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The chemical stability of polymer brushes is mandatory to ensure their applicability in a wide range of

environments. However, it is well-known that, in the presence of water, polymer chains detach from the

substrate due to the hydrolytic cleavage of the anchoring bonds at the polymer–substrate interface.

Furthermore, this degrafting reaction is promoted by the tension generated on the labile anchoring bonds

by the swelling of the brush. It is now widely demonstrated that the brush tension increases, speeding up

the degrafting reaction, as the number of chains per unit area (grafting density) increases. In contrast, the

role of the molecular weight of the grafted polymer in the degrafting reaction is much less investigated. In

this work, polymer brushes made up of polystyrenes with different molecular weights were obtained by

the grafting to approach. Chain degrafting was then induced by a THF/water mixture and the progress of

the degrafting reaction was followed by thickness measurements on the dry brushes. The reaction rate

constant of the degrafting process was calculated as a function of both the grafting density and the mole-

cular weight of the polymer, confirming that both parameters have a significant role. Furthermore, the

degrafting reaction was also evaluated in brushes containing long and short chains in different percen-

tages. A reciprocal influence was observed between the two components, with the overall degrafting

process being precisely dictated by the predominant one.

Introduction

Adaptable and programmable surfaces are highly required in all
those applications in which the interaction between a material
and the surrounding environment is critical.1 Among the tools
of surface engineering, polymer brush technology is certainly
the most promising.2–4 In fact, polymer brushes, which consist
of polymer chains chemically anchored by one end to a sub-
strate, are currently evaluated for a broad range of applications
such as sensing,5–7 electronics,8–12 membranes,13,14

adhesives,15,16 energy devices,17 lubricants,18–21 biocompatible
coatings22,23 and bioscience.3,24–26

Polymer brushes are generally obtained through two dis-
tinct approaches: grafting from and grafting to.4,27 In grafting
from, the substrate is initially reacted with a functional
initiator and then the polymer chains are grown from the sub-
strate dipped in a monomer solution.28 Although several
polymerization techniques are suitable for the grafting from

approach, the most common is undoubtedly the Surface
Initiated-Atom Transfer Radical Polymerization (SI-ATRP),
which allows several monomers to be polymerized and leads
to polymers with controlled molecular weights and relatively
narrow weight distributions.29–34 The grafting from approach
is certainly the most suited for the synthesis of brushes with
high grafting densities (Σ, number of chains per unit area) and
thicknesses (H). However, the need to detach the grafted
chains, also taking into account their very low amounts, makes
their characterization non-trivial. Conversely, in the grafting to
process, polymers with functional end-groups are synthesized,
fully characterized and then chemically attached to the sub-
strate.35 The drawback of this approach is the limited grafting
density that can be achieved due to the self-limiting nature of
the grafting to reaction.36 In fact, it has been widely demon-
strated that the maximum obtainable values of both H and Σ

of a brush obtained by grafting to depend on the molecular
weight of the grafted polymer.37–41 Interestingly, this relation-
ship between the maximum grafting density achievable and
the molecular weight of the polymer was recently exploited for
silicon doping applications in microelectronics.12,42,43

If grafting reactions are the tools that enable brush syn-
thesis, the reverse process, generally called degrafting,
deserves no less attention.27 For example, the self-limiting
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nature of the grafting to process was recently reconsidered,
evaluating the competitive role of the degrafting reaction that
brings the system to a dynamic equilibrium condition.44–46

However, most of the attention addressed to the degrafting
process is focused on evaluating the stability of polymer
brushes, eventually in the application environment.27,47,48 In
particular, it was highlighted that the presence of water plays a
decisive role in the detachment of the brush by breaking the
hydrolysable bonds between polymers and the substrate.27,49

When silicon oxide is used as the substrate, the most common
case, the hydrolysis reaction occurs on both siloxane and ester/
amide bonds that are typically contained in the linker between
the polymer and the substrate.50–52 Moreover, since Si–O
bonds are the anchoring points of the SI-ATRP initiators on
the substrate, improved brush stability was achieved by repla-
cing them with non-hydrolysable Si–C bonds.51,53 Hydrolysable
linkages of the Si–O type are also obtained at present in
brushes prepared by grafting to reactions of hydroxy-termi-
nated polymers to silicon oxide.44,46

Although hydrolysis resistance of the brush remains chal-
lenging, the use of hydrophobic SI-ATRP initiators or the
inclusion of protective hydrophobic polymer blocks can mark-
edly reduce the water access to the hydrolysable groups and,
consequently, the degrafting process.54,55

While degrafting reactions were recently observed also for
brushes in humid environments,56,57 polymer detachment
takes place principally when polymer brushes are exposed
to water containing solvents.27 Under these conditions, the
brush tends to absorb the solvent for osmosis, thus
swelling and stretching the polymer chains perpendicularly to
the substrate.58 Furthermore, the chain stretching produces a
tension ( f ) on the chain anchoring point that was estimated
as:59–61

f / kBT
ξ

¼ kBTΣ0:5 ð1Þ

where kB is the Boltzmann constant, T is the temperature, ξ is
the distance between two neighbouring grafting sites and Σ is
the grafting density of the brush. The relationship between ξ

and Σ is commonly considered to be ξ = Σ−0.5.62 Eqn (1) indi-
cates that when the grafting density increases, the polymer
chains are more crowded and stretched, thus increasing the
tension at the interface. The force f, also for the highest Σ

values achievable in polymer brushes, does not exceed few pN
and thus it is not sufficient to produce a direct bond break, for
which several nN are required.34 However, it was recently
demonstrated that f is generally strong enough to catalyse
other reactions involving the anchoring bond of polymer
brushes, in particular hydrolysis, thus leading to degrafting
processes.27,34,63 There are several examples in the literature
reporting degrafting reactions in which polymer detachment is
faster at higher Σ and thus slower as Σ decreases.50,52,63,64 This
effect makes degrafting reactions complex processes in which
the reactivity (and thus the reaction rate constant k) strongly
depends on the chain environment in the brush.

Beyond the grafting density, the affinity between the
polymer and solvent also plays a crucial role in determining
the brush degrafting tendency.63 For example, Wang et al.
treated poly(tert-butyl methacrylate) brushes with different
organic solvents containing a defined amount of water and
observed that the degrafting kinetic constant k increases in
parallel with the polymer swelling ratio, which becomes more
pronounced when the solvent has more affinity towards the
polymer brush.63 The more affinity the solvent has for
the brush, the greater the quantity that enters the brush, thus
increasing the chain stretching and, consequently, the tension
f at the interface. Furthermore, for polyelectrolyte brushes in
aqueous solutions, both pH and salts can influence the
brush swelling and consequently the degrafting
kinetics.47,48,50,52,54,65 Therefore, the same brush can be stable
or not in different environments.

A further parameter that seems to influence the brush
degrafting is the molecular weight of the grafted polymer.50

Although the polymer molecular weight does not appear to
be a relevant parameter in determining f, according to eqn
(1), there is a fair amount of evidence that brushes consisting
of long polymer chains are keen to degraft faster than
brushes made of short chains.48,50,54,64 In contrast, there is
also a limited number of studies reporting slight or no influ-
ence of the molecular weight on k.52,63 In this context, a sys-
tematic study was performed by Melzak et al.64 to evaluate
the degrafting of poly(N,N-dimethylacrylamide) brushes with
different molecular weights and grafting densities in metha-
nol solutions. In this study, a clear dependence of the
degrafting rate constant on the molecular weight was
observed with the higher molecular weight brushes under-
going degrafting faster than the lower molecular weight
brushes. However, the interpretation of some experimental
results in that paper is inconsistent. In particular, the
degrafting of the polymer with the highest molecular weight
(3.63 × 105 g mol−1) presents a marked decrease in k from
1.27 to 0.024 min−1 when Σ decreases from 0.79 to 0.31
chains per nm2. This decrease was attributed to reduced
interactions between vicinal grafted chains and, conse-
quently, to a reduced tension at the anchoring points.
However, when the degrafting of fresh brushes with the
same molecular weight but an initial Σ of 0.11 chains per
nm2 was evaluated, a k value of 0.41 min−1 was calculated.
This value is much higher than 0.024 min−1 obtained in the
first experiment for Σ lower than 0.31 chains per nm2.
Furthermore, the Σ level beyond which the interaction
between vicinal chains reduces is higher for the polymer
with a molecular weight of 3.63 × 105 g mol−1 than for
smaller polymers with molecular weights of 7 × 104 and 4.3 ×
104 g mol−1. This finding is unreasonable, as the volume
occupied by a polymer increases with the molecular weight.
These unsolved points, in combination with the incomplete-
ness of the theory leading to eqn (1), make necessary further
investigations of the molecular weight effect on the degraft-
ing reaction of polymer brushes. Furthermore, a comprehen-
sive study of degrafting in widely disperse systems contain-
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ing polymers with different molecular weights is still
lacking, despite their common use in applications.

In the present work, the degrafting of polystyrene brushes
obtained by grafting to was investigated in a tetrahydrofuran
(THF) solution containing water. The use of polystyrene as a
model polymer is motivated by the fact that it contains neither
cleavable nor ionisable groups in the main chain, which would
add further variables to the study of the degrafting process.
The clarification of the influence of both the molecular weight
and the grafting density on the degrafting rate constant was
the main focus of this work and was thus evaluated during the
entire degrafting process. Furthermore, bimodal brushes con-
taining different amounts of short and long polymers were
also investigated with the aim to evaluate degrafting in dis-
perse systems. The degrafting rate constants of the short and
long components of the brush were determined and evaluated
as a function of the brush composition.

Results and discussion

A hydroxy-terminated deuterated polystyrene with a number
average molecular weight (Mn) of 5.2 kg mol−1 (dispersity
index Đ = 1.12) and two hydroxy-terminated hydrogenated
polystyrenes with Mn of 13 kg mol−1 (Đ = 1.06) and 43.2 kg
mol−1 (Đ = 1.16) were synthesized by the ARGET-ATRP
(Activator ReGenerated by Electron Transfer-Atom Transfer
Radical Polymerization) technique.41,42,66 More details on the
synthesis and characterization are published elsewhere.45 The
three samples are indicated as PSd85.2-OH, PS13-OH and
PS43.2-OH, respectively.

Degrafting reaction in single polymer brushes

Polymer brushes consisting of either PSd85.2-OH, PS13-OH or
PS43.2-OH were obtained by the grafting to approach on
silicon wafer substrates covered by an ∼2 nm thick layer of
native oxide (SiO2). The scheme of the reaction is represented
in Fig. 1 and consists of a condensation reaction between the
hydroxyl end-group of the polystyrene and the surface sila-
nols.46 In detail, a thin layer (30 nm) of the functional polymer
was deposited by spin-coating on the substrate and the graft-
ing to reaction was performed at 250 °C for 900 s under melt
conditions and under an inert atmosphere. The reaction con-
ditions were selected to achieve the maximum values of H and
Σ, in accordance with the self-limiting nature of the
process.45,46 The unreacted chains were removed by toluene
washes and the thickness of the dry brush was evaluated by

ellipsometry. A representation of the overall process is
included in the SI (see Fig. S1). The average thickness of the
obtained brushes (H0) was 4.3, 7.6 and 14.5 nm when PSd85.2-
OH, PS13-OH and PS43.2-OH were used, respectively. The
grafting densities of the brushes were also calculated using
eqn (2),67

Σ ¼ HdNA

Mn
ð2Þ

where H is the brush thickness, d is the polymer density, NA is
the Avogadro’s number and Mn is the average molecular weight
of the grafted polymer. The average grafting densities (Σ0) were
0.52, 0.37 and 0.21 chains per nm2 for PSd85.2-OH, PS13-OH
and PS43.2-OH brushes, respectively. Both H0 and Σ0 values
are in good accordance with the literature.45

The degrafting reaction was performed at room temperature
by immersing the polymer brushes in a mixture of 75% THF
and 25% of a pH = 10 buffer solution. This mixture turned out
to be much more effective than either simple deionized water
or pH = 10 buffer solution alone, as clearly seen in Fig. S2. The
addition of THF makes the mixture significantly more affine to
polystyrene, thus promoting the swelling of the brush and the
access of the mixture at the polymer/substrate interface.
Consistent with this, THF and water mixtures with similar per-
centages were already used for studying degrafting reactions.63

In the present work, a pH = 10 buffer solution was used
instead of pure water to speed up the reaction. The expected
reaction is essentially the reverse of the grafting to reaction
(see Fig. 1) and consists of the hydrolysis of the siloxane bond
anchoring the polymer at the substrate.

The hydrolysis of the polymer chains from the brush layer
was monitored by recording the thickness of the dried brush
after different times of exposure to the degrafting solution.
The obtained H values are reported in Fig. 2(a). Similarly, the
relative Σ values were calculated using eqn (2) and are reported
in Fig. 2(b). Obviously, H and Σ present similar trends with a
steep initial decrease followed by a slower decrease for long
times.

It was already argued that the hydrolysis–degrafting reac-
tions can be reasonably described by pseudo-first order kine-
tics, assuming that water is constant throughout the entire
course of the reaction.65 In this perspective approach, the reac-
tion rate constant (k) is estimated as the slope of the curve
obtained by plotting ln(Σ/Σ0) as a function of the degrafting
time, as reported in Fig. 3(a). The most immediate evidence is
that the slope of the degrafting curve is not constant but
decreases as the reaction proceeds, thus leading to a parallel

Fig. 1 Grafting to and degrafting reactions of hydroxy-terminated polystyrenes on SiO2 substrates.
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decrease in k. This phenomenon was already described in the
literature54,64 and is promoted by the tension f that the
swollen and stretched chains induce on the anchoring
points.34 Therefore, since f decreases as Σ decreases, as indi-
cated in eqn (1), k is expected to decrease as the degrafting
proceeds.

The value of k at each degrafting time was obtained by
fitting the data reported in Fig. 3(a) and making the derivative
of the obtained curve. Furthermore, to establish a direct
relationship between k and Σ during the reaction course, at
each degrafting time, the corresponding grafting density was
assigned by fitting the data reported in Fig. 2(b). Finally, the
values of k and Σ corresponding to the same degrafting time
were associated, obtaining the curves reported in Fig. 3(b).
More details on the fitting method are reported in the SI. The
dependence of k on Σ is confirmed across the entire grafting
density range. In more detail, k decreases as Σ decreases
steeply at first and then, once a critical value of Σ (Σc) is
reached, more gradually, thus suggesting the presence of two
different regimes in which the degrafting occurs.

Furthermore, for each value of Σ, k is systematically higher
for the polymer with a higher Mn, thus confirming that the
detachment from the substrate is faster when the molecular
weight is higher. This fact is particularly evident for Σ > Σc,

whereas the difference being less pronounced. Finally, the
value of Σc depends on the molecular weight of the polymer,
with a Σc of approximately 0.27, 0.17 and 0.07 chains per nm2

for PSd85.2-OH, PS13-OH and PS43.2-OH, respectively.
A reasonable interpretation of the data presented in

Fig. 3(b) is that for Σ < Σc the grafted chains are far enough
and do not significantly interact with each other.
Consequently, there is a negligible tension f at the anchoring
points. In contrast, for Σ > Σc, inter-chain interactions take
place more strongly and generate the tension f which promotes
the hydrolytic reaction, thus resulting in an increase in k, as
predicted using eqn (1). In this study, Σc is lower for the
polymer with a higher molecular weight because of its larger
volume, in good accordance with the experimental evidence. A
first-order estimation of the grafting density at which the
polymer chains begin to overlap is given by 1/πRg2, where Rg
represents the radius of gyration of the polymer within the
brush and πRg2 is the area occupied by a single chain. As a
first approximation, Rg can be calculated using eqn (3),45

Rg ¼ N
6

� �1=2

b ð3Þ

where N is the degree of polymerization and b is the statistical
segment length (0.68 nm for polystyrene45). The three samples
PSd85.2-OH, PS13-OH and PS43.2-OH are characterized by Rg
values of 1.89, 3.10 and 5.66 nm respectively, corresponding to
overlap Σ values of 0.09, 0.03 and 0.01 chains per nm2.
Notably, eqn (3) estimates Rg of the polymer in the melt state
or in a theta-solvent, whereas in the presence of a more com-
patible solvent, Rg may increase, leading to a subsequent
decrease in the overlap Σ value.36 In all cases, the observed Σc

values are systematically higher than the expected overlap
threshold. This suggests that inter-chain interactions become
significant in generating tension only when the polymer brush
is already partially crowded.

In any case, it should be stressed that eqn (1) is largely
incomplete because it does not include a specific dependence
of f on the molecular weight of the grafted polymer chain.
Further research is certainly necessary to identify all the para-
meters involved in the degrafting process. However, what is
clear is that the role of Mn cannot be ignored when polymer
brushes obtained with classical grafting to approaches are sub-
jected to degrafting.

The following section will be dedicated to the study of
degrafting in disperse brushes, where long and short polymers
are grafted together.

Degrafting reaction in bimodal polymer brushes

Bimodal polymer brushes containing both PSd85.2-OH and
PS13-OH were prepared by grafting to. In particular, three
polymer brushes containing PSd85.2-OH at percentages of 90,
50 and 20%, indicated as Brush90, Brush50 and Brush20, were
the target brushes.

It is well known that, during the grafting to reactions, poly-
mers with lower molecular weights react preferentially with the

Fig. 2 H (a) and Σ (b) values as a function of the degrafting time for the
polymer brushes consisting of PSd85.2-OH (red dashes), PS13-OH (black
dashes) and PS43.2-OH (blue dashes). The values of H0 and Σ0, relative
to the brushes before degrafting, are also included as dashed lines.

Fig. 3 Ln(Σ/Σ0) vs. degrafting time (a) and k vs. Σ (b) for the polymer
brushes consisting of PSd85.2-OH (red), PS13-OH (black) and PS43.2-OH
(blue).
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substrate.68–70 This leads to an enrichment of short chains in
the brush compared to the composition of the initial polymer
mixture. In detail, when a mixture of polymer 1 and polymer 2
is grafted, the ratio between the grafting densities of the two
polymers is calculated as follows:36

Σ1

Σ2
¼ X

Mn1

Mn2

� ��0:5

ð4Þ

where Σ1 and Σ2 are the grafting densities of polymer 1 and
polymer 2 in the brush, X is the molar ratio between polymer 1
and polymer 2 in the initial polymer mixture, and Mn1 and
Mn2 are the average molecular weights of polymer 1 and
polymer 2. According to eqn (4), if Mn1 < Mn2, then Σ1/Σ2 > X
and an enrichment of the short polymer 1 takes place in the
brush. In this work, eqn (4) was applied in the reverse way to
find the right value of X that is required to obtain a brush with
a desired composition.

The grafting procedure was the same as described in the pre-
vious section. The thickness (H0) of the brushes was determined
by ellipsometry, while the brush composition was investigated by
TGA-GC-MS (ThermoGravimetric Analysis-Gas Chromatography-
Mass Spectrometry) analysis. The TGA-GC-MS procedure is now a
consolidated approach for determining the composition of
polymer brushes containing different polymer species.45,71–73 In
this case, since the two components of the brush are polystyrenes
differing in their Mn only, the contrast was produced by using a
deuterated and a hydrogenated polystyrene sample. Briefly, in the
TGA oven the brush was heated to promote the degradation of
the polymers via an unzipping process that generates principally
monomers.71 The monomers are conveyed in an inert gas flow to
a GC and analyzed in a mass detector. The intensity of the signals
after proper calibration relative to deuterated styrene, for PSd85.2-
OH, and hydrogenated styrene, for PS13-OH, were combined with
the measurement of H0 to determine the grafting density of
PSd85.2-OH (ΣD,0), the grafting density of PS13-OH (ΣH,0) and the
total grafting density of the brush (ΣTOT,0 = ΣD,0 + ΣH,0).

45 More
details on the measurements and calculations are contained in
the Experimental section. The characteristics of the obtained
brushes are reported in Table 1.

The degrafting procedure was the same as described in the
previous section for single polymer brushes. The values of H
measured after different degrafting times are reported in
Fig. S6. The composition of the brushes was also determined
with TGA-GC-MS analysis and ΣD, ΣH and ΣTOT are reported in
Fig. 4. Both the partial and the total grafting densities follow
the same trend that was already reported for the single

polymer brushes, with a rapid decrease at short degrafting
times, followed by a slower decrease at longer times. The same
behavior was observed for Brush90, Brush50 and Brush20.

To further explore the degrafting kinetics, ln(ΣD/ΣD,0) and
ln(ΣH/ΣH,0) were reported as a function of the degrafting time
for each typology of brush (see Fig. S7–S9). The degrafting rate
constants of both the deuterated and hydrogenated com-
ponents were then calculated as described in the previous
section and are reported in Fig. 5 as a function of ΣTOT. The
presence of two regimes of degrafting is confirmed, even for
disperse brushes. In fact, beyond a certain critical value of
ΣTOT (ΣTOT,c), the dependence of k on ΣTOT is definitely more
marked than in the case in which ΣTOT is lower than ΣTOT,c.
Interestingly, for each brush composition, ΣTOT,c of the two
components has essentially the same value. Furthermore, the
value ΣTOT,c decreases as the percentage of short chains
(PSd85.2-OH) decreases from 90 to 20%. In more detail, in
Brush90, the value of ΣTOT,c is approximately the same as Σc

of the single PSd85.2-OH brush. In the same way, in Brush20,
ΣTOT,c and Σc of the single PS13-OH brush are similar.
Finally, in Brush50, the value of ΣTOT,c is between the Σc of the
single PSd85.2-OH brush and the one of the single PS13-OH
brush.

In general, the overall curves representing k vs. ΣTOT of both
the components of the bimodal brushes are included between
two limits, which consist of the curves obtained for the two
single polymer brushes. In more detail, the curves of the
bimodal brush are shifted toward the limit curve relative to the
more abundant component of the brush. It is finally important
to observe that, for ΣTOT > ΣTOT,c, the k of PS13-OH is systemati-
cally higher than the k of PSd85.2-OH, indicating a faster
degrafting of the longest component of the brush. The prefer-
ential detachment of the longest components of disperse
brushes is in good accordance with the literature.64

The main conclusion emerging from the data presented in
Fig. 5 regards the presence of mutual interactions between
short and long chains. For example, a single ΣTOT,c for PSd85.2-
OH and PS13-OH in each brush is observed. This means that
the value of ΣTOT at which the overall brush experiences
tension is determined by mixed contacts between short and
long polymers. Furthermore, for Brush20, the k of PSd85.2-OH
increases up to the value typical of PS13-OH. On the other
side, in Brush90, the k of PS13-OH decreases to the value
typical of PSd85.2-OH. Therefore, in both cases, the minor
component of the brush is forced by the interactions with the
major components to assume a tension state typical of the
latter, thus indicating interdependent dynamics.

Table 1 Target molar percentage of PSd85.2-OH, thickness (H0), grafting density of the PSd85.2-OH component (ΣD,0), grafting density of the PS13-
OH component (ΣH,0), total grafting density (ΣTOT,0) and the measured molar percentage of PSd85.2-OH of the grafted bimodal brushes

Sample % PSd85.2-OH target H0 (nm) ΣD,0 (chains per nm
2) ΣH,0 (chains per nm

2) ΣTOT,0 (chains nm
−2) % PSd85.2-OH measured

Brush90/10 90 4.7 0.44 0.05 0.49 88
Brush50/50 50 6.1 0.24 0.20 0.44 54
Brush20/80 20 7.4 0.07 0.33 0.40 19
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The above pieces of evidence further confirm that the
degree of tension, and consequently k, of a polymer in a brush
is not only determined by the molecular weight and the graft-
ing density but also by the brush composition and dispersity,
with the overall degrafting kinetics complying with one of the
major components.

Conclusions

The degrafting reaction of polymer brushes constituted by two
polystyrene samples with different molecular weights and
related blends with different compositions was evaluated in a
THF/water mixture. In all cases, a clear dependence of the
degrafting rate constant on the grafting density of the brush
was observed. In particular, the degrafting rate constant
decreases linearly as the grafting density of the brush
decreases with a sharp slope change corresponding to a criti-
cal grafting density value. For grafting densities lower than the
critical value, the degrafting rate constant decreases slowly as
the grafting density decreases. In contrast, when the grafting
density is higher than the critical value, the degrafting rate

constant decreases steeply. This behavior suggests the pres-
ence of two distinct regimes corresponding to tensioned and
relaxed polymer chains in the brush. Furthermore, the critical
grafting density value depends on the molecular weight of the
polymer forming the brush. In addition, and in contrast to
theoretical prediction, in the range of grafting densities inves-
tigated, the degrafting of long polymer chains is faster than
the degrafting of short ones. When brushes are prepared from
blends of the two polystyrene samples with low and high mole-
cular weights, the degrafting reaction of both components
results in a similar product to the one of the major species in
the blend.

This evidence suggests a mutual influence between the
polymer chains in the brush, thus underscoring the coopera-
tive nature of the degrafting mechanism. The overall picture
provided by this work increases the understanding of the
polymer brush stability, thus making it possible to produce
adaptable surfaces able to change their structure and compo-
sition in a controlled way when applied in specific environ-
ments. Furthermore, these data indicate the potential to create
brush layers with customized responsiveness to external
stimuli associated with specific environments, rendering them

Fig. 4 ΣD, ΣH and ΣTOT as a function of the degrafting time for the brushes Brush90, Brush50 and Brush20. The values of ΣD,0, ΣH,0 and ΣTOT,0,
relative to the brushes before degrafting, are also included as dashed lines.

Fig. 5 k vs. ΣTOT for the degrafting reaction of PSd85.2-OH (dashed red line) and PS13-OH (dashed black line) in Brush90, Brush50 and Brush20.
The curves representing k vs. Σ for the degrafting reaction in the single polymer brushes (see Fig. 3(b)) are also included as references, with a full red
line for PSd85.2-OH and a full black line for PS13-OH.
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suitable for the fabrication of sensors to monitor detrimental
environmental modifications and expanding the scope of
applications for polymer brush layers.

Experimental section
Materials

The deuterated (PSd85.2-OH) and hydrogenated (PS13-OH)
polystyrenes were synthesized by ARGET-ATRP using 2-hydro-
xyethyl-2-bromoisobutyrate (HEBIB) as the initiator to intro-
duce a hydroxyl functionality in the polymer end-group. All the
details of the synthesis and characterization were already pub-
lished.45 All the reagents were purchased from Merck and used
as received. P-type Czochralski-grown Si(100) wafers (a
nominal resistivity of 1–5 Ω cm) were purchased from
Siltronix.

PS43.2-OH synthesis and characterization

The sample was synthesized by a two-step procedure. Firstly, a
hydroxy-terminated polystyrene with Mn = 25.4 kg mol−1 (Đ =
1.12) was synthesized by ARGET-ATRP using 2-hydroxyethyl-2-
bromoisobutyrate (HEBIB) as the initiator. More details of the
synthesis and polymer characterization are reported in the lit-
erature.42 The molecular weight of this polymer was then
increased by using it as a macroinitiator for a second
ARGET-ATRP step.41 In detail, 1.5 g of the macroinitiator
(59 µmol) was dissolved in a mixture consisting of 2 mL of
styrene (monomer, 18 mmol, 300 equivalents), 526.3 µg of
CuBr2 (catalyst, 2.36 µmol, 0.04 equivalents), 0.6 µL of tris[2-
(dimethylamino)ethyl]amine (ligand, 2.36 µmol, 0.04 equiva-
lents) and 2 mL of anisole (solvent). The mixture was trans-
ferred to a Schlenk flask and degassed by two freeze–thaw
cycles. After that, a solution consisting of 9.5 mg of tin(II)
2-ethylhexanoate (reducing agent, 23.6 µmol, 0.4 equivalents),
6 µL of tris[2-(dimethylamino)ethyl]amine (ligand, 23.6 µmol,
0.4 equivalents) and 1 mL of anisole was added to the mixture
and a further freeze–thaw cycle was performed. The reaction
was carried out at 90 °C in a thermostatic oil bath for 17 h.
The polymer was then purified by two successive precipitations
carried out with a THF polymer solution in cold methanol.
The Mn and Đ values of PS43.2-OH were determined by Size
Exclusion Chromatography (SEC). The analysis was performed
with a 590 Waters chromatograph equipped with Waters
HSPgel HR3 and HR4 columns and a refractive index detector.
The eluent was THF, while the flow rate was 0.3 mL min−1.
The instrument was calibrated with polystyrene standards with
molecular weights ranging from 1 to 100 kg mol−1. The
PS43.2-OH chromatograph is reported in Fig. S10.

Grafting procedure

All the polymer brushes were obtained with the same
procedure.68,69 Silicon wafers covered with an ∼2 nm thick
layer of native oxide were cut into slices of 1 cm × 1 cm, treated
with piranha solution (H2SO4/H2O2 3/1 volume ratio) for
40 min at 80 °C, rinsed with deionized water and dried under

a nitrogen flow. The wafers were then washed with 2-propanol
for 15 min in a sonication bath and dried under a nitrogen
flow. An ∼30 nm thick layer of the polymer was deposited onto
the wafer by spin-coating (3000 rpm, 30 s). The polymer solu-
tions used for the spin-coating process are reported in Table 2.

The grafting to reaction of the deposited polymers was per-
formed on a SAWATEC HP-150 hot plate placed in a MBRAUN
LABstar glovebox (inert atmosphere, H2O, O2 < 1 ppm). The
reaction was carried out at 250 °C for 900 s. The unreacted
chains were removed by toluene washes carried out in a soni-
cation bath for 5 min. The wafers were finally dried under a
nitrogen flow.

Degrafting procedure

The sample was immersed in a mixture containing 75% THF
and 25% buffer solution pH = 10 (boric acid/potassium chlor-
ide/sodium hydroxide). The reaction was carried out at room
temperature for different times. The samples were then rinsed
with deionized water, dried under a nitrogen flow, rinsed with
fresh THF for 5 min and dried again under a nitrogen flow.

Brush characterization

The brush thickness was measured using a
FS-1 multiwavelength ellipsometer (Film Sense). The error of
the measurement was seen to be less than 0.1 nm.

The composition of the bimodal brush was evaluated by
TGA-GC-MS analysis. The TGA instrument was a Mettler
Toledo TGA/DSC 3+ model, while the GC-MS apparatus was a
Finnigan GC Trace 1300 MS ISQ LT instrument equipped with
a Phenomenex DB5-5MS capillary column of 30 m of length,
0.25 mm of inner diameter and 0.25 μm of thickness. The
sample was annealed in the TGA oven from 25 to 1000 °C with
a heating ramp of 20 °C min−1 under a helium flow (50 mL
min−1). The degradation products were collected and intro-
duced in the GC-MS instrument. The signals revealed in the
MS were acquired in EI+ mode in the Selected Ion Monitoring
(SIM) mode, with specific focus on the species with m/z of 104
and 112, relative to styrene and deuterated styrene monomers
respectively. More details on this hyphenated technique,
including the temperatures of the transfer lines and the
various segments, are published elsewhere.71,73

The areas of the signals relative to the species with m/z of
104 and 112, indicated as ASTY and ASTYd8, were demonstrated
to be proportional to the molar amount of styrene and deute-
rated styrene in the analyzed brush.45 The mass fraction of

Table 2 Composition of the solutions used in the spin-coating
process. The amounts of PSd85.2-OH, PS13-OH and toluene (solvent)
for each typology of brush are reported

Brush PSd85.2-OH (mg) PS13-OH (mg) Toluene (mL)

Single PSd85.2-OH 9.0 1
Single PS13-OH 9.0 1
Brush90 6.2 2.8 1
Brush50 1.8 7.2 1
Brush20 0.5 8.5 1
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styrene (FPS13-OH) in the brush is then calculated using eqn
(5).45

FPS13�OH ¼ ASTY104
ASTY104þ ASTYd8112

ð5Þ

Finally, the grafting density of the deuterated PSd85.2-OH
polymer (ΣD) and the hydrogenated PS13-OH polymer (ΣH) and
the total grafting density (ΣTOT) were calculated using the fol-
lowing equations:45

ΣD ¼ ð1� FPS13‐OHÞHdNA

5200
ð6Þ

ΣH ¼ FPS13‐OHHdNA

13 000
ð7Þ

ΣTOT ¼ ΣD þ ΣH ð8Þ
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