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Abstract

All-inorganic heterobinculear units can be excited to a metal-to-metal charge transfer (MMCT)
state by visible and ultraviolet light, and form the core of multicomponent artificial photosystems
that rely on conjugated molecular wires to transmit electrons and holes across ultrathin silica
separation membranes to catalytic sites. To understand electron transfer from a heterobinuclear
unit to an organic molecule, model systems consisting of pyridine interacting with Zr'™VOCo" or
Ti"™OCo" sites on silica nanoparticles were assembled and spectroscopically characterized.
Transient optical absorption spectroscopy combined with infrared analysis revealed that visible
light excitation of assemblies in which pyridine interacts with the Zr center of the ZrOCo unit
results in sub-10 nanosecond separation by electron transfer to the organic moiety. Rapid-scan
FT-IR spectroscopy supported by density functional theory confirmed the identity of the pyridine
radical anion charge-separated state. This state shows a lifetime of 220 (£60) ms prior to
complete recovery of the initial state, suggesting spin crossover along the electron transfer path.
No hole transfer from excited Zr'VOCo" = Zr"OCo™ to pyridine is observed. The rectifying
charge transfer behavior is an important design aspect for developing efficient artificial

photosystems.



1. Introduction
Artificial photosystems offer the potential for providing clean, scalable, renewable energy by
transforming atmospheric sources of carbon dioxide and water into energy-dense chemical fuels.'
Our design for a hybrid molecular/solid-state system uses robust all-inorganic heterobinuclear
units composed of two dissimilar metal centers from opposite sides of the transition block: early
metals like zirconium, paired with late metals like cobalt, and bridged by an oxo moiety.>?
Absorption of visible light creates an excited metal-to-metal charge transfer (MMCT) state
between the centers.*’ In the case of ZrOCo anchored on a silica surface, the Co donor center is
oxidized from Co" to Co™ while the Zr acceptor is reduced from Zr" to Zr'™. Coupling of the Zr
and Co centers to nanoparticulate CO, reduction and H,O oxidation catalysts, respectively,

1014 including the closing of the photosynthetic

affords corresponding catalytic transformations
cycle of converting CO, and H,O to CO and O,." Understanding charge separation and electron
transfer is crucial to the development of an artificial photosystems for sunlight-to-fuel
conversion." Yet, kinetics and mechanism of electron transfer from Zr to an acceptor have not
been investigated by time-resolved spectroscopy.

Nitrogen-containing conjugated heterocycles are frequently employed as probes to
understand the properties of surfaces and reduction/oxidation chemical processes.'®*!” To
investigate electron transfer from the binuclear unit to an organic acceptor, we selected pyridine
because its redox properties permit electron transfer from transient Zr'™ of excited ZrOCo units,

while hole transfer from transient Co™

to pyridine is energetically inaccessible.'®!* Hence, the
redox energetics of ZrOCo light absorber interacting with pyridine allows us to explore MMCT-

induced electron transfer to an acceptor molecule by transient spectroscopy (Figure 1). Previous

time-resolved optical absorption studies characterized the dynamics of an isolated binuclear light



absorber, Ti"VOMn",>*!” and revealed a long-lived excited MMCT state (microseconds at room
temperature) due to a spin state change at the d' metal center upon visible light absorption.?
Here, we report combined time-resolved UV-visible and FT-IR measurements to
characterize the electron transfer from zirconium(IlI) to pyridine. Using the anchoring method
established in earlier work, we have assembled ZrOCo or TiOCo binuclear units on 12 nm sized
silica nanoparticles. The spectral profile of the optical ground state bleach and infrared
characterization revealed that assemblies of ZrOCo and pyridine in which the organic interacts
with the Zr acceptor center produce a long-lived pyridine radical anion species. We show that the
electron transfer to the pyridine occurs on the sub-10 ns timescale, with the charge-separated
state persisting for hundreds of milliseconds at room temperature before undergoing back
electron transfer to ground state, most likely influenced by spin crossover at the transient

tetrahedral cobalt(III) center.

2. Experimental Section

2.1. Materials. Compounds were purchased from Sigma-Aldrich and used as received unless
otherwise noted. Solvents in Sureseal bottles were opened under inert nitrogen atmosphere for
the addition of activated molecular sieves (3 A for acetonitrile, 4 A for dichloromethane) and
dried for a minimum of 72 hours before use.

2.2 Synthesis. Syntheses of mononuclear Ti, Zr, and Co, and TiOCo and ZrOCo heterobinuclear
sites on 12 nm silica nanoparticles were adapted from our previous publications.*'>'* Metal ions

were loaded at ca. 1 mol% to prevent oxide cluster formation.



Ti-SiO;np and Zr-SiOynp (1.0 mol%). Preparation of each compound followed an identical
protocol, differing only by the addition of titanocene dichloride or zirconocene dichloride.
Briefly, 1.78 g (29.6 mmol) of silica nanopowder (12 nm average diameter) was dried at 200°C
for 2 hours under high vacuum then dispersed in 100 mL dichloromethane with 30 minutes of
sonication. Zirconocene (86.6 mg, 0.296 mmol) was also dried under high vacuum and added to
the silica suspension in four 10 mL aliquots of dichloromethane. The suspension was sonicated
for 10 minutes to fully mix before adding 1.0 mL of triethylamine. The reaction mixture was
stirred at 1500 rpm for 17 hours. The particles were collected via vacuum filtration and washed
with 100 mL of dichloromethane and transferred to a shallow crucible for calcination, ramping at
5 °C/min to 550 °C and holding for 8 hours.

TiOCo-SiO,np and ZrOCo-SiO;np (1.0 mol% Zr, 0.9 mol% Co). Ti-SiO,np or Zr-SiO,np powder
was dehydrated in a high vacuum flask at 200°C for three hours, then 100 mL of dry acetonitrile
was added to 1.52 g (25.3 mmol) of powder and the flask was sonicated for 30 minutes.
Anhydrous CoCl, (Fluka) was further dried at 180°C for two hours, then added to the
nanopowder flask via dissolution in six 8 mL aliquots of acetonitrile. The solution was stirred at
1500 rpm and 1.0 mL of triethylamine was added. After 16 hours, the solution was filtered and
vacuum dried, then ground in an agate mortar and pestle. The particles were calcined using a
2°C/min ramp rate, followed by holding at 350°C for 8 hours. The resulting ZrOCo-SiO,nps and
TiOCo-SiO,nps were stored in vials.

Co-SiO;np (1.0 mol%). Synthesis of cobalt monometallic particles was performed using an
identical protocol to the heterobinuclear particles, but beginning from unmodified silica

nanopowder.



Pyridine dosing. Powder samples were loaded with pyridine through two protocols. For gas
loading, pyridine was degassed by three freeze-thaw cycles at a vacuum line. The resulting

pyridine was added to sample pellets in doses of 1 Torr, followed by evacuation to remove

loosely bound molecules.

All other samples for the spectroscopic experiments reported here were prepared using a
solution-phase loading technique in which 150 mg of nanopowder were suspended in 30 mL of
isopropanol or methanol with 15 minutes of sonication, followed by the addition of 7.0 mL of
2.0 mM pyridine in isopropanol or methanol solution. The mixture was further sonicated for 30
minutes to ensure maximum dispersion, then rotovapped to dryness, ground with mortar and
pestle, and further dried for 3 hours under vacuum. The dry powders with pyridine, Zr-pyr, Ti-
pyr, ZrOCo-pyr, TiOCo-pyr, and Co-pyr, were stored in vials.

2.3. Sample Preparation. Nanopowder samples were pressed into self-supporting pellets with
18 mg of material under 10 tons of force in a 12.7 mm die. Samples for FT-IR and UV-vis
transmission spectroscopy were placed in a home-built miniature stainless steel vacuum cell
equipped with CaF, or KBr windows and evacuated for 2 hours.?! Pellets for transient absorption
spectroscopy were hung from a narrow piece of lab tape at a 45° angle to the perpendicular
excitation and probe beam paths in a custom-made quartz cuvette with O-ring vacuum adapter
and evacuated for 2 hours. When appropriate, sub-atmospheric pressures of gases were added to
either the stainless steel or quartz cells. For XPS studies, pellets were attached to the sample
stage with carbon sticky dots and evacuated in the instrument transfer chamber for 4 hours prior
to measurements. For FT-Raman, nanopowder was packed into a small depression in an

aluminum stub.



2.4. Instrumentation. Samples were characterized using UV-visible, infrared, and X-ray
photoelectron spectroscopies. UV-visible spectra of pellets were recorded using a Shimadzu UV-
2450 spectrometer. Infrared spectra were measured using a Bruker Vector 33 spectrometer with a
liquid-nitrogen-cooled HgCdTe (MCT) detector. Raman spectra were measured using a Bruker
IFS66V spectrometer with FRA 106/S FT-Raman module equipped with a 1064 nm Nd:YAG
excitation source running at 150 mW and a liquid-nitrogen-cooled Ge detector. X-ray
photoelectron spectroscopy was performed using a Kratos Axis Ultra with an aluminum K,
source at 1486.6 eV. Data collection and analysis were performed using CasaXPS software.
Transient absorption spectroscopy (TAS) utilized an Edinburgh Instruments L.P920
spectrometer with a pulsed Xe probe lamp. Excitation pulses were provided by a Continuum
Surelite IT Nd:YAG laser with a Surelite OPO Plus optical parametric oscillator. A low-pass
filter in the excitation line was used to remove residual 355 nm light after the OPO. Pulses were
9+1 ns in duration with a 1 Hz repetition rate and energy of 15 mJ/pulse, focused to a spot size
on the pellet with a diameter of ca. 5 mm. Monochromator and PMT detector were run in two
configurations, depending on type of measurement: For detailed kinetics data, the
monochromator slits were opened to produce 10 nm spectral resolution and the detector was set
to fast response/high bandwidth. Probing at the short wavelength side of the excitation
wavelength avoided background signals caused by sample fluorescence. A high-pass optical filter
in front of the monochromator entrance slit removed all light at wavelengths longer than 400 nm,
protecting the detector from scattered excitation pulse signal. At these settings, data were
obtained by averaging 600 sequences of three shots: pump on, pump off, and probe off. The latter

removed the small amount of scattered excitation source background, resulting in higher



sensitivity at short times. For spectral maps, the monochromator slits were narrowed to produce
5 nm of spectral resolution and the detector was set to slow response/low bandwidth mode, and
the high pass filter was removed. At these settings, data were the result of averaging 64 pulse
sequences at each probe wavelength.

Rapid-scan FT-IR (RS-FT-IR) spectroscopy was performed using a Bruker model Vertex
80V instrument equipped with a liquid-nitrogen-cooled MCT detector (Kolmar Technologies
KMPV8-1-J2 with an 8 pm bandgap). For photolysis, an Excelsior 405C-200-CDRH 200 mW
continuous-wave laser source emitting at 405 nm was used. A quartz prism was used to align the
excitation laser beam in a collinear geometry with the infrared probe beam and a long focal
length lens allowed expansion of the beam to 12 mm diameter in order to fully cover the pellet.
Sample pellets were placed in the infrared vacuum cell with an additional 10 mg SBA-15
mesoporous silica pellet behind them to ensure complete scattering of the visible laser light for
protection of the infrared detector element. Light pulses were generated by intercepting the laser
beam with a mechanical shutter with variable opening times (Vincent Associates model Uniblitz
controlled by a BNC pulse generator model 565). For precise synchronization of excitation pulse
and spectra data acquisition, opening of the shutter was triggered by the forward motion of the
FT-IR interferometer mirror. The measurement protocol consisted of recording an interferogram
during a 120 ms excitation pulse followed by nine interferograms of 120 ms duration during the
subsequent dark period. Data were the average of 200 such sequences. The spectral resolution
was 4 cm’™
2.5. Data Analysis and Computational Modeling. Data averaging, fitting, and plotting were

performed using scripts written in python 3.5.2 through the Enthrough Canopy IDE (v.2.1.9)



with the Imfit package (v.0.9.2.9) for non-linear least squares fitting.?> Density functional theory
(DFT) geometric optimization and frequency calculations for neutral and radical pyridine species
were performed using Q-Chem 4.3 running on an IBM System x3850 high-performance
computer.”*?” The density functionals B3LYP, BP86, and wB97X-D were used with 6-31G*, 6-
31++G**, and aug-cc-pVDZ basis sets.”®** Due to the well-known shortcomings of DFT in
computing electron transfer processes (electrons tend to be overly delocalized) and electronic
transitions (time-dependent DFT is necessary to find transition probabilities), modeling complete

binuclear units with organics on silica surfaces is beyond the scope of this work.*"*

3. Results
3.1 Spectroscopic Characterization
X-ray photoelectron spectroscopy was used to quantify the concentration of anchored
heterobinuclear units, as summarized in Table S1. Relative sensitivity factors were applied to
convert integrated peak areas into relative elemental abundances.* Typical metal/Si atom ratios
were 1% for the early metal (Ti or Zr) and 0.4-0.8% for cobalt, which in previous work was
found to result in samples free of undesired polynuclear clusters featuring more than two metal
centers. The slight excess of Ti or Zr ensured that a minimum of isolated Co centers were
formed.* XPS measurements in the presence of pyridine were not feasible because of the
considerable vapor pressure (4.8 Torr at 273 K).

UV-visible absorption spectra of ZrOCo and TiOCo anchored on SiO,np, and those of
the corresponding monometallic samples are in good agreement with results of previous work

(Figure 2).*'*'* In the earlier studies, these binuclear units were anchored in the channels of
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mesoporous silica MCM-41 or SBA-15, which are highly visible-light-scattering materials that
require optical spectroscopy in diffuse reflectance mode. By contrast, pressed wafers of silica
nanoparticles scatter much less in the visible region and are suitable for conducting
measurements in transmission mode; residual light scattering can be removed by computer
subtraction. Monometallic Ti and Zr do not possess any optical absorption in the visible up to
330 nm where the onset of the O-Ti LMCT transition of tetrahedral Ti"¥ occurs.* For Co
containing samples shown in Figure 2 traces (a), (b), and (c), the three spin orbit peaks near 515,
590, and 650 nm of tetrahedral Co" d-d ligand field transition are seen. Absorption by the
continuous MMCT transition of TiOCo (trace (a)) and ZrOCo (trace (b)) samples overlaps with
the Co" d-d band and continues to increase towards the UV region.*'*'* The absence of
polynuclear clusters beyond ZrOCo or TiOCo units, i.e. Co oxide, titanate or zirconia clusters,
was confirmed by FT-Raman spectroscopy in the 800-200 cm™ region where such clusters
feature sharp intense bands (Figure S1).'%* As shown in the inset of Figure 2, adding pyridine
results in minor shifts of the peaks of the Co d-d transition as a result of interaction of Co with
pyridine. The latter is more distinctly manifested in the infrared spectrum, discussed next.
Pyridine does not possess optical absorption at wavelengths longer than 300 nm; the lowest
energy transition has a peak at 256 nm.*

FT-IR spectra at frequencies above the intense asymmetric Si-O stretch absorption of
silica that blocks observation between 1300 and 1000 cm™ reveal distinct bands of adsorbed
pyridine for the various metal functionalized surfaces, as shown in Figure 3 and summarized in
Table S2. Adsorption of pyridine was conducted either from the gas phase or by solution
loading, in the latter case using methanol or isopropanol as solvent. Because gas phase loading

resulted in spectra featuring molecules interacting with metal centers as well as residual non-
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interacting pyridine on the silica surface even after prolonged evacuation (Figure S2) while
solution loading gave exclusively metal bound pyridine, only results obtained by solution
loading using methanol are presented here. Among the infrared bands of pyridine adsorbed on
metal-free silica nanoparticles (Figure 3a) with peaks at 1379, 1390, 1448, 1460, 1470, 1491,
1547, 1600, 1632, 1638 cm™, the bands below 1600 cm™, which are mainly C-H deformation
modes, exhibit very small shifts of 1 to max. 3 cm™ for monometallic Ti-SiO,np (Figure 3b) and
Zr-SiO,np (trace ¢). By contrast, the 1600 cm™ v(CC,CN) stretch mode shifts to higher
frequencies by 9 cm™ for both the Ti and the Zr sample. Similarly significant shifts are observed
for the ring stretch modes at 1632 and 1638 cm™, which increase for Ti to 1640 and 1654 cm’!,
and to 1640 and 1660 cm™ in the case of Zr. Hence, the ring stretch bands in the 1600-1700 cm™
window indicate interaction of pyridine with the group IVB metal center; accompanying
intensity changes compared to pyridine adsorbed on metal-free silica are minor. By contrast,
both absolute and relative infrared band intensities of pyridine adsorbed onto monometallic Co-
SiO,np under identical loading conditions differ substantially from those of Ti and Zr-SiO,np.
Specifically, Co-SiO,np bands shown in Figure 3d at 1451, 1611, and 1655 cm™ are 3 to 5 times
more intense than the corresponding peaks of pyridine adsorbed on Ti or Zr-Si0O, nanoparticles,
which implies significantly stronger interaction of pyridine with Co than with a group IVB metal
center. Notable differences between pyridine on Co-SiO,np compared with Zr-SiO,np are a peak
intensity ratio of 1451/1491 cm™ of 7:1 for Co-SiO,np compared to approximately 1:1 for
1448/1491 cm™ in the case of Zr, and a fairly intense 1470 cm™ band of Zr-SiO,np that is barely
visible in the case of the Co sample. Furthermore, the overtone mode at 1655 cm™ for the Co
sample shifts to 1660 cm™ for Zr-SiO,np. Another difference is a small band at 1548 cm™ in the

Zr-Si0,np sample, also present in plain SiO, and Ti-SiO,, that is either absent or barely visible in
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Co-SiO,np and the binuclear samples. This absorption is most likely due to pyridinium formed
by residual Broensted acid sites in plain silica * or in the presence of Zr or Ti, but practically
absent in Co containing SiO, samples.

Infrared spectra of heterobinuclear TiOCo and ZrOCo silica nanoparticles shown in
Figure 3e and 3f, respectively, represent in good approximation a superposition of the spectra of
the corresponding monometallic samples. The remarkably close agreement of the observed
ZrOCo-SiO,np spectrum (Figure 3f) with the computed superposition of the Zr (trace (¢)) and Co
(trace (d)) spectra (no scaling) is shown in Figure 4. This result strongly suggests that the
distribution of pyridine upon adsorption onto ZrOCo groups reflects the relative strength of
interaction with each type of metal. There is no indication in the spectra for the presence of
significant amounts of pyridine molecules that do not interact with one of the metal centers. We
conclude that, based on infrared intensities, approx. 20% of pyridine molecules interact with Zr

or Ti and 80% with Co.

3.2 Transient Optical Absorption Spectroscopy

Wafers of ZrOCo-SiO,np loaded with pyridine (infrared spectrum shown in Figure 3f) were
excited into the broad ZrOCo MMCT absorption with 9 ns laser pulses at wavelengths starting at
the high energy end of the Co" d-d band at 500 nm and tuning towards shorter blue wavelengths.
The lowest excitation energy at which transient signals appeared was 425 nm, with the result
shown in Figure 5. A transient peak appears at 375 nm accompanied by a bleach at 412 nm. The
shape indicates strongly overlapping decreasing ground state and increasing excited state
absorption bands that exhibit almost no decay on the hundreds of ps time scale. As will be

described below, accompanying FT-IR experiments revealed a lifetime of 220 ms. At the same
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time, a decrease of the characteristic Co" d-d ground state absorption between 500 and 650 nm is
noted (inset of Figure 5).>’** When exciting ZrOCo SiO,np wafers without adsorbed pyridine at
the same wavelength, no transient absorption features are detected on the tens of us and longer
time scale (Figure S3a). These observations indicate that pyridine directly participates in a
photophysical process initiated by Zr'VOCo" = Zr™OCo™ excitation. By contrast, no signal was
detected for pyridine-loaded TiOCo SiO,np (Figure S3c). Hence, the less reducing Ti acceptor
(compared to Zr) of excited TIOCo MMCT units is not sufficiently energetic to initiate the
process. As expected, no transient was encountered for pyridine loaded onto monometallic Co-
SiO,np samples (Figure S3b), pellets with pyridine on bare silica, or on monometallic Ti- or Zr-
grafted silica.

Spectral deconvolution of the overlapping bands using peak fitting revealed a bleach
centered at 408 nm with FWHM of 55 nm, which is strongly overlapped by growth of a similarly
broad band centered at 403 nm (FWHM of 65 nm), as shown in Figure S4. The bands were
described by pseudo-Voigt profile (approximating the convolution of Lorentzian homogeneous
broadening and Gaussian inhomogeneous broadening, with the latter dominating). It is important
to note that the strong overlap of the decreasing and increasing bands means that the positive and
negative peak intensities are highly correlated, resulting in substantial uncertainty regarding band
intensities. However, the effect on the center frequencies of the peaks for fits with large variation
of band intensity is negligible.

Interestingly, no transient signal was observed upon excitation at modestly longer
excitation wavelength of 437 nm, as evident from Figure S3d. This observation is consistent with
the shape of the bleach of the ground state absorption (Figure S4) according to which 437 nm

light excites just the tail end of the transition. We conclude that the ground state absorption
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initiating the observed photochemical process is substantially narrower than the ZrOCo MMCT
absorption.

The temporal behavior of the transient absorption maximum at 375 nm and bleach at 400
nm of pyridine loaded ZrOCo SiO,np is shown in Figure 6, trace (a) and (c), respectively. The
rise time T = 9+1 ns is limited by the 9 ns laser pulse width, as expected for a MMCT initiated
process featuring optical electron transfer from Co" donor. Also shown in Figure 6 trace (b) is
the behavior of absorbance at 375 nm for the pyridine loaded TiOCo sample, which merely
represents the residual electrostriction effect caused by light absorption by the MMCT
chromophore (see Sect. 2) as described in previous work.°

To examine the possible role of quenching by gaseous oxygen, ZrOCo-SiO,np wafers
were exposed to varying pressures of O, up to 800 Torr during transient optical measurements.

No effect on the transient signal shown in Figure 5 was noted.

3.3 Rapid-Scan FT-IR Spectroscopy

The very small decay of the transient optical signal even over hundreds of microseconds
indicates that the lifetime of the state generated by excitation with a 425 nm laser pulse extends
to the time scale of milliseconds and possibly beyond. Hence, monitoring of the photo-induced
process by rapid-scan FT-IR spectroscopy to obtain structural information of the transients
involved may be explored. For time-resolved FT-IR experiments, loading of pyridine at 0.5 mol
% (relative to Si) was found most practical, which is approximately two times higher than for the
samples described in Figure 5. The corresponding infrared spectrum of pyridine loaded ZrOCo-

SiO,np wafers is presented in Figure 7a.
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Figure 7b shows rapid-scan spectra in the 1700-1300 cm™ region with the initial time
slice recorded during the 120 ms laser excitation pulse (405 nm, close to the maximum of the
ground state bleach), and the following 8 slices during the subsequent dark period measured 60,
180, 300, 420, 540, 660, 780, 900 ms (midpoints) after termination of the excitation pulse (the
last slice at 1080 ms was used for background subtraction). As can be seen in Figure 7b, the
observed transient bands disappeared completely prior to arrival of the next laser excitation
pulse, which allowed us to average the result of 200 light on/off cycles for signal-to-noise
improvement.

A cursory inspection of the time resolved FT-IR spectra, Figure 7b, reveals bleaching of
all pyridine absorptions and growth of sharp (positive) bands, some partially overlapped by
decreasing pyridine modes. DFT calculations were employed to guide identification of the
transient generated; gas-phase structures of pyridine using the wB97X-D density functional
produced accurate matches to pyridine and related transient species. As shown for the complete
set of pyridine vibrations presented in Table S8, five normal modes are expected to fall in the
1700-1300 cm™ region (modes number 18-22). According to calculated frequencies of gas-phase
pyridine radical anion and cation species presented in Table 1, all radical anion and the majority
of the cation frequencies of this spectral region show red shifts relative to the corresponding
mode of pyridine. Frequency shifts to lower values are expected for radical ions due to increased
occupancy of antibonding or reduced occupancy of bonding orbitals. Clearly, the agreement
between observed product bands and computed anion frequencies is substantially closer than for
the modes calculated for the cation species. Specifically, the product peak of the v,, mode at
1445 cm™ overlaps with the bleach of v, of pyridine at 1440 cm™, thereby diminishing its

apparent intensity. The product peak for v,; (1484 cm™) is red shifted by 170 cm™ with respect to
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the bleach for pyridine v,; mode at 1653 cm™. The agreement of DFT calculated frequencies with
those observed for pyridine and pyridine radical anion is close for all modes except v, for which
the discrepancy is tens of cm™ for both species. Overall, the match between the pattern of the
DFT calculated frequencies for the anion and those of the growing bands is satisfactory.
Therefore, we identify the transient species as pyridine radical anion. No transient infrared bands
other than those assigned to pyridine radical anion were observed. Furthermore, spectra recorded
after photochemical runs did not indicate accumulation of any products, which is consistent with
a reversible photophysical process (Figure S6).

Analogous rapid-scan FT-IR experiments with pyridine-loaded TiOCo-SiO,np samples
did not reveal any transient signals above the noise level, as shown in Figure 7¢ (the small band
around 1625 cm™ is due to the presence of residual H,0).

For quantifying the kinetics of back electron transfer of the pyridine radical anion,
integrated intensities of the 1630 cm™ product band were used together with those of the 1653
and 1667 cm™ pyridine absorptions. As shown in Figure 8, agreement within uncertainties was
found for the single exponential decay of the radical anion species, 220 + 60 ms, and the

recovery of pyridine, 280 + 60 ms.

4. Discussion

The combined observations of transient optical and infrared spectroscopy reveal photo-induced
electron transfer from the ZrOCo unit to pyridine adsorbed on the silica nanoparticle surface.
The transient bleach of the Co"d-d band (Figure 5 inset) directly manifests the role of Co" as

electron donor, and the absence of the electron transfer to pyridine upon excitation of TiOCo
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units confirms that the MMCT chromophore of ZrOCo is responsible for the light triggered
process. Regarding the latter observation, while the MMCT absorption of TiOCo" is stronger
than that of ZrOCo" at any visible wavelength, transient Ti"™ falls short by at least 0.5 eV of the
reduction potential needed for electron transfer to pyridine.

The 403 nm maximum of the transient absorption is in agreement with literature reports
according to which the 7t-7t" transition of pyridine radical anion between 300 and 400 nm is
shifted towards the long wavelength end of this range when interacting with electron rich, large
metal centers such as Zr.** Furthermore, the ratio of 20:1 for the observed peak intensity of the
403 nm growth and the 500-650 nm bleach (Figure 5) agrees reasonably well with reported
extinction coefficients of pyridine radical anion of 2000 L mol™” cm™ and overlapping tetrahedral
Co" d-d (200 L mol*! cm™) and Co™ d-d (50 L mol' cm™).*”** A conceivable alternative charge

transfer process, namely hole transfer from transient Co™

to pyridine, is ruled out by the
observed simultaneous growth of the 403 nm intermediate and the bleach of Co". The absence of
hole transfer to pyridine is to be expected because pyridine is known to be exceptionally resistant
to one-electron oxidation.* Further evidence that pyridine radical cation is not formed is
provided by the infrared results. Gas phase pyridine radical cations dissociate readily to HCN
and 1,3-butadiene cation radical,”** which would readily be visible by FT-IR monitoring; no
characteristic infrared band of a cyano group is detected. Furthermore, the infrared spectrum of
the transient does not agree with the pyridine radical cation modes calculated by DFT (Table 1).
We conclude that, based on time resolved optical and infrared spectroscopic evidence, visible

light induces pyr—Zr"V—O-Co" = pyr—Zr"V-O-Co"™ electron transfer between the MMCT unit

and adsorbed pyridine.
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Two striking findings are the much narrower than expected spectral width of the ground
state MMCT bleach in the visible spectrum, and a very slow pyr—Zr"V—0O-Co™ - pyr-Zr"V-O-
Co"back electron transfer. Comparison of the hundreds of nm wide Zr™VOCo" = Zr"OCo™
MMCT absorption across most of the visible spectrum shown in Figure 2 (also in previous
publications)'*"* with the tens of nm wide 408 nm ground state bleach of Figure 5 (Figure S4)
indicates that only excitation of a subset of ZrOCo units results in long lived pyr—Zr"V—O-Co™
states. We propose that the subset of sites leading to long lived charge separation between
ZrOCo and pyridine consists of the ones for which pyridine interacts with the Zr center of the
binuclear unit, identified by FT-IR spectroscopy in Figure 3. The general acid-base interaction of
the Zr center with adjacent pyridine may involve some degree of electron donation to the metal.
Even modest electron delocalization in the ground state would result in direct photoexcitation of
a pyr—Zr""-O-Co™ MMCT state with partial pyr—Zr""—O-Co™ electronic character, opening an
efficient path to full charge separation. The broad MMCT absorption at wavelengths outside the
408 nm band originates from ZrOCo units interacting with pyridine at the Co end, as well as
ZrOCo sites that lack a pyridine nearest neighbor. No charge (hole) transfer can occur in the
former case because pyridine radical cation is not energetically accessible. Hence, for these sites,
the only accessible process is Zr''-O-Co™ = Zr""-0-Co" back electron transfer. We conclude
that weak electronic coupling of the Zr acceptor center of the binuclear light absorber with
pyridine enables electron transfer from the excited MMCT state to pyridine, outcompeting back-
electron transfer within the ZrOCo unit.

The origin of the unexpected long lifetime of the charge-separated pyr—Zr""—O-Co™
state is most likely crossing to a spin forbidden state.***> Our earlier study of TiOMn centers

explored spin crossover in binuclear units; we proposed that the transient d' metal center was the
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most likely site of the spin crossover because it is the conserved feature of a variety of different
metal combinations with long-lifetime MMCT states.” In ZrOCo-pyr, there is no obvious barrier
that would require the electron to remain at the zirconium center to undergo spin crossover
before reducing the pyridine; as the spin-orbit coupling of cobalt is higher than pyridine, spin
crossover at cobalt is considered more likely.>*” Cobalt is known to undergo spin crossover on

4362 including in

the ultrafast timescale in a variety of oxidation states, geometries, and phases,
our previous works with organometallic systems.®** In particular, this phenomenon has been
characterized in great detail in photo-induced magnetization due to metal-to-metal charge

'is commonly found in an

transfer states in Prussian blue analogs.’®%® As in those analogs, Co
octahedral configuration,” taking on a tetrahedral geometry when required by ligand steric
constraints, as in the tungsten oxide matrices discussed earlier,* or with ligands like benzene
dithiolates.”®”" Tetrahedral cobalt centers are most frequently high-spin, and but display a low-
spin ground state with strong-field norbornyl or phosphanido ligands.”*”* Based on this
information, we propose that the long lifetime of the pyr—Zr"V—O-Co™ state is the result of spin
crossover from the original optically formed quartet state to a doublet state. Our tetrahedral Co™
forms in the high-spin state (S = 1) alongside Zr'™ (S = 1/2). The latter electron is transferred to

i

pyridine and Co™ undergoes spin crossover to S = 0. The hundred-millisecond lifetime of this
state is long for molecular systems but consistent with solid-state cases where spin-state trapping
can be indefinite (Figure 1).9

This explanation of the relationship between cobalt(Il), zirconium(IV), and pyridine is
consistent with experimental descriptions of molecular charge transfer polyads.™ In cases where

the bridging moiety only provides structural connections, the excitation directly from donor to

acceptor is detectable and the system is functionally a dyad.”’® In cases where coupling between
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donor and both bridge and acceptor are strong, excitations to both states are detectable.”” In cases
where the bridge represents an accessible state and direct coupling between donor and acceptor is
weak, the evidence of transfer was enhancement in transient signal from the acceptor species
(e.g. fluorescence or transient absorption).”® Spectra suggest that our system functions most
closely according to this latter type, Co=>Zr—=>pyr. FT-IR spectra reveal two types of ZrOCo sites,
namely those with pyridine interacting with the Co center and sites that feature pyridine
interacting with the Zr center. Transient optical spectra indicate that only the latter sites undergo
electron transfer to pyridine. The donor Co center does not interact directly with the acceptor
pyridine. Rather, the Zr-pyridine Lewis acid/base ground state interaction provides weak
electronic coupling that, upon excitation of the Zr'"'OCo™ MMCT state, results in efficient
transfer of an electron to pyridine. The charge-separated pyr—Zr"V—O-Co™ state so formed gains
its hundred-millisecond lifetime by virtue of the effects of spin crossover and the triad-type

structure of the pyridine/binuclear assembly.

5. Conclusions

Visible-light-induced electron transfer from excited ZrOCo light absorber to pyridine adsorbed
on silica nanoparticle surfaces has been monitored by time-resolved optical and FT-IR
spectroscopy. Transfer occurs within the 9 ns instrument response time. Transient pyridine
radical anion was identified by optical absorption centered at 403 nm and observation of several
infrared ring stretch and CH deformation modes in the 1700-1300 cm™ region whose spectral
assignment is supported by DFT calculations. Charge transfer from the MMCT unit to pyridine

is manifested by transient depletion of the Co donor d-d absorption. The optical MMCT bleach
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of ZrOCo units participating in photo-induced electron transfer to pyridine is substantially
narrower than the hundreds of nanometer wide ZrOCo absorption. This finding suggests that a
subset of binuclear units engaged in acid-base interaction of the Zr center of ZrOCo units with
pyridine, identified by a distinct infrared spectroscopic signature, results in long lived charge
separation. The slow back electron transfer of 250 ms at room temperature suggests spin

I center.

crossover of the charge-separated state at the tetrahedral Co
The discovery of specific interactions of a binuclear MMCT light absorber with
heteroaromatic molecules that give rise to visible light induced electron transfer resulting in
extremely long lived charge separation provides guidance for designing efficient electron transfer
pathways for integrated artificial photosystems. In particular, the finding will guide designs of
electronic coupling of heterobinuclear light absorbers to organic wire molecules embedded in

ultrathin silica separation membranes, which play a critical role in nanoscale photosynthetic units

for CO, reduction by H,O.*!

Supporting Information
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coordinates and normal modes of DFT-calculated structures of pyridine (PDF).
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frequencies (6-31++G**/ wB97X-D; see Table S8 for full set).

Table 1. Comparison of measured IR frequencies with gas-phase DFT-calculated harmonic

Pyridine® Transient Species
Anion Cation
Vib Mode Observed Calculated Observed Calculated Calculated (cm-
Number (cm?) (cm™) (cm?) (cm™?) 1)

18 1378 1367 1354 1347 1318

19 1440 1489 1410 1379 1454

20 1500 1514 1445 1443 1497

21 1653 1657 1484 1497 1554

22 1667 1661 1630 1636 1655
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Figure 1: ZrOCo and TiOCo binuclear units absorb light to form excited MMCT states. Excited
ZrOCo is capable of reducing the adjacent pyridine moiety; the system subsequently undergoes
intersystem crossing to a long-lived, charge-separated state. Excited TiOCo does not have

sufficient potential for electron transfer to pyridine.
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Figure 2: UV-visible spectra of heterobinuclear light absorbers on 12 nm silica nanoparticles
pressed into pellet measured in transmission mode. (a) TiOCo, (b) ZrOCo, and (c) Co. Light
scattering contribution by silica was subtracted, and intensities are normalized to pellet size of 20
mg. Inset shows (d) ZrOCo sample after loading with pyridine, compared with the same sample

before adding pyridine (b). The small dip at 307 nm present in all spectra is an instrument

artifact.
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Figure 3: FT-IR spectra of pyridine loaded by solution-phase method onto (a) silica
nanoparticles; (b) titanium monometallic material; (c) zirconium monometallic material; (d)
cobalt monometallic material; (e) TiOCo material; (f) ZrOCo material. Note the lower intensity
of spectra a, b, and ¢ due to weaker adsorption of pyridine without cobalt present. Background
peaks associated with the bending mode of surface-adsorbed water at 1643 cm™ and the silica

overtone mode at 1865 cm™ were subtracted from all samples.
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Figure 4: FT-IR spectra of (a) the sum of Zr-pyr and Co-pyr added without scaling compared

with (b) ZrOCo-pyr material.
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Figure 5: Transient absorption spectra of ZrOCo-pyr material following excitation at 425 nm
recorded with detector in slow-response mode. Inset shows time-average bleach of d-d transition
using Savitzky-Golay smoothing filter (7-point/linear). From darkest to lightest, time slices

correspond to spectra at 40, 44, 52, 60, 72, 84, 112, 192, 272, and 352 ps.
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Figure 6: Transient absorption kinetics data for ZrOCo-pyr and TiOCo-pyr materials. The Zr-Co
sample was measured at (a) the center of the product peak (375 nm) and (c) the nearest
accessible shoulder of the bleach (400 nm, which was determined by the optical high-pass filter
required for avoiding detection of scatter laser excitation light). The excited state appears within
the lifetime of the laser pulse (9+1 ns) and persists into the hundreds of ms range (Figure 8). By
comparison, the TiOCo-pyr sample (b) shows only the electrostriction response in the 350-400
nm regions. Trace (c) shows a modest apparent recovery caused a slight narrowing of the product
peak in the overlapped pair (observed because the probe wavelength is slightly off the peak of

the bleach).
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Figure 7: FT-IR spectrum ZrOCo-pyr with 0.5 mol% loading (a) and rapid-scan FT-IR spectra
of ZrOCo-pyr (b) and TiOCo-pyr (c). Significant product peak formation and bleaching,
consistent with the formation of pyridine radical anion, occur only for ZrOCo-pyr. From darkest
to lightest, time slices correspond to 0, 60, 180, 300, 420, 540, 660, 780, and 900 ms. All peaks
return to baseline within 1 ms. Shifts in the silica and water background due to refractive index
changes from slight heating due to the 120 ms excitation were subtracted from each spectrum:
the dominant silica baseline shift was removed by subtracting a third-order polynomial fit over
the region from 1330 to 1770 cm™, while the less significant water-associated baseline shift was
the only feature remaining in the RS-FT-IR spectra of Co-pyr (Figure S5). This feature was
modeled with two Gaussian profiles, and subtracted from spectra of ZrOCo-pyr and TiOCo-pyr,

leaving only changes associated with pyridine.
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Figure 8: Rapid-scan FT-IR kinetics data with single-exponential fit curves for integrated

product absorptions (a) and recovery of bleaches (b) for ZrOCo-pyr. The lifetime of (a) is 220 +

60 ms and of (b) is 280 + 60 ms.
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