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y switchable polymerization from
surface-anchored molecular catalysts†

Miao Qi, ‡a Haochuan Zhang,‡a Qi Dong, ‡a Jingyi Li,a Rebecca A. Musgrave, b

Yanyan Zhao,a Nicholas Dulock,a Dunwei Wang*a and Jeffery A. Byers *a

Redox-switchable polymerizations of lactide and epoxides were extended to the solid state by anchoring an

iron-based polymerization catalyst to TiO2 nanoparticles. The reactivity of the molecular complexes and

their redox-switching characteristics were maintained in the solid-state. These properties resulted in

surface-initiated polymerization reactions that produced polymer brushes whose chemical composition

is dictated by the oxidation state of the iron-based complex. Depositing the catalyst-functionalized TiO2

nanoparticles on fluorine-doped tin oxide resulted in an electrically addressable surface that could be

used to demonstrate spatial control in redox-switchable polymerization reactions. By using a substrate

that contained two electrically isolated domains wherein one domain was exposed to an oxidizing

potential, patterns of surface-bound polyesters and polyethers were accessible through sequential

application of lactide and cyclohexene oxide. The differentially functionalized surfaces demonstrated

distinct physical properties that illustrated the promise for using the method to pattern surfaces with

multiple, chemically distinct polymer brushes.
Introduction

Catalytic reactions that operate at the interface between
homogeneous and heterogeneous catalysis has been a long-
standing goal in chemical synthesis.1,2 The benets of
combining easily tunable and well-dened single site homoge-
neous catalysts with robust and more easily recycled heteroge-
neous catalysts has inspired many researchers to pursue
strategies for heterogenizing well-dened transition metal-
based homogeneous catalysts by anchoring them to solid
supports.3–5 These hybrid catalysts oen demonstrate superior
catalytic properties compared to their homogeneous counter-
parts, including increased activity, increased catalyst lifetimes,
and catalysts that can more readily be recycled.6 Transition
metal-based complexes supported onto electrodes7–9 and semi-
conducting materials10,11 have shown great promise for evolving
the capabilities of hybrid catalysts by combining the bulk
properties of the solid support with the molecular properties of
the transition metal-based complexes. In particular, rapid
injection of electrons or holes into surface-anchored molecular
catalysts has opened new opportunities for reactions relevant to
energy storage and conversion.12,13
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Outside of the advances made in energy research, hybrid
catalysts have not been extensively explored in other areas.14,15

In polymer chemistry, supporting molecular transition metal-
based catalysts has enabled surface-initiated polymerization
reactions, which have led to polymer brushes that have unique
and tunable properties.16–18 By combining these innovations
with photolithographic techniques, impressive spatial resolu-
tion down to the nanometer scale can be achieved.19–21 Despite
these excellent achievements, the ability to construct surfaces
patterned with multiple, different polymeric materials has been
challenging. Surfaces decorated with polymer brushes with
varying physical properties have many applications: they can be
sensors,22,23 anti-fouling paints,24,25 and they can be used for
several applications in the electronics industry.26,27 However,
state of the art techniques to synthesize such materials involve
multistep manipulations that require several high yielding
surface modications.28–30 These methods have also been
limited to monomers that are polymerized through radical or
olen metathesis polymerization mechanisms. This limitation
makes it more difficult to incorporate classes of polymers that
do not have hydrocarbon backbones (e.g., polyesters, poly-
amides, polycarbonates, etc.). Alternatives to traditional
methods may simplify fabrication methods for obtaining
patterned surfaces and broaden monomer scope, both of which
will further the utility of surface-initiated polymerization
systems.

One such alternative is to utilize redox-switchable poly-
merization reaction systems31,32 for surface-initiated poly-
merization. Since the Gibson and Long groups developed the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Iron-based catalysts reported for the redox-switchable polymerization of lactide and epoxides38,40 are extended to the solid state by
appending iron-based catalysts to titanium dioxide nanoparticles. Application of an electric stimulus to a conducting substrate containing
electrically isolated zones coated with these particles enables patterning of surfaces with two different polymer brushes.
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rst instance of redox-switchable lactide polymerization,33

many groups have reported control over polymerization
processes by altering catalyst oxidation state.33–39 Common
strategies include installing redox active moieties (e.g. ferro-
cene) in ligand frameworks33 or using redox-active elements
that also serve as the site for catalysis.34,37,38 Our group has
been investigating a redox-switchable polymerization system
based on bis(imino)pyridine iron bisalkoxide complexes that
belongs to the latter class of catalysts. These complexes can
toggle between catalyzing the ring-opening polymerization
(ROP) of lactide and epoxides when either redox reagents or
electrochemical stimuli are applied (Scheme 1).37,38,40 Such
a unique selectivity provides opportunity for the synthesis of
block copolymers38 and cross-linked polymer networks.41

Herein, we extend this concept for surface-initiated polymer-
ization reactions so that it may be used for facile surface
modications. The method relies on supporting redox-
switchable iron-based molecular polymerization catalysts to
a semi-conducting titanium dioxide electrode surface con-
taining electrically isolated zones that enable selective
oxidation of the switchable catalyst (Scheme 1). We envision
that such a system will enable in situ generation of different
polymer patterns simply upon selective application of an
electrical stimulus, thereby greatly reducing the steps
required for forming sophisticated polymer patterns. More-
over, unlike most other surface-initiated polymerization
systems, the anchored catalyst catalyzes ROP reactions,42,43

which expands the scope of monomers that typically engage in
surface-initiated polymerization reactions. In addition to the
advances made in surface-initiated polymerization reactions,
the research disclosed here involves characterization of redox-
active metal centers supported on metal oxide surfaces using
a variety of physical and spectroscopic techniques. Such
fundamental information is uncommon and will be invalu-
able for the further development of hybrid catalysts derived
from supporting homogeneous catalysts on functional
surfaces.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Synthesis and characterization of iron(II)-anchored
nanoparticles

Towards the goal of developing a redox-switchable surface-
initiated polymerization process, we rst attempted to anchor
the catalyst onto a surface. Previously, our group has found that
protonolysis reactions between the bis(imino)pyridine iron(II)
bisalkyl precursor 1 and various organic alcohols have proven
reliable in synthesizing molecular, monomeric iron alkoxide
complexes.37,44–46 Recognizing that hydroxyl groups are abun-
dant on metal oxide surfaces, we hypothesized that surface
hydroxyl groups would be good surrogates for alcohols,
providing a convenient way to anchor the iron complexes
directly to metal oxide surfaces. In these initial proof-of-
principle investigations, we chose the semiconducting tita-
nium dioxide as the metal oxide to support the catalyst so as to
take advantage of its known surface chemistry,47 in particular
the ability to introduce high densities of surface hydroxyl
groups.48 To maximize surface hydroxyl densities, we treated
commercially available P25 TiO2 nanoparticles with UV light,
and then applied heat at 150 �C for 16 hours under reduced
pressure (10�5 torr) to remove residual water without disrupting
surface hydroxyl groups.49 Thermogravimetric analysis (TGA)
demonstrated the efficacy of removing water with this proce-
dure and provided an estimate of the surface hydroxyl concen-
tration of 0.46 mmol g�1 (Fig. S2†), which is consistent with
literature reports.49 Next, we exposed the nanoparticles to
a diethyl ether solution of 1 to anchor the iron complex to the
nanoparticles (Fig. 1a). The resulting iron-containing nano-
particles were light purple, the characteristic color of the
molecular iron(II) alkoxide complexes used for lactide poly-
merization.37 Inductively coupled plasma optical emission
spectroscopic (ICP-OES) analysis of the particles revealed an
iron content that was 2.1 wt%. This high loading is consistent
with nearly all of the surface hydroxyl groups being modied
with an iron complex, assuming that one molecule of 1 reacts
Chem. Sci., 2021, 12, 9042–9052 | 9043
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Fig. 1 (a) Reaction scheme for anchoring themolecular iron complex onto P25 TiO2 nanoparticle (Ar¼ 2,6-dimethylphenyl); (b) STEM elemental
mapping of the Fe(II)–TiO2 powder (scale bar: 50 nm); (c) Mössbauer spectroscopy of Fe(II)–TiO2 powder.
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with two surface hydroxyl groups (Fig. 1a).37 This stoichiometry
is consistent with the molecular iron complex bridging two
consecutive hydroxyl groups on the surface of TiO2.

A suite of analytical methods was used to characterize the
iron-functionalized nanoparticles. That the iron complexes are
evenly distributed on the surface of TiO2 is strongly supported
by elemental mapping using a scanning transmission electron
microscope (STEM) (Fig. 1b and S3†).50 Moreover, the spatial
correlation between iron and nitrogen in the STEM is consistent
with the metal complexes being deposited on the surface rather
than the complexes serving as a precursor for deposition of
elemental iron. Mössbauer spectroscopy provided further
evidence that the molecular identity of the iron complex was
maintained when supported on the TiO2 surface (Fig. 1c). The
Mössbauer spectrum revealed the presence of two iron-
containing species. The major species (81%) had an isomer
shi of d ¼ 1.09 mm s�1 and a quadrupole splitting of jDEQj ¼
2.37 mm s�1, while the minor species (19%) had d ¼ 0.42 mm
s�1 and jDEQj ¼ 0.89 mm s�1. The molecular bis(imino)pyridine
iron(II) bisphenoxide complex has Mössbauer parameters (d ¼
0.94 mm s�1, jDEQj ¼ 2.19 mm s�1)51 similar to the major
species observed on the functionalized nanoparticle. Impor-
tantly, the isomer shi of the precursor 1 is 0.25 mm s�1,52

which is too low to be either species observed in the function-
alized nanoparticle.

Mössbauer parameters of a complex that approximates the
surface bound species was calculating using DFT B3LYP/631G
triple-z-quality basis sets TZVP.53–55 This level of theory has
previously been used successfully to describe other molecular
iron complexes containing the bis(imino)pyridine ligand.45,56 To
model the coordination environment predicted from the stoi-
chiometry of the chemical reaction between 1 and TiO2, an
9044 | Chem. Sci., 2021, 12, 9042–9052
iron(II) bistitanoxide complex bridging two titanium centers was
constructed (Table S1†). This model complex S2 had computed
Mössbauer parameters (d ¼ 1.04 mm s�1, jDEQj ¼ 2.11 mm s�1)
similar to the major species found in the iron-functionalized
nanoparticle. Therefore, we conclude that the protonolysis reac-
tion between 1 and the TiO2 nanoparticles yielded primarily
a surface bound iron species that has a similar oxidation state,
spin state and coordination environment as themolecular iron(II)
alkoxide complex previously used for lactide polymerization.
While we cannot yet denitively assign the structure of the minor
species observed in the Mössbauer spectrum, it has similar
parameters as the oxidized iron(III) complex discussed below.
Surface-initiated polymerization of lactide

When exposing the iron(II) functionalized TiO2 nanoparticles to
a dichloromethane solution of lactide overnight, 67% lactide
consumption was observed relative to an internal standard by
proton nuclear magnetic resonance spectroscopy (1H NMR).
Importantly, while consumption of monomer was measurable,
no evidence for poly(lactic acid) (PLA) was detectable in the
supernatant by 1H NMR. This observation suggested that poly-
merization occurred on the surface of the nanoparticles. TGA of
the nanoparticles exposed to lactide showed a 61% weight loss at
283 �C (Fig. S4a†), which is the known decomposition tempera-
ture for poly(lactic acid).57 Attenuated total reection-Fourier
transform infrared spectroscopy (ATR-FTIR) of the Fe(II)–TiO2

powder with lactide polymerization also indicated the presence
of PLA on the surface of the nanoparticles (Fig. S5a†). To provide
further evidence that a surface-initiated polymerization reaction
occurred, the surface-grown polymers could be cleaved from the
nanoparticles by treating them with iodomethane (Fig. 2a). IR of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Reaction scheme for lactide polymerization on Fe(II)–TiO2 particles; kinetic analysis of the lactide polymerization on Fe(II)–TiO2

particles: (b) evolution of Mn versus conversion, Mw/Mn was shown in the second y axis on the right, and (c) first order kinetic plot of lactide
polymerization.
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the iodomethane-treated TiO2 powder revealed no evidence for
remaining poly(lactic acid), which suggested that the polymer
was quantitatively cleaved from the particles (Fig. S5a†). 1H NMR
analysis of the polymer cleaved from the surface revealed that
methylation occurred exclusively at the carboxylate terminus, as
evidenced by the singlet at 3.77 ppm (Fig. S6†). The hydroxyl
chain end, which is presumed to be ligated to iron during lactide
polymerization, remained unreactive as is evidenced by the
resonance at 4.23 ppm. This end group has previously been
assigned to the methine proton adjacent to a hydroxyl terminus
of poly(lactic acid).37 That the ester end group was preferentially
alkylated instead of the alcoholic end group is consistent with the
greater nucleophilicity of the titanium ester chain end relative to
the alcohol chain end.

Cleaving the polymer from the surface also provided a facile
way to evaluate molecular weight of the polymer produced using
gel permeation chromatography (GPC). GPC analysis of the
cleaved poly(lactic acid) revealed a polymer with molecular
weight ofMn ¼ 6.04 kg mol�1 and a dispersity ofMw/Mn ¼ 1.47.
The polymer molecular weight agreed with the predicted
molecular weight of 5.31 kg mol�1, which was calculated from
the conversion of the reaction, the iron loading, and the
assumption that only one polymer chain is initiated per iron
center. This assumption is based on our previous results for
reactions initiated from iron alkoxides derived from alcohols
with acidity (pKa < 10)37 similar to Ti–OH.58 The good match
between the measured and predicted molecular weights sug-
gested that most of the iron centers anchored on TiO2 are active
for lactide polymerization.

To further illustrate the benet of the cleavage method,
a time course investigation of the polymerization reaction was
undertaken. In this experiment, liquid aliquots were removed at
various time points, and they were analyzed by 1H NMR
© 2021 The Author(s). Published by the Royal Society of Chemistry
spectroscopy to obtain lactide conversion. Solid aliquots
removed simultaneously could be subjected to methyl iodide
treatment so as to obtain polymer molecular weight informa-
tion by GPC. Using this combination of techniques, molecular
weight, molecular weight distribution, and conversion could be
monitored over time (Fig. 2b and c). This study revealed a linear
increase of molecular weight with conversion, which suggested
that the surface-initiated lactide polymerization had living
characteristics (Fig. 2b). This behavior was similar to lactide
polymerization catalyzed by the homogeneous molecular iron
complex.37 Different from the homogeneous reactions, however,
were slower reaction rates and broader molecular weight
distributions. Examining the conversion versus time plots
revealed a possible explanation (Fig. 2c). At low conversion
(<40%), the reaction rate was fast and followed rst order
reaction kinetics. Molecular weight distributions were also
narrower than observed at the end of the reaction. However, at
higher conversion, the reaction deviated from rst order
kinetics reaching an ultimate conversion of 65%. Coinciden-
tally, the molecular weight distribution became broader as the
reaction proceeded. The slower reaction rates and higher dis-
persity at high conversions is consistent with mass transport
becoming more prominent as the polymerization proceeds. To
rule out possible contributions for the TiO2 surface, control
experiments were carried out using the TiO2 particles that were
not functionalized with the iron complex. These control exper-
iments revealed no reaction, indicating that the molecular iron
complex was needed to initiate lactide polymerization.

Redox-switching and surface-initiated polymerization of
cyclohexene oxide

Convinced that the supported iron(II) complexes were capable of
carrying out lactide polymerization in a similar way as they did
Chem. Sci., 2021, 12, 9042–9052 | 9045
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Fig. 3 (a) Reaction scheme for cyclohexene oxide polymerization on Fe(III)–TiO2 particles; (b) Mössbauer spectroscopy of Fe(III)–TiO2 powder.
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in the solution state, we next explored the oxidation of the
iron(II)-functionalized titanium nanoparticles with the goal of
observing the switch in chemoselectivity, as previously
observed.38,40 Reacting the nanoparticles with an excess of fer-
rocenium hexauorophosphate (FcPF6) produced a light brown
solid (Fig. 3a). Analysis of these particles by Mössbauer spec-
troscopy revealed once again the presence of two species, but
this time the major signal (75%) was a new iron species with d¼
0.49 mm s�1 and jDEQj ¼ 0.85 mm s�1 (Fig. 3b). These param-
eters are similar to those obtained for the major species
observed in the Mössbauer spectrum of the molecular cationic
Fe(III) bisalkoxide complex 3, which exhibit d¼ 0.45 mm s�1 and
jDEQj ¼ 0.85 mm s�1 (Fig. S8†). Further corroborating the
experimental ndings were Mössbauer parameters computed
for a cationic iron(III) bistitanoxide model complex S3 (Table
S1,† d ¼ 0.46 mm s�1, jDEQj ¼ 0.98 mm s�1), which are similar
to the major species found in the iron(III)-functionalized nano-
particles. Thus, we conclude that oxidation of the iron(II)-con-
taining particles occurred successfully with minimal complex
decomposition. Interestingly, the minor species (25%) in the
oxidized powder had Mössbauer parameters (d ¼ 1.28 mm s�1,
jDEQj ¼ 2.86 mm s�1) whose large isomer shi indicated a high
spin Fe(II) compound. These parameters are similar but
different compared to the reduced iron(II) species supported on
TiO2 (Fig. 1c), which suggests the formation of a new high spin
iron(II) complex. At the current stage of investigation, we cannot
assign this unknown iron(II) complex, but we suspect that it may
be a solvated iron(II) alkoxide complex.

Consistent with the homogeneous complexes,38,40 the
oxidized nanoparticles were completely inactive when exposed
to lactide. Moreover, unlike the iron(II)-functionalized nano-
particles, which were found to be unreactive when exposed to
cyclohexene oxide, the iron(III)-functionalized nanoparticles
resulted in consumption of cyclohexene oxide, giving 33%
conversion aer stirring overnight. Once again, conversion of
the monomer occurred without evidence for polyether being
formed in the supernatant, and TGA analysis of the resulting
9046 | Chem. Sci., 2021, 12, 9042–9052
particles was consistent with surface-initiated polymerization
reactions (Fig. S4b†). FTIR of the Fe(III)–TiO2 powder with
cyclohexene oxide polymerization also indicated the presence of
poly(cyclohexene oxide) (PCHO) on the surface of the nano-
particles (Fig. S5b†). As was the case with surface-initiated
poly(lactic acid), the polymer formed in the epoxide polymeri-
zation reaction could be cleaved from the surface by treating the
nanoparticles with iodomethane (Fig. S7†). GPC analysis of the
PCHO product revealed a polymer molecular weight of Mn ¼
11.6 kg mol�1 and a molecular weight distribution of Mw/Mn ¼
3.08 (Fig. 3a). The molecular weight obtained was higher than
the theoretical molecular weight (Mn(theor) ¼ 5.43 kg mol�1)
and, as was the case for poly(lactic acid), the molecular weight
distributions were broader than observed in the solution state.
Notably, the polymerization of cyclohexene oxide catalyzed by
the molecular cationic iron(III) complex does not display living
characteristics.38,40,41 Kinetic analysis was not carried out for the
cyclohexene oxide polymerization as was done for the lactide
polymerization because the kinetics for the epoxide polymeri-
zation with the homogeneous complex does not follow simple
rst-order kinetics. Nevertheless, we attribute the broad
molecular weight distribution to mass transport limitations,
which are a consequence of the iron-based complex being
supported directly off the TiO2 surface. The possibility that the
TiO2 surface was also initiating epoxide polymerization was
ruled out with control experiments carried out on the unfunc-
tionalized TiO2 nanoparticles.
Electrochemical features of iron-complexes anchored on TiO2

With the successful anchoring of the reactive iron complexes on
the TiO2 surfaces and their redox-switching capabilities
demonstrated, we then moved to test the polymerization reac-
tions on conductive surfaces so that electrochemical potential
could be used to affect redox-switching.59 To maximize the yield
of surface graed polymers for the ease of characterization, we
constructed an electrode with P25 TiO2 nanoparticles as the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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active material and uorine doped tin oxide (FTO) as the
conductive substrate. For this purpose, we modied a proce-
dure that has worked well for the fabrication of electrodes in
dye-sensitized solar cells.60 It started with applying as a lm
made from a slurry of P25 TiO2 nanoparticles in a mixture of
Triton X-100, acetylacetone and deionized water. These lms
were applied either using a doctor blade or using an air brush.
Annealing in air at 450 �C for 30 min gave the FTO electrode
coated with TiO2 particles. Aer annealing, the electrode was
soaked in a diethyl ether solution of 1 (0.02 M) to support the
iron complex on the TiO2 surface. The surfaces contained 1.7 �
0.5 wt% iron, which was similar to the loading obtained using
the TiO2 nanoparticles and translates to 0.031 � 0.009 mg iron
per cm2 on the surface. The iron(II) functionalized electrode was
then exposed to lactide in dichloromethane (0.35 M) for 12 h.
Subsequent FTIR characterization of the functionalized surface
aer polymerization conrmed the presence of poly(lactic acid)
with the appearance of an absorption band at 1710 cm�1

(Fig. 4a). In addition to this characteristic band, the surface-
initiated poly(lactic acid) also contained a broad band at
Fig. 4 Altering the reactivities of the surface-initiated polymerization by
formed from Fe(II)-modified TiO2 electrode; (b) Fe(III)-modified TiO2 elect
poly(cyclohexene oxide) polymerization; (c) selective surface-initiated po
a solution of mixture monomers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
1610 cm�1, which was not observed in the drop-casted polymer
nor in IR taken of the iron(II) functionalized electrode prior to
polymerization. We hypothesize that this broad feature is due to
the interaction of surface-initiated polyester carbonyl with the
Lewis acidic electrode surface.61 That these interactions are not
observed for the drop-casted polymer illustrate how covalent
interactions between the polymer and the surface differ from
physical deposition of polymer on the surface.

The electrochemical behavior of the iron-functionalized
electrodes was next studied by cyclic voltammetry (CV). To
minimize potential complications to the CV data due to elec-
trochemical capacitance that is characteristic of high-surface-
area materials such as P25 TiO2 nanoparticles,62 we elected to
carry out the initial experiments on a TiO2 surface with relatively
small surface areas. This goal was achieved by growing TiO2

directly on titanium mesh using atomic layer deposition (ALD).
Specically, 50 nm TiO2 was deposited following previously
published procedures.63 The sample was then treated with
a solution of 1, and CV were collected using the Fe(II)–TiO2

electrode as the working electrode and two platinum wires that
an electrochemical switch (a) surface-initiated poly(lactic acid) can be
rode oxidized by potentiostatic electrolysis can trigger surface-initiated
lymerization by soaking a combination of Fe(II) and Fe(III) electrodes in
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Fig. 5 Cyclic voltammetry of (a) Fe(II)–TiO2–Ti mesh electrode and (b)
molecular bis(imino)pyridine iron bisphenoxide complex with varying
scan rates; (c) plot of scan rates versus cathodic peak currents.
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served as the counter and reference electrodes (Fig. 5a). A half-
wave potential of E1/2 ¼ �0.40 V (vs. Fc+/Fc) was measured,
which was ascribed to the reversible redox conversion of iron(II)
to iron(III). This result represents a 0.50 V positive shi relative
to the molecular iron alkoxide complex measured in solution
(Fig. 5b, E1/2 ¼ �0.90 V),37,40,41 implying that the iron center is
more electron decient when in contact with TiO2 than the
dissolved molecular iron phenoxide complex.38,40 This result is
consistent with the less electron donating capability of the
inorganic metal-oxide ligand compared with organic phenoxide
ligand, and also may explain the small amounts of iron(III)
complexes observed by Mössbauer spectroscopy on the surface
of TiO2 (Fig. 1c). The oxidative and reductive peaks observed in
the CV were separated, but their separation remained
9048 | Chem. Sci., 2021, 12, 9042–9052
unchanged when the scan rates were varied from 20 mV s�1 to
400 mV s�1. Plotting the peak current densities as a function of
the scan rate revealed a linear relationship for the anchored
complex, whereas a root-square relationship was observed for
the dissolved molecular complex (Fig. 5c). In totality, these
results strongly suggest that the electron transfer process is not
mass-transport limited,59 which is consistent with the redox
events occurring from surface-bound species.
Electrochemically patterning of polyesters and polyethers on
surfaces

As CV demonstrated the electrochemical reversible redox reac-
tions are preserved for surface-anchored iron complexes,
potentiostatic electrolysis was next used to oxidize the iron(II)
functionalized electrodes. A divided two-electrode congura-
tion was used for these experiments, using the iron(II) func-
tionalized TiO2/FTO electrode as the working electrode and
a lithium metal strip as the counter and reference electrodes.
The counter/reference electrode was isolated from the working
electrode by a fritted tube coated with a lithium ion-containing
polymer membrane. We recently demonstrated that a similar
electrode design was effective in carrying out bulk electrolysis of
the molecular iron complexes with minimal inuence from
parasitic reactions occurring on the counter electrode.40 An
oxidizing potential of 0.3 V vs. Fc+/Fc was applied to the working
electrode for one hour, at which point the current dropped
below 3 mA. The oxidized iron(III) electrode was then exposed to
a stirred dichloromethane solution containing cyclohexene
oxide (1.4 M). FTIR of the plate aer polymerization showed
characteristic absorption bands of PCHO (Fig. 4b). Importantly,
exposing a combination of iron(II) and iron(III) electrodes to
a mixture of cyclohexene oxide (1.4 M) and lactide (0.35 M) in
dichloromethane resulted in chemoselective growth of PLA on
the iron(II) electrode and PCHO on the iron(III) electrode
(Fig. 4c). Noteworthy was a small amount of PLA observed on
the iron(III) electrode prepared electrochemically, which may
result from incomplete electrochemical oxidation. Notwith-
standing this complication, this portion of experiments
conrmed that electrochemistry is a reliable method to alter the
oxidation state and, hence, the reactivity of surface anchored
iron catalysts towards different polymerizations in a single step
from a mixture of monomers.

Finally, we set out to demonstrate how the surface-initiated
redox-switchable polymerization reactions could be used to
create surfaces selectively patterned with different polymers. As
a proof-of-principle for this concept, we fabricated a substrate
containing two electrically isolated zones by using reactive-ion
etching to isolate two FTO strips on an insulating glass
surface (Fig. 6 and S1†). A TiO2 layer was deposited on the two
conducting channels, and the iron complex was then anchored
onto the surface as previously described. To differentiate the
two FTO strips, one strip was oxidized by exposing it to an
oxidizing potential. The resulting substrate was then exposed to
a dichloromethane solution containing a mixture of lactide
(0.35 M) and epoxide (1.4 M) monomers and stirred for 24 h.
FTIR analysis of the plate revealed that each side of the plate
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Spatial control over chemoselectivity for the surface-initiated polymerization through application of electrochemical potential. (a) IR
analysis of the binarily functionalized electrically discriminated plate obtained by soaking the plate in cyclohexene oxide and lactide solution
sequentially. (b) Representative Raman spectroscopy of Fe(II)-modified TiO2 glass electrode and Fe(III)-modified TiO2 glass electrode after
polymerization; (c) dyeing the binarily functionalized electrically discriminated plate with rhodamine 6G solution; Ramanmapping of the surface
of the electrode (d) after polymerization in a mixture of monomers and (e) after sequential polymerization, PLA (red), PCHO (blue) and glass
(grey).
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was functionalized differently (Fig. S11†). On the iron(II) side of
the plate, characteristic bands for surface-initiated PLA was
observed at 1710 cm�1 and 1610 cm�1, while no evidence for
PCHO was observed. In contrast, the IR spectrum of the
oxidized iron(III) side of the plate were dominated by bands
from PCHO (1110 cm�1). A small band at 1710 cm�1 from PLA
was also detectable, which is consistent with partial oxidation
during the electrochemical oxidation as previously discussed.

To further investigate the spatial distribution of the PLA and
PCHO on functionalized substrates, we explored Raman spec-
troscopy as a potential characterization technique. Similar to
the above investigations using IR spectroscopy, we rst exam-
ined surface-grown PLA on an Fe(II)–TiO2 plate and surface-
grown PCHO on an Fe(III)–TiO2 plate. As shown in Fig. 6b,
bands at 820 cm�1 and 880 cm�1 can be utilized to characterize
PLA and PCHO, respectively. Next, the automatic stage of the
Raman spectrometer permitted us to visualize the chemical
composition on the surface of the substrate. A sample area of
9600 � 1600 mm2 across the substrate was scanned, and the
resulting two-dimensional map is shown in Fig. 6d. Results
illustrated that PLA and PCHO were primarily segregated to the
reduced and oxidized sides of the plate, respectively. This
observation is consistent with our expected reactivity of the
iron-based complexes and illustrates the power of the technique
to form differentially functionalized surfaces from mixture of
monomers. It is notable that the amount of PLA and PCHO was
not evenly distributed over each side of the plate. Some areas of
the reduced electrode, and especially the oxidized electrode,
demonstrated evidence for deposition of PCHO and PLA,
respectively. This observation is likely due to a combination of
factors. First, the poor resolution and low signal to noise of the
bands in the Raman spectra used to distinguish PLA from
PCHO likely contribute to false positive indication of PCHO on
© 2021 The Author(s). Published by the Royal Society of Chemistry
the iron(II) side and PLA on the iron(III) side. Second, the
observed signals from PLA on the iron(III) side could be from
incomplete electrochemical oxidation of Fe(II)-complex as dis-
cussed earlier in this article. A third reason for observing this
“crossover” reactivity is due to mobility of the electrochemical
current due to imperfections incurred during the fabrication of
the divided plate. Lastly, the uneven thickness of TiO2 layers
may also lead to the non-uniform mapping result.

To circumvent the complications associated with the
simultaneous polymerization of lactide and epoxide, the elec-
trode was exposed to the two monomers sequentially. As
described above, one of the two electroactive strips on the
electrode was oxidized by exposing it to an oxidizing potential.
The plate was then treated with a cyclohexene oxide solution
(1.4 M) followed by a lactide solution (0.35 M). As expected, the
polymerization reactions proceeded more efficiently by
exposing the plate to the monomers sequentially rather than
concurrently. The different outcomes for these two scenarios
can be explained by considering the reaction kinetics. In the
homogeneous reactions, lactide and epoxide polymerizations
are signicantly slower when carried out in mixtures of both
monomers compared to in pure monomers.37,38 This observa-
tion suggests that the epoxide and lactide monomers likely
serve as competitive inhibitors for the iron(III) and iron(II) sites,
respectively. By carrying out the reactions sequentially, this
competitive inhibition is avoided and reactions occur with
minimal interference. Consequently, sequential addition of
monomers to the plate containing iron(II) and iron(III) zones
resulted in a more well dened patterned surface. FTIR of the
bifunctional plate aer sequential addition of lactide and
epoxide monomers shows minimal PLA signal (1710 cm�1)
observed on the Fe(III)-functionalized side (Fig. 6a). Moreover,
Raman mapping of the resulting product also conrmed better
Chem. Sci., 2021, 12, 9042–9052 | 9049
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chemoselectivity with minimal crossover of lactide polymeri-
zation on the iron(III) side and epoxide polymerization on the
iron(II) side of the plate (Fig. 6e). These results indicated that
better compositional homogeneity could be achieved through
sequential rather than simultaneous cyclohexene oxide and
lactide polymerization.

Highlighting the benets of the method for obtaining
patterned functionalized surfaces, the bulk properties of the
functionalized surfaces reect the compositional differences
between the two regions of the bifunctional plate. For example,
water contact-angle measurements of the two surfaces revealed
a larger angle for the iron(II) side (19.3�) compared to the iron(III)
side (14.7�), which is consistent with the more hydrophobic
polyester compared to the polyether (Fig. S12†). The contact
angles measured were signicantly smaller than the contact
angles for drop casted polymer. These results reect a more
hydrophilic surface that is likely a consequence of the low Ti–
OH density on the nanoparticles. To better visualize the differ-
ences between the surfaces, the polymer-modied electrode was
exposed to a solution containing rhodamine 6G dye. Signicant
differences were revealed between bare TiO2, the polymer
brushes formed on the iron(II) functionalized side, and the
polymer brushes formed on the iron(III) functionalized side of
the bifunctional plate (Fig. 6c). Whereas the bare TiO2 plate did
not adsorb R6G, by comparison, the iron(II) functionalized side
containing mostly polyester was dyed a light pink color and the
iron(III) functionalized side containing mostly polyether was
bright red. This outcome reects the high propensity for poly-
ether to bind cationic dyes and illustrates how application of
electrochemical potential can alter the properties of surfaces
through chemoselective polymerization reactions.

Conclusions

While immobilization of molecular catalysts onto solid
supports has long been recognized as an opportunity to
combine the advantages of homogeneous and heterogeneous
catalysis, utilizing supported catalysts to synthesize well-
dened but compositionally heterogeneous patterned surfaces
remains largely unexplored. Here, we describe how redox-
switchable polymerization catalysis can be used to efficiently
produce patterned polymer surfaces by taking advantage of
molecular iron complexes supported onto semiconducting
surfaces. The anchored complexes catalyze surface-initiated
ring-opening polymerization reactions, and responded to
applied electrochemical potentials so as to alter their reactivity
for two different monomers. As a result, binary surfaces con-
taining polymer patterns are obtained wherein the spatial
resolution of the pattern is dictated by electrically isolated zones
imprinted on the electrode surface. While the spatial resolution
obtained in this proof-of-concept system is not as well resolved
as other more established methods,19–21 future innovations in
catalyst design and substrate fabrication will likely address this
limitation. Motivating this endeavor is the relative simplistic
synthetic procedures required for patterning surfaces with
multiple polymer brushes, and the ability to access to different
monomers compared to those historically used to obtain
9050 | Chem. Sci., 2021, 12, 9042–9052
patterned surfaces with multiple polymer brushes.28–30 Conse-
quently, the method can be applied for the rapid generation of
sophisticated patterned surfaces with multiple regions con-
taining different chemical compositions. Such materials will
likely be valuable for many applications, including anti-fouling
coatings, sensors, and applications in the electronics industry.
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All data for this article is included in the supplementary
material.
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23 N. Schüwer and H.-A. Klok, Adv. Mater., 2010, 22, 3251–3255.
24 W. Zhao, Q. Ye, H. Hu, X. Wang and F. Zhou, J. Mater. Chem.

B, 2014, 2, 5352–5357.
25 S. J. Yuan, F. J. Xu, S. O. Pehkonen, Y. P. Ting, K. G. Neoh and

E. T. Kang, Biotechnol. Bioeng., 2009, 103, 268–281.
26 D. B. Chrisey, A. Pique, R. Modi, H. D. Wu, R. C. Y. Auyeung

and H. D. Young, Appl. Surf. Sci., 2000, 168, 345–352.
27 H. Moon, H. Seong, W. C. Shin, W.-T. Park, M. Kim, S. Lee,

J. H. Bong, Y.-Y. Noh, B. J. Cho, S. Yoo and S. G. Im, Nat.
Mater., 2015, 14, 628–635.

28 M. C. R. Tria and R. C. Advincula,Macromol. Rapid Commun.,
2011, 32, 966–971.

29 Y. Liu, V. Klep and I. Luzinov, J. Am. Chem. Soc., 2006, 128,
8106–8107.

30 F. Zhou, Z. Zheng, B. Yu, W. Liu and W. T. S. Huck, J. Am.
Chem. Soc., 2006, 128, 16253–16258.

31 U. Lüning, Angew. Chem., Int. Ed., 2012, 51, 8163–8165.
32 A. J. Teator, D. N. Lastovickova and C. W. Bielawski, Chem.

Rev., 2016, 116, 1969–1992.
33 C. K. A. Gregson, V. C. Gibson, N. J. Long, E. L. Marshall,

P. J. Oxford and A. J. P. White, J. Am. Chem. Soc., 2006, 128,
7410–7411.
© 2021 The Author(s). Published by the Royal Society of Chemistry
34 E. M. Broderick, N. Guo, T. Wu, C. S. Vogel, C. Xu, J. Sutter,
J. T. Miller, K. Meyer, T. Cantat and P. L. Diaconescu, Chem.
Commun., 2011, 47, 9897–9899.

35 S. M. Quan, J. Wei and P. L. Diaconescu, Organometallics,
2017, 36, 4451–4457.

36 D. N. Lastovickova, H. Shao, G. Lu, P. Liu and
C. W. Bielawski, Chem.–Eur. J., 2017, 23, 5994–6000.

37 A. B. Biernesser, B. Li and J. A. Byers, J. Am. Chem. Soc., 2013,
135, 16553–16560.

38 A. B. Biernesser, K. R. Delle Chiaie, J. B. Curley and
J. A. Byers, Angew. Chem., Int. Ed., 2016, 55, 5251–5254.

39 A. M. Doerr, J. M. Burroughs, S. R. Gitter, X. Yang,
A. J. Boydston and B. K. Long, ACS Catal., 2020, 10, 14457–
14515.

40 M. Qi, Q. Dong, D. Wang and J. A. Byers, J. Am. Chem. Soc.,
2018, 140, 5686–5690.

41 K. R. D. Chiaie, L. M. Yablon, A. B. Biernesser,
G. R. Michalowski, A. W. Sudyn and J. A. Byers, Polym.
Chem., 2016, 7, 4675–4681.

42 J. Lahann and R. Langer, Macromol. Rapid Commun., 2001,
22, 968–971.
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