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Abstract

A number of new technologies, including new-generation biomaterials and chromatography resins, are based on
passivation and modification of surfaces by terminally attaching polymer chains to the surface. However, little is known
about these systems at the molecular level. In this work the compression of a single end-grafted polymer chain (or
mushroom) by a disc of finite radius was investigated using a self-consistent field (SCF) lattice model. In accordance with
results predicted using scaling theory [Subramanian et al., Europhys. Lett. 29 (1995) 285 and Macromolecules 29 (1996)
4045], the compressed chain undergoes a smooth escape transition. However, under the assumption of angular symmetry, a
first-order escape transition of the end-grafted chain is not observed, suggesting that the formation of a tether is required for
the predicted phase transition. Segment density distributions and compression energies are calculated in a cylindrical lattice.
The energy required to compress a chain increases monotonically as the disc is moved closer to the surface and becomes
independent of chain length at strong compressions where the work of compression involves only confinement of the tether
joining the escaped chain fraction to the grafting point.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction hydrophobic polymer chains grafted onto an inert
support to enhance protein adsorption on column

Many important physical and chemical processes packing. Newer supports for size exclusion chroma-
occur at the boundary between two phases. These tography use colloidal particles with end-grafted
processes can often be modified by attaching poly- polymer to separate proteins on the basis of size [3].
mer chains to the interface. Such interfacial phenom- Flocculation of colloidal particles is often prevented
ena play an important role in, for example, chroma- by attachment of polymer chains on the particle
tography, colloid or emulsion stabilization, and surfaces to act as entropic bumpers [4]. Polymeric
passivation of surfaces for biocompatibility. Hydro- stabilization of liposomes for drug delivery is also
phobic interaction chromatography makes use of under investigation. Polymer that is end-grafted to

the surface of liposomes has been shown to reduce
the rate at which they are cleared from circulation
[5,6].
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involve either covalent or ionic bonds. A block however, it is unlikely that any experimental mea-
copolymer of structure A B , can also behave much surements are possible due to the prohibitively smalln m

like a grafted chain. For such systems, two regimes length scales of polymer chains.
of surface coverage, leading to significantly different This difficulty in experimental characterization,
chain geometries have been proposed by de Gennes combined with a desire to better understand polymer
[7]: regime 1 corresponds to separate chain coils behavior at interfaces, has led to much work on
(mushrooms) and regime 2 to overlapping chains modeling polymer at interfaces. Models for polymer
(brush). At low surface coverage, where the average have been derived from scaling theory [7], self-
separation between polymer chains is greater than consistent field theory [11–13], and molecular dy-
the coil radius, R , no chain overlap will occur and a namics simulations [14]. For the case of a singleg

chain will form a ‘mushroom’. At higher surface mushroom, scaling theory has recently been used to
coverage, the chains will interact and, due to ex- predict the behavior of a mushroom under compres-
cluded volume effects, form a more extended layer, sion. Subramanian [1,2] et al. predicted that a
or ‘brush’. This work specifically addresses the mushroom in a good solvent, compressed sufficiently
thermodynamic properties of regime 1, the polymer by a disc of radius R , which is greater than thedisc

mushroom, by focusing on the compression of a coil radius R , undergoes a first-order escape transi-g

single chain, grafted to a surface, by a disc of some tion upon compression, with hysteresis upon de-
finite radius, R . Fig. 1 is a schematic of the compression. The authors suggest that a hystereticdisc

grafted chain mushroom and associated dimensions first-order transition could be observed if a partly
in its (a) uncompressed (b) compressed, and (c) stretched chain has a lower free energy than one
escaped states. fully covered at equal compression. However, the

Because of the small size scale of an interfacial scaling-theory model developed by Subramanian et
layer of polymer (10s to 100s of nanometers [8]), al. is based on a number of simplifying assumptions,
experimental measurement of polymer density dis- which in some instances are rather severe. For
tributions and repulsive forces is difficult. Density example, it is assumed that the Flory radius alone
profiles of grafted layers have been successfully accurately describes the mushroom size. It is also
measured using small angle neutron scattering [9] assumed that as the chain is compressed it forms a
(SANS), and force versus distance measurements string of blobs, and that the Flory radius accurately
have been made using the surface force apparatus [8] describes the blob size allowing calculation of the
(SFA) and the atomic force microscope [10] (AFM). number of blobs. A further assumption is that the
For the case of a single grafted polymer chain, formation of each blob costs in energy about kT.

Nevertheless, the blob model (and its more formal
renormalisation extensions) remains the most accur-
ate model for compressed mushroom conformations
in good solvents.

In this work, a numerical self-consistent field
model is used to study the compression of a single
mushroom under a disc. The problem is cast in
cylindrical coordinates to allow changes in chain
segment densities to be determined in both the radial
and surface-normal directions. Angular (u ) symme-
try is assumed in the calculation. Relative to scaling

Fig. 1. Schematic diagram of a single end-grafted chain in (a) thermodynamics, mean-field models based on the
uncompressed (b) compressed, and (c) escaped states. The chain original work of Scheutjens and Fleer [11,12] pro-
grafting point is at lattice position (z 5 0, r 5 0). Characteristic

vide a relatively detailed picture of the grafted-chaindimensions include: (i) disc position, Z , (ii) disc radius, Rdisc disc
microenvironment. All thermodynamic quantities are(iii) r.m.s. radius of segments from cylinder axis, R and, (iv)rms

Flory radius, R . calculated from equilibrium statistical thermody-F
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namics. The equilibrium segment density distribution mean field to vary in two dimensions. This is
is generated using a step-weighted walk, with the accomplished using a cylindrical geometry, in which
only restriction being the grafting point of the chain. density variations can be monitored in the normal

direction (z) and the radial direction (r). This cylin-
drical mean field model has been used by Leermak-

2. Self-consistent mean-field lattice theory ers [20] to model lipid bilayer membranes containing
other polymer molecules. Here, we apply the cylin-

In the classical polymer solution theory by Flory drical mean-field type model to the description of the
[15] and Huggins [16] (FH theory), a chain is density distribution and thermodynamics of a single
modeled as a random walk on a lattice. The solution end-grafted chain under compression.
volume is discretised into lattice sites of equal In the cylindrical lattice (Fig. 2), flat layers are
volume, and polymer chains and solvent molecules numbered z 5 1, . . . ,Z in the normal direction andmax

are modeled as connected and single segments, rings in the radial direction are numbered r5

respectively. The occupancy of sites is determined 1, . . . ,R . In each ring for a given layer z themax

by a mean-field approximation over the entire lattice lattice sites are considered to be indistinguishable
where only the previous step of a chain is indexed and as a result of this mean field averaging is carried
when the next segment is added. In this way, FH out. The end surface next to z 5 1 is treated as an
theory gives an analytical expression for the combi- impenetrable surface at which the mushroom is

cnational entropy change DS for mixing polymer grafted, and all other surfaces (z5Z , r5R ) aremax max

chains with solvent. An enthalpy of mixing (DH ) treated as reflecting boundaries. The use of reflecting
model based on regular solution theory [17] is often boundary conditions is appropriate, and simplifies

cadded to 2 TDS to allow estimation of the Gibbs’ the simulation, provided the boundary is set suffi-
energy of mixing DG and the polymer and solvent
chemical potentials. The DH model includes an
interaction parameter, x , which gives half of theij

energy change associated with moving one segment
of i from pure i into surroundings of pure j, while a
segment of j travels from pure j to surroundings of
pure i.

In order to model polymer adsorption at a surface,
Scheutjens and Fleer (SF theory) developed a self-
consistent-field lattice model based on FH theory, in
which the mean field is allowed to vary in one
dimension [11,12]. The model is able to account for
the variation in polymer density in the direction
normal to an interface. A statistical mechanical
treatment of the lattice combined with step-weighted
walk statistics gives the density distribution of
polymer in each layer as well as thermodynamic
information. An extension of their model gives the
density distribution of end-grafted chains normal to a
surface [18]. This model has been shown to give
very good qualitative agreement with experimental
measurements of polymer density distributions [19].
However, because of the increased complexity in the Fig. 2. Schematic diagram of the cylindrical lattice is shown with
SF model, it requires a numerical solution. the coordinate directions, z and r. The mean field varies in each

A further extension of the SF model allows the radial of the lattice as shown by the shaded radial.
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ciently far from the grafting site to avoid the The free segment-weighting factor is the preference a
presence of chain or disc segments within the segment would feel to be in lattice position (z, r). It
boundary region. The lattice was therefore of suffi- is based on the potential of mean force, u (z, r), felti

cient size to ensure that all lattice sites in contact by the segment in that lattice position. The segment
with the radial boundary are occupied by solvent. In potential is composed of two contributions, a hard
all calculations, the lattice is large enough that core potential, u9(z, r), and an interaction potential,

intboundary effects on the chain are negligible. The u (z, r). The hard core potential is given by the
number of sites per radial, r, in each layer is given Lagrange multipliers when the maximum term of the
by the area (in lattice units) of the radial: partition function is subject to the constraint that the

lattice is filled. It therefore adjusts the segment2 2L(r) 5 phr 2 (r 2 1) j (1) potentials to ensure that the lattice space is complete-
ly filled without segment overlap.The outer surface area of a ring is then given by:

intThe interaction potential, u (z, r), is based on the
S(r) 5 2pr (2) local segment densities and x for unlike pairij

contacts:In order to evaluate the step-weighted random walk
chain configurations, the step probability for a move intu (z, r)i bfrom a given lattice site to any adjacent site needs to ]]] 5O x hkF (z, r)l 2 F j (6)ij j jkT jbe known. We follow the same rules as Leermakers,
and allow steps up (higher z), steps down or steps in Here F (z, r) is the volume fraction of component j,jthe same layer. We also allow steps inward (lower r), in radial (z, r). The superscript b denotes the value in
steps outward or steps in the same radial shell and the bulk solution, which is zero for grafted com-
any combination of these two steps simultaneously ponents, and the angular brackets represent a step
(i.e. in and down). weighted average over all adjacent lattice sites. This

Physically the lattice step probabilities are simply is given in expanded notation by:
a consequence of the assumed geometry and are thus
constants. In the normal direction, if a hexagonal kF (z, r)l 5OO l (r z)F (z9, r9) (7)j z92z, r92r jlattice is assumed (12 nearest neighbors), the prob- z9 r9

ability to step up or down a layer is simply l (z) 51 In order to handle the connected nature of the
l (z) 5 3/12, corresponding to the number of near-21 chain segments, an end segment distribution function
est neighbors in the adjacent layers to layer z. The

is generated using a recurrence formula. In this
probability to stay in the same layer z is then l (z) 50 manner, the statistical weight of all conformations is
6 /12. For steps inward and outward, the probabilities

systematically generated:
are made proportional to the lattice site surface area
on the face that is crossed: G (z, r, s 1 1u1) 5 G (z, r)kG (z, r, su1)l (8)i i i

l (r) 5 S(r 2 1) /L(r)*1 /421 The angular brackets again represent a step-weighted
l (r) 5 1 2 l (r) 2 l (r) (3)0 21 1 nearest neighbor average and G (z, r) is the free-i
l (r) 5 S(r) /L(r)*1 /41 segment weighting factor for a segment of type i in

radial (z, r). G (z,r,s 1 1u1) gives the statisticaliThus, the probability to step down and outward
weighting factor (chain end weighting factor) for asimultaneously is given by:
chain of s 1 1 segments to end in radial (z, r), after

l (z, r) 5 l (z) l (r) (4) starting from an end segment with ranking 1. For the21,1 21 1

case of grafted chains, the chain end distributionand likewise for all other step directions.
function must be generated from each end of theIn order to generate the set of all chain conforma-
chain (fixed and free) since inversion symmetry doestions on the lattice, segments of type i are assigned a
not apply to end-grafted chains.Boltzmann factor (free segment weighting factor):

In order to graft a single chain to the center of the
G (z, r) 5 exp(2u z, r) /kT ) (5) lattice at layer 1, the recurrence formula is startedi i
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from segment 1 with the restriction on that segment and (ii) in applying mean field radials to the mush-
that: room, the behavior of the polymer can be described

without information about the radial chain trajectory
G (z, r) 5 exp(2u (z, r) /kT ); z 5 1, r 5 1 (9a)i i (i.e. tether direction). This last assumption follows,

in part, from the angular symmetry of the system.
G (z, r) 5 0; for all other z, r (9b) The set of Eqs. (5), (6), (8) and (10) constitutes ai

large set of non-linear self-consistent equations,
This permanently grafts end-segment 1 of the chain which can be solved numerically using the method of
to position (1,1) of the cylinder. The complementary Leermakers [21]. The solution is based on the sum of
chain-end distribution function is then generated volume fractions over segment type being unity and
(starting at the other end of the chain) with no the hard core potential being independent of segment
restrictions on the remaining chain segments or the type once the correct solution is obtained. Because of
location of the free end. This is done using Eq. (8) the long computation time for large lattices, chain
from the starting point. The chain-end weighting sizes were usually no more than several hundred
factors for all chain conformations are computed and segments.
combined to give the segment density distributions,
F (z, r):i

3. ThermodynamicsG (z, r, su1)G (z, r, suN)i i
]]]]]]]F (z, r) 5 C O (10)i i G (z, r)s i

Our procedure for calculating the energy required
to compress an end-grafted chain with a disc followsHere, the summation is over all segment ranking
the thermodynamic development in the original SFnumbers up to the full chain length, N. A normaliza-
model [11,19]. Here, the result varies slightly totion constant, C , is needed to transform the weight-i

account for the radial non-uniformity in each latticeing factors to volume fraction. The normalization
layer. The Helmholtz energy, A, can be calculatedconstant for chains fixed in the system (restricted
from the canonical partition function, Q, by:equilibrium) is given by:

n A 2 A* 5 2 kT ln (Q /Q*) (12)i
]]]]]]C 5 (11)i OO L(r)g (z, r, Nu1)i

z r The asterisk in Eq. (12) represents the reference
state, which we specify as the pure, amorphous,

In this way, coupling the end segment weighting unmixed components of the system. Because volume
factors for shorter chains generates the weighting is constant in this lattice model, the Helmholtz
factors for inner chain segments. The summation on energy is equal to the Gibbs energy.
s covers all possible segment positions in the chain The partition function can be written in terms of a
and the normalization factor G (z, r) eliminatesi combinational term and an energy U, term:
double counting.

In this model three segment types have been used: U 2 U *
]]]S Dln (Q /Q*) 5 ln (V /V*) 2 (13)polymer, solvent and disc segments. The polymer is kT

considered a uniform homopolymer, and the disc is
considered to have uniform properties, being com- In order to evaluate Q, both terms must be expressed
posed of a fixed number of segments specified to fill as functions of the segment densities and segment
the geometry chosen for it. The solvent is allowed to potentials on the lattice. For first-order Markov-type
distribute freely in the system around both the chain statistics (random walk with backfolding al-
grafted chain and the disc, which was fixed at a lowed), Eq. (12) for the cylindrical geometry is
specified location for each calculation. The model similar to that for the original SF lattice with a
also assumes that: (i) lattice sites are a constant one-dimensional variation in the mean field. We can
volume and there is no volume change on mixing, therefore write the combinatorial term as:



36 B.M. Steels et al. / J. Chromatogr. B 743 (2000) 31 –40

ln (V /V*) 5OOO L(r)F (z, r) chain with itself and solvent, assuming no otheri
z r t species are present. DeGennes [7] predicted that a

bln F single end-grafted chain in a good solvent will formi
]]3 1 ln G (z, r) (14)H Ji a random coil, roughly in the form of a half sphere,Ni

with a radius of approximately the Flory radius,
3 / 5Adding the energy term to Eq. (14) then gives us the R 5 aN . In this equation, a represents the mono-F

complete Helmholtz energy: mer length and N the number of monomers in the
b chain. In the lattice model, these parameters becomeln F(A 2 A*) i

]]] ]]5 OOO L(r)F (z, r) the lattice dimension and the number of chainHikT Nz r t i segments, respectively. Thus, a chain of 100 seg-
ments will have a Flory radius of about 16 lattice

1 ln G (z, r) 1O x kF (z, r)l (15)Ji ij j units. The root-mean-squared distance of segments
j.i

from the cylinder axis:
In Eq. (15) the bulk volume fraction for solvent is

1 / 2n(r)unity, but for the grafted chain a substitution must be 2 ]]R 5 O r (18)F Grmsmade since it is in restricted equilibrium [22]. It is Ndr
bpossible to replace F for the grafted chain with ani

has also been calculated in this work in order toexpression written in terms of the chain end weight-
characterize the amount of spreading and escape aing factors:
chain undergoes when compressed.

n Ni i The fractional segment distribution in both theb ]]]]]]]F 5 (16)i radial (r) and normal (z) directions is shown in Fig. 3OO L(r)G (z, r, N u1)i i
z r for an end-grafted chain of 100 segments in a good

solvent (x 5 0) under no compression. The Florywhere component i represents the grafted polymer. 12

radius and R of the coil as calculated in Eq. (18)For the energy calculation, the summation over all rms

are also shown in Fig. 3 for comparison. The numbercomponents, i, includes the polymer and solvent. The
of segments in each radial n(r) is calculated as:disc is considered completely uniform and its posi-

tion unchanging. All unlike contacts are considered
n(r) 5O L(r)F(z, r) (19)athermal so the last term of Eq. (15) is not required.

z

It is possible however, to introduce interaction
parameters simulating the case of poor solvent, or an
attractive surface of the disc.

intFinally, the energy change A (z) due to compres-
sion of the mushroom is calculated by [23]:

intA (z) 5 hA 2 A*j(z) 2 hA 2 A*j(`) (17)

where the coordinate z represents the layer position
of the leading edge of the disc. The disc is moved
stepwise in the z-direction, toward the surface, and
for each step the chain distribution is calculated in
both dimensions.

4. Results and discussion
Fig. 3. Fractional segment distribution of a single end-grafted
chain in the radial (r) (dash-dot line) and normal (z) (solid line)

At low grafting density, the conformation of an directions with N5100 segments. Dashed line shows the root
end-grafted chain is based only on the impenetrable mean squared (rms) distance of segments from the center axis,
nature of the grafting surface and interactions of the R , and dotted line shows the Flory radius, R .rms F
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which is simply the volume fraction F (z, r) multip- significant portion of the chain is escaped from underi

lied by the number of lattice sites L in the radial r. the disc and forms a smaller coil outside the edges of
The fractional distribution was then computed by the disc.
normalizing Eq. (19) by the number of segments in The extent to which segments spread out in the
the chain. In agreement with DeGennes’ predictions radial direction under a compressing disc is propor-
[7], we find a maximum in the segment fraction a tional to R (Eq. 18). The r.m.s. distance ofrms

few layers from the surface in the normal direction. segments from the center of the cylinder is shown in
There is also a maximum in the segment fraction a Fig. 5 for a chain of 100 segments compressed by
few radials from the center. This is due to the fact two discs of different diameters. An important
that the inner radials have fewer lattice sites and can feature of Fig. 5 is that as the disc is made larger,
thus accommodate fewer segments despite having more compression is required in order for chain
higher segment densities. The two curves approach escape. Consequently, the escape region is sharper
zero at roughly the same distance, suggesting the (and therefore more similar to a first-order phase
chain forms roughly a half-sphere (or mushroom), transition) due to the fact that more work is required
spreading more in the radial than normal direction. to squeeze the chain to the edge of a larger disc. The

The segment density profile of a single end-grafted escape of the chain under the disc of radius 20 is
chain is shown in Fig. 4 (a). The density is highest at gradual, as seen by the solid line in Fig. 5.
the point of grafting and drops off rapidly with Subramanian et al. [1,2] reported that for a disc
distance from the surface. The graft density at (1,1) larger than R a first-order escape transition is found.F

is about 0.4, which corresponds to slightly more than They argue that this transition is associated with an
one segment in the p lattice sites of the first radial in energy required to stretch the compressed polymer
layer 1. In Fig. 4 (b), a disc of radius 20 with a chain to the edge of the disc. For such a system (a
thickness of four layers has been placed in layer 2. disc of radius 30 compressing a polymer of Flory
The chain distribution around this disc is shown. It radius ca. 16), we observe a sharp, reversible transi-
can be seen that the chain density becomes much tion, which is similar to (but does not completely
higher in the outer radials (r 5 15–20) of layer 1. A conform to) a first-order escape transition. The

Fig. 4. Segment density distribution of a single end-grafted chain with N 5 100. The chain is shown in (a) with no disc and in (b) with a disc
of radius R 5 20 and thickness Z 5 4, sitting in layer 2 compressing the mushroom.disc disc
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Fig. 6. Fractional segment distribution in the radial direction as a
Fig. 5. Root mean squared distance of segments from the center mushroom with N575 is compressed by a disc with R 5 20discof the cylinder, R , is shown as the disc (Z 5 4) compresses arms disc and Z 5 4. The curves represent the disc in positions of z516,discmushroom with N 5 100. R 5 20 (solid), R 5 30 (dashed).disc disc 8, 5, 4, 3, and 2.

scaling model of Subramanian et al. equates the
calculated energy of two limiting cases in order to interesting to note that with the disc in layer 2, the
predict the compression at which a partially-escaped number of covered segments in each radial is about
chain is in equilibrium with a compressed chain 1.5. Within the mean field approximation, we could
whose 2D Flory radius is close but not equal to the interpret this result as formation of a strongly
disc radius. The strongly compressed chain is stretched tether under the disc with a large escaped
modeled as a string of blobs, each with energy kT, portion, a picture consistent with the blob model and
and the escaped chain is modeled as a strongly an escape transition. As the chain becomes longer,
stretched string of blobs (tether) with a fraction of the tether becomes more strongly stretched and at
the chain escaped. The fact that no such first-order infinite chain length, would become fully stretched to
transition is observed in our simulations suggests its limit of one segment per radial under a finite sized
either that information about the transition between disc.
these two states is lost in the scaling model or, more The energetic cost of compressing a mushroom
likely, that the angular symmetry assumption in our has been calculated based on the loss of conforma-
model does not fully represent the highly compressed tional entropy. Fig. 7 shows the compression energy
state. In particular, it suggests that the first-order for four different chain lengths. The curves represent
phase transition requires that the compressed chain, compression under a disc of radius R 5 20, anddisc

upon escape, forms an angularly dependent tether (or the chain lengths are N520, 50, 100, and 200
string) and a mushroom at one side of the disc. segments. The curves are all monotonically increas-

The segment fraction in each radial is shown in ing with compression. Comparing the calculated
Fig. 6 for a chain of N 5 75 segments compressed by energy curves for long chains with that for the
a disc of radius R 5 20. This set of curves shows N 5 20 chain, which cannot escape, shows that chaindisc

intthe results when the disc is placed in layer 16, 8, 5, escape is not accompanied by changes in A charac-
4, 3, and 2. Initial chain escape can be seen when the teristic of a first-order phase transition. Thus, al-
disc is placed in layer 5, and the fraction of segments though the model predicts a strong escape transition
escaped increases significantly as the disc is moved in terms of segment density profiles (see Fig. 4), it
in further. The R curve for compression (not does not provide conclusive evidence of a first-orderrms

shown) looks very similar to the dashed line in Fig. transition, suggesting that angular asymmetry (i.e.
5, but with a slightly less abrupt escape. It is strong tethering) is an essential element of the
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Fig. 8. Fraction of segments covered (dotted) and escaped (solid)Fig. 7. Energy required to compress a mushroom with a disc of
from under a disc of radius 20, extending from z 5 3 to the end ofradius R 5 20 and thickness Z 5 4 for several chain lengths:disc disc the cylinder (Z ), as chain length is varied.maxN520 (dashed), N550 (dotted), N5100 (dot-dash), N5200

(solid).

5. Conclusions
transition if it occurs. The only clear difference
between the systems is a shift of the curve to the The compression of a single end-grafted chain by
right (higher disc positions) with increasing chain a disc of finite radius was investigated using a
length, due to the increased excluded volume repul- self-consistent mean-field model. Chain segment
sion of the compressed chain. distributions for uncompressed chains (mushrooms)

For the longer chains, N 5 50, N 5 100 and N 5 and compressed chains are quantitatively and quali-
200, it can be seen that portions of the energy curves tatively consistent, respectively, with results pre-
coincide at high compression. The energy curves for dicted by de Gennes [7]. However, in contrast to
N 5 50 and N 5 100 overlap on the N 5 200 curve at more recent work using a model based on scaling
a point where the shorter chains have just started to theory [1,2] we find no first-order escape transition
escape. Further compression therefore involves only when a chain is compressed. This disparity may be
the work of compressing the polymer tether, which is due to the assumption of angular symmetry used in
independent of chain length. this work, indicating that stretching of the chain in a

In order to investigate the chain escape further, random direction is an essential element of the
chain length was varied under a fixed disc of radius transition. Based on this model, the chain appears to
R 5 20. For simplicity, the disc extended from be squeezed out from under the disc, often abruptly,disc

layer 3 to z 5 Z , since for discs where R . R as the disc approaches the surface. The energymax disc F

the thickness of the disc has no influence on chain required to compress the mushroom increases with
escape energetics or segment density profiles. Fig. 8 compression and becomes independent of chain
shows the fraction of segments covered by the disc length following chain escape.
(dotted) and the fraction of segments escaped (solid)
from under it. The onset of escape occurs at just over
50 segments, indicating that the critical length for
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