polym er segm ent). Be-
fore the actual sim ulati on run, an equi l ibra ti on run was always perform ed. The
equi l ibrati on run consisted of 1 0 6 ti m e uni ts. One has to rem ember tha t for small
di stances between the wa lls and for longer chains algori thm was m uch lesse£ cient.
In order to guarantee the pro per sam pl ing of di ˜erent parts of the phase space for
each m odel chain at a given distance between the wal ls, the simul ati on was carri ed
out 20{ 30 ti mes starti ng f rom qui te di ˜erent conform ati ons. The very importa nt
questi on concerni ng the enta nglements in a conÙned polym er chain was recentl y
ra ised by Arteca [6]. He argued tha t the ini ti al conf orm ati on of the chain in the
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conÙnement coul d inÛuence chain properti es. T o avoid such bias we started simu-
lati ons f rom two qui te di ˜erent pools of ini ti al states. The Ùrst one wa s a random
conform ati on bui l t as self-avoidi ng walks for surf aces wi th the shortest di stance
(d = 3 ). Then, the next simula ti on runs were m ade and the distance d was grad-
ual ly increasing. The second starti ng pool of conf orm ati ons conta ined unconÙned
(\ free" ) chains and in the next simul atio n runs the wal ls appeared and di stance
between them wa s gradual ly dim inishi ng.

3. R esul t s an d d iscu ssio n

The simulati ons were carri ed f or l inear chains consisti ng of N = 5 0 , 100,
200, and 800 beads. The changes of the distance between the im penetrabl e sur-
faces d were done basing on the data obta ined recentl y f or the simi lar m odel of
star-bra nched polym ers [7]. It thi s paper i t was shown for whi ch distances d the
changes of stati c properti es of branched polymers were pro nounced and interest-
ing. As our l inear chains had alm ost the sam e lengths as these branched polym ers,
the changes of the distance between plates were m ade in the sim i lar range. Thi s
parameter was changed from d = 3 (the smal lest possibl e value for whi ch the m i-
cro modi Ùcati ons of polym er conf orm ati ons can be made) to d = 5 0 (the di stance
slightl y higher tha n the m ean diam eter of the longest chains under considerati on).

The Ùrst pro blem to be discussed is the dependence of the conÙnement on
the size of a polym er chain. The m ost general param eter tha t describes the size of
a polym er is the mean-square radi us of gyra ti on h S 2

i deÙned as:

S 2 =

NX

i = 1

[ ( x cm À x i ) 2 + ( yc m À y ) + ( z À z ) ] ; (1)

where the subscri pt ‘cm' denotes the center-of-mass. Fi gure 2 presents the logari th-
m ic dependence of the h S i parameter on the num ber of polym er segm ents N for
som e distances between the surfacesd . For the sake of compari son we incl uded the
data concerni ng the size of a free chain (unco nÙned) into thi s plot. Every parame-
ter describing the size as the radi us of gyra ti on should scale as h S i ¿ N , where
Û i s an exp onent tha t depends on the di m ensional it y of space only [2] and thi s be-
havi or is clearl y seen on the plot. The scal ing exp onent for the free chain Û = 1 : 1 9 ,
whi ch is very close to theoreti cal predi cti ons, where Û = 1 : 1 8 [2]. For larger values
of the di stance d the exponent is slightl y smal ler tha n for the free chain: Û = 1 : 1 3 .
Thi s behavi or wi ll be di scussedand expl ained below. The further decreasing of the
di stance between the surfaces leads to the changes in the scal ing behavi or. One
can observe tha t for the interm ediate distances (d = 1 0 ) there are two regimes of
scaling: for shorter chains the scal ing exponent Û = 1 : 1 9 (as for unco nÙned chains)
whi le for longer chains Û = 1 : 3 8 (cl oser to 1.5 like f or two -dim ensional chains).
Thi s case wi l l also be discussed below. For smal l di stances (d = 3 ) the scal ing
exp onent Û = 1 : 5 0 , whi ch is exactl y the sam e value as theo reti cal ly predi cted and
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found experi menta l ly for two- dimensional polym er structure s (l ike thi n polym er
adsorbed Ùlm s) [2]. Thi s last result wi l l becom e obvi ous i f one can imagine chains
squeezed along the z -axi s to the layer of thi ckness 3 whi le along the other di rec-
ti ons thei r size is tw o orders of magni tude larger. Thi s m eans tha t the chain is
actua l ly two -dim ensional.

Fig. 2. T he mean- square radius of gyration h S 2
i versus the distance b etw een the walls

for some chain lengths. T he values of distance d are given in the inset.

Besides the di ˜erences in the scal ing behavi or one can noti ce from Fi g. 2
the interesti ng changes of the radius of gyra ti on when the di stance between the
im penetrabl e wal ls di minishes: the size of the polym er chain ini ti al ly decreased
and then started to increase when the surfaces are appro achi ng each other. Thi s
behavi or is better vi sible in Fi g. 3, where we have plotted the mean-square radius
of gyra ti on as a functi on of the di stance d for som echain lengths. It can be observed
tha t whi le squeezing the wal ls the size of the chain slightl y decreases whi ch was
exp ected. But after the certa in di stance d Ê was appro ached, the size of chain starts
to grow rapi dly. The shape of the radius of gyra ti on dependence on the di stance
between the wal ls is the sam e for al l chain lengths under considerati on. The m ain
di ˜erence is the locati on of the mimi ma denoted as d Ê , whi ch are shi fted to wards
hi gher values of d for longer chains. The sam e behavi or was found f or other models
of conÙned l inear polym er [3, 5] and recentl y f or latti ce star- branched chains [7].
The expl anati on of thi s phenom enon seems to be simpl e: the diameter of a chain
can be estim ated as 2 h S 2

i
1 = and the point d i s located near thi s value. Thi s

suggests tha t the real squeezing of a chain starts below 2 h S i and is real ized by
a tra nsi ti on to an alm ost two- dimensional chain.

Kno wi ng the typ e of the chain conf orm ati on' s changes one can go back to
the analysis of the values of scal ing exp onents Û . Based on the dependence of the
radi us of gyra ti on on the distances between the wal ls discussed above, we kno w
tha t the chains of vari ous lengths are simpl y in qui te di ˜erent states for a given
value of d . For exam ple, at d = 3 0 (see Fi g. 3) a chain wi th N = 4 9 beads is
alm ost una˜ected (d = 8 : 5 ), whi le a chain wi th N = 8 0 0 i s al ready compressed
(d = 4 8 ). Thi s behavi or is even better vi sible for the case d = 1 0 , where one
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Fig. 3. T he mean- square radius of gyration h S 2
i versus the distance b etw een the walls

for N = 5 0 (a), N = 200 (b), and N = 800 (c).

can disti nguish two di ˜erent scal ing regim es (Fi g. 2). The properti es of conÙned
l inear chains di scussedabove can be compared wi th tho se of star- branched chains.
There are no qual i ta ti ve di ˜erences in the changes of the radius of gyra ti on wi th
the size of sli t for both l inear and star-bra nched chains. The m ain di ˜erence is the
locati on of mini ma on the S 2 ( d ) curve: stars are considerabl y smal ler tha n l inear
chains and thus thei r d Ê i s also smal ler.

The tra nsiti on from a three- di mensional to a two- dimensional polym er sys-
tem is not sharp but conti nuous. Thi s tra nsiti on is not located on the minimum
of the radius of gyra ti on curve but som ewhere below thi s point. The analysis of
other size parameters does not give much insight into the characteri stics of the
tra nsiti on, either. Fi gure 4 shows the plot of the rati o h S i = h R i , where h R i i s
the mean-square end- to -end di stance of a polym er chain. Going down wi th the
di stance d thi s param eter slightl y increases from values close to theoreti cal 0.157
for free chains wi th the excluded volum e to tho se close to 0.167 (a value character-
isti c for random Ûight chains) at d [2]. The further squeezing leads to the rapid
decreases of thi s rati o. The behavi or of thi s rati o and of sim i lar param eters can
be trea ted as an addi ti onal cri teri on for Ùndi ng and characteri zing the changes of
chain' s conform ati ons [11].

The distri buti on of polym er segm ents inside the sli t can also be studi ed in our
m odel . Fi gure 5 presents segment density proÙles for som e distances between the
wa lls. The density pro Ùle is sym m etri c wi th respect to the wal ls for al l cases. The
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Fig. 4. T he ratio h S 2 =R 2
i as a function of the distance betw een w alls d for some chain

lengths. The values of chain lengths N are given in the inset.

sim i lar e˜ect was observed by Mi lchev [12] for di luted soluti on of l inear chains. For
a small sli t (d = 3 ) wi th squeezed polym ers there is no di ˜erence in density proÙles
for di ˜erent chain lengths. In the case of slightly deform ed polym ers (d > d Ê ) the
di stri buti on changed i ts character, i .e. a platea u app ears in the m iddl epart of the
sli t. Thi s is vi sible in Fi g. 5 for chains N = 5 0 at d = 3 0 .

Fig. 5. T he density of p olymer segments £ as a function of the distance d b etw een walls

for d = 3 (a) and d = 30 (b). T he values of chain lengths N are given in the inset.

The last questi on concerns the real inÛuence of the wal ls, i .e. changes of the
shape of the chain under considerati on. The instanta neous shape of a polym er
chain can be also derived from the simul ati on results. W e can deÙne a tensor:

S =

Ù
Ù
Ù
Ù
Ù
Ù
Ù
Ù

S x x S S

S S S

S S S

; (2)

whi ch is bui l t from the fol lowing elements:

S = ( x x ) ( y y ) ; etc: (3)
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Com paring the above tensor wi th the deÙniti on of the radi us of gyra ti on in Eq. (1)
one can see tha t the tra ce of S is equal to the squared radi us of gyra ti on:

S 2 = tr ( S ) = S x x + S y y + S z z : (4)

The di agonalizati on of the tensor S gives us eigenvalues L 2
1 ; L 2

2 ; L 2
3 , whi ch cor-

respond to the three main axes of the equivalent ell ipsoid. One can describe the
shape of the chain by givi ng the rati o of these axes. The fol lowing appro xi mate
rati o was given for the l inear random Ûight chains (wi tho ut the excluded volum e)
on a sim ple cubi c latti ce by the m eans of the Mo nte Carl o simula ti ons [13]:

L 2
1 : L 2

2 : L = 1 1 : 7 : 2 : 7 : 1 : (5)

Thi s result m eans tha t a polym er coi l does not have the spheri cal shape but i t
has a bean- like shape. The operati ons on the above rati os are rather inconveni ent.
Theref ore, R udni ck and Gaspari intro duced the aspheri city factor £ [14]:

£ =
( L L ) + (L L ) + (L L )

2 ( L + L + L )
: (6)

Thi s param eter was designed in order to ta ke the value 0 for the pure spheri cal
shape and 1 for a one-dim ensional rod.

Fi gure 6 presents the dependence of the aspheri city factor £ on the di stance
between the surfacesfor some chain lengths. The aspherici ty of a sing le ‘ free' l inear
chains was found to be £ = 0 : 4 4 whi ch is very close to the theoreti cal predi cti ons
£ = 0 : 5 3 [13, 14]. Bri ng ing surfaces to gether has the simi lar inÛuence on the
aspheri city f actor to the radi us of gyra ti on. Ini ti al ly, (above d ) the asymm etry of
a conÙned chain does not increase but even slightl y decrease. The further squeezing
of wa lls leads to the consi derabl e increasing of asym metry whi ch can be expl ained
by the form ing of two -dim ensional structure. The chain' s asym m etry for the lowest
size of the sli t (d = 3 ) increases wi th the length of the polym er: £ = 0 : 5 6 for
N = 5 0 and £ = 0 : 6 8 for N = 8 0 0 . Thi s behavi or of the polym er' s shape can
be expl ained by the fact tha t the chain for sli t larger tha n d i s ra ther reori ented
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tha n deform ed [2]. The reori entati on means tha t pri ncipa l axi s of the chain starts
to place paral lel to the wal ls.

The m ain concl usion from thi s work is tha t the presence of the conÙne-
m ent has a huge im pact on i ts size and shape. The behavi or of l inear chains
and star-bra nched polym ers is qual i ta ti vely the sam e in the sam e condi ti ons. Fur-
ther studi es should conta in dyna m ic pro perti es of conÙned l inear chains and ther-
m odyna mical descripti on of the tra nsiti on from a three- dim ensional chain to a
two -dim ensional chain.
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