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ABSTRACT: Recently, a new design for switch sensors has been proposed
that exploits a conformational transition of end-grafted minority adsorption-
active homopolymers in a monodisperse polymer brush [Klushin et al. Phys.
Rev. Lett. 2014, 113, 068303]. The transition is sharp and first-order type if
the minority chain is longer than the brush chains. However, the intrinsic
nature of the system imposes a constraint on the relation between the
sharpness of the transition and the height of the free energy barrier
controlling the transition kinetics: The sharper the transition, the slower the
transition time. Here we demonstrate that adopting diblock copolymers
with the adsorption-active block anchored at the substrate as the minority
chains allows a much more flexible control of the three main characteristics
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of the transition, i.e., the transition point, its sharpness, and the barrier height. In particular, the barrier height can be greatly reduced
without compromising the sharpness. We develop an analytical theory that predicts the relevant characteristics of the transition and
verify it with SCF calculations and Monte Carlo simulations. We also demonstrate that from a thermodynamic point of view the
transition characteristics of a diblock copolymer are equivalent to those of the active block alone in a modified brush with the same

grafting density and reduced length.

B INTRODUCTION

Stimuli-responsive polymers are smart materials in the sense
that they are capable of conformational or chemical response
to changes of specific external stimuli, such as environmental
temperature, pH, light, and electric or magnetic fields.' ™
Because of the small dimensions and fast dynamics of the
molecule structures, stimuli-responsive polymers can be
exploited for the design of nanocargoes, switch sensors,
which could find application in biomedicine or material
engineering, e.g., for drug delivery or smart surfaces.” In
particular, multicomponent brushes have been recognized as
interesting candidates for smart surfaces that can, for example,
change their wettability in response to external stimuli.®’
Experimental studies indicate that such transitions occur in a
temperature interval of AT = 30 K on time scales of minutes
or longer.

We have recently proposed a class of brush-based switches
with much faster response times.”” The basic constituents are
adsorption-responsive minority chains grafted on a substrate
that is coated with a homopolymer brush. The minority chains
are sufficiently dilute that the coupling between them is
negligible. The interplay between the short-ranged adsorption
to the substrate and the osmotic repulsion from the matrix
brush chains induces a conformational transition in the
minority chain between a desorbed (stretched) state, when
the adsorption is weak, and an adsorbed state, when the
adsorption is strong. The nature of the transition depends on
the relative length of the minority chain. If the minority chain
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is shorter than the brush chains (i.e, the degree of
polymerization is smaller than that of the brush chains), the
excluded volume repulsion imposed by the surrounding brush
chains is screened. In that case, the minority chain behaves as
an ideal chain, and the adsorption—desorption phase transition
is continuous (second order), similar to the adsorption
transition of a single grafted chain on the bare (attractive)
substrate.'’™'* If the minority chain is longer than the brush
chains, it adopts an inhomogeneous flowerlike conformation in
the desorbed state with a strongly stretched stem inside the
brush and a randomly coiled crown outside the brush. The
transition between this flowerlike state, where the chain end is
preferable located outside of the brush, and the adsorbed state,
where the chain is fully covered by the brush, is of first-order
type and thus much sharper.'”'* The sharpness of the
transition can be controlled by tuning the length of the
minority chain. On the basis of this transition, one could
design switch sensors that can trigger chemical reactions or
immune response. For example, one could attach specific
catalysts to the free end of the minority chain, such that a
reaction in the solution outside of the brush can be initiated or
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switched off by controlling the contact of the free end with the
solution.' >

Because the switching transition involves conformational
changes of single chains only and does not require cooperative
rearrangements, it is expected to be fast. However, the
switching time still depends on the height of the free energy
barrier between the coexisting states. Unfortunately, the
sharpness of the transition, which determines the sensitivity
of the sensors, and the barrier height, which determines its
response time, cannot be varied independently. Instead, one
has a trade-off between the two, such that high sensitivity
comes at the price of longer response times. The relation
between the sharpness and barrier height seems largely
independent of the structure of the underlying brush matrix."”
This seems to prohibit further improvement of the perform-
ance of switch sensors.

To overcome this problem, in the present work, we propose
an alternative design where the switch chain is replaced by a
grafted diblock copolymer. The idea is to decouple the two
competing factors that drive the transition, i.e., the chain
adsorption and the chain repulsion from the brush. In the
proposed setup, switch chains consist of an end-grafted
adsorption active block and an inert block of variable length.
The sharpness of the transition is then mostly determined by
the length of the adsorption active block, whereas the barrier
height can be controlled by the length of the inert block. In
particular, we will show that the barrier height can be reduced
to almost zero if the length of the inert block approaches that
of the brush polymers. Hence, our new setup allows to design
highly sensitive switches with ultrasmall response times. We
study the system by a combination of a theoretical analysis,
one-dimensional self-consistent field (SCF) calculations, and
Monte Carlo (MC) simulations.

B THEORETICAL CONSIDERATIONS

We start with a theoretical analysis of the problem. We
consider a single diblock copolymer with an adsorption active
block of length N and an inert of length Nj. The outer end of
the A-block is attached to a substrate, which is furthermore
covered by a monodisperse brush of polymers with length N,
at a grafting density o. Polymers are modeled as Gaussian
chains with purely repulsive monomer interactions charac-
terized by an interaction parameter v > 0 (good solvent
conditions). Hence, the nonbonded interaction energy has the

form H; = ; / dr p(r), where p(r) is the local monomer

density. In addition, adsorbed A-segments gain an energy
(—e€).

We neglect the effect of the embedded adsorption-active
chain on the surrounding brush. The chain thus experiences
the repulsive mean-field potential of a pure homopolymer
brush, which we will denote V(z), in addition to the short-
range attraction to the surface. The brush potential is
approximated by the corresponding mean-field expression for
laterally homo%eneous polymer brushes in the strong
stretching limit,"” i.e., the parabolic potential

V(z) = 1p, () = vo[l - ;) (z < H) o

(V(2) = 0 otherwise), where z is the normal distance from the

2/3
substrate, Vj, = i(@)

is the potential at the surface
2\ 2

1/3
expressed in kgT units, and H = Nbr(4—0;) is the brush

T
thickness expressed in segment length units, a.

Homopolymer Adsorption. The simplest case of an
adsorption-active homopolymer of length N, in a mono-
disperse brush formed by chains of length Ny, < N, makes a
good starting point for the theoretical analysis. We concentrate
on three characteristics of the adsorption transition: the
transition point, the barrier height at the transition, and the
sharpness of the transition as affected by finite-chain length
effects.

We start with a fully adsorbed chain conformation. Its
partition function can be reduced to that of a chain interacting
with the bare attractive substrate, with a correction for the
effect of the mean-field brush potential V(z). In the parameter
range of interest, the relevant adsorption regime is sufficiently
far from the critical point of adsorption that the adsorption
blob comprises at most a few monomers. Under these
conditions, the adsorbed chain is confined within a region z
< H, so that V(z) ~ V,, and the partition function has the
form

Qads( N,) = M (=Totu(e)) @)

where the reference state with zero free energy is an ideal coil
away from the brush and —p(e) is the model-dependent
adsorption free energy per monomer evaluated for the chain
adsorbing on the bare substrate. It is assumed that the
adsorbing chain is long enough so that Nyu > 1 and
nonexponential prefactors can be dropped.

Next, we consider a typical out-of-equilibrium conformation
consisting of an adsorbed part comprising Ny — n monomers
and a desorbed tail of length n, which is affected by the brush
density profile but has no contacts with the substrate. The
partition function factorizes (again up to a nonexponential
prefactor) into a product of two terms

Q(”) NA) = Qads(NA - n)Qtaﬂ(n) (3)

The adsorbed part is still assumed to be large compared to one
adsorption blob so that Q.4 (N, — n) can be calculated
according to eq 2. The partition function of the tail, Q;(n), is
obtained from Green’s function G(z,,z,n) which is a solution of
the Edwards equation

0G(zy, 2, 1) 1 0°Glzy, 2, 1)
HRE = T~ V(2)G(z 7 )
+ 8(n)d(z — z,) (4)

where n is the number of monomers, z, = 0 since the tail
originates at the surface, and z is the free end position. The
potential includes only the brush-generated repulsive field,
V(z), but not the short-range attraction to the substrate since
the tail by definition avoids any contacts with the substrate.
The solution of the Edwards equation with the repulsive
parabolic field was obtained in ref 13 and is in our case
expressed as

3/2
b2 3
Gtaﬂ(o; 2, 11) =Tl 7 N z
. an
Nbr sm(m)
% e—VUn—(37[/4Nbr)cot(7m/2Nb,)z2 (5)
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Modifications of this expression due to the finite parabolic
potential range, 0 < z < H, are particularly important when n
> N, and were discussed in detail in ref 8. Our main interest
here is the integrated partition function,

Q. (n) = /dz G(0, z, n). It turns out that up to nonexpo-

nential prefactors the tail partition function has a simple form
with two matching branches:
e n <N,

Qtail(n) = v

e Ny > N, (6)
The first branch can be rationalized as the partition function of
a weakly deformed coil with the size R, ~ n'/?> < H, which
therefore probes the brush potential V(z) =~ V;. The fact that
this result is quite accurate up to n = Ny, is a special property of
the parabolic potential. The second branch describes the
inhomogeneous flower conformation of the sufficiently long
tail with n > N,,"° where the only nontrivial contribution
comes from the stem of length Ny, while the crown comprising
the last (n — N,,) monomers form a coil outside the brush
corresponding to the reference state.

Combining all the results above, we can now calculate the
nonequilibrium free energy of a partially adsorbed state,
F(m;N,) = —log Q(n,N,). Within the approximations
introduced above, i.e, using eqs 2, 3, and 6, we obtain the
simple piecewise linear function
E ds + ny,

al

Eids + VONbr + n(.u - VO)) n> Nbr

n < Ny,
F(n) =
(7)

Here we have introduced the shortcut notation F,4 for the
equilibrium free energy of the fully adsorbed chain.

The curves for the nonequilibrium free energy F(n)
representing different scenarios are sketched in Figure 1

F(n)-F,y

o

Figure 1. Top: cartoons showing the conformations of a
homopolymer switch chain in the adsorbed state (a), the transition
state (free energy maximum) (b), and the desorbed state (c). Brush
chains are drawn in blue and minority chain in red. The light red
region indicates the adsorption region. Bottom: sketch of the
corresponding nonequilibrium free energy as a function of the length
n of the desorbed tail for different values of the adsorption chemical
potential, . The equilibrium state corresponds to the state with the
deepest minimum. Different scenarios are shown for different
adsorption strengths decreasing from top to bottom; see the
discussion in the text.
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together with cartoons showing the chain conformations in the
adsorbed state (n = 0), in the transition state (n = Ny,), and in
the desorbed state (n = N,). It is clear that if the adsorption is
too strong, ie., p > V, F(n) is a monotonically increasing
function, all the partially torn-off states with any n are
absolutely unstable, and there can be no desorbed state at all,
irrespective of N,. In contrast, if 0 < u < V,, F(n) is
nonmonotonic: It initially increases linearly with a slope of p
but decreases for n > Ny, It has two local minima at the
boundaries n = 0 and n = N,: The first corresponds to the pure
adsorbed phase, and the second corresponds to a completely
desorbed state with the free energy

Eies = F(NA) = VONbr (8)

The transition point is found from the condition F,4 = Fy,
which gives
A
pt = Vy—

Ny ()

where A = N, — N, is the excess length of the adsorption-
active chain. The transition barrier emerges naturally from the
nonmonotonic behavior of F(n): The point n = Ny, defines the
position of the barrier while its height with respect to the fully
adsorbed state is given by pNy,. At the transition point, one
obtains the barrier height

VoA, AN,
VONbr’ A> Nbr

A

br =
NA

barrier — ‘/O

(10)

In our earlier discussion®” we were concerned only with the
case A < Ny, and used a simplified expression for the barrier
height, Uy, e = VoA. At fixed Ny, the barrier height increases
monotonically with the length of the adsorption-active chain,
N,, saturating at the limiting value of V;N,,. The general
expression of eq 10 is valid for arbitrary N > Ny.. The barrier
height scaled by the factor V;N, turns out to be a universal
quadratic function of the ratio Ny,/N,:
Ubarrier

_ &[1 _ N_]
VolNa Ny (11)

Ny
The barrier height vanishes in the limit of N, — 0 when the
brush disappears and also in the limit of Ny, = N, when the
excess length of the adsorption-active chain vanishes and the
adsorption transition becomes continuous. Remarkably, the
scaled barrier height is a symmetric function on the interval 0 <
N, /N, < 1 with a maximum at Ny,/N, = 1/2.

To discuss the shift in the critical point, one has to invert the
function u(e). It is known for ideal chains that close to the
critical adsorption point (&) this function is quadratic in &, — €
while for strong adsorption y ~ —e.”>*” This behavior is not
affected much by excluded volume interactions. In general, the
transition point must be described by a function of a single
combination of parameters related to the brush and the
adsorption-active chain:

=
N, (12)

where  is the inverse of the function y(—&) which generally
depends on the specifics of the adsorption potential and
interpolates between w(x) + &, x'2 at small values of the
argument x and Mx) ~ x at large x.

—et = l//[Vo

https://dx.doi.org/10.1021/acs.macromol.0c00674
Macromolecules 2020, 53, 5326—5336


https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00674?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

The transition width can be related to the slope of the
adsorption curve with respect to € at the transition point £*.
To estimate it, we take the average height of the free end as the
observable indicator of the transition and adopt a two-state
model. In the desorbed state, we take Z, ~ H, where H is the
brush height, and assume that the statistical weight e is
independent of €. In the adsorbed state, we approximate Z, ~ 0
and simplify the expression for the statistical welght by
linearizing the exponent near the transition point, e " €y
~Fau—N0*(e=e ), where % = -

e —ﬁlé,:g* is the fraction of
adsorbed monomers in the adsorbed subphase at the

transition. Deﬁning the transition width as
dZ
oe = [1 lp— 8*] the two-state model®® gives
o = 4(NA6*)_ (13)

As discussed in the Introduction, the transition sharpness
and the barrier height are two important parameters that
control the sensitivity and the response time of the transition.
A sharp transition with a low barrier is desirable from the
application point of view. Combining eqs 10 and 13, one can
relate these two characteristics to one another:

VONbr - iVONbrzg*ag

v, .. =
barrier (1 4)
Diblock Copolymer Adsorption. Next we consider block

copolymers. The theoretical analysis follows closely the

derivation of eqs 2—14 with a few modifications: The free
energy of the inert block must be accounted for in the

adsorbed state:

ads (V )NA + %(Nbr - Nbr) (15)
where we have defined the effective brush length
- Nbr - NI’ NI < Nbr
Nbr =
O? NI > Nbr (16)

With the redefined F,4, we rewrite the free energy F(n) as

‘F;ds + pn, n < Nbr
F(n) = . .

Eads + VONbr + (/’t - ‘/0)”) n Nbr (17)
Both the increasing and the decreasing linear branches of the
F(n) function retain their shape, but the crossover point where
they match changes. For N; < Ny, F(n) switches from one
branch to the other once the length of the desorbed subphase
matches the effective brush chain length (N,,) (see cartoons in
Figure 2). For Ny > N, i.e, Ny, = 0, the curve for F(n) directly

enters the second branch.

(a) (b) (e}

Figure 2. Cartoons showing the conformations of a copolymer switch
chain in the adsorbed state (a), the transition state (free energy
maximum) (b), and the desorbed state (c). Brush chains are drawn in
blue. The light red region indicates the adsorption region. The active
block in the minority chain is marked in red, and the inert block is
marked in green. Monomers in the inert block and brush monomers
have the same chemical properties.
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Now the tail consists of n monomers of the adsorption-
active block and Nj monomers of the inert block; hence, the
position of the barrier top is given by n* = Nj,. The free energy
of the fully desorbed chain is still described by eq 8 without
any changes.

Provided N, > Nj,, the transition point £* is determined by
—&* = y(u*) with the modified adsorption chemical potential

N,
i] =. VnA

*=V|1 =
H 0( N,

(18)

Equation 18 defines the coexistence line separating the
adsorbed and desorbed states in the phase diagram for
adsorption active diblock copolymers in a monodisperse brush.
The phase diagram for the homopolymer limit, Ny = 0, was
discussed earlier in ref 14. Here the effective excess length of
the diblock copolymer can be written in two equivalent forms

‘A

- Ny + N = Nyy Np < Ny,
A= NA - Nbr =
Ny N 2 Ny, (19)
The barrier height at the transition is given by
A N = Ny
U arrier — M*ﬂ* = VON r - VON T -
° N, ° NA (20)

When scaled by V,N,, it becomes a universal parabolic
function of the ratio N,./N,:

M = &[1 — &]
VN, N, Ny (21)
The scaling relation for the transition sharpness
Se = 4(NO*)! (22)

is the same as that for homopolymers (eq 13). The connection
between the barrier height and the transition width is given by
VONbr -

1. .
Ubarrier = Z VONbrze*ag

(23)
Hence, Uy, is now decoupled from the transition width, de.
Whereas ¢ depends on the length of the active block only N,
the barrier height Uy, can additionally be tuned by varying
N, via a manipulation of the inert block length, Ni.

Comparing eqs 9 and 10 to eqs 18 and 20, one notices that
the results for the homopolymer and the diblock cases become
identical if one replaces the brush chain length, Ny, in the
homopolymer equations by the effective brush length, N, to
account for the effect of the inert block.

B NUMERICAL CALCULATIONS

To test the ideas developed in the previous section, we study
the system described above by numerical SCF studies and MC
simulations.

Model System. Specifically, our model system is composed
of a monodisperse brush and a diblock copolymer as the
minority chain in a volume V = LL,-L,. We set periodic
boundaries along the x and y directions, while impenetrable
walls are placed at z = 0 and z = L,. All chains are grafted with
one end each chain to a “substrate” located at z = z;, where z,
is chosen smaller than the statistical bond length rather than
zero for practical reasons. Polymer chains are modeled as
monomers (beads) connected by Gaussian springs with spring
constant 3kpT/ a?, where a is the statistical bond length and

https://dx.doi.org/10.1021/acs.macromol.0c00674
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kgT the thermal energy. Hereafter, we will use a = 1 as the
length unit and kzT = 1 as the energy unit. The total number
of monomers in a brush chain (referred as the length of the
chain) is denoted as Nj,, while that in the minority chain is
written as N = N, + N}, where N, and Nj are the length of the
active block and the inert block, respectively. In the vicinity of
the impenetrable wall at z = 0, active monomers in the
minority chain experience an additional attractive potential
U,4(z), which is a steplike function with magnitude (—¢)
covering a range 0 <z < a (with £ > O).

The total energy in the system includes three contributions:
the bonded interaction H, the nonbonded monomer—
monomer interaction Hj, and the active monomer adsorption
energy H,4. The bonded interaction arises from the spring

elasticity and is given by H, = % Zaj (Raj -R,;_ )%, where a

labels chains and j labels monomers. The nonbonded
interaction comes from the excluded volume repulsion and is

written as a function of local density, ie., H; = % / dr /22 (r),
where ﬁt(r) = Zaj 5(r — Ra}-) is the microscopic monomer
density, and the sum runs over all monomers."”*° The
adsorption energy is expressed as H_ 4 = Zj U (z), where j

runs over all N, active monomers in the minority chain.

This system is studied mainly by SCF theory. For
comparison, we also run MC simulations for some selected
minority chain lengths. Details of the numerical methods are
given in the Appendix. The model parameters are Ny, = 100, o
0.1 (the grafting density), and v 0.776 in the SCF
calculations and v = 1 in the MC simulations. The excluded
volume parameter v in the SCF calculations has been
renormalized, compared to the MC model, to account for
fluctuation and discretization effects (see the Appendix and ref
9). For comparison, SCF calculations were also performed for
higher grafting densities up to ¢ = 0.3 (data not shown). The
results are qualitatively the same.

To characterize the transition, we evaluate the free end
distribution P, i.e., the probability to find the Nth monomer at
position z (see the Appendix), and the average height of the

free end, Z, = f dz zP(z). From these two we extract the

transition point —e*, the transition width J¢, and the free
energy barrier Uy, separating the adsorbed and the desorbed
states.

The transition width (i.e., the inverse transition sharpness) is
defined from the profile of Z, as follows: First, one finds the
maximum slope of the profile, and then one evaluates the
transition width through

Z(e=0) — Z(e = —0)
dz,
de

o =

max (24)
The transition width is a measure of the change of the
adsorption energy during the transition. At small Je, the
transition takes place in a narrow window of ¢, thus Je
characterizes the sensitivity of the transition. At the transition
point, the adsorbed state and the desorbed state coexist;
therefore, the distribution P, has a bimodal structure, and we
define the transition point as the specific adsorption strength
(—&*) where the two maxima in the profile P, have equal
height. In addition, the transition barrier Uy, is extracted
from the distribution P, by calculating the effective potential,
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Ug(z) = —In P,/z), at the transition point and then
determining the energy barrier between the two minima of
U.i(z). As discussed earlier, the transition barrier determines
the transition time 7. If the barrier in units of kzT is much
larger than unity, the dominant dependence is exponential,”*
ie., T, & @Ubaser

Results of the SCF Calculations. We focus on block
copolymers with total chain length N > Ny, and inert block
length 0 < Nj < N, which is the most relevant regime
according to the theoretical analysis in the previous section. At
N < N, the adsorption transition is smooth and uninteresting
in the context of switch design. For N} > Ny, the effective
brush length remains constant, Ny, = 0 according to eq 16, and
the characteristics of the transition should be the same as for
N = N,

Before investigating the switch transition in detail, we test
the theoretical prediction that the behavior of diblock
copolymers at the transition should correspond to that of
homopolymers in a shorter brush with effective brush length
Ni; = Ny — Ny This equivalence in not obvious. We illustrate
it in Figure 3 for different copolymer test cases. Specifically, we

13

0.8 o
@ i(b) oi(c)
g 06 ‘ of
Q
(=)
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0.2
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02 04 06 08 1
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Figure 3. Comparison of the normalized adsorption curves for
diblock chains in a brush with Ny, = 100 (lines) and an equivalent
homopolymer with the same N, in an effective brush with Nj, = N, —
N (symbols): (a) diblock copolymer parameters N, = 75, Ny = 50
and homopolymer parameters N, = 75, Ny, = 50; (b) diblock
copolymer parameters Ny = 50, Ny = 75 and homopolymer
parameters N, = 50, N, = 25; (c) diblock copolymer parameters
N, = 100, N; = 90 and homopolymer parameters N, = 100, Ny, = 10.
The brush grafting density is the same everywhere ¢ = 0.1. The
average end height Z{°™ is normalized such that it varies in the range
between 0 in the adsorbed state and 1 in the fully desorbed state.

compare the adsorption curves of the copolymers and their
equivalent homopolymer by plotting the normalized average
free end height, Z.(¢), as a function of the adsorption energy,
€. Overall, the copolymer and equivalent homopolymer curves
are very close to each other. Discrepancies are observed when
the length of the equivalent brush is quite small, Ny, = 10. The
homopolymer curve is then shifted to the left (lower
adsorption energies). We attribute this to the fact that details
of the brush structure close to the brush edge become
important for small Nj,. Despite small shifts of the transition
point, the shape of the adsorption curves (and hence the
transition sharpness) is almost identical for the copolymer and
the equivalent homopolymer.

Copolymers with Fixed Inert Block Length. We now turn
to the discussion of the adsorption transition in systems with
copolymers switch chains. We first consider the influence of
the active block length, N,, on the characteristics of the
transition. We choose two fixed values of inert block length—
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Figure 5. Transition point (a), transition width (b), transition barrier (c), and rescaled transition barrier (d) of the conformational transition of the
free end as a function of N, with several different Nj as indicated in (a) (the legend refers to all four panels). The grafting density of the brush is o =
0.1. The solid line in (a) shows the function 0.25 + 0.5(1 — 1/x), the solid line in (b) the function 6/x, and the solid line in (c) the function

0.23x(1 — x).

Nj = 40, noticeably smaller than Ny, = 100, and Nj = 90, rather
close to N,—and vary N, in a fairly broad range.

Figures 4a and 4b show the free end distribution measured
at the transition point for a small and large inert block Nj,
respectively, at different active block length. The bimodal
structure clearly demonstrates the coexistence of the adsorbed
state, represented by the maximum near the substrate, and the
desorbed escape state, represented by the maximum located
near the outer brush edge. The dip between the two maxima
represents the barrier separating the two states at the
transition. It generally becomes more pronounced with
increasing N,. However, in the case of a long inert block
(with length close to the length of brush chains), the
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distributions are almost flat, indicating that the barrier height
is at most of order 1.

Figures 4c and 4d show Z, as a function of the adsorption
strength for short (N; = 40) and long (N; = 90) inert blocks
and different N,, respectively. The shape of these adsorption
curves is characteristic of sharp first-order type transitions
softened by finite-size effects (here: finite chain-length effects).
In a well-defined state (adsorbed or desorbed), the chain
conformation changes very little with &, but near the transition
point the drop in Z, is quite dramatic. The transition point
shifts systematically to larger adsorption strength with
increasing active block length, N,, although this shift is quite
small when the inert block is long. Simultaneously, the

https://dx.doi.org/10.1021/acs.macromol.0c00674
Macromolecules 2020, 53, 5326—5336


https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00674?fig=fig5&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00674?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

(b)

N,=60

N,=120
N=10 —
N=50 e
N=60 e
N=80 v
N=90

02 04

06 038

02 04

0 06 08
€
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adsorption curves for the average free end height Z (¢) for the case of short active block (c) and long active block (d). The brush length is Ny, =

100, and the brush grafting density is ¢ = 0.1.
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Figure 7. Transition point (a), transition width (b), transition barrier (c), and rescaled transition barrier (d) of the conformational transition of the
free end as a function of N with several different N, as indicated in (a) (the legend refers to all four panels). The brush length is Ny, = 100, and the
brush grafting density is ¢ = 0.1. The solid line in (a) shows the function 0.75 + 0.5x, and the solid line in (c) shows the function 0.23x(1 — x).

sharpness of the transition also increases with N,. In the case
of the long inert block, the overall drop in Z, is smaller because
the free end position in the adsorbed state is farther away from
the substrate. This is consistent with the expectation that the
long inert block inside the brush is rather strongly deformed."’

Figure 5 summarizes the numerical data concerning the
transition point, the transition width, and the transition barrier
as a function of the length of the active block N for several
inert block lengths Ni. The data for the transition point €* are
plotted against the scaling variable x = N,/Nj,, suggested by
the theory (eq 18). In agreement with the theoretical
expectation, the data collapse onto a single master curve
which first rises rapidly and then saturates. Assuming that the
adsorption energy at the transition varies roughly linearly with
the adsorption chemical potential (strong adsorption regime),
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one obtains the relation €* = €% — A/x, which nicely fits the
numerical data.

The transition width, Je, systematically decreases with
increasing active block length N, and is almost independent of
N, especially for large N,, in agreement with eq 22 (Figure
Sb). Systematic deviations are only observed for N; = 90,
where the inert block length is close to the brush length. In
that case, the approximate treatment of the brush as an
Alexander brush may no longer be appropriate. The decay of
oe with N, roughly follows the theoretical expectations, ¢
1/N,. Finally, the barrier height Uy, increases with N,, but
the increase is reduced for larger inert block lengths Nj as
expected (Figure Sc). If Nj approaches the length of brush
chains, Uy, drops below one and becomes quasi-negligible.
Figure 5d shows the same data rescaled in a way that the
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Figure 8. Comparison of transition point (a), transition width (b), and transition barrier (c, d) of the conformation transition as obtained from
SCF calculations (filled symbols) and MC simulations (empty symbols) plotted as a function of the scaling variables suggested by the theory. The
error of the MC data is comparable to the size of the symbols. The legend in (c) refers to all four panels. The length of the brush chains is Ny, =

100, and the grafting density of the brush is 6 = 0.1.

theory (eq 21) would predict a data collapse onto an inverse
parabola. The collapse is not observed; however, the individual
curves do reflect the predicted parabolic behavior. The
analytical theory is based on the assumption that all the
relevant changes in the free energies are large compared to
ksT. For a substantial portion of the SCF data sets the
measured barrier heights are less than 3 or 4, and this is where
the deviations from theory predictions are most noticeable.

Copolymers with Fixed Active Block Length. Next we
study the influence of the inert block length on the transition
in more detail. Figures 6a and 6b show the free end
distributions measured at the transition point for a shorter
(N, = 60) and longer (N, = 120) active block, respectively, at
different active block lengths. The general shape is similar to
what was described above. However, one can notice that the
dip representing the free energy changes with the increase in
N; in a nonmonotonic way, first increasing and then
decreasing.

Figures 6¢ and 6d show the adsorption curves for the
average height of the free end Z,(¢) in dependence of the
adsorption energy for chains with short adsorption active block
N, = 60 and a longer active block N, = 120 at several different
inert block lengths. Increasing the inert block length shifts the
transition point to larger adsorption strength but does not
visibly affect the sharpness of the transition. As already
mentioned above, the overall drop in Z, at the transition region
becomes noticeably smaller as the inert block length
approaches the brush length.

Figure 7 presents the summary data for the transition point
(a), the transition width (b), and the transition barrier (c) as a
function of N; with several different values of N,. As already
observed earlier and predicted from eq 18, the data for the
transition adsorption energy (—&*) collapse onto one curve if
plotted against the single scaling parameter x = (N] — Ny,.)/N,,
and they increase roughly linearly with x. The transition width
is a weakly nonmonotonic function of N; and decreases with
increasing N, as noticed before. The dependence of the
transition barrier on the length of the inert block Nj is also
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nonmonotonic. If one increases Nj at fixed N,, the potential
barrier first increases and then decreases again. This behavior is
in fact predicted by theory (eq 21). The barrier height is
expected to vanish in two limiting cases: N = Ny + Ny = N,
and N; = Nj,.. In the first case, the minority chain has the same
length than the brush chains, and the transition becomes
second order. In the second case, the transition state (Figure
2b) coincides with the adsorbed state (Figure 2a): The
transition is discontinuous but still barrier free.

Figure 7d shows the same data as Figure 7c but rescaled in
the manner suggested by theory (eq 21). Data points for larger
lengths of the adsorbing block N, tend to collapse onto a
single master curve, but cases with barriers lower than a few
kT fall outside the validity range of the theory with the
strongest deviations corresponding to smallest barriers.

Comparison with MC Simulations. In the MC
simulations, the height of the copolymer chain and its free
end distribution can be measured directly. The transition
point, transition width, and transition barrier are all extracted
from those two quantities in a way the same as that adopted in
the SCF method.

The results from the MC simulations are shown in Figure 8.
The parameters are already rescaled as suggested by the theory.
For example, theory (eq 18) predicts that the transition point

e* should depend on the single parameter NAAVB. In our

calculations, the grafting density is not varied; hence, the brush
potential at the grafting plane, V;, is a constant. Therefore, we
plot in Figure 8a the SCF and MC data for the transition

adsorption energy, €*, as a function of A, Indeed, all the SCF

‘A
results fall nicely onto a single master curve (see also Figure

7b), and so do the results of the MC simulations. The master
curves represent the coexistence lines in the phase diagram for
the diblock adsorption, as mentioned in the discussion of eq
18. Compared to the SCF results, the MC data are shifted by a
roughly constant offset, Ae* ~ 0.1. This was already observed
in our earlier homopolymer study” and attributed to the fact
that the chain behavior of chains in the MC model in close
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vicinity of the surface is not captured properly by the SCF
theory, since the attractive potential vanishes on the scale of
the statistical bond length a.

Likewise, the MC data for the transition width, J¢,
reproduce the 1/N, scaling predicted by theory (eq 22),
albeit with a different slope than that found in the SCF data
(Figure 8b). Because the slope is given by 4/0*, we conclude
that the SCF theory apparently overestimates the fraction 6* of
adsorbed monomers at the transition presumably due to chain
discretization effects. Some data scattering at large values of de
can be traced back to the fact that the two-state model
approximation used in the theory may lose its validity if the
transition is smooth.

Finally, the SCF and MC data for the barrier height Uy,
also collapse onto single (but separate) master curves if plotted

against the variable (N,, — NI)NA and increase approximately
‘A

linearly as a function of this parameter as predicted by theory
(eq 20), albeit with a small offset of order one. The MC results
are generally below the SCF results, and the slope of the curve
is smaller. This was already observed for switches based on
homopolymers” and has been attributed to density fluctuations
in real brushes close to the brush edge and to the
corresponding fluctuations of minority configurations. As
shown in Figure 10, the density profiles in the MC simulations
are slightly steeper at the brush edge than those obtained by
SCF calculations. As a result, the switch chain is less stretched
in the exposed state, which reduces the potential barrier. Figure
8d shows the parabolic scaling plot of the barrier height. As in
the previous SCF-based plots (Figures 5d and 7d), the data do
not collapse, but they do demonstrate the parabolic behavior
which can also be seen in the MC data.

B SUMMARY AND CONCLUSION

The purpose of the present paper was to remove the
shortcomings of a previously proposed design for brush-
based switch surfaces with adsorption-active minority chains.
In this design, the switching is triggered by a first-order
conformational transition of a grafted minority chain. The
transition width and the height of the transition barrier are
central quantities that both need to be minimized to optimize
the properties of the switch. In our previous, design, where the
switch chain was a homopolymer, these quantities were
strongly coupled to each other: if one was reduced, the
other was increased. Another potentially weak point was that
the switch could only operate close to the critical adsorption
point. The aim of the present work was to overcome these
limitations and allow a more flexible control of all the
characteristics of the transition.

The basic idea of the new design is to attach one inert block
to the free end of the adsorption-active homopolymer switch
chain, turning it into a diblock copolymer. By increasing the
adsorption strength, the diblock copolymer chain undergoes a
first order conformational transition from exposed state to
adsorbed state. Our study shows that in such a setup the
transition width and the barrier height can be controlled
independently by varying the length of the two blocks.
Specifically, the transition can be made arbitrarily sharp by
increasing the length of the adsorption active block, and the
barrier height can practically be eliminated by increasing the
length of the inert block. This is illustrated in Figure 9. From
the point of view of designing sensitive switches with fast
response times, diblock copolymers with a long adsorption-
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Figure 9. Transition barrier as a function of transition width for the
transition of homopolymer chains (black asterisk) and diblock
copolymer chains for fixed inert block lengths Ny as indicated and
varying active block length N, as obtained from SCF calculations. The
brush length is Ny, = 100, and the grafting density of the brush is ¢ =
0.1.

Pobr

Figure 10. Density profiles of the monodisperse brush obtained by
SCF theory (solid lines) and MC simulations (empty symbols). The
excluded volume parameter in SCF method is set v = 0.776, while in
MC simulations it is vy;c = 1. The brush height can be estimated as H
~ 33 for 6 = 0.1, H =~ 40 for 6 = 0.2, and H = 50 for o = 0.3.

active block and an inert block with a length close to the brush
chain length seem most promising.

An additional benefit of the new setup is that the length of
the switch can be made arbitrary long by increasing the length
N, of the adsorption active block. This facilitates the design of
switches that induce changes in the solution at some distance
from the brush surface. For example, if such switches are used
to turn on or off catalytic reactions, the use of longer switch
polymers may increase the catalysis yield because they can
extend farther into the solution and thus have larger probability
to make contact with reaction agents.

We have validated our design by a combination of analytic
theory, SCF calculations, and MC simulations. In general, the
SCF and MC results are in good agreement with each other
and confirm the scaling relations suggested by the theory. The
comparison of SCF calculations and MC simulations provides
insight into the possible effect of thermal fluctuations.
Fluctuations tend to increase the transition width and decrease
the transition barrier, but they do not modify the general
picture.

For conventional first-order transitions, the switching time is
dominated by the presence of a pronounced barrier according
to the Arrhenius formula. When the barrier is of order 1 kzT or
even less, we expect the switching time be controlled by a
faster, activation-free diffusion-type process.'"'”

In this study, we have taken the matrix brush to be
monodisperse. In reality, brushes are polydisperse. However,
the general idea which we put forward here—to use
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copolymers to gain independent control over the sharpness of
the transition and the transition barrier height—can also be
applied if the brushes are polydisperse. Moreover, previous
studies of homopolymer-based switches'” have shown, some-
what counterintuitively, that polydispersity tends to improve
the quality and stability of the switches. Compared to a real
situation, the present model is simplified. For example, the
inert block is treated chemically the same as the brush chains,
and this may not be the case in reality. In addition, the finite
size of the end groups or attached specific receptors may also
have an effect on the switching behavior, whereas the specific
chemical structure of chain ends that are permanently located
outside of the brush will not have a large influence on the free
energy barrier for switching. On the other hand, for certain
applications, it may be useful to attach functional groups at the
side of the brush, close to the joint linking the active and inert
block, such that they are exposed or buried depending on the
state of the chain. The present work emphasizes the principal
feature of block copolymer switches. However, to help real
material design, more elaborated models should be developed,
and this directs us to future studies.

Bl APPENDIX

SCF Calculations

In the SCF theory, the model system with an Edwards type
Hamiltonian is cast into a continuous description b;f the
density field p,(r) and its conjugate potential w(r).”"** The
total density p, = py, + P, contains contributions from the
polymer brush (py,) and the minority chain (p,,). Local
perturbations of the brush due to the presence of the minority
chain are discarded. The single minority chain in the brush
thus behaves like an ideal chain subjected to an external
potential created by the brush. According to the SCF theory,
all statistical properties of the minority chain can be extracted
from this potential. Invoking the mean field approximation, the
monomer density py, and the potential @ satisfy the following
SCF equations

a)=vpbr

Mpr N T
P =2 [ dsq (1 94w 9)
Q—br 0 (25)

where n, is the total number of brush chains in the system, Qy,
is the single chain partition function, and gy, and qi, are the
end-integrated propagators of the brush chain. The two
propagators satisfy the following modified diffusion equation

% _ Ly wg

Os 6 (26)
where q = q,, or g}, and s is the contour variable of the brush
chain. We set the initial condition g,,(r,0) = 1, and g{,(r,0) =
8(z — z,) consistent with the requirement that one end of the
brush chain is free, while the other end is grafted at z = z,.>"*’
We use the Dirichlet boundary condition at z=0and z = L,
representing the impenetrable boundaries. Because the brush is
homogeneous along the x and y directions, we restrict our
calculation in the region of unit area on the substrate; i.e., we
perform a 1-dimensional calculation.

The transition properties are extracted from the end-
integrated propagator of the minority chain, ie., q,(zs) and
qfn(z,s). They are obtained also by solving the modified
diffusion equation with the potential w,, = @ + U, if s < N,
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and @, = w, if s > N. The initial conditions are q,,(z,0) = 1,
3h(z0) = 8(z — z,) like for the brush chains. Having
determined q,,(z,5) and g},(z,s), one can calculate the free end
distribution P,(z), i.e., the probability to find the Nth
monomer at position z, via

q;l(zy N)
/dz q:l(z, N)

The modified diffusion equation is solved in real space by
using the Crank—Nicolson scheme.”* The SCF equations are
solved iteratively by updating the potential @ with the simple
mixing scheme 0" = @™ + A(vp{") — @), where  is the
iteration step and A is a small number controlling the stability
of iteration and the speed of convergence. We always take 4 =
0.1 here. The iteration process stops if the iteration error is
smaller than 1075,

B(z) =
27)

MC Simulations

The MC model and method has already been described in
detail in our earlier work.” For the convenience of the reader
we describe briefly the basic ideal of the MC scheme in the
following and refer to ref 9 for details. The MC scheme we
adopted here is a coarse-grained off-lattice model and can be
viewed as the discretized counterpart of the SCF theory in 3-
dimensional space, as SCF theory and MC scheme share the
same Hamiltonian.””™>’ In the MC scheme, the system is
discretized into cubic cells with volume a®, and the local
density is evaluated in each cell by counting the total number
of monomers in it divided by the cell volume. The adsorption
potential has the same form as that in the SCF theory, ie., a
steplike function with magnitude & and width the unit length a.
We note that the finite discretization in MC renormalizes the
excluded volume parameter.” We set the excluded volume
parameter vy in the MC simulation as vyc = 1 to model good
solvent conditions. To compensate for fluctuation effects and
finite grid size effects and obtain better agreement between
simulations and SCF calculations, we use v = 0.776 in the SCF
calculations. Figure 10 shows the density profile for
monodisperse brushes for Ny, = 100 with several chosen
grafting densities. It can be seen that the density profiles are
approximately parabolic consistent to theoretical predictions
for the strong stretching limit.”°”>* The density curves
obtained from MC are similar to those obtained with the
SCF method except that the tail at the brush surface is sharper.
This should be responsible to the difference observed in
transition behavior.
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