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ABSTRACT: Surface-grafted poly(ionic liquid) (PIL) films were
prepared by both in and ex situ cross-linking methods with
reversible addition−fragmentation chain transfer (RAFT) poly-
merization. Cross-linked brushes are more stable than linear
brushes without sacrificing the surface functionality and, therefore,
have increased potential for applications in biomedicine and
materials chemistry. The two methods, in situ via a bifunctional
cross-linker and ex situ via thermal cross-linking, were systemati-
cally compared on silicon-wafer substrates. Films obtained through
in situ cross-linking were superior to films derived from our ex situ
cross-linking technique with respect to responsive behavior and
controlling the formation of polymer brushes on the surface.
Alternatively, more stable layers were obtained by the ex situ cross-
linking method using a cross-linker based on Meldrum’s acid, where the film structure could be changed from a brush to collapsed
film morphologies with an increasing cross-linker ratio.

The development of new surface technologies demands
precise control of the interface properties such as

adhesion, friction, environmental response, and biocompati-
bility. The diversity of polymers and their functional groups
makes them a powerful tool to achieve control of the
properties of surfaces. Polymer brushes, in particular, have
received increasing attention to tune surface characteristics.1−4

A polymer brush architecture is created by the attachment of
one end of a macromolecule to a surface or interface, which
creates a surface-bound film with properties that can be
controlled by the identity of the polymer.5,6 The stability of a
polymer film displayed on a surface is of vital importance to a
broad spectrum of applications including coating, adhesion,
and biotechnology,7 where harsh environments can result in
the slow destruction of the brush film as polymer chains are
broken or torn away from the substrate.8 Numerous strategies
have been proposed to stabilize polymer films including:
polymer cross-linking, block copolymers, the addition of
nanoparticles or other components to the film, and grafted
polymer brushes.9−11 Cross-linked polymer brushes, often
called polymer brush gels, display many of the characteristics of
polymer brushes, but the cross-links allow for further tuning of
the swelling and mechanical characteristics of the film. Surface-
grafted polymer-gels can be prepared using two different
methods termed in situ and ex situ (Scheme 1).10−12 For the in
situ method, cross-linking of the polymer chains takes place
simultaneously with chain-growth polymerization from the
surface. Alternatively, for the ex situ method, polymer gels are

prepared by cross-linking the chains in a postmodification step
that follows polymerization from the surface.12,13
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Scheme 1. Preparation of Cross-linked Polymer via In Situ
and Ex Situ Cross-linking Methods

Letterpubs.acs.org/macroletters

© 2020 American Chemical Society
1806

https://dx.doi.org/10.1021/acsmacrolett.0c00632
ACS Macro Lett. 2020, 9, 1806−1811

D
ow

nl
oa

de
d 

vi
a 

IO
W

A
 S

TA
TE

 U
N

IV
 o

n 
M

ar
ch

 6
, 2

02
1 

at
 1

8:
34

:0
2 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Serkan+Demirci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Selin+Kinali-Demirci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brett+VanVeller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmacrolett.0c00632&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00632?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00632?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00632?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00632?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00632?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amlccd/9/12?ref=pdf
https://pubs.acs.org/toc/amlccd/9/12?ref=pdf
https://pubs.acs.org/toc/amlccd/9/12?ref=pdf
https://pubs.acs.org/toc/amlccd/9/12?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00632?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00632?fig=sch1&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsmacrolett.0c00632?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf


We describe the development of surface-grafted and cross-
linked poly(ionic liquid) films to address challenges in surface
stability without sacrificing surface functionality. Polymeric
ionic liquids, also called poly(ionic liquid)s (PILs), are
polymers prepared by the polymerization of ionic liquid
monomers.14−16 PILs are a relatively new class of functional
polymeric materials, combining the unique properties of
molecular ionic liquids with the processability of polymers.17,18

Recently, interest in PILs has increased due to their excellent
mechanical and electrochemical properties such as high
thermal stability, biocompatibility, and inherent conductiv-
ity.18−20 Accordingly, PILs have been investigated for
applications in catalytic membranes, ionic conductive materi-
als, solid state polyelectrolytes, catalysts, biosensors, matrices
for enzyme immobilization, CO2 absorbing resins, and
microwave absorbing materials.18,21−24 Yet, studies dealing
with PIL brush architectures are more limited in the
literature.24−28

We have prepared highly stable and responsive PIL layers
from surface-grafted and cross-linked PIL films by employing
in and ex situ methods through reversible addition−
fragmentation chain transfer (RAFT) polymerization. The
PIL layers were characterized by XPS, AFM, ellipsometry, and
static water contact angle measurements. Surface-grafted and
covalently cross-linked PILs were shown to be versatile and
chemically stable films with highly tunable properties at a
nearly constant chemical composition. We believe that surface
functionalization with this class of brush layer could be a
promising approach for independently tailoring the chemical
and mechanical properties of a variety of materials.
For the sake of clarity, PIL layers obtained with different

methods are named Ia−c, Ea−c, and ECa−c, indicating PIL
films prepared via the in situ cross-linking method (I) and the
ex situ cross-linking method before (E) and after cross-linking
(EC) with variable cross-linker ratios (a, b, and c for 1, 5, and
10 mol % of monomer, respectively).
All polymer films were fabricated through immobilization of

RAFT agent on amine-terminated silicon wafers (Scheme 2).25

Polymerizations were carried out using 2,2′-azobis(2,4-
dimethylvaleronitrile) (ABVN) as the initiator in a glass
reactor under the rigorous exclusion of oxygen (three cycles of
freeze−pump−thaw).
To obtain cross-linked films via the in situ method (Ia−c,

Scheme 2), surface-initiated RAFT polymerization was under-
taken using the ionic liquid monomer 1-vinylbenzyl-3-
butylimidazolium bromide (VBIC) and bifunctional cross-
linker 1,4-di(3-vinylimidazolium)butane dibromide (DVIMBr)
added at molar ratios relative to the monomer of a, b, and c
described above.
For the ex situ cross-linking method (Ea−c, Scheme 2),

surface-initiated RAFT polymerization was carried out using
the ionic liquid monomer of VBIC as a monomer and a
masked cross-linker 5-benzyl-2,2-dimethyl-5-(4-vinylbenzyl)-
[1,3]dioxane-4,6-dione based on Meldrum’s acid (Meldrum’s
cross-linker).29 The Meldrum’s cross-linker was added at the
molar ratios relative to the monomer of a, b, and c described
above. Subsequent thermolysis of substrates Ea−c at 250 °C
for 10 min converted the masked Meldrum’s cross-linker to a
highly reactive ketene for simultaneous cross-linking of
polymer chains with the possibility for reaction with free
amine groups on the silicon substrate (ECa−c).
XPS measurements were used to monitor the surface

chemical composition change of each reaction step. A full

description and interpretation of the XPS results can be found
in Figure S2 and Table S1, where a brief description of key
results follows. The identity of the amine-modified silicon
wafers was confirmed by the appearance of an N 1s signal at
400 eV. Similarly, the attachment of the chain transfer agent
(CTA) was confirmed by the appearance of an S 2p signal at
100 eV.30,31 The XPS spectra of the amine and CTA modified
silicon wafers include a weak Si signal originating from the
silicon substrate, whereas no Si signal was observed in the case
of the Ia−c, Ea−c, and ECa−c. For Ia, obtained via the in situ
method, peak components attributed to the C−N bonds and
the CC/C−C bonds can be identified, whereas substrates
obtained via the ex situ method, Ea−c, displayed additional
peaks assigned to O−C−O and O−CO bonds as
anticipated. After thermolysis, XPS results clearly show the
disappearance of O−C−O and O−CO peaks and the
appearance of a CO peak due to the ketene dimerization
provided by the cross-linking (ECa), signifying that polymer
chains were cross-linked in the structure.
AFM experiments were performed to study the surface

morphology of PIL layers in more detail (Figure 1 for
representative examples and Figure S3). For Ia−c, the film
morphologies appeared as rod-like structures heterogeneously
distributed over the entire substrate area, where the root-mean-
square (RMS) roughness of Ia, Ib, and Ic PIL brush gels was
6.000, 7.167, and 7.732 nm, respectively. We attribute the
increase in surface roughness to spatial variation caused by the
increasing cross-linking density, which leads to the clustering
of the growing chains. This interpretation is supported by the
observation that the in situ brush layer with the lowest
percentage of cross-linker (1%, Ia) showed a comparable RMS
value with the uncross-linked ex situ brush layers Ea−c. In
addition, the noticeably higher roughness of Ib and Ic suggests
a more rigid structure with a higher cross-linker ratio and thus
indicates higher free volume within those cross-linked brushes.

Scheme 2. Schematic Illustration of the Preparation of PIL
Brushes and Brush Gels and the Chemical Structure of
RAFT Agent, IL Monomer, and Cross-linkers
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Finally, the ellipsometric thicknesses of the PIL brush gels of
41 ± 8, 38 ± 5 and 47 ± 6 nm for Ia, Ib, and Ic, respectively,
were similar within error.
Similar to results from our previous study,30−32 uncross-

linked PIL brushes (Ea−c) prepared by RAFT polymerization
exhibited needle-like structures, where the roughness indicated
by the RMS values was 4.221, 4.803, and 5.770 nm. The
ellipsometric thicknesses of the PIL brushes were also similar
to 34 ± 5, 39 ± 6, and 33 ± 3 nm for Ea, Eb, and Ec,
respectively.
For uncross-linked Ea−c, grafting parameters, including

grafting density (σ, chains/nm2), the average distance between
grafting sites (D, nm) and the radius of gyration (Rg, nm) was
calculated from the dry ellipsometric thicknesses using eqs 1−3
given in the Supporting Information. The grafting density of
the Ea−c was estimated to be 0.72, 0.78, and 0.65 chains/nm2

for Ea, Eb, and Ec, respectively (Table S2). A comparison of
the average distance between the grafting points with twice the
radius of gyration of the PIL chain resulted in a ratio of 0.24
(less than 1.0), which means that the grafted chains are indeed
in a stretched and brush-like conformation.
Significant topographical changes in surface roughness and

ellipsometric thickness appeared in the films prepared via the
ex situ cross-linking method (ECa−c, Figure 1g). We
hypothesize that, because of the steric hindrance of the
RAFT agent, there is a potential for unreacted amine groups to
persist on the surface after functionalization with RAFT

agent.30,33 Following ketene generation to cross-link the film
(Scheme 2, ketene dimerization), the reactive ketene units can
likely also react with free amine groups on the surface to
produce contracted EC films (Figures 1g−i and S3). For
example, the linear brush Ea contracted from 34 ± 5 to 12 ± 3
nm (ellipsometric thicknesses) upon cross-linking, and AFM
analysis revealed a far smoother layer with an RMS roughness
of 1.011 nm. The films (ECb-c) appear as macroscopically
homogeneous thin films with an increasing cross-linker ratio
from 1% to 5% and 10%. However, the formation of bubbles
(CO2) during the thermolysis and a corresponding increase in
film roughness were observed. RMS roughness of the film
increased from 1.873 nm to 2.371 and 4.956 nm due to the
development of bumps within the layer. The ellipsometric
thicknesses of ECb and ECc were measured to be 15 ± 6 and
14 ± 7 nm, respectively.
On the basis of these observations, we may conclude that in/

ex situ approaches to surface-grafted and cross-linked PILs can
tailor the surface properties from an extended homogeneous
brush layer to a collapsed morphology.
Finally, the wettability of the PIL films can be manipulated

from hydrophilic to hydrophobic through anion ex-
change.25,34,35 To investigate these effects on the different
morphologies described here, the more hydrophilic PIL
surfaces containing Br as the counteranion were converted to
comparatively hydrophobic surfaces through immersion and
anion exchange in a solution of lithium bis(trifluoromethane)-

Figure 1. 2D and 3D surface topography and cross-section profiles at red lines of 5 μm images of Ia (a−c), Ea (d−f), and ECa (g−i) PIL coatings
on Si wafers prepared via in/ex situ methods.
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sulfonimide (LiTSFI). The wettability characteristics of each
surface were then probed using water-droplet contact angle
measurements (Figure 2 and Table S3).

As anticipated, films containing Br anions displayed
comparatively hydrophilic properties with contact angles up
to 39° and around 42° for I-Br and E-Br, respectively. After
anion exchange with TSFI, contact angles increased to ∼100°
and the films exhibited more hydrophobic properties. The EC
films prepared by the ex situ method displayed similar but
more modest changes in their hydrophilic and hydrophilic
character (Figure 2 and Table S3).
The topographical heterogeneity of each film was further

probed through contact angle hysteresis, in which the surface is
tilted until the droplet begins to slide. At this moment, the
advancing angle (θa) of the droplet defines the maximum
contact angle of the surface, while the receding angle (θr)
defines the minimum contact angle of the surface (where
hysteresis is defined by Δθ = θa − θr, Table S3). In general,
cross-linked surfaces prepared by the in situ method (Ia−c)
displayed higher hysteresis than the linear brush films Ea−c.
Accordingly, the ex situ cross-linked films ECa−c displayed
even lower values of hysteresis pointing to less heterogeneity
with respect to roughness and wetting behavior overall. These
results align with observations by AFM described above and
further support our conclusions that the different in/ex situ
approaches can tailor different surface morphologies.
The reversible wetting behavior of the Ia−c, Ea−c, and

ECa−c films was investigated by cycling the anion-exchange
procedure 5 times (Figure 2) and measuring the water-droplet
contact angle. The result of each cycle revealed that the
surfaces can be reversibly changed between hydrophilic (Br)
and hydrophobic (TFSI) properties within error.
To examine the Ia−c, Ea−c, and ECa−c films’ durability,

PIL modified surfaces were incubated in the rotary flow system
for 72 h at 37 °C, and the dry thickness of the PIL layers was
measured by ellipsometry. The dry thickness of I and EC
hardly changed because of the cross-linked structure (Figure
S4). In contrast, the thickness of Ea−c dramatically decreased
upon incubation. These results indicate that the cross-linked
polymer brushes are highly durable compared to the linear
polymer brushes.

The swelling properties of the PIL-coated surfaces was
examined by determining the swelling ratios, which are defined
as the ratio of the thickness of the swollen (hs) and dry (hd)
films. The swelling ratio as a function of the cross-linker ratio is
shown in Figure 3 for Ia−c, Ea−c, and ECa−c. As expected,

the swelling ratio for both Ia−c and ECa−c decreased with
increasing cross-linker ratio. Notably, the collapsed PIL layers,
ECa−c, showed the lowest swelling ratios overall.
The swelling ratio trend for Ea−c was different because

those films had not yet been cross-linked. In this case, the graft
density is a more telling metric of the swelling behavior. In
accordance with literature precedent,36−38 higher ratios of
swelling (hs/hd) were observed for Ec brushes with lower
grafting density.
In summary, we have designed and synthesized novel PIL

brushes and brush gels through surface-initiated RAFT
polymerization. Two distinct approaches involving both in
situ and ex situ methods were exploited to realize films with
distinct surface characteristics depending on the method of
fabrication. The observed results demonstrate that in/ex situ
methods could be utilized to tailor surface-grafted and cross-
linked PILs from a stretched homogeneous brush-like layer to
a collapsed film. The two methods may be used in combination
to realize surfaces with intermediate properties. These cross-
linked PIL films provide the potential for surface stability
without sacrificing the functional behavior of PILs.
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Figure 2.Water contact angles of Br (patterned) and TFSI films of Ia,
Ea, and ECa in repeated cycles.

Figure 3. Swelling ratio hs/hd of Ia−c, Ea−c, ECa−c layers as a
function of cross-linker ratio. The swelling ratio for Ea−c brushes
corresponding to different grafting densities.
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