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ABSTRACT: Force versus extension behavior of flexible
chains and semiflexible bottle-brush polymers adsorbed from a
good solvent on a planar substrate is studied by Monte Carlo
simulation of the bond fluctuation model. The properties of
the polymers (fraction of adsorbed monomers, height of the
free end of the macromolecule above the surface, gyration
radius components parallel and perpendicular to the surface,
etc.) are studied in full thermal equilibrium as well as out of
equilibrium, varying the pulling speed over 3 orders of
magnitude. The equilibrium extension vs force curve reveals
that the transition force (where force-induced desorption
occurs) increases with increasing side chain length N of the
bottle brushes, while further extension is almost independent
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of N, and can be described by a model due to Odijk, in agreement with a recent experiment.

1. INTRODUCTION

Stretching macromolecules that are adsorbed on a surface, or
are anchoring with a chain end at a substrate, by various means
(tip of an atomic force microscope (AFM) to which the other
chain end gets adsorbed, or manipulating the chain
conformation by attaching to the free chain end a special
bead so that one can “pull” the chain end by laser tweezers or
magnetic fields, etc.) has become a valuable tool to learn about
structure property relationships of single macromolecules, in
particular biopolymers.' " This approach has found a lot of
experimental interest (see ref 22 for a review) and poses
challenging theoretical questions as well (see refs 23—30 and
refs 31 and 32 for reviews). Of course, it is rather natural to
expect that in the course of such a single-chain manipulation
the macromolecule typically is brought to states far from
equilibrium, and it is important to understand to what extent
one still probes equilibrium properties of the macromole-
cule.*"*” This question is difficult to answer for many
biopolymers of practical interest, due to their unique sequence
and complex chemical and geometrical structures.

To learn about such issues, it is of interest to probe simpler
model macromolecules by such methods. Besides simple linear
homopolymers, cylindrical bottle-brush polymers are such
model macromolecules, they have a well-defined chemical
architecture®>>* which also is not too complicated, a flexible
polymer with N, monomeric units forms the backbone, to
which at some grafting density ¢ side chains with N monomeric
units are tethered. One can investigate by scattering experi-
ments®>° the structure of these cylindrical brushes in solution
(under good solvent conditions) and model them by
simulations.” >® These simulations have also been extended

-4 ACS Publications  © 2013 American Chemical Society 427

to study in detail the structure of these bottle-brushes at flat
surfaces, near the adsorption transition which is seen when the
strength of the monomer—substrate interaction is varied.***!
On the other hand, bottle brushes are large enough that one
can visualize experimentally the conformation of adsorbed
bottle-brushes by AFM techniques,*”** and also their response
to pulling forces has been investigated in a pioneering
experiment.zo

The present paper has the aim to provide guidance for such
experiments, where bottle-brush polymers adsorbed on
substrates are pulled off from the substrate, measuring force
vs extension curves etc., by extensive simulations of the model
whose behavior both in the bulk’”~** and adsorbed on a flat
substrate*”*' has been characterized in detail already. Of
course, other simulations have been already made studying
force—extension curves for atomistic models of biopolymers
(e.g, refs 42—46) or idealized coarse-grained bead—spring
models of chains.*”~* The bottle-brush system considered
here has the advantage that both in the experiment and in the
simulation the length of the side chains, N, and the length of
the backbone chain, N}, can be varied over a wide range,35—39
without changing any of the intramolecular forces, and hence a
stringent test of theoretical concepts becomes possible (e.g., ref
39).

In the next section, we summarize the main features about
our model and the simulation techniques, and in the third
section we describe the variation of properties with the force,
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Figure 1. Normalized distance (zn4)/(IN,J,) of the end-monomer of an adsorbed chain (¢ = 1.5, far above the adsorption transition which occurs
at** ¢ ~ 1.0; note that energies are quoted in units of the thermal energy kzT = 1 throughout) versus force, for N, = 67. For five states typical
configuration snapshots are shown. No side chains are present here (N = 0).

such as the number of adsorbed monomeric units, distance of
the free end of the macromolecule (considering always one end
being grafted) from the substrate, parallel and perpendicular
linear dimensions of the polymer, etc. We vary the speed of
increase (or decrease, respectively) of the force over 3 orders of
magnitude, to elucidate the presence (or absence, respectively)
of hysteretic behavior. For the sake of comparison, also
corresponding results for simple linear chains (without side
chains) are presented. Section four summarizes our con-
clusions.

2. MODEL AND SIMULATION METHODS

As in our previous work on simulations of bottle-brush
polymers,*”~*' we use the bond fluctuation model on the
simple cubic lattice®™ > to describe both the “backbone
polymer” and the side chains that are grafted to it. In this
model, effective monomers are represented by elementary
cubes which block all eight corner sites of the cube for further
occupation, to model the excluded volume interaction. Empty
lattice sites account for the solvent implicitly. The effective
bonds connecting such effective monomers along a chain are
chosen from a set of “bond vectors”, namely {[2,0,0], [2,1,0],
[2,1,1], [2,2,1], [3,0,0], and [3,1,0], respectively}, including
also all possible permutations and assignments of positive or
negative signs to these coordinate differences (the lattice
spacing being our unit of length). Remember that each effective
bond can be taken to represent a group of about three to five
carbon—carbon covalent chemical bonds along the chain
molecule; in a crude way the variability in the length of the
effective bond is thought to represent the local conformational
degrees of freedom due to the various minima in the torsional
potential of a chemically realistic description of a polymer.
Noting that the average length of an effective bond turns out to
be about 7, = 2.7 lattice spacings, one finds that for polymers
such as a polyethylene, polystyrene, etc. a lattice spacing would
roughly correspond to about 0.2—0.3 nm.”” Apart from
excluded volume, no other intermolecular interaction between
effective monomers is included (although this could be done,>’

if desired).
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We use this model for both the backbone chain and the side
chains, ignoring the difference in chemical structure occurring
for real bottle-brush polymers®>~*¢ between side chains and
backbone. Similar to experiment, we graft one side chain to
every effective monomer of the backbone, apart from the first
and last one; the first monomer of the backbone is grafted to
the substrate (this means, the z-coordinate of the four lower
corners of the cube is z = 0, and their x, y coordinates are kept
fixed as well), while the gulling force acts on the last monomer
only. Unlike experiment,*® where also interior parts of a bottle-
brush polymer can bind to an AFM tip, the simulation setup
hence does not suffer from any ambiguities about the question
on which effective monomers the pulling force acts. Because of
the chemical grafting, the chains can, however, not detach
completely from the surface, a phenomenon which was recently
studied both theoretically and by simulations.”*** In the bulk
the backbone chain length N;, was varied from N, = 67 to N, =
1027, and the side chain length N typically up to N = 24 (for a
few cases also N = 36 and 48 was considered).”’** Adsorbed
chains (effective monomers are adsorbed and experience an
energy € when they have the lower four corners of the cube in
the plane z = 0) are more difficult to equilibrate, and hence the
largest adsorbed bottle brush that could be simulated***" was
characterized by N, = 643, N = 18. Note that the energy
parameter enters the transition probability for Monte Carlo
moves via the Boltzmann factor exp[—AE/kzT], where kzT
(chosen unity here) is the thermal energy and AE the energy
change due to the move. We apply here the standard
Metropolis algorithm of Monte Carlo simulation.® As Monte
Carlo moves, we use both local moves® >* (where one
attempts to displace a randomly chosen monomer by one
lattice unit in a randomly chosen direction; of course, moves
that would lead to occupied sites below the surface plane (z <
0) are always rejected) as well as moves where a monomer can
“hop” to a more distant site (“L26 algorithm”56). This move
violates the condition (that is desirable when one wishes to
apply the model for a study of entangled polymer dynamics)
that chains in the course of their motions cannot intersect, but
speeds up the equilibration significantly. For the study of
adsorbed chains in equilibrium, also pivot moves*>*">” were
used. Note that the force f enters the simulation only when the
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Figure 2. Same as Figure 1, but for side chains of length N = 6.

(a)

0.6 T -
Iil!!lli!i:l f++ o
0.5 i !!ii f-- «
B
R 0.4 i EE
2 | g
S 03¢ l! L
=4 X Ei
0.2 'll EE
Ny [ ]
]
0.1} ll"'"lllnuunlll"..
0 L n n n n
0 0.1 0.2 0.3 0.4 0.5 0.6
f
()
0.6
|lllli|l. f++ @
0.5 Sii foo
0.4 KEE
# !
o 03 %ED
=2 * i
0.2 ® E
01 Py
iili||...
0
0 0.1 0.2 0.3 0.4 0.5 0.6

(b)

0.6
0.5
0.4

03t i

Ng / Ny

0.2 r
I
0.1 ¢

0.6

0.5

0.4

Ng /N,

0.3 ii
0.2 "

0.1

Figure 3. Fraction of adsorbed monomer-surface contacts, N,/N, for linear polymer chains of length N, = 67, plotted vs force f, using 512
independent runs when the force fis increased (f++) or decreased (f——) in steps Af = 0.02, starting at f = 0 and ending at f = 0.6. The spread in the
symbols indicate the fluctuations from run to run. At each step of f the force is kept constant over a time of t; MCS, with ¢, = 2™ (a), 217 (b), 2%° (¢),

and 2% (d).

z-coordinate of the last monomer changes by Az, via an
additional Boltzmann factor exp[—fAz/kzT] in the transition
probability. Of course, this algorithm provides only a crudely
simplified description of polymer dynamics,>”*® in particular,
hydrodynamic interactions provided by the solvent are
completely missing, and so the description of dynamical
phenomena is essentially on the level of the Rouse model.>” >’
However, the Rouse model® is broadly considered and is
useful to provide a first orientation on polymer dynamics.>” >’

As an example, Figures 1 and 2 show typical data on the
equilibrium distance (z.,9) of the end-monomer of the
backbone versus the force f, for a polymer with no side chains
(Figure 1) and a bottle-brush with side chain length N = 6
(Figure 2). While N = 6 clearly means the side chain is very
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short, it does correspond to the range of side chain lengths

g

considered in experiments.’**® One recognizes a pronounced
sigmoidal character of these extension versus force curves, with
three regions, illustrated by the snapshots: in the region of
small f (ie, f/kgT < 0.5 in Figures 1 and 2) the
macromolecule essentially stays fully adsorbed, irrespective of
the pulling, Then there is a region of intermediate f, where a
steep rise occurs; there part of the chain is still adsorbed,
another part is already pulled off. In the final part the curve
gradually flattens: then basically no adsorbed part exists any
longer, but the chain (in the case where no side chains are
present, N = 0) still is a bit coiled on the local scale, and much
stronger forces are needed to stretch the chain to its maximum

dx.doi.org/10.1021/ma401996n | Macromolecules 2014, 47, 427—-437
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Figure 4. Comparison of data obtained for t; = 2'7 and t; = 2** (similar as shown in Figure 3) with well-equilibrated data shown as curves, where for
each value of f averages over 2.5 X 10° independent configurations are measured every 2'® MCS. Data shown are the fraction of adsorbed surface
contacts, N,/Nj (a), rescaled height of the free end monometr, z;, .4/ (N,7,) (b), rescaled mean square gyration radius perpendicular (c) and parallel

(d) to the surface, Ry, V2 (Nbsz) and Rgb,||2/ (Nbsz): respectively.

length (corresponding to (2} e,q)/Nyl, = 1). In the case of the
bottle-brush polymers the snapshots (both of the pulled chains
and of fully adsorbed chains, see*®*") are really suggestive of a
description by the worm-like chain model, and the same
observation has been made for the experiment.”® However, one
needs to be more careful: the analyses presented in***>%
clearly showed that the popular Kratky—Porod model® for
semiflexible polymers is not an accurate description for bottle-
brush polymers, since their large persistence length /, is caused

by a rather large “chain thickness” (one can estimate that / b R

3((R.2))"? where R, is the cross-sectional radius of the bottle-
brushéz) and it was shown in refs 38, 39, and 60 that in this case
the Kratky—Porod model is not applicable.

3. SIMULATION RESULTS

3.1. Pulling Single Chains without Side Chains off a
Flat Surface. In Figures 3 and 4, we characterize our pulling
experiment by looking at the number of adsorbed monomers
(Figure 3 and Figure 4a), the height of the end monomer above
the surface (Figure 4b), and the extension of the chain
perpendicular (Rgh 1% Figure 4c) and parallel to the surface
(Ry,, Figure 4d). All data are obtained for a short linear chain
(N, = 67) under conditions where in the absence of pulling
forces it is strongly adsorbed (we work at € = 1.5 throughout).
We consider in each case time series where the pulling force fis
either increased (f++) or decreased (f——) in increments of Af
= 0.02. To model variable pulling speed, the force is kept
constant for t Monte Carlo steps (MCS) at each step, t;/t, = 64
data points are stored every f, MCS for a constant force.
Average values taken from 512 independent runs are shown.
Here by the overbar (=) we mean a sampling over many
nonequilibrium trajectories, unlike a sampling (..) over an
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equilibrium distribution. We clearly see that when we pull too
fast (holding the chain at each value of f only 2'* MCS), the
systems falls completely out of equilibrium, and when we turn
from f = 0.6 to f = 0 again, we end up in a only partially
adsorbed nonequilibrium conformation (Figure 3a). It then
also happens that the decrease of f near f = 0.6 does not lead to
an increase of N;/Nj and Ry, > (and a decrease of zj, e, Ryy,1%),
but rather the system develops opposite to what one expects, so
the curves for decreasing f are nonmonotonic (see Figure 3a).
For somewhat larger # (t; = 2'7), this anomalous behavior
typical for far from equilibrium simulations is gone, but we still
see a pronounced hysteresis between the data for ascending and
descending force. Only for the largest choice of  (f; = 2*)
hysteresis has disappeared completely, ascending and descend-
ing branch superimpose within error, equilibrium along the full
process has been reached. This assertion is also confirmed
when we compare the latter data with calculations where we
take averages at extremely long runs at fixed values of f (full line
in Figure 4) where it can be anticipated that well-equilibrated
simulation results have been obtained, which is proven by a
detailed analysis of “time correlations” in the “time series” of
these runs.

In the following, we also briefly discuss the choices made for
the step size of the force for our ramping protocol. For the
discrete ramping protocol necessary in the Monte Carlo
simulation, both the size of the step in the applied force and the
duration of application of this force are relevant. The step size
was selected so as to give a fine enough discretization of the
complete force interval, while still allowing for sufficiently large
duration of application of this force. As is shown in Figure 3a,
for a too short duration severe nonequilibrium effects distort
the simulation results. So the quality of the statistics obtainable
at minimal duration of the steps necessary and number steps
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Figure 5. Fraction of monomer—surface contacts (N,)/N, (a), average height of the end monomer (z;,.,4)/(N,7,) (b), and the reduced variances of

these quantities, ((N,*) — (NS)Z)/(N;,TZ,Z) (), and ((zyend”) — (zbymd)z)/(N,,sz) (d), plotted vs the force f. Data for N, = 67, 99, 131, and 195 are
included, as indicated. In parts ¢ and d, the maximum values of the reduced variances are shown in the insets, plotted vs N, in a log—log scale. The
straight lines of slope 0.83 (c) and 0.85 (d) give the best fit of the data.

(a) (b)

Np = 195 10—
a 5 Ny=131 o 1
E Nb= 99 » . /
=2 Ny AT Np= 67 —=— 99 1
~ w
A v
o X
v A
NLlJ
\J
f f

—
o
~
—
(oW
N

03
025
"
) = 02
Y 2 o
- A . r
/\4! '\.‘D
~5 v 01}
24
\"
0.05 |
0
f f

Figure 6. Average energy (E)/N, per monomer (a) and its normalized variance ((E?) — (E)?)/N, (b), ratio between the mean square gyration
radius component perpendicular and parallel to the surface, (Rgb/ RY (Rgb,uz) (c), and average normalized distance of the monomers of the chain from
the surface, (z,)/(Ny1,) (d). Data for N, = 67, 99, 131, and 195 are included, as indicated. Note that the energy E included also the term —fz;, .4 due
to the force. In (b) the heights of the peaks plotted vs N, in a log—log scale are shown in the inset. The straight line of slope 0.74 gives the best fit of
the data.

possible led to the choice of (mostly) Af = 0.02 for the of macromolecules. Defining for a free chain in d = 3
simulations. Of course, the time #; which we have used, from 2 dimensions in dilute solutions a relaxation time 7, via® the
to 2% MCS, needs to be related to the intrinsic relaxation times condition that the time-dependent mean square monomer
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Six choices of f are included, as indicated.

displacement becomes equal to the mean square gyration
radius, one finds 7, ~ 7N with®® 7, ~ 2 and z = 2.24 (the
theoretical value of z would be z = 2v + 1 & 2.18, with v the
Flory exponent57_59) while for N = 67 the resulting time (7; &
25000) is clearly smaller than the times t= 217,22 and 2%, it is
remarkable that Figures 3 and 4 still reveal some hysteresis: this
is due to some “critical slowing down”® associated with the
phase transition from the adsorbed chain to the desorbed
mushroom, which appears in the limit N — co. Note that this
transition is believed to be weakly of first order (no free energy
barrier separating the coexisting states®*) and hence critical
slowing down is expected. The quoted time constant 7, refers
to the “random hopping” algorithm, where monomer moves by
one lattice spacing are attempted, and due to our usage of L 26
moves and pivot moves 7; would be even smaller.*>*!
However, due to the slow desorption kinetics, we had to
restrict attention to Nj, < 195 here to avoid excessive amounts
of computer resources for getting well equilibrated results.
Similar data as shown in Figures 3 and 4 have also been
generated for longer chains (N, = 99, 131 and 195,
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respectively), but in order to save space, they are not shown
here; rather we focus on the equilibrium behavior of the chain
as a function of the force in Figures S and 6, where we compare
all four chain lengths that were studied. Recall that the Monte
Carlo simulations performed here can describe dynamic aspects
of the pulling process only qualitatively, due to various
simplifications inherent in our simulation (we pull at constant
force that is stepwise increased rather than at constant velocity
of a bead harmonically coupled to the end monomer, we omit
hydrodynamic forces transmitted via the solvent; we ignore that
the chain must not intersect itself in the course of its motions).
But the static equilibrium behavior is a reasonable description
of a real chain under the action of a force, since one can justify
the present model in terms of a coarse-graining where several
chemical bonds along the chain backbone are lumped into a
single effective bond.””*® One can see that with increasing
chain length N, the transition from the adsorbed chain to the
almost fully stretched state of the mushroom becomes sharper.
It is tempting to interpret this force-induced desorption as a
first-order transition rounded by “finite size” (i.e., finite chain
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data are shown for runs keeping the force constant over t;= 2% MCS. t/t, = 64 data points are stored every t, MCS for a constant force, and average
values from 512 independent runs are shown. Note that both runs with increasing (f++) and decreasing (f——) force were made, as indicated.

length N,). Similar conclusions were reached for different
models in the literature.*’~* According to this interpretation,
the height of the peaks in Figures 5¢, Sd, and 6b should increase
linearly with N; however, the log—log plots shown in the insets
reveal that the asymptotic regime of this scaling has not been
reached yet. In Figure 7a, we present the free energy change
AF(f) obtained from thermodynamic integration as a function
of pulling force. From this and the result for the energy shown
in Figure 6a, the entropy change AS(f) associated with this
transition shown in Figure 7b is obtained. We see that the
entropy change also develops toward an entropy jump in the
limit N — oo, like in the internal energy E (Figure 6a). The
intersection points of the entropy curves, and the positions of
the maxima in Figures 6b, 5c, 5d are compatible with each
other, indicating that the transition point for N, — oo will
occur at about f = f, &% 0.27 + 0.01.

The character of this transition is also very distinctly shown
by the behavior of the distribution function of the monomer
density P(z) and the end monomer density P,(z) for different
forces, respectively (Figure 8). One sees that in the partially
desorbed state (e.g,, f = 0.2) the distributions are superpositions
of two exponentials: at very small z a rapidly decaying part
dominates (only this part is present for f = 0, of course); then a
much slower decay follows, which reflects the strong
fluctuations of the “interface” between the still adsorbed part
and the already desorbed part of the chain (recall that this
interface is a single monomer only: therefore, the first-order
transition that emerges for N, = co does not have a free energy
barrier between the coexisting states.>>%* Thus, the distribution
function P,(z) of the free end switches from the slow
exponential decay to the Gaussian distribution with a (2;,,q)/
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N, of order unity without showing a double-peak distribution in
between: rather one obtains a distribution which is almost flat
over a significant region of z, for the value of f where the
fluctuations are maximal.

3.2. Pulling a Bottle Brush. How is the phenomenology
developed in the preceding discussion changed when we go
from a linear chain to a bottle brush polymer? In Figure 9 we
show the counterparts of Figure 4 for a small bottle-brush
polymer of the same backbone chain length (N, = 67) and with
side chain length N = 6. The first thing to note is an increase of
the intrinsic relaxation times of these chains leading to a
hysteresis behavior which is even more pronounced than for
linear chains. Therefore, only the two slower choices of
changing the force f are shown, t;= 2% and t= 2%, respectively.
For smaller choices of #; the system is very strongly out of
equilibrium. Second, the force necessary to desorb the bottle
brushes is larger compared to the linear chains (from the
hysteresis loops one can estimate f, ~ 0.5 compared to f, = 0.27
for the linear chains).

As was already suspected from a comparison of Figures 1 and
2, the presence of the side chains of the bottle-brush polymer
leads to a more abrupt character of the force-induced
desorption. In this context, it is also instructive to study how
the force-induced desorption changes the side chain con-
formations. We find that for the adsorbed chains, side chains
have slightly smaller perpendicular (by 16%) and slightly larger
parallel (by 8%) mean square radii than in the desorbed case. In
Figure 9d) we show the ratio of the perpendicular and parallel
extension of the side chains for the same two pulling speeds
considered in the previous figures and this ratio marks the
desorption transition as clearly as the corresponding ratio for
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Figure 10. Fraction of monomer-surface contacts N,/N,, (a), height of the end monomer Zp end /N,1, (b), ratio between the mean square gyration

radius components perpendicular and parallel to the surface (c), and ratio between the mean square end-to-end distance components perpendicular
and parallel to the surface (d). Average values from 128 independent runs are shown for Nj, = 67, N = 12. Two sets of parameters are chosen here, (%
= 2%, Af = 0.04, 0 < f < 1.2), and (t; = 2%, Af = 0.0, 0.4 < f < 1.0).
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Figure 11. Mean square gyration radius in the direction parallel to the surface, Rgb,HZ/Nbl_l,2 (a), and perpendicular to the surface, Ry, lz /N;,l_l,2 (b)

for the same parameters as in Figure 10. (c, d) Same as parts a) and b), but for the mean square end-to-end distance.

the backbone. This entails that the edge between adsorbed and transition is not supposed to change, although it will sharpen
desorbed part of the chain is no longer just given by a single and shift with increasing side chain length. In Figures 10 and
monomer, but adsorbed side chain monomers contribute to 11, we show that these expectations are borne out. The
this as well. Still, for finite side chain length, there is no variation at the transition does indeed become sharper when
extensive number of monomers to be pulled off the surface at the length of the side chains is increased from N = 6 to N = 12
the transition, so that the weakly first order nature of the and the transition for N = 12 is around f; ~ 0.7. Since at the
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same time, however, relaxation times become larger, smaller
pulling speeds (t = 2** and 2*) needed to be used. The latter is
almost sufficient to exhibit reversible desorption and read-
sorption behavior for the combination of backbone (N, = 67)
and side chain (N = 12) length employed in Figures 10 and 11.

Let us finally compare our results to the experimental
observations as reported for bottle brush polymers in ref 20.
The experimental curves of force versus extension as presented
in Figures 3 and 4 of this work correspond to the data we
present in Figures 9b and 10b rotated by 90 deg. The first
obvious difference to the experimental data is that the steep
increase in extension occurs at a finite pulling force in the
simulation, whereas in the experimental figures, the extension
occurs at force zero. We believe this to be an artifact of the
force calibration in the experiment. The experiment is done on
strongly adsorbed bottle brush polymers, so there has to be a
first-order desorption transition at a finite pulling force, not at
force zero. With the calibration done in the experiment, all
information on the desorption transition of the polymers is
removed from the data. The next thing to observe is that the
increase of extension at the desorption transition is much
steeper than in the simulation, which can be attributed to the
larger chain lengths studied experimentally. As discussed above,
our data indicate a steepening of the slope in this region with
increasing backbone as well as side chain length. Lastly, the
extension of the bottle-brush polymers after desorption is
analyzed in the experiments using an e%uation derived for a
polymer model with extensible backbone®®

Zpend PN
— =1 - z(ﬂp) + —

Nyl o (1)

where @ is the elastic stretch module of the chains and where

we have equated the contour length, L = N,J,. We perform this
type of analysis in Figure 12 which compares the force
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Figure 12. Extension—force curves for a linear chain (N = 0, blue
circles) and two bottle brush polymers with backbone length N, = 67:
(N = 6, green triangles, and N = 12, red squares). The curves in all
cases are fits to an exensible chain model (see text).

extension curves of the linear chains with N}, = 67 to the bottle
brushes with N, = 67 and N = 6 and N = 12. The fits in all cases
are only able to describe the final part of the data at large force.
Interestingly, this part of the extension curve for the bottle
brush is almost the continuation of the corresponding part for
the linear chain (ie., if we would have continued pulling the
linear chain to larger force these curves would basically
overlap). The fit parameters for the persistence lengths are very
similar (1.6, 1.7, and 1.8, with an error of about 0.0S in all
cases) and they correspond to values for a flexible backbone

(lp/ I, < 1), the bottle-brushes showing slightly larger stiffness in

435

this pulling regime. Note that the values of the persistence
length I, in such a fit have, however, nothing to do with the
persistence length describing the (local) stiffness of the
unstretched bottle brush, which is an order of magnitude
larger.””~* The values for the elastic stretch modulus agree.
The picture which emerges from these findings is that the
presence of adsorbed side chain monomers shifts the
desorption transition to higher force, but once a backbone
part and its attached side chains are desorbed, it is only the
backbone which is mechanically active and resists the stretching
force (at least for the short side chain lengths we could study).

4. CONCLUSIONS

In this paper, the process where an adsorbed polymer chain or
an adsorbed bottle brush polymer is pulled off from a surface by
applying a force until the macromolecule takes a mushroom
configuration, is simulated by Monte Carlo methods. We
consider also the reverse process, where the force acting on the
stretched mushroom is gradually decreased again and larger and
larger parts of the macromolecule get readsorbed. We pay
particular attention to the effects of varying the speed with
which the strength of the force is increased (or decreased,
respectively). It is shown that this speed has to be extremely
small to prevent that the system falls out of equilibrium and
hence ensure that the changes of state of the macromolecule
are reversible. If the speed is a bit too fast in order that the
system stays in equilibrium throughout, we observe a hysteresis
loop in all variables of interest (fraction of adsorbed monomers,
distance of the chain end from the surface, parallel and
perpendicular mean square gyration radii components). If the
pulling speed is much too fast, the system is falling completely
out of equilibrium, and when one then decreases the force again
one finds the counterintuitive result that the distance of the end
from the surface may further increase a while, although the
force decreases. In such a case, the final state (where again no
force is applied, as in the starting state) is an only incompletely
adsorbed polymer (Figure 3a).

We find that the extension versus force curve in general is S-
shaped and the maximum slope in the center of this variation
increases with chain length (and it also increases with
increasing length of side chains when one considers instead
of a linear chain a bottle brush polymer with the same
backbone chain length as the linear chain). Theoretically, it has
been established®>*~** that in the limit of infinite chain
length the desorption transition becomes a sharp phase
transition (of first order). Indeed our data (Figures S, 6)
indicate that with increasing chain length the variations of the
quantities mentioned above (fraction of adsorbed monomers,
position of chain end, internal energy, chain linear dimensions)
become more rapid in the transition region, and their
fluctuations strongly increase. However, still longer chains
would be required to convincingly demonstrate the expected
finite size scaling. The distribution functions (Figure 8) are
compatible with the fact that there is no significant free energy
barrier segarating the adsorbed and desorbed state, as
predicted.**®* Note that at other first order phase transitions
the barrier is due to the need to create interfaces associated
with the nucleation of a droplet of the stable phase on the
background of the metastable one. This is not the case here: the
“interface” between the still adsorbed part of the macro-
molecule and the part that is already desorbed is a single
monomer (or a few monomers, in the case of the bottle
brushes). Thus, the hysteresis that we have found here (Figures
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3, 4, and 9—11) is not related to the nucleation barrier in
metastable states, unlike most other first order phase
transitions. In the present type of systems, hysteresis can be
observed since for (partially) adsorbed polymers conforma-
tional relaxation times can become very large, and hysteresis
also can occur when the time constant associated with changing
external control parameters of the system does not exceed these
huge intrinsic conformational relaxation times of polymer
systems. Thus, the hysteresis loops become steadily narrower
when the time constant associated with the change of f
increases. This narrowing would be by no means so
pronounced when ordinary phase changes were considered.
While we find that the location of the force-induced desorption
transition depends on the presence or absence of side chains
(and their length N, see Figure 12), we find that the part of the
extension versus force curve where an essentially fully desorbed
bottle brush is stretched further is almost independent of the
presence of side chains. This means that the effective elastic
modulus resisting the further extension is controlled by the
backbone only. This part of the extension versus force curve
can be well fitted by a formula proposed by Odijk.65 The latter
observation was also made in a recent experiment.”’ However,
the experiment did not study how the behavior depends on side
chain length yet. Thus, we hope that the present work will be
useful for the interpretation of corresponding experiments.
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