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ABSTRACT: Immobilizing molecular catalysts on surfaces introduces spatial control of catalysis and promises improved stability
and recyclability of the catalyst. The interplays between the support and the immobilized molecular species, however, remain
underexplored. Using Ni as a prototypical support, here we report a study on how the electronic interactions between the support
and the molecular catalyst impacts the reactivity. This work was built upon our previous successes in switching the reactivity of iron
bis(iminopyridine) alkoxide complexes through redox toggling, where the anchored iron(I1I) complex polymerizes lactide, and its
cationic iron(III) counterpart polymerizes epoxides. It was found that Ni as a metal support could readily oxidize the complex to
exhibit catalytic activity toward epoxide polymerization. The charge transfer between Ni and the Fe complex could be modulated by
either electrochemical reduction or adding a layer of TiO,. The results are expected to have major implications for research efforts

aimed at converging homogeneous and heterogeneous catalysis.
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B INTRODUCTION

Growing research attention has recently been attracted to
catalysis using immobilized molecular catalysts on solid-state
supports.'* The main purported benefit of such an approach
is to capitalize on the advantages of both homogeneous and
heterogeneous catalysts. For the former, superior performance
in terms of chemo-, regio-, and stereoselectivity is expected
thanks to the advancement of molecular science; for the latter,
improved recyclability and durability are key advantages to be
expected. Indeed, exciting progress has already been made in
the fields of dye-sensitized solar cells,” solar fuel synthesis,” and
electrocatalysis,° among others. While early research has
mostly treated the support as chemically inert, a growing
body of work has pointed to the fact that the interactions
between the catalytic moiety and the support may exert a
profound influence on the overall reactivity.”® Consider recent
work by Surendranath et al. as an example. It was
demonstrated that proton-coupled electron transfer could be
promoted by rhenium catalysts conjugated to graphite
electrodes under electrocatalytic conditions.”'’ Similarly,
Baik et al. have reported that the electron donating and
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withdrawing properties of the support may be tuned by varying
the applied potentials, thereby controlling the reactivity of an
anchored substrate for Suzuki-Miyaura cross-coupling.'" It has
become clear that the supporting substrate could be treated as
a ligand, which, through the application of external potentials,
impacts the reactivity of the active site through electronic and
steric effects. How the catalytic activity of an immobilized
molecular catalyst is altered by the inherent electronic
properties of the supporting substrate remains underex-
plored."” This is in stark contrast to the large body of
literature on similar studies concerning the so-called metal—
support interactions (MSI) that play important roles in metal-
cluster-based heterogeneous catalysts.'>'® The work reported
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Figure 2. (A) Scheme of the Fe Anchoring Strategy. (B) Photo of TiO,/Ni, showcasing the photonic effect due to the varying TiO, thicknesses.
(C) SEM Image of Fe@TiO,/Ni-631. The image was false colored to highlight the Ni (green blue) and the TiO, shell (gray). Image taken at a
cracking point due cutting the sample during preparation, where the Ni was exposed for viewing convenience.

here is conceived to fill this knowledge gap. It was discovered
that there is a strong electronic interaction between the
supporting substrate and a prototypical Fe-based molecular
catalyst. The effect only became obvious when Ni was used as
a support, and it can be readily tuned by separating the
molecular moiety from the Ni support through changing the
thickness of an oxide interlayer.

Here we chose iron bis(iminopyridine) complexes as a
prototypical molecular catalyst for the present study. Our
previous research has revealed that the catalyst exhibits
switchability toward the polymerization of lactide or epoxide:
in its reduced form, the catalyst is active for lactide
polymerization but inactive for epoxide polymerization; in its
oxidized form, an opposite reactivity is observed.'”'® The
orthogonal reactivity and the ability to readily switch between
the two states make this catalyst an excellent candidate for
reactions such as the synthesis of sequence-controlled
polymers from mixed monomers. Importantly, it has been
shown by our previous work that the switch of the reactivity
may be achieved with chemical reductants/oxidants'® or
through electrochemistry,'” in homogeneous forms or as
immobilized catalysts,”’ highlighting the versatility and
reliability of this system. Nevertheless, for immobilization our
previous work has only used oxides (TiO,) as a support. As a
semiconductor, TiO, features a gap in its energy states, within
which the redox potential of the Fe complex resides. As such,
minimum charge transfer is expected between the support and

18536

the catalytic moiety in the absence of externally applied
potentials (or light). While such a property is desired from a
stability perspective, it would be interesting to ask what
happens if a different support were employed, such as one
featuring continuous density of states like a metal. It is within
this context that we carried out the current study. Our primary
goal was to investigate the electronic interactions between the
supporting substrate and the catalytic moiety. For this purpose,
we employed Ni foam as a support to take advantage of its
good conductivity, high surface area, and the fact that it
features a continuous density of states with a workfunction
more positive than the redox potential of the Fe complex. It
was observed that electron transfer readily took place from the
Fe complex to the Ni support, resulting in oxidation of the
complex as evidenced by its exclusive reactivity toward epoxide
polymerization. When separated from the support by a TiO,
layer, the oxidation of the Fe complex was less pronounced,
and the resulting immobilized catalysts showed decreasing
reactivity toward epoxide polymerization with increasing TiO,
thickness, which is accompanied by an increasing degree of
reactivity toward lactide polymerization depending on the
thickness of TiO,.

B RESULTS AND DISCUSSION

To study the effect of the support on anchored redox-active
catalysts, iron bis(iminopyridine) complexes were tethered to
Ni foams with TiO, coating (TiO,/Ni, Figure 1). TiO,/Ni
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foams of varying TiO, thickness (0—631 nm) were prepared
using atomic layer deposition (ALD) and treated with ozone
under ultraviolet (UV) light to increase the surface hydroxyl
content, which was found to facilitate the immobilization of
the Fe complexes. Uniform deposition of TiO, onto porous
substrates using ALD has previously been demonstrated.”’ The
TiO, thickness was measured by ellipsometry on a control
substrate that was made of planar Si and was placed side-by-
side with the Ni foam during the ALD process. For TiO,
coatings >500 nm, the thickness was measured using scanning
electron microscopy (SEM). Our initial studies focused on
iron(II) bis(iminopyridine) complexes, which were anchored
through a protonolysis reaction to produce Fe@TiO,/Ni-X,
where X denotes the thickness of the TiO, coating (Figure 2).
The photonic effects of the varying TiO, thickness were
apparent from the vibrant colors of the substrate, as shown in
Figure 2B, further supporting the successes in preparing
substrates with uniform TiO, coatings of varying thicknesses.
No decomposition of the Fe complex was detected after
anchoring, as determined by the absence of ligand in the
supernatant after washing. When anchored on nanoparticulate
TiO, that is white in color, the reduced form of the complex
appears purple, and the oxidized form would be green. Due to
the vibrant colors of the TiO,/Ni supports, however, it was
difficult to directly observe and compare the color changes
expected from the presence of the Fe complex. The Fe loading
was determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) to be 0.0034 + 0.0018 wt
% Fe.

Our previous work has confirmed using Mossbauer spec-
troscopy that Fe primarily exhibits a 2% formal charge in the
reduced form, whereas its oxidation state is formally 3* in the
oxidized form. In this work, we employed X-ray photoelectron
spectroscopy (XPS) to probe the oxidation state of Fe on
TiO,/Ni foams with varying TiO, thicknesses. This character-
ization was enabled by a vacuum sample transfer module that
prevented air exposure of the samples to be transferred. As
such, the XPS spectra reports on the chemical states of Fe in its
innate forms. The spectra between 50 and 60 eV were
collected and analyzed which correspond to the binding
energies of Fe 3p electrons.”” To establish a baseline for this
set of characterizations, we first examined the molecular iron
bis(iminopyridine) alkoxide complexes in its dry form by XPS
(Figure S11).

Peak deconvolution revealed that only Fe* species were
present, consistent with our previous Mossbauer character-
izations. By comparison, only Fe** species were detected when
Fe complexes were anchored onto the NiO layer of uncoated
Ni foam, as shown in Figure S1. The same was true for Ni
supports with <100 nm TiO, coating (Figure 3). For samples
with >100 nm TiO, coating, a mixture of Fe** and Fe®* species
was observed, as shown in several prototypical spectra in
Figure 3. For ease of comparisons and to highlight the
differences, selected spectra of Fe@TiO,/Ni-36, Fe@TiO,/Ni-
217, Fe@TiO,/Ni-392, and Fe@TiO,/Ni-631 are plotted in
Figure 3, and the peaks were deconvoluted into those of Fe’"
and Fe* as follows. The peak attributed to Fe®* centers at ca.
55.1 eV, and that to Fe®" centers at ca. 53.6 €V. In all cases
where TiO, was grown by ALD, no Ni was detected by XPS,
supporting successful and complete TiO, coverage. Once the
thickness of the ALD TiO, coating reached 631 nm, the
percentage of Fe*" increased to 28%. Due to the nature of slow
growth by ALD, we did not attempt to further increase TiO,
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Figure 3. XPS spectra reporting the binding energies of Fe 3p
electrons. From bottom to top: Fe@TiO,/Ni-36, Fe@TiO,/Ni-217,
Fe@TiO,/Ni-392, and Fe@TiO,/Ni-631. Peak deconvolution was
carried out to highlight contributions by two key species, Fe** (light
purple) and Fe®* (light green). The peak corresponding to the Fe®*
state of the catalyst increases as the thickness of ALD grown TiO,.

thickness by ALD. Rather, a sol—gel method was employed to
prepare thicker (5—7 pm) TiO, on Ni foam. This thick TiO,
coating is expected to block any electronic effects by the Ni
support on the Fe complexes. Indeed, the highest Fe** content
(89%) was measured on this sample (Figure 4). For
comparison purposes, a similar Fe** content (82%) was
measured on Fe@TiO,—NPs. This value is in good agreement
with our previously reported Mdssbauer data.”” We hypothe-
size that the presence of a small but persistent portion of Fe*
(up to 20%) in the iron bis(iminopyridine) complexes in its
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Figure 4. Fe** content measured on Ni foam with varying TiO,
thicknesses, including no TiO,, ALD grown (label on x-axis denotes
thickness in nm), Sol—Gel prepared and TiO, NP. Error bars were
calculated by calculating the standard deviation of all the samples with
that thickness (3 measurements per sample).
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Figure 5. Effect of TiO, thickness on TOF for CHO and L-LA polymerizations on Fe@TiO,/Ni foams prepared via ALD. (A) Scheme of
polymerization reactions using CHO or L-LA monomers. (B) Comparison of Fe reactivity for CHO polymerizations at different TiO, thicknesses
(C) Comparison of Fe reactivity for L-LA polymerizations at different TiO, thicknesses.

anchored forms on TiO, is a result of direct electron transfer
from the complex to the valence band of TiO,. Such a transfer
may be regarded as recombination between electrons from the
Fe complex and holes in TiO,. Because holes in TiO, are a
minority carrier, their concentrations are low in the dark. As
such, oxidation is limited. Supporting this hypothesis was the
observation that exposure to light led to a greater degree of
oxidation of the complexes, which accelerated its degradation.
To fully resolve the reasons behind this effect, namely a
persistent presence of a small portion of oxidized complexes,
would likely require additional research that is beyond the
scope of the current work.

With the complexes successfully anchored and characterized,
our next task was to determine whether the support effects
altered the reactivity of the anchored iron catalysts. For this
task, the Fe@TiO,/Ni foams were employed as polymerization
catalysts, with the reactions monitored by consumption of the
monomer compared to an internal standard (1,3,5-trimethox-
ybenzene, TMB) using proton nuclear magnetic resonance ('H
NMR) (Table S1 and Figure S). Turnover frequency (TOF)
was calculated using the amount of active Fe catalyst as
determined from ICP-OES and XPS. We first ensured that the
Ni supports themselves were not active for polymerization; we
observed no conversion of monomer for either cyclohexene
oxide (CHO) or r-lactide (L-LA) when no Fe was present.

We expected that foams with thinner TiO, coatings would
be capable of epoxide polymerization due to the greater
proportion of Fe®* present. When Fe@TiO,/Ni-36 was
exposed to a solution containing CHO, polymerization
proceeded, although slowly compared to Fe**@TiO, nano-
particles presumably due to the lower Fe loading of the former.

When Fe@TiO,/Ni-631 was used as the catalyst, epoxide
polymerization was still observed at comparable rates, which
was consistent with our XPS results that Fe** still accounted
for 72% of all Fe content on this support. Epoxide
polymerization is not turned off until high concentration of
Fe?! is achieved, as observed on the Ni foam with sol—gel TiO,
coating (89% Fe’) and Fe**@TiO, nanoparticle (81% Fe®*)
supports.

In contrast, when L-LA polymerization was attempted using
Fe@TiO,/Ni-36, no polymerization occurred. This result was
expected, as XPS characterizations showed no Fe** on the
support. The highest conversion of L-LA on ALD-coated Ni
foams was achieved with Fe@TiO,/Ni-631 (Figure S; see
Supporting Information for tabulated data). These results were
in line with the expectations based on XPS results. Foams with
less than 15% Fe** content were unable to catalyze L-LA
polymerization. When Fe®" constituted a significant, albeit still
minor, proportion of the Fe present, L-LA polymerization was
switched on. We anticipate that this trend would hold for even
thicker TiO, layers; nevertheless, thicker TiO, coatings were
not synthesized systematically by ALD beyond 631 nm due to
the inefficiencies of synthesis by ALD for thick films.
Additionally, attempts to isolate the polymer from the surface
were unsuccessful due to the small amount of polymer formed.

Next, we turned our attention to studying the reduction of
the Fe®* catalyst to verify its switchability. Chemical reduction
through the addition of cobaltocene was explored on Fe@
TiO,/Ni-36. The reactions were setup similarly to those
discussed previously, except with a large excess of cobaltocene
(5 umol) present. L-LA conversion reached 23%, demonstrat-
ing that when the Fe complex was reduced, its reactivity
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toward PLA polymerization was preserved. The result strongly
supports that the molecular identity of the catalyst was
preserved; furthermore, the catalyst exhibited switchability. We
note that the reaction rate is too slow for practical
polymerization application, and there should be significant
room for further improvement in terms of conversions and the
reaction rates. For instance, the loading of catalyst could be
further increased to accelerate the reactions. Nevertheless, the
results served as encouraging proof of concept, and they
support the switchability of the Fe complex was intact in the
anchored form. Most importantly, the results highlight the
oxidation of the Fe complex by the Ni support, which could be
reversed by the application of a reductant.

B CONCLUSIONS

In summary, we explored the support effects of heterogeneous
molecular catalysis and demonstrated that strong electronic
interactions between the support and the molecular moiety
could have a profound impact on the reactivity of the catalytic
center. That Ni as a metal support readily oxidized the Fe
complex was a surprise with no similar reports in the literature,
to the best of our knowledge. It was shown that this electronic
interaction could be tuned by controlling the thickness of an
insulating layer, the TiO, coating. It was further found that the
thinner the TiO, layer on the nickel foams, the more oxidation
the iron bis(iminopyridine) complex underwent. As the TiO,
layers on the foams increased, less oxidation occurred, and
more Fe® was present. Encouragingly, the chemical nature of
the catalyst appeared unchanged, so was its ability to switch
reactivity in response to the changes in oxidation states. The
electronic communication between the molecular catalyst and
its support highlights the importance of matching the inherent
electronic properties of the support when used as a ligand for
an anchored molecular catalyst. The ability to tune the
reactivity of the catalytic center through controlling the
electronic properties of the support, either through electro-
chemical, chemical, photo, or even magnetic means open new
doors to control catalysis.

B METHODS
Preparation of TiO,-Coated Ni Foams Using ALD.

Nickel foam was cut into 1 X 3 cm? rectangles and cleaned by
sequential sonication in water, acetone, and isopropyl alcohol,
then dried with compressed air. The foams were then coated
by ALD (Cambridge NanoTech Savannah 100) through
iterative exposure of titanium(IV) isopropoxide and water.
ALD was cycled between 500 and 20,000 cycles to achieve
various thicknesses. The deposition temperature for ALD was
275 °C and pulsed consisted of 0.01s pulse of H,O, 10s purge,
0.1s pulse titanium(IV) isopropoxide, 7s purge, and repeated
for X number of cycles. After ALD, a 30 min UV ozone
treatment of the foams was used to increase surface hydroxyl
content. Ellipsometry (Woolam WVASE) was performed on a
silica wafer included in each batch of foams to determine the
approximate thickness of the TiO, layer on the Ni. SEM
images further corroborated the presence and thickness of the
TiO, layer (Figure S17)

Preparation of Titania-Coated Nickel Foams through
Sol-Gel Method. Nickel foam was cut into 1 X 3 cm?
rectangles, cleaned by sequential sonication in water, acetone,
and isopropyl alcohol, then dried with compressed air. In a 20
mL vial, titanium(IV) isopropoxide (1 mL) and ethanol (4

mL) were mixed. The Ni foams were then submerged in the
solution for 2 h. After 2 h, the resultant TiO,/Ni foams were
dried in vacuo overnight, then rinsed with ethanol. A 30 min
ultraviolet (UV) ozone treatment was performed on the TiO,/
Ni foams upon drying.

Anchoring of Iron Complexes onto Titania-Coated
Nickel Foams. TiO,/Ni foams were dried under reduced
pressure at 100 °C, then brought into an N,-filled glovebox.
The TiO,/Ni foams were soaked in a solution of bis(imino)-
pyridine iron bisalkyl complex (150 mg, 0.24 mmol) in diethyl
ether (12 mL) for 16 h. The foams were rinsed with diethyl
ether (10 X S mL) until the resulting supernatant was
colorless. Ligand was not observed in the supernatant after
washing by 'H NMR (ligand presence would indicate catalyst
decomposition). Upon digestion in 1% nitric acid, ICP-OES
(Agilent 5100) showed the iron concentration on the foams
was 0.0034 + 0.0018 wt % Fe.

Analysis of Samples with X-ray Photoelectron Spec-
troscopy. A vacuum-transfer module was used to transfer
Fe@TiO,/Ni foams from the glovebox to the vacuum of the
XPS working chamber without exposure to noninert
atmosphere. XPS was performed on a Thermofisher K Alpha
XPS instrument (Al ka X-ray radiation). Data treatment for
the XPS spectra was performed in Avantage software and
multiple regions of binding energies were collected. For all
spectra, a smart baseline was fit (a common baseline used for
data analysis in Avantage). The primary analysis was between
S0 and 60 eV, a region corresponding to Fe 3p electrons. A
typical Fe 3p spectrum was fit with a Lorentzian (40%)—
Gaussian (60%) function and a full width at half-maximum
(fwhm) of 2.2 eV for Fe’* and 1.6 eV for Fe**. The peak
attributed to Fe®" centers at 55.1 + 0.1 eV while the peak
attributed to Fe" centers at 53.6 + 0.1S eV. Due to the
complex satellite features in Fe 2p spectra, that region (710—
740 eV) was collected, but not analyzed. The region
corresponding to Ni 2p (850—890 eV) was also collected for
each sample as a control, as for complete TiO, covered
samples, Ni was not present at the surface, indicating complete
coverage of the TiO, surface. Before the peak positions were
compared, a charge correction to 284.8 eV for the peak
corresponding to advantageous carbon in the C 1s spectra.

Polymerization of Cyclohexene Oxide on Fe@TiO,/Ni
Foams. In a 20 mL vial, cyclohexene oxide (125 mg, 1.3
mmol, 200 mM) and 1,3,5-trimethoxybenzene (23.7 mg, 0.14
mmol) were dissolved in dichloromethane (6.4 mL). The Fe@
TiO,/Ni foam and a stir bar were added to the vial. The
reaction was allowed to stir vigorously at room temperature for
up to 168 h. Aliquots were periodically removed from the
monomer solution for '"H NMR analysis (Varian 600 or 500
MHz Bruker Avance Neo spectrometer). Epoxide conversion
was observed with 'H NMR by comparing the relative
integration of the methine peaks of the remaining cyclohexene
oxide (g, 3.0 ppm) to the methyl peaks of the internal standard
(s, 3.8 ppm). After the reaction, the Fe@TiO,/Ni foam was
washed with dichloromethane, then digested in 1% nitric acid
for ICP-OES analysis. The TOF was calculated as follows:
(moles of monomer converted)/(moles of Fe present X
percent Fe®" from XPS data)/reaction time = TOF

Polymerization of L-Lactide on Fe@TiO,/Ni Foams. In
a 20 mL vial, r-lactide (105 mg, 0.75 mmol, 100 mM) and
1,3,5-trimethoxybenzene (13.4 mg, 0.80 mmol) were dissolved
in dichloromethane (6.9 mL). The Fe@TiO,/Ni foam and a
stir bar were added to the vial. The reaction was allowed to stir
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vigorously at room temperature for up to 168 h. For reactions
performed in the presence of a reductant, CoCp, (1 mg, S
umol) was added. Aliquots were periodically removed from the
monomer solution for '"H NMR analysis. L-lactide conversion
was observed with 'H NMR, by comparing the relative
integration of the methine peaks of the remaining L-lactide (g,
5.0 ppm) to the methyl peaks of the internal standard (s, 3.8
ppm). After the reaction, the Fe@TiO,/Ni foam was washed
with dichloromethane, then digested in 1% nitric acid for ICP-
OES analysis. The TOF was calculated as follows: (moles of
monomer converted)/(moles of Fe present X percent Fe*
from XPS data)/reaction time = TOF.
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