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ABSTRACT: Using Monte Carlo simulations we study reversible end-adsorption of head-to-tail associating
polymers on a surface containing adsorption sites. The adsorption energy was considered to be similar to the
association energy (k0) leading to the competition between association in the bulk and adsorption. We found
that for all considered volume fractions of polymer in the bdikand all densities of adsorption sitesthe

density profile of adsorbed polymer layer follows an exponential dependemog(-r/&), with the decay length

& being a function of the average chain length in the bulk and independent ®he chain length distribution

for adsorbed polymer follows a similar exponential dependence as in the bulk, except for an enhancement of
short chains in the distribution, especially for largeWith an increase im adsorbed polymers start to overlap
leading to a decrease in the chain length to avoid stretching. Up to a certain concentattan fraction of
occupied sites on the surface remain nearly constant: Ato., adsorbed oligomers start to overlap leading to

a decrease in the fraction of occupied sites. Because of the reversibility of association adsorbed chains are not
stretched in the adsorbed layer, as the average radius of gyration of the chains remains equal to that for bulk
polymers. At a low density of adsorption sites, the height of the adsorbed polymer layer is defined by the average
radius of gyration for adsorbed chains, as expected for the mushroom regime. With an incrgabe imverage

height of the polymer layer adsorbed from concentrated solutions increases, while for polymer layers adsorbed
from more dilute solutions the height remains practically at the same level or even slightly decreases. The increase
of the height for large® is due to the chain orientation along the surface normal. Atdaskhains adsorbed from
relatively concentrated solutions are preferably oriented along the surface (due to the narrow depletion zone).
With an increase iw, chains become more crowded at the surface and start to orient away from it leading to an
increase in the height of the adsorbed layer. Different regimes of the adsorbed chain behavior are summarized in
the diagram of states, which can be applied for systems with different adsorption energies or spacer lengths.

1. Introduction Theoretical (analytical and simulation) studies of reversibly
fssociated polymers have certain advantages over the experi-

growing attention in scientific research. Successful synthetic Mental approaches as the former allows us to explore the
efforts have made available a variety of reversible complexes Microscopic details of polymer behavior under various condi-
based on multiple hydrogen bonding, complementary DNA tions without the cpmpllcatlons of characterization and syrjthetlc
sequences, or metaligand coordination bonds:3 Possessing challgnges experlencgd by the latter. As a resullt it is not
a considerable strength of association, while retaining the surprising that theoreUcaI.studles devoted to rev¢r3|bly associ-
advantages of reversible bonding, this new class of materials&t€d polymers exceed in number the experimental ones.
combines the properties of traditional synthetic polymers with Theoretical models go back to the classical FteBtockmayer
the versatility of biomolecules. The reversibility of association @Pproach for condensation polymerizatié} further expanded
allows one to control the degree of polymerization, chain by Cates and co-workers for the case of "living polyméfs’”,
architecture and physical properties of these polymers depending’ﬂ‘nd followed by many other detailed models on supramolecular
on external conditions (temperature, force fields, solvent assembly in the bulk’™*> The behavior of supramolecular
composition, pH, etc.) which may find application in the general Polymers near surfaces was also studied by several theoretical
area of “smart materials”. groups providing predictions for the chain length distribution
The self-healing nature of these polymers, which makes their in @ gapi®~?° chain orientation near the surfatfedepletion
properties so unique, also provides considerable challenges tgVidth at a neutral surfac€;?* and adsorption on attractive
the experimental characterization of these materials. Only in surfaces:
recent years have experimental reports on the physical properties Much less theoretical attention so far was attracted to the
of these polymers become more common. One of the recentbehavior of end-adsorbed supramolecular polymers. We are
interesting developments in this area is the application of atomic aware of only three theoretical papers in this &fcé* Milchev
force microscopy (AFM) techniques to study the behavior of and co-workers have studied “living polymerization” from a
these polymers end-grafted to surfaces. Besides studying thesurface using canonical off-lattice Monte Carlo simulatighs.
strength of association of individual complexXes, AFM van der Gucht and Besseling et?2have used a lattice-based
measurements could also provide insight on the chain lengthself-consistent field model to calculate the interaction between
distribution and thickness of the end-grafted/end-adsorbed layertwo surfaces induced by end-adsorbing supramolecular polymers
as well as its adhesive properties as a function of grafting density of different types. In the more recent paper they apply a mean-

In recent decades, supramolecular polymers have attracte

and strength of associatign? field Gaussian chain approximation to predict the density
distribution, surface excess and average chain length of end-
* Corresponding author. E-mail: eed@case.edu. adsorbed polymers in the limit of high dilution and small
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adsorption densitie¥.In all caseg? 24 the size of a repeat unit

was equal to one monomer, whereas experimentally a repeat ~®

unit of supramolecular polymers consists of at least two 19

associating units separated by a finite length spacer (often of a buffer zone R_}’

different flexibility).1=2 So far no predictions have been made

regarding the height of adsorbed polymers, which is probably rH: (Lg

the most reliable information that can be gained from experi- ~_ t\jrko

mental studies. Additionally the effect of the density of free chain

adsorption sites on the properties of the adsorbed layer was C? d

totally unexplored. Our current paper has the aim to fill this C} (o }

gap in the theoretical understanding of the behavior of head-

to-tail associated polymers and provide predictions for the chain ads’?’rbed

length distribution, fraction of occupied adsorption sites and chain ) e

height of the adsorbed polymer layer as functions of volume ; \

fraction of polymer in the bulk and density of adsorption sites. (ﬂ

We expect that our results will provide guidance for ongoing f s = O)

experimental studies and attract further attention by the theoreti- < 5

cal community. T Cp —
End-adsorption of supramolecular polymers from the bulk is z = N/

expected to have some common features with end-adsorption e G Y

of chemically bonded polymers. The latter was studied exten- X —» \adsorption site

sively both theoreticalk? 32 and experimentalf? 36 especially _ _ _ _ _
Figure 1. Schematic presentation of reversible end-adsorption of head-

for the case of d'bl()Ck copolymer adsorp_tlon. For _the case of a to-tail associating polymers in a simulation box. Periodic boundary
very short adsorbing block or end-adsorbing chemically bonded ¢ongitions are enforced in andy directions. A constant chemical

polymers, it was found that a larger degree of surface coveragepotential is ensured by inserting/removing oligomers to/from the buffer

is achieved for polymers of low molecular weight with a higher zone.

energy of adsorption when adsorbed from concentrated solu-

tions25:26.28.30The adsorbed chains are not expected to be fully reversibly associated polymers” will summarize different re-

stretched unless the adsorption energy is very Figh283The gimes of behavior of adsorbed polymers. We will close the paper

overall height of adsorbed layer is expected to increase with anwith conclusions on the main findings of this study.

increase of adsorption energy, polymer concentration in the bulk ) ) )

and chain lengtB®3t On the basis of what is known for 2. Simulation Details

chemically bonded monodisperse polymers, an increase in  To study end-adsorption of reversibly associated polymers,

concentration is expected to increase the surface coverage, bufve employ Monte Carlo (MC) simulations using the bond-

on the other hand, adsorption of longer chains should producefluctuation model (BFM}8 The reversibly associated polymers

lower surface coverage. Thus, for reversibly associated polymersconsist of oligomers containind, = 4 (unless specified

which form longer chains at larger bulk polymer concentration differently) monomers each including one donor and one

these two effects should counteract each other. Additionally the acceptor group at the ends. The size of a donor or an acceptor

chain length of adsorbed polymers can be different from that is assumed to be the same as the size of a regular monomer in

in the bulk making the overall results of adsorption even more this study. A free donor (not associated with an acceptor) is

complicated. Having in mind these important differences capable of forming a reversible (hydrogen) bond with a free

between the reversibly associated and chemically bondedacceptor. Each of such associations lowers the energy of the

polymers, using the Monte Carlo simulation technique we intend system by the association energyEcompr = 10KT (unless

to address in this paper the following questions: (i) will the specified differently). To account for the orientational specificity

monomer density profile for adsorbed polymers follow an of a donor-acceptor association, we considered endgip)

exponential dependence only for low concentration and low = B(1 — cos#) with B = 5kT for any bond anglé between

surface coverage (as predicted in ref 24) or it will be more like adjacent segments involving a reversible béhdll chemical

the power law dependence observed for living polymerization bonds of an oligomer are assumed to be completely flexi®le (

from the surface?37 (i) What will be the chain length = 0) in this study. To account for excluded volume in the BFM,

distribution for adsorbed polymers and how it will change with the distance between the monomers (connected by chemical or

the density of adsorption sites and bulk polymer concentration? reversible bonds) is limited to the following valuek:= 2a,

(iii) Will surface coverage increase or decrease with an increaseﬁa, \/éa7 3a, or J1—0a, wherea is the unit spacing of the

of polymer bulk concentration (and hence increase of averagecubic lattice.

chain length in the bulk)? (iv) Will the polymer chains be  The adsorbing surface was implemented by placing a wall

stretched in the adsorbed polymer layers (i.e., can the brushyjith homogeneously distributed adsorption siteg a 0. In

regime be achieved)? (v) How will the height of adsorbed the x- and y-directions we use periodic boundary conditions,

polymer layer change with an increase in polymer concentration sq that our simulation box wds, = Ly = 64a andL, = 128a.

in the bulk and density of adsorption sites? In our simulations we assumed that the adsorption occurs only
This paper will be organized as follows. In the next section, by formation of a reversible bond between an adsorption site

we will present the details of our simulation approach. Then on the surface and a free donor group of an oligomer separated

we will discuss the obtained results concerning the density from it by the minimal possible distanceg)2in the z-direction

profiles, chain length distribution of adsorbed polymers, surface (Figure 1).

coverage and height of adsorbed polymer layer. The following ~ We note that orientation of the oligomer plays no role in the

section on “diagram of states for end-adsorbed head-to-tail success of the adsorption attempt as long as its donor is |&B\?
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correct position with respect to an adsorption site. The energy from the Boltzmann probability distribution, the system has a
of the system is lowered for each adsorbed donakByyswhich minimal potential barrier for the bonding-unbonding event in
was chosen to be the same as the association energhEfs, this casé?® resulting in fast equilibration for the reversible

= AEcompi (= 10KT, unless specified differently). Since acceptors bonding. A Monte Carlo time step (MCts) is defined as the
or regular monomers of an oligomer could not adsorb on the number of MC updates equal to the number of monomers in
surface, the formation of loops and trains is excluded. Taking the system. It corresponds to the simulation time during which
into account the excluded volume of monomers, this implies each monomer has a chance to make one moving attempt on
that polymers can only move within the range & 2 z < average. All systems were allowed to equilibrate for no less
126a. This effectively creates a closed boundary condition in than 22~ 4 x 10° MCts before measurements are made and
the z direction of the system. To maintain constant polymer averaged over subsequent configurations generated every 256
bulk concentration for the different density of adsorption sites MCts. We note that for the adsorption energkT@nd volume

on the surface, we keep constant the chemical potential forfraction ® < 0.5 considered in the simulations, the average
oligomers (rather than constant number of oligomers). This has lifetime of adsorbed chains is less than k210° MCts; i.e.,

been achieved by considering equilibrium with the buffer zone each adsorbed chain experiences multiple desorption events
located at the far end of the simulation box (228 z < 126a). during equilibration time and especially during the sampling
First, we model the reversibly associated polymers with no time (> 1.6 x 10'MCts).

adsorption sites on the surface. For each bulk volume fraction
® considered, we maintained a fixed integer numberof
donors in the buffer zone. For the value ®f we took the 3.1. Bulk Properties of Head-to-Tail Associating Polymers.
plateau value of the monomer volume density profile between Before we discuss the results for the adsorbed polymer layers,
the wallsz = 0, z= 128. Then adsorption sites were introduced we briefly recall the main properties of the head-to-tail as-
and system was allowed to equilibrate while maintaining the sociating polymers in the bulk. The chain length distribution
same number of donors in the buffer zoweas in the absence  for the reversibly associated linear chains in the bulk follows
of the adsorption sites. The number of donors in the buffer zone the exponential forn?

were checked every 128 Monte Carlo time steps and if it was

larger than, an excess number of oligomers with their donors P(N) O exp(—N/OND) (1)
having the largest coordinates were deleted from the system;

if this number was less tham, missing oligomers were inserted ~ The average number or oligomers per chald,] noticeably
near the far endz(= 126a) of the system. increases with oligomer volume fractio® and energy of

. associatiom\F/KT = AEcomplkKT — AS(whereASis the entropic
Following the standard BFM procedure, the MC update of loss associated with orientational specificity of reversible

the system is performed by randomly choosing one monomer bonding®) as?

and attempting its movement to a randomly chosen nearest

neighbor site. The move is rejected if it violates the space s AF o

constraints described above. Otherwise, as prescribed by the (INL~ @ exXpy T = (®K) 2)
Metropolis algorithm® the move is accepted with the prob-

ability P = min[1, e A¥D], where AE = AEnew — ABou is whereK is the association constank = exp(AF/KT).

the energy differe_nce betwee_n the new and the old configuratio_n The chain length distribution and the average number of
of the system. This energy difference comes from the energetic gigomers per chain obtained in our simulations for associating
gain for formation of a reversible bond between a donor and polymers in the bulk (i.e., in the absence of adsorbing surface
an adsorption sitéEagsand the entropic penalty of bending a o far away from it) follow the expected dependence very well
reversible bond\Es. If the selected monomer is not a donor, (see Supporting Information), similar to the previously reported
then the moving attempt is completed and next monomer is simylation resultd216 We note that egs 1 and 2 are valid for
selected for an MC update. If it is a donor, then in addition to - gyfficiently long chains formed at large oligomer concentrations.
the moving attempt, we also perform a reversible bond update: At jow concentrations, formation of rings (especially mono-
if there are free acceptors in a bonding distance from the donor,m0|ecu|ar) becomes importaHt!315As we mentioned above,
areversible bond is formed with an available free acceptor with exclusive surface affinity for the donors eliminates the possibility
the probabilityCe*=/(D, (whereAE is the energy change of  of ring formation for adsorbed chains. At the same time rings
the system for the formation of the bond) or no bonds will be from the bulk can still indirectly participate the end-adsorption
formed with probabilityC = (1 + ZN:al erB) 1 (whereN, is the process following ring-opening.

total number of available free acceptors for this donor). If a 3.2, Density Profile for Adsorbed Chains Typical monomer
donor was reversibly bonded prior to the move, this reversible density profiles for the end-adsorbed polymers are shown in
bond will be broken and bonding update will be performed as Figure 2 as a function of the distance to the surface for different
described above. As a result of the bonding update a newbulk volume fractions of head-to-tail associating polyntér,
reversible bond can be formed or old one restored or no bondsAs is seen in all cases the density profile is essentially
formed at all depending on the corresponding probabilities. We exponential, except for the immediate vicinity of the surface.
note that in order to obtain the probability of reversible bond (We note that a dip seen at the distarce 3ais an artifact of
formation all neighboring free acceptors have to be checked the BFM restricting the minimal distance between monomers.)
and the energy of each possible bond has to be calculated. AFor all densities of adsorption sites studied, the obtained density
free acceptor for which formation of a reversible bond with the profile resembles neither the Gaussian-like profile expected for
current donor would intersect with any existing bond was the mushroom regime of monodisperse end-grafted polyfnéts
disregarded in these considerations. We note that this methodnor the parabolic density profile known for the brush re-
of bonding update is different from the commonly used gime364344The main reason for this is the large polydispersity
Metropolis algorithm but it also satisfies detailed balance. As of reversibly associated chains in the B8l where the chain
the new bonding configuration of the system is directly drawn length distribution follows the exponential functi®{N) = (1 CDV

3. Results and Discussions
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Figure 2. Monomer and end group (inset) density profiles for reversible

polymer layer at an adsorbing site density= 7.81 x 103a2 and Figure 3. Decay lengthZ corresponding to the density profile of
varying bulk polymer volume fractio = 0.286, 0.121, 5.56< 10°% reversibly associated layers (solid symbols) and distribution of free ends
and 1.12x 1072 (from top to bottom). of adsorbed chains (open symbols) vs the average number of monomers

in a polymer chain in the bulk. The squares are the results of simulation
— g)gV (with g being the probability of association for linear for AE.ssoc= 10kT while the circles are obtained fakEassoc= 8KT
chains andN is the number of oligomers per chai)As is both using oligomer of length 4. The triangles are results for oligomer
discussed in the literature, the chain length distribution of living '€N9thNo = 8 at ABqssoc= 10KT.
polymers ret_ains_ its exponential form i_n the presence _of mers of longer lengthly = 8 (AEcomp = 10KT). As is seen, the
surfa_celi,6 W!’IICh is expected to translate into an exponer_mal data fit well to the same overall dependence.
density profile for.polymers end-gdsorbed from dilute solutions £\ though the interconnection between the average chain
on the surface V\.”th a low depsﬂy .Of adsprptmn S%g On length and volume fraction of polymer in the bulk is relatively
the other hand, in the canonical simulations of living polym- ¢, hjicatedi15 in the limit of large association energies or
erization from a S“rfa.‘ce (wh_ere chain growth oceurs via ef‘d' concentrated solutiongbK > 1) it follows a rather simple
monomers) the density profile and the end group distribution dependence, eq 2. As a result, the increasgviith an increase

obtained for a Iarger_de_nsn_y of |r_1|t|al monomers were found to of INCitranslates into the following scaling dependence
follow a power-law distribution with exponents ef/3 and—2,

respectively?? Our simulations show that the overall appearance £~ dYfor DK > 1 (5)

of the density profile remains exponential for all densities of

adsorption siteg and polymer volume fractions in the bulk, Wwe have also studied the end group distribution for the adsorbed

@: polymers (as shown in the inset of Figure 2), which also follows
the exponential dependence with exactly the same decay length

D ,4{2) ~ exp(=Zf). €) & as for the density profile. At a low density of adsorption sites

and low bulk polymer volume fraction one can expect that the

Moreover, we found that the decay lendtlis independent of chains from the bulk will adsorb on the surface without

o (any deviations are not systematic and well within a range of significantly changing their length, so the probability to find a

accuracy of our data), but it does depend on the (number) chain ofN oligomers on the surface is the same as in the bulk.

average chain length of the polymer in the bulk: If this assumption is correct (as will be justified below), then
one can obtain the end group density profile for adsorbed chains
£~ /INO (4) simply by superposition of the individual end group distribu-

tions: pend2) = fo P(N)pendN, 2) dN (where pendN, 2) =
A similar chain length dependence was expected for dilute 2z(cN)~te~#/(N is the end group distributidh for a single
solutions and at low density of adsorption sifebased on Gaussian chain dfl oligomers andt = 2N,l%3 with | being a

assumption of Gaussian statistics:~ R™ ~ JVIND As is bond length)

seen from Figure 3 the scaling dependenge-(NY? holds

rather well especially for longer chains end-adsorbed from bulk pond?) = 4z(1 - Q)K (22/ /| c ) ©6)
solution at higher polymer concentrations. We note that the en C 0 —Ing
dependence of the decay length on the average chain length . - .

(eq 4) remains valid also for reversibly associated polymers with With Ko is the zeroth-order modified Bessel function of the
a lower energy of complexatioh\Ecomp = 8KT (and cor- second kind. Using the asymptotic form I§§, we have
respondingly lower adsorption energy¥adgs= AEcomp, Shown

as circles in Figure 3). The average chain length is somewhat
shorter in this case compared to that at higher association energy
for the same bulk polymer concentration. As we expect for eq
4 to hold also for different oligomer lengths, we added to Figure for largez Since in the continuous limig(— 1), -Ing~ 1 -
3 two additional data points obtained for intermediate bulk d and MO~ (1 — g)~%° the decay length becomes ~
concentrations of end-adsorbing head-to-tail associating oligo- +/cNIZ2 ~ |,/ININ./6 = A\/ﬁ@ (with A~ 1.6-2.5 forN, =

()

VA1 —q) ¢ \M4 oy /o
peno(z) ~ I ) € 22V el=ing

c (—Ing

Ccbv



9532 Chen and Dormidontova Macromolecules, Vol. 39, No. 26, 2006

100'E
5 0]
b=
Q
..3 - 4 -2
2 102 Er 2.44x10a
c
©
e
[&]

10°+ o=0.125a"

0 10 20 30 40
N (oligomers)

Figure 4. Chain length distribution for adsorbed chains at different .
adsorption site densitiesy = 2.44 x 10%a~2 7.81x 1032, 3.13 Figure 5. Average number of oligomers per adsorbed chibindlas

% 107272, and 0.12572 at the volume fractionP = 0.121. Chain a function of adsorption site density and polymer volume fraction. The
length distribution in the bulk for the same volume fraction is shown dotted curve shows thié\lin the bulk while the dashed vertical wall
as the dashed line. corresponds to, (when polymer chains on the surface start to overlap).

4 depending on the bond length in BFM) in agreement with eq the exponential dependence for both the density profile and chain
4. The results for the decay |engﬂ]obtained from the end Iength distribution. Indirect evidence of the eXpOﬂential chain
group density profiles are shown in Figure 3 (open symbols) length dependence in the end-adsorbed polymer layer is provided
for the same association energies and oligomer lengths as th&y recent AFM measuremenitsvhere an exponential chain
monomer density profiles. As is seen, the decay length for both length dependence was observed for the probability of stretching
the monomer density profile and end group distribution is @ supramolecular chain that bridges the gap between the
essentially the same and depends only on the length of head-Substrate and tip.
to-tail associating chains in the bulk (and therefore the polymer  Figure 5 shows the change in the average number of
volume fraction®), but not the density of adsorption sites oligomers per adsorbed chaiiy,qd Jas a function of both the

3.3. Chain Length Distribution for Adsorbed Chains. polymer volume fraction in the bulkdf) and the density of
Taking into account the exponential dependence of the monomeradsorption sites on the surface, As is seen at lows, MNagd]
and end group density profiles, the chain length distribution in for adsorbed polymer is rather similar to that in the bulk(]
the adsorbed polymer layer must have some exponential form.(dotted curve) especially at largér. For small,® the (number)
In general for associating polymers it is known that longer chains average chain length of adsorbed polymers is somewhat smaller
are less likely to be found in a vicinity of a neutral surfa&t-20 than that in the bulk, but since chains are rather short at that
On the other hand, for an adsorbing surface it was recently concentration this difference is not so noticeable on the scale
predicted that the chain length of adsorbed polymer will be of the plot. With an increase in the density of adsorption sites
larger than in the bulR:46 Figure 4 shows the chain length o, the chain length distribution shifts toward shorter chains and
distribution in the adsorbed polymer layer for an intermediate as a result the average number of oligomers per adsorbed
bulk volume fraction® = 0.121 and different densities of polymer chain decreases. The decrease in the average chain
adsorption sites. As expected, the distribution indeed haslength becomes especially noticeable when adsorbed chains start
exponential form, at least for larg®&t values. Comparing the  to overlap on the surface. This occurs when the average distance
chain length distribution for head-to-tail associating polymers between adsorbed chains becomes comparable to twice the
in the bulk and adsorbed on the surface, one can see that at average end-to-end distance for adsorbed chaResS(Relduik
low density of adsorption sites these distributions are very  for bulk polymers can serve as an estimate since chain overlap
similar (Figure 4). That ensured the success of our superpositionon the surface starts at very layy. The corresponding density
approach at lon® (eqs 6 and 7). At the same time, with  of adsorption sites, is shown in Figure 5 as a dashed vertical
increasingo the chain length distribution changes: the prob- wall. As is seery, indicates rather well the point at whi€lNagd
ability to find short chains adsorbed on the surface noticeably starts to decline. This decrease is especially noticeable for higher
increases, exceeding its value for the bulk, whereas longer chaingolymer concentration®, for which the average chain length
become more rare. This trend becomes stronger as the densitys longer. (Experimentally the average chain length of end-
of adsorption sites increases. At the same time the tail of the adsorbed supramolecular polymers was also found to be smaller
distribution maintains its exponential form with a very similar than in the bulk~°) Since the (number) average length of
slope (on the semilog scale of Figure 4) as for the bulk chain adsorbed polymer increases with an increase of polymer volume
length distribution. This similarity of the exponential decay for fraction ® and decreases with an increase in the density of
chain length distributions in the adsorbed layer and in the bulk adsorption sitew, the longest chains adsorbed on the surface
is the origin for eq 5 which relates the decay length for the are observed at larg® and lowo. We note that the weight-
density profile of adsorbed polymers to the average volume average chain length qualitatively follows the same behavior
fraction of polymer in the bulk. The tails of the longer chains as the number-average chain length, except the decrease in the
adsorbed on the surface are surrounded by the bulk polymerformer is less pronounced and becomes noticeable at a larger
and as a result behave in a very similar manner, resulting in density of adsorption sites. As a result, the polydispersit&BR/
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Figure 6. Fraction of occupied adsorption sites as a function of the
adsorption site density and bulk volume fraction of polymer. The
vertical dashed wall correspondsdg (when oligomers adsorbed on
the surface start to overlap).

adsorbed polymer chains is in the range of-125depending

on polymer concentration for bulk solutions), increasing te-1.5
3.5 at largew. The increase in polydispersity observed for more
concentrated solutions is attributed to the increase in the
population of short chains, which leads to considerable decreas
in the number-average molecular weight, while weight-average
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Figure 7. Fraction of occupied adsorption sites (filled symbols and
solid lines) and the overlap probability for neighboring oligomers on
the surface (open symbols and dashed lines) as functions of the minimal
distance between adsorption sites. The vertical dashed lines mark the
distances at which neighboring oligomers start to overlap.

between the adsorption sites. As is seen from Figure 7, for both
oligomer length®\, = 4 andN, = 8, the decrease in the fraction

of occupied sites starts at tlg; corresponding to the overlap
distance for the respective oligomer length. Encouraged by this
observation we can expect that this pattern of behavior may be
valid for longer oligomer lengths as well. It remains to be seen
experimentally whether this prediction will hold, but on the basis
of our simulation results, we expect that for head-to-tall

associating polymers the surface coverage remains constant until

molecular weight is less affected by it. For dilute solutions the some critical density of adsorption sites

average chain length is rather small, so that both number and
weight-average values are equally affected and polydispersity T
practically does not change. o = (2R)

3.4. Surface CoverageAnother important property of the
adsorption process is surface coverage, which in our caseabove which neighboring oligomers start to overlap.
corresponds to the fraction of occupied sit€s, We plot in As is seen from Figure 6, a larger fraction of occupied sites
Figure 6 the fraction of occupied sites as a function of adsorption is achieved at higher volume fraction of polymer for all
site densityo and bulk polymer volume fractio®. As is seen  considered. On one hand, this result is not surprising, as for
for a given®, ® remains nearly constant until some critical end-adsorbing monodisperse polymers or diblock copolymers,
density of adsorption sites, above which it decreases rapidly. it is known that the surface coverage increases with an increase
Comparing the fraction of occupied sitesfor different volume in polymer concentration in the buf283°0n the other hand
fractions of bulk polymer one can notice that the decrease in the surface coverage is known to decrease with an increase of
the surface coverage starts practically at the same critical densitymolecular weight of end-adsorbing chemically bonded poly-
of adsorption siteg,. Being independent of volume fraction  mers26.28.30.31Fqr reversibly associated polymers the average
of polymer in the bulko cannot depend on average chain chain length increases with polymer volume fraction (eq 2), so
length or correlation length, both of which are functions of that one could expect smaller surface coverage for longer chains
concentration. Since the smallest polymer which can adsorb onif one extrapolates the results for chemically bonded polymers.
the surface is simply an oligomes,, must be related to the  Obviously this is not the case. The increase of bulk concentration
oligomer length, the unique parameter for the system consideredi.e., providing more chains to adsorb) evidently has a stronger
Indeed, comparing half of the average distance between theeffect on the adsorption process compared to the increase of
adsorption sites (052 with the end-to-end distance of chain length which makes it harder for chains to reach the
oligomers attached to the surfaB "9, one finds that when  surface due to the conformational penalties. The important
the two become equal to each other, the oligomers start to difference is that head-to-tail associating polymers can “adsorb
overlap. Using MC simulations we have calculated the prob- in stages”. First, a single oligomer can come to the surface and
ability of neighboring adsorbed oligomers to overfapas a adsorb, then another one can associate with the adsorbed one
function of the distance between the neighbors. Plofiynand and so on. Thus, accessibility of the surface is not an issue for
the fraction of occupied site® on the same graph (Figure 7)  the reversibly associated polymers as long as the oligomer length
vs the minimal distance between the adsorption sites one canis small enough.
observe that the former starts to increase at the same time as 3.5. Average Height.To characterize the average thickness
the latter starts to decrease. We have repeated our simulationgf adsorbed reversibly associated polymer layer we have

for a longer oligomer chain lengt, = 8 and compared again  calculated the average heighilbased on the density profile:
po and ® for this oligomer length. In this case, the amount of

adsorbed polymer is somewhat less than for the shorter oligomer
length and a decrease @ starts at larger average distance

8

= [ 20,4(2) dz (9)

Ccbv



9534 Chen and Dormidontova Macromolecules, Vol. 39, No. 26, 2006

0.7 -5

ADD

& iR

8 13.5N
100 .

\9 0.6 2

cC .

) “ 0 %R (olig)

T |©=0.035_g-

.5 0.5 m—u~m— o

5 | _e-9"

o {*~eT0.084 A

-a /A

S 04.|a—a—a—470.286

10° 10° 10" 10°

adsorption site density o (a”)

) ) . Figure 9. Average orientationc¢osI[lof long principal axis ofRy of
Figure 8. Average height of the adsorbed polymer layer as a function adsorbed polymer with respect to the surface normal as a function of
of adsorption site density and bulk polymer volume fraction. adsorption site density for different bulk polymer volume fractions.

The dependence of the average square radius of gyraRgfilvs

. - . average number of oligomers in adsorbed chains at different densities
The average height of the adsorbed polymer layer is shown in of adsorption sites (symbols are the same as in the main plot) is shown

Figure 8 as a funCti_On _Of density of adsorption sitesind in the inset in comparison with the results for bulk chains (open circles).
polymer volume fraction in the bukP. As expected, the largest

height of adsorbed layer is achieved at a higher bulk volume
fraction of polymer. With an increase of the average height  {ime, the average height of the adsorbed polymer layer increases
starts to increase for the layers adsorbed from more concentratedoy |arge volume fractions of polymer in the bulk as is seen in
bulk polymer solutions (larg®) and it stays the same or slightly  Figure 8. We found that the enhancement in chain orientation
decreases for dilute bulk solution (smdl). We note that in  (jn the direction perpendicular to the surface) is responsible for
the case of end-grafted chemically bonded polymers the heightihe jncrease of the height.

of polymer layer increases with an increase of grafting density To characterize the chain orientation we have calculated
due to the mushroom to brush conformational transforma-
tion,*347when neighboring chains start to overlap on the surface;
i.e., it would occur as early as, (see Figure 5), if we dealt
with end-grafted polymers of constant length. In our case the

amount of adsorbed polymers and their length self-adjust, so . ; .
preferable orientation (except for the small volume exclusion

that o, signifies the point when the adsorbed chains starts to f ‘ d by th ; dth : 0
overlap on the surface and their chain lengths start to decline Effect enforced by the sur ace) and the average value 0bcos

to avoid chain stretching. As a result, nothing noticeable happensIS ab?“t 0.5. With an increase énchains storbed from dilute
to the height of the layer at that point. At a somewhat higher SO_IUt'On start to feel_the presence of.nelghbors and as a re_sult
density of adsorption sites), neighboring oligomers start to orient more in the direction perpendicular to the surface with

overlap leading to the decrease in the fraction of occupied sites €0S 6L~ 0.67. F_or polymer chain_s adsorbed _from_ more
©. Again, nothing significant happens with the height of the concentrated solutions at a low density of adsorption sites, the
brush at that point as well. chains orient more along the surfadeds 600~ 0.4). This is

To determine whether the mushroom-to-brush conformational dU€ to the fact that the depletion zone near the surface for larger
transformation occurs for associated end-adsorbed polymers, we?Ulk _Polymer concentration is more narréiso that the
analyzed the average radius of gyratiéR,0for adsorbed adsorbed polymers tend_to orient along the surface where the
polymers as a function of an average number of oligomers per local ponmer concentration is lower thap |n'the bulk. Another
chain MNaed] We found that the overall dependence remains factor which may also contribute to chain alignment along the
practically the same as in the bulk. As is seen from the inset of SUrface is the presence of orientationally specific (and therefore
Figure 9, the average square radius of gyraflRgIscales as more rigid) ‘?'OF‘O‘LaCCGPFOT _bonds_, Wh'c.h tend to orient alon_g
Naed3 with x = 1—1.1 as one can expect for concentrated to the surface in its close vicinity. With an increase in the density
dilute solutions of polymers with excluded volume (ensured by ©f @dsorption sitesg, polymer chains adsorbed from more
BFM rules). Since the data obtained for adsorbed polymers concentrated solutions start to overlap at lowess their average

follow a very similar dependence as that in the bRy, length is longer and as a result their orientation starts to change

we conclude that end-adsorbed polymers on the surface are notéading to an increase itos LI This increase occurs more

stretched on average. This result is not totally surprising as for 22uptly compared to that for chains adsorbed from dilute
end-adsorbed polymers polymer brush regime can be achieved®lUtions; however, the final values GosdL¥~ 0.67 reached
only at high adsorption energf&8 otherwise chains are only &t largero are comparable (Figure 9).

slightly extended compared to the bdk.For head-to-tail Thus, the height of the adsorbed polymer layer depends on
reversibly associated polymers, the chain lengths of adsorbedat least two factors: the radius of gyration of adsorbed chains
polymer decrease with an increase in the density of adsorption(related to chain length) and chain orientation. In particular,
sites, so that polymer does not become stretched. At the samehe product of the average csand the average long axl% CDV

principal moments of inertia for adsorbed chains and analyzed
the angled between the surface normal and the long zﬁe'éisf

the ellipsoid formed by a chain. As is seen from Figure 9, at
low ¢ polymers adsorbed from dilute solution do not have any
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Figure 10. Average height of the adsorbed polymer layer (triangles) . . .
at the adsorption site density= 3.9 x 10-%a2 as a function of bulk Figure 11. Average height of the adsorbed polymer layer (triangles)
polymer volume fraction in comparison withs = 2.36 Eﬂi‘goselil at the polymer bulk volume fractio® = 0.286 as a function of

(circles). The long axis component of the radius of gyratiBf{lis adsorption site density in comparison witls = 2.36 [R,0eos o

shown as open squares, where@es 00 characterizing the chain  (Circles). The long axis component of the radius of gyratiBlis

orientation with respect to the surface normal is shown as open Shown as open squares, whereass 0l characterizing the chain

diamonds (right axis). orientation with respect to the surface normal is shown as open
diamonds (right axis).

of the ellipsoid formed by a chain can provide an estimate of ) .

an average height of the adsorbed layer: tq the surfacelfos 0~ Q.67) ata .Iarge. dens'lty of adgorptlon
sites. As a result, the increase in orientation dominates the
decrease in the chain radius of gyration and the height of the
polymer layer increases (Figure 11). Analyzing the distribution
N . . ) of cos6 as a function of the number of repeat units in the chain,
We note that the empirical numerical factor 2.36 which provides | we conclude that the increase in the averagefcosiues is

the best match between the approximation (eq 10) and theprimarily due to the orientation of short chains located next to

[~ 2.36R co] (10)

simulation data for the height of the layer, is betweéh the surface (see Supporting Information). The orientation of long
corresponding to the end-to-end distanBe¢ & 6R,?) and+/5 chains remains essentially unaffected by the increase of

related to the radius of a sphere of a constant density with the beyond the level of isotropic orientation. A very similar behavior
second moment equal Ry2. was observed for living polymerization from the surface studied

First we consider the change in the height of the adsorbed by Milchev et al??2 They found that chain segments located near
polymer layer as a function of concentration at constant density the surface are preferably oriented perpendicular to the surface,
of adsorption sites. We choge= 3.9 x 103(a?) to be just while segments located more far away along the chain have no
belowae. As is seen from Figure 10, with an increaselirthe preferred orientation.
radius of gyration increases following the chain lendiR,(~ The increase of the height of the end-adsorbed reversibly
[N¥?). On the other hand, shorter polymer chains adsorbed atassociated polymers with an increase in the surface density was
low polymer concentration are somewhat more oriented per- also observed experimentally in recent AFM measurenfents.
pendicular to the surfacédpsf~ 0.53) compared to the long  The height of the adsorbed layer indicated some degree of
chains adsorbed from concentrated bulk solutiGiog 60~ stretching, although it could be attributed to electrostatic
0.43). As we mentioned above, the main reason for this effect interactions and the larger intrinsic rigidity of the chains, which
is the decrease of the depletion zone with an increase of polymerwould enhance orientational effects compared to the case
concentration forcing chains to stay closer to the surface. This considered here.
orientation effect does not overcome the increase in the radius At lower polymer concentrations the height of the adsorbed
of gyration with an increase oP, so that the product of the  polymer layer does not change appreciably or may slightly
two (eq 10) increases as well (Figure 10). We note that eq 10 decrease withr (Figure 8). In this case, an increase in chain
provides a very good estimate for the height of the adsorbed orientation with an increase imis less pronounced since even
layer. at low ¢ chains are already excluded from the surface. As a

The change in the height of the adsorbed polymer layer with result, the decrease in chain length with an increase rimay
an increase in density of adsorption sites is considered in Figureovercome the orientational effect leading to the slight decrease
11 for high polymer concentration. At low the chain in the average height of adsorbed layers. We note these two
orientation and (the long axis of) the radius of gyration remains counteracting trends are very close in magnitude leading to
nearly unchanged. A further increasedris accompanied by  larger uncertainty range in prediction of the average height for
the noticeable decrease IRb resulting from continuous chain  low polymer concentrations (see Supporting Information).
shortening caused by the overlap of neighboring chains on the 3.6. Diagram of States for End-Adsorbed Reversibly
surface. At the same time, an increase in the number of adsorbedAssociated ChainsIn Figure 12, we summarize the different
chains leads to the enhancement of chain orientation perpentegimes of behavior for reversibly associated polymers end-
dicular to the surface. At larger polymer volume fractions the adsorbed on surfaces. It is worthwhile to note that none of the
increase inl¢os Olis especially noticeable as chains change boundaries in the state diagram (Figure 12) represent phase
their orientation from being slightly aligned along the surface transitions: all measured properties of the system vary continu-
([tosO* 0.43) at lowo to being more oriented perpendicular  ously from one regime to another. At a low volume fractionc%v
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pressed state” i.el¢osf< 0.5, so the overall adsorbed layer
is inthe averlapping compressed chafiil) regime. The height

0.30 of the polymer layer in this regime starts to increase compared
to the mushroom regime height. Further increasirlgings us
0.25 to the limit when neighboring oligomers adsorbed on the surface
start to overlap¢ = o) (see eq 8 and Figure 6). Beyond this
point, the fraction of occupied adsorbed sites starts to decrease
g 020 depletion to with an increase irv since some of the adsorption sites are
o adsorption blocked by the neighboring adsorbed chains. At a density of
‘8‘ 0.154 boundary adsorption s_ites sligh_tly larger than, for high bulk polymer
= volume fractions or slightly smaller than, for a lower®, the
@ chain orientation reaches an isotropic level; iléas6= 0.5.
§ 0.10+ N This is the boundary between theerlapping compressed chain
§ ‘1 ~/ (Il and overlapping elongated chaiflV) regime. In regime
0.05- P\ T IV, the density of polymer in the adsorbed layer reaches a
i sufficiently high level so that at some density of adsorption sites
- e o (shown as a dotted curve in Figure 12) the chain conformation
000 o e » becomes similar to that of freely standing chains in the zero
o J 13 concentration limit. At that point, the density profile of adsorbed
. s | adsorption site density o (a~) chains can be reproduced by superposition of individual chain
*‘%2 5:5 profiles as described in subsection 3.2. Asncreases chains

Figure 12. Diagram of states for end-adsorbing reversible polymer become more oriented in the direction perpendicular to the
layer shoWing the following regimes: normal mushroom (1), com- surface. The strong orientation enhancement dominates over the

pressed mushroom (I1), overlapping compressed chain (IIl), overlapping decrease i_n the average cha_in length _(radius of gyration) leading
elongated chain (IV), and overlapping dissociating chain (V). The to the noticeable increase in the height of the polymer layer

vertical dashed line is = oc. The dotted curve corresponds to the  with an increase i as we discussed in the previous section

case when the density profile of adsorbed chains can be reproduced on(Figure 11). The increase in the height of the layer is the most
superposition of individual chain profiles (obtained in zero-concentration

limit). pronounced at high bulk polymer volume fraction where the
chain length of adsorbed (and bulk) polymers is the largest and
) ) . . the impact of the orientational rearrangement is the strongest.
polymer in the bulk and a low density of adsorption sites the \ye note that even through the local concentration of polymer
adsorbed polymer chains forrmarmal mushroomegime (I); in the immediate vicinity of the surface can exceed the average
i.e., individual chains adsorbed on the surface do not feel their ;| concentration, the total concentration of the polymer (both
neighbors, and their conformation (and chain length distribution) 44sorbed and free) within the polymer layer remains less than
is rather similar to that in the bulk except for surface-induced i, the bulk. At the low volume fraction of polymer in the bulk

volume exclusion. The height of the polymer layer is defined e region IV is bounded by the overlap density, limiting
by the average radius of gyration, as expected. At a low density region | of thenormal mushroom

of adsorption sites an increase in the volume fraction of polymer
in the bulk results in formation of @ompressed mushroom
regime of adsorbed chains (ll), when adsorbed chains do not
influence each other, but their orientation is influenced by the
bulk polymer: the higher is thé, the smaller is the average

Further increase in the density of adsorption siteminishes
the depletion tendency and at some point, which serves as a
boundary betweeaverlapping elongated chaiV) (or normal
mushroonregime 1) andoverlapping dissociating chaingv),
value of cosf (between the long axis of ellipsoid formed by a_ldsorption starts to prevall. In region V, the average concentra-
the chain and the-direction perpendicular to the surface); i.e., 10N Of the polymer (both adsorbed and free) within the polymer
chains are more spread along the surface than extended awalfyer Pecomes comparable or exceeds that in the bulk. Because
from it. As we discussed above, this behavior is related to the of the reversible nature of chain association further increase of

olymer density near the surface triggers oligomer redistribution

decrease of the depletion zone near the surface with an increas? h
in ®. The boundary between theormal mushroon{(l) and rom the adsorbed to bulk polymers. As aresult, the chaln length
of adsorbed polymers continues to decrease while further

compressed mushroofit) regimes is defined by the condition i - ) :
enhancement of orientation of the chains perpendicular to the

[¢osO= 0.5 which corresponds to the average value of@¢os Lo B IR . L
for isotropically oriented chains. The values6bs §01< 0.5 surface direction is limited to short chains only. Thus, in this

correspond to “compressed chains” oriented more along the regime, chaﬁn shortening bgcomes the dominant factor, ulti-
surface than perpendicular to it. The height of the polymer layer Mately leading to the leveling off or even the decrease of
increases with bulk polymer concentration. adsorbed layer height.

With an increase in the density of adsorption sites chains In our current simulations we have considered a specific case
adsorbed on the surface start to overlapgtP) (see Figure of adsorption energy being the same as association energy
5), which serves as an upper boundary of twnpressed AEcompi= AEags This will be the case if either donor or acceptor
mushroon(ll) regime. As we discussed above, the overlap limit groups similar to that of the bulk polymer are deposited on the
for chains adsorbed at higher bulk concentrations is reached atsurface. If the adsorption energyEags is different compared
lower o since the chain length is larger in this case oAt oo, to AEcomps then the adsorption behavior can be somewhat altered
density of chains near the surface increases, while the lengthcompared to the diagram of states discussed above. For instance,
of adsorbed chains start to decrease (compared to that in thef the adsorption energy is considerably smaller than the
bulk) to avoid stretching. Among adsorbed chains, short ones association energyAEads < AEcomp) When one can expect a
become oriented more perpendicular to the surface, while longerrather low surface coverage, with the adsorbed chain length
chains, which dominate the distribution, are still in the “com- being similar to that in the bulk. So one can expect to obsg&l
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regimes |, Il, and possibly Il in this case. In the opposite limit starts to decline. The surface coverage achieved by longer
of very high adsorption energy\Eads > AEcomp) interaction polymer chains (i.e., adsorbed from a more concentrated
with the surface is very favorable and as a result nearly all solution) always exceeds that for shorter chains (adsorbed from
adsorption sites will be occupied. One can expect to see more dilute solutions), in contrast to what is known for
formation of a “monolayer” of one oligomer height on top of chemically bonded polyme#§:28:3031The main difference here
which adsorption of other oligomers will occur (with energy is that chain length of head-to-tail associated polymers is related
AEcomp) in @ manner similar to what discussed in this paper. In to the polymer volume fraction. Also, reversibly associated
general, a decrease of the adsorption energy will shift the polymers are capable of “adsorbing in stages”, i.e., by one
diagram of states to the right; i.e., it will take larger density of oligomer at a time, which increases the accessibility of the
adsorption sites to reach regimes-VW while the increase of  surface.

the adsorption energy will shift it to the left: i.e., smaltewill The height of adsorbed polymer layer increases with an
be needed to achieve regimes—W due to higher average increase in the bulk polymer concentration. At a low density of
occupancy of the sites. Especially in the latter case appearanceadsorption sites, the height is related to the average radius of
of other adsorption regimes may be possible as, e.g., mentionedyyration for adsorbed chains, as expected for the mushroom

above “monolayer” formation. regime. With an increase imthe average height of the polymer
. layer adsorbed from concentrated solutions (labjeéncreases,
4. Conclusions while for polymer layers adsorbed from more dilute solutions

In this paper, we have applied Monte Carlo simulations to the height remains practically at the same level as in the

study reversible end-adsorption of head-to-tail associated poly-mushroom regime or even slightly decreases. These different
mers from the bulk. As the adsorption sites on the surface were patterns of the adsorbed chain behavior are summarized in the

attractive to donor groups only, no loop formation was possible didgram of states (Figure 12), which can be applied for systems
on the surface. We have studied the effects of polymer volume With different adsorption energies or spacer length than con-
fraction in the bulk® (for dilute to semidilute/concentrated ~ Sidered here. Analyzing the average radius of gyration of the
solutions) and surface density of adsorption sitesn the adsorbed polymerﬁ?%Ewe found that polymer chains are not
adsorption process and structure of the adsorbed polymer layerstretched: R0~ TRy [ This is the result of the reversible
We found that the monomer and end group density of an nature of the polymers: in order to reduce stretching the chain
adsorbed polymer layer follow an exponential dependence length of adsor_bed polymers becomes shorter and the surfgce
®(2) ~ exp(~7Z£) (at least at larger distances from the surface) coverage remains at a moderate level. Nevertheless, the height

for all studied bulk polymer concentrations and densities of .Of the gdsor\k;vedflaye(; ?}bta'ﬂed fqr larger |n;:rea§e§ W'Lh.
adsorption sites. This form of the density profile is a reflection '"¢réasingo. We found that the main reason for this Is chain

of the exponential chain length distribution in the bulk. The orientation perpend_icular to the surface. At law chains
decay lengtf is found to be dependent mainly on the average adsorbed from relatively concentrated solutions are preferably

chain length of polymer in the bulk and hence the polymer ori_ented _along the_surface_ (due to the narrow depletion zone).
concentration: & ~ NY2 ~ @4 Thus, the polymer layers With an increase ins, chains become more crowded on the

adsorbed from more concentrated solution produce more slowlySurface a?”d start to orient away from it. The largenjsthe
decaying density profiles compared to dilute solutions. The stronger is the chain orientation along the surface normal and

effect of the adsorption site density on the adsorbed monomerhe_nce the larger is the height of t.he layer. ‘I_'he increase of the

density profile mainly manifests itself in the increase of polymer helght of the _end-adsorbed reverslbly associated polymers W'th

density on the surface, without changing the shape of the profile. an increase in the surface density was also observed experi-

These results agree with the prediction by Besseling & al. Mentally in recent AFM measuremerts.

concerning the exponential dependence of the adsorbed mono-

mer density for the case of dilute solutions of Gaussian chains  Acknowledgment. This material is based upon work sup-

in the low adsorption density limit. ported by the National Science Foundation under Grant No.
The chain length distribution in the adsorbed polymer layer 0348302.

is found to follow an exponential dependence similar to the bulk,

except fo_r the e_nhance_ment of the contribution of short ck_\ain Supporting Information Available: Figures showing bulk

in the distribution. This enhancement becomes especially properties including chain length distribution for reversible associ-

noticeable at a larger density of adsorption sites on the surfaceated polymers, average number of oligomers per chain as a function

and low®. As a result, the average chain length in the adsorbed of oligomer number, average height of the adsorbed polymer layer,

polymer layer is comparable with that in the bulk only at the and average orientatidtos 6of the adsorbed polymer long axis

lowesto studied. Aso increases, the average chain length of with respect to the surface normal. This material is available free

adsorbed polymers decreases. This decrease becomes especiafj charge via the Internet at http:/pubs.acs.org.
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