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ABSTRACT: We reconsider a recently proposed design for smart responsive
brushes, which is based on a conformational transition in very dilutely embedded
block copolymers with a surface active block (Qi et al., Macromolecules 53, 5326,

2020). Under certain conditions, the transition acquires an unusual character: it ” ggi gi ggé )gi \T
remains very sharp, but the barrier separating the adsorbed and desorbed states 7 it/ 4
disappears completely. We show that these features are very robust with respect to = o ) 0 {50
changing almost all system parameters: the lengths of the inert and active blocks of contact number

the minority chain, the brush length, its density, and its polydispersity. The only

relevant condition is that the inert block of the minority chain is long enough to extend outside the brush density profile. We develop
an analytical theory that predicts the relevant characteristics of the transition and verify it with Monte Carlo simulations. We also
show that the surprising universality of the transition properties is rooted in an underlying connection to the force-induced
desorption transition, which is known to combine the features of the first- and second-order transitions with a pretransition
fluctuation growth accompanied by phase coexistence.
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B INTRODUCTION However, one crucial requirement for reliable switches is the
absence of hysteresis, i.e., the energy barrier between the two
switch states should be low. Recently, we have shown that it is
possible to establish an independent control over the barrier
height—without affecting other important transition character-

Polymer brushes with one end each chain grafted on a surface

are ranked among the most promising systems in polymer
. 1-3 . - O

science, ~ in particular for the modification of surfaces to, for

example, tune wettability,4 adsorption,s’6 stabilization,” ™ and

lubrication.'”'? In nanomedicine and material science, istics such as the sharpness—by using block copolymers as
polymer brushes can be combined with stimuli-responsive switch chains that have an adsorption active inner (endgrafted)
components, such as active minority chains or reactive end- block and an inert outer block (with free end). For copolymers
groups to create responsive poly'[ner brushes, Wthh become embedded in a monodisperse brush, we have shown that the
more interesting for drug delivery,"® biosensors,'* and smart barrier height even vanishes in the limit where the inert block
surfaces.">~*° Such a stimuli-responsive behavior usually relies has the same length than the brush chains. This clearly has
on the phase transitions of the active component in the brush, technological potential. However, from a practical point of
and therefore, understanding their transition properties is view, obtaining a precise control of block lengths in the
previously crucial for the design of switch materials on copolymer is challenging, and making monodisperse brushes is
demand. even more challenging. In the present paper, we therefore

One recently proposed way to create switchable surfaces is reconsider the possibility of barrier-free transitions in more
to embed a small number of adsorption active minority chains detail and address two key questions: (i) How robust is this
in an otherwise inert polymer brush.”' ™’ The switching is feature with respect to variations in the characteristic
associated with a conformational transition of the minority properties of the system, ie., brush polydispersity, grafting
chains between two states, an adsorbed one where the chains density, and copolymer block lengths? (i) What is the

are immersed in the brush and a desorbed one where the ends
can extend outside the brush. For suitably chosen polymer
characteristics, the transition is discontinuous.”** This can be
exploited for switching applications, e.g.,, for the design of
switch sensors that could trigger a chemical reaction or
catalytic processes in the solution by attaching specific groups
at the end of the minority chain. Long minority chains provide
benefits to get high yields of the reaction, as in this case where
the catalytic agents and the reactants have a large probability to
be in contact.

underlying physics? To this end, we study the system by a
theoretical analysis and Monte Carlo (MC) simulations.
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Our main results can be summarized as follows: In response
to question (i), we find that sharp barrier-free transitions are
universal features of block copolymer-based brush switches as
long as the length of the two blocks exceeds certain critical
values. In response to question (ii), we will show that the
transition belongs to a class of “unusual” first-order transitions
that are also observed in adsorbed endgrafted chains whose
free end is subject to an external pulling force.”* ** In the
present case, the pulling force is provided by the osmotic
repulsion due to the brush chains. This explains the universal
and generic features that can be observed in our switch chain
in a wide parameter range.

B THEORETICAL CONSIDERATION

We start analyzing the problem using a simplified mean field
treatment. The system we are considering consists of a diblock
copolymer chain of length N with its active block grafted on a
substrate in an inert monodisperse brush with grafting density
o and chain length Ny.. The chain length of the active block is
written as N, and the inert block is Nj. The substrate imposes
a short-ranged adsorption potential with strength —¢ (in the
adsorption regime, —e is positive) over the active block
monomers. We are interested in the case where N,>Nj, so that
the active block can switch between the exposed state and the
adsorbed state by tuning the adsorption strength (see Figure
1), although the analysis of the transition is still valid for

(a) desorbed state

5% 5:55s2

Figure 1. Schematic representation of the conformational transitions
of the active block in a diblock copolymer chain in the desorbed state
(a) and adsorbed state (b).

(b) adsorbed state

shorter active blocks, Ny<Ny, as well We reproduce the
theoretical thread proposed in ref 29 and particularly highlight
the transition properties of diblock copolymer switches with
N>Ny,. To simplify the theoretical treatment, we assume that
the brush chains are monodisperse so that the density profile is
parabolic, although the main results remain valid even if the
brush is formed by polydisperse chains.

The free energy of a single diblock copolymer chain can be
identified according to its conformation. We start by
characterizing the adsorbed state not too close to the critical
point of adsorption (to avoid significant finite-size corrections)
in the absence of the brush. The free energy of the active block
is extensive, and the free energy per monomer coincides with
the chemical potential, which is a function of the adsorption
strength, —u(€) (—u is positive). The explicit form of the u(e)
function is model-dependent.’”' Generally, at moderate
adsorption strength, u(e) ~ — (¢ — €)% where & is the
critical point, while at stronger adsorption (upon approaching
the saturation limit), u(e) ~ &. For an isolated diblock, the
inert block forms a coil with zero free energy if one neglects
the logarithmic corrections due to the surface impenetrability.
Hence, one expects the adsorption properties of the diblock to
be essentially unaffected by the presence of the inert block.
Turning back to the original problem of a diblock surrounded
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by a monodisperse brush, we account for the effects due to
crowded brush chains by means of the repulsive mean-field
potential. In a monodisperse brush, the field is parabolic

ZZ
Wd_%b_ﬁﬁ W

where

2/3
%ZEFM)
212 ()

is the potential on the surface, and H & Ny, (v5)"/3 is the brush
thickness. Note that according to the self-consistent field
(SCF) theory, the value of the potential on the surface, eq 2, is
determined solely by the combination of the excluded volume
parameter v and the brush grafting density ¢ and depends
neither on the brush chain length nor even on the brush
polydispersity,-32_34 the latter fact is far from being obvious and
will be exploited later on. In the case of moderate to strong
adsorption, all active monomers are confined within the
narrow adsorption layer much smaller than H, so the additional
field energy carried by the active block is well approximated by
VoNa. The free energy of the adsorbed active block in the
presence of the brush is therefore written as Fy = (V, + )N,
The inert block has the conformation of a tail of length Nj in a
brush of length Ny,.. For further use, we need the free energy of
an inert tail of arbitrary length N,, which was studied in refs 21
and 24. Neglecting logarithmic corrections, the tail free energy
is
VN, N <N,
oo |
V()Nbrl I\Tt 2 Nbr (3)

The existence of two branches is due to a sharp
conformational transition of the guest chain in a monodisperse
brush, from a perturbed coil at N;<Ny, to a stem-crown
structure for N >Ny, with a stem equal to the length of the
brush chains, and a coil-like crown with (N, — N,,) monomers
residing beyond the brush profile and carrying no additional
free energy.

We start the analysis assuming that the inert block is shorter
than the brush chains, but the full length of the diblock is
larger: Nj<Np,<N, + Ni. Altogether, the free energy of the
diblock copolymer chain in the fully adsorbed state is

Eg= (Vo + wN, + E(N) = (Vo + )N, + VN, (4)

Next, we consider out-of-equilibrium partially adsorbed
conformations of the diblock that are obtained by tearing the
active block monomers oft the adsorption layer, starting from
the junction between the active and inert blocks, so that they
become part of the tail with no surface contacts. We denote the
number of torn-off monomers as n, with obvious conditions
that 0 < n < N,. The nonequilibrium free energy as a function
of n is written similarly to eq 4

F(n) = (Vo + u)(Ny — n) + E(N; + n) (s

When all the monomers are torn off, we get the completely
desorbed state with the free energy of

Eies = P;(NI + NA) = VONbr (6)

In the situation of interest here, the nonequilibrium free
energy F(n) initially grows linearly with the slope of — until
the tail length equals Ny, when the tail free energy switches to
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the constant value branch (see eq 3). After that, F(n) starts
decreasing with the slope of V, + u < 0. Switching to the
decreasing branch takes place at n* = Ny, — Nj, which defines
the position of the maximum of F(n), i.e., the barrier separating
the two pure states (see Figure 2a). In a vicinity of the

(a) 1\]I < Nbr _u > _u* (b) NI > Nbr

3 H >
=3
E:.f [ =

p=pt
0
-1 < =¥
| 'u lJ 1 -IJ - -IJ* |
0 Nbr_Nl NA n NA n

Figure 2. Cartoon showing the nonequilibrium free energy as a
function of number of monomers removed from the adsorbed phase,
n, in the case of a shorter block Nj<Ny, with y* = p(e*) given by eq 7
(a) and in the case of a longer inert block Ny>Ny, with p* = p(e*) =
— V, from eq 10 (b). Lower lines correspond to weak attraction:
upper lines to strong attraction and middle lines to the transition
point.

transition point, one of the states is equilibrium, while the
other is metastable. One can also identify the spinodal
conditions by equating the slope of the rising or decreasing
branches to zero. The transition point is defined by the
condition F,4, = Fy,, which results in

N; + N, — N

/1(8*) — _V() 1 ‘A br

N, (7)
The barrier height at the transition is

N; + N, — N,
Ubarrier = F(Vl*) - F(O) = ‘/()(Nbr - Z\TI)¥’br
N,
(8)

It is clear that the nonequilibrium free energy F(n) in our
exposition served the same role as the Landau free energy as a
function of the order parameter in a first-order transition
scenario, in the sense that it allowed one to identify
equilibrium and metastable states, to determine the transition
point, and to quantify the barrier separating the two states.
There are some conceptual differences between the two
pictures that we would like to clarify. In a classical picture of
the mean-field Landau free energy, the order parameter is a
local quantity, and the two minima are separated by a barrier
representing an unfavorable condition. In our case, the
interfacial free energy is absent: this is a unique feature of a
partially adsorbed flexible chain since the interface between the
adsorbed and desorbed parts consists of a single monomer (a
single point in idealized continuum models) and does not carry
any additional free energy penalty. On the other side, our
parameter n playing the role of the order parameter is nonlocal
and expresses the idea of forced out-of-equilibrium phase
coexistence.

In the present work, we focus on the case where the inert
block is longer than the brush chains, N;>Ny,. It turns out to be
simultaneously the simplest, the most puzzling in its simplicity
and universality, and perhaps, the most interesting from the
fundamental and applied points of view.

The nonmonotonic behavior of the free energy F(n)
originated from switching between the two branches of the
tail free energy (eq 3). Once the inert block is longer than Ny,
only the second (constant) branch of F,(IN,) is in play, and the
nonequilibrium free energy F(n) simplifies to a linear function

F(n) = Ny + (Vg + )(Ny — n) ©)

Depending on the adsorption parameter ¢, three different
scenarios can be identified. If the adsorption is strong, i.e.,
—u(e)>V,, then F(n) increases monotonically and the
minimum is located at n = 0, identifying the adsorbed state
as the stable equilibrium. For weak adsorption —u(&)<Vy, F(n)
decreases monotonically, the minimum at n = N, correspond-
ing to the fully desorbed state. No metastable states are ever
present. The linear F(n) dependence strongly resembles
Maxwell’s construction, whereby the free energy of a phase-
segregated state is taken as a linear combination of the free
energies of two pure phases (see Figure 2b). However, it is
achieved not in the macroscopic limit and is neglecting
interfacial contributions; rather, it appears naturally from
statistical mechanical results and accurately describes finite
systems. In addition, the Landau free energy adopted here is
conceptually different from the potential of mean force (PMF)
between two particles in a fluid,>>3¢ although they have much
in common. For example, both are logarithms of a certain
equilibrium distribution function and both are connected to
the notion of the free energy as the measure of the equilibrium
isothermal work. Indeed, Landau free energy can be under-
stood as the potential of mean generalized force conjugate to
the order parameter. However, they have different dependence
on the system size and show different behaviors in the
thermodynamic limit. In the case of the mean force between
two particles, the system size is largely irrelevant;*> on the
other hand, the total Landau free energy is extensive and this is
the origin of the nonanalytic behavior in the thermodynamic
limit.

The transition point is defined by the following condition

—u(e*) =V, (10)
At the transition, the nonequilibrium free energy is flat
Ubarrier =0 (11)

All the partially adsorbed states carry the same statistical
weight, resulting in barrier-free, anomalously large fluctuations.
It follows from eq 10 that the transition point £* is determined
solely by V,, which in turn depends only on the combination of
the excluded volume parameter and the brush grafting density
(see eq 2 and the discussion above). No effect of the block
lengths and the brush length is expected.

Starting from eq 9, one can obtain a closed analytical
expression for the partition function by summing a geometric
progression

2= 0 - Zol — exp[—(N, + D)x]
7m0 1-— exp(—x)
( I )sinh(NA;lx)
= Z,exp —Tx _

sinh( E) ( 12 )
where Z, =exp( — VNy,) is the adsorption-independent factor,

and «x = V,, + p(¢) vanishes at the transition point. The average
number of the adsorption monomers is obtained as

https://dx.doi.org/10.1021/acs.macromol.0c02095
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dln Z
my = —
(m) o
N,
~ NyGromo(€) 1_ lcoth(—Ax) + Lot ®
2 2 2 N, 2
(13)
where 0, (e) = 3—’: is the average adsorbed fraction for the

adsorption-active homopolymer in the absence of any brush
(see data in Figure 3 for Nj = 0) and certain simplifications

1

No=100N;=0 m
I N;=50 ]
0.8 Ni=100
0.6 No=200N;=0 O
6F Ni=10 .
> N=50 &
~ Ni=100 v
0.4 x A=600N=0  « 1
0.2¢ .
ﬁ%

06 038
Figure 3. Average fraction of number of contacts as a function of
adsorption strength —¢ for two different active block lengths N, =
100and 600 (filled symbols) and N, = 200 (empty symbols). The

diblock copolymer interacts only with the surface; no brush is present.
The continuous black line is the fitted line (see eq 16).

were made (N, + 1 = N,). The quantity 6y, is averaged over
fluctuations in the number of contacts for a homopolymer of
fixed length; however, we omit the averaging sign to avoid
cumbersome notation. The number of contacts given by eq 13
is additionally averaged over the fluctuating length of the
adsorbed part of the sticky block, which changes sharply near
the transition point. For the purpose of comparing the theory
to simulation results, the variable x = V, + pu(e) can be
approximated by its Taylor expansion around the transition
point, x = Gy0,.(6%) (e — €*). In a very narrow vicinity of the
transition, eq 13 simplifies to
N Nj
<m> = TAGhomo(‘?*) - 1—;91120“10(8*)(8 - 8*) (14)
The variance of the number of contacts is obtained by
another differentiation

0
() — (mp = =27
oe
a6y om0 N N,
= ——Chomo“AN; coth(—Ax)
de 2 2
1 X 2
+ —coth = + 0;,,..(€)
N, 2
N 1
x |- +
inh3( X 4sinh” =
4sinh ( S x) > (15)
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NpOromo(£*)

The variance reaches a maximum value of at the

transition point.

The transition width Je is inversely proportional to the
steepness of the normalized adsorption curve (6) vs &, where
() = (m)/N, can be read off from eq 15, i.e, 5¢ ~ 12Nz

The fundamental relations of eq 10, eq 11, and S ~ Nj'
characterize the universal features of the phase transitions of
the diblock copolymer switches with long inert blocks. It is
clear that the transition point is affected only by the brush
grafting density, the barrier is always absent, and the active
block length effectively controls the transition sharpness.
Although the above derivation assumed a monodisperse brush,
we will demonstrate later through MC simulations that the
universality still holds for polydisperse brushes.

To compare the theory predictions, eqs 13 and 15, to MC
simulations, we need an explicit expression for 6;,,,(¢), which
is accomplished by fitting the MC data for isolated
homopolymer chains (see Results of MC Simulations). The
average adsorbed fraction in an isolated homopolymer shown
in Figure 3 is to be identified with 6}.,,,(¢). In the range of
interest, 0.4 < — & < 1.4, the function 6,,,,(&) is accurately
described by an empirical fitting formula

~
~

Opomo ~ —2.872 + 7.418(—¢)"/* — 4257(—¢)

+0.466(—¢)* (16)

This will be later utilized to generate theoretical curves
according to egs 13 and 1S in Figures 9b and 14, respectively.

B MC SIMULATIONS

In the following, we use coarse-grained off-lattice MC
simulations to verify the idea proposed in the above
section.””*® The MC simulations are performed in the
canonical ensemble. The simulation box has a volume of V =
L,-L,- L, where L, L, and L, are the side extensions along
the x, y, and z directions, respectively. To model an infinite
polymer brush, we utilize periodic boundary conditions along
the x and y directions and set impenetrable boundaries along
the z direction at z = 0 and z = L,. Polymer chains in the
system are discretized as monomer beads connected by
Gaussian springs with the spring constant 3kT/a’, where a
is the statistical bond length (it also measures the size of a
monomer), ky is the Boltzmann constant, and T is the
temperature. The solvent in the system is taken into account
implicitly. Each polymer is grafted firmly with one of its ends
on a plane at z = z;, with the grafting points forming a simple
squared lattice. The total number of lattice points is equal to
the total number of polymer chains, and the lattice points are
fixed in space. Here, 2, is chosen much smaller than a for
practical purpose.”” The impenetrable wall at z = 0 imposes a
short-ranged attractive potential U,y (z) to the active
monomers in the diblock copolymer chain. For simplicity,
we set Uy, as a step function, and it is characterized by the
magnitude —e and the interaction range 0 < z < a. Hereafter,
we use a = 1 as the length unit and kzT = 1 as the energy unit.

The total energy of the diblock copolymer and brush system
has three contributions: the bonded energy H, due to the
chain connection, the nonbonded monomer—monomer
interaction H; from the excluded volume effect, and the
adsorption energy H, 4 arising from the attraction between the
substrate and the active monomers. The bonded interaction is
the sum of the elastic energy from all bonds, and it can be

https://dx.doi.org/10.1021/acs.macromol.0c02095
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expressed as H, = %Za]_ (R — Ra,j_l)z, where a labels

polymer chains, and j labels monomers. The excluded volume
interactions are expressed as a function of local density, i.e.,

Hy =~ f dxp’ (r), where v is the excluded volume parameter,
pi(r) = Zmﬁ(r - Ra]) is defined as the local density, and the

summation runs over all monomers in the system including
both brush monomers and diblock copolymer monomers. The
adsorption energy is written as H,y = Z]-Uads(z}-), where z;
denotes the z coordinate of the jth active monomer, and j runs
over all active monomers in the diblock copolymer chain.

In the simulation, we will consider both monodisperse and
polydisperse brushes. For the monodisperse brush, we set all
brush chains the same length Nj. To model polydisperse
brushes, we sample the brush chains with their lengths,
satisfying the Schulz—Zimm (SZ) distribution.””* The
continuous SZ distribution is a two-parameter function,
which has the form of

kka—l (_k N )
P (Npr) (17)

where k and (N, are the two free parameters tuning the shape
of the of the distribution. Here, I'(k) is the gamma function.
This SZ distribution is normalized [§dNP(N) = 1. The first-
order moment is calculated as [FdNNP(N) = (Ny,), showing
that (N,,) is the number-averaged chain length. The second-

order momentum is given by f dNN’P(N) = (Nbr)zk+1
0

P(N) = e
™) T(k)(N,)"

k )
leading to the relation between the weight-averaged chain
length and number-averaged chain length N,,/(N,,) = (k + 1)/
k.*" Thus, k measures the polydispersity of the brush chains,
and a small k corresponds to a large polydispersity.

In the MC simulations, local densities are extracted from the
position of each bead by using the particle-to-mesh scheme,
which is a way to smoothen the density.””**** In the current
work, we use the zeroth-order scheme, i.e, monomers are
smeared out to its nearest neighbor cell. For the details of this
scheme and other higher-order schemes, we refer the readers
to refs 28 and 42. In practice, chain lengths are sampled
according to the discretized SZ distributions, which match
their continuous counterpart with the zero-, first-, and second-
order moments within the chosen errors (e.g, less than 2%).%

In the present study, we set L, = L, = 40 and L, = 200. The
length of L, is large enough that no confinement effect is
observed. We set the excluded volume parameter v = 1, which
corresponds to a good solvent condition with the Flory—
Huggins parameter y = 0. We choose ¢ = 0.1 and o = 0.2
alternately to show that the results are qualitatively
independent of 6. For the polydisperse brush, we use k = 7
to represent generally a polydisperse brush, and this
corresponds to the moderately polydisperse case with
approximately a linear density distribution.

MC simulations were carried out according to the standard
Metropolis criterion.”* After all chains are generated, they are
grafted to the lattice points randomly except for the diblock
copolymer chain, which is always grafted at a lattice point that
is chosen to be near the center of the lattice plane, although its
specific location does not affect the final results. This means
that in the case of polydisperse brushes, chains with different
lengths are arranged at the grids in a random way. In all the
simulations, 6 X 10° MC steps per monomer were performed
to equilibrate the system and another 4 X 10° MC steps per
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monomer to extract statistical averages. To improve the
statistics, during the process of evaluating the physical
quantities, additional 10° MC steps per monomer updating
the single diblock copolymer chain were performed. Final
statistical quantities were obtained by averaging the results
from eight separate independent runs with different arrange-
ments of chains at the grafting points, and from these results,
errors were estimated. We note that the obtained errors were
smaller or comparable to the size of the symbols in the figures,
so the error bars were discarded.

To characterize the transition properties of the active block,
we focus mainly on two different quantities: the average
number of contact {m) and the distribution of number of
contacts P(m); from which the transition width is analyzed, the
transition point and energy barrier are extracted. The number
of contact m is defined as the number of active monomers that
are located in the adsorption layer. The transition width is
related to the sharpness of the profile (m) as a function of the
adsorption strength —e. A sharp profile of (m) results in a
small transition width. The distribution P(m) is defined as the
probability to find the number of contact m, and P(m) is
obtained by counting the number of times that m contacts are
found, divided by the total number of sampling.

At the transition point, the adsorption state and the
desorbed state coexist. For the conventional first-order
transitions, two coexisting states are separated by an energy
barrier, and therefore, the distribution P(m) has a bimodal
structure. The transition point in this case is defined as the
specific adsorption strength —e* when the two maxima
presented in P(m) are equal. The energy barrier is obtained
through the Landau free energy U(m) = —InP(m) at the
transition point as the energy barrier between the two minima.
In contrast, for the unconventional first-order transitions
particularly studied in this work, no energy barrier appears at
the transition point. In this case, the transition point is defined
when P(m) has a large flat region corresponding to the zero
energy barrier in U(m).

B RESULTS OF MC SIMULATIONS

To test the theoretical predictions, we focus on the
conformational transition of the active block of a single
diblock copolymer in a brush with an arbitrary length of the
active block N, and the inert block longer than the brush-
forming chains Np>Nj, in the monodisperse case and
N,>2.5(Ny,) in the moderately })olﬁydisperse brush (Zimm-—
Schultz distribution with k = 7)."*
Continuous Transition in an Isolated Diblock without
a Brush. We first show the phase behavior of a single
endgrafted diblock copolymer on a bare substrate (no brush)
for comparison. Theoretical and simulation studies have shown
that a single grafted active homopolymer chain subjected to a
short-ranged adsorption from the substrate undergoes a
continuous phase transition. When an inert block is attached
to the free end of the homopolymer chain, it becomes a
diblock copolymer chain. However, the active block behaves as
if no additional inert monomers are attached since the inert
block does not impose a noticeable tearing force to the active
monomers. In this situation, the phase transition behavior of
the active block is similar to that of a homopolymer chain.
Figure 3 shows the ensemble average of the fraction of
adsorption monomers (0) = (m)/N, as a function of
adsorption strength —e. For N = 100, N, = 200, and N, =
600, (@) is a continuous monotonic function with a slowly
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increasing region followed by a rapidly increasing part. The
symbols for different N; and the same N, collapse onto one
curve, showing that the transition behavior does not depend on
the length of the inert block. Weak finite chain length effects
are observed with respect to N,; for smaller Ny, the profile of
() gradually smears out. On the other hand, at large N,, a
sharp crossover between the slowly increasing region and the
rapidly increasing region can be seen. It can be expected that in
the infinite chain limit Ny—oco, the order parameter (6(¢))
remains continuous, while its slope experiences a jump at the
point * &~ — 0.3S. Such a behavior of (f(¢)) indicates a
continuous phase transition of a nearly mean-field type, which
has been studied extensively in the case of a homopolymer.
The features of the phase transitions of the single grafted
chains can also be investigated by studying the distribution of
number of contact P(m). If ( — ¢) is small, then the average
number of contact is small, corresponding to a narrow
distribution of P(m) with a large maximum in the small m
region (see Figure 4). With increasing (—¢), the profile of
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Figure 4. Distribution of number of contacts as a function of contact
number m at different adsorption strengths for homopolymer switches
with N, = 200 (lines) and diblock copolymer switches with N, = 200
and N; = 100 (empty symbols). In both cases, the transition point
between the adsorbed state and the desorbed state is about &*
0.35, which is equal to that obtained from the extrapolation in the
infinite chain length limit.

~
~

P(m) widens, but the location of its maximum remains close to
the substrate, and this corresponds to the regime of slowly
increasing (0). After crossing a threshold, the location of the
maximum starts moving rapidly toward the large m region.
This corresponds to the regime where (6) increases rapidly in
Figure 3. The crossover point between the two regimes is
roughly consistent with the adsorption transition point
obtained from the infinite chain extrapolation in Figure 3, &*
~ — 0.35. It can be seen that with varying —¢, P(m) always has
just one maximum. The unimodal structure of P(m) is also a
signature of second-order phase transitions.

Figure 4 compares P(m) for a single grafted homopolymer
with N, = 200 and a diblock copolymer chain with N, = 200
and N = 100. If the adsorption strength is the same, then their
distributions are approximately identical, indicating that the
features of the continuous-phase transition do not depend on
the length of the inert block.

Phase Transitions: From Continuous to First-Order
Type. However, if the substrate is coated by an inert brush,

2597

then the nature of the phase transitions of the grafted single
chain changes. For an active homopolymer chain in a
monodisperse brush, the conformation transition of the
homopolymer chain becomes sharp with a finite energy barrier
at the transition point if the length of the active chain is longer
than the brush chains. The sharp transition can be
quantitatively verified from the curve of (m) as a function of
—¢& where an abrupt change will happen at the transition point.

The curve for Ny = 0 in Figure S gives the profile of () for a
homopolymer switch chain with N, = 100, which is two times

N=60
N=100 -

6=0.1, N,=100

ety

0.8

Y2 05 06 07

08 09 1
€

Figure S. Average fraction of number of contacts for a single diblock
copolymer in a monodisperse brush with active block length N, = 100
and varying length of the inert block as a function of the adsorption
strength. The length of the brush chains is Ny, = 50, and the grafting
density of the brush is chosen as ¢ = 0.1.

1.1

longer than the brush chains (N, = 50). The sharp increase in
(@) around e* ~ — 0.63 indicates a first-order transition from
the exposed state (at low ( — €) to the adsorbed state (at high
(= €)), which is again smeared out due to finite chain length
effects. With increasing length of Ny, the shape of (#) does not
change, implying that the phase transitions for diblock
copolymer switches are still of first order.

Depending on the length of Nj, one can identify two possible
scenarios in the curves of (#). If Nj<Ny,, then with increasing
Ny, the curve () shifts horizontally toward a larger ( — ¢)
region, indicating an increase in the critical value —¢*. This can
be understood as follows: When N becomes larger, the total
number of inert monomers that have to be pulled into the
brush during the phase transition increases, leading to the
promotion of the adsorption energy —e*. If N;>Ny,, then there
are always residual inert monomers residing outside the brush,
the effective number of inert monomers involved in phase
transitions is the same, and thus, the transition point becomes
independent of N. In particular, for Nj>Ny,, all curves almost
collapse into a single master curve, indicating that the
transition point and the transition width become independent
of N

To see the influence of Nj on the energy barrier, we plot
U(m) = —InP(m) as a function of m at the transition point for
some specific Ny in Figure 6. These curves can also be
understood in terms of two scenarios depending on Nj that are
consistent to those shown in Figure 5. It is clearly seen in
Figure 6 that with increasing Ny, the energy barrier decreases
continuously to zero as Nj approaches Nj,.. The energy barrier
is always zero when N>Njy,.
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Figure 6. Landau free energy as a function of contact number m for a
single diblock copolymer in a monodisperse brush with some chosen
length of the inert block N at their corresponding transition point
—e*. The length of the active block is fixed at N, = 100. The length of
the brush chains is Ny, = 50, and the grafting density of the brush is
chosen as ¢ = 0.1.

From Figures 5 and 6, we conclude that when an active
polymer is immersed into a brush, its conformational transition
becomes sharp and of first order. In particular, for diblock
copolymer chains with inert blocks that are longer than the
brush chains, the first-order transition becomes unconventional
such that the energy barrier at the transition point vanishes.

Universality of the Barrier-Free Transitions. Now, we
demonstrate that the barrier-free transitions discussed above
are general, they can be observed in diblock copolymer
switches if both the active block and inert block are longer than
the brush chains, and the structure details of the brush chains
are not relevant. For example, the adsorption curves only
depend on N, and ¢ and not on the values of Ny, or on the
polydispersity of the brush.

Figure 7 plots (@) as a function of the adsorption strength (
— ¢) for single diblock copolymer chains in different
monodisperse brushes and polydisperse brushes with k = 7.

6=0.2, N,=150 o
0. 8 L mono, Ny =25, N=35 @@ J
Ny, =50, Ni=60 ;

N, =100, N=110
k=7, (N, =25, N;=65

(N, )=50, N=125
(Np)=100, N;=250

_06
S
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02 i @ 1

o B O
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0.8 12 14
€
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Figure 7. Average fraction of number of contact for diblock
copolymer chains in monodisperse and polydisperse brushes with
different setups of brushes and different lengths of Nj. The active
block length is set at Ny = 150, and the grafting density of the brush is
chosen as ¢ = 0.2.
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For monodisperse brushes, we set the inert block 10
monomers longer than the brush chains, and in polydisperse
brushes, the inert block is 2.5 times longer than the number-
average length of the brush chains. These setups ensure that
there are always inert block monomers staying outside the
brush even in the strongly adsorbed state. It can be seen from
Figure 7 that for fixed ¢ and N, the profiles of (#) are almost
identical independent of the chain length Ny, or (Ny,). The
transition point and the transition width are identical.

The universality of the transition points is clearly shown in
Figure 8. As expected, the transition points are essentially

N,=150 B
1.2 A P
0.9} PR
% o
" 0.6} - N, =10, N;=20 X -
.- Np=20, N;=30
r Ny=50. Nj=60 O
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(Np)=50, N=125

03 04
3

0

0 0.2 0.5

Figure 8. Transition point of single diblock copolymer chains in
monodisperse and polydisperse brushes with fixed Ny, and Nj as a
function grafting density. The active block length is set at N, = 150.
The dashed line shows the function 1.95 - x + 0.39.

independent of the brush chain length and the brush
polydispersity if Ny is sufficiently long. From the data, we
learn that even for very short brush chains, e.g., Ny, = 10, the
results are still valid. The transition point ( — &*) increases
with ¢ according to a power law. This can be analyzed
according to the mean field theory,”” which gives e* o u~'(V,)
(see eq 10), where V, « ¢*°. As already discussed in
Theoretical Consideration, the explicit expression of u~'
depends on the specific form of the adsorption potential;***"
here, we consider the situation for large V. In this case,
theoretical consideration predicts that u~'(x) ~ x, leading to
—&* & 02’3, which matches the fitting curve in Figure 8 well.

Next, we investigate the finite chain length effect of Nj.
Figure 9 compares (@) as a function of —¢ for two sticky block
lengths N, 100 and N, = 400 in monodisperse and
polydisperse brushes. As already discussed, for fixed N, and o,
the profiles of (m) collapse into a single master curve
independent of the brush chain polydispersity. If N, is large,
then (6) becomes sharper. It thus can be expected that when
N, approaches infinity, (6) becomes a step function, implying
a first-order transition in the thermodynamic limit. For a finite
value of N,, the transition is smeared out. For N, = 400, the
theoretical curve gives an excellent match to the simulation
results, while for the shorter sticky block, logarithmic
corrections become relatively more important, leading to a
small shift in the transition point as well as small discrepancies
away from the transition.

Figure 10 plots two sets of the nonequilibrium free energy
function U(m) at the transition point. For both N, = 100 and
N, = 200, the corresponding set of curves for different brush
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Figure 9. Average fraction of number of contact for different
structures of diblock copolymer switches (a) and comparison with
theoretical predictions (b). The length of the inert block is chosen to
be sufficiently long compared to that of the brush chains. The length
of the monodisperse brush chains is set equal to the number-average
length of polydisperse brush chains Ny, = (N},). The grafting density
is 0 = 0.2. The black continuous line and dotted line give the results,
respectively, for N, = 100 and N, = 400 from eq 13. For N, = 100, we
take &* = — 1.04 and, thus, 6,,,,,,(€*) = 0.770, and in the case of N, =
400, we take £* = — 1.06 and, thus, 6;,,,(¢*) = 0.776.

of the polymers, they cannot distinguish between different
origins of the tearing force. Therefore, it is reasonable to expect
that the phase behavior of a single grafted active homopolymer
chain subjected to an external force at the free end (without a
brush) is identical to that of a diblock copolymer with an active
block and an inert block in a brush in the case where the both
blocks are sufficiently long.

To test this, we run MC simulations for two different sets of
systems. For the first set, we consider a diblock copolymer
chain with N, = 100 and N; = 60 in a monodisperse brush with
N, = 50 and ¢ = 0.1,0.2, and 0.3. The other set contains a
single grafted active homopolymer chain of the same length as
N,. A constant external force is imposed on the free end bead
of this homopolymer. The simulations are done as follows.
First, we run simulation for the diblock copolymer switches
and, for each grafting density, we calculate the average number
of contact as a function of adsorption strength. These results
are shown in Figure 11 by three continuous curves. In the
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Figure 10. Landau free energy as a function of m with N, = 100 at &*

= — 1.048 and N, = 200 at £* = — 1.05S for different lengths of brush

chains and Nj as denoted. The grafting density is 6 = 0.2.

0 30 60

lengths and polydispersities are approximately the same. The
wide flat region appearing in U(m) demonstrates the
coexistence of the two equilibrium states without any energy
barrier between them. The corresponding value of ( — ¢)
defines the transition point. For N = 100, the transition point
for the three different setups in Figure 10 is the same, £* & —
1.048, and for N, = 200, it is € ® — 1.055. Therefore, the
transition point shifts only slightly for different N,. We should
note that in some of these curves, a very small energy barrier
can be seen, which may be due to the logarithm corrections.
However, these barriers are totally insignificant in relation to
the kinetic aspects of the switching transition as they are far
below the thermal energy kyT.

Equivalence between the External Pulling Force and
the Brush-Induced Repulsion. The conformational tran-
sition of the single grafted active polymer is determined by the
interplay between the substrate adsorption and brush-induced
osmotic repulsion. The tearing force that pulls the adsorbed
monomers away from the substrate arises from the repulsion
force acting on all the torn-off monomers. For the diblock
copolymer switches under consideration, the inert block is
always set sufficiently long such that during the phase
transitions, a complete stem exists in the brush, which
contributes a constant tearing force. From the point of view
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Figure 11. Comparison of the average number of contacts of diblock
copolymer switches with N, = 100, N; = 60, and Ny, = 50 in
monodisperse brushes at grafting density o (lines) with those of single
homopolymers on a bare substrate subject to an external force f acting
on the free end (symbols). The length of the homopolymer is set
equal to the length of the active block of the diblock copolymer chain.

second step, we run simulations for the brush-free homopol-
ymer switches. The average number of contact is also
evaluated. The external force is adjusted by a trial-and-error
method in such a way that the resulting curves for (m) are as
close as possible to the curve obtained from the diblock
copolymer switches.

From Figure 11, it can be seen that for each grafting density,
there always exists an equivalent force F for which the profile
(m) across the adsorption transition perfectly matches that
from the diblock copolymer switches. The good overlap
demonstrates the equivalence of the phase transitions between
these two sets of switches.

SCF Analytical Theory. Each monomer of the inert block
experiences an outward force due to the gradient of the
effective field. The mechanical balance condition relates this
force to the variation of the local tension as follows"’

——2z(n) =0

2
dn\ dn dz (18)

where z(n) is the position of the n-th monomer, and the index
n is counted from the adsorbing surface. Integrating the forces
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over all the monomers located within the brush profile gives
the natural result that the net outward force is balanced by the
tension in the bond located exactly at the substrate

Medge
- d—Vz(n)dn = 3d_z
o dz dn

. . d
since the tension at the outer brush edge, 3£
n=n,

n=0 (19)

, vanishes.
edge
The balance equation has a first integral of the form

2

%(%) — V(z) = const, which has a simple conservation of
energy interpretation within the analogy between the stretched
chain conformation and a trajectory of a classical particle in the
potential of —V(z).*”> At the outer brush edge, both the chain
tension and the effective potential are zero, which sets the
value of the integration constant and leads to the final result for

the net tearing force f

f= 3% = ,/6V(0)

n=0 (20)

It is important that the inert block is longer than the brush
chains and is guaranteed to extend to the outer edge of the
brush. However, the monomers that reside entirely outside the
brush do not contribute to the outward tearing force and, in
that sense, the actual length of the inert block is also irrelevant,
provided that the above condition is satisfied. The SCF theory

2/3
gives that V(0) = %(gva) (V(0) = V,). Thus, the tearing
force is given by

P 1/3
f= 3(5”) (21)

and depends neither on the length of the brush-forming chains
nor on brush polydispersity. This is perfectly consistent with
Figure 7, showing the adsorption curves to be perfectly
insensitive to the brush parameters at fixed vo.

Figure 12 displays the comparison of the force values
obtained by matching the adsorption curves in the MC
simulations with the prediction of the SCF theory (eq 21).

10

01— 1
o

Figure 12. Equivalent tearing force as a function of the brush grafting
density: fitting the MC adsorption curves (continuous line) in
comparison to the analytical SCF theory of eq 21 (dashed line) with
the excluded volume parameter setting at v = 1.

Clearly, the correlated fluctuations of the brush and the diblock
chain result in a reduced average tearing force as opposed to
the fixed repulsive field in the SCF picture, although the
relative difference becomes smaller for denser brushes.

It is clear from the theoretical picture of the brush that is the
generator of the tearing force that the strength of the force is
independent of the length of the sticky block. This is illustrated
in Figure 13, where the adsorption curves (m)(e) for a
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Figure 13. Average number of contact obtained from diblock
copolymer switches in monodisperse brushes with N; = 60 and Ny, =
50 (lines) and from single homopolymer switches without a brush
(symbols) with a fixed force imposed on the free end monomer (f =
0.85). The length of the homopolymer is set equal to the length of the
active block of the diblock copolymer chain.

homopolymer with an external force and for the diblock
copolymer in a brush are superimposed, taking one and the
same value of the external force f = 0.68 for several values of
N,.

Anomalous Contact Number Fluctuations. To further
investigate the transition properties of diblock copolymer
switches, we finally examine the fluctuations of the number of
contact, which is defined as ((6m)*) = (m*) — (m)™

Figure 14 presents the ((6m)*) as a function of —e with
different N,,. The maximum of ((5m)*) gives another way to
define the transition point. For different N,, the transition
point is slightly different due to the finite chain length effect;
for example, we have * & — 1.048 for N, = 100, * ~ — 1.0S5
for N, = 200, and €* &~ — 1.066 for N, = 400. Below the
transition point, ((6m)?) increases by an inverse quadratic law
((6m)*) ~ | — € + €*I7%, and it diverges at the transition point
—& = — €* in the infinite chain length limit Ny—oo. After
crossing the transition point, the fluctuation decreases slowly,
showing strong dependence over N,. We assume that the
fluctuation scales as ((6m)*) o N, where @ depends on the
adsorption strength (see the inset of Figure 14). At weak
adsorption, we obtain that & ~ 0 independent of N, covering a
large ¢ region. At the transition point, ((6m)?) scales N,
quadratically. At strong adsorption, the scaling component is
about o ~ 1.

In analogy to the average number of contact, the fluctuation
((6m)?y also shows universal properties that if the length of the
active block N, and the grafting density are the same, then the
profiles of ((6m)*) obtained with respect to —¢ are identical
independent of the detailed structures of the brush (data not
shown).
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Figure 14. Fluctuation of number of contact as a function of
adsorption strength —e for diblock copolymer switches in a
monodisperse brush with polymer and brush parameters as noticed.
The continuous gray line corresponds to a fit of the data for ((6m)*)
below the transition point. The inset shows the dependence of
((6m)*) on N, at the region of weak adsorption and at critical
adsorption and strong adsorption of € = — 1.4. Dashed lines in the
inset are obtained as fits to the data of {((6m)?). Colored continuous
lines present the analytical predictions from eq 15. For N, = 100,200,
and 400, we take £* = — 1.04, — 1.05, and — 1.06, respectively.

The critical divergence of ((§m)?) at the transition point has
a close relation with the critical slowdown behavior, and this
has a significant effect on the switching time. For conventional
first-order transitions, the switching time is determined by the
energy barrier according to the Arrhenius formula.”® In
contrast, barrier-free transitions at the transition point are
controlled by diffusion-type processes. The switching time is of
the order of the relaxation time of the active block. If we
suppose that the diffusion constant is inversely proportional to
N, the switch time then can be estimated as a power law to
scale as 7 & Nf, where f3 is around 3. The relation between the
anomalous fluctuations and the slowing down of the relaxation
process for an isolated adsorbing homopolymer with a fixed
external end-force applied were studied in detail before by
Brownian dynamics simulations.”” Because of the very close
similarity between the block-copolymer in a brush and a
homopolymer with an external force applied, these results are
relevant to the problem discussed here.

B DISCUSSION AND OUTLOOK

The main purpose of the current work was to evaluate the
performance and robustness of a type of multicomponent
brush switch, which contains grafted adsorption-responsive
minority chains in an otherwise inert polymer brush. In these
switches, sharp barrier-free transitions between states are
possible, which should be interesting for applications in the
design of sensors and smart surfaces.

We found that the barrier-free transitions are universal in the
sense that if the active block and inert block are sufficiently
long, then the transition behavior of different systems is
essentially identical and independent of the details of the brush
structure, such as the number-averaged chain length and
polydispersity of the brush. This universality property
facilitates the design of stable and controllable switch sensors
in practice. Uncertainties in the production process that result
in the “wrong” block lengths are predicted to have little
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influence on the main characteristics of the transition. We
anticipate that the proposed picture is also valid for different
types of brushes including curved, dendritic, or partially cross-
linked brushes. Due to the high performance, high reliability,
and strong robustness, we believe that the newly proposed
switches should be interesting candidates for practical
applications.

The analysis presented above essentially considers a single
active chain surrounded by inert brush chains. It is natural to
ask what would change if there is a finite concentration of
active chains. One can identify several regimes according to the
surface grafting density of active chains, 6,. Long active blocks
in the adsorbed state take flat, essentially 2D coil-like
conformations of characteristic size R, « NY* So, at very
low active chain grafting densities, 6,<N3>'? the diblocks are
truly isolated, and the single active chain approximation is fully
justified. A regime with a moderate degree of active block
overlap can be identified as N3*?<6,<Ni'. There appears
some competition for adsorption sites between the neighbor-
ing active blocks, but the monomer density in the adsorption
layer is still not too close to saturation. In this regime, we
expect the switching transition to be somewhat modified but
without any qualitative changes. Finally, the strong overlap
regime is realized at 6,>Nj"; here, the adsorbed state would
carry an important additional free energy penalty due to strong
crowding in the adsorption layer. The strong overlap regime is
poorly understood. Diblock—diblock interaction could also
take place in the desorbed state once the expelled tails start
forming a secondary brush layer that would modify the
desorbed state free energy and thus also affect the transition.
The secondary brush regime appears under condition 6,>(N,
+ Ny — N,)™%, where v ~ 3/5 is the Flory index in three
dimensions. However, the secondary brush, which is only
marginally overlapping, introduces only a minor change in the
chemical potential of the tail and is therefore of small
importance. One can conclude that the breakdown of the
switching transition picture we have presented above is largely
brought by entering the strong overlap regime, 6,>N,, for the
active blocks.

On the side of fundamental theory, we have established an
equivalence between the unusual phase transition in our
system and the unusual phase transition in the mechanical
desorption of isolated polymer chains induced by an external
force. The latter transitions have been studied quite extensively
(see, for example, refs 26 and 27). It was realized that in
contrast to force-free adsorption, the transition becomes of first
order and involves phase coexistence within a single macro-
molecule. However, for a flexible chain, the interface between
the adsorbed and desorbed phases is reduced to one monomer
and does not carry the interfacial free energy. As a result, there
is no free energy barrier separating the coexisting phases, and
one observes a power-law growth in fluctuations upon
approaching the transition point, which is characteristic of
the critical phenomena rather than the first order-type
transitions. The question of whether these unusual phase
transition features could be observed experimentally remained
open. Indeed, experimental methods of single-chain manipu-
lations include devices such as optical tweezers and super-
paramagnetic beads"”*” that generate mechanical forces in the
relevant range of several piconewtons. The difficulty lies in
maintaining an exact fixed magnitude of the force: otherwise,
the transition may be either smeared out or acquire an
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intermediate transition state with an associated free energy
barrier.

Here, we have demonstrated that a constant tearing force
appears naturally when a chain has a sufficiently long inert or
desorbed tail threading the brush thickness and extending
beyond its outer edge. The outward pulling force is generated
by the brush density profile; importantly, the net force does
not depend on any details of the profile and is solely
determined by the difference in the mean force potential
between the substrate and the free space outside the brush as
seen in eq 20. According to the general theory, this potential
difference is, in turn, determined by a single combination of
the excluded volume parameter and the surface grafting
density, vo. The formula for the force applies as well to a
special limit when the potential profile is reduced to a step
function.”’ The step potential represents the situation when
the force is concentrated at a sharply localized boundary
between two regions. The same effect applies when the chain is
partially confined in a tube or a slit. Mechanically, the force is
generated by collisions with the edge, while thermodynami-
cally, it is related to the difference in free energies between the
two regions, which may be due to the confinement entropy.
Dynamic consequences of the constant pulling force generated
when a chain is partially confined in a tube were demonstrated
experimentally in refs 52 and 53 and in MC simulations54 and
analyzed in view of possible chromatographic applications in
ref 55. Any system that combines the naturally tail-generated
pulling force with adsorption would be expected to
demonstrate the unusual barrier-free, first order-type transition.
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