ABSTRACT

LUO, LAN. Synthesis of MetaDxide/Organic Hybrids: Structures, Bandgap Sizes, and
Photocatalytic Activities(Under the directioof Prof. Paul A. Maggaid

Photocatalysis researtias attracted intense current attenfimnthe development of
new sources ofenewablesnergyfrom sunlight.Mixed-metaloxidesthat comprise an early
transition metal(e.g., d° electronic configuration)with a late transition metale.g., d°
electronic configuration) @monstrate significargromise in theed-shifting of the bandgap
sizes of simpler metal oxidesto the visiblelight energy rangeand for thus enabling
visible-light driven photocatalysisHowever, the lack o& significant moleculalevel control
over their structures and bonding lisihe current sytietic abilities topreparepotentially
more efficient phobcatalyss. Metal-oxide/organic hybrids are materials containing both
extendedmetatoxide connectivityand coordinating organic ligands. Heematerialhave
alsobeen the focus of intense resémmwing to the moleculdevel manipulation of their
solid-state structures which can be used to control their physical propadidgs been

previously appliedn many other research areas.

Research effortsherein are focusd on the investigation ofmetal-oxide/organic
hybrids and theirstructures,optical bandgap sizesand photocatalytic properties The
approach to the photocatalysis research begins withytiethermalsyntheses of specific
hybrid materials that can fulfilkhe bandenergy requirenmds for visible-light absorption
through the use ahixed-metalsystemswith d® andd®or d'° andd® electron configurations
specifically in the Mn(11)/V(V) and Cu(l)/Mo(VI1) systems.Optical bandgapsizes were

measuredy UV-Vis diffuse reflectance speoscopyand surfaces areas were characterized



by BET measurement3he first measured photocatalytactivities for total water splitting
and/or hydrogen production for hybrakide/organic materialsvere measurednderboth
visible-light or ultraviolet iradiation in aqueous solution®ptical bandgap size sand
photocatalyticactivities were strongly influenced byhe coordinationenvironmens, and
oxidation states of the metal catioide results of thesavestigationded to new insights
into the photo@talytic activities of oxide/organic hybrids demonstrang the utility of

organicligands tomanipulatemetatoxide structureat the molecular level
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INTRODUCTION



CHAPTER 1

OVERVIEW

Investigations into the use afunlight for the production ofclean and renewdd
chemical fuels have drawn considerable attention in recent yeahs. global energy
consumption grows rapidly, it isritical to develop cleanrergy systems assubstitute for
fossil fuds? The Earthos fossil e n er gepewable, ardrthee s ar
combustion of fossilfuels produces carbon dioxiddat is an environmentalhharmful
greenhousayas® Alternatively, thesun irradiates the Earth witlBx10* joules of energy
every year, which is 10,000 times more than the current global energnd&ifherefore,
the development of efficient photocatalysts for the production of dggalr from water
splitting is a very promisimapproach to utiliethe vast supply of energy from then.

One of he first photocatalytiégnvestigation intohydrogen generation from water was
reported by Fujishima and Honda in 1972, when waizs reduced tbiydrogenover ann-
doped TiQ photoelectrode under ultraviolet irradiatioiince then, hundredof different
materials have been discoveredfunction asphotocatalysts for water splittirfg® 7 Many
photocatalysts possess semiconductor propevitesieinthere isavisible-light bandgap size
between the conduction band and erale bandwhich can then brackethe water redox
couples? The mechanismf photocatalytic water splitting involves te&citation of electrons
across the bandgap: When the energy of incident light is larger than or equal aodgab
of the semiconductor, valence band electrons are excited tootiduation band and

electronhole pairs are generatédf the potential of the excited electrons in the conduction



band ismore negativéhanthe redox potential of HH2 (0 V vs. NHEat pH = Q, thenwater
(or protons)canbe reduced to hydrogen at the surface of the semiconduétive potential
of vacant holes in the valence bandnisre positivehan the redox potential of2®.0 (1.23
V), thenwater can be reduced te @t its surface$ Theoretically, to drivehe water splitting
reaction, the bandgap o& singlejunction semiconductormust exeed 1.23 eV,
corresponding tphotonswith a wavelength smaller than 1008 nm in the near IR region. This
indicates~70% of all photons from solar liglsnpotentiallybe used to drive wataplitting,
though typically the smadkt bandgap semiconductohsave typicallyrequired an external
bias voltageor sacrificial reagertb assisthe reactior?: ®

Numerous solids exhibit high activities for the photocatalysis of water to generate
hydrogen and/or oxygen, includinBaTa0s'°, SITiOsY, LasTaOr? SpNb,O3 etcl#1®
However, most of them are only active under ultravibggtt irradiation.lIt is a challenge to
lower the bandgaps of semiconductors to absagneater fraction of incoming sunlight while
keepingthe conduction band above tH&H- redox couple’ Recently mixed-metalsystems
comprised ofnearly transition metgld®, e.g., T&", Nb**, V°*, or Md®*) in combination with
alatetransition metald!’, e.g. Cti, Ag"), havebeen shown to exhibit smalhndgap sizeof
~1.2 to 2.5 eV owingdo low energymetatto-metal charge transféf.!® The combination of
d%d electron configurations decreases the bandgap sizes and padidBy-filled d-orbital
that could function as electron/hole redmmation center&® Compaed to the alkali-metal
analoguesthe optical absorption edges tie d’/d'° metal oxidesoccur~05 eV to 15 eV

lower in energy® *° For examplethe bandgapizes of AgTaQ and AgNbQ wereboth~0.6



eV smaller tharthe correspondingdNaTaQ and NaNbQ.*°® Moreover, severamixedmetal
oxides exhibit visiblelight photocatalyticactivities for H. or Ozproductiorfrom wate,
including AgNbQs,*® AgVO3?* and AgVO4*L. However, while these photocatalygisssess
dense structures.€.,asbinary and ternary oxides), their syntheses are often limited by the
lack of significant moleculatevel control over their structures and bondfddhe lack ofa
greaterstructural tinability of their coordinationenvironmentsand structural connectivity
limits the currently known syhetic abilities to prepare more efficient photocagtds?

One approach to control the moleculavel structure of metadxides is to introdue
coordinatingorganic molecules into tirestructure, wheren the aganic ligand canserve in
variousstructural role$® Compoundscontaining both organic ligands and inorganic metal
oxide componestare called metabxide/organichybrids. Byselecting for specifiorganic
functional groups and coordination environngeittenables th@reparation omaterials with
tailored structureshat can be used tbetterunderstand thstructural and electronic origins
photocatalyticactivity. Organic ligands in polymeric coordination composipthy a variety
of functional rolesTheorganic ligand cabalancethe charge of the anionic oxidpecies, as
well as influence the metal oxid@mponento achieve desiredetwork architectures* In
addition, by coordinatiig to themetal sites they servas bridges betweetlhe metaloxide
clusters or layersand formingmore extended structuré$ The numerouspossibleorganic
functional groupscreates a remarkablerange of strudural diversity within metat

oxide/organic hybrid compound$.Thus, the introdudion of organic ligands intothe



structures ofmetal oxide provides a promisingapproachto understand andune the
photocatalytiqproperties of metabxides.?®

Hydrothermal synthié&c method have been utilized for th@reparatiorof a wide variety
of metal oxide/organic hybrid€3® In contrast to conventionasolid-state methods
hydrothermal synthesigrovides mild conditions with relatively low temperatuse and
autogenous pressure to increase the solubility netal oxide componentswithout
decomposition of the oagic specied® Further, hydrothermalonditionsreducethe viscosity
of waterin order tospeed the diffusionn solutionandto aid the growthof high-quality
single crystalghat can be characterizassing X-ray diffractiontechnique€® The synthes
of crystalline metabxide/organic hybrids via the hydrothermal methodis typically
performed withinthe temperature range o2@&260 °C and under autogenous pressura in
sealed Teflodined reaction vesseln these reactionghe organidigandsand metatcations
undergo aselfassembly procesof 6 b ui | d i nirngsolitibndi.e. kas clusters, chains,
layers etc).?> 3! The products of hydrothernal reactions depend onhe reaction
stachiometry, pH valugandtime and temperaturd he variedreactionconditions resultn
changes in théype andarrangemenof building blocksand can affect the overall network
dimensionality and crystal structute®? Thus, adjushent ofthe reaction conditiongrovides
a powerful method ofstructural control, aslescrited in the results hereilNew hybrid
structurescan lead to aleeperunderstanding of structugoperty relationships that can

contribute tamore advancedesigrsin future hybrid material&®



Numerows types of oxide/organic molybdates, vanadates, and phosphates have been
prepared via hydrothermand solvehermal method, demonstratingtheir usein many
different researchfields, such as in catalysis, gas absorption, electrical conductivity,
magnetismand optical absorptioft. 33 3* Some specific examples frothe Maggard group
include the previously reported ligapdlared hybrid solids AgCu(pyrazine2-
carboxylate)MO«Fs x (M =Nb, Mo, W), the lowdimensional reduced vanadates
M(bipyridine)V4O10 (M = Cu, Ag)®, and thereduced layered vanadate Za{aN2)V4010.%’
Recently some of the first photocatalyticalpctive hybridsfor the decomposition of
methylene hue based on [Ag(L)] (L = organic ligand) and [MOy]* building blockshave
been synthesized However,there have been no prior examples of hybtidg were active
under visiblelight irradiation for water reduction and/or oxidation reactith¥.

The esearch describelerein has revealednew discoveries of hybrid solidwith
photocatalytiactivitiesfor waterreduction and/or oxidatioThesanclude the hydrothermal
synthesiof newmetatoxide/organidhybridsin the (Cu* or Cu?*)/MosOz2¢/L andMrf*/VxO,™
/L systems Further, the physical properties of these hybrid camgdse were investigated,
including ther thermal stability, surface argaand magnetic and optical properties. Their
photocatalytic activitie$or water reduction and/or water splitting weneestigated andthe
results were analyzed with respect to thogitical bandgap sizes, structural features, and the

calculated electronic structures.



CHAPTER 2

EXPERIMENTAL TECHNIQUES

Hydrothermal Synthesis.Eachhybrid solid wassynthesizedia hydrothermaimethods
by adding a stoichiometriamount of the metal dans and organic ligandamdheatsealing
al |l reactants into an FEP Tthaenplaced inpideu~t25 ( 301 3
mL polytetrafluoroethylendined stainless steel autoclave which was backfilled with ~40mL
deionized water before closinghe reaction vessel was heated imachanicalconvection
oven with aprogrammabléeatingcontrol Heating procedures and reagent molar ratios are
described in each chapter.

Single crystal Xray Crystallographic Structure Determination. A single crystal
data setof each new compounavas collected on a BrukelSMART APEX-II CCD
diffractometer using graphitmonochromatized Mo®Wr adi ati on (&=0.71073
tube at 29&K. The initial unit cell determination and data reduction was performed by the
Bruker SAINT progrant® The structures were solved by direct methodSHELXS974°
The final structure refinement was performed by full matrix legsires irSHELXS-97
Hydrogen atoms were fixed in the idealized positions and riding on parephaarioxygen
atoms Details of the single crystal daad analysis are given the experimental sections of
each chapter

Powder X-ray Diffraction (PXRD). High-resolution powdelPXRD data on powder
samples of each compoundere collectedon a RIGAKU RAXxis Spider diffractometer

(graphite monochromatized @& radiation & = )Xt réorh Gefperature. The powder



diffraction pattern was scanned with a step size of 0.02° ovedtaegilar range from 4° to
100° and dwell times of 4 for each stepThe theoetical powder patterns wesmulated
andgeneratedrom theircrystallographic informatiofiles usingthe progranMERCURY !

Infrared Spectroscopy. Mid-infrared (4004000 cm?) spectra were measured on an
IR-Prestige 21 Shimadzu Foer Transform Infrared (FTIR3pectrophotometer with sample
stage and a GladiATR accessory (PIKE Technologpproximately 10mg of each solid
sample was placed onto the detector with an atteduatalreflectance (ATR) crystal plate.
Pressure was applied in the pressure clamp tip so the sample was fully in contact with the
crystal surface.

Thermogravimetric Aanalyses (TGA). A weighted amount oéach compoundavas
loaded onto a platinumap on a TA InstrumentsTGA Q50 analyzer. The gm was
equilibrated and tarred at room temperature and then hea88 to600 °C at a rate of 10
°C'mint under nitrogen flowg40 mL/min). The data was plotted as the percentage of starting
weight versus temperatuf&C).

BET Surface Area Analysis. Surface areas were measured by a Quantachrome
ChemBET Pulsar TPR/TPD. Samples were preheated t80@0C under nitrogen flow to
degas for2-3 h and then analyzed using a 30% He/N gas mixture @olddusing aDewar
filled with liquid nitrogen.

Optical Bandgap MeasurementsThe UV-Vis diffuse reflectance spectra (DRS) were
recorded on a Shimadzu W3600 U\W:Vis-NIR spectrophotometer with an integrating

sphere. Apressedbarium sulfate powder tabletwas used as the referencApproximately



50 mg of each samplevas pressed and mounted onto a fuséda holder anglacedalong

the external window of the integrating sphere. Accordingh® Kubelk&dMonk theory of
diffuse reflectance, the data were plotted as the remissiotidong(R:) =(1-Rx)?(2Rx)

versus electron volt where=Ris diffuse reflectanc& The optical bandgap size was
estimated from the onset of absorptising the formulaEg e V) = 3(2MmM)/ ,a gMsh er e
determined by the lineaising part to the Xaxis in the absorptiorfs.

Magnetic Properties Study. Temperaturalependent magnetic susceptibility
measurements dhe respective compoundgere taking by a Quantum Design MPMS XL
SQUID magnetometer under both zdéd cooled and field cooled coitidns.
Magnetization measurements were recorded in the temperature rang8e0K 4t an applied
field of 1T after calibrating and background subtraction.

X-ray Photoelectron Spectroscopy(XPS). The XPS spectra of each sample were
recordedon a Riber XP&quipped with a Mark Il Cylindrical Mirror Analyzer (CMA) using
monochromatized Mg (K= 1253 eV) radiation. A chamber base pressure of approximately
10 1° mbar was achieved under ultrahigh vacuum. The diameter of-thg Xpot was set at
1-2 mm, and the sample sizes were ~2.ciihe binding energies were internally calibrated
to the grapite C 1s peak at 284.3 eV.

Electron Paramagnetic Resonance Measurement§EPR). EPR spectra were
performedat the Xband frequency with a Bruker Elexsys E500 spectrometer at room
temperature. Each solution sample was sealed in a 25 L quartz capilldrsdidcsample

was placed into a piece of weighting paper which was then folded into a 3 mm %3 mm

o
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square. Then they were put into anBr quartz EPR tube for analysis. Details of the
spectrometer settingaregivenin the experimental sections of each ckapt

Mass Spectrometry Analysis. MALDI -TOF/TORMass Spectrometry analyses were
performedtio detect the positive ion clustarsing the AB SCIEX TOF/TOF 5800 instrument
(AB SCIEX, Foster City, CA). The instrument was equipped with a Nd:YAG laser (349 nm
wawelength, 3 ns pulse width, 1000 Hz firing rate). The instrument was calibrated in positive
linear ion mode using the Camixture (peptide mass standard kit for calibration of AB
SCIEX MALDI-TOF Instruments, P/N P214300). The spectra were acquired iosfiive
linear ion mode, with a mass range300-2000 m/z Mass spectra from 200 laser shots were
averaged to produce a composite spectrum. MS data were processed using Data Explorer
software from AB SciexElectrospray ionization mass spectrometvgs peformed on a
Thermo Fisher Scierscientific TSQ Quantum Discovery MAX Triple Quadrupole MS
instrumentequipped witha capillary electrospray (ESI) sourd® detect thenegativeion
clustersSamples were introduced into the MS via direct injecfidre spetra were acquired
in negativeion mode, with a mass range3#i0-1200 m/z

Electronic Structure Calculations. Electronic structure calculations were carried out
using the package CASTEP according to ptaage density functional theof{.The lattice
dimensions anatomic positions were obtained from the respective single crystal structures.
The Perdewi Bur kel Ernzer hof radiemtnapproxiroatica landi n

ultrasoft core potentials were utilized in the calculatittnEqually distributed #points

t

F
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within the Brillouin zone wr e aut omatically <calcul ated ba
schemé'®

Photocatalysis testing. The photocatalytic activity for hydrogen production was
measuredy suspending a weighed amount (~20mggat¢hpowdered sample (either pure
or coated with 1% platinumn an outefirradiation range quartz reactionlicevhich was
filled with 45 mL 20% aqueous methanol solution. In order to remove any trapped gases on
the particlesd surfaces, tirhtbe dank fort-Obh with s ol ut |
constant nitrogen bubbling. Then the cell wesdiated undea 1000 W high pressure Xe arc
lamp (focused through a shutter window) which was equipped with an external fan to cool
down and a infrared radiation water filter and with cutoff filters to achiethe desired
wavelength ranges. The solution was irradiateder both UV and visible lighe¢& 200 nm)
or visible light only &> 420 nm) withconstanstirring for 5-8 hours. Methanol acts ashole
scavengethat helps teseparat the photoexcited electroff®m theholesandto reducethe
revese reaction rates and enhance thél, production raté. During the photocatalysis
reaction, the methanol is oxidized irdtwlehyde including formic acid, methyl formate etc.
as confirmed by gas chromatography (HP GCD;
while water is reduced intoydrogengas’

The photoreaction cell was connected to ashhped horizontal quartz tube through an
airtight rubbertubeto collect the evolved gas By injecting a moveable water bubble into
the L shaped tube, the aomt of gas produced at a constant pressure can be determined

volumetricallyby measuringhe movement of the water bubble every 30 minutes during the
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photo testing experiments. The movement of the bubble can be converted into the micromole
of gas generatkto calculate the hydrogen eutbn rate. The collected gas was manually
injected into a gas chromatograph (SRI MG #2; thermal conductivity detector) to idastify
generated gasesd to confirm aonstant molar ratigersustime.

Thesis Organization This thesis has been organizeiseparate chaptarnsthe fornat
of papers either formerly published or ipatentially publishable formafheseare divided
into two major sections. The first sectitotuseson new Mn-V hybrids and their structures,
properties and photocatalytic activitiebhe second sectiocoversCu-Mo hybrids andnew

investigations ofheir photocatalytic properties for water splitting.
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CHAPTER 3
EFFECT OF LIGAND COORDINATION ON THE STRUCTURES
AND VISIBLE -LIGHT PHOTOCATALYSIS OF MANGANESE

VANADATE HYBRIDS

A paper published i€rystal Growth & Design
Crystal Growth & DesigrArticle ASAP
Lan Luo and Paul A. Maggard.*

Department of Chemistry, North Carolina State University, Raleigh NC 28805.

Abstract

A new nmanganeswanada¢ hybrid structure Mn(H20)(bpy)V20s (I; bpy -= 2,2
bipyridine)), has been synthesized via hydrothermal methadsd characterized by single
crystal Xray diffraction (R1/n, Z = 4,a = 6.8557(4) Ab = 10.4900(6) Ac = 19.7921(13)
A, b = 96.419(4)°), infrared spectroscopy thermogravimetric analysis, magnetic
susceptibiliy measurements and WWs diffuse reflectance. The structure is comprised of
manganese vanadat e | a yhpyrisinetlidgamds viaacooeinaign éon n e d
the Mn(ll) ions. The water molecules coordinated to the manganese sites i@vefsély
desorbedat ~190 °C with the formation of a new hybrid structureefore thenfurther
decomposing to MnXOe upon heating to300 °C. Notably, | undergoesa reversible

structuraltransformationto Mn(bpy)V4O11(bpy) (Il ) under hydrothermal conditiosr This
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structural transformation results from additional 4iggnd coordination to Y2 of the
vanadium sites. MagnetdtataindicatesMn(ll) in both| andll are high spif{S=5/2). The
optical bandgagizesof | andll weremeasuredo be~22 eV and~1.6 eV, respectivsl, and
which are calculated by DFT methods to arise fromt electronic transitions between
the valence and conduction bands. Visilét irradiation ofll in aqueous solutiongads to
photocatalytic activies for total watesplitting ata rate 0F~92 ¢ mo b/%Qdgthtand 21

e moH/20 gt ht for 11, with and without a 1 wt% Pt surface cocatalyst, respectively, but
no measureable activity for Rates for only biproduction using aqueous methanol solutions
were significantly lowerResults from kectronic structure calculations show thiag¢ thange

in ligand coordination from to Il causes the excited electrons to populate slightly lower
energybpy ligand” Z*orbitals that are coordinated to V(V), and thus this structural change

leads to a bettezxcitedstate charge separation within the hybrid structuié.of

Introduction

Investigations into the use of visiHight energies to drive photocatalytic water
splitting reactions at the surfaces of metaide semiconductors have drawn intense resea
interest in recent years, especially as a renewable route to produce hydrogen and oxygen
using sunlight: 2 Current approaches have focused on lowering the band gaps of metal
oxides to absorb a greater fraction of sunlight while also maintaining a conduction band edge
above the HH:O redox couplé. Vanadiumcontaining oxides, such ass®s, INVOsa,

BiVO4, and AgVO4 have been found with visiblgght photocatalytic activities for £and
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H. production®® The 3d orbitals of vanadium serves to lower the conduction band energies
compared to the analogous titanate, niobate, and tantalate photocat&iystser, recent
results indicate that by incorporating Mij(ions into the structures of vanadates, the
bandgap size can be decreased an additional ~0.5 to 1.0 eV, such as found in the
photocatalytic decomposition of methylene blue using visible figiitough these types of
mixed- metal oxides have shown great potential for photocatalytic applications, their
structures have a relatively limited range of flexibility for tuning the connectivity and
coordination environments of the transitimetals responsible for their optical, electronic,

and photocatalytic propertiés.

Organic/inorganic hybrids are a large and fast growing class of materials with structures
that are determined by the combination of the organic ligands together with inorganic ions,
and which typically yields higly-functionalized frameworks with potential applications in
biomediciné® gas storage’, energy storag, and photocatalysis: 12 Metaloxide/organic
hybrids constitute an of the major subfields within this area, and that exhibit structures
constructed from extended metadide components (i.e., chains, layers, etc.) that are linked
together by organic ligandsThus, while their crystalline frameworks are built up from the
extended {O-M-O-]n connectivity, theseamay or may not also contain extended metal
organic components that are analogous to those in purely-ongtadic framework$.'14In
recent years, a few metaiganic frameworks have been found to be active for water
reduction to hydrogen under irradiation with the use of sacrificial reatféhté/ithin hybrid

oxide/organic structures, Vanadate/organic hybrids have been of particular interest owing to



20

the multiple possible oxidation states (lIl, IV and V) and coordination geometries of soluble
vanadate species, and that has yielded a large structural diversitynatdity of optical
bandgap size¥. For examples, these include [{Co(1;mBenanthroline},Ve0i7],t°
[Ni(1,10-phenanthrolineV4011],}" [{Coz( 4 ;bigyddine)s (H20)}V 4012-2H.0,'® and
[{Cu(pyrazole)}»V1002¢],*° that are constructed from 1D to 3WBanadate structures.
However, relatively little has been previously explored on the optical and photocatalytic
properties of these hybrid systems. Recent efforts in the Maggard group have focused on
Mn(ll) -organic/vanadate hybrids that could have the agtipand energies and visibight
bandgap sizes to drive the water splitting reactions. Examples of in this system include
[((HenkeMn(VOz)4],° [CaN2H12[Mn(V 4012)(H20)2],* [Mn(1,10
phenanthroline)(£D)V20e],%? [enH:][Mn 3(V207)2(H20)2],2 and [Hpn][nz(C204)(V4012)].2*
However, none of these hybrids have been deeply investigated for optical properties and

photocatalytic activity.

In addition to a greater degree of structural flexibility, hybrid compounds can undergo
low-temperature structurédansformations to new phases, and which have been investigated
for their effects on physical properties such as magnetic prop&rtigss storagé®
catalysis’” and thermal stability® Structuraltransformations of oxide/organic hybrids have
typically been limited to the removal of small guest molecules (e.g. coordinated water
molecules), such as in the layered hybrids 2(fdck(H-0)][MosO1 and
M(pzc)(H20),AgReQ: (M = Co, Ni; pzc = pyrazinechoxylate)?® *° However, examples of

the ligandinduced modificationof hybrid solids are still relatively few in number. For
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example, hybrid compounds in the coppeenate system could be structurally transformed
with the removal or insertion of both bipyridine and water ligahdBaus, key physical
properties in a hybrid compound might potentially be carefully tuned usindeloyerature

structural modifications.

Presented here is the synthesis and characterization of a new layédrgarid
Mn(H20)(bpy)V-0s (I) and its lowtemperature structural transformation to
[Mn(bpy)V4O11(bpy)] (II'). The changes in crystalline structures, thermal stability, magnetic
properties, optical baggp sizes and photocatalytic activities have been investigated. The
[Mn(bpy)V4O11(bpy)] hybrid is the first reported example of a metailde/organic
compound that shows visiblght photocatalytic activity for hydrogen production, as well as
overall wate splitting, from aqueous solutions. Electresteucture calculations are used to
probe the origins of these bandgap excitations, and which illustrate the potential of these

manganes&anadate hybrids as a new class of photocatalysts.

Experimental Secton

Materials. All reagents were used as supplied by the manufacturer without further
purification, including: Mn(OAg)-4H.O (98%, Alfa Aesar), NEVOs (99.99%, Aldrich),
2 , -lppiidine (99%, Alfa Aesar), and glacial acetic acid (99.7%, Fisher). A reagent amount

of deionized water was also used in each synthesis.
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Synthesis. Mn(H20)(bpy)V20e (1) was prepared via a hydrothermal procedure by heat
sealinga | | reactants into a polytetrafluoroethyl
Mn(OACc).-4H0, 0.0169 g NEVO3, 0 . 0 3 Dbipyridine, A.0225Nj glacial acetic acid,
and ~2 mL HO in a molar ratio of 2:4:7:10:~3000. The pouches were then plaaecmnnt
~125 mL polytetrafluoroethylerkned stainless steel autoclave which was backfilled with
~40 mL deionized water before closing. The reaction vessel was heated at 140 °C for six
days in a convection oven and slowly cooled to room temperature ah6T¥& products
were washed with deionized water, collected, and driggD&tC overnight. Cubic shaped
orangishred crystals were obtained in a yield of ~78% (based on vanadium). The synthesis
of | was sensitive to both pH and reaction time. The absenaeetit acid or an insufficient
reaction time (<6 days) leads to a mixture lofand Mn(bpy)\VO11(bpy) (I). The
interconversion of these two compounds will be discussed in further detail later. The reaction
temperature is also critical, as higher tempeest| 160 and 180 °C) lead to the formation of
Mn2V20;. Unidentified brown powder or unreacted reagents were found when manganese

nitrate, manganese chloride or divanadium pentoxide were employed as reactants.

Mn(bpy)V4O011(bpy) (1) was obtained by ahydrothermal procedure with a synthesis
time that was shorted from 3 days to 10 h, compared to the literature ¥eploetreactants

were 0.0173 g Mn(OAc)}4H,0, 0.0331 g NEVOs, 0 . 0 3 8bipyridine, .0223Nj

glacial acetic acid (99.7%, Fisher) and ~2 miOHn a molar ratio of 2:8:7:10: ~3000 at 140

°C for 10 h Needlelike brown crystals were obtained in a yield of ~69% (based on
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vanadium). Each hybrid solid was obtained in high phase purity (>95%) according to powder

X-ray diffraction data, shown iRigure 3.S1.

Structural Characterization. A singlecrystal cita set fol was collected on a Bruker
APEX-1IIl CCD diffractometer using graph#tmonoc hr omati zed Mo KU
0.71073 A) in a sealed tube at 296 K. The initial unit cell determination and data reduction
were performed by the Bruker SAINT progrdThe structures were solved by direct
methods and the structure refinement was performed by full matrixsigaates methods in
SHELXS-973* Hydrogen atoms were placed in idealized positions that were fixed to ride on
the parent carbon or oxygen atomsCrystallographic data and structure refinement
parameters fol are given inTable 3.1. The refined atomic coordinates and isotropic
equivalent displacement parameters lofare listed inTable 3.S1 in the Supporting
Information. Selected interatomic distances, angles and bond valences can be falld in

3.52.

The phase purities of the products foand Il were confirmed byhigh-resolution
powder XRD data on a RIGAKU HRxis Spider Powder Xay diffractometer (graphite
monochromatized CKU r adi ati on) at r oom -rayedifiactianat ur e .
pattern was scanned with a step size of 0.02° overdla@dular range from 4° to 100° and
dwell times of 4s for each step. M-infrared (4004000 cm?) spectra were measd on an
IR-Prestige 21 Shimadzu Fourier Transform Infrared (FTIR) Spectrophotometer with sample
stage and a GladiATR accessoApproximately 10mg of sample was placed onto the

detector with an attenuated total reflectance (ATR) crystal plate.
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Physical Property Characterization. UV-Vis diffuse reflectance spectra (DRS) were
recorded on a Shimadzu U3600/3100 UWVis-NIR spectrophotometer with an integrating
sphere. Apressed barium sulfapewder tablet was used as the reference. Accorditigeto
Kubelkai Monk theory of diffuse reflectance, the data were plotted as the remission function
F(R=) = (1-R=)?%(2R:x) versus energy wheresRs diffuse reflectancé The optical bandgap
sizes were estimated from the onset of absorptsany the formula g e V) = 4@GnD,4 0 /
w h e ry is exwapolated from the lineaising part in the spectf&. Temperature dependent
magnetic susceptibility measurementsl aflere taking on a Quantum Design MPMS XL
SQUID magnetometer under both zdéedd cooled and fiel cooled conditions.
Magnetization measurements were recorded in the temperature rangg00fKl at an

applied field of 1 T after calibration and background subtraction.

Thermogravimetric analyses were taken on a TA Instruments TGA Q50 by loading
~0.005@ onto a platinum pan. The pan was equilibrated and tarred at room temperature and
heated to 600C at a rate of 10C-min! under nitrogen flow. Specific surface areas were
measured on a Quantachrome ChemBET Pulsar TPR/TPD. Samples were preheated to 140
°C under nitrogen flow to degas for 3 h and then analyzed using a 30% d¢éeNMnixture

and cooled with liquid nitrogen.

Photocatalysis Testing. The photocatalytic activity for hydrogen production was
measuredy suspending a weighed amount (~20 mg) ofpdered samples (either pure
or with 1 wt% Pt surface ecatalyst)in an outefirradiation quartz reaction cell which was

filled with 45 mL of pure deionized water @ 20% aqueous methanol solutioduring the
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photocatalysis reaction, the methanol igdized while water is reduced toydrogen®’
Methanol serves as a hole scavenger which is used to measHieptiogluction rate alon®.

In order to remove any trapped gases dme p a r aces;theesslubion svas istirredthe

dark for ~0.5 h with continuous nitrogen purging. Next, the cell was thewliated for
reaction times of 5 to 8 h under a 1000 W high pressure Xe arc lamp which was equipped
with an external fan, an IR water filteand wavelength cutoff filters. The wavelength range

of the light source was filtered to either include only visible light oaly 420 nm) or both

UV and visible light &> 200 nm). The photoreaction cell was connected to -shdped
horizontal quartz tube to collect the evolved gases and to volumetrically measure the amount
of gas producedl'he collected gases were manually itgecinto a gas chromatograph (SRI

MG #2; SRI MG #2; helium ionization and thermal conductivity detectors) to corifiem

generated gases as &hd Q.

Electronic Structure Calculations. Electronic structure calculations were carried out
using the package ASTEP according to planeave density functional theofy. The
Perdewi Burkei Ernzerhof functional I nasofth e ger
core potentials were utilized in the calculatiéh&€qually distributed points within the

Brillouin zone were automatically calculateds e d on t he MonKhorsti Pac

Results and Dscussion

Structural Description. Shown in Figure 3.1 is an overall structural view of

Mn(H20)(bpy)V-Oe (I) down thea axis with the unit cell outlinedThe structure is
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comprised of manganes@nadate layers that amordinatedby 2 , -Bigyridine ligand.

Within these layers the vanadium and manganese atoms are coordinated in tetrahedral and
octahedral geometries, respectively. ShowrFigure 3.2, chains of vertekridged VQ

tetrahedra run along thle axis, and these in turn are bridged to two Mpy)(H20)

octahedra to form extended layel®wn thec axis The local coordination environments are
illustrated inFigure 3.3. EachVOg4 tetrahedron is bridged via its apical oxygen atoms to two
neighboring tetrahedra (02 and 040vat1.620(6)- 1.812(6)A). EachMnOs(bpy)(H:0)

octahedral environment consists afe water moleculéMn-OH; at 2.258(6)A; a typical
Mn-OH;bond lengthis 2.21 A%t wo ni t r o gen akipyridise ligandéMaN t he 2,
at 2.247(7)- 2.251(7)A), and three bridging oxygen atoms (O1, O3 and O5) to three
different VOstetrahedraAdj acent pl anes s{f{adkstagetbebet
bpy ligands® ~3. 4 j , and which 1is cl-osientter acdtaiton
~3.3 A to ~3.5 A3 The infrared spectrum dfis consistent with these structural features, as

shown inFigure 3.S2. htense sharp peaks are observed in the range ofIiag@Dcn!

owing to the2 , -Bigyridine ligand}* and broad absorption bands in the 400 to 1000'cm

range are attributedot bot h Vi O and *MThedH \gioups fmomithen s .
coordinated water molecule are presergraall broad peaks around 338800 cm'.*6 These

interatonic distances and structural features are consistent with related hybrid structures,

s u ¢ h -Ca(lspyVkDs a n d-Cuferpyridiney20s, and M(bpy)(HO)V20s, (M = Co and

N I) ] 47-49
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Interestingly, the structure dfcan be converted thin(bpy)V4O11(bpy) (II') through a
hydrothermallymediated structuraransformation The hydrothermal reaction bftogether
wi t h-bi@rididedand NHVOszin a mole ratio of 1:1:2 at4D °C for 1 day results in single
crystals ofll. Alternatively, the hydrothermal reaction df with same molar amount of
Mn(COOCH).-4H,0 at 140°C for 5 daysresults in single crystals of After each structural
conversion, the phase puritieslodndlIl wereconfirmed by PXRD, given ifrigure 3.S3.
Thus, the structural transformation betwekrand Il can be driven reversibly using
hydrothermal conditionsThe synthesis and structurelbfhave been described previou$ly,
and its structure and local coordilead environments are illustrated in Figures S4 in the
Supporting InformationThe magnetic susceptibility data of bdtlandlIl, given in Figures
S5 and S6, could be fitted to the Cdvikeiss model with the fitting parameters listed in
Table 3.2. The daa for both are consistent with the oxidation states of Mn(ll) (high §zm;
5/ 2) and V(V) oxidation states. The small,
short range antiferromagnetic interactions between neighboring Mn(ll) sites iR°&Eud.
most significant 4ipyfidine llgandsdneareicaordinated dnly tothe 2, 2 (
Mn atoms, while il the ligand is coordinated to both the Mn and V atoms. This change in
ligand coordination is drivenylthe reaction time, as well as the compositional change under

the different reaction conditions.

Water Absorption, Desorption and Structural Decomposition. The thermal
stabilities, reversible water desorption, and decomposition route of comploandf were

investigated by thermogravimetric and powder XRD analyses. The slow heating of
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compound to 600 °C under flowing Nshowsthree weighoss stepsas shown irFigure 3.

S7 in the Supporting InformatioThe lowestemperature weight loss correspondh the

loss of coordinated water molecules over a temperature range of 162°€ (&£94.3.97%;
calcd.4.21%). The color of changes from orange to dark red. However, the powder XRD
shows essentially the same pattern as before the loss of all igtee 3.S8, showing that

the water can be relatively easily removed without significant decay of the crystalline
structure. The expected c o Vobpy)V206 pn wiwob!l d
removal of water potentially leaving open coordination ssit;m the Mn atoms. This
dehydrated product can be completely rehydrated in an aqueous solution at 60 °C for 12
hours or at room temperature over a period of 72 h. Adteydrationthe same powder XRD
pattern is obtained as before ttehydration, demonstting theconservation of the original
crystalline structure as shown kilgure 3.S9. The next two major weight loss steps starting

at ~291°C and at ~363C, correspond to the removal of thipyridine ligand(total loss: exp.
36.7®%; calcd.36.5®6). The final darkbrown colored residue was identified as MY,

Figure 3.S10, with a few minor peaks identified as MpWs-H2-O. By comparison,
compound! does not contain coordinated water molecules and is stable up tGC-28th

the loss of the bipyridinegands (exp. ~40.36%, calculated ~41.8%yure 3.S11.

Optical Bandgap Sizes and Electronic StructuresThe optical bandgap sizes of
Mn(H20)(bpy)V-0s (1), Mn(bpy)V4O11(bpy)(Il) and d evim(ppy)v-0d dld wede
measured with the use of Tauc plotalculated from UWis diffuse reflectance

measurements, shown ffigure 3.4. Theoptical absorption edge ofis within the visible

h
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light wavelengths, exhibiting a small indirect bandgap size of ~2.2 eV. After dehydration of
I, the indirect band gap ®€zs reduced to ~1.65 eV fdl , consistent with the change in
color from orange to red. Similarly, compouhdhas an indirect bandgap size of ~1.60 eV.

I n the cada &¥BGOMHeOCdha handgap size is ~2.2 eV and is calculated to
arise from an electronic excitation between the occupie@BdM®-2p orbitals and the empty

V-3d orbitals. Compared to the simpler vanadates, such as lithium vanadate, the
incorporation of Mn(ll) into a vanadate structure yields a decrease in its bandgap size of ~0.3
to 1.0 e\®? > This is consistent with the measured bandgap sizd.fédowever, the
incorporation of the coordinating organic ligand must be taken into consideration, as well as

its effect on the coordination environments and structures of each of the hybrid compounds.

Densityfunctional theory calculations (spin polarized) on the structuréswodll were
performed in order to evaluate their band structures and the atomic contributions to the
valence and conduction bané™ots of the electron density originating frahe edges of the
conduction and valence band states, pink and blue shading respectively, are shigurein
3. 5 overlaid on top of the crystalline structures of edde calculated total and partial
DensitiesOf-States (DOS) for andll are providedn Figure 3.512, with the spin down and
spin up components projected out to the left and right, respectietybothl and Il the
highestoccupied crystal orbitals primarily consist of the hagin ¢-orbital contributions
from Mn(ll), with some contribtions from the N 2p orbitals on the bipyridine ligands. The
lowest unoccupied crystal orbitalsloéndll ar e f ound t-asbitat contributiong o f

from the bipyridine ligands, and that are, contrastingly, coordinated to Mbutto V inll .
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Shown inFigure 3.6 is a closer view of the electron densities around the local coordination
environments oMn and V forl andll. The vanadium 3dribtal contributions are found at
slightly higher energies in the conduction bands for both, and that must also contribute
significantly to light absorption across the bandgap edges, and corresponding to a charge
transfer between primarily Mn(H)and V(V)based valence and conduction band states,
respectively. Electronic structure calculations based on DFT are found to commonly
underestimate the bandgap sizes of solids, but which exhibit accurate trends withtoespect
experimental data. The other spin component of Bo#nd Il exhibits a much larger

energetic distance between the conduction and valence band states.

The change in bpligand coordination betwednandIl has a significant effect on their
calculated edctronic structures and bandgap sizes. The structure auinsists of V@
tetrahedra that share vertices to form -dimreensional chains, while ifl the structure
contains both V@tetrahedra an&¥O4(bpy) octahedra. Thus, the ligandorbitalsinteract
with the empty V ebrbitals inll, and pushing them to lower energies in the conduction band
compared td. This change results in the smaller bandgap size cdmpared td. There is
also an increasedontribution from the vanadiun3d-orbitals at energies lower in the
conduction band. The Mn(ll) is in similar octahedral coordination geometries fot laoith
I, coor di n a tbpwidine bgand and folr Y@igands inll, or three VQ and
one RO ligand inl. Thus, the relate energetic positions of the Mi-drbital contributions
and the ligand contributions from O and Pogbitals are similar. The two Mbased bands

near the Fermi level arise from the/d,/dxy (lower energy) and ddxy. (higher energy)
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contributionsthat follow a dorbital splitting pattern characteristic of an ideal octahedral
geometry. The absence of extended-®Hvin interactions results in less band broadening of
the uppefenergy valence band as compared to the extend€d\VWWnetworks in each

strudure.

Photocatalytic Activity for Hydrogen Production. The heterogeneous photocatalytic
activities of bothl and Il were investigated byuspending a weighed amount of the
powdered samples in agueous solutions (with or without methanol as a hole scavehger
with or without Pt as a surface-catalyst) and then irradiated under UV and/or visilgbt
irradiation. Compound exhibited no detectable hydrogen productamtivity under both
visible and UV light, even in the presence of methanol and with 1Rtt8arface caatalyst.

By contrast]l was found to exhibiphotocatalytic activity for the production of hydrogen, as

well as for total water splitting into both hydrogen and oxygen. Powder XRD was used to
confirm that the crystalline structures wereabd¢ under these photocatalytic testing
conditions, given inFigure 3.S16. Further experimental details, e.g., YAs, IR, and

surface area measurements, regarding the potential dissolution and/or instabllitgref
provided in the Supporting Informat. An approximate turnover number for the amount of
hydrogen molecules produced per surface site was calculated based on the measured specific
surface area (~4.4 gl) and the average density of surface sites calculated for surface
terminations of varios planes of the crystal structure. Time course plots of the turnover
numbers under different photocatalytic conditions sirewn inFigure 3.7, and in Figures

S17 to S20 in the Supporting Information. Under visilgat irradiation, Il exhibited a
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photc at al yt i ¢ r azgéhlanf20% rmethanal sotution, Bind a similar rate of

~21 ¢ v0b-gt-Rtin deionized water, as shownfigure 3.7a and 7c, with a turnover

number of ~8 to 9 after 6 h of testing. After coating with a 1 wt% Pt sucfacatalyst,l|

showed a high activity for total water splitting, shownFigure 3.7d, with a rate of ~92

¢ mo b/Y%G4gl-htand an approximate turnover number after 7 h that reached >28.for H

With methanol as the hole scavenger and a 1 wt% Pt sudacatalyst,ll exhibited a
relatively |l ower activity for 2gphhd showhindr ogen
Figure 3.7b, with a turnover number of >12 after 4 h. Under ultraviolet light, neither 1 wt%

Pt nor methanol were necessary, and the cafe hydr ogen producti on
Ho/v20-gt-hl. These photocatalytic rates are higher than for other simpler vanadates, such

as reported for ¥013, VO, and otheré.

Compoundll represents the first known hybrid solid with photocatalytic activities for
hydrogen production as well as for total water splitting under viigihe irradiation.
Compared tol, the sgnificant structural change iH i s t he coordi-nati on
bipyridine ligand to 1/4 of the vanadium sites. The calculated electronic structure shows that
the ligand” Z*orbitals coordinated to the V(V) sites are at lower energies thdigémsl = *
orbitals coordinated to the Mn(ll) sites. This can be seen in the electron densitgrplotd
the local coordination sites Figure 36 , wher e t h e-orbitalsvaeescoordinated a n d
to Mn(ll) in | but to V(V) inll. Thus, the absorption of visillight causes an electronic
transition between the higgpin Mn(ll) -or bi t al s and-orbitaltseor | i gan

alternatively, to the empty V(V)-drbitals at slightly higher energies, followed by the
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relaxation of the electrons into the lower enehlgyand ~ *orbitals. The latter electronic
transition has a higher probability owing the greater overlap of the crystal orbitals of the
valence and conduction band states that are locally nearer to each other in the structure. As
shown by the separation of thenduction and valence electron densitieEigure 3.6(left),
compared toFigure 3.6(right), the structure ofl facilitates the energeticalgownhill

movement of the excited electrons away from the holes on the Mn(ll) sites.

Conclusions

A new mangane&svanadate hybrid structur®In(H20)(bpy)V-Oe (I) was synthesized
by hydrothermal methods.Hybrid | can be easily reversibly converted to
Mn(bpy)V4O011(bpy) (I) via lowtemperaturehydrothermal reaction conditions. Hybrid

exhibits the reversible absoigt of lattice water molecules starting y@t90°C, and which

retains a roughly similar crystallin@0.struct
The optical band gaps were indirect with sizes of 2.20 eV,f@r60 eV forll . Electronic
structurecalculations show that the lowestergy transitions between the conduction and
valence band states are between the occupied Mn(ll) (high pirbitals) and the empty

bpy ligand” Z*orbitals andV(V) 3d-orbitals Compoundll represents the first hybricbksd

with photocatalytic activities for total water splitting, as well as for hydrogen production

alone, in aqueous solutions under visiliggat irradiation. By contrast, hybrit showed no

detectable photocatalytic activity. The high photocatalytic agtief 1l is found to result

from a change in the ligand coordination that causes the excited electrons to migrate to
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lower-energy bpy ligand ~ Z*orbitals that are coordinated to V(V) rather than being
coordinated to Mn(ll) as in. These results show the general utility of using new metal
oxide/organic structures in understanding the relationship of structure and photocatalytic

properties and idiscovering new photocatalyst materials.
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Table 3. 1. Selected Singk€rystal Refinement Parametdos |.

Formula C10N2H1007MnV 2
Crystal System Monoclinic
Formula weight 427.0
Space Group, Z P2/n, 4

a, A 6.8557(4)

b, A 10.4900(6)
c, A 19.7921(13)
b, ° 96.419(4)
Volume, A3 1414.45(15)
}, §/ cm 2.00(5)
Temperature, K 293(2)
Goodness of fit 1.199

Final RI[1>28(1)], wR2  0.0794, 0.1749

Table 3. 2. Fitting parameters based on the Citfeiss model for magnetic susceptibility of

| andll .

Compound Fitting Range (K) C (emu*K/mol) d ( K) per(B.M.) R?

I 4-300 45331 -6.5231 6.0220 1.0000

Il 4-300 45228 -3.8223 6.0152 0.9999




Figure 3. 1. Structural view ol consisting of metatentered polyhedranad t h e

bipyridine liganddown thea axis All H atoms have been omitted for clarity.

Figure 3. 2. A polyhedral representation of the manganeseadate layedown theb axis

40



Figure 3. 3. Structural view of the vanadium and manganesal coordination

environments in.
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Figure 3.4. Tauc plots of [F(R)3 fvs[ha ] f or t he direct nE=Ed indir

(left) andn = 1/2 (right), respectively, df (black),Il (blue) andll (red)
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Figure 3.5. Plot of electron densitider | (left) andll (right): the lowest energy conduction
band concentrated on bipydrine ligand (pink electron density)thertdghest energy

valence band concentrated on manganese (blue electron density).
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Figure 3. 6 Plot of electron densitiemround the local coorditian sites inl (left) andll
(right) of thelowestenergy conductioband stateépink electrondensity and the highest

energy valencéandstates iflue electrordensity).
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Supporting Information

Effect of Ligand Coordination on the Structuresand Visible-Light

Photocatalytic Activity of Manganese Vanadate Hybrids

LanLuo and Paul A. Maggarti

Department of Chemistry, North Carolina State University, Raleigh NC 2880%. Email:

Paul Maggard@ncsu.edu

Photocatalysis Testing of Il. In order to further confirm the stability df under these
photocatalytic testing conditions, tepecific surface arsaand mfraredand U\:Vis diffuse
reflectancespectawere taken on the samplafier photccatalytic teshg times of 1h, 4h and
7h, asgivenin Table 3. S&nd Figure8.21and3.22. Therewere no detectable changes
during the course of these reaction timbesupernatansolutions over differenteaction
time were monitored by UWis absorptiorspectrometryand that did not show any
detectablalissolution ofthe catatlyst during phototesting, as shown in Figure S23. The
photocatalytic activities of theupernatarstin 20% methandolutions under both visible
light and UV light was also measured and comparék thie rates of the original power
photocatalyst, as shown in Figure S@4dwhich confirmedthatthe measuregbhotocatalytic
activitiesoriginatefrom the suspended solgrticles To compare the influence of

phototesting conditions on surface area, BESasurements was also performed on the solid
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sample after an B phototecatalytic test in 20% methanol solution under UV .lighe
specific surface area wasnsistentvith the solid after photocatalytic tesg in DI water (4.3

m?/g).



Table 3.S 1. SelectedAtomic Coordinates and Equivalent Isotropic Displacement

ParametergA?) for Mn(H20)(bpy)V20e.

Atom X y z U(eq)

Mn 0.32021(17) 0.59588(11) 0.17304(6) 0.0081(3)
\i -0.3915(2) 0.45967(13) 0.30884(7) 0.0094(3)
V2 -0.181D(19)  0.65380(13) 0.22267(7) 0.0077(3)
N1 0.2689(10) 0.6505(7) 0.0627(3) 0.0107(13)
N2 0.2893(10) 0.4133(7) 0.1131(3) 0.0106(13)
01 -0.6158(8) 0.4946(5) 0.2683(3) 0.0129(12)
02 -0.2120(9) 0.5835(6) 0.3036(3) 0.0140(12)
03 0.0265(9) 0.6140(6) 0.1940(3) 0.0152(12)
04 -0.2912(9) 0.3215(6) 0.2700(3) 0.0170(13)
05 -0.3620(7) 0.6000(5) 0.1691(2) 0.0030(10)
06 -0.4178(10) 0.4301(6) 0.3877(3) 0.0186(13)
o7 0.3729(9) 0.8023(6) 0.2018(3) 0.0154(12)

4U(eq) is one third of the trace of the orthogonalizexhnsquare atomic displacement

tensor



Table 3.S 2. Selected bond Distances (A), Angles (°) and Bond Valence Sums for

Mn(H20)(bpy)V206.2

Atom1l Atom2 Distance Intra-Polyhedral Angles

Mn1l 03 2.109(6) 0O3Mn-01 88.7(2)
01 2.166(6) 01-Mn-0O5 86.3(2)
05 2.189(5) 03 Mn-O7 89.6(2)
N1 2.247(7) O5-Mn- N1 90.5(2)
N2 2.251(7) O5Mn-N2 91.9(2)
07 2.258(6) N1-Mn1-N2 73.1(3)
9% 2.108

V1 06 1.620(6) . 06-V1-01 107.7(3)
O1 1.693(6) 01-V1-O4 109.9(3)
02 1.800(6) 06-V1-02 139.6(2)
04 1.812(6) 01-v1-02 114.0(3)
E$ 4.967

V2 05 1.638(5) 04-vV2-05 108.3(3)
03 1.645(6) 02-vV2-05 106.2(3)
04 1.777(6) 04-vV2-02 108.0(3)
02 1.798(6) 03Vv2-04 112.6(3)
Z$ 5.173

49

2S5 = exp[(Ro-Rjj )/B], B = 0.37, for Mn(Il)i O, Ry=1.790 A; for Mn(Il)i N, Ro = 1.862 A;

Ro =1.803 A for V(V) O.



Table 3.S 3. Specific surface areaf Il vs phototesting time (hour)

Time (hour) 0 1 4 7

BET surface area (ffg) 43(3) 433) 4.1(3) 4.4(3)
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Figure 3. S1. Powder Xray diffraction patterns df. as synthesized (a) and theoretical (b);

Il : assynthesized (c) and theoretical (d).
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Intensity (arb. unit)

Figure 3. S3. Powder Xray diffraction patterns df theoretical (blue), as stesized (red)
and structurally converted froth (dark green), Powder-¥ay diffraction patterns df :

theoretical (green), as synthesized (pink) and structurally converted {kmaown).
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Figure 3. $4. A mixed polyhedral and balindstick model n the (011) plane (a) and in the

(110) plane (a), anthe local coordination environment lbf(c).
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Figure 3. S13. Plot of electron densities for spin up state ofltdveest unoccupied crystal
orbitals (red electron density) and the highest occupied crystal orbitals (blue electron density)

for | (left) andll (right).
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CHAPTER 4

COPPER-ORGANIC/OCTAMOLYBDATES: STRUCTURES,
BANDGAP SIZES, AND PHOTOCATALYTIC ACTIVITIES FOR

HYDROGEN PRODUCTION

A paper prepared faubmission

LanLuo, Haisheng Linand Paul A. Maggartl

Department of Chemistry, North Carolina State University, Raleigh NC 2880%

Abstract

The structures, optical bandgap sizes, and photocatalytic activities are described for
three coppepctamolybdate hybrid solids prepared using hydrothermal methods,
[Cu(pda)k] ™MosO26] (I; pda = pyridazine), [Cu(enk]z[o-MosO2¢ (Il; en =
ethylenediaming and [Cu(o-phen}][U-MosO2¢ (lll ; o-phen = o-phenanthroling The
structure ofl consists of §Cu(pda)l**t et r amer t hat br iMds@®d*s t o
octamolybdateclusters to form twalimensional layers that stack along thaxis. The
previously reported structures &f and lll are constructed fronfCu(enkMogO2¢] and
[Cux(0-phen)MogO2¢] clusters. The optical bandgap sizes were measured byis/diffuse
reflectance techniques to be ~1.8 eV fpr~3.1 forll, and ~3.0 eV fodll . Electronic

structure calculations shothkat the smaller bandgap sizelobriginates primarily from an



75

electronic transition between the valence and conduction band edges compfiléedi 3d°

orbitals on Cu(l) and emptyd® orbitals on Mo(VI). Bothll andlll contain Cu(ll) and
exhibit larger bandgap sizes. Accordingly, omlyexhibited visiblelight photocatalytic
activity for the production of hydrogen from an aqueous 20% amet solution, as well as
for total water spl iztgithtanngd, ~a6tO .y80igensd(bongH ~2 1 7
samples; radiant qwver density of ~1 W/cR), respectively. Corresponding turnover
frequencies per calculated [MDze]* surface cluer were ~77 # and ~24 H. Higher
photoctalytic activities are observed under both ultraviolet and \ighie irradiation. By
contrast,]l decomposed during the photocatalysis measurements. The molecular clusters of
lll dissolved into aqueous maettol solutions under ultraviolet irradiation, and exhibited
homogeneous photocatalytic rates for hydrogen production of up to ~dp@0H,-g* ht

and a turnover frequency of 17t.h which can be precipitated out easily byaporang
solution and reuswith no decreas of activity.During the photocatalysis measurements, the
dissolution of the clusters iil is found to occur with the reduction of Cu(ll) to Cu(l),
followed by subsequent detachment from the octamolybdate cluster. The lower turnover
frequency, but higher photocatalytic rate Ibf, arises from the net contribution of all
dissolved [M@O2¢]* clusters, compared to only the surface clusters for the heterogeneous

photocatalysis of.
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| ntroduction

Investigations intonew inorganic mat@ls for driving photocatalytic watesplitting
reactions, i.e., for the production of hydrogen and oxydexe drawn intenseresearch
attention in recent yeatd. While numerousmetal oxidesexhibit high photocatalytic
activities, most of these have iparily been activeinderonly ultravioletlight irradiation. It
has proverchallenging to lower their bagdpsizesin orderto absorb a greater fraction of
incoming sunlight while also possessing a high stability and efficient photocatalytic
activitiesfor water oxidation and reduction. Inorganic materials containing a combination of
early transitioametalcations(e.g., T&V) or Mo(VI)) with late transitioametalcations(e.g,
Cu(l), Ag(l)) haveshowna significant reeshifting of ther bandgap sizeto visiblelight
energiesowing to a metato-metal charge transfebetween thed!® and d® electron
configurations Examples include several recently reported Cu(l) niobates and Cu(l)
tantalates, such as CuNHQCuNkOs, and CyTa11030.>® and which exHiit high cathodic

photocurrents ag-type polycrystalline films.

The addition of coordinating organic ligands within the structures of metal oxides, i.e.,
in the synthesis of metalxide/organic hybrids, enables a finer molecigsel control over
their structures and properti&s® Within this research field, our group has discovered some
of the firstphotocatalyticallyactive hybridmaterias based on [Ag(L)](L = organic ligand)

networks combined with vanadate or niobium oxyfluoride building blockg.,
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Ag(pyz)NbOR (pyz = pyrazine) and AgpzcyV:0s (pzc = pyrazinecarboxylatéy!? Their
photocatalytic activities have so far remained limited to the decomposition of the methylene
blue dye molecule under ultraviolet irradiation. In related laylsgistems, recent research
has demonstrated that structures containing various types of polylykalai® clusters, e.g.,
[M010034%, [M0sO19]%, and [MaOz¢)*, can exhibitheterogeneouphotocatalytic activity
for the decomposition of methylene blue undkiraviolet irradiationt>® When dissolved in
solution, several types of polyoxomolybdate and polyoxotungstas¢éershavebeen found
to catalytically oxidize water to oxygen at high rates (not light driven), suffRuas €)a( €
OH)2(H20)a( -®iW10036)2]* © 'and  [Coa(H20)2( BPWeO34)2]'%, with turnover frequences
ranging from ~1,000hto 18,000 1.1 To our knowledge, etatoxide/organic solids that
show heterogeneous photocatalytic activity under vidigtg irradiation for overall water

splitting, and/or for the reduction of water to hydrogen, are curreatgty explored

Our prior investigations into Cu¢hontaining hybrids have revealed many new
compounds that exhibit bandgap sizeg) (Eithin the visiblelight energy range, including
CuReQ(pyz) (& ~ 2.5 eV), Cu(bpy)ReD(Eg ~ 2.0 eV), and otherd'8%® Similar to the
condensed metaixides, their relatively smalldvandgap sizearise froma metalto-metal
charge transfebetween the Cu(l) and late transition metal cation, &g(VIl), Nb(V), or
V(V). However, these Cudgontaining hybrids have previously not been found to exhibit
photocatalytic activity in aqueous solutions.erkin we reportthe syntheis of a Cu(l}
containing hybrid with octamolybdate clusters, i[€u(pda)lsb-MogO2¢ (I) (pda =

pyridazine), with a visibldight bandgap size and photocatalytic activity for hydrogen
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production and overall water splitting. In addition, Cu@dntaining hybrids with
octamolybdate clusters, i.dCu(en}]2[o-MogO2¢ (I1) (en = ethylenediaminge and [Cu(o-
phen)][UMosO2¢ (lll ) (o-phen = o-phenanthroling®®? were investigated in order to
understand the effects of structural features and the copper oxidation state on their bandgap

sizes, photocatalytic activities, and solulyiin aqueous solutions.

Experimental Section

Materials. All starting reagentswvere purchased fro@eommercialsuppliersand used
without further purification including CuieO (999% metal basis, Alfa Aesari;uClz (99%,
Alfa Aesa), CuSQ (98.8%, Fisher Sientific), (NH4)2M0Os (99.9%6 metal basis, Alfa
Aesar) MoOs (99.998% metas basisexcluding W, Alfa Aesar), KOH (O 85.0% Fisher
Scientifig), pyridazine(98+%, Alfa Aesar),ethylenediaminelihydrochloride(98%, Aldrich)
ando-phenanthrolingé99+%, Aldrich). A reagentamount of deionized water was also used

as solventn the syntheses.

Synthesis [Cu(pda)k[b-MosgO2¢] (1) was preparedvia a hydrothermal procedure by
heatsealing all reactants inepolytetrafluoroethylendeflon pouch in weighed amounts of
14.4 mg (0.10 mmol) of GO, 61.8 mg (0.05 mmol) of (NM070244H20, 16.0 mg (0.20
mmol) of pyridazine and 020 g (11.1 mmol) of HO. Thesealed pouches were then placed

into an ~125 mL polytetrafluoroethylerkned stainless steel autoclave which was backfilled



79

with ~40 mL deionized water before closinghe reactantsvere heatedat 180 °C for 24 h
inside a onvection oven Black-red prism crystals of were obtained in ~92% yield based
on Cu A small amount of unidentified fingellow powderis observedhatcan be removed
by dispersing theroduct into~30 mL of waer and sonicating for 280 secondsfollowed
by decanting after the rezblored crystals have been allowed to settle fb2-min. This
sonication/separation process was repeated three times until a pure sanvpées obtained,

as judged by PXRD and visually under a microscope

[Cu(en}]2[-M0gO2¢] (I1) was preparedoy a hydrothermal reaction from a mixture of
0.0175g of CuCl,, 0.0169g of M0oOs3, 0.0656 g of ethylenediaminelihydrochloride, 0.05 g
of KOH and~2 mL H2O in a molar ratio of.:1:2:4:~1000 andheatedo 150 °C for 48 hours
in aconvection oven The product formed aarge purple cubicshapedcrystalsthat were
washed with deionized wateithout further purificationand driedat 60 °C overnight The

product was obtained in high purity (>95%@cording tqpowder Xray diffracion analysis.

[Cu(o-phen}]s[U-MosOz2¢] (11l ) wasprepareddy a hydrothermal reactidnom amixture
of 0.0175g CuSQ, 0.0169g of M0Os3, 0.0390g of o-phenanthrolineand~2 mL H20 in a
molar ratio 0f1:2:2~1000. The reactants were heatedl8® °C for 68 hoursn aconvection
oven The products wersonicaed andwashed with deionized watév separateghe green
cubicshapedcrystalline products froman unidentifiedwhite powder The product was

obtained in high purity (>95%gccording tgpowder Xray diffractionanalysis.
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Characterization Methods. A single-crystal Xray datasetfor | was collected on a
Bruker APEXII CCD diffractometer using graphit@onoc hr omati zed Mo KU
0.71073 A) from a sealed tube at 296 K. The initial unit cell determination and data reduction
were performed using the Bruker SAINT progr&niThe structue was solved by direct
methods and the structure refinement was performed by full matrixsigaates methods in
SHELXS-972 Hydrogen atoms were placed in idealized positions that were fixed to ride on
the parent carbon or oxygen atomsCrystallograple data and structure refinement
parameters for are given inTable 4.S1 of the Supporting InformatiorSelected interatomic
distances anglesand bond valencesan be found inTable 4.S2 of the Supporting

Information.

All powder X-ray diffraction dataets were collected usinghigh-resolution RigakuR-
Axis Spiderpowder X%ray diffractometer (graphite monochromatizedtdh r adi at i on)
room temperature. The diffraction patterns were scanned with a step size of 0.02° over the
2d angular range from 4%t100°. Md-infrared (4004000 cm?') spectra were measured
using & IR-Prestige 21 Shimadzu Fourier Transform Infrared (FTH#Rgctrophotometer
with sample stage and@ladiATR accessory Approximately 10mg of sample was placed
onto the detector with arattenuated totalreflectance ATR) crystal plate X-ray
photoelectron spectroscopy data were taken wigibar MAC2 XPS system. The binding
energies wer@ternally calibrated to thgraphiteC 1s peak at 2B3 eV. Solution samples
were investigated yoMALDI -TOF/TORMassSpectrometry analysassing an AB SCIEX

TOF/TOF 5800 instrument (AB SCIEX, Foster City, CA). The instrument was equipped
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with a Nd:YAG laser (349 nm wavelength, 3 ns pulse width, 1000 Hz firing rate). The
instrument was calibrated positive linear ion mode using the €aimixture. The spectra
were acquired in positive linear ion mode, with a mass range e1280m/z Mass spectra
from 200 laser shots were averaged to produce a composite spdtiratmaspray ionization
mass spetrometryin negativeion modewasperformed on &hermo Fisher Scien Scientific
TSQ Quantum Discovery MAX Triple Quadrupole M&trumentequipped witha capillary
electrospray (ESI) sourwia direct injection with a mass range 08001200 m/z
Thermograimetric analyses were taken on a TA Instruments TGA Q50. Specific surface
ared were measuredn a Quantachrome ChemBET Pulsar TPR/TFHEPR spectra were
taken onboth solid and solution samplest the Xband frequency with 8ruker Elexsys
E500spectrometer at room temperature. Eaatiutionsample wasealedn a 25 plLquartz
capillary. Each solidsamplewas placed into a piece of weighing papéhich was then
folded intoa 3mm x 3 mmsquare Thesewere then placeohto a 3mm quartz EPRube for

aralysis

Optical Properties and Photocatalytic Activities.UV-Vis diffuse reflectance spectra
(DRS) were collectedon a Shimadzu U\8600/3100 UWis-NIR spectrophotometer with
an integrating sphereA pressedbarium sulfate powder tabletwas used as the ference.
According tothe Kubelk&Monk theory of difise reflectance, the data weransformed
using thefunction F(R) = (1-R)%(2R=) versusenergywhere R is diffuse reflectace?
The data were plotted in the form of Tauc plot§RE®&R)xh P versus h gwheren = 2 for

direct transitionsand n = 1/2 for indirect transitionsThe optical bandgap sizewere
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estimated fronthe onset of absorptip@as extrapolated from the lineasing section of the

curve that intersects with the baselffe.

The photocatalytic activity for hydrogen pradiwn was measuretly suspending a
weighed amount 6-10 mg typically) of each powdered sample (either pure or coated with
1% platinum)in an outefirradiation range quartz reaction cell which was filled wihmL
of either deionized water oa 20% agueous methanol solutiorin order to remove any
trapped gasesanh e particl esdé6 surfaces, inthedarknfiorxt ur e
~0.5h with constant nitrogen bubblingrhe cell wasthenirradiated under a 1000 W high
pressure Xe arc lamgNéwport Oriel6271,focused through a shutter window) which was
equipped witha waterfilter and with cutoff filters toselected thelesired wavelength range
The solutios wereirradiated under both UV and Wide light (8> 200 nm) oronly visible
light only (> 420 nm) with stirringat a radiant power density of ~1 W/nPhotocatalytic
activities were also performed under simulasethr lightusingan air mass filter (AM 1.5
direct, Newport) specifically forl andlll in deionized wateand a20% aqueousnethanol
solution. The lamp power wasljusted to ~0.1 W/cfrby a radiant power metén orderto

simulate thesolar fluxattheearttd s s atrsda éeeek

The photoreaction cell was connected to ashhped homontal quartz tube through an
air-tight rubber pipe to collect the evolved gaBy injecting a moveable water bubble into
the L shaped tube, the amount of gas produced at a constant pressure can be determined

volumetricallyby markingits movement every B minutes during the phatatalytictesting
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experiments This change in gas volumean be converted into the micromole gés
generated tgalculate the hydrogen producticate The collected gas was manually injected

into a gas chromatograph (SRI MG; #2ermal conductivity detectofr identification.

Electronic Structure Calculations. Electronic structure calculations were carried out
within the commercial softwargpackage CASTERusing planewave density functional
theory?® The lattice dimensionsand atomic positions were obtained from the respective
single crystal structures T h e Perdewi Bur kel Ernzerhof func:
gradient approximation and ultrasoft core potentials were utilized in the calcufdtions.
Equally-distributed kpoints within the Brillouin zone were automatically calculated based on

the Monkhors®fi1 Pack scheme.

Results and Discussion

Structural D escriptions. Thecrystalline structure diCu(pda)k[b-MosO2¢] (I) consists
of an equimolar ratio 0fMosO¢]* octamolybéte clustes (-isomer) and Cu(pda)}*
tetramers, shown iRigure 4.1. Theoctamolybdate clusterare formed from eight facand
edgesharing MoQ@ octahedraas described previousty.These clusters are bridgéal four
[Cu(pda)}** tetramersthrough six terminal O atoms, while eadiCu(pda)}** tetrameris
bridgedto four [b-MosO2¢]* clustes. Overall, both types of clusters are connected inte two

dimensional sheets that stack together dowrataeis in an alternating arrangemgstiown
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in Figure 4 S2 (Supporting Informatiop Each Cul) cation is coordinated in distorted
tetrahedral geometryto two N atoms from twalifferent pdaligandsandto two O ligands
from two [b-MogO2¢]* clustes. The CuiN/O bond distanceare similar tothose foundn
Cux(pday(ReQy). and Cu(bpy)Re@'®1°The [Cu(pda]s** can be viewed as two symmetri
faceto-face Cu(pdap?* subunits,shown inFigure 4.1b, which are lnked through pairs of
oxo-bridgingatoms from two molybdate clusters. This results in a-fadace arrangement

of the pda groupata -~ st ac ki s0§~3.8A,s twahnicceh i s wi t-’"hin

interactiors in previously reported structuré®>!

The structures ofCu(en}]z[o-MosOzq (II) and [Cu(o-phen}]s[U-MosOz¢ (lIl ) have
been reported previousH)?! and is describednly briefly. Compound! is comprised of
[MosOz6]* octamolybdateclustes (o-isome) that are coordinated tivo Cu(en)?* each at
Cui O distances of 2.46(#, as shown irFigure 4.2. The[0-M0sOz¢* cluster consists of
two pairs of MoQ octahedrahat are edgsharing with two Mo® trigonal bpyramids, and
cappedby two additionalMoOs octahedra Each Cu(en)?* unit is also coordinated more
weakly to aterminal oxygen ligand of another octamolybdate cluster at a longeir O
distance of 2.98(1Q, labelled as dashed lines Figure 4.2. These weaker interactions
connect the clusters into a thvéenensional framework The crystalline structure dil is
that of a molecular solid, consisting of discre€@uf-phen}MogO2¢] clusters shown in
Figure 4.3. The [MosOz¢* cluster(U-isomer)consists oix edgesharing MoQ octahedra

andtwo MoO; tetrahedra. Two Cu(o-phen} complexes coordinate to terminal oxygen atoms

t

h
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at opposite sides of the clusteraaCui O distances oR.19(2)A. The nextclosestCui O

distance between clustersi®5(6)A.

Thus, in contrast to the extended tdinensional structure df bothll andlll form as
molecular solids with discrete (or nearly discrete) clusters. This structural difference arises
from the delating ethylenediamine andphenanthroline ligands that block the bridging of
Cu to multiple octamolybdate clusters. Pyradazine is achetating ligand and results in a
two-dimensional structure. Furthen contrast to compountthat contains Cujlcations,
bothIl andlll consist of Cu(ll) cations. These differences in the copper oxidation states and
structural connectivities are found to significantly impact the resulting bandgap sizes, their
solubilities in aqueous solutions, and photocatalgtitivities of each of these hybrids, as

described below.

Optical Bandgap Sizes and Electronic Structures The optical bandgap sizes of
[Cu(pda)l[ M0sO2] (1), [Cu(en)]2[o-MogOz¢] (I1), and [Cu(o-phen)]. [-MogO2q] (lIl)
were characterized by UVis diffuse reflectance techniques. Showrrigure 4.4 are Tauc
plots indicating the direct and indirect bandgap transitions for each. IBatidI Il exhibit
similar (to within ~0.1 eV) indirect and direct bandgap transitions of ~3.0 to ~3.2 eV. These
molecular solids exhibit very little band dispersionkispace, and thus the loweastergy
bandgap transition for each is expected to be direcaddition, these exhibit lowernergy
absorption peaks centered at ~2.4 eV and ~1.6 eVl fandlll , consistent with the purple

and green colors (complementary to the absorption wavelength) of these crystals,
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respectively. These absorption peaks arismfthed-to-d transitions on the Cu(ll) cations.
The relatively higher energyto-d transition inll arises from the distorted squgrgramidal
geometry of Cu(ll) that causes a significant increase in energy ofithe 8ersus the &..

In contrast,the Tauc plots ofl exhibit a significantly loweenergy indirect bandgap
transition of ~1.8 eV, and a slightly higher direct transition at ~2.0 eV. This is consistent
with the deep brownished color of its crystals. Also, there is no detectable-do@gy
absorption peak it arising fromd-to-d transitions, as the structure contains Cu(l) cations

with filled 3d'° orbital configurations.

The electronic origin of the significantly smaller bandgap size ocbmpared tdl and
lll , was investigated by ettronic structure calculations. The atomic contributions to the
conduction and valence band edges were calculated and plotgglie 4.5. The lowest
unoccupied crystal orbitals afeund to consist ofour different molybdenum diorbitals
located wihin the octamolybdate clusters, and that are mixed with smaller contributions from
the oxygen @ orbitals (blueshaded electron density) vil@ -pf "aptibonding interactions.
Interestingly very little electron density at the conduction band @ddeund on the other
four MoOs octahedrawithin the octamolybdate cluster. Conversely, the highestgy
occupied crystal orbitals at the edge of the valence band are found to primarily consist of
contributions from theCu 34'° orbitals that are predominantBdx, in character, as expected
for a distorted tetrahedral coordination geometry. These are mixed with smaller
contributions from thé&\ 2p orbitalsof the pda ligands vid( Yap(d) antibonding interactions.

The calculated bandgap siaeross the banddgesis ~1.90 eV and is fairly close tdhe
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measured valuef ~1.8eV. The electronic excitation betweehe valenceand conduction
band can be viewed gwimarily a metalto-metal charge transfer betweéme Cu(l) and
Mo(VI) cations. These results am®dnsistent with our prior investigations involving a
combination of two transition metals that combfitied d*° (i.e., Ag(l) or Cu(l)) and empty
d® (i.e., ReVIl) or Nb(V)) electron configurations These systems show significantly
decreased bandgap aeszrelative to theimpler transitiormetal oxides, and which increases

their range of light absorption for use in sunlighiven photocatalytic reactiorig!12

Photocatalytic Activities for Water Splitting and Water Reduction. The
heterogeneous plaatalytic activity ofl, 11 andlll were evaluatedunder visible and/or
ultraviolet irradiation in a) deionized water for total water splitting, and b) in aqueous
methanol solutions for water reduction to hydrogen. In the vifigi¢ range of
wavelenghs, only| exhibited bandgap light absorption, while and Ill showed small
absorption peaks originating from the CufiBsedd-to-d transitions. Accordingly, only
was found to show visibleght-driven photocatalytic activity for total water splitgin
Powder Xray diffraction was used to confirm thatremains stable under each of these
photocatalysis testing conditions (Supporting Information). Over the course of 17 lhours,
showed a nearly continuous rate &.6-¢ moH./%:0, g* h* under AM 1.5light (~0.1
Wi/cn?), shown inFigure 4.6. An approximate turnover frequency stosOz¢* cluster
was calculated to be ~1.2'hbased on its measured specific surface ardaboh?/g and the
average density df MogO2¢] surface clusters calculated fearious planes of the crystal

structure. Using only visibleght irradiation (420 nm to 800 nnat a higher power density
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of ~1.0 W/cns, a significantly higher rate was observed of ~@ eHata®, gt ht with a
turnover frequency of 24} shown inFigure 4.7c. Shown inFigure 4.7, the activity for
hydrogen production alone under this light flux was an even highere-2teH, gt h? for

only visible light and ~31& moH; g'h? for ultraviolet and visible light, with turnover
frequencies of ~7 it and ~142 #, respectively. Each of these latter rates declined over the
course of several hours, but which could be recovered by suspending the particles in a fresh
agueous methanol solution. To the best of our knowledge, this represents teafinpte

of a metaloxide/organic hybrid active for total water splitting and/or the reduction of water

to hydrogen under visibligght irradiation.

Similarly, bothll andlIll were investigated for their photocatalytic activities for total
water splitting and/or water reduction to hydrogen in aqueous solutions. How#ver,
decomposed under these conditions into partially reduced molybdate phases containing
ammonium cations, judging by powderry diffraction data. The ethylenediamine ligand
was not stal@ under irradiation and served to reduce the molybdenum cations within the
octamolybdate cluster. Photocatalysis measuremetits ohder ultraviolet light in aqueous
methanol solutions showed that it slowly dissolved over the course of several hotos (up
~90 mg / L). Concomitantly, whildl showed almost no photocatalytic activity at the start
of the measurements, it exhibited an accelerating activity for hydrogen production owing to
its dissolution over time. The rates of photocatalytic activiypized after ~ 2 3 hours.

The activity of Il was found to originate from the dissolvg@u(o-phen}]s[U-MogOz]

molecularclusters, as the photocatalytic rates measured for the solution were the same with
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or without the presence of the solid powdeFhe solution of dissolved clustetd was
prepared by fulspectrum irradiation of a powdered sample 2&rhr in a 20% aqueous
methanol solution, followed by centrifuging the remaining powder @exhning off the
supernatan{~3.2 mg dissolved). As slwn inFigure 4.8, an agueous methanol solution of

Il showed a high photocatalytic activity for hydrogen productiondg700nmal Hz-g* ht,

During the course of &7 hr experiment ~246.3mmal hydrogenwas producedrém 1.5

mmol of 1l (dissolved, with a totalturnovernumberof ~157 and a turnover frequency of
per[U-MosOz¢] cluster of ~9 . The products of methanol oxidation included formaldehyde
and methyl formate, and which decreased the pH of the resulting solution to ~3. Hydrogen

gas waskhe only product detected for the photocatalytic reduction reaction.

The dissolved clusters dfi can be reprecipitated from solution by evaporation, and
this results in a brown powder that is amorphous by powdenayXdiffraction.
Approximately 1.35 mgf this amorphous powder was-dessolved into aqueous methanol
(pH = 7) and exhibited photocatalytic activity for hydrogen productior-&670 nmal
H.-g! h! with a turnover frequency of ~17thas given in the Supporting Information.
More than78 mmol of hydrogen evolvedvith atotal turnovernumber of~118 afteran8 h
reaction time During the initial dissolution of the clusters, the color of the solid powder
changed from green to brown, indicating a possible change in structure or in oxidation
states. This product was investigated by a number of techniques, as provided in the
Supporting Information. The UVis diffuse reflectance of the brown amorphous powder

shows a new broad absorption edge that grows in beginning at ~1.7 eV with increasing
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time. Mass spectrometry data was used to confirm the presence[6uthgphen)]o[U-
MogOz¢| clusters inlll . However, after irradiation dfl by ultraviolet light in methanol
solution, the mass spectrometry data shows primarily protofiatbtbsOze]* species in
solution. Further, thelectron paramagnetic resonance data exhibits a decreased amount of
Cu(ll) in the precipitant. These results suggest the reduction of Cu(ll) to Cu(l) at the
surfaces oflll while under ultraviolet irradiation in an aqueoemnethanol solution, and
resulting in a decreased bandgap size similar in origin to that(fer., d'°to-d° electronic
transitions). Subsequently, during the dissolutionllbf a significant fraction of the
Cu(l)/Cu(ll) cations become detached from thetamolybdate clusters, especially as a
result of the solution becoming increasingly acidified owing to the products of methanol

oxidation.

A comparison of the photocatalytic activities df (heterogeneous) andll
(homogeneous) yields several interestingights. Whilel is active under visibiight
irradiation owing to a Cu(l) to Mo(VI) charge transfét, is active under only ultraviolet
irradiation that instead stems from the higbeergy excitation from the oxide ligands to
Mo(VI). The molecularstructure oflll renders it more soluble in agueous solutions,
subsequently leading to the detachment of the Cu cations from the octamolybdate clusters.
When tested under similar conditions, the dissolved octamolybdate clusterBlfrermibit
the highe photocatalytic rates per gram for hydrogen productiondp700s moH, gt h?,
compared to ~316 moHk gth? for I. Howeverlll shows lower turnover frequencies per

[ MosO2¢]* cluster at ~9 i, compared td of ~142 h'. In homogeneous photdedysis, all
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[ MosO2¢* clusters are dissolved in solution and can function as catalyst sites for water
reduction. So, although each dissolved cluster fibnexhibits a relatively lower turnover
frequency, the net sum of all of their individual camitions leads to a higher overall
photocatalytic rate. In heterogeneous photocatalysis, by contrast, only the exposed surface
[ M0s026]* clusters can function as catalyst sites for water reduction. Thus, while the
turnover frequencies of surfafeosO26* clusters are significantly higher, the net sum of
the significantly smaller fraction of surface sites yields a smaller overall photocatalytic rate
for hydrogen production. However, the difference in photocatalytic turnover frequencies is
not necesaily a result of thg MMosO26* cluster inl versus thg MogO2¢]* cluser inlll .

The smaller bandgap size and broader absorption rangeaof partly explain these higher
turnover frequencies. In addition, the absorption of light and the gememftiexcited
electrons occurs throughout the structuré, @nd resulting in a greater rate of electrons that

funnel towards a smaller number of photocatalyticallfive surface sites.

Conclusion

The relationships between the structures, optical bapdgizes.and photocatalytic
activities of three copperctamolybdate hybrid solids have been investigated, including
[Cu(pda)l[ ™0s026] (1), [Cu(enk]z[o-MosO2¢ (II), and [Cu(o-phen}]o[-MosOz¢] (IIl).

The twedimensional connectivity df is achieve by bridging of thgCu(pda)}** tetramers

to four neighboring 0s02¢* octamolybdatelusters. The chelating organic ligandslin
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andlll result in simpler molecular structures. Thaical bandgap size dfwas shown to
occur within the visibldight energy range at ~1.8 eV owing to the incorporation of Cu(l)
cations within its structure, wheredsandlll are comprised of Cu(ll) cations and exhibit
bandgap sizes of ~3.1 and ~3.0 eV, respectivdlye smaller bandgap size bbriginates
primariy from an electronic transition between the filled Cu(@}orbitals and the empty
Mo(VI) 4d° orbitals at the respective valence and conduction band edges. Conipound
exhibits visiblelight photocatalytic activity for the production of hydrogen fromagmeous

20% methanol solution, as well as for total water splitting, at rates of &2t oH, g* h?

and ~60 0 eHw®D; g h! (5 mg sample; radiant power density of ~1 WAgm
respectively. Corresponding turnover frequencies per calculategOR}b surface cluster
were ~77 it and ~24 1. Higher photoctalytic activities are observed under both ultraviolet
and visiblelight irradiation. By contrast]l decomposed during the photocatalysis
measurements. The molecular clusterdibfdissolved imo aqueous methanol solutions
under ultraviolet irradiation, and exhibited homogeneous photocatalytic rates for hydrogen
production of up to ~4,706ma Hz-g! h'! and a turnover frequency of 17.h During the
photocatalysis measurements, the dissolutiotine clusters inll is found to occur with the
reduction of Cu(ll) to Cu(l), followed by subsequent detachment from the octamolybdate

cluster.
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Figure 4.1. A polyhedral view ofl (a); blue polyhedra are Moentered and pink are €u
centered. The local structure[€usOs(pda)] (b) and[b-MosO2¢* (c), with gray atoms = C,

blue = N, red = O, cyan= Mo, pink = Cu, white = H
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Figure 4. 2. A polyhedral overview ofl (a); blue polyhedra are Moentered and pink are
Cucentered.The local [CuO(en) and[2-MogO2¢|* clusterg(b), with gray atoms = C, blue

=N, red = O, cyan= Mo, pink = Cu, white = H

Figure 4. 3. A polyhedral overview ofll (a); blue polyhedra are Moentered and pinére
Cu-centered. The local [Cu@phen)] and[U-MosO26* clusters(b), with gray atoms = C,

blue = N, red = O, cyan= Mo, pink = Cu, white = H
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(F(R)*hv)’
(F(R)*hv)"”

Energy (eV) Energy (eV)

Figure 4.4. Tauc plots of [F(R)3 lvs[ha ] f or t Indirectband gap sizem=2d
(left) andn = 1/2 (right), respectively, df (black),ll (red) andll (blue) The jump in the

data at ~1.8 eV arises from a change in detector at that wavelength.
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Figure 4.5. Forl, electrondensity plots of the lowest unoccupied crystal orbitals in the
conduction band (a) and the highestupied crystal/molecular orbitals in the valence band

(b). These are projected together in the overall structure in (c).
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Figure 4.6. Photocatalytic activity of for total water splitting into Hland Q under

simulated solar irradiation (AM 1.5 filter) at a radiant power density of 0.1 ¥/cm
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Figure 4.7. Photocatalytitiydrogen production fdrper[MosOz6* surface cluster (~40

mgq) in deionized water (c; visibleght only) and in a 20% methanol aqueous solution (a, full

spectrum; b, visibkight only, d, full spectrum with a 1 wt% Pt surface cocatalyst).
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Figure 4.8. Homogeneous photocatalytic hydrogen productionlfo(~3.2 mg) dissolved
in a 20% aqueous methanol solution (~45 mmhdler ultraviolet and visibleght irradiation

(at ~1.0 W/crR).
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Supporting Information

Copper-Organic/Octamolybdates: Structures, Bandgap Sizes, and

Photocatalytic Activities for Hydrogen Production

LanLuo, Haisheng Lirand Paul A. Maggart

Department of Chemistry, North Carolina State University, Raleigh NC 28805. Email:

Paul Maggard@ncsu.edu

EPR analysis Both a solid sampleof Ill and a solution of its dissolved clusters were
investigated by electron paramagnetic resonance methods. For the well ground powder
sample, aly one broadpeak in the EPR spectrum was obseparespondingo Cull)
with a giso value of 2.1147 After photocatalytic measurements, a brown precipitate was
recovered and which exhibited a much smaller sigagslshown irFigure 4.S12. After
dissoling Il into aqueousmmonia, the single broad peadasresolved into four narrow
peaks in the range of 30-B%50 G,correspondindo Cull), as shown irFigure 4.S13. No
peals from partially reducedMo atomswas observede.g., MG*, in either the initially

prepared compound or after the photocatalytic measurements.

TGA analysis. A thermogravimetric analysis of the brown precipit@etovered from

solution after the photocatalytic testingltf) from 30°C to 600°C is providedin Figure 4.


mailto:Paul_Maggard@ncsu.edu
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S14. Theweight losssup to 500 °Ccorrespondd to the removal of structural water (15%)
andthe organidigand (30.5%) and there was no significabhbundarybetween the. The

final residuewas a mixture of Mog CuMoQ: and a small amourdf MoOzs-H20, asshown

in the PXRD of Figure 4.S24. The final residues were the same as when the TGA analysis

was taken on a freshiyrepared sample o .

MALDI -MS analysis Both a MALDI-MS analyss in positive modeandan ESFMS
analysis in negative mogdeere taken on the solutiori dissolved clusters frortil prior to
and after the photocatlytic measurements in aqueous methanol solution under ultraviolet
irradiation as shown irFigure 4.S16to S18. A summary of the assignmentstbe spectra
is givenin Tables 8 and S4. A sess of peaksvasobserved in both sam@eassociated
with the species[Cu(o-phen)}[M 0sO2¢]*-xH20, HnM0gO26™*, CleM04O13-HM0oOs etc
Among these peak#hethree mosintensepeaks at m/xalues 0f422.7, 431.8 and 441.7 Da
consist of the majotlustersin the initial solutiongorresponihg to [Cu(o-phen)p[M 05026+
-xH20. After phototesting reactions, these three peaksCafofphen)h[M 0sOz¢*-xH20
decreased significantly while a series of peaks correspondingNog®.¢™*-xH.0O grew
stronger and écame the majospeciespresenting in the solution. These clusters are
coordinated with different number of water molecules @pypkarin a periodicalpattern with
a m/z differenceof 14 Da, corresponding to three water molecupes HsMosOz26** cluster.
The peak broadenings due tothe isotopic effect. In the spectra of the solutiothe mass

range of 8001000 Dashowedtwo peaks correspoirty to [Cu(o-phen)h[H2Mo0sO24)%* and
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[Cu(o-phen)][HaM0osO2¢%*. However, these two peakse absenafter phototeing, with

the spectra beeing avery complex series of broad peaks withegiodicalpeak pattern.

IR spectra. ThelR spectra of thé&rown amorphouprecipitant from the solutioaf 11l
showed largamounts ofvater, shown inFigure 4.519 TGA analyss carriedout under N
gas wasshowed aweight lossof ~13%, but which regained 5% of its weight after re

exposure to air ahe roomtemperatureshown inFigure 4.S20.

X-ray photoelectron speatoscopy. X-ray photoelectron gectra were tadn for

compoundlll before and aftgphototestingneasurementss shown ifrigure 4.521.



Table 4. 9. Crystal Dataand Structur&efinement Details for.

Compound I
Formula CgHsCuwM04N4O13
Crystal System Triclinic

Space GroupZ P-1, 2
Temperature, K 296(2)

a, A 9.7687(5)

b, A 9.8146(5)

c, A 10.5982(5)

Ue 89.256(3)

b,° 73.098(3)

9,° 73.041(3)

v, AS 927.07(8)
},g/cm 3.149

g, mm* 4.953

Total reflections Rint 42369, 0.0619
Data/restraints/parameters 5158/0/280
Final R1, wR22[1>20(1)] 0.0385, 0.0861
P el O min, /A3 1.112/1.603

Ry = S([Fo- Fol ) / SFo WRy = [SW( F2 - .2 (S Fo D) 12 w = G2
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Table 4. 2. Selected bond Distances (A), Angl@sand Bond Valenceuns forl .2

Atoml Atom2 Distance

Intra -Polyhedral Angles

Cul

Cu2

Mol

Mo2

01
011

013
as;
03
05
06
o7
010
013

2.110(3)
2.144(3)
1.971(4)
1.981(4)
3.000(1)

6 3.153(1)

1.16
2.21§3)
2.0443)
1.981(9
1.963(4)
1.17
1.755(3)
1.693(3)
1.909(3)
1.914(3)
2.208(3)
2.511(3)
5.91
1.899(3)
1.720(3)
1.689(3)
1.981(3)
2.304(3)
2.3443)

N17
N17
N3 T

N17i Culi O11
N37 Culi O11
Culi Cu2i Cull®u 2

N4 T
N4 T
N21T
N4 T

Oo2i
021
o117
Oo2i
Oo2i
o117

061
O61
O5i
O6i
O51
O3i

Culi N3
Culi O1
Culi O1

Cu2i N2
Cuzi O5
Cuzi 05
Cuzi 01

Moli O1
Moli0O3
Moli O3
Moli O4
Moli O8
Moli O8

Mo2i O5
Mo21 03
Mo271 O3
Mo2i O7
Mo21 O7
Mo21 O7

131.42)
116.82)
105.32)
96.32)
106.51)
0

130.32)
113.42)
105.91)
107.Q1)

105.4(2
103.1)
95.91)
143.71)
90.8(J)
163.7()

104.9(2
101.31)
99.1(1)
101.51)
98.2(J)
146.7(2
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Table 4. . Continued

asj
Mo3 o7
08
09
010
013
0136
as;
Mo4 O4
o7
010

011
012
013

as;

5.95
1.941(3)
1.761(3)
1.690(3)
1.952(3)
2.121(3)
2.384(3)
5.92
1.891(3)
2.3893)
2.0043)

1.72Q3)
1.70Q3)
2.2583)
5.88

Hydrogen Bonding

H3 - 08

2.427 (3)

0971 Mo31 08
097 Mo3107
08 Mo3i 07
097 Mo31 010
0871 Mo31 010
O77 Mo371 010

0127 Mo271 011
01271 Mo2104
0117 Mo271 O4
0121 Mo271 010
01171 Mo271 010
041 Mo21 010

C3 1083

104.1(2
102.31)
95.41)
101.q1)
97.0()

149.8(3

104.8(2
102.91)
101.31)

97.51)
98.0()
147.1Q)

138.9(2)

25; = exp[(R-Rj)/B], B = 0.37, R=1.574A for Cui N, Ry= 1.600A for CUi O, Ry =

1.907A for MoY' i O.
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Table 4. S1. MALDI -MS spectra assignments fidir. A: initial, B: after phototesting.

Peak assignmenfor A Observed Calculated Relative
m/z m/z Abundance
HsMogO26**-H20 304.18  302.44 3.150643
HsMo0gO26**-5H20 322.18 320.46 23.47382
HsMo0gO26**-8H20 331.17 333.96 17.57832
[Cu(o-phen)kHaM0gO26*-H20 422.73 423.31 104.5754
[Cu(o-phen)pHsM0s026*-3H,0  431.83 432.32 100
[Cu(o-phen)bHaMogO26*-5H,0  441.74  441.32 28.89502
[Cu(o-phen)(HM0sO26)]* 476.40 477.49 22.06712
[Cu(o-phen)(HMogO26)]**-H20  482.58 483.50 32.39012
[Cu(o-phen}][HaM0gO26]?*-3HO  807.56 807.87 1.86658
[Cu(o-phen][H2Mos026%*-H20  838.68 838.55 9.42668
[Cu(o-phen)][HaM0gO2¢]?*-4H,0  841.84 841.65 2.075781
Peakassignmentfor B Observed Calculated Relative
m/z m/z Abundance
HsM0gO26**-H20 303.26 302.44 100
HsM0gOz6*"-5H20 320.34  320.46 157.6695
HsMo0gOz2¢**-8H20 333.92 333.96 64.663
HsMo0gO26**-11H20 347.78 347.48 35.54143
HsMo0gO26**-14H20 361.73 360.98 21.01393
[Cu(o-phen);HsM0gO26*-HO  423.45 423.31 14.41816
[Cu(o-phen)bHaMogO26*-3H,0  432.59 432.32 34.92496

[Cu(o-phen)pHsMogO2*-5H,0  441.66  441.32 28.89019
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Table 4. . ESFMS spectra assignments for compoduihd A: initial, B: after phottesting.

Peak assignment forA Observed Calculated Relative
m/z m/z Abundance

[Cu(o-phen}H2MogOz2g] -4HCOO 44717  447.43 100.0

[Cu(o-phen]2HM0gO27CHsCOO 891.74 892.60 79.4

-2H.0

[CM04013-HM0Os]3-4H0 919.81 919.92 60.2

Back ground signal 68146 -- 68.6

Back ground signal 653.53 - 60.1

Back ground signal 671.24 30.5

Peak assignment for B Observed Calculated Relative
m/z m/z Abundance

[Cu(o-phen}H2M0gO2¢] -4AHCOO 447.17 447.43 59.1

[Cu(o-phen]2HMogO27CHsCOO 891.81 891.54 282

-2H.0

[CeM04013-HM00Os1]3-4H20 919.81 919.92 17.8

Back ground signal 681.32 - 100

Back ground signal 653.32 -- 394

Back ground signal 671.38 42.2
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Figure 4. Sl. Powder Xray diffraction patterns df (a), Il (b) andlll (c): as synthesized

(blue) and theoretical (red in a and c, blue in b).
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Figure 4. 2. A [010] polyhedral view of the structure bf Yellow polyhedra are Mo

centered and blue are €antered.
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Figure 4. $A. Thermogravimetric analysis of compoul{dlack), Il (red) andll (blue)

plotted as weight (%) versus tearpture (°C).
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Figure 4. . PXRD pattern of the thermogravimetric analysis residue from 30 °C to 600 °C

for lll and its matched results: a: the residue from TGA analysis, b: calculated GuMoO

patternc: calculated Mo®pattern.
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Figure 4. . Powder Xray diffraction patterns df. as synthesized (blue), and after

photocatalytic reaction under solar light irradiation for 12 hours (red).
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Figure 4. S7. UV-Visible diffuse reflectance spectraldlif: as synthesized (black), and after
photocatalytic reaction under solar irradiation for 12 hours (blue), 25 hours (red) and the

brown precipitant precipitated from stibn (pink). The jump in the data at ~1.8 eV

corresponds to a change in the instrument detectors at that energy.
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Figure 4. 8. UV-vis absorption spectra bin 20% methanol aqueous solution (a) andin D

water (b) as synthesized (black), after photocatalytic reaction under UV and visible light

irradiation (red) and irradiated under visible light (red).
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Figure 4. 3. UV-vis absorption spectra df in a 20% methanol aqueous solution after
different phototesting timesis synthesized (black), after photocatalytic reaction under UV
and visible light irradiation for 4 h (red), 8 h (blue), 13 h (dark blue), 15.5 h (pink), and 19 h

(light blue).
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Figure 4. SL1. Homogeneoushmtocatalytic activities of dissolved in deionized water (c,
ultraviolet and visible light; d, visible light only) and in a 40% aqueous methanol solution (a,

ultraviolet and visible light; b, visible light orjly










































