Downloaded via UNIV OF NOTRE DAME on August 28, 2024 at 13:17:24 (UTC). See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Communication

Mixed-Metal Alloying in Hybrid Bronzes
Anton F. Walte, Raul Torres-Cadena, W. Lakna N. Dayaratne, and Adam Jaffe*

Cite This: J. Am. Chem. Soc. 2024, 146, 23699-23703

I:I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

Q Supporting Information

ABSTRACT: We show that substitutional alloying during the aqueous self-assembly of layered organic-templated metal oxides
produces single-phase mixed-metal hybrids. Single-crystal X-ray diffraction, bulk elemental analyses, and vibrational and electronic
spectroscopies corroborate a solid solution of Mo and W atoms at lattice sites within the two-dimensional metal oxide layers. Mild
postsynthetic reduction then introduces relatively delocalized electrons to afford mixed-metal hybrid bronzes. To our knowledge,
this represents the first demonstration of mixed-metal alloying in a hybrid metal oxide and a rare example of solid-solution formation
at low temperature. We show this approach yields mixed-metal congeners with optical band gaps over 130 meV smaller than those of
single-metal analogs, while achieving activation energies (E,) of conduction as low as 78.4(2) meV. Further, metal substitution
appears to tune collective electronic phenomena by suppressing the non-Arrhenius behavior observed for Mo-based hybrids. This
work considerably expands the nascent hybrid bronze platform to help address energy-related challenges and fundamental solid-state

physical questions.

We recently described hybrid bronzes as mixed-valence
organic—inorganic materials featuring alternating two-
dimensional layers of (a) metal oxides with tunable electronic
structures that support appreciable concentrations of charge
carriers and (b) arrays of organic species that introduce
molecular functionality and structure-directing behavior."
Hybrid bronzes are air- and water-stable and are readily
synthesized under mild aqueous conditions, in contrast to
many of their inorganic metal-oxide bronze parent materials of
the form AMO, (A = cation; M = Mo, W, V; «, y depend on
metal valence) that are formed at high temperature and/or are
difficult to tune synthetically.” The inorganic compounds’
moniker “bronze” originates from their reflectivity resulting
from a high concentration of quasi-free electrons. The
combination of these mobile charge carriers along with tunable
electronic structures in inorganic metal-oxide bronzes has
motivated their decades-long study related to energy-storage,’
optoelectronics,” catalysis,” and solid-state physical phenom-
ena such as superconductivity,’ spin-glass behavior,” and
charge-density wave states.” By integrating mixed-valence 2D
metal oxide layers with ordered arrays of potentially redox-,
photo-, or chemically active small molecules, hybrid bronzes
place (opto)electronically active and conductive metal-oxide
bronze sheets in proximity to molecular species that provide
greater chemical diversity and tunability but which would not
otherwise normally support long-range charge transport.

In our previous work, after drawing inspiration from
reported hybrid oxides,” we developed the hybrid bronze
platform by targeting: (a) synthetic reduction level control'®
and (b) molecular templation to control the inorganic
connectivity, thereby modulating electronic structure.'’
Another untapped strategy for control of electronic properties
such as band gap, conductivity, and redox activity is
compositional alloying—i.e., atomic substitution at lattice
sites—a method exercised to great effect for inorganic metal
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oxides," recently in halide perovskites,'"' and naturally in
bronze, the namesake copper—tin alloy itself. In this work, we
demonstrate alloyed mixed-metal hybrid bronzes based on
molybdenum and tungsten (Figure 1) by employing single-
crystal and powder X-ray diffraction, Raman spectroscopy, and
bulk elemental analyses. Diffuse reflectance spectroscopy and
charge transport measurements show that this substitution—
which alters the orbital composition of the materials’ electronic
bands—leads to observable changes in the optical and
electronic behavior of mixed-metal systems relative to their
single-metal congeners. We therefore demonstrate this
approach’s potential for tuning key (opto)electronic properties
of hybrid bronzes, such as light absorption and charge
transport.

Combining (NH,)¢Mo;0,,-4H,0 and (NH,)sH,W ;0,4
xH,0 in a nominal equimolar Mo:W ratio, together with 4,4'-
bipyridine (4,4'-bipy), pyrazine (pyz), or 4H-1,2,4-triazole
(4H-trz) under hydrothermal conditions ca. 150—170 °C for 3
days, afforded crystals suitable for X-ray structure
determination of (4,4'-bipy).sMog20Wo 5003,
(PYZ)0.5Ho.1M00‘24W0.7603; and (4H-trz)sMog;Wo 3,03, re-
spectively (Figure 1). Single-metal structural models featuring
solely molybdenum or tungsten centers did not account for the
observed electron density at the metal sites, producing
nonphysical/improbable site occupancies such as 1.75 for
Mo or 0.88 for W in the 4,4'-bipy-templated case (see
Supporting Information for discussion). Instead, models
featuring fully occupied metal sites with a freely refined
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Figure 1. X-ray structures of (A) (4,4’-bipy)ysMog20Wi5003 (B) (pyz)o.sHo1M0g24W47605, and (C) (4H-trz)sMog 3 Wy 3,05 Gray, blue, red,
and teal spheres are C, N, O, and mixed W/Mo sites, respectively. Polyhedra illustrate connectivity. H atoms and disorder are omitted for clarity.
Insets: isolated metal sites showing Mo:W ratios via light blue and green sectors, respectively.
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Figure 2. (A) Powder X-ray diffraction patterns of mixed-metal hybrid oxides templated by 4,4-bipy, pyz, and 4H-trz. Patterns simulated from
single-crystal structures are shown for reference. (B) X-ray fluorescence spectra showing the presence of both Mo and W. Asterisks indicate
background peaks. (C) Raman spectrum of (4,4'-bipy),sMogsWo7403 shown in comparison to the single-metal W and Mo analogs."*

Mo:W ratio and no evidence of preferential ordering—a solid and mild method we previously reported that only requires
solution—yielded excellent fits to the data. Intriguingly, while stirring precursors in water for 24 h at 80 °C (Figures S2—
the 4,4'-bipy- and pyz-templated structures gave Mo:W ratios $3).1
of approximately 1:4 and 1:3, respectively, the 4H-trz- We collected Raman spectra on powder samples to probe
templated analog yielded a higher Mo content with a ratio how alloying perturbs metal—oxygen vibrational modes
closer to 2:1. This divergent behavior alludes to the (Figures 2C, S4—S5)."" Considering the 4,4'-bipy-templated
importance of molecular templation effects in dictating the case as an example (Figure 2C), features between
final structure, including metal content. We note that the pyz- 600—750 cm™" are attributable to bridging (u,) oxo modes
templated material formed black crystals that, when coupled while those ca. 900—950 cm™" are assigned to terminal (u;)
with the electronic and optical characterization described M=0 oxos. We note that modes between 600—750 cm™ are
below, indicates the reaction conditions were sufficiently split in the Mo-only case but not for W analogs. This divergent
reducing to produce the mixed-valence hybrid bronze instead bonding behavior is corroborated by M—u,-O bond distance
of the oxidized form. Hence, we include charge-balancing analysis (Table S2): MoOsN octahedra are distorted, featuring
protons in the formula above, though oxygen vacancies are also two shorter and two longer M—u,-O bonds while WOsN
possible. octahedra are more regular (more similar bridging metal—
To confirm bulk homogeneity, we measured powder X-ray oxygen bond lengths). In the spectrum of (4,4'-
diffraction (PXRD) patterns of ground material from hydro- bipy)o.sM0g26Wi7403, the py-oxo mode at 692 cm™ and the
thermal syntheses. These room-temperature data match pi-oxo mode at 927 cm™! are at intermediate values between
simulated patterns from our single-crystal X-ray structures those observed for the single-metal hybrids and they show no
collected at 120 K, aside from peak shifts attributable to splitting, implying both a single-phase and more regular
differing measurement temperatures (Figure 2A). Inductively octahedra.
coupled plasma—optical emission spectrometry (ICP-OES) We acquired UV—visible diffuse reflectance spectra to

analysis yielded Mo:W ratios of 26:74, 28:72, and 65:3S for the explore the (opto)electronic effects of mixed-metal substitu-
4,4'-bipy-, pyz-, and 4H-trz-templated materials (Table S1), tion in hybrid oxides (Figure 3). In comparison to the single-

respectively, in agreement with the single-crystal X-ray metal materials, the mixed-metal hybrids (4,4’-bi-
structures. X-ray fluorescence analysis (Figures 2B, S1; Table PY)0sMog14Wo 603 and (4H-trz)ysMog ssWo 3405 display
S1) confirms similar values. Unless otherwise stated, we use absorption edges red-shifted by ca. 130 meV (Figures S6—
Mo:W ratios determined by ICP-OES in compound formulas, S7). These edges are assigned to transitions from nonbonding
owing to this method’s accuracy. Importantly, using (4,4'- O 2p-derived valence bands to antibonding metal d-derived
bipy)osMog4,WossO; as a representative example, we were conduction bands.”®'* Since the pyz-templated hybrid is
also able to isolate microcrystalline material without the use of reduced during synthesis, we did not acquire a spectrum for its
cumbersome hydrothermal pressure vessels through the rapid oxidized form. However, an absorption peak centered at ca.
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Figure 3. Diffuse reflectance spectra for mixed-metal hybrid oxides and their hybrid bronzes, templated by (A) 4,4'-bipy, (B) pyz, and (C) 4H-trz,
respectively, and shown in comparison to single-metal congeners. Spectra are normalized to the high-energy feature ca. 4.5 eV. Asterisks denote

BaSO, background peaks.

2.97 eV is observed in (pyz)osHo3Mog26Wo7403—approx-
imately 130 meV lower than the analogous feature in
(pyz)osWO;. Overall, these data suggest that mixed-metal
alloying appreciably diminishes the optical band gap within this
family of hybrid metal oxides. Similar band gap narrowing has
been observed in inorganic mixed Mo/W oxide hydrates."

To understand the anomalously diminished mixed-metal
material band gaps (Table S3), we consider the unexpectedly
similar single-metal analogs’ gaps defined by their conduction
band minimum (CBM) and valence band maximum (VBM)—
dictated both by band position (in energy) and dispersion.
Though it is challenging to deconvolute contributing factors,
they may include: (1) Mo 4d states are lower-energy than W
5d,"* comparatively lowering the Mo conduction band position
and CBM. In parallel, (2) molybdenum is more electro-
negative,15 lowering this materials’ VBM by stabilizing oxygen
orbitals comprising the valence band. Additionally, (3) metal—
oxygen lattice distortion may alter oxygen orbital overlap for
the Bloch waves defining the valence band dispersion, raising/
lowering the VBM depending on distortion type. Multiple
interplaying effects can thus yield similar single-metal band
gaps. Now, in mixed-metal materials, lower-energy Mo 4d
states in the conduction band should stabilize the CBM
relative to W-only materials, while lower average metal
electronegativity should elevate O 2p states at the VBM,
raising it relative to Mo-only materials. Intermediate lattice
distortion compared to single-metal cases may also yield
intermediate valence band dispersion and further adjust the
VBM. Ultimately, alloying can therefore yield smaller band
gaps than single-metal materials (additional discussion in
Supporting Information). Future electronic structure studies
will continue elucidating this behavior.

To produce hybrid bronzes from the alloyed Mo—W hybrid
oxides, we controlled their mixed-valency through mild
postsynthetic reduction with sodium dithionite. X-ray photo-
electron spectroscopy (XPS) analysis (Figures S8—S11)
indicates preferential Mo reduction, likely attributable to the
higher Mo®/%* reduction potential (0.36 V vs SHE')
compared to W®*/5* (0.13 V vs SHE'®). We assign the
resulting hybrid bronze formulas as (L), sH,MO; (M = mixed-
Mo/W site) with x = 0.4, 0.3, and 0.5 for L = 4,4"-bipy, pyz,
and 4H-trz, respectively, since proton insertion is the likely
mechanism of charge-balance (see Supporting Information).
This mechanism and proton behavior within hybrid bronzes
will be explored in future work.

Diffuse reflectance spectra corroborate reduction of mixed-
metal samples and the corresponding introduction of more
mobile electrons. New, strong absorption features whose
intensities increase with decreasing energy are observed across
the visible and near-infrared spectrum from ca. 3—0.7 eV
(Figure 3). This behavior is attributable to charge carrier
population of the conduction band. Like the single-metal
cases,’ no peak is observed that would indicate either
plasmonic resonance,"” strongly localized intervalence charge
transfer (IVCT),"® or strongly localized polarons."” For
IVCT," Hush predicted a peak at four times the activation
barrier energy (E,’) for symmetrical one-electron transfer.
Strongly localized polarons—charge carriers self-localized
through electron—lattice coupling—would also require optical
excitation in the visible or near-infrared to surmount a
relatively large E.” for hopping to neighboring undistorted
sites. The absence of a peak is consistent with less strongly
localized IVCT/polaronic hopping processes with small E,’.

We turned to variable temperature conductivity (o)
measurements to understand the effect of mixed-metal alloying
on charge transport (Figures 4, S12). These data are well-
modeled by either Arrhenius-type In(o) vs 1/T linear fits or
polaronic-type In(6T) vs 1/T linear fits. Thus, discerning
contributions from lattice vibration coupling is challenging.
This mixed-metal behavior is similar to the linear Arrhenius/
polaronic trends we previously observed for the tungsten-based
hybrid bronzes, in contrast to significant nonlinearity for the
molybdenum-based materials that may indicate charge-density
wave-like contributions.'**” Increased regularity of the M—O
bonds in mixed-metal hybrids, higher W content and more
dispersed bands, and/or metal-site disorder may explain this
behavior. Linear fits to the Arrhenius model yield low E, values
of 78.4(2) and 93.7(3) meV for the 4,4'-bipy- and pyz-based
mixed-metal materials, respectively, indicating facile transport.
These values are similar to (4,4"-bipy)osHo,WO; (52(3)
meV), (4,4'-bipy)osHo47M0O; (ca. 139 meV), and
(pyz)osHo44M0O5 (ca. 92 meV) from our prior work.'* The
mixed-metal congeners exhibit lower room-temperature
conductivity values (ca. 107°~107° S/cm, Table S4) than the
single-metal analogs (ca. 107°—107 S/cm). This may result
from lower carrier mobility, e.g., from scattering induced by
metal-site disorder, or from lower effective carrier concen-
tration if some electrons introduced during reduction remain
localized. We note that grain boundary resistance likely leads
to underestimated conductivities.

23701 https://doi.org/10.1021/jacs.4c08960
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Figure 4. Variable-temperature four-point conductivity measurements
on a pellet of (4,4"-bipy),sHosMogy1sWo5s05 plotted as In(o) vs
1000/T (linearized Arrhenius equation) with a fitted activation
energy above 173 K. Inset: data according to the polaronic model.

Herein, we have shown that the (opto)electronic behavior of
mixed-valence organic—inorganic metal oxides called hybrid
bronzes can be tuned through mild mixed-metal alloying to
yield solid solutions of Mo and W at metal lattice sites with no
evidence of ordering. To our knowledge, this is the first
demonstration of mixed-metal alloying in hybrid oxides and a
rare example of solid solution formation under mild
conditions. Postsynthetic chemical reduction produces
mixed-metal hybrid bronzes by introducing quasi-delocalized
charge carriers. In our approach, we have demonstrated
reduction of the hybrids" band gaps by ca. 130 meV and
alteration of their variable-temperature conductivity behavior
that connotes modulation of collective electronic phenomena,
while maintaining facile transport (low hopping barriers).
Mixed-metal alloying therefore holds promise for simultaneous
control of electronic structure and charge transport in hybrid
bronzes, thereby expanding the potential reach of the hybrid
bronze platform for addressing crucial energy-related chal-
lenges and demonstrating important solid-state phenomena.
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