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A new design for sensors and switches based on polymer brushes including a small fraction of
end-grafted adsorption-active minority chains was proposed recently. The switching transition is
controlled by temperature or solvent composition changes and is linked to a sharp change from a
flattened adsorbed conformation to a stretched conformation. Two characteristics are most impor-
tant for the switch performance: the sharpness of the transition affecting the switch sensitivity, and
the response time. We use Monte Carlo simulations to study the effects of brush polydispersity
on the main properties of the switching transition. The chain length distribution is taken to be of
Schulz-Zimm type, and different values of the polydispersity index are considered. Contrary to intu-
itive expectations, polydispersity enhances the performance of the switch, in particular by reducing
the activation barrier controlling the response time. Polydispersity also dramatically increases the
robustness of the switch with respect to modifications of the adsorption-active switch chains.

I. INTRODUCTION

The ability to adjust surface properties dynamically
in response to variations in the environment is a distinct
feature of biological objects, and it is also essential to sus-
tain life and maintain biological functions [1]. Through
million years of evolution, nature has optimized the ap-
paratus to near perfection: the surface properties can
be varied with only tiny changes of the external stimuli,
and the transition can happen quickly. Only recently,
synthetic polymer systems with similar attributes start
to emerge [2]. These systems are grouped under the
name “stimuli-responsive polymers” and are capable of
strong conformational or chemical responses to variations
of the environmental temperature, pH, electric fields, etc.
These materials have applications in the field of biomedi-
cal and material engineering, e.g., for the design of smart
surfaces [3–8]. Multicomponent polymer brushes are rec-
ognized as particularly promising candidates for stimuli-
responsive surfaces [2, 9].
We have recently proposed a class of brush-based

switches, which rely on a radical conformational change
of individual adsorption-active minority chains in an oth-
erwise inert monodisperse brush [10, 11]. In contrast
to more conventional responsive brushes, which involve
highly cooperative chain rearrangements and hence are
generally quite slow [3, 4], our proposed switches are fast
and efficient because only local conformation changes are
involved in the switching process. In this design, the mi-
nority chains must be slightly longer than the matrix
brush chains in order to guarantee a sharp and fast con-
formational transition.
The basic constituent of the switch is a polymer chain

with one end grafted to a surface, while the other end
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is modified by attaching specific groups that provide the
sensor action. In the presence of moderately attractive
interactions between the surface and the polymer, one
can induce an adsorption-desorption transition by tun-
ing the temperature or the solvent composition. In the
adsorbed state, the sensor group is very close to the sur-
face, and in the desorbed state, it is far away [12]. For
an isolated polymer chain, the adsorption transition is
continuous [13] and therefore too smooth to be useful for
switch design. However, if the active chain is surrounded
by a relatively dense but otherwise inert polymer brush
that effectively acts as a long-range repulsive field, the
adsorption transition can change its nature. It becomes
of first-order type and hence much sharper. In the des-
orbed state, the active chains are now strongly stretched
due to crowding and the active groups may be exposed
outside the brush edge triggering designed chemical re-
actions in the solution. For example, if the polymers are
grafted to medical implants or nanoparticle drug carri-
ers, they could be exploited to selectively trigger immune
responses. Yet another type of sensoring activity can be
achieved if the chain end is modified by attaching a flu-
orophore. A grafting surface with appropriate optical
absorption spectrum can effectively quench the fluores-
cence through the well-known non-radiative Förster en-
ergy transfer mechanism [14], when the active chain is
in the adsorbed state. The rate of the non-radiative en-
ergy transfer decays as r−6 as a function of distance be-
tween fluorophore and the substrate, so that the quench-
ing essentially disappears if the active chain is stretched.
The sensoring mechanism based on fluorescence quench-
ing does not depend on whether the end-group is fully
exposed outside the brush or not: Only the change in
the distance to the surface matters.

In the work cited above [10, 11], we have considered
monodisperse polymer brushes. However, in practice,
producing monodisperse polymers is very difficult, and
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all synthetic polymer materials are polydisperse. Strictly
monodisperse polymer brushes have special features that
cannot be expected in experimentally available samples
[15, 16]. Polydispersity is thus an important factor [17–
25] which is often overlooked in theoretic studies. Specif-
ically, the switch mechanism proposed in [10, 11] is only
effective if the length of the switch chain is close to the
length of brush chains (in fact, slightly higher), which
raises the question whether it still persists in realistic
polydisperse brushes.

(a)

(b)

H

H

FIG. 1. Cartoon illustrating the switching transition of the
adsorption-active minority chain in an inert monodisperse
(a) or a polydisperse (b) brush of height H. In a monodis-
perse brush, shorter minority chains are not stretched in the
desorbed state, whereas long desorbed minority chains are
strongly stretched with exposed chain ends. In a polydisperse
brush, desorbed minority chains are always stretched

irrespective of the active chain length.

The purpose of the present work is thus to investi-
gate the effect of brush polydispersity on the function-
ing of the proposed switching sensors. Contrary to what
one might expect intuitively, we find that polydisper-
sity enhances the switch characteristics and makes it
more robust with respect to variations of the switch
chain. Our main findings are illustrated in the cartoon
of Fig. 1. The switching transition is associated with an
adsorption-desorption transition of the adsorption-active
switch chain, which is smooth on a bare substrate. The
surrounding brush polymers can force desorbed switch
chains to stretch away from the substrate. In such cases,
the associated stretching energy generates a free energy
barrier between the adsorbed and the desorbed state.
The transition then turns into a sharp switching tran-
sition. In monodisperse brushes, this mechanism is ef-
fective for active chains that are longer than the brush
chains. However, shorter active chains are fully immersed
inside the brush where the monomer density varies only
slowly, hence the brush has a similar effect than a homo-
geneous solvent and does not induce stretching. In poly-
disperse brushes, on the other hand, the brush monomer

density varies more rapidly, desorbed chains are always
stretched, and the transition is always sharp.

Furthermore, we find that polydispersity also improves
the properties of the switch sensors at a quantitative
level. Since they work on the basis of phase transitions
(which are rounded due to the finite length of the poly-
mers), the sensors can be characterized by the properties
of the corresponding transition. The most relevant in-
dicators are the transition width and transition barrier.
The former describes the sensitivity, while the latter con-
trols the response time. For stimuli-responsive brushes,
the transition width and the response time determine
the quality of the switching sensors and are important
for practical applications. They depend sensitively on
the properties of the brush and the switch chain. For ex-
ample, a small change of the chemical properties of the
active chain may shift the transition point and greatly
change the response time. We will show below that brush
polydispersity can significantly reduce the response times
for switches with otherwise comparable properties.

In the present paper, we present extensive Monte Carlo
(MC) simulations of coarse-grained model [11, 26] for
polydisperse brushes with a single immersed adsorption-
active minority chain. We study brushes with small,
moderate and high polydispersity. The transition prop-
erties of the minority chain are studied and the effect of
polydispersity is highlighted by the comparison with that
of the monodisperse brushes.

II. MODEL DESCRIPTION AND MC SCHEME

We consider systems composed of a dense polymer
brush and a single adsorption-active minority chain in
a volume V = LxLyLz. The brush chains and the mi-
nority chain are of the same type; the only difference is
that the minority chain can interact with the substrate.
Periodic boundary conditions are applied in the x and y
directions, while impenetrable boundary walls are placed
at z = 0 and z = Lz. The polymer chains are composed
of beads connected by elastic springs, with a spring con-
stant 3kBT/2a2. The statistical bond length is denoted
by a, and kBT is the product of Boltzmann constant and
the temperature. In the following, all lengths and ener-
gies are scaled by a and kBT , respectively. Each brush
chain is grafted with one end onto a flat substrate lo-
cated at z0. To account for nonbonded interactions, we
introduce soft interactions that are based on the local
monomer density. The explicit form of the Hamiltonian
has an Edwards-type form [27–29]
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drUads(r)φ̂m(r). (1)

The first and the second term account for the bonded
interactions of the brush chain and the switch chain, re-
spectively. Here, nb is the total number of chains, Nα

the chain length for α-th chain, Rαj the position of
the j-th bead in the α-th chain, and the index α runs
over all brush chains. For the single minority chain,
N is the chain length and Rj is the position of j-th
bead. The third term represents the nonbonded effective
monomer-monomer interactions, where ν is the excluded
volume interaction parameter characterizing the interac-
tion strength. In the present work, we choose ν = 1,
which corresponds to the athermal solvent condition.
The microscopic density of total monomers is defined as
φ̂t =

∑nb

α=1

∑

j δ(r − Rαj) and φ̂m =
∑

j δ(r − Rj). In
actual MC simulations, local densities are extracted from
the position of the beads by using the first order Particle-
to-Mesh technique [30]. The last term describes the in-
teraction between the substrate and the minority chain.
The interaction is assumed to be attractive and has the
functional form

Uads =

{

−ε 0 ! z ! a
0 otherwise

(2)

The brush is polydisperse and the chain lengths are
distributed according to the Schulz-Zimm (SZ) distribu-
tion, which is often used to model the polydispersity of
realistic polymer samples [17, 20, 24]. The continuous
SZ distribution is characterized by two parameters: the
number-averaged chain length Nn, and a parameter k
which is related to the polydispersity index. The explicit
form is

P (N) =
kkNk−1

Γ(k)Nk
n
exp

(

− k
N

Nn

)

(3)

where Γ(k) is the Gamma function. In the limit of
k → ∞, the distribution is a δ-function and corresponds
to the monodisperse case. For k = 1, it reduces to a sim-
ple exponential. The weight-averaged chain length can
be expressed in terms of Nn and k and one obtains the
polydispersity index Nw/Nn = (k + 1)/k.
This system is studied by Monte Carlo (MC) simula-

tions and - in some cases - numerical self-consistent field
(SCF) calculations, using the methods described in Ref.
[11]. Specifically, we have simulated a series of polydis-
perse brushes with k = 1; 7; 50 together with a strictly
monodisperse brush, corresponding to the polydispersity
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FIG. 2. Density profiles of mono- and polydisperse brushes
with SZ chain length distributions (shown in the inset with
the same color-coding). The average number of chain units in
all brushes is Nn = 100. All data obtained by MC simulations
and SCF calculations at grafting density σ = 0.2.

index Nw/Nn = 2; 1.15; 1.02, and 1. In a simulation,
we have a finite number of polymer chains that depends
on the size of the system as well as the grafting den-
sity. Chain lengths are sampled according to the SZ dis-
tribution with the additional requirement that the first,
second and third chain length moments of the sampled
chains could match those predicted by the continuous SZ
chain length distribution within small errors (less than
1%). We checked the density profiles obtained by MC
simulations for a pure brush with chain lengths sampled
according to the SZ distribution by comparing with those
obtained by SCF calculations using the corresponding
continuous SZ distribution. Figure 2 shows the density
profiles for a pure brush with grafting density σ = 0.2
for both MC simulations and one dimensional numerical
SCF calculations [31–33]. It can be seen that the den-
sity profiles are approximately parabolic in the case of
low polydispersity k = 50, linear in the case of moderate
polydispersity k = 7, and concave parabolic in the case of
high polydispersity k = 1. The density profiles obtained
from MC and SCF are similar. In the present study, the
number averaged chain length is fixed at Nn = 100, and
the grafting density at σ = 0.2, while the polydisper-
sity index is varied. The grafting points of the chains on
the substrate were fixed on a regular square lattice. The
system size was chosen Lx = 60, Ly = 60, and Lz = 150.

III. RESULTS AND DISCUSSION

A. Equilibrium conformation of minority chains

The basic mechanism of the switching transition has
been illustrated in the introduction in Fig. 1. As dis-
cussed there, the transition can be exploited by attach-
ing appropriate functional groups to the chain ends. Al-
though one would expect that such separate groups inter-
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act differently with the surface than the rest of the switch
chain, we will neglect this possibility in the present work.
We follow the position of the functional groups by moni-
toring the position of the free end of the switch chain. It
is clear that the average distance between this end and
the substrate is a very important parameter characteriz-
ing the switching transition,

Ze = ⟨zN⟩, (4)

where zN is the distance between the chain free end
and the grafted substrate, and ⟨· · · ⟩ denotes the en-
semble average. Figure 3(a) shows a typical profile for
the average distance Ze as a function of the adsorption
strength. The brush is monodisperse and composed of
polymer with fixed chain length Nb = Nn = 100. The
curves for different minority chain length show similar
features: The distance Ze decreases with increasing ad-
sorption strength. This corresponds to the transition
from the desorbed state to the adsorbed state. The chain
length N of the minority chain determines the width of
the transition. When the minority chain is longer than
the length of the monodisperse brush, N > Nn, the dis-
tance Ze is almost constant when the adsorption strength
is either very small or very big, with a sharp transi-
tion at the intermediate value. For short minority chains
N < Nn, the transition is relatively smooth. This can
be related to the different types of phase transition [10].
(The transition becomes a sharp phase transition in the
limit N,Nn → ∞). For N > Nn, the phase transition is
first-order, and a free energy barrier separates the des-
orbed and adsorbed states. For N < Nn, the minority
chain is always immersed inside the brush chains, the in-
fluence of the brush potential on the adsorption process
is too small to change the nature of the phase transition,
and the phase transition is continuous.
Figure 3(b) shows similar curves as Fig. 3(a), but for

a polydisperse brush with k = 1. Here, even short chains
(e.g. N < Nn = 100) exhibit sharp transitions. This
is because in polydisperse brushes, the monomer density
is more diffuse in comparison to the monodisperse case
(see Fig. 2), indicating that the excluded volume inter-
actions are not effectively screened in the range close to
the size of the minority chain. Therefore, the minority
chain still exhibits a sharp conformational change, which
is the signature of a first-order phase transition.
The effect of polydispersity on the conformations of the

minority chain is demonstrated in Fig. 3(c) and (d). Here
we show the distance Ze for different values of the poly-
dispersity parameter. In Fig. 3(c), the minority chain is
shorter than the number average length of the brush Nn.
With increasing polydispersity (k decreases), the profile
Ze moves upwards with a plateau appearing at small val-
ues of −ε and a sharp transition region. In a polydis-
perse brush, chains of different lengths form “sub-brush”
layers of different height. A minority chain with a spe-
cific chain length will always be repelled and stretched
by “sub-brushes” with shorter chain lengths. Therefore a

continuous transition happening in a monodisperse brush
could become a first-order transition in a polydisperse
brush.

When the minority chain length is longer than the
number average length of the brush, N > Nn, the change
of polydispersity does not change the type of the transi-
tion [see Fig. 3(d)]. The formation of “sub-brushes” in a
polydisperse brush increases the height of the brush due
to the existence of long chains, and the brush potential
widens and becomes more diffuse (Fig. 2). This leads
to a shift of the transition point to large values of the
adsorption strength, and at the same time the average
distance Ze decreases for the desorbed states.

To further characterize the conformations of the mi-
nority chain, we analyze the distribution of its free end
position. We consider the distribution Pz , which repre-
sents the probability density to find the free end in a layer
with its z coordinate ranging from z to z + dz. The av-
erage distance of the free end can also be evaluated from

the distribution function as Ze =
∫ Lz

0 dz zPz, where Pz

has been normalized to unity.

Close to a switching transition, the distribution Pz has
a bimodal structure The two maxima are well-separated;
the adsorbed state is represented by a maximum located
at z ≃ 0 and the extended state corresponds to the max-
imum away from the surface. We define the transition
point ε∗ from the condition that the two maxima in the
probability distribution Pz have the same height.

Figure 4(a) and (b) presents the free end distribution of
the minority chain at the corresponding transition points
for chain lengths N = 80 and N = 110, respectively, in
brushes with different polydispersity. For a short minor-
ity chain (N = 80) in a monodisperse brush, Pz is a
rather flat but monotonically decreasing function, show-
ing that there is only one state at the transition point
and no switching occurs, as one expects from a contin-
uous transition. With increasing brush polydispersity,
the extended state localizes around z ≃ 20, this position
depending only weakly on the polydispersity. The ad-
sorbed state and the extended state are well separated in
the case of moderate or high polydispersity. This indi-
cates that the polydispersity changes the intrinsic nature
of the transition, i.e. from a continuous transition to a
first-order type.

For long minority chains at the transition point, Pz

has two maxima with equal height, indicating a coexis-
tence of an adsorbed and an extended states irrespective
of the brush polydispersity, see Fig. 4(b). Therefore, the
polydispersity does not change the first-order type of the
switching transition in this case. However, the location of
the maximum corresponding to the stretched state moves
towards the substrate with increasing polydispersity in-
dex, and its width increases.
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FIG. 3. Average free end height, Ze, of adsorption-active minority chains chains as a function of the adsorption energy, ε in
monodisperse (a), and strongly polydisperse brush with k=1 (b) for minority chains of different length N , and in brushes of
varying polydispersity for minority chains of length N = 80 (c) and N = 100, as obtained from MC simulations. The number
averaged length of brush chains is Nn = 100 and the grafting density is σ = 0.2.
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FIG. 4. Probability distribution of the free end minority chains in brushes with different polydispersity right at adsorption
transition for minority chains of length N = 80 (a) and N = 110 (b). Data were obtained from MC simulations at Nn = 100,
σ = 0.2.

B. Effect of polydispersity on the transition
properties

To study the effect of polydispersity on the transition
properties, we focus on three quantities: The transition
point ε∗, the transition width (width) δε, and the transi-
tion barrier Ubarrier. The transition width is defined from

the profile of Ze v.s. −ε as follows: We first find the point
where Ze has the maximum slope and calculate this slope
as l. Subsequently, we draw a line through this maximum
slope point with the slope l and find its intersection with
the abscissa and with the line parallel to the abscissa that
crosses the point (0, Ze(ε = 0)). The absolute value of the
difference of the adsorption strength at these two inter-
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section points defines the transition width, δε = |Ze|ε=0

l |.
The transition barrier Ubarrier is determined from the free
end distribution Pz(Ze), which defines an effective poten-
tial for the free end via U(Ze) = − lnPz(Ze). It is the
difference between the value of U at the two minima cor-
responding to the coexisting states and the maximum in
between.

Figure 5(a) shows the transition width as a function
of the length of the minority chain. Independent of the
polydispersity, the transition width becomes sharper for
longer minority chains. One might expect that in the
thermodynamic limit N → ∞, δε goes to 0, indicating a
true classical phase transition. This seems to be the case
for minority chains in a monodisperse brush, where δε
keeps decreasing quickly. However, for k = 1, the width
δε seems to converge to a finite value at N → ∞. In this
case, both N and Nn presumably have to be infinite to
obtain a sharp transition.

Polydispersity affects the width in different ways for
short and long minority chains. For short chains, the
transition becomes sharper if the polydispersity is higher,
while for long chains, it becomes broader. Thus poly-
dispersity increases the sensitivity of the switch if the
minority chain is short, and decreases it if the minority
chain is long. The width of the transition is determined
by the response of the adsorbed state to variation of the
adsorption strength [11]. From the point of view of sta-
tistical physics, the extensive variable that is conjugate
to ε is the average number of contact to the substrate,
therefore the width of the transition is directly related to
the average number of monomers in the adsorption layer
at the transition point.

Figure 5(b) shows the height of the transition barrier,
Ubarrier, as a function of the minority chain length in
brushes with different polydispersity parameters. This
quantity determines the transition time τ between the
two states. A simple Arrhenius estimate would predict
τ ∼ exp(Ubarrier). In reality, the dependence is more
complex [10], but τ still increases roughly exponentially
with Ubarrier. The transition barrier is directly related to
the ratio of maximum and minimum values in the free
end distribution. As discussed earlier, for short minor-
ity chains, Pz gradually becomes bimodal with increas-
ing polydispersity, and the dip between the two maxima
deepens, hence the transition barrier increases. In con-
trast, for long minority chains, the peak in the free end
distribution corresponding to the extended state moves
towards the substrate for increasing polydispersity, and
becomes wider. As a consequence, the difference between
the maximum and minimum values in the curve of Pz be-
comes smaller, and the transition barrier decreases. In
general, to be useful in a switch, the transition barrier
should neither be too small (larger than 1, otherwise the
two states are not well separated), nor too large (other-
wise the switching times are too long). In polydisperse
brushes, the range of minority chain lengths where the
height of the transition barrier takes interesting values
between 1 and 5 is much larger than in monodisperse

brushes, hence the design of good switches should be eas-
ier when using polydisperse brushes.

Comparing Fig. 5(a) and (b), one can see that the ef-
fects of polydispersity on the transition barrier and the
transition width are opposite. This is probably because
they have different physical origin: the former is directly
related to the number of contact in the adsorption layer,
while the latter is determined by the free end distribu-
tion function. For practical applications, it is desirable
to have both small transition widths (i.e., high sensitiv-
ity) and low barriers (i.e., fast switching times). Both
the polydispersity of the brush and the length of the mi-
nority chain can be used to manipulate these two pa-
rameters, but there is a trade-off: Either one decreases
the transition width at the cost of having a higher tran-
sition barrier, or one decreases the transition barrier at
the cost of having a larger transition width. To study
whether polydisperse brushes can be used to improve the
quality of switches, one must therefore plot the height of
the transition barrier versus the transition width. This
is done in Fig. 5(c). Indeed, we find that for a given
small transition width (δε = 0.1 − 0.15), the height of
the free energy barrier can be reduced significantly by
using strongly polydisperse brushes.

C. Theoretical predictions and comparison to
simulations

An analytical theory describing the transition proper-
ties of an adsorption-active minority chain in a monodis-
perse brush was proposed in [10, 11]. It is based on on the
concept of two states: an adsorbed state, with the free
end situated in the immediate vicinity of the grafting sur-
face, and a desorbed state having no monomer contacts
with the solid substrate. The chain conformations in the
two states are described by well-known Green’s functions
[34]. For the adsorbed state not too close to the critical
adsorption point, they read [35]

Gads(N, Ze) = 2
√

−6µ (ε) eN(−φ0−µ(ε))−
√

−6µ(ε)Ze . (5)

where N is the chain length of the adsorption-active
chain, Ze is the coordinate of the free end, µ (ε) is the
free energy of adsorption per monomer, and

φ0 =
3

2

(πσ

2

)2/3
(6)

is the mean-field potential produced by the brush den-
sity profile at the grafting surface.

The Green’s function of the desorbed stretched state is
determined by the parabolic shape of the monodisperse
brush density profile [36],
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(7)
A detailed theoretical analysis shows that if the

adsorption-active minority chain is shorter than the
chains forming the monodisperse brush, N < Nn, the
desorbed conformation is a weakly deformed coil. Hence
the adsorption transition is smooth and continuous,
closely resembling the standard situation of an isolated
chain grafted to a solid attractive substrate. However,
for longer minority chains, N > Nn, the situation is quite
different. The desorbed state becomes strongly stretched,
with the free end exposed outside the brush edge. The
two competing states are well separated and the transi-
tion becomes much sharper resembling a first-order phase
transition albeit smoothed by finite-size effects. The case
of N = Nn is intermediate with no clear separation be-
tween the adsorbed and the stretched states. The quali-
tative difference in the transition for shorter and longer
minority chains is clearly seen in Fig. 3(a).
The integration of the Green’s function over Ze in the

vicinity of the respective equilibrium end position gives
the partition functions for the two competing states. The
transition point is defined by equating the two partition
functions. The apparent width of the transition, δε, is
determined from the analysis of the rate of change of the
free energy of the adsorbed state with ε in the vicinity
of the transition point. Finally, the free energy barrier
separating the two competing states at the transition
is estimated by analyzing the Green’s function of par-
tially adsorbed states with the desorbed tail of varying
length. The analytical theory suggests that the barrier
height, Ubarrier is determined by two parameters: The
chain length difference, N − Nn, and the brush grafting
density, σ. Specifically, it was proposed in [11] that the
barrier height is given by a scaling combination

Ubarrier ∼ σ(N −Nn) (8)

The MC simulations results support the suggested scal-
ing very well as illustrated in Fig. 6(a).

The analytical theory can be extended to cover the
case of a moderately polydisperse brush with a linearly
decreasing density profile. The adsorbed state is still
described by the Green’s function of Eq. 5. The desorbed
conformation is affected by the linear profile of the self-
consistent brush field with the slope

f = φ0/H =
9

8

(π

2

)4/3 σ1/3

Nn
(9)

which has the meaning of a mean force acting on each
monomer. Since the force does not depend on the co-
ordinate, it is similar to a uniform gravitational field.
The Green’s function of a chain in a uniform field is well
known [37, 38]

Gstr(z,N) =

(

2πN

3

)−1/2

× exp

[

−φ0N +
f2N3

18
−

3

2N

(

z −
f N2

6

)2
]

(10)

In contrast to the case of a monodisperse brush, the
adsorbed and desorbed states are always separated by a
barrier, irrespective of whether the minority adsorption-
active chain is shorter or longer than Nn. Hence the
transition follows the first-order scenario and is always
relatively sharp. Qualitatively, this applies also to the
case of strongly polydisperse brushes for which the tran-
sition profiles are shown in Fig. 3(b). The analysis of
the transition point, the apparent transition width and
the barrier height follows the logic outlined above for the
monodisperse brush case under the condition N > Nn.
In particular, the barrier height is predicted to scale as

Ubarrier ∼
N3

N2
n
σ2/3 (11)

This suggested scaling agrees excellently with the MC
simulations data as shown in Fig. 6(b).
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FIG. 6. Scaling plots of the barrier height, Ubarrier , for minority chains with lengths in the range N = 100−135 in monodisperse
brushes (a), and for minority chains in the range N = 70− 140 in a moderately polydisperse brush with k = 7; (b). Data were
obtained by MC simulations and SCF calculations at different grafting densities as indicated and Nn = 100.

IV. CONCLUSION

To summarize, we have investigated in detail the ef-
fect of polydispersity on the conformation and transition
properties of a new type of adsorption-responsive poly-
mer brushes, where the minority chain is used as the
switch sensor, using particle-based MC simulations. We
also proposed a theoretical description for such switches.
The theory is valid for the moderate polydisperse case
where the density profile in the brush is approximately
linear. To verify the theory, we performed additional one
dimensional SCF calculations. The scaling predictions of
the analytic theory are in reasonable agreement with the
results from SCF calculations. Depending on the length
of the minority chain, the polydispersity has a different
effect on transition properties of the minority chain. The
difference originates from the differences in the conforma-
tions of short and long chains in response to the potential
generated by the polydisperse brush.

We have adopted the SZ distribution to model the dis-
tribution of chain lengths in the brush, since this distri-
bution is commonly used to represent molecular weight
distributions of realistic polymers. In industry and exper-
imental studies, one usually uses the polydispersity index
(Nw/Nn) to describe the dispersity of the material. This
raises the question whether the conformation and transi-
tion properties are uniquely determined by the polydis-
persity index of the polymer brush. The answer is no. In
fact, these properties of the minority chain are directly re-
lated to the brush potential, i.e., the monomer density of
the brush. To accurately determine the monomer density
profile, one must know the full chain length distribution.
The knowledge of the first and second moment is not suf-
ficient. Quantitatively, the effect of polydispersity will
thus depend on the the explicit form of the chain length
distribution. Qualitatively, however, it can be expected
to be similar for different chain length distributions.

In the present study, we found that short chains im-
mersed in a polydisperse polymer brush can exhibit sharp

transitions. A sharp transition is a type of transition
where a minor changes of the control parameters at the
transition point leads to dramatic changes in the proper-
ties of the material. The existence of a sharp transition is
a prerequisite for a material to be useful for the design of
efficient switch sensors. A material which can undergo a
first-order phase transition is a good candidate for such a
purpose. In monodisperse brushes, switch chains can ex-
hibit a sharp transition if they are long enough to be able
to form a crown structure outside of the brush. Shorter
“switch” chains exhibit only smooth continuous transi-
tions, hence they cannot be used as switch sensors. The
present study suggests a way to design switch sensors
with short switch chains that are immersed inside the
brush and not in contact with objects outside the brush.
Such switches could be used to trigger reactions on or
inside the grafting surface, for example, intracellular im-
mune signaling.

The main issues when designing switch sensors are the
sensitivity and the switch time. Usually people seek for
switch sensors with sharp transitions and short switch
times, i.e., quick response and fast switch. Our study
shows that polydispersity has a noticeable effect on the
switch properties, and that this finding may be exploited
to improve the performance of the switch sensors. In
Fig. 5(c), it is demonstrated that in polydisperse brushes,
the transition barrier can be reduced by an amount of
order kBT while keeping the same sensitivity (transition
width). This would roughly correspond to a speedup by
a factor three in switching times according to a simple
Arrhenius estimate.

Our study also shows that the switch is not only
more efficient in polydisperse brushes, but also more ro-
bust with respect to chemical modifications of the switch
chain, since the switching mechanism works for minority
chains of all lengths.
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