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Analytical theory for active diblock copolymer switches

Here we discuss the transition behavors for the systems corresponding to Scenario I, i.e.

Nc < Nb, and II, i.e. Nc > Nb and NB < Nb as de�ned in the main text. This starts from

the construction of Landau type of free energy.

Here we present the results of the transition properties of the diblock copolymer chain for

the two-state transitions, which are the cases of NB < Nb (meanwhile Nc > Nb, the scenario

II) and NB > Nb, α > αc (the scenario III). We discard the case for Nc < Nb (scenario

I), where only wide continuous phase transitions are observed. The SCF results are also

compared with the analytical theory, and in all reasonably well match is obtained.

I. Nc < Nb. In this case, NA < Nb and NB < Nb. The free energy expressed as a
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function of n can be written as a step function

F (n)=

 V0Nc − µANA − µB(NB − n) = Fads + µBn, 0≤n<NB

V0Nc − µA(Nc − n) = Fads + [µB − µA]NB + µAn, NB≤n≤Nc

(S.1)

If µA and µB are bigger than zero, the function F (n) obtains its global minimum at n = 0,

which speci�es the adsorbed state, and increases monotonically with respect to n, i.e., no

other stable state could appear. And if µA = µB = 0, the curve of F (n) becomes �at and

independent of n, then the free energy for the adsorbed state at n = 0 is equal to the extended

state at n = Nc, which thus de�nes the transition point. Since the copolymer chain is shorter

than the brush chains, the brush potential imposed on the copolymer can be viewed as a

constant, which makes it similar to the case of a copolymer chain grafted on a brush-free

surface. Therefore, the conformation transition is a continuous phase transition with wide

transition width (data not shown), and the transition point is generally called the critical

point. In the following we would not discuss further for such continuous phase transitions as

they are not interested for the design of high performance switch sensors. It should be noted

that because of the impenetrable boundary conditions, the SCF theory shifts the critical

point to a �nite value of adsorption strength, i.e. εc > 0.

II. Nc > Nb and NB < Nb. To attain Nc > Nb, there are several ways by setting

NA and NB properly, however, our study would demonstrate that the structure of the free

energy F (n) depends only on the length of the B block for the case of Nc > Nb. The phase

behaviors can be partitioned into two scenarios according to the length of NB relative to

Nb, i.e. the scenario of NB < Nb and the scenario NB > Nb. Here, we focus on the case of

NB < Nb, and leaving the discussion for NB > Nb later. If NB < Nb, we can write the free
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Figure S1: Sketch of the Landau free energy F as a function of the desorbed number of
monomers n at di�erent adsorption strength. Here, we take Nc > Nb and NB < Nb. The
transition between the stable adsorbed state with n = 0 and the extended (exposed) state
with n = Nc can be identi�ed. The two-phase coexistence at the transition point ε = ε∗

signi�es the �rst-order nature of the phase transition.

energy F (n) as

F (n)=



V0Nc − µANA − µB(NB − n) = Fads + µBn, 0≤n<NB

V0Nc − µA(Nc − n) = Fads + [µB − µA]NB + µAn, NB≤n<Nb

V0(Nc +Nb − n)− µA(Nc − n)

= Fads + V0Nb + [µB − µA]NB + [µA − V0]n, Nb≤n≤Nc

(S.2)

The pro�les of F (n) for di�erent adsorption strength are sketched in Fig.S1, and two di�erent

stable conformational states, i.e. the adsorbed state, corresponding to n = 0 where all

monomers are con�ned at the adsorption layer, and the extended state for n = Nc, where

the copolymer chain shows a stem-crown conformation, are clearly identi�ed. According to

Eq.S.2, F (n) increases monotonically when n < Nb as the chemical potentials µA and µB

are positive, after crossing n = Nb, the tendency of F (n) can be di�erent depending on the

sign of the slope µA − V0. If the adsorption is weak µA − V0 � 0, F (n) decreases quickly

and reaches a value at n = Nc that is smaller than Fads, i.e., F (0) > F (Nc). This implies

that at the weak adsorption, the extended state is the thermodynamically stable state (that

is the equilibrium state). With the increase of adsorption strength and thus µA, the slope of
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F (n) with n > Nb changes positive, and F (Nc) becomes larger. At some proper adsorption,

one can get two minimums with equal value, i.e. F (0) = F (Nc) showing the coexistence

of the adsorbed and extended state, and we de�ne such a state as the transition state. If

the adsorption strength grows further, the free energy at F (Nc) becomes even larger and

�nally F (0) turns to be the global minimum suggesting that the adsorbed state becomes the

thermodynamically stable one.

We de�ne the adsorption that leads to the phase coexistence as the transition point ε∗, and

the phase coexistence condition F (0) = F (Nc) determines the transition point µA(ε∗)NA +

µB(αε∗)NB = V0∆, by using µi ∼ εi, one gets

ε∗ =
V0∆

NA + αNB

(S.3)

where ∆ ≡ Nc−Nb. When α = 0, the B block monomers are inactive to the adsorption, we

have the transition point ε∗ ∼ V0∆/NA, and on the other limit when α = 1, the transition

point scales with respect to the total length of the diblock copolymer being ε∗ ∼ V0∆/Nc.

These results agree with the predictions obtained in ref. S2. The transition barrier Ubarrier is

given by the free energy di�erence between the energy maximum at n = Nb and the energy

minimum at n = Nc (or n = 0) at the transition point, i.e. Ubarrier = [F (Nb) − F (Nc)]ε=ε∗ ,

resulting in

Ubarrier =
[
(α− 1)NB +Nb

] V0∆

NA + αNB

(S.4)

For α = 0, we have Ubarrier ∼ (Nb − NB)V0∆/Nc, which matches the result obtained in ref.

S1; and for α = 1 with ∆ � Nb, one gets Ubarrier ∼ V0∆, which is the situation that has

been discussed in ref. S2.

To characterize the transition sharpness, we de�ne the so called transition width as the

change of adsorption parameter δε, during which a reliable switching from the extended state

with the average number of contacts (that is the average number of monomers con�ned in

the adsorption layer) 〈m〉 = 0 to the adsorbed state with 〈m〉 = Nc is produced (here 〈· · · 〉
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denotes the ensemble average). Therefore, δε can be extracted from the pro�le 〈m〉 with

respect to the adsorption strength ε, and this is done as follows. First, one calculates the

partition function of the copolymer system using µi ∼ εi with i = A,B

Z =
Nc∑
n=0

e−F (n) =
eεB(NB+1) − 1

eεB − 1
eεANA−V0Nc

+
eεANb+V0Nc − eεANc+V0Nb

eV0 − eεA
e−V0(Nc+Nb−1)−εANb

− eεANB − eεANb

eεA − 1
eεA(NA−Nb)−V0Nc (S.5)

Then the average number of contact monomer including A and B monomers is computed

through

〈m〉 =

[
∂ lnZ

∂εA

+
∂ lnZ

∂εB

]
εA=ε,εB=αε

(S.6)

According the de�nition, the transition width can be evaluated as the contact number

di�erence between the states with ε = ∞ and ε = 0 divided by the absolute value of

the slope of 〈m〉 at the transition point

δε =
〈m〉ε=∞ − 〈m〉ε=0

∂〈m〉
∂ε

∣∣∣
ε=ε∗

(S.7)

The calculation of 〈m〉 and its derivative are complex. Suppose that we keep only the �rst

order terms regarding the chain lengths and neglecting higher order terms such as that

proportional to N−2
b , N−2

B , N−2
A , (NBNb)−1 and so on, we get an approximate expression for

the transition width

δε ' 1

NA + αNB

exp

[
αV0∆

NA + αNB

]
(S.8)

If the B block monomers are inert (α = 0), we can obtain δε ∼ N−1
A , and on the other hand,

if the B block monomers are identical to the A monomers (α = 1), we would get δε ∼ N−1
c .
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SCF thory and method

To test the theoretical predictions, we perform mean �eld SCF calculations.S3,S4 In this

method, polymer chains are assumed �exible and characterized by the continuous Gaussian

model. Since the coupling of the single copolymer chain and the brush conformation, and

thus the density and the potential are vanishingly small, we would treat the copolymer

chain as an isolated chain immersed in a �xed potential including the contributions from

substrate adsorption and brush repulsion. By doing so we can save a lot of computational

time. The phase behaviors and transition properties of the active diblock copolymer are

mainly extracted from the propagator q†(z, s), which is the probability of �nding the s-th

monomer at position z. Under the mean-�eld description, the propagator q† satis�es the

following modi�ed di�usion equation (MDE)S3

∂q†(z, s)

∂z
=
a2

6

∂2

∂z2
q†(z, s)−

(
U

(i)
ads + V

)
q†(z, s) (S.9)

with the Dirichlet boundary condition at z = 0 representing the impenetrability of the

substrate and at z = Lz for another boundary, and Lz is chosen large enough that the

free end of the copolymer chain is not able to reach there. The initial condition is set

q†(z, s = 0) = δ(z − z0), where z0 denotes the position of the grafting point, and is set

smaller than the Kuhn length a to approximate the location of the substrate z = 0 for

numerical convenience. The adsorption potential Uads is a stepwise function depending on

the contour variable s, and U
(i)
ads(z) = U

(A)
ads (z) for 0 ≤ s < NA, and U

(i)
ads(z) = U

(B)
ads (z) for

NA ≤ s ≤ Nc. The brush potential is obtained by solving the following SCF equationsS2

V = vexρ

ρ =
σ

Qb

∫ Nb

0

dsq†b(z, s)qb(z,Nb − s) (S.10)
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where vex is the excluded volume parameter as de�ned before, and we choose vex = 1. ρ is

the brush monomer density. The single chain propagators for brush chains q†b and qb satisfy

the same form of the MDE but with a di�erent potential

∂q(z, s)

∂s
=
a2

6

∂2q(z, s)

∂z2
− V (z)q(z, s) (S.11)

where q ≡ q†b, qb. Dirichlet boundaries are applied along the z direction, and the initial

condition for q†b is chosen q†b(z, s = 0) = δ(z − z0) representing the grafting of the one chain

end, and for qb(z, s), it is qb(z, s = 0) = 1 showing the uniform distribution of the free end

in the system. The single chain partition function Qb relates to the propagator q†b through

Qb =
∫
dzq†b(z,Nb).

In terms of the propagator of the copolymer chain q†, one can obtain the distribution

of the A/B block joint point Pj(z) ≡ q†(z,NA) and of the free end Pe(z) ≡ q†(z,Nc). The

average height of the joint point Zj and the free end Ze can be calculated as

Zj =

∫
dzzq†(z,NA)∫
dzq†(z,NA)

(S.12)

and

Ze =

∫
dzzq†(z,Nc)∫
dzq†(z,Nc)

(S.13)

The transition point and transition barrier are extracted from Pj and Pe for the transition

regarding the conformation of A block and the whole copolymer chain, respectively. To

make this more clearly, let consider the phase transition of the whole copolymer chain as

an example. At the transition point, the distribution function Pe would exhibit a bimodal

structure, where the two maximums representing the two coexisting state states are equal

in magnitude. Then we de�ne the particular adsorption strength ε∗ which leads to such

bimodal distribution as the transition point. In addition, from Pe, one obtains the Landau

free energy UL = − lnPe(z). The transition barrier is de�ned as the energy barrier that needs
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to overcome when passing from one stable state to the other stable state at the transition

point ε∗. The transition width is evaluated through the pro�le of Ze with respect to ε, and

this is done as follows. First, one �nds the slope of Ze at the transition point ε∗, and then

calculates the transition width according to

δε =
Ze

∣∣
ε=0
− Ze

∣∣
ε=∞

−∂Ze

∂ε

∣∣∣
ε=ε∗

(S.14)

Similar methods can be adopted to analyze the transition properties of the A block monomers

through Pj and Zj,

It may be noted that in the theoretical treatment, we use the average number of contact

monomers 〈m〉 or the torn-o� monomers n as the variable parameter to de�ne phases and

quantify the transition properties. Here, in the SCF method, we choose the height of the

joint monomer or the free end monomer for convenience. These two methods, although lead

to quantitatively di�erent results, should predict the same phase behaviors, for example,

they would give the same scaling relations concerning the transition point, transition barrier

and transition width with respect to the system parameters, as they represent the intrinsic

and general physics laws of the transition properties. This also rationalizes the qualitative

comparison between the results obtained from theoretical treatment and SCF calculations.

SCF results for the transition properties

Conformational state and transition types of the second Scenario

Then we consider the second scenario, i.e., Nc > Nb andNB < Nb. In this case, the analytical

theory predicts that two stable states, the extended state and the adsorbed state, would be

recognized during the phase transitions of the copolymer chain by varying the adsorption

strength, and such transition can occur independent of the adsorption ratio. To verify the

theoretical predictions, we plot in Fig.S2 the average height of the joint point and the free
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Figure S2: Average height of the A/B block joint point Zj (dashed lines) and the free end
monomer Ze (solid lines) for di�erent adsorption ratio α (a), the distribution of A/B block
joint monomer Pj for α = 0.1 (b) and α = 0.8 (d), and the distribution of the free end Pe

for α = 0.1 (c) and α = 0.8 (e). Other parameters are set as follows: NA = 110, NB = 80,
Nb = 100, so Nc > Nb and NB < Nb are satis�ed. The grafting density of the brush is
chosen σ = 0.1. The results are obtained by SCF calculations.
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end as well as their distributions obtained by SCF calculations.

In Fig.S2a, the solid lines present the average height of the free end Ze as a function of

adsorption strength ε for several di�erent α from small α = 0 to large α = 0.8. These curves

show that when the adsorption is weak, Ze is almost �at, and it then decreases dramatically

within a narrow interval of ε before approaching to a �nal constant value again. The two

plateau regions observed in the curve Ze signify a two-state transition between the extended

state with a stem-crown conformation at ε = 0 con�rmed by the fact that Ze(ε = 0) ≈ 38.5

being larger than the height of the brush for Nb = 100 and σ = 0.1, and the adsorbed state

at su�ciently large ε where Ze is close to zero. The two-state nature of the transition holds

varying α from 0 to 1.

The transition is sharp as the absolute value of the slope of Ze in the transition region is

large especially when α is large or exactly zero. In fact, when α is small, e.g., close to zero,

the adsorption imposing on B block monomers is smaller than that on A block monomers,

thus the B monomers attach to the substrate only when ε is large enough, and this leads to

the long smooth declining tail in the curve of Ze. The tail becomes shorter as α increases

and �nally vanishes as α → 1 which induce sharp transition of the copolymer. In contrast,

if α = 0, B monomers would never aggregate into the adsorption layer and the residual

Ze in the high adsorption region comes only from the B block. Meanwhile, the residual Ze

keeps �xed inducing a second platform in Ze curve as the adsorption strength beyond the

transition point which results in a second stable state. Consequently, the long declining tail

is not observed in this situation which results in sharp phase transitions of the A block chain.

To show the transition sharpness of the A block chain during the conformation transition,

we also plot in Fig.S2a the average height of the joint monomer Zj using dashed lines, and

sharp transitions are clearly con�rmed. For a certain α, Zj and Ze get overlapped in the

transition region meaning that their transition points are almost the same. We would note

that the state that only A monomers being adsorbed in the adsorption layer as α > 0 is

not a thermodynamically stable state, the investigation of the transition width regarding
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the conformation transitions of the A block is still valuable, for example, for the design of

sensitive switch sensors exploiting the conformation transition of the A block chain.

The conformation phases and their transitions can also be identi�ed through the distri-

bution function of the joint monomer Pj and that of the end monomer Pe. For illustration,

we plot in Fig.S2b, S2c, S2d, and S2e Pj and Pe with a small adsorption ratio α = 0.1 and

a large one α = 0.8 as denoted in these �gures. The enhanced distribution peak near z = 0

with a small ε and at z ' 35 with a large ε in Fig.S2c and Fig.S2e represents the adsorbed

state and extended state, respectively. The bimodal structure of Pe illustrates clearly the

phase coexistence and an energy barrier (corresponding to the minimum between the two

peaks in Pe) between the two stable states, and these imply the �rst-order nature of the

phase transitions. The transition point extracted from Pe when the two maximums have the

same magnitude gives ε∗ ' 0.512 for α = 0.8, which is smaller than ε∗ ' 0.654 for α = 0.1,

and such results agree with the prediction from Fig.S2a that large α shifts the transition

point ε∗ to a low value.

The distribution Pj(z) shares similar features with Pe(z), for example, unimodal and

bimodal structures are observed at proper ε, however, these structures just specify some

conformation states of the copolymer chain showing no information about their stability,

and the stability could be detected by other means, for example, through the free energy

F (n). In Fig.S2b, one can see that the conformation transition of the A block monomers

happens about ε∗ ' 0.629, which is close to ε∗ ' 0.654 extracted from the conformation

change of the whole chain. Similar situation holds for α = 0.8, where Pj and Pe give the

same transition point, i.e. ε ' 0.512 (see Fig.S2d and Fig.S2e). This means that the A

block and B block switch conformations under almost the same adsorption strength, which

is consistent to the observed two-state transition in the system.
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Figure S3: Transition point ε∗ (a) and transition barrier Ubarrier (b) for the transitions
between the extended state and the adsorbed state for NB < Nb and Nc > Nb extracted
from Pe(z). The scaling plots for ε∗ and Ubarrier are also shown. The inverse of the absolute
value of the slope Ze v.s. ε at the transition point ε∗ de�ned as l−1 ≡ |∂Ze/∂ε|−1

ε=ε∗ (c), and
the transition barrier as a function of the transition width δε with δε ≡ [Zj(ε = 0)− Zj(ε =
∞)]l−1. The brush chain length is chosen Nb = 100 and the grafting density σ = 0.1. All
the data are obtained by SCF calculations. Solid lines are obtained by data �tting to guide
the eyes.
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Two-state transitions for NB < Nb

Let us �rst present the transition properties for the case NB < Nb. As being shown in the

main text, under such parameter, there are only two stable phases observed during the phase

transitions, one is the extended state (fully desorbed state), and the other is the adsorbed

state. It is thus convenient to extract the transition point and transition barrier from Pe(z).

Fig.S3a shows the transition point as a function of α for di�erent block lengths NA and NB

as denoted. As can be seen the transition point ε∗ is a monotonically decreasing function of

α, which is expected, as the increase of α would e�ectively increases the adsorption strength

imposed on B-block monomers thus decreases the critical energy to meet the requirement of

producing the phase transition. If α → 0, the analytical theory gives ε∗ ∝ 1 − Nb−NB

NA
(see

Eq.S.3), i.e., ε∗ increases with NA or NB, when the other one is �xed, and such relation is

de�nitely veri�ed in Fig.S3a. On the other hand, if α = 1, the analytical theory predicts

ε∗ ∝ 1−Nb/Nc (see Eq.S.3) indicating that ε
∗ increases monotonically with Nc, which also

agrees with the SCF results. In the right panel of Fig.S3a, we replot the same data shown in

the left panel with the scaling coordinates as suggested by the analytical theory (see Eq.S.3).

All data points with di�erent A/B block lengths collapse reasonably well onto a single master

curve, implying the consistence between the predictions from the analytical theory and the

SCF calculations.

Fig.S3b left panel displays the transition barrier at the transition point as a function

of α. Obviously, for given NB in the �gure which are close to Nb, the transition barrier

grows monotonically with respect to α which matches the theoretical prediction shown in

Eq.S.4 Ubarrier ' ∆V0/(
NA

αNB
+ 1) under the approximation Nb − NB ' 0. At the limits

of α = 0 and α = 1, Ubarrier shows di�erent dependence on the chain block lengths, for

example, at α = 0 for any �xed NA, Ubarrier sometime has a negative relation with NB (in

fact, the transition barrier at α = 0 changes non-monotonically with NB, and it is similar

to the situation of α = 0.1 which we will discuss later), while at α = 1, Ubarrier becomes an

increasing function of Nc. These results match the theoretical prediction shown in Eq.S.4,
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which gives Ubarrier ∝ (Nb − NB) − (NB − Nb)2/NA for α = 0 and Ubarrier ∝ 1 − Nb/Nc for

α = 1. Low energy barrier only shows up when α is small for given NB and NA in Fig.S3,

for example Ubarrier can be smaller than 3kBT when α < 0.3. The small energy barrier is

mainly controlled by the B block length NB, and it could be even smaller when NB → Nb.

Thus, practically useful design of switch sensors may be restricted to the small α region and

the length NB not very far from that of Nb. In Fig.S3b right panel we replot the transition

barrier with respect to the scaled coordinate as suggested by the theoretical prediction (see

Eq.S.4), and the SCF data are quite close to collapsing onto a single straight line illustrating

the nice matching between the analytical theory and the SCF results.

To measure the sharpness of the transition, we calculate the inverse of the slope of Ze

v.s. ε at the transition point ε∗, i.e. l−1 ≡ |∂Ze

∂ε
|−1
ε=ε∗ , and plot l−1 as a function of α in

Fig.S3c. In fact, the transition width during this transition is not clearly de�ned especially

when α is small, because of the long slowing varying tail showing in Ze. It shows that l−1

is not a monotonic function of α, and exhibiting a maximum at some intermediate value

α ' 0.3, which may be related to the long-decreasing tail in Ze (see Fig. 4a in the main

text). At α = 0, the free end of B block will never reside in the adsorbed layer, and the

transition width can be de�ned through δε = [Ze(ε = 0) − Ze(ε = ∞)]/l ' NAl
−1, and

the analytical theory predicts that δε ' N−1
A indicating l−1 ' N−2

A . This can be testi�ed

qualitatively by the SCF results shown in Fig.S3c, where at α = 0 for both NB = 80 and

NB = 90, the transition width is smaller if NA is larger. On the other limit of α = 1, the

conformations of A block and B block change synchronously and the copolymer behaviors

as a homopolymer, thus the transition width can be well de�ned by δε ' Ncl
−1, and the

analytical theory predicts δε ' N−1
c implying a negative relation between l−1 and Nc, which

matches the SCF data shown in Fig.S3c for α = 1. If we multiply l−1 by NA at small α

region and by Nc at the region α approaching 1, we would see that the transition width δε

roughly increase with α, implying that sharp transitions happen when α is small.

To see the relation between Ubarrier and δε. we combine Fig.S3b and Fig.S3c together in
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Fig.S3d by setting Ubarrier as the vertical axis and δε = [Zj(ε = 0) − Zj(ε = ∞)]l−1 as the

horizontal axis, and thus δε is meaningful only in the small α region. In Fig.S3d it can be

seen that in the small α region, a low free energy barrier, e.g. smaller than 3kBT is obtained

when NB approaches Nb, and sharp transitions, e.g. around 0.1 is attained when NA is larger

than Nb, for example NA = 110. This means that the transition barrier and the transition

width are decoupled and controlled by di�erent parameters. This is probably the reason that

Ubarrier and δε are positively correlated when α is small contrary to their negative relation in

�rst order transitions happened in macroscopic systems. From the practical point of view, a

positive correlation has advantages for the design of high performance switch sensors as this

allows the improvement of material sensitivity and response speed simultaneously.

To see the in�uence of chain block lengths NA and NB on the transition properties as

well as considering a practically interesting situation, we choose α = 0.1, and plot ε∗, Ubarrier,

and δε respectively in Fig.S4a, S4b, S4c as a function of NB with di�erent NA. Here δε is

de�ned as δε = [Zj(ε = 0)− Zj(ε =∞)]l−1.

In Fig.S4a left panel, one can see that ε∗ is a monotonically increasing function of NB,

and the dependence of ε∗ on NA at �xed NB agrees with the analytical prediction of ε∗ in

the small α limit (see Eq.S.3). The Ubarrier becomes a quadratic curve with respect to NB

with the location of its maximum moving to small values of NB when NA is increased, and

this can be testi�ed by the analytical expression of Ubarrier (see Eq.S.4). The well collapse

of di�erent points shown in Fig.S4a and Fig.S4b right panels onto two single master curves,

which satisfy the scaling relation expressed by Eq.S.3 and Eq.S.4, respectively, con�rms also

good matching between the theory and the SCF method. In Fig.S4b, it clearly shows that

Ubarrier drops sharply when NB approaches Nb, i.e. small Ubarrier can be found when NB is

close to Nb, and there Ubarrier has just very weak dependence on NA, for example, the points

for di�erent NA at NB = 90 are quit close to each other. This illustrates again the NB is

more relevant in reaching a low transition barrier. On the other hand, as shown in Fig.S4c,

δε has weak dependence on NB, while strongly relates to NA, and the larger NA, the smaller
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Figure S4: Transition point ε∗ (a) and transition barrier Ubarrier (b) for the transitions
between the extended state and the adsorbed state extracted from Pe(z). The scaling plots
for ε∗ and Ubarrier are also shown on the right panels. The transition width is de�ned as
δε = [Zj(ε = 0) − Zj(ε = ∞)]l−1 (c). The adsorption ratio is set small α = 0.1, the brush
chain length is chosen Nb = 100, and the grafting density σ = 0.1. All the data are obtained
by SCF calculations. Solid lines are obtained by data �tting to guide the eyes.

S-16



δε. These results further demonstrate that sharp transitions with low energy barrier can be

realized when α is small, NB is close to Nb, and NA being larger than Nb.

Two-state transitions for NB > Nb and α > αc

Then we consider the transition properties of a diblock copolymer with NB > Nb correspond-

ing to the scenario III. Analytical theory and SCF calculations have demonstrated that the

phase behaviors are qualitatively di�erent depending on the parameter α, i.e., if α < αc

three-state transitions happen, and if α > αc two-state transitions are observed. The critical

value of αc can be estimated according to the theoretical expression Eq.5 in main text, for

example, if Nb = 100, NB = 110, one has αc ' 0.091, and for Nb = 100, NB = 120, one gets

αc ' 0.167. SCF calculations lead to a larger αc, which is already seen in the phase diagram

(see Fig.6a in the main text). In the following, we only focus on the two-state transition,

that is the transition of the whole chain between the extended state and the adsorbed state

for α > αc.

Fig.S5a presents the dependence of ε∗ on the scaling coordinate as suggested by the

analytical theory (see Eq.14 in the main text). Still, it can be seen that the transition point

is a decreasing function of α. Di�erent points obtained for di�erentNA andNB fall reasonably

well onto single straight lines, although these lines can not get perfectly overlapped. The

exact reason for the deviation between theory and SCF calculations is not clear, but the

neglection of logarithm corrections in the theory may be partly responsible for this.

Fig.S5b left panel displays that the transition barrier Ubarrier grows fast with respect to α

when α > αc. Such result agrees with the theoretical prediction shown in Eq.15 in the main

text. According to this equation Ubarrier obtained for α > αc should be proportional to αε∗,

and this is con�rmed by the scaling plot of Ubarrier in the right panel of Fig.S5b, where data

points fall into a straight lines. These results tell that to achieve a low barrier transition,

one should consider to take a small α.

Fig.S5c shows the transition width δε as a function of α with α > αc. It can be seen
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Figure S5: Transition point ε∗ (a), transition barrier Ubarrier (b), and transition width δε
plotted according to di�erent coordinates as denoted in the case of NB > Nb with α = 0.5 >
αc. The transition barrier is plotted as a function of the transition width δε in (d). The
critical value αc are parameter dependent, for NB = 110, αc is estimated around 0.37, and
αc ' 0.40 for NB = 120. Other parameters are set Nb = 100, σ = 0.1. All the data are
obtained by SCF calculations. Solid lines are obtained by data �tting to guide the eyes.
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that δε decreases quickly and keeps a low constant almost independent of α when passes the

critical point αc. The �nal transition width is about 0.07 corresponding to a sharp transition.

The irrelevance of δε with respect to α observed as α > αc is the result of the competition

of the exponential term and its prefactor of the transition width shown in Eq.16 in the main

text. The form has a positive relation with α while the later has a negative relation with

α. Combining Fig.S5b with Fig.S5c, we get that Ubarrier and δε are negatively correlated.

Fortunately, the transition width decreases sharply and saturates to a low value when α is

not far away from the critical value αc, where the transition barrier is not quite enhanced

(see Fig.S5d). So, one can get a fast and low-barrier two-state switch by choosing α a litter

larger than the critical value.

To illustrate clearly the in�uence of NA and NB on the transition properties, we plot in

Fig.S6 the transition point, transition barrier, and transition width respectively as a function

of NB for several chosen NA ranging from short NA < Nb and long NA > Nb blocks. We

consider the transition of the whole copolymer chain corresponding to the case α > αc (see

Fig.S5), and so we use α = 0.5 > αc.

Fig.S6a and Fig.S6b left panels show that ε∗ and Ubarrier share similar behaviors with

respect to NB. For example, they have weak dependence on NA when NB is relatively small

(close to the length of brush chains Nb), and become irrelevant of NA when NB is large. In

fact, according to the analytical theory, ε∗ and Ubarrier assume a similar expression for �xed

α, that is ε∗, Ubarrier ∝ ∆
NA+αNB

. If α is large, for example α > αc, we could take α ' 1, and

in this case, one has ε, Ubarrier ' 1 − Nb

NA+NB
, which is an increasing function of NA or NB

given the other one �xed. The dependence of ε and Ubarrier on NA de�nitely becomes weaker

when NB increases, which qualitatively agrees with the SCF results. In the right panels of

Fig.S6a and Fig.S6b, we replot ε∗ and Ubarrier in terms of the scaling parameters suggested

by the analytical results Eq.14 and Eq.15 in the main text, and data points do not exactly

collapse into a single master curve showing quantitative deviation from the theory and SCF

calculations.
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Figure S6: Transition point ε∗ (a), transition barrier Ubarrier (b) plotted as a function of NB

(left panels) and according to the scaled coordinates suggested by analytical theory (right
panels) in the case of NB > Nb. Transition width δε is plotted as a function of NB (c),
Ubarrier expressed as a function of δε. These transitions correspond to the transition of the
copolymer chain between the extended state and adsorbed state at large α, i.e., α = 0.5 > αc.
The transition properties are extracted from Ze and Pe. Other parameters are set Nb = 100,
σ = 0.1. All the data are obtained by SCF calculations. Solid lines are obtained by data
�tting to guide the eyes.
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Fig.S6c plots δε as a function of NB. For a �xed NA, δε increases slowly a bit with NB

increasing at �rst and then decreases as NB increases further. In the analysis prediction of

Eq.16 in the main text, the transition width δε is in proportion to the product of two factors:

one is g1 = (NA + αNB)−1 and the other is g2 = exp
[
αV0(1− Nb

NA+NB
)
]
. g1 decreases with

NB while g2 increases with NB. According SCF results, it indicates that g2 dominates the

transition width at small NB while g1 plays main role at large NB. Similarly, for a �xed NB,

the change trend of δε with change of NA is determined by the competition of g1 and g2 (g1

decreases with NA and g2 increases with NA for the parameters indicated in Fig.S6). The

decreasing of δε with increasing of NA at �xed NB shows that g1 dominates in δε for present

parameters.

The positive correlation between Ubarrier and δε indicates that sharp transitions are always

accompanied by low transition barriers, which is favorable for the design of high performance

switching materials. However, the absolute value of Ubarrier is large under the present chosen

parameters, for example, for NA = 80, NB = 105, Ubarrier ' 5kBT although the transition

is sharp about δε ' 0.08. Considering also the previous results we get that to attain sharp

and low-barrier transitions one need to take a small α.

Chain lengths dependence of the transition properties for NB > Nb

and α < αc

The chain lengths of A block and B block are also important parameters of the system.

Here, we focus on the in�uence of NA and NB on the transition properties of the B block.

For such a purpose, we plot in Fig.S7 the transition point, transition barrier, and transition

width respectively as a function of NB for several chosen NA ranging from short NA < Nb

to long NA > Nb blocks. Here we choose α = 0.1 which is smaller than αc.

Fig. S7 shows that the transition point ε∗2, transition barrier Ubarrier, and transition width

δεB are all independent of the A block length NA, which is quite obvious, as A monomers

always keep their adsorbed conformation and not at all involved when the B block experiences

S-21



100 110 120 130

2.0

2.5

3.0

3.5

e 2
*

NB

 NA=80
 NA=90
 NA=110
 NA=120

0.0 0.1 0.2 0.3

1-Nb/NB
(a)

(b)

(c)

100 110 120 1300

1

2

3

4

5

6

7

U
ba

rri
er

NB

0 8 16 24

Nb(1-Nb/NB)

100 110 120 130
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

de
B

NB

0 5 10 15 20 25

0.9

1.2

1.5

1.8

lo
g(
N

Bd
e')

Nb(1-Nb/NB)

Figure S7: Transition point ε∗2 (a), transition barrier Ubarrier (b), and transition width δεB (c)
plotted as a function of NB (left panels) and according to the scaled coordinates suggested
by analytical theory (right panels). The transition considered is the transition of the B block
between the extended state and the adsorbed state at small α, i.e., α = 0.1 ≤ αc, that is
the transition between the mixed state and the adsorbed state from the point view of the
whole copolymer chain. These transition properties are extracted from Ze and Pe. Here
δε′ = 0.23(δεB − 0.62). Other parameters are set Nb = 100, σ = 0.1. All the data are
obtained by SCF calculations. Solid lines are obtained by data �tting to guide the eyes.
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the transition between the extended state and the adsorbed state. Fig.S7a left panel shows

that ε∗2 is a monotonically increasing function of NB, which is expected, as longer NB requires

more energy to trigger the transition. Fig.S7b shows that Ubarrier approaches zero, when the

length of the B block NB is close to the length of the brush chains Nb, and it grows fast

when NB is much larger than Nb. This tell us that to achieve a small energy barrier, one

needs to take the length NB not far from Nb. On the other hand the transition width

δεB decrease monotonically with respect to NB as displayed in Fig.S7c. In the right panels

of Fig.S7a, Fig.S7b, and Fig.S7c, we replot ε∗2, Ubarrier and δεB with respect to the scaled

coordinate suggested by Eq.10, Eq.11, and Eq.13, respectively, and the obtained straight

lines demonstrate good consistent between the analytical theory and SCF calculations. The

negative correlation of Ubarrier and δεB results that to get optimization of a switch, one has

to carefully balance the transition width and transition barrier to obtain a sharp transition

with low energy barrier.
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Figure S8: Contour plots of the transition barrier (a), transition width (b). Parameter
space resulting in high performance transitions with sharp width (δε̃ < 0.1) and low barrier
Ubarrier < 3kBT is represented by the shallow region in (c). Other parameters are set NA =
110, Nb = 100, and σ = 0.1. The dashed line gives the critical curve of αc extracted from
the SCF results. In (c) the red line denotes Ubarrier = 3kBT , and on the left side of this line,
the transition barrier is smaller than 3kBT . The blue line denotes δε̃ = 0.1, and on the right
side of this line, the transition width is larger than 0.1. These contour �gures are plotted
according to the data obtained by SCF calculations. Note that δε̃ ≡ δεB for α < αc and
δε̃ ≡ δε for α > αc.

To have a perceptual view of the transition barrier and transition width for the conforma-

tion transitions of the B block with α < αc (meaning that the data for the B block transition
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shown in the main text are included) and the transitions concerning the whole copolymer

chain with α > αc, and particularly �nding out the parameter space where sharp transitions

with low energy barrier can be accomplished, we scan the controlling parameters in a more

wide space and perform contour plots for the transition barrier Ubarrier and transition width

δε̃ (δε̃ ≡ δεB for α < αc and δε̃ ≡ δε for α > αc) in Fig.S8. Since NA would not change

the structure of the free energy and thus keeps the nature of the conformation transitions,

we therefore choose an arbitrary length of the A block, i.e., NA = 110, and it is expected

that only quantitative di�erence may be observed if one set NA to another value. Fig.S8a

shows the dependence of Ubarrier with respect to α and 1 −Nb/NB, and it can be seen that

Ubarrier increases roughly along the line α = 1−Nb/NB, meaning that to obtain a low-barrier

transition, one may choose small α and short NB (i.e., approaching Nb). In contrast, the

transition width δε̃ decreases roughly along the line α = 1 − Nb/NB for α < αc, and thus

sharp transitions appear when α and NB are large for α < αc. The negative correlation

between Ubarrier and δε̃ implies that a compromise has to be made for the optimization of

the transition performances. We de�ne the low barrier as Ubarrier < 3 and the sharp width if

δε̃ < 0.1, then we �nd the parameter space leading to sharp transitions with low transition

barrier in Fig.S8c represented by the shadow region. Roughly speaking, high performance

transitions can be attained in both two-state and three-state transitions in the parameter

space within a small region covering the line αc when α is small, and NB close to Nb.
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