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Abstract

Developing a fundamental understanding of the interactions between catalytic surfaces and
adsorbed molecules is imperative to the rational design of new materials for catalytic, sorption and
gas separation applications. Experimethit probed the chemistrat the gasurface interface
were employed through the utilization f situ infrared spectroscopic measurements in high
vacuum conditions to allow for detailed and systematic investigations into adsorption and reactive
processesSpecifically, he mechnistic details ofpropene epoxidation on the surface of
nanoparticulate Au supported on Bienddimethyl chlorophosphate (DMCP) decomposition on
the surface of Ti@ aerogelsupported Cunanoparticles were investigatebh situ infrared
spectroscopy illustratebat TiO>-supporteddu nanoparticlegxhibit the unprecedented ability to
produce the industrially relevant commodity chemical, propene oxide, through the unique
adsorption configuration of propene on the surface of Aliamydroperoxide intermediate (
OOH) in the presence of gaseous hydrogen and oxygen. Whereasupirted Cu aerogels
oxidize the organophosphabased simulant, DMCP, into adsorbed CO at ambient environments.
Through a variety of spectroscopic methpdach step in thee oxidative pathwag was
investigated including: adsorption, oxidation and ré&sation of the supportedanoparticle
systems to develop full mechanistic pictudditionally, the perturbation of vibrational character
of the probe miecule, CO, was employed to characterize the intrimsitydroxyls andnolecular
level defects associated with the meteganic framework (MOF), Uig6. The adsorption of CO
onto heterogeneous surfaces effectively characterizes surfaces becaus® thndC vibrates
differently depending on the nature of the aod site. Therefor€O adsorptiorwas usedvithin
the high vacuum environment to identify atortegel characteristicthat traditional methods of
analysis cannot distinguish.
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General Audience Abstract

The interaction between small gas molecules and solid ssriacémportant for
environmental, industrial and military applications. In order to chemically change molecules,
surfaca act to lower activation barriers and provide a low energy plane to create new chemical
bonds. To study the fundamental interactions titaur between gas molecules and surfaces, we
employ infrared spectroscopy in order to probe the vibrations of bonds atitsarfase inteface.

By tracking the chemical bonds that break and form on the surface of different materials, we can
develop suiace reaction pathways for a variety of different chemical reactions. We focus our
efforts on two different applications: the conversion of propene to propene oxide for industrial
applications and the decomposition of chemical warfare agdsisg the tebniques described
above, we were able to develop reaction pathways for both propene oxidation and chemical
warfare agent simulant degradation. Our work is critical to the further development of catalysts
that harness the specific structural and chemicapeaties we identify as important and exploit
them for further use.
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Chapter 1
Introduction
Thesis Statement
In situinfrared spectroscgpnterrogatedhegassurface adsorption and reaction processes
that occur between small molecules and sphdse catalytic surfaces. Overall, these studies
provided the fundamental understanding of-gadace interactions necessary to develop new
strateges forthe synthesis and applicationtbe next generation of catalytic materials.
1.1 Motivation
The overall motivation for the scientific work presenteddithin this thesidgs to provide a
fundamental understanding of taomiclevel processes involved in small molecule adsorption
and reactionon surfacesn order to develop new synthetic strategies for catalytic materials
Heterogeneousatalysis where a chemical reaction is promoted with the aid of a solid catalyst,
requires surface atoms to adsorb and react withmingreactant moleculesSurface atoms are
in fact very different chemically and electronically compared to bulk atoheselsurface atoms
often promote substantiahemicalreactivity because of the high chemical potentiase low-
coordinated atomexhibit?>® While manyresearchers synthetizzanomaterialgwith a high
concentration of surface atoms relative to bulk atcemsl) study the catalytic properties of these
nanomaterials| focus onthe fundamental processes that answer the question of why specific
materials exhibit fagnating catalytic behavioiThe studies presesttherein utilize experimental

techniques that @erve the chemical processas they occur.



1.2 Supported NanomaterialsUsed for Heterogeneous Catalysis
1.2.1 Why Gold?

In the bulk form, gld is considered to kihe noblest of all the metatd The inability of
bulk gold to form chemical bonds at the gas or ligusigrfaceinterfacecan be explained by the
so-calledidband model , whi c h at tadsotbatetintemctions tafiled Abhand tha
resides below the Fermi enerigyel (E) of Auandweak couplingf the5d stateso the adsorbate
molecule* As an adsorbate molecule approaches a surface, the adsambegg levebroades
due to mixingwith a neafinfinite sea of electronswvhich decreases the lifetime of the discrete
state® Upon interaction with thd electronsthe adsorbaterbitalssplit into a bonding orbital and
an antibonding orbital (Figure 1.9)In contrast to Ptthe d bandof Au is completely filled and
overlaps energetically with the newly formed antibonding orbital to prodepelsive
interactiors.” In contrast to Au, Cu (which also has a filiéband) couples much more strongly to
adsorbates through i8l band. For a further, more quantitative discussion of periodicgrand
adsorbatiémetal coupling, see the work efammer and Norskot® Below, the focus turns to

chemistry that is activated, not on bulk gold, but within nanoparticulate systems.
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Anti bondmg]_-energy depends on location of d band
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Figure 1.1.Schematic of thdensity of states (DO®etweeranadsorbate interactingith a metal
sband and a metdlbandof alatetransition metalAdaptedby permission from Springdtature
Greiner et al. Freatomlike d states in singlatom alloy catalystNature Chemistry2018, 10

10081015. Copyright 2018

Although bulk Au is unreactiyveAu nanopatrticles exhibit remarkable catalytic properties
unforeseen from bulk Au chemistty? Two separate theories help to elucidate the reasons behind
this phenomenon. Firghe gold nanoparticéis catalyticactivity increases as ttoairvature surface
areaand surface tensioof the Auparticleincreaseand asthe diameter of th&u nanopaticle
decreasedaruata etlafirst showed thisemarkable experimental observatiorthe oxidation of
CO into CQ while varying the diameter of the gold nanoparticle on a variety of metal oxide

surfaces®'? Another proposed theory behind the heightened reactivitysupiporteegold
3



nanoparticles relates to tlwwnceptthat as thecoordination of a site changes (as occurs for

nanoparticlesihed bandcenter rises and promotes adsorption processes as shbigaria 12.1*

15 Therefore, upon bond formation between an adsorbate and the metal surface, the antibonding

orbitals of the metahdsorbate complex would lie abovednd notbe entirely filled unlike the

case of bulk gold.These two theories helpp explain the unprecedented activity of Au

nanoparticles compared to bulk Alihe earlyscientific discoveries on nanopartiddased Au

compounds have opened the door for thousands of researchers to identify unique nanomaterials

(including Au, Cu, Ag, PtJr, etc.) that exhibit promising catalytic activity for a variety of

environmental and industrial purpos&$®

Energy

Lower Coordination
—Reduced Band Width
—lIncrease in total # of states

below Ep
Er
>
2
d band o
W

Local Density of States

Local Density of States

Charge Conservation

—d band upshift to conserve
# of occupied states

— Increased Reactivity

Local Density of States

Figure 1.2 Representative energy diagrams ofdh®and for a late transition metal as a result of

lower coordination. Lower coordination results in a reduced band width ardl hhed shifts

upwards as a result of charge conservation.

1.2.2 General Catalyst Structure

Traditional solid catalysts used for heterogeneous catalysis inca@oraictive species

onto a highsurface area suppdftThe support material, like silica or titania, provides an anchor



for the active portiof Au, Pt , P fithe catalysto be ¢éxposée)l to ceactants?2’ The

support can also have a significant impact on the type of chemistry that occurs on the surface of
these materialsStrong metalsupmrt interactions (SMSisignificantly affect the electronic
structure of the metal, which affects bingiand reactivity>16-26.2829 These findings havied
researchers to develop materials, such as aesogelored metal nanoparticleshown in Figure

1.3)that increase the number of contact points between the metal particle and ¥tpport.

Surface Decorated
Catalyst

Y0, ,%' < . [ j | }"}« \ 7’ o

Aerogel Catalyst

Figure 1.3 Cartoon representation of a surface decorated Au/da@lystwith only a single A
Ti contact planeand the &dimensional aerogel supported Au/ti€atalystwith multiple Au-Ti

contact planes

Titanium dioxide (TiQ) surfaces, and other reducible oxide supports, are particularly
attractive as support mategaf>33* The metaloxygen bonds of reducible supports are lower in
energy and have the tendency to cleave further reduce the supporhisreducingbehaviorof
certain metal oxide suppomd#iowsfor strongchemicalinteractiors between the support aschall
nanoparticle materials, like goff Two main structures of Ti§) anatase and rutile (shovim
Figure 1.4, are important to botkhe catalysisandthe surface science communitiegcause of
their economic value andheir stability under a wide range of thermahd chemical

environments® Both of these crystattructuresontan a single Ti atom surrounded by six oxygen



atoms in a octahedral configurati@xygen vacancies, known to occur due to the wedR hond
strength, have been computationally shown to promatepaticle adhesion onto the support

materials3®

Rutile Anatase

1.966 A
\y102.308°

a e

. 3
"92.604°%._/
/"l‘\ "'\

\.J1.937 A

[100]

[00;]_ ki ["1.00]

Figure 1.4. Unit cell structures of rutile and anatase Fi@daptedfrom Surface Science Reports,
87, Ulrike Diebold, The surface science of titanium dioxide283,2003 with permission from

Elserviers?

One specific synthetic method to deposit Au nanoparticles onto ashi@port is the
depositionprecipitation method3° In this metlod, ametal precursor is added an agqueous
suspension ofiO2. By gradualy adding hydroxide ions, the Au ideposited as a gold hydroxide
andanchored to the Tigprecipitating from the solutio?f. The suport acts as a nucleating agent
during the reaction. This method allows for Au nanoparticles of roughly 3 nm te sieanchored
to a TiQ support. It is important to note that the Au must be calcined in eleteatgbrature to

drive off the hydroxiddayer and expose metallic Au atoif8° These synthetic steps provide a



nanoparticle Au surface bound to a T8Dipport and can lepplied to similar nanoparticle systems
such as Cu/Ti@*
1.2.3A New Generation of Catalyss: Metal-Organic Frameworks
More recently, metabrganic frameworks (MOFs) have been identified as materials for
heterogeneous catalysis. These materials consiatnoétal cluster bound tonultiple organic
linkers to form a 3dimensional porous, high surface area nanostruttuxO Fsétunability
includesthe chemical composition of metal metal nodexnd the organic linkeThese changes
resultin a vast array of different structures based on a size, electronic struct@eigadurface
sitesand will be further discussed in a later secfitt
-
metal/
metal cluster _—

-

[
organic linker

3D metal-organic framework
Figure 1.5. Cartoon representation of a metagjanic frameworkReprinted fromCoordination
Chemistry Review$849, Ren, J. et al.Structural defects in metalrganic frameworks (MOFs):
Formation, detection and control towards practicesterests 169197, 2017 with permission

from Elsevier!

1.2.4 Fundamental Studies of Adsorption onto Catalytic Materials

Both traditional supportethetal catalysts (like Ti@support Au and Cu nanopatrticles) and
metalorganic frameworks have beerperimentally and theoretically shownconvertagas ora
liquid phase compounithto adesired productn order to develop the next generation of materials

7



with desired functionalitya fundamental understanding of the adsorption and regrtheesse
that occur during thedeeterogeneous reaction everstsieeded Therefore, hirough the entirety
of this thesis, | will focus research efforts on materialedutr two main applicationghe
production of propene oxide, an industrially k&let commody chemical andhe detoxification
of the vapor phase neriehibiting chemical warfare agerkaow asG-series nerve agentslany
similarities between these two vastly different fields revolve around the type of materials used to
catalytically convert pneene and organophosphoitssed compounds into the desired products.
1.3PropeneEpoxidation

Propene oxide (PO) is a commodity chemical within the chemnmdaistry The major
industrial importance of propene oxide is for use in the production of polyether polyols, propene
glycol and propene glycol ethers for the downstream production of polyurethane, polyesters, and
use as a solvent, respectivély® For the past sixty years, there have baen major global
industriatlevel production methods: the chlorohydrin process and the hydroperoxide process.
However,both ofthese processes have significant environmental and econairaeddacks. The
chlorohydrin process is environmentally unfriendlyedto the production of chlorinated
byproduct® produced as a result of the propene chlorohydrin intermedigtered during the
synthesis'’ Additionally, thedehydrochlorinationeaction step to produce propene oxide results
in significant CaGl production. Brine, produced at 40 times more than propene dadeno
commercial value and thus creates a disposal protii@n. the other handhé hydroperoxide
method avoids the environmental issues of the chlorohydrin protetsshis methoguffers from
economic drawbacks.The hydroperoxidemethod requires the production of ethylbenzene
hydroperoxidewhich isthen sent to a second reactor to produce propene oxide and a coproduct

alcohol as shown in equation (1.1)



catalyst .
IS — N (1.1)

OOH OH

Traditionally, a homogenous tungsten, molybdenum, or vanadamplexis incorporated into
the reactionas the catalysind isthus expensive to separéfé’ The aromatiecontaining alcohol
is then converted to styrene fmvmmercial uses. The overall success of this ma#foded to the
commercial price of both styremaad propene oxide-or these reasons, the propene oxidieistry
desirescatalytic materialshat would directly convert propene to propene oxide.

Recently,the scientific community hafocused significant effoston developing new
supported catalysts for alternative routes to PO produclibese alternative route® PO
production utilizethe directgas phase conversion of propene iptopene oxide over a solid
catalyst.In these catalytic systenthe selectivgproduction of propene oxigdasteadof oxidized
by-products such as acrolein, acetane propanal (shown in Figuieb), is crucial to the success

of the catalytic materiah industriatlevel applicationg®

Reactant Desired Product
AN NZ
0]
Propene Propene Oxide

Undesired Side Products
O o] e}
\.).LH )J\ \)J\H
Acrolein Acetone Propanal

Figure 1.6. Chemical structures of propene, propene oxide and commprobycts of propene

oxidationover heterogeneous catalysts.



For example, researchers have found thatlerate selectivity and nearly 1% conversion

of propene in oxygen to PO could be achieved over a AufSialyst at 600 K (Reaction2): 4°

thermocatalyst o

XN f 1120, » —
high temp., high pressure

This direct conversion reaction is ideal in many respects; however, the high temperatiloes and

(1.2)

conversion rate lead to poor chemical and energetic efficiencies. In contrast, alternate approaches
that require a feedstock of propene, hydrogen, and oxygen have been shown to provide
significantly higher conversionsas the reaction closely resembtbs hydroperoxide industrial
method witlout any coproduct requiremenfsuch as styrene mentioned abowas) shown in

Reaction 1.3%%1

thermocatalyst o)
/\ + Hy + O > {, + H,0 (1_3)
high temp., high pressure

For example, scientists recently reported the vgbhaise epoxidation of propene over a titania
supported AuAu/TiO2) nanocatalyst®>>* For the Au/TiQ catalysts, the proposed mechanism
requires the formation of a hydrogperoxy (OOH) intermediate to selectively oxidize propene
into propene oxidé*>>*¢ While many researchers have identified Au/Ji@aterials as active in
the conversion of propene into propene oxide, few studies have idertigiethigue adsorption
and reactive properties that these supported metal nanostrulgureastration
1.4 CWA Detoxification

Chemical warfee agents continue to haimdividuals and communities across the globe.
Since the development of CWAs during World War |, scientists have been tagkegktopthe

necessarycountermeasures to mitigate apwtential harm Specifically, materials thatan

10



sequester, decontamaite and catalytically producbenign gas phase products are of particular
interest to military personnel.
One specific class of CWAs is the-&eries nerve agents. These chemical compounds,
shown in the top line of Bure 1.7, are potent acetylchol@steras inhibitors. The G-serie®
biological toxicity originates fromt he or ganophosphonate which uct ur
irreversibly bindsto the serine moiety of the agktholinesterase protefi.Once thechemical
warfareagentis bound to the protein, acetylcholine is unable to react to produce choline and thus
a buildup of acetylcholine within the pesgnaptic membrane occurés the possynaptic
membrane continues to builgh with acetylcholine, the constant firing of elémt signals occurs.
These electrical impulses can continue to fire and can cause symptoms ranging from uncontrolled

twitching to convulsions and death.

Chemical Warfare Agents

Sarin Soman
CWA Simulants NO,
O
0 i I
|| ” - \O/P\\“O

(0]

\\O/F’\\HO/ \O/P\‘“*o
o] /
DMMP DMCP DMNP
Figure 1.7. Chemical structures of common-ggries chemical warfare agents and CWA
simulants: dimethyl methyl phosphonate (DMR), dimethyl chlorphosphate (DMCP) and
dimethyl4-nitrophenyl phosphat@®MNP).
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In attempts to countact the utilization of Geries nerve agents, the scientific community
has nvestigated the degradation of sarin aachan on a wideange of different materials with
the hope ofidentifying materials that effectively degrade these compountts less toxic
derivatives®° However, few researdocations havéhe safety capabilities to studuchdeadly
materials. herefore CWA simulantsof significantly reduced toxicity have been studied as
structural and chemical mimics of the CW&AVA simulants, showm the bottonof Figure 1.7
containsimilar functionality as sarin or soman with significantly léssicity.5*

General decomposition fhavays of nerve agents focus mainly on hydrolySieme
reaction productassociated with the hydrolysis of nerveats are shown in theeBeme 1.1The
hydrolysisof the RF bond of sarin and somaitill resuls in the production of HF, a highly toxic
chemicaland is not an ideal gashase product for biological systefitsAdditionally, many
researchers have shown thgtirolysisoccurs athe hydroxyl groups of metal oxide surfaéé&
However, the reaction of hydroxyl groups with thesganophosphoru€P)basedadsorbates
produces multiple ¥ bonds and these phosphoryl functional groups Mlight to metal

surface.>%64

H,0
or
OH ”

o]
R\O/lJ\‘X M Me ﬁ

Me

ROH

b HX
—~—
OH
on””
Me

Scheme 1.1Neve agent hydrolysis in the presence g®tor OH groups on a surface. The reaction

could produce a variety of different compounds depending iftke@Pthe ROR bond is cleaved.
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1.4.1 Metal/Metal Oxide Materials for G-agentDetoxification

Both organophosphate and organophosphonate adsorptiodegnaldation have been
studied on a variety of higburfacearea nanoparticulate surfacastably silicon dioxide86%6¢
titanium dioxide$™®® and zirconium hydroxid€ as well as other materidi®®"*’® Both
hydrolytic reactions and oxidative pathways have been investigated for the degradation of CWA
simulants®® In fact, many known metaixide materials dissociativelylaorb gagphase Ofbased
moleculesand detoxify the compounds; however, producilition or low stability limit the
succes®f these materials iair-baseddetoxification®*®®""The dissociatiomf chemical warfare
agens and simulants result in the formatiomaidltiple bonds betweethe oxygen atoms from the
adsorbed organophosphateorganophosphonatempound and the surface. Pitadly depicted
in the Figurel.8, these adsorbates bind very strongly to surface of metals draxielies and resist

desorptionmto the gas phasé®® "2

R R
\//O ||D
P
N /N
O/\O o/ Yo
| 9
M M MM M

Figure 1.8 Representation of the bond formation between a bidebtated organophosphorus

compound and tridentateound organophosphorus compowmdmetal or metal oxide surface

For example, the common CWgimulant, dimethyl methylphosphonate (DMMP),
dissociates upon adsorption on aluminum oxide films by initial binding at surface hydroxyl sites

or unsaturated metal sites to form surface bidemagthyl methylphosphona{®&MP) and a
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methoxy ligand? Surfacebound bidentate and even tridentate phosphates develop over extended
reaction times and block reactive surface sites. Recent DFT calculations predict dissociation
products of DMMP on clean TiBurfacego exhibit binding energies of over 200 kJ/rbThese
highly stable adsorbates require significant thermal treatment to réféve. Although
dissociation of DMMP occurs readily on i@t temperatures as low as K4the surfacéound
phosphatepassivatéhe titania ad thus prevent sustained chemistry, even upon extensive thermal
cycling®7%° These previous studies suggest that effestinsegies for sustained CWA destruction
at surfaces will likely require multicomponent materials where (a) initial ¥og@king interactions
sequester or activate the OPs, (b) activateckaotants (e.g. £dr H.O) are proximal to the bound
OPs, and (chheresulting products migrate to low surfageergy areas of the catalyst where they
desorl®! The use of lowsurfaceenergy metallic nanoparticles may play a key role in moving
these strategies forward.
1.4.2 Metal Organic Frameworks for G-agentDetoxification

A new class of materials knowes Zrbased MOFshas garnered significant attemt
within the scientific communityn regard to CWA detoxification. The chemical composition of
the ZFMOFs is unique in that they contafins oxide metal nodes or clusters anchored by organic
linkers to form a highly porous, crystalline material. The general structdireMOFs is provided
in Figurel.9and depicts how the metal nodes contain many of the same features that metal/metal
oxide materialgontain but also exhibit unique properties that arise from the linkage of the organic

componentbetween each node.
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Figure 1.9. lllustration of the node structure (left) and the linker + node structure (right) for the
metatorganic framework, Uics7. Adaptedwith permission fronKatz et al. One Step Backward
Is Two Steps Forward: Enhancing the Hydrolysis Rate of-66(by Decreasing [OH. ACS

Catalysis 2015 4637%4642. Copyright 2018merican Chemical Sociefy.

In particular, the Zrbased MOF series of U6 [Zre( £0)a( £OH)s(bdc); bdc:
benzenelq4licarboxylate], UiG67 [Zre( £0)s( £OH)a(bpdcy;, bpdc: bipheny#d ,-4 Nj
dicarboxylate], MOFRB08 [Zr( €0)i( £OH)a(OH)s(H20)k(btcy; btc: benzend,3,5
tricarboxylate], and NLLOOO [Zi( €O)a( £OH)s(OH)4(H20)(tbapy); thapy: tetratopic 1,3,6;8
tetrakis(pbenzoate) pyrenadxhibit promising solutiofphase andagphase detoxification of the
G-series nerve agents and simuldif&2® The majordifference between the MOFs shoalnove
is the linker connectivity to each metal node. For example, each metal node-66 i@ UiO-

67 connect to 18rganic linkerswhereas, each natnode of NJ1000 only connects to 6 organic
linkers8?®” The decreasén metal connectivity provides coordinatively unsaturated Zr atoms
(Zreu9 that exhibit chemically reactive propertf&8° Specifically,Mondloch etal. identified that

a dehydraratetlU-1000 framework exhibited a remarkable improvemarthe solutionbased
hydrolysis of DMNP and@man compared to thn-dehydrated NLLOO varian* These results,
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along with the research of othéP$*% clearly suggest the incorporation of undercoordinated
metal centers improgethe chemical reactivity of the CWAs within MOF&lowever, direct
characterizatiowf these coordinatively unsaturated Zr sites within rr@tganic frameworks has
remained elusive.
1.5The Characterization of Surface Sites with the Probe Molecule, CO

For the past sixty yeardhe surface science community has emplogadphase probe
molecules that dsorbonto surface siteg order to characterizéhe electronic nature of the
associated surface sif€hese probe molecules providesitu characterization of catalysts and
answer the fundamental atomi@vel structural questions thatnigtic analysis of a series of
different materials canno©ne particularly useful gas phase probe molecule, CO, has the been
critical in identifying characteristics of boBrgnstedand Lewis aciit surface site8>%°

The unique nature of adsorbed CO, also calleghdsds due to the vibrational transition
asociated witht he 3 ( CO) and t he ,mwinerchRigurd.i0. Toerhighesta | s
occupied molecular orbital (HOMO) of CO i s
wi t h t he 5 0 mantybnithe eatboniersd offthe matedule. Grdinatesvith electron
deficient Lewis acitt surface siteghrough a sigma bond, whichsults in an increase ingtbond
order of CO’®% This phenomenosug gest s t hat t he 5 (natwe dndhée a |
electron density that is removed from this orbital will result in a vibratiblgshift(increase in
frequercy from the fundamental vibration in the gaisase2143cmt) o f  t o Ehissign@ O)
interaction, depicted in Figufie11b, sugges that electron density fro@O interacs with empty
orbitals of the metal cation surface slteés generally accepted thageeater blueshift in frequency

of t h sscaréla®@sx) a stronger interaction with the Lewis &€id
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site i

Conversely, when a surface site contains significant electron density, backdonation from
thesur f ace nto the

2 Thisaeffiettcalses mrdassoqatedredb i t a |
shift in theadsorbedCO vibrational transitioh e ¢ a u s e adsblonslis wegk€n@d (sdeigure

1.11c).9%%° The "-backbonding donation effect is typically found in addition to the sigma
i nteraction

a n dags dbderged s vsenme aslynlergistic ( cGnib)nation of both
component§®° Therefore, depending of the electronic nature of the surfacsiteichCO is

bound, the associated vibrational transition for the &gsb€Omoleculewill blueshift (via sgma

donationt h r o u g lrbitaloeredshiit (viaa strong backdonation efectron density intdhe
2 ‘orbital).
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Figure 1.10 Molecular orbital structure of CO and the associatdgital positionsin which the

5 (orbital is manly around the carbon atom while4héprbital is manly around the oxygen atom
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In addition to covalenlike interactionselectrostatic interactions between the adsorbed CO
molecule and surface species induce specific ctsatgehe vibrational character of COhe
electric field created by the positive charge (likeadkali metal cation othe H of ahydroxyl
group) induces a polarization of the CO molecateording to the Stark effett As shown in
equation 1.4the electric field at the adsorption site correlates with the vibrational shift tfe

C-O bond:

W06 68 0o % 0 (1.4)

whereq is the cation effective chargeis thedistance betweek to COcenterof bondandEanions

is the vector sm of neighboring anions. increase in the charge separation (C is partially
negative, O is partially positive) is proportional to the strength of the local electric field and results
inaf urt her bl ue sadtompared w the gabk ghase. THerdfpre, as shown in Figure
1.11a, the closed shell configuration of the alkali metal catindaces electrostatic interactions

on the adsorbed CO molecualad the strongenteraction resu#t from the electric field associated

with the surface site.
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Figure 1.11 Three possible interactions between CO and a metal center (M). (a) Electiarstatic
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polarization (b9 ndii ng i nteraction, anrReproducdd fromRefac k b or

9 with permission from The Royal Society of Chemistry.

Theinteraction letween CO and hydroxyl groupsalsoelectrostatic and the magnitude
of the change in vibrational frequency compared to the gas phase fundamental vibration at 2143
cmit [ goCO)] depends on the strength of the electrostatic field according to the Stark%ffect.
Therefore, interactions with an electric field through the carbon end of the CO molecule induce a
blueshift in frequency of the-O bond Whereasinteractionswith these same hydroxyterough
the oxygen end, or the 40 or bi-@ mohdpbecausofittece a r
depopulation of the fully bondingiorbital 1°*1°1 Overall, it can be seen that CO adsorption onto
a variety of different materialsan easily identify unique adsorptisites. The properties of CO
adsorption upon active surface sites for catalytic materials will be further explored in the upcoming
chaptes.
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1.6 Specific Aims ofthe Chemical Systems of Interest

The utilization ofin situ spectroscopic techniques proggdthe ability to probe the das
surface interface during gas molecule adsorptive and reactive prodesbesthesis, | focus on
two main «idation pathways: the photoepoxidation of propene into propene oxide and the
oxidation of organophosphorimased CWAsFirst in Chapter 3, | focus on the adsorption of
propene onto a titanisupported Au nanocatalyst (AuD2). The Au/Ti interface haleen cited
as critical in the epoxidation of propene into propene oxide, however, the binding geoametries
energetics of propene dhu/TiO2 werenot well understoodThrough theutilization of in situ
infrared spectroscopyidentified two propeneadgort i on si tes distingui shat
vibrational mode of propen@ropene adsorption is the critical first step in the entire epoxidation

process that also includes &hd Q.

v(C=C) = 1652 cm'!

v(C-C) = 1550 cm? ; ) |
W ¢ 1::. &
P\ AT v(C=C) = 1631 cm"*
L S, 3
Bue 6 T Bk !

TiO, Support
Schemel.2 Schematic depiction of thertaling sites, geometryand energetics of propene at

nanoparticulatéu/TiOs.

In Chapter 4the prgene adsorption conclusions generated from Chapter 3 were built upon
by the addition oboth H and Q into the experimentaleaction mixture on the same Au/%iO

nanocatalyst By using the same spectroscopic approach, | identified spéti@omediates
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producs, andby-products produced when propene,ddd Q simultaneously readn a Au/TiQ
surface.Specifically, spectroscopic evidence of the hydroperoxide intermed@a@H/HO>)
suggested the importance of #issociation and reaction with oxygen, prior to interactions with
propene. Through the utilization of the probe moleddf@, the surface location of propene oxide

was identified at Au sites near the Au/Ti interface

s=cvz2 H,
Yl
CHg3

Au @) :\'.‘ Au
AU/TiO, Catalyst

Schemel.3 Schematic description of Chapter 4 includingadsorption and reactiaf propene

O, andH2 to form propene xide on Au/TIiQ.

In order to remove the necessity of hydrogen from the reaction feedstock during propene
epoxidation UV was incorporated into the epoxidation reaction on a-Bi@, binary catalystin
Chapter 5jn situinfrared spectroscopy of the photocatalytic reaction identified the production of
trace amounts of propene oxide. However, propene oxide wasrfdetipaded in the presence of

UV light to form undesirable side productglimdingacetone and acrolein.
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Scheme 1.4. Schematic description of Chapter 5 indhgl the surface adsorption and
photoxidation of popeneinto propene oxide, acrolein, and acetawer a TiO2-SiO, binary

catalyst

In Chapter 6, | describine oxidative mechanistic pathway of the chemical warfare agent
simulant, dimethyl chlordpsphate(DMCP), over a titania aerogslpportedCu (Cu/TiQ)
nanomaterial Through spectroscopic interrogation of the both surfadsorbates and the
underlyingelectronicstructureof surface sitesDMCP was found to oxidizérst to a methoxy
intermediate and then to copgmsund CO. As moreorganophosphorusortaining species
adsorbedonto the surface, the oxidative decomposition pathway was quenched. This study
suggests further synthetic advancement to utilize mixed @edegel supportedopper where
oxidized phosphorusontaining species will more easily steb, will aid in the continued

decomposition activity of OBased molecules.
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Schemel.5 Schematic description of Chapter 6 in which infraligiit and xray light reveal
adsorption and decompositiai dimethyl chlorophosphatever aTiO, aerogetsupportedCu

nanoparticle

Finally, in Chapter 7 | utilize the adsorption of the small molecule, CO, in order to
characterize the acidic surface sites within a series -taged metabrganic frameworksCO
adsorption on the hydroxyl groups (shown in Sch&rBeand CO adsorption on the coordinatively
unsaturated Zr atoms are di s tlimotgrudf €dag BHee t hr c
high-vacuum,in situ spectroscopic methods described in Chapterovide the first systematic
characterization of Zgswithin the Zrbased MOF familyThe CO adsorption experiments provide
the benchmark to further study how Zr active sites within@ed MOFs change as a result of

continued catalytic activity anas a result of MOF synthetic variability.
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Schemel.6. Schematic illustration of Chapter 7 in which the probe molecule,b@@s tothe

acid sites o¥Zr-based metabrganic frameworkg order to characterize the materials

Through each of thespecific aims, | have developed a fundamental understanding of the
adsorption, diffusion and reaction processes that occur on relevant materials critical for industrial,
environmental, and defense related applicatidhese studies will aid further devplment and
design of catalysts synthesis. Finatlye careful experimental detail and analysisvided withn
thisthesids critical tounderstanihg the moleculatevel processes that occur when a gas molecule
interacts with a solid surface.

1.7 Concluding Remarks

Supporteemetal nanoparticles and metaiganic frameworksare weltknown for their
ability to catalyze molecular transformatiortdowever, many questions remain in terms of the
atomiclevel adsorption and reactive processkat toccur a thesematerials. The studies
performed in thishesis dpict fascinating atomievel behavior of small molecule adsorptemd
reactionprocessed. have employedpectroscopic techniques to characterize the bonds that form
upon adsorption and track thmnds thatbreak upon reactionlThese studies identify unique

adsorption configuration for adsorbates and mechapiatiovayshat adsorbed molecudpartake
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on to react and form desired produmten some casasndesired product3he fundamental nater
of these studies will aid future research with the 1gexteration of dalytic material foindustrial

and environmental usage.
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Chapter 2

Experimental Approach for Studies of Ga$ Surface Adsorption and Reaction
2.1 Experimental Considerations

Ultra-high vacuum (UHVJbased surface science instrumdrage revolutionized the field
of gassurface chemistry. Ranging from single/stal metal surfaces to complex heterogeneous
nanostructured systems, UHV environments have provided fundamental tiyrpemuod binding
energies and single atom resolution imaging of thesgasce interfacé®#1% Unfortunately, the
gap betweenypical materials studied withian UHV environmenand the materialsf practical
relevance can bsignificant. Toaddresghissec al | ed fAmateri als gapbo,
controlled environmentahpparatus to study complex materialshwihe ability to cover vast
temperatureand pressurganges The main goal othe instrument developes to better
understand how materials $uas powders, polymers, atmospheric aerosols, and chemical warfare
agents, function in realistic environments while quantifying fundamental thermodynamic
energetics of the gawaterial interactios The instrument was designed to address four key
challengs and provide specific analytical capabilities

(1) In situ spectroscopic characterizationInfrared spectroscopy has been incorporated into

the instrument tanterrogate thesurfaceadsorbed species, reaction intermediates, and

emergence of products in rdahe as atmospheric molecules collide on the surface of a

material of interest

(2) Variable pressure environment.Precision controlled vapor dosing, gas handling, and
vacuumpump baffling have been applied to provide the ability to study interfacial reactions

at pressures ranging from 100 Torr to®Trr.
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(3) Wide-range temperature control. A sample mount for particles and other materials has
been designed that provides the ability to rapidly heat and cool the sample from liquid
nitrogen temperatures to 1000 K.
(4) Gas phase detectionDetection of gagphase products released from a surfacebleas
achieved via the implementation of a differentially pumpeddfisight quadrupole mass
spectrometer wit a mass range from 1 to 300 amu
The chamber described in this chapter was built at Virginia Tech and sent to Edgewood Chemical
Biological Center for studies involving chemical warfare agent adsorption onto complex
nanomaterials. An analogous chamber remained at Virginia Tech for studies presented in Chapters
31 7.
2.2 Specific Vacuum Chamber Capabilities

A schematic representation of thgerimental vacuum chambeescribed abovis shown
in Figure2.1 The vacuum system is divided into two chambers separated by a pneumatic gate
valve (VAT Valve). Each chamber is pumped by a magnetically levitated turbomolecular pump
(400 L/s Pfeiffer Vacum). A manual gate valve (VAT Valve) is placed below the main chamber
(blue compartment, Figur@.l) to isolate the sample and chemical reactants from the
turbomolecular pump. The manual gate vadeeves as a pumping baffle trekows the main
chamber taquickly cover pressure ranges betweer 10° Torr i 100 Torr. The main reaction
chamber includes 16ddflat® flange ports that are used to introduce chemipdistong(greeni
Visible/UV and red infrared lines), samplesnd otherinstrumentation into the chamber. The

entire apparatus is mounted on an aluminum framework (80/20 Inc.).
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Figure 2.1.General schematic of the instrument. The main chamber, where the sample is located,
is shown in blue. The secondary chamber is showedn The FTIR and mirror are not under

vacuum and shown in white. Components not drawn to scale.

For the detection of surface species during experimental operation, transmission Fourier
transform infrared spectroscopiTIR) is incorporated into the chamb(ed solid line, Figure
2.1) . Two 4.50 CF flanges are fixed with KBr wi
light through the chamber. In combination with time situ detection of surface species, a

guadrupole mass spectromagsittached tohe secondary chamber (red compartment, Figu)e

28



to monitor the gas phase reactants and products that desorb from the Ja¢etker, these
methods provide simultaneous probes of reactants as they adsorb onto a surface and products as
they are relesed into the gas phase
2.3Sample Mount

Thecustomdesigned andonstructegample mountshown in Figure 2.2jtilizes stainless
steel clamps that immobilize a tungsten grid. Samples can either be pressed into the voids of the
grid, deposited onto the grida an aerosol generator, or droasted to produce a thin film of
material Thegrid allows for a variety of materials to be integrated intatisgumenfor exposure
to reactive specied’he sample holder is mounted to extenal manipulator (McAllister) for
precision alignment at the crossing coordinate of the mass spectrometer and infrared beam
pinhole aperture below the sample position is used to align the IRblidbtating the beam path
in the center of the chambeFor temperature control, the stainless steel clamps are attached to
copper leads artie mesh isesistively heated with applied current from an external power source.
A k-type thermocouple is used to monitor temperature of the sample and as a feedbtxrkheo
external power source. Finally, a liquid nitrogen reservoir is usetheatainko cool the copper
leads and mesh. Both the liquid nitrogen and the resistive heating provide a working sample

temperature range &f90 K to 1000 K.
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Figure 2.2. Schematic representation of the sample used fesgdiace studies. The orange region
represents the tungsten mesh that is either coated with sample or hydrapiiesdigd to hold
solid powders in the void space of the mesh. A pinhole apertuiietbbelow the sample (circle,

shadowed)Figure adapted from Steven Burrows with permission.

2.4 Mass Spectrometer

The secondary vacuum chamber has been manufactured to provide detailed information on
the gagphasespecies originatinfrom surfacedesorption or reaction. The residual gas analyzer
(RGA, SRS 300) is mounted to a customsixy CF cross (Kurt J. Lesker) where the center of
the ionizer is positioeddirectly in line with the center of the sample (located in the izamber).
This allows for lineof-sight detection of the gas phase products that have desiodoedhe
surface. The pneumatic gate valve between the two vacuum chantetes and closes during

high-pressure experiments to preserve the mass spectrometeRGR 8lamentscannot exceed
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pressureabove 1x 10°Torr). A gas leakvalveis attached between the two chambers to allow for
real time sampling by the RGA when the main chamber is held at high pressure for heterogeneous
chemical reactions.

The residual gas analyzevupled to the higivacuum chamber has been benchmarked by
desorption measurements of Nadsorbed intaa polyvinylidene fluoride (PVDF) film. he
desorptiorof gas moleculeBom thepolymeric coatingvas tracked in a test experiment by heating
the sample while monitoring product desorption withlithe-of-sight mass spectrometer. Initially,
the PVDF sample was exposed tod\tt123 K. Once equilibrated, the temperature of sample was
increased lineayl while themass analyzewas used to monitor the gas phase composition. As
shown in Figure.3, the gas phasmassto-charge ratiqm/z) for NHs, 17,increased over time as
the temperature of the gaaturated sample increasddhe increase in detectiorf the specific
m/z is associated with NHdesorbing from the polymer surface and traveling to the mass
spectrometer ionizer for detectiofhe nonitoring of other gas phase species such #3,HKCO,
and CO did not exhibit this sana@alyzer responder the associated mass fragmedtsing the

temperature ramp.
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Figure 2.3. Temperature programmed desorption profile ofsNidund to PVDF. Pressures of
each mass fragment over timene acquired with the RGA. Mass-charge ratios of 18, 17, 16,

15, 44, an@8 are associated withb8, NHs, NH2, NH, CQ and CO/N respectively.

2.51nfrared Spectroscopy

Transmission Fourier transform infrared spectroscopy (FTIR) effectively elucidates the
atomiclevel vibrational features that occur within materials and ypenturbation of materials.
To experimentally approach this, infrared spectra are acquired prior, during and after the
adsorption of gas molecules on a surface to identify bond rupture and bond formation events
occurring at the atomic level.

The infraredlight used to detectibrational features associated with gas adsorption and

reactionis coupled to thevariable pressure chambthrough two KBr windows and custom
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designedoptics compartmentdnfrared light is extracted from commerciaFTIR spectromedr
through an external port. A dajir purge is used to remove residual gas molecules and vapors from
the custonoptics compartment{§igure2.4A). In theentrance optics compartmenne flat mirror
(Edmund Optics) and one parabolic mirror (Thor Labs focal length = 228.6 mm) are inverted and
attached to a micrometer stage (Newport) to allow forftieal adjustment tavards or awayrom

the sample. The parabolic mirror is adjustetbtus the infrared energy ontd.annt¥ spot onthe
sample. Once focused, infrared light passes through the samp@etarsila dmair purged detector

box where a flat mirror (Edmund Optics) reflects the light onto a parabolic mirror (CHins;

focal lergth = 152.4 mm) Finally, the light is focused onto an external MCT/A detector for

analysis.
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Figure 2.4.Infrared light mirror boxes. (A) Mirror box that directs infrared light from the FTIR
housing to the vacuum chamber. (B) Mirror box that der&ot infrared from the vacuum chamber

into the MCT detector. Parabolic mirrors are depicted as pink triarfgiggre adapted from

Steven Burrows with permission.
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Thein situinfrared system has been benchmarked by measurements on a test polymeric
sample of the MOF, Ui®6-NHs, incorporated into PVDHRigure2.5displays the infrared spectra
for the UiO66-NH3 incorporated intothe b-PVDF sample Spectra were recorded overeth
temperature range 098 Kto 116 K. The final spectrumecorded at low temperature (Figure,2.5
red spectrum) has a few minor differences in infrared absorbance arou@8¥4m' and 790
805 cm! compared to the matetiat room temperature (Figu2e5, black spectrum)The small
vibrational shifts that occur in the M@tomposite are easily identified using the aforementioned
in situ infrared spectroscopic techniques. This experimental methodology allows for systematic
studies of the vibrational chges that occuupon gas molecule adsorption aeenperature or

pressure effects.
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Figure 2.5 Infrared spectra dfiO-66-NHzi n c o r p o r-RBVDE at decreasing tefmperatures.
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2.6 Variable Temperature Infrared Spectroscopy

A critical part of understanding the characteristics ofmgatecule adsorption involves
defining and quantifying the energetics of the adsorption of gas molecules on a single surface site.
Variabletemperature infrared spectroscopic (VTIR) measurendahatscterize the energetics of
gassurface interation®®VTIR requires a fixed partial presswksmall gas moleculésteracting
with a material within theclosedvacuumsystem. The equilibrium constant file gas molecule
adsorption depends on temperature according

- yo Yy 2.1)
ad vy v :

whereK is the equilibrium constant of the adsorption process while tpifhisand g Sasare
assumed to biemperature independerdlues of the standard enthalpy and entropy of adsorption,
respectively.

The VTIR method utilizes the assumption of Langmuirian adsordtongas phase
molecules. The fractionaloverage of the moleculen the surface;defined by the Langmuir
adsorpion model is related to thetansity of the characteristic gas mole¢gigrface IR absorption

band,A. Within this construct, one can express surface coverage as:

J
| QooﬂyL Qwr‘]y( b

[ — 3 (2.2)
! p Q(JOI?]’V— Qwr‘]y( b

whereAw is the intensity unddull coverage of the adsorbed molecatethe surface site anqds
the pressure of the closed system.
In the studies presented, an increase in the sample temperature resulted in an observed
decrease in the concentration ofigasface interactions. No measurable pressure increases within
the chamber accompanied the decrease in concentration of hewgéace species. This results
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from a variety of reasons including the large volume of the chamber, the sensitivity of the full
range pessure gaug@feiffer, Full range vacuum gaugand the low coverage of gas molecules
bound to the surface. As a result, the relationship between integrated absorbance and the standard

ent hal py of a.degs. a@&kante witten gs:pH A

5 6 AgB—0 — @pl_ o YAgpl 2.3

whereNwtis the total number of adsorbate moles in the system (both in the gas phase and adsorbed)
within a fixed volume)y. From this point, we assume the surfeceerage is negligibleL p
andonly gp Haés can be evaluated.
2.7 Summary

A variable temperature and pressuezuum apparatus was designed in order to study
complex materials witin situspectroscopic methodologyer a wide magnitude of pressusesl
temperatures. Thain chamber, which incorporatedrared spectroscopy, was built to stutg
vibrational features that appear and disappear duheguptakeand reactionof small gas
molecules onto a variety of solid and fililke materials Fromthe preliminaryresultsin this
chapterand through the experimentation provided in the chapters heveithave shown that
transmission infraredpectroscopy of small molecule adsorption onto {sigtiace area, complex
nanomaterials provides fundamerdadsorption, reaction, and desorption characteristics within a
well-defined, isolated vacuum environment. This instrumentation described in this chapter
provides the means to bridge the fAmaterial s ¢

experimentatn and environmentally and industrially relevant experimemaditions.
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Chapter 3

Binding Sites, Geometry, and Energetics of Propene at Nanoparticulate Au/TiO

Adapted with permission from Driscoll et &inding Sites, Geometry, and Energetic®adpene
at Nanoparticulate Au/Ti® Journal of Physical Chemistry, @017 121 16831689. Copyright
2017 American Chemical Societgnd from Panayotov et al., Infrared Studies of Propene and
Propene Oxide Adsorption on Nanoparticulate AugTiSurfaceScience, 2016, 652, 17182

2016with permission from Elsevier

3.1 Introduction
3.1.1 Propene Oxide Production

Since the early 2000s, over 6 million tons of propene oxide have been synthesized each
year for the production of polyurethane films, propene glycoljmpdrtant etheré>*® However,
the two main propene oxide production methods, the chlorohydrin process &ydriby@eroxide
process have major environmental and economical drawbc¥$ These drawbacks have led
researchers to develop a new class of heterogeneous catalystatdaectly and selectively
convert gagphase propene into propene oxide. One of these materials, nanoparticulate; Au/TiO
contains an abundance of leeordinated Au sites and All interfacial regions, both of which
have been cited as major structural tatwitors for the high catalytic activity of the
material_lZ,ZS,lOSlll
3.1.2 Au/TiO 2 Nanoparticle Catalysts for Propene Oxide Production

In several important studiegsearchers have shown that F&dpported Au nanoparticles

are active for the direct conversion of propene to propene oxide in the presence of oxygen and
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hydrogerf®°*°2 |nitial propene oxidation research on Au/Ei@emonstrated the high selectivity
for propene oxide compared to other possible oxidation products; hgwiee excessive
consumption of hydrogen and low propene oxide yield during the epoxidation hinderestlalee
processe$®>1Studies of propene epoxidation kinetics have led to improvements in propene oxide
yield and hydrogen efficiency. Unfortunately, the advances in efficiency generally occur at the
expense of selectivity with increased production of otiadized compoundsuch as acetone,
propanal, CQ@ and acrolein?°2°4% The key mechanistic step in oxide fornoati olefin
activation, appears to occur at low coordinated Au sites through activation of the carbon double
bond>>112114 The bindinggeonetry of propene orAu plays a critical role in whether the
epoxidation reaction pathwHy or the abstraction of the allylioydrogen, to formacroleinand
unsaturatedldehydesis preferred!®1’ Additionally, others have suggested that the oxidation of
the Au propene adsorption complex a Au/TiQ-SiO, surfaceproduced acrolein antherefore
acts to lower the selectiviyf propene oxidé*'*®*Such di sparity between di
corclusions suggests the importance of further study into Au/be3ed catalysts for propene
epoxidation.
3.1.3 Fundamental Studies of Propenédsorption onto Au/TiO>

Many studies highlight the importance of propiefe binding in the activation of propene
during epoxidatior?>>%1151204owever, direct spectroscopic evidence of propanenteractions
on supported Au surfaces remains elusirz:11212122 Theoretical predictions on the nature of
sites in which propene interacts with undeordinated Au (on a variety &{u crystal faces) have
also been discussé@il315123125 pegpite these insightful studies, the field lacks a fundamental

understanding of the chemistry involved in the adsorption of propene on the surface of,Au/TiO
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Few published studies have explored the binding energetics of propene on Au (111) and
AU/TiO2 (110) single crystal surfaces. Campbell and coworkers utilized temperature programmed
desorption to examine the adsorption and desorption processes of propene on a(BLOYIO
planar model cataly$t® They found that propene bound to Au islands persisted on the surface at
higher temperatures (2680 K) compared to Ti sites and Ti sites at the edges of Au islands (190
K and 240 K respectively¥® Davis and Goodman discovered, on a Au (111) crystal surface, that
propene desorbs from terrace sites prior to-émardinated Au sites at edg$.Both studies
suggest that propene binds strongly to l@erdinated Au sites. However, direct identification of
propene binding sites on nanoparticulate Ausle@alysts has yet to be provided.

The objective of the work described below is to provide a fundamental understanding of
the chemistry involved with ppene adsorption onto Au/T#¥OThe experiments provided below
couplehigh-vacuum surfacscience based methods wirthsitu infrared spectroscopy to track the
adsorption and desorption of propene on AubTi€urfaces. Fourier transform infrared
spectroscopis a powerful tool for exploring differences in surface site dependence for melecule
surface interactions. In conjunction with experimental studies, density functional theory (DFT)
calculations, performed by our collaborators, were used to help intangressign infrared bands
to particular binding geometries on a model AuAddatalyst. Results from both experiments and
DFT calculations provide stretching frequencies and binding energies of propene in different
orientations on the surface of Au/TiOTogether, our studies provide new insight into the

adsorption and activation of propene on the surface of Ag/TiO
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3.2 Procedural Methods
3.2.1 Au/TiOz Synthesis

For this work, aAu/TiO, sample was prepared according to tinea hydrolysis
precipitationdepositiorsynthesis pcedure developed by Zanellaagt® The synthesis procedure
produced apmximately 3 nndiameterAu particles (8% w/w gold loading), highly dispersed on
TiO> (Degussa P25) nanoparticles with an average size of 25ATiO> particles synthesized
in the samemannerhave been previously characteriZ8d®!28 The TiQ; reference material,
Degussa P25, was used as a reference sample in the experiments presented below.
3.2.2 Sample Ing&llation into High-Vacuum Chamberand Sample Activation

Infrared spectroscopic experiments were performed in a stastlss highvacuum
chambemwith a base pressure of ~x1108 Torr. Samples were pressed, as 7 mm diameter disks,
into a tungsten gricdndthen clamped onto a sample moantpled to a precisiomanipulator.
AU/TiO2 andreference TiQ samples were pressed into the same mesh allovshglies to be
performed on the two materials under identical experimental condi#eanempty region oftte
grid was used to monitor gas phase species in the chamber and was used as a background for
surface adsorption and desorption studies. Details on the vacuum chamber and sample mount can
be foundn Chapter 2An FTIR spetrometer (Thermo, Nexus 470 IRl with an external liquid
N2 cooled MCTA detector and a spectral resolution of Z'owas used for the collectiaof IR
data. For this work, the sample pretreatment procedure followenkalaive treatmentvith O
at 573 K for 60 mintesand evacuation at the same temperaturaricaxdditionaB0 mirutes The
oxidative pretreatment fully removéise residual productsom both sample and activates both

samples for further adsorption of propene
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3.2.3 Propene Adsorption

Once cooled toleemicd adsorption temperatures, the samples were exposed to varying
amounts of He (99.99 % purity, Matheson TriGas CP) and prop&éC (99% atont*C, CDN
Isotopes). Propene was either introduced ineochamber bpackfilling to a specific pressuoe
by flowing propenento the chamber under continuous vacuum pumpingoAuhtésurface
interactions were monitorday trackingchanges inR specta before, during, and after exposure
to propene on both the Au/Ti@nd TiQG surfaces. Additionally, infrared spectra acquired during
a thermal temperature ramp of 0.13 K/s qualitatively identified the relative binding strengths
between different propene geometries on the Au/Si@face.

3.2.4 Variable Temperature Infrared Spectoscopy

Quantitativeenergetics of propensurface interactions were attained by introducing 4 Torr
of propene into the vacuum chamber at 170 K. Following propene introduction, the sealed chamber
equilibrated at a given temperature for at@nute periogrior to data collection. The acquisition
of infrared spectra ranged from 180 K30 K and composed of an average of 250 scans.

The energetics of the propénsurface interacns were quantified through awvw 6t Ho f f
analysis of the VTIR experimental dathown in egn. 3.3This analysis has been shown to be
highly successful in characterizing gagface binding energetics in a number of studies, and
reviewed heré® The infrared vibrational feature used to quantify the concentration of propene on
the surface of Au/TiQwas the 1631 crha ( C=C) . Only propene interac
of the materials were evaluated.

3.2.5 C Propene Coadsorption
CO (99.3%, Airgas CP3Q0and propene cadsorption studies were performed at pressures

ranging from <0.1 to 2Torr of CO being added before,-ted, and after propene adsorption to
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determine where the propene adsorption sites were lo&teall changem the character of the
adsorbates were monitored via infrared spectrosdnpgubtracting thespectrum of aclean
AU/TiO2 or TiO; catalyst from thespectrumobtainedfollowing or during exposure of the sample
to propene.
3.2.6 Density Functional Theory Calculations of Propene Asbrption

Density functional theory calculations were carried out to determine the binding energies
andvibrationalfrequencies of adsorbed propene on a mAdriO2 system. All DFT calculations
were performed by Wenjie Tang and Matthew Neurock athtmgersity of Minnesota. 8 nm
Au particle supported on TiQvas simulated bgreating a Au nanostructure on a rufii®; (110)
surfacé one of themost stable planes on TiOnanoparticle3312°130 The nanostructure
consisted of a-a&tomiclayerhigh closepacked Au nanorodnchored tahe TiO> (110)surface.
The TiG: surfacewas simulated using a €3) unit cell, with four @Tii O trilayers. The top half
of the TiQ surfacewas fully relaxed whereas the bottom half was held fixed to the bulk
TiO2 lattice. All of the Au atoms in the nanorod were allowed to relax in tflieection to maintain
good lattice matching with the oxide surfatee modelAu nanorod on a rutile Ti€g(110) surface
approximateshe reactive sites for the supported Au nanopartlygzroviding a variety ofower
coordinated Au sites that interact withet support. This nael has been used previously to
successfullysimulate chemical processes on supported Au nanoparticles on P2% Fid34132

All of the DFT calculations reported herein were carried out using the Vigniratio
Software Package (VASPY® program.The KohnSham oneelectron valence states were
expanded in a basis of plane waves with a kinetic energy cutoff of 40he\¢ore electrons were
describedy pseudopotentials constructed with the projector augmevaed (PAW) method®®

137 The exchangeorrelation energy was evaluated within the generalizedegradpproximation
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with the PW91 functionaf®® The DFT+ U method with a U value of 46V was implemented to
produce a match of band features observed experimetfit) Spin-polarization was considered
for all calculations. Thé\u/TiO2 model has a 18 vacuum gap in the-Airection toprevent any
imageimage interactions caused by the periodic boundary condition. Th&)(Au/TiO2 unit
cell was sampled with a (22 x 1) k-point mesh*! Geonetries were considered optimized until
the forces on each atom were less than 6\03.
3.3Results and Discussion

Theadsorption mechanism gaseous properato two particulatsurfacesP25 TiQ and
AU/TiO2, has beestudiedviain situvibrationalspectroscopy and DFT calculatiofi$ie objective
of this workis to characterizgpropen&Au interactions which occur on the surface dfiO»-
supportedAu nanopartialate catalysts that have been previously explored for facilitating the
propene epoxidatioreaction®®°! Below, we provideexperimentahnd theoretical evidence that
propene binds tAu/TiO2 through two separate adsorptsites.These two binding configurations,
characterizetdy significantly different C=Gtretching frequenes, binding energies, and differing
CO coadsorption behaviqrovideinsight into the key propene activation step associated with
epoxidation to propene oxide
3.3.1 Propene Adsorption at Low Temperatures

The initial stages of propene adsorption were studied by exposing thermally activated
AU/TiO2 and TiQ, to 1 Torr of pure propene at 170 K, a temperature low entwuglchieve
extendedsurface residence time and liedtreactivity. Infrared spectra, reatad in situ and
referenced to the prexposed samples, are providedrigure 3.1 The difference spectdisplay

a number of positivgoing bands that indicate new vibrational featlassociated with surface
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adsorbateandone highenergynegativegoingbandthat represented a decreasabsorbance due
to a changen the character of the surfabeund hydroxyl groupllowing propene adsorption.

The characteristics of propene adsorbed onzla@d Au/TiO2 weresimilar, asevidenced
by the strong overlap in infrared spectral features for the two samples. The high wavenumber
spectraregion, shown irigure3.1A, strongly suggesthatonly a small fraction gbropene either
displacel or interaceéd with previously existing surface hyakyl groups asrevealedby a small
depletion featurabove 3700 cnh However, the coverage of hydroxyl groups was minor relative
to exposed Au and Ti sites due to the high temperatures used to pretreat and dehydroxylate the
sampleIn addition, the barglassigned to thgCH) stretching motions of the adsorbed molecules
are nearly identical in terms of both peak position and intensity. The similarities between the
AU/TiO2 and TiQ spectra indicate that most of the propene binding inAhE& 0> sample
occuredat Ti sites remote from the Au patrticles or that propene bound to Au does not significantly
affect the GH stretching frequency of adsorbed propene.

Consistentwith similarities in the IR spectra for propene adsorption in the high
wavenumber regionFigure 3.1Bshows strong spectral overlap for the two samples in the
fingerprint region from1900 to900 cm’. In particularspectra for?C-propene on both surfaces
(spectra depictechired and blackyhow an intense band at 1631 tmvhich previous studies
attributed to the interaction ofpropene’ el ectrons wi t h Ti sites
nanoparticle$®?Upon coor di nati on suffacetThsitesthe CeC lsaedt r on s
redshifts by 20 cm’ relative to the same band in the gas phasen(tbeC) stretch of the ggshase
molecule absorb$652 cm' photon3.1*? The 20 cmt redshift in vibrational energy of the double
bond s ug g eiltigterattionaohly stightly affects the electronic structure of propene;

therefore, adsorption at this site is likely molecufanature and weak, relative to other more
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covalent interactions. Stronger interactions are expected to have a more profound effect on the

stretching frequency of the double boféThe two samples also exhibit similarHC bending

vibrations (14507 1300cnt) except for amall bandocated at 1406 crifor theAu/TiO2 sample

This unique band is mosti kel y

profound difference in the IR speatfor the two samplés a feature a1550 cmt, which only

t
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We hypothesize that thE550 cm' feature (identified only oAu/TiO2) results from a
further red-shifted C=C stretch for molecularly adsorljg@dpene orAu particles. The infrared
spectrunfor isotopically labeled propene, GEH="3CH,, adsorbed onto Au/Ti&blue spectrum

in Figure 3.1B) confirms the assignment of the band at 155btorthat of the C=C stretch of
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propene. The redshift §{g€opmpencfoods Hwiotkle 68 h d a av(

Specifically, Hookeds | aw for a classical har
o — - (3.1)
where 3 is the vibrationalKkifsr etghuee nscpyr,i nQy icso ntsht

law predicts an approximate 30 ¢medshift of then(C=C)band for the [4*C] propene molecule
compared to the naturally occurring propene saégienilar to our observatiorand the
observations of othefé* The reason for the large vibrational egyedifference between propene
bound to Ti sites and pr olpielikely due towsigndicant chardeu s i t
redistribution. The significantelectron densityassociated witlthe Au atom perturls the sp
hybridization of the double borahd thereby reduces the bond order

Significant charge redistribution from Au
reduce the bond order, elongate the bond, and Itvesstretching frequency of the molecule.
Previous studies suggest that this type of adsorima¢eal interaction may be attributed to either
(@adi i nteraction, where the two carbon atoms i
with two adjacent metal aton{sigure 3.2DF), or (-imtgraction, where Yhe two carbon
atoms are bound to a single metal $kegure 3.2AC). I n t he c-mteractiom,the t he (
hybridization of the @ bond lies somewhere betweenth&’sp i nt er act i oAdi-and t h
O i nteract i dtinnEnQ)is lesk sigaificanhcemparédtypical di-G binding14314°
3.3.2 Site-Specific Band Assignment through Density Functional Theory

Density functional theory was employed to further elucidate the binding sites and
configurations of propene ol/TiO,. Both the( “ -tapd the dilil i n t e betaveeh prapens
and Au wereidentified in previous computational studies aéfin adsorptionon small Au

clusterst?®1?5148|n the current studyhte vi br ati onal fr e-@audé¢hndii es f o
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interactions were calculated for propene adsbdseo a Au hanorod anchored to a titania support.

Figure 3.2provides calculated vibrational frequencies of the C=C bond and subséqueing

enthalpies for the minimum energy configuration at a particular AuAttecoordination: 7) in

bot h t-hnelthg dild )confi gurati ons. Propereordbasednd t o
model providectalculatedn(C-C) vibrationalfrequencies between 15511536 cmt, dependent

on the environment arourttie adsorbd molecule(Figure 3.2AC). Upon ( ~ -adsorptim, the
propeneC=C bond elongates, with a bond length between 11389 A, which is 0.05 0.06 A

longer than the C=C bond length for the isolated molecule in the gas phase (1T3® A}l

interaction of propene bound to two adjacent Au atproducedvibrational energies for the(C-

C) stretchbetween 1471 1460 cm' (Figure 3.2BF), with the popeneC=C bond length between
1.43-1.45 A Previous studies have shown that the large redshift in(@«€) vibrational energy

forthe did i nt e r aedd greater Sptharactdr of the carbon atoms involved in the bond

with the surfacé*® The DFT calculationd or pr opene ads ointdrastbnand r ou g h
thedil i nt er a providen similafmrequancies fos ( Cahdlt (HEmotionsfor a variety

of environments.

48



(no)- Interaction di-o Interaction
H4C
\ HsC
HC CH, CH—CH;
Au Au Au Au
v(C-C) = 1547 cm'! D v(C-C) = 1460 cm"!
Eads(propene) =-42.5 kJ/mol Eas(propene) = -40.5 ki/mol
bond length(C-C) = 1.39 A bond length(C-C) = 1.44 A
v(C-C) = 1536 cm" E v(C-C) = 1469 cm"
Eaas(propene) =-47.3 kJ/mol Eaas(propene) =-39.6 ki/mol
bond length(C-C) = 1.39 A bond length(C-C) = 1.45 A
C E ,z
v(C-C) = 1551 cm*! 1{' v(C-C) = 1471 cm"!
Eaas(propene) = -54.0 kJ/mol { =¥ Eads(propene) = -47.8 ki/mol
bond length(C-C) = 1.38 A \\ bond length(C-C) = 1.43 A

Figure 3.2 Density functional theory calculations for adsorption energies and stretching
frequencies of the(C-C) upon propene ads or-gordination (A, 8, Ca Au s
andthedii coor di nBR)tTheAu at¢ns, Ti aBbMS) in the TiQ, adsorbed C atoms,

and H atoms are shown in gold, gray, pink, black, and white, respectivelyefresents the

adsorption energy.

Comparison of thexperimental IRspectra to th®FT-calculatedvibrationalfrequencies
strongly suggest thgpropene binds to Awexclusively through thed oubl e bond i n
configurationat a singleatomic Au site. The experimentally obtained IR vibrational bands and

DFT calculated frequeies for propene abrbed onAu/TiO, are tdulated inTable 3.1.
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Therefore, théhermally activated\u/TiO2 sampleappears to present two modes cs@ybtion for
pr opene -intetattien of(progehe on Au artde I nteraction wixth Ti

support.

Table 3.1 IR frequencies of g€Hg in gas phase, on TiDon Au/TiGand DFT calculated stretching

frequencies for gHson Au in two coordinated orientation§ (i & di-0).

Vibrations Gas phasé? TiO, AU/TIO, DFT (" §+PropenéAu DFT di-t PropenéAu
3a{CH>) 3090 3081 3082 3085 3078
3( CH) 3013 3009 3010 3012 3008
3(CHy) 2992 2977 2976 2977 2969
3adCHjz) 2954, 2933 2950, 2922 2950, 2922
3¢(CHyg) 2870 2894, 2853 2893, 2855
3(C=C) 1652 1632 1631
3 (-©° @ - - 1550 1547 -
3 (-©) di - - - - 1460
Uad CHs) 1474, 1443 1452,1434 1452, 1434 1448, 1431 1452, 1434
i( CH) 1419, 990 1415 1415
iad( CH) -- -- 1406 1408 1407
Us(CHz) 1378 1368 1373 1371 1373
ua( @H 1298 1309 1309 1308 1306
} ( QH 1171, 1045 1172,1047 1171, 1047

3.3.3 Propend Au and Propene&d TiO:2 Binding Energetics

The relative stabilities of each propéeerface interactionvere studied experimentally
through temperature programmed desorptirontinuoushermalrateof 0.13 K st heated the

AU/TiO2 samplewhile IR spectra were continuousicordedA 3D plot of the IR spectria shown
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in Figure 3.3A During the temperature ramp, the propedsorbed tdiO> regions through the
“-interaction(IR band at 1631 cr) desorbed from the surface dbaver temperature and a faster
ratecompared to the propengolecules adsorbezh Au (R band at 1550 cH) through the( ~ -0 )
bond Figure 3.3B provides plot of the normalized integrated absorbafareboth thel631cm?

and 1550 cm IR bands at different temperatur@he propene bound through the -interaction

with Au appears to persist on the surface @avgreater temperature range than propene bound to
the titania regions of the sample. This temperatie@endence to surface concentration
demonstrates that propene molecules bound to Au are much more thermallyhstaptepene
molecules bound to titantarough” -interactiors. In fact, popene on titanieegions of the sample

completely desorbelly 270 K while propene on Apersisted abova50 K.

T Q
_— ~ Q B
e — TG g o ::::. e Au-Propene (~1550 cm™)
005 N 3 a0 o : )
p 4 < 0.75 A.A oo 2 a Ti-Propene (~1631 cm)
@ ; ° . " o0
g 3 “A %oe
© © B ° o
.E (=)} 0.5 A e
o ] A ® e
0 E A % o
< - " v
@ 025 4 %
N & )
. - —] A‘ L
» //7650 g b, ..o.' .
T2l A = ‘A“ .c. °
,,,10001\\ o 1600 e‘\"m\ S o M S M ., e
%/s/ Nl P 110 160 210 260 310 360
2000 we Temperature (K)

Figure 3.3 Temperature programmed desorption profiles for propene leaving the Aslirf@ce.

Panel Aprovides the IR spectra recorded during the 0.13'Kesnperature increase. Each
spectrum in the temperature profile represents an average of 30 scans. Panel B shows the integrated
absorbance of the 1550 and 1630%Ribands (plotted as normalized su# coverage) at specific
temperatures throughout the temperature ramp. The 1550ana was integrated over the range

1510- 1585 cm' and the 1631 crhband wasntegrated over the range 1584650 cm'.
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Quantitatively, | applied the principles ¢f &

vanot Hof f

anal ysis to

adsorption for the propen@&iO: interaction. Briefly, the Au/Ti@sample was exposed to a fixed

amount of propene and the temperature was increased while acquiring infrared spectra (Fig. 3.4A).

The propeniTiO. concentration at 1630 chdecreased as the temperature increased and

therefore a Vanot

Hof f

anal ysi s was

perfor med

Using the low coverage assumption (Eg. 2.3), we identified the standard enthalfsogftion

for propene binding on Ti sites to be15.3 kJ/mol Under the same thermal conditions, thé Au

propene Vvibrat.i

onal

featur e

rema i

nechnnat ben st ant

appliedto determine the standard enthalpy of adsonpt®ince propene binds much stronger to

Au compared to Tie(as shown in both Figure 3.3 and 3.4), we speculate that the standard enthalpy

of adsorption for propeiiédu interactions is significantly more favorable compared to the

propenéTiO: interaction.
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Figure 3.4. Variable temperature adsorption of propene over an Au/$&nple. (A) Infrared

spectra acquired

at 180

K, 190 K,

integrated intensity of 1631 chieature associated with the prop&ngO: interaction.
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In order to provide quantitative measures of the enthalpy of adsorptions for both the
propenéTiO, and the propenidu interactions, we sought the help of DFT calculations provided
by our collaboratar at the University of Minnesotdhe DFT calculated binding enthalpies for
the minimum energy configurations dfd f e r ‘nteractiqns oin Au provide informati@bout
the relative strength of the propé&ie interaction comp@d to other binding locans on the
surface (propendiO»). For the properieliO: interactionspreviouslyreportedinding enthalpies
for this sameAu/TiO> model surface have been reported4k5 kJ/moland-28.9 kJ/molfor
propené&TiO, remote fromand properieTiO, near theAu/TiO: interface, respectivel In the
current study, the largeBtFT-calculated binding enthalpy farpropeneAu ( “ -inferactionwas
foundto be-54.0 kJ/molFigure 3.2G. Our DFT results indicate, consistent with the experimental
data of Figure 3.3 and Figure 3that propendin minimum energy configurations) binds much
more strongly tAu thanto TiOo.
3.3.4Connections with Previous Wrk

With the data gathered in thelmv temperaturestudies we concludethat two binding
mechanisms occur when propesoris onto the surface dku/TiO2ia °~ i nteraction W
and antetactianyith Au. The propene double bond elongates upon codidimt the Au
nanoparticle aglectron density from the Au particle pertsithe sp hybridizedorbital of the
bond. Theg * -inferactionof propene bound ta singleAu atomcould explain the high selectivity
for propene oxide during the hydepoxidation of propene oAu/TiO> surfaces as shown by a
variety of other researdi>°>2 Recent literaturbas suggested that propenadsivated on the Au
particle during the epoxidation procé&3s>4'Nijhuis et & utilized deltamu analysiswithin in
situ XANES experimentof a Au/SiQ sampleto discovera featureat the Au Ls-edgein the

presence opropene, oxygenand hydrogen. They attributed this spectral changpropene
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adsorbed o A u t Rntecactignh? Oar resultsare consistent with this interpretation while
providing additional insight into the details of the binding mechani&ecent heoretical studies
by Baker etl. agree with this suggestion as they determinexkggen covered, defective Au(111)
surface depletes the electron density ftorh e ~ ofgnopdenetarad Isubsequently accumulates
charge between each?sfarbon and the Aadatom wheredsorption occur§ si mi | ar- t o t h
interaction)!® Our results highlight the favorable binding energy of propeneAuithin addition
to the elongation of the propeneutide bond upon coordination and suggest that propene bound
t hr ou g h-interacton i6 thel gctivated species necessary for epoxidation on the surface of
AU/TiO2. However, in order to identify how propene adsorbs at temperatures required for propene
epoxidation (300 400 K), room temperature studies of propene adsorption are necessary.
3.3.5Propene Adsorption at Room Temperature and Competitive Adsorption with the
Probe Molecule, CO

In order to elucidate the adsorption characteristics of propene at temperatures high enough
for epoxidation to occur, room temperature adsorption and competitive adsorption studies were
required. Competitive adsorption experiments with CO can identifyfgpecations the propene
molecules bind by observing the displacement of CO molecules and identify local perturbations
of the surface site electronic structure as e\
adsorption at realistic tempéunges provides a clear picture of the catalyst surface structure that
would be present during an epoxidation reaction.

The CO coverage, stretching frequency, and binding characteristics all identify specific
electronic structure characteristics on the/TiO> sample and also provide insight into the
adsorption characteristics of propene on AubTithe infrared spectrum for CO adsorbed on the

Oc-activated Au/TiQ sampl e at room temperature - provi
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associated with CO bounid Au (Figure 3A, black curve) at 2120 ¢nis shifted to higher
frequencies, relative to highly reduced &A@, samples 223 The large blueshift ifrequency may

be due to a decrease in negative charge for the Au particles as oxygen species present on or near
the Au sites scavenge electrdd$In fact, the AiiCO IR band appears to be composed of two
components. The two blue Lorentzian curves in Figure 3.5A provide an excellent model fit to the
data. We assign the band at 2133'chmsed on previous literatdfé'*®to CO on Ad *sites that

reside at the Au perimeter. Oth&r¥°% have shown that the undewpordinated Au sites that

reside at the perimeter, bind to O atoms from the; Ta@ice,form Au-O-Ti linkages and shift

electron density away from the Au atoms. The activated oxygen species at the Antdiface

act to further oxidize the Au to provide positively charged surface sites for CO adsorption. The
positively charged sites attract more CO than thé shes®! andinduce ablueshiftin the
stretching frequency of the adsorbed .E®&The surface characterizatimi CO adsorption is

critical because, as stated above, propene is expected to bind to these same undercoordinated

surface sites near the Au/Ti interface.
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Figure 3.5 Samplesctivatedwith 10 Torrof Oz at 573 K for 60 mintesand evacuated at 573 K
for an additionaB0 mirutes (A) CO/Au infrared region afterdsorption of 2 Torr CO at 303 K
on activatedAu/TiO2. The blue curves are bands obtained dfteentzian fitting of the AuCO
absorbance band. (B) Full mi& spectrum for thedsorption of 2 Torr CO at 303 K @&ctivated

AU/TiO> (red trace) and Tig(black trace) samples.

It should also be noted that additional absorbance bands in the1260@&n* region can
be assigned to vibrational motions of carbonate and carboxylate $pasibgyhlighted in Figure
3.5B. The AuU/TiQ catalyst (red trace) produced a significantly larger amount of
carbonates/carboxylates than the Jo@talyst (black trace), which is expected due to the presence
of oxygen at dual perimeter sites where@«D-Ti interactions activate the-®ond*®

Experiments with preand ceadsorbed COpropenawvere also performeir theactivated
catalystsas a means of gaining insight into the stefaite dependence to propene adsorption on
the activated surface at room temperatWeen 2 Torr of CO was pradsorbed on the Au/TO
catalyst at 303 K, CO quickhgacted with somef the active oxygen species availahi¢he Aufi
perimeterto produe carbonate/carboxylate speci€be CO that remainedtas mainly adsorbed

at partially charged gold sites as8CO species givingise toan IR band at 2140 chand at
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low-coordinated goldsites neathe perimeter ag\u®-CO speciesjdentified at 2120 crit (see
Figure3.6A, spectrum). Co-adsorption of propene by incremental admission of up to 2 &béls C
produced the spectral developments shown in Figlifids 3.6C and3.6D, ii-ix. In Figure 3.6A,
the addition of GHe causes the ACO band mtensity to decrease and redshifatfrequencyas
low as 2087 cm.

As described above, the large ~30cradshift reflects the Au oxidation state change due
to electron density transfer fromslds to the Au sites. The decrease in the @@ band intensity
is due to the displacement of CO adsorbates on Au sitesHyn@lecules. The loss of CO on Au
sites (blue open triangles) and the redshift in theC&uband frequency (blue closed triangles)
during propene exposure are quantitatively shown in Figuréds®mparison of these two curves
indicates that theCO intensity (an indication of CO coverage) changes at a greater rate than the
vibrational frequency of AACO. The lack of correlation in the est of change for these two
spectral features implies that CO is directly displaced by propene molecules, rather than driven

from the surface by extensive charge transfer
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Figure 3.6. Samplesctivatedwith 10 Torr Q at 573 K for 30minutesandevacuated at 573 K
for 30 minutes.ij Adsorption of 2 Torr CO oactivatedsamples;i{-ix) co-adsorption of propene
on CO precovered surface. Incrementatik) increase of propene partial press@®1- 2 Torr)
in thechamber;X) re-adsorption of 2 Torof CO on evacuated samp[@d) CO/Au IR absorbance
region, (B) Surface coverage of propatexived species (left), ACO surface coverage (right)
and AuCO peak position (right) changes as propene coverage incr€aaed;D. OH, €H and
fingerprint regionsof the IR specum as propene partial pressunerease after CO pre

adsorption

The IR absorbance bands due to propene vibrational modes (on the <Ovemed

surface) in both the Cldtretch and the fingerprint regions do ddter from those observed with
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the dean surfacet low temperatureas revealed by Figurg.6C, D. Howeverthe adsorption
associated with propene bound to Ad856 cm' wasinitially inhibited (see Fig. 3.6D, spectrum

i, ii). This suggests that CO bod to undercoordinated Au atoms or carbonate/carboxylates
produced during CO adsorption bind and resist competitive adsorption from gas phase propene
molecules. Tie production ofin aldehyde species (band at 1686'cemd a result of propene
reaction)suggests propene reacts with the AublsOrface at 300 K but is much less reactive than
propene adsorption onto a cleaxidized surface at room temperatdfeThese differences
observed during room temperature propene adsorption compared to low temperature adsorption
suggest partial passivation of the active oxygeantaining AufliO> perimeter zone by
carlonate/carboxylate species producddring CO preadsorptionand oxidation Overall,
exposureof COresultedin competition with low concentrations of propene exposure. However,

as larger concentrations of propene filled the chamber similar absorptioguatibns were
identified as was the case during low temperature propene adsorption.

After the CO and propene -@asorption experiment, the IR cell was evacuated and the
state of Au sites waagainprobedby CO adsorptionSubsequent CO adsorption onto/A®D>
(spectrum x in Figur8.6A) revealed a smallentensity of the Au-CO bandcompared to the
concentratiothatwasinitially observed Figure 3.6Aspectrum i) anthe Au-CO feature position
was shiftedto 2114 cmi, indicative ofpropene and/or propene oxidation produeiaining
adsorbed on Adi likely at the perimeter and leaoordinated Au siteg.he redshift in vibrational
frequency relative for the ACO feature is likely due to the reaction of propene with O spcies
previousy scavenging electron density away from the Au particles.

The spectroscopidatafor the adsorption and eadsorption of propene and CO tre

AU/TiOz surfacestrongly suggeghat at room temperature propegeersibly adsorbs both at TiO
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and at loncoordinated Atsites however, some oxidation products bind more stronighg high
temperature xadative (573 K) activation othe Au/TiO> sampleproducel active oxygen species
at the Aufli perimeter thatvereinvolved in irreversible adsorption of propene via its oxidation to
aldehydeproducts These oxidation products alter Au/Ti€lectronic structure, block surface sites
responsible for propene adsorption and modify overall propene chemistry at room terepesa
evidenced by cadsorption of the probe molecule, CO. Overall, we can state with certainty that at
room temperature propene still bgttirough two different geometries on the surface of AugTiO
a -iriteraction with TiQa n d  aintefactiGn)wih low coordinated Au sites.
3.4. Summary

In this work, we have provided evidence for two discrete adsorption sites for propene on
nanoparticulate Au/Ti@ On Au, pr op e n eintdactiordveherd efectronudgnkity a (-~
from the propene double bomateracts with a single Au surface atom. On Fifropene binds
t hr o u-qteracaon at Ti sites. These two binding motifs are distinguishable by(G€)
stretching frequency of the propene double bond. Furthermore, experimental TPD and VTIR
resultsas well asDFT calculations indicate that the propeAa adsorption interaction is
significantly stronger than the propé&ii¢O. interaction. We hypothesize that propene binding to
low-coordinated Au surface sites results in an elongation of the propehke dmnd, which may

activate the molecule for epoxidation in the presence of hydrogen and oxygen.
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Chapter 4
Mechanistic Insights of Propene Epoxidation to Form Propene Oxide on Au/Ti® IR
Spectroscopic Studies
4.1 Introduction to Au Nanoparticle Catalysis
Gold particles in the nanometer diameter range have unique properties that make them
ideal catalysts for oxidation reactiott®Other nanopdicles such as Pt, Cu, and &e extremely
reactive in the presence oh;o much sahat they form stable oxide surfateyers, which
deactivate the catalysts>>* Gold, in contrast, provides an actisite for Q@ adsorption without
reacting directly withmolecularO> to form an oxide. Recent studies have shown that molecular
oxygen adsorbs on Au/TiQand likely on other Au supported catalystsa highly reactive area
at the interface between the Aanoparticle and th&iO support®132The Au/TiQ; interface
allows for electron density to transfer from the Au to thé*T8ites near the perimeter, and
subsequently into the 2 antibonding orbital of the £molecule?® The electron transfer to the.O
antibonding orbital results in the elongation of ther@lecule, which lowers the activation energy
for dissociation to ~0.5 eV compared to ~2.2 eV on a Au (111) single cagtted adsorbed O
speciescontairs excess negative charge®>1°¢ Similar elet¢ron transfer effects occur at the -Au
O-Ti linkages that allow for activation of organics and other molecdlesnother factor
contributing to the enhanced activity of Au nanoparticles is the abundance-obtodination
sites, which are known to activate &hd olefinst>® For exampleH: is known to spillover to the
support after dissociation on unemordinated Au site¥°159161 The Au/TiQ interfacial region
where Q, H> and okfins adsorb, activate, and reaniake Au/TiQ a good potential catalyst for

epoxidation reactions.
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4.1.1 Epoxidation of Propene over Supportedu

Motivated by the promise of supported gold particles, numerous groups have studied
propene  epoxidation  over Au/TiOp°0356123124.162164  Ay/TS 1 (mesoporous
titanosilicate).!> 11816871 Ay/Si0,, 12 Au/Cer! 2 and Au/AbOs."® Several main unifying results
and theories have emerged from these previous studies:

1. Hy dissociates on the Au sites and reacts witto@orm HOOH and/or OOH, which is then
transferred to the support in the formQOH;

2. Propene adsorbs at the-Auinterface and reacts with the OOH intermediate to produce
propene oxid¢PO);

3. Bidentatgoropoxy species are formed during the reaction as deactivating species; and,
4. Carbonates/carboxylates are produced and deactivate the catalyst.

Despite this progress in understanding the PO formation mechanism over Au/TiO
catalysts, several key quests remain. Interestingly, one of the largest controversial questions
regarding the propene epoxidation reaction revolves around the identity of the oxidizing
intermediate. The likely intermediate for this system is OOH, which is ablextand extremgl
reactive intermediate in the presence of orgaliftBhus, directly observing the OOH species with
any suface technique is challenging. Recastdied®”1741"> have claimed teexperimentally
obseve the TIOOH species while theoretical DFT calculagti!?* have identifiedAu-OOH
sites as possible oxidizing intermediates. In order to elucidate the oxidizingnhediate
mechanism and the role the intermediate plays in the epoxidation reaction, thenimtnistic
sters needs to béully characterized includinthe location of the reactants aofdthe active sites.

In Chapter 3 we showed experimental and computational evideribat the sites for propene

adsorption are otow-coordinatedAu atoms near the Au/Tilnterface and at Ti@sites away
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from the perimetet’| nt er est i ngly, propene andesactionlmsAus peci f

sites, which provides a weakening of the C=C bond and likely lowers the activation barrier for
epoxidation(see Chapter 3 for detai$)Furthernore, the target product, PO, felsobeenfound
to adsorb on both the Au sites and on F$@es at the Au/Ti interfac®.

With this knowledgeadetailed and systematic look at each step in the epoxidation reaction
has been performed in addition to studietween the producPO,and the H + O, reaction
mixture. For these studies, we have @yed infrared spectroscoply conjunction with density
functional theory to explore the active sites of the reactantanatkates and products for propene
oxidation over a prototypical Au/Tghanoparticle catalyst.

4.2 Procedural Methods
4.2.1 ExperimentalMeasurements

The experiments were performed using a high vacuRnoell with a base pressure of
1x10® Torr, and the cell is describeid Chapter 2 The commercial Degussa P25 FiO
nanoparticles and as/nthesized Au/Ti@nanoparticles via the depositigmecipitation methotf
were pressed separately on the same tungsten grid and transferred into the cell for comparison
studies under the same environmental conditions. The Au particles were previously characterized
to have an averagdiameter of ~3 nm and ~8% by weight Au loading for the Au/Tadalyst!?

A Thermo, Nexus 470 FTIR spectrometer was used for measuring the spectral data with each
spectrum containing 250 scans at a resolution of 2 érseparate region on the-@vid with no
nanomaterial was used to provide a background spectruadgmrptionstudies in addition to
monitoling gas phase species.

Before every experiment, the catalysts were heated t& bifigler vacuum and exposed to

10 Torr @Q for 60 minutes, and then the cell was evacuated for an additional 30 minutes at the
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same temperatur@he above pretreatnt process removed any hydrocarbotdgd impurities
either due to air contamination during catalyst transfer or from previous gas exposures. After
evacuation at 578, the sampleswere cooled to 30& and the desired gas or gas mixtwas
introduced. The gases used include propen&ld(09.99 % purity, Matheson TriGas CP); O
(99.994 % purity, Airgas Ultra High Purity),2H99.999 % purity, Airgas Ultra High Purity), CO
(99.3 % purity, Airgas CP300), and propene oxidgHgD, PO, 99 %purity, Sigma Aldrich) The
adsorption of the probe molecule(, effectively characterized the exposed surfacelmfere
and after adsorption of epoxidation reactaigaluation of the infrared spectra associated with
CO adsorptiordiscerred where the reactant and product species adsorbed on the surface of the
catalysts. Additionally, PO adsorption and reaction studies were performed to assign IR bands in
the epoxidabn reaction study as well & determine which products formed due to iattion
with PO, instead of being intermediates to form PO.
4.2.2Theoretical Methods

All DFT calculations were performed by Wenjie Tang and Matthew Neurbdkea
University of MinnesotaFirst principle periodic plane wave density functional theory (DFT)
calculationswerecarriedout usingthe ViennaAb Initio SimulationProgram(VASP)*23in order
to determinethe binding energiesactivationenergiesandreactionenergiesassociateavith the
intermediatereactionpathwayswithin the overall propeneepoxidation mechanism Theresults
wereusedto examinepreviouslyproposednechanismsor theformationof the OOHintermediate
in theepoxidationof propeneovera modelAu/TiO: interface.

A (2x3)unit cell with four O-Ti-O tri-layerswasusedo modeltherutile TiO2(110)surface.
Thetoptwo tri-layersof the TiO2 surfacewvereallowedto fully relaxwhile theatomsin thebottom

two tri-layersof the TiO slabwerefixed tothea t o hatticé positionsto mimic thebulk. The 3
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nm Au nanoparticle®n TiO2 weresimulatedby usinga closepackedAu nanerod anchoredo a
model TiO2(110) surface.The model provides various interfacial Au and Ti sites, different
coordinationnumber(rangingfrom 7 to 9) Au sites,andhasprovento be reliablein mimicking
importantreactivesitesfor supportedAu catalysts:®13*132 All of the Au atomsin the nanerod
wereallowedto relaxin the Z-directionto maintaingoodlattice matchingwith the oxide surface.
All of the calculationsreportedhereinwere carriedout usingthe PW91 gradientapproximation
(GGA) exchangeorrelationfunctional:* andthe projectoraugmentedvave(PAW) methodwas
usedto simulatethe coreelectrons:*3” The valenceelectronswveredescribedvith Kohn-Sham
singleelectronwavefunctionsandexpandedn the planewavebasiswith anenergycutoff of 400
eV. The DFT+U methodwas employedto correctthe on-site Coulombinteractionswith U=4.0
eV to generateexperimentally observedelectronic structures3%4° The Au/TiO, model was
sampledwith a (2 x 2 x 1) k-point mesh'*! Spin-polarization was considered for all calculations.
To prevent any imagenage interactions caused by the periodic boundary condition, a 10 A
vacuum gap was added in thalizection for theAu/TiO2> model. Geometriesvere considered
optimizedwhentheforceson eachatomwerelessthan0.03eV/A.

The reaction pathway and activation barriers were found by the climbing image nudged
elastic band (NEB) methdd®!’’ combined with the dimer methdd The NEB method was used
to find the minimal reaction path between the reactant and product states to the point where the
perpendicular forces on all of the images along the band were lower than 0.1 eV/A. The dimer
method was subsequently useddolate the transition state to the point where the force acting on

the transition state dimer was lower than 0.03 eV/ A.
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4.3 Results and Discussion

We have employedn situ infrared spectroscopy to decipher the details of the propene
epoxidation reaction mechanism on the Au/fi€atalyst. Our previous work provided the
adsorption sites of propene and propene oxide on AgfbiBe at Au sites near the perimeter and
TiO: sites away from the Au/Tignterface. Using this knowledge, we were able to elucidate the
likely active sites and mechanism for epoxidation by systematically adding each reagtknt (C
O., and H) separately to the system and comparing the resultirgiora to the epoxidation
reaction resultsThe conclusions developed from this chapt@vide new insight into the overall
mechanism that governs the transformation of propene to propene oxide over a prototypical
AU/TiO, catalyst.
4.3.1 Propene Adsorpion on Au/TiO2 and TiO2 Nanocatalysts

Previously, we identified propene adsorption on both Au and 3ii®s on the Au/Ti@
catalyst2”38 Figure 4.1 shows 2 Torr of propene adsorae803 Kon both Au/TiQ and TiQ
catalysts aftethe previously describeoxidative pretreatment. The IR bands at 1630 and 1416
cmicorrespond to the 3(C=C) and @siteS eppectvelgie s o f
on the other hand, the IR bands at 1551 and 1407comespond o t hcenfiguratidn of the
3 (-C) mode from the C=C moiety and the U0(CH)
respectively’’ The adsorption of propene on Au/Ti€an bedepictedby the following reactions:

CsHe + Ti**Z (CH,=CHCH) i Ti** (4.1)
CsHs+ Auz (CH2i CHCHs) 1T Au (4.2)

Further evidence of propene adsorption on Au sites is confirmed by the lack of IR bands at

1551 and 1407 cthfrom the TiQ catalyst alone. Reactant adsorption prior to the introduction of

epoxidation reaction gasesyHnd Q) allows for time-resolved formation of propene oxide in
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addition to tracking the depletion of propene on the surfBice additional IR band at 1475 é¢m
onthe Au/TiQc at al yst i s bQCeH)vibeatroratimotioofron an oxaédatian(p@duct

formed from propene and residual O on the surface aftpréreatment.
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Figure 4.1 Infrared spectrum acquired during propene adsorption on an oxygen activatedAu/TiO

(red) and a Ti@(black) sample. All adsorption experimentere carried out at 303 K.

4.3.2 Propene Epoxidation on Au/TiQ using a Mixture of CsHe, O2 and H2

After propene adsorption on both the Au/T#hd TiQ catalyststhe sample was exposed
to a gas mixture of 2 Torr Hand2 Torr &@. Thereaction was monitored using IR for 2 hours as
shown in Figure 4.2. In order to see small changes, the spectrum before the addition.of the H
Oz gas mixture was subtracted from each spectrum after the gas mixture exgrabtinerefore
negativegoing vilrational features are associated with the reaction of propene on the Au/TiO

surface Figure 4.2A reveals an increase in the IR absorbance region33600cmt, which
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corresponds to thrmationH2O from the gas mixture of Ht O, on the Au/TiQ catalyst The
water formation mechanism has been previously studied and the activation energy te@osn H

< 0.3 eV*8which signifies an energetically favorable mechanism @ Fbrmation at 303 K.
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Figure 4.2. Spectra obtained during the interaction of propssterated Au/Ti@ with the
epoxidation reactantH+ O, gas mixture for 2 hours; spectréii 2 Torr propene (pradsorbed)
+ gas mixture of 2 Torr Hand 2 Torr Q added. All spectra are referenced to the spectrum of

propene adsorbed onto Au/TiO

TheC-H region (3100 2800 cm?) of the infrared spectra exhibit vibrational features that
both emerge throughout the-l®ur oxidation reactioms well as deplete during the oxidation
reaction Figure 4.2B shows the-B region with IR bands forming at 3043012, 2972, 2935,
2908, and 2873 crwith two distinct IR bands at 2951 and 2924 adisappearing. The IR bands
at2951and2924char e a s s i gGHe)dtretches of gioperié3°2122This is consistent
with the reaction of propene to form aw product containing new-8 vibrational features. The
positivegoing infrared featurest 3044, 3102, 2972, 2935, and 2873'@re assig e d .{Ch), 3
3 ( CH{CH2) ,3{CBl) , a(@Hd), respectively, for the reaction product, propene oxide

(PO)>2 Previous infrared adsorption studies, confirmed by DFT calculations, were performed by

68



adsorbing PO on the Au/Ti@atalyst, and the same IR bands were obsefedrther studies of
PO adsorption and reactivity are described in more detail in Sections 4.3.5 and 4.3.6.

In the fingerprint regiobetween 1704000 cmt (Figure 42C), numerous new vibrational
featuresemergeas the reaction proceedn addition to the decrease in vibrational features
associated with propenall consistent with the other regions of thigared window The negative
IR features occur at 1630, 1452 and 1431, and 141§ cmwhi ch can be assi gr
UaCHs) , and U(CH) modes, respe c to Negativg propéne r pr o
vibrational features associated with adsorptioto Ay like 1550 cmt, are convoluted with other
IR formation peaks and cannot be observed. Likely, propene adsorbed on both Au asite$iO
is being consumed and forming propene oxide and otheipsathicts. In addition to vibrational
features thatra associated with the production of propene oxide in the high wavenumber region,
other positivegoing featuresat 2362, 1688, 1619, 1525, 1375, 1270, 1240, 1142, 1112, 1086,

1046, and 1029 crhare also identified in the spectfarom our previous studpéusing on PO
adsorption on Au/TiQ®pr opene oxi de b adCiHg), 1270 (senaetricaig 13 7 5
breathing), while bands at 1142-@@Ti), 1104 (GO-Ti), and 1029 (€0-Ti) cm™ are assigned to

propoxy bidentate species formed after PO adsorption on fi@gions of the catalyst as shown

in Figure 4.3.Bidentate propoxypecies can also form after PO adsorption ory EilOne (see

Section 4.3.5and arghought toform through an acigtatalyzed gia ahydroxyl group) epoxide

ring opening reaction on the surface of Z#°?Other product bands can be tentatively assigned

to CO at 2362 crit and HO bending at 1619 ct
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Figure 4.3.Schemadt representation of propoxydentate species bound ..

A comparison study with the reference Ti@aterialshows PO does not form, which
provides evidence that Au sites are required for this epoxidation reaction. The next sections dissect
the possible mechanisms involved in the epoxidation reaction by describing the studies which
systematically leave out one onore of the reactants to observe the possible interactions
separately.
4.3.3SystematicEvaluation of Reactant Interactions on Catalysts

Theinitial systematic evaluation of reactant interactions witrcttalystsurface involved
the adsorption of Honto Au/TiG: and then adding mixtures ofo@nd propene in order to
determine if PO forms with lattice oxygen or requires molecularT@e infrared vibrational
features associated withy lddsorption and reaction wigbropenesuggestpropene oxidas not
formed andcan likelybe ruled out as part of the epoxidation mechani&gure 44A shows H
interaction with both the Au/Ti©£and TiGQ materia alone. The increase the IR background
over time can battributed tahe excitation of shallow trap electrons in the conduction band (CB)

of TiOz19°1%%17%r to increased scattering as a result of increased concentratior’ pédi the
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Au particlest® Either mechanism to produce the brdmhd infrared absorbance reqsité,
adsorption and subsequent dissociation onskes (reaction 4.3pr on the Au/TiQ interface
where the H atoms then diffuse (or spillover) to the;l8@pport to form OH sites with lattice O
atoms of the Ti@support (reaction 4.4):
Ho+Auz  27(AH) (4.3)

HiAu+ TiiOiTiY T(O-H)iTi + Au (4.4)
The IR light either excites these electrons into the conduction band as a continuum of states
resulting in the rise in the IR backgroumdscatters due to the formation of TiThis background
rise effect can be used to observe the availability of the active sitesd@sdciation, which have
been described at lewoordinated Au sites for the homolytic dissociation ef°*>°or Au/Ti
interfacial sites for the heterolytic dissociation ef#8 both of whichlikely play a critical role

in the propene epoxidation mechanism
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Figure 4.4. Interaction of activated Au/Ti©sample with hydrogen. The role of-aedsorbed

propene and oxygen. (A.) Interaction of 2 Tosnith activated Au/TiQ (i-i)and TIG: (1 i 6) f or
60 min. (B.) Ceadsorption of 2 Torr §He on H-treated Au/TiQ (iii) and TiOG2 (i i 1 -0) ; Co
adsorption of 2 Torr @on AU/TIQ: (iv) and TIG (i vo) . ( C. adsorptiongaf 2Tort i on  (
H2 with Au/TiO2 sample precovered with GHe (in the presence of 2 TorrsBe), (i-ii). (D.)

Kinetics of charge accumulation in the Bi€@mponent of Au/Ti@via H-spillover and rdoping

or scatteringobserved during the experiments shown in-# @nd C (kii). The filled in circles

and squares in D correspond to the spectra in A and C, respectively.

Figure 4.4B depicts the comparisohH: interaction on Au/TiQ (blue curve, ii), GHs

interaction on the Htreated Au/TiQ catalyst (dark blue curve, iii), and subsequenin@raction
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on the GHe + H2 T treated Au/TiQ catalyst (pink curve, iv). The sam&perimental parameters
were abo measured fomiO2, and no IR background rise was obseévguoviding further
evidence that the Au sites play a crucial role in thalidsociation process. AfteroHhteraction
(blue curve, ii) with the Au/Ti@catalyst, the addition of4Ele shows a small decrease in the IR
background, which could be attributed to the reaction of propene with H atoms or the quenching
of free electrons in deep trapping states within the; pi@sent due to the molecularly adsorbed
propene’® However, the addition of &ignificantly decreases the IR background andRHgands
for PO and HO formation are observed. Several conclusions aerdfrom these observations:
1) O, reacts with H atoms to form28, which removes electron density from the systerd
lowers the IR background;) 2, adsorption inecessary for PQormationand likely must be
present at the Au/Ti interfacand 3 O atoms from the lattice do not react directly with propene
to form PO.

Another question to be answered is whether propene adsorbs on or near the active sites for
PO formation. Figuret.4C and 4.4D show #s preadsorbed on the Au/TiOcatalyst, then
subsequent Hmolecules are introduced to the cell. Comparing the IR signal of the background
for H2exposed Au/TiQand the Hexposed gHe-pretreated Au/Ti@catalyst, the significant l&c
of an IR background rise for theslds-precovered catalyst signifies that the propene molecules
adsorb either on the active Aand/or interfaciasites for H dissociation or on the Tigites near
the interface blocking hydrogen spillover. Unable to nethe Au/Ti interface, atomic hydrogen
would be inhibited from reacting with interfacial oxygen to promote the epoxidation reaction.
However, Figure 4.4B, spectrum iv (pink trace) reveals that PO, &hd bidentatepropoxy
species are formed when @dsorled andinteractedwith the propendd. mixture. Therefore, the

simultaneous presence of all three reagents in the gas phase is need for PO formation.
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Figure 4.5 displays the integrated IR absorption at different frequencies duringdie 2
reaction withH, and GHe co-adsorbed. The loss of-B bands (3012870 cm') depict the
consumption of propene to form new IR bands in the regions-1680 cm!, 36063020 cm',
and 1900 cm. The 17301660 cm' region corresponds to C=0 moieties, which likely form
propanal, acrylate, and/or carboxylates from residual oxygen left on the surface from pretreatment
conditions. Formation of #D is evidencedy the increased bands between 3600 and 3020 cm
Both thelR background rise (represented by absorbance at 198)0arm the HO bands increase
slowly at first then rise exponentially; this trend is likely due to propene adsorption blocking the
active sites for kspillover to form HO. However, as propene reatd form the C=Q@ontaining

products, the active sites become available & Fbrmation.
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Figure 4.5.Kinetics of products accumulation on Au/%i@uring interaction (cadsorption) of 2

Torr Hx and 2 Torr GHe. Spectral data presented in ganel of Figure 4.4.
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Experimental evidence dhe GHe + H> reactionconfirms that lack oPO on Au/TiQ.
Therefore molecular @ must benecessary for the epoxidation reactionré€adily adsorbs to the
Au/Ti interfacé® as shown irequation 4.5

O,+Au+Ti*z THOGOi Au (4.5)
As result of el e c orbita of @dhe®@ bhondelangatenandikely éxhibit® = *
somenegatively chargeharacter(can also be written as>@Qy). The bond elongation of the
adsorbate promotes reactivity ioterfacial oxygen(bound at the Au/Ti interfaceand has been
previously shown to react with C®propionic acicf® and dimethyl methylphosphonatfé.

Figure 4.6 shows the comparison of the previous studiglds (@Isorbedalonei black
curve (i), and the €Hs + Ho mixturei red curve (ii)) with the cadsorption of @Hs + Oz without
Hareactant gas in the cell on both Au/Birigure 2.6A, iii)and TIQ( Fi gur e 2. 6 B,
Several observations can baade: 1)PO dos not form 2) New IR bands around 1688 and 1520
cmit form, whichcan be assigned to carbonat€®4, 1688 cnmt) and carboxylatesCOO, 1520
cmh), and lastly, 3)The TiQ: support in the absence of Ahows no PO formation. Therefore, for
PO formation to occur, propenez,@nd H reactants must be present on the Aubli@alyst as

shown by the pink curvespectrumijv) in Figure 4.6A.
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Figure 4.6.Spectra of Au/Ti@and TiQ samples after a-Bourinteraction with reactant gases: (i,
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of 2 Torr h and 2 TorrO..

Kinetic studies for the epoxidation reactionsife + O + Hz) are shown in Figure 4.The
integrated absorbana@rsus time of propene consumption (14@80 cm') and PO formation
(12901260 cm?) follow consistent trends; however, the curves ateeractly mirrored due to the
consumption of propene to form other products as well. As shown by the kinetic curves of the
other products in Figure 4.7, the® formation (~3450 cnb kinetic curve clearly displays a
different line shape than propene amdgeneoxidationproducts, which is likely due to a separate
formation mechanism witsolely H, and O,. Additionally, depletion of the 3450 chiR band
associated with ¥D, after PO production ceases or reached a steady stditeatedthat HO

reactsfurther. We speculate that:@ can act to further degrade PO into the bidentate propoxy
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species through an aeahtalyzed reaction or partake in reactions with other cacbataining
species Therefore, HO is ruled out as an active intermediate for P@nfttion. Formation of
arother side product propoxy bdentate speciesis revealed by the slowest kinetics measured
for the bands in the 1178015 cmt region. This observation precludbs possibility that propoxy

bidentate species are active intermgss in theepoxidation of propene to PO
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diamonds).
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4.3.4 i + Oz intermediate reaction on Au/TiOz and TiO2 nanocatalysts

One of the major questions in the mechanism for the epoxidation of propene to PO has
revolved around the identity of the oxidizing intermediate. From studies already mentioned above,
boundO,, boundH: (or a dissociatetlydrogen atom)andboundH>O canall be ruled otias the
required oxidizing species in the epoxidation reactikam a closer look at the oxidants found on
AU/TiO> surface during epoxidatio2 Torr B + 2 Torr @ were adsorbed on Au/Ticat 303 K
over 60 minutes with propene absent bae surface. Figure 488and 4.8 show that on the
Au/TiO; catalysts, HO forms as evidenced by an infrared feaanmind 16261622 cm' assigned
to the HO bending mode. An additional, small feature at 1444 appears in the timeesolved
spectra as well and is attributed tal#OOH)(H0O2) binary complexpreviously described in
inelastic neutron scattering studies-bf+ O, reactionson Au/TiO..1"> While theintensityof the
H20 bandis significantly larger compared to the O®HO, feature we cannot confirm the
relative concentration of each species on the surface without knowledge of the extinction
coefficient for both HO and OOH/HO; on the Au/TiQ surface. However, wspeclate the
OOH/H0O2 complex is the major oxidizing intermediate required to produce propene oxide. Once
the gas is evacuated from the cell, th®©Hband disappears along with the associated OH modes
(36003100 cm?), and this loss of KD indicates a weasinding between the @ and the catalyst
surface. Since theJ@ binding is weak, it is likely that, when in the presence o#HD,, some
H20O desorbs from the Au/Tixatalyst surface.

Further evidence that the Au sites play a crucial role in the formafiboth H.O and
OOHwas determinethrough exposures of the probe molec@®, onto the clean @pretreated
surface and also onto the HO> exposed surface. Figure8€ shows the CO absorbance bands

on Au sites (215@075 cmt) and TiQ sites (2207 ah 2188 crit). The AuCO band prior to the

79



addition ofH>andO2 can be fit to two Lorentzian components at 2133 and 2120 These two
IR bands are assigned to‘A«CO and A3-CO sites, respectively, where the 2133'wite resides
next to another Au atom that binds to ara@m likely from the TiQlattice at the Au perimetér?
After exposure to the H+ O, mixture, the AUCO IR banddecreases ironcentration and
decreases ifrequencyto 2111 cmt. The redshiftof 9 cm! indicates a reduction of the,O
pretreated Au sites likely from thereaction with the Oatoms to form OH sites or even further
reaction to form HO. Thus, the likely active Au sites reside at the Augli@erface. Furthermore,
the molecular @mustbe consumed by thezhh order to keep the Au sites in their metallic’Au
oxidation stateThe OOH/HO. complex identifiedspectroscopicallwhen B and Q react isnot
identifiable in the infrared spectra acquired during the oxidation reautidare (see Figure 4.2C
and 4.6A spectrum iv)Ve speculate the absence of the oxidizing intermethidie a combination
of theimmediate reaction of the OOH/8. complex with nearby propene and thegativegoing
propene vibrational featuréat 1462, 1431 and 1416 cHaspropene oxidizes into propene oxide

as well as other species like acrolein andtone?
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Figure 4.8.(A & B) Interaction of activated Au/Ti@with epoxidation gas mixture of 2 TorrH
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sample, spectrum i; After reaction with-+HD> gas mixture and evacuation, spectrum x. The dotted

lines represent thmodelLorentzian fits.

In order to help confirnthe presence of the OOH intermediate on the Au/Ti&alyst,
DFT calculations were performed using a Au nanorod anchored to a rutid1T0p model
surface. Figure 4.9 shows teathalpies of adsorption f&. adsorption on the i{site at the
perimeter Au sites, anddual perimeter site to bel79 kJ/maol -49 kJ/mo] and-97 kJ/mo]

respectivelyMolecularly-bound Q likely contains significant charge density from the Au particle.
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This process likg elongates the @ bond provides the @adsorbate wit excess negative charge
and activates the molecules for reactiBaen though the Ti@site is preferred, the Au sites are
also possible for binding.

Perimeter Tisc sites i Au sites (CN=7) i Perimeter dual site

Eats(02) =-179 kJimol}  Eas(O2) = 49 kJimol i Eaas(02) =-97 kJ/mol

Figure 4.9.0, adsorption on the (A) 34 sites at the perimeter, (B) Au sites, and (C) perimeter
dual site. The Au atoms, Ti atoms, O atoms in theTa@ice, and O atoms from the @olecule

are shown in gold, gray, pink, and red, respectively. The binding energigsa(& also shown.

The next step in the reaction involves the addition mfHa gas molecule. As shown in
Figure 4.10, the reaction mechanism for OOH formation on the Au sites,sit&3, and the
perimeter dual site involvesyHissociation with one H attached to ther@olecue and the other
H atom attached to a Au site for all mechanisBath homolytic and heterolytic Hlissociation
pathways have beepreviously investigated on lovcoordinated Au surfacgs$®161182|t s
important to notethe heterolytic dissociation of Hvas previouslycalculated to have a lower

activation barrier (8.53 kcal/mol) compared to Huenolytic dissociation (14.76 kcal/madl§? In
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our Au/TiO; model surface, wealculatethe heterolytic dissociation of Hn which aproton is
added to theegatively charged interfaci@ molecule to form the OOH species, and a hydride
is left on the Au site. For the perimeter dual site case, the generated OOH species ends up on the
Tisc site at the perimeter. The activation barriers for the OOH formatoAw Tisc Site at the
perimeter, ad perimeter dual sites were 30.9 kJ/mol, 15.4 kJ/eadi27.1 kJ/mal respectively.
The activation barriers are low enough, at 303 K, that all sites can be active for OOH formation.
Further more, t hoexn, forete ©OH formatien ore Au gites andgpErimeter dual
sites, calculated a82.0 kJ/moland-112 kJ/mo] respectively, indicates that the OOH formation
is a favorable process. Reaction 4.6 provides the most prakabten in which th©OH species
regdes on TiQ.

H% Au + Ti*TOOTAuz  FiOOH + Au (4.6)
Thus, the OOH imrmediate is likely generated at the Au/Ti interfaod reacts quickly when in

the presence of propene.
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Reactant TS Product AE, AERrxN

30.9 kd/mol -82.0 kJ/mol

1 27.0 kJ/mol  -112 kJ/mol

Figure 4.10.0. and H can directly form OOH species on the (A) Au sites, (B} Sites at the
perimeter, and (C) perimeter dual sites. The Au atoms, Ti atoms, O atoms in tHatfit®, O
atoms from the © molecule, and H atoms are shown in gold, gray, pink, red and white,

respectaaw e kxgoEpregeht thactivation barrier and reacti@mergy, respectively.

After propene epoxidation, the reaction gas mixturenea®vedrom thereactioncell as
shown in Figure 4.11 (black curves, i). Upon evacuation, propenedgesivom mostly the Ti©
sites and some of the Au sites, which was observed by the loss of IR bands-i tagi@h (2967
i 2912 cmt) and in the fingerprint region (1630 1370 cm'). Adsorption of CO revealed
displacement of propene oxide on Au sihswn by the disappearance of the bands at 1270 cm
(ring breathing mode) and 14072t ( CH) on Au) .doedrotedegeaflecon the on P O
the Au sites at the perimeter and further suggests that PO is likely fornmechearthese same

Au/Ti perimeters sites.
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Figure 4.11 Spectra of Au/TiQobtained after: (i) evacuation thfe propene, K O, gas mixture
from the chamber referenced to Figure 2, spectruritii) subsequengxposure of Au/Ti@to

2 Torr CO for 60 min.

4.3.5 Propene Oxide Adsorptioron Au/TiO2 and TiO2 Nanocatalysts

Propene oxide formatioduring the oxidation reactiowas further confirmed via the
similarity of the propene epoxidatigegroductsto that ofpropene oxide adsorbed on the Au/TiO
catalyst. Figure 4.12 displays thérational spectra associated with thepene epoxidation
reactionmixture (4.12A and 4.12B, from Figure 4.2) and propene oxide adsorption (4.12C and
4.12D). As previously mentiode the IR bands at 3006, 2970 and 2933 cmrrespod to GH
stretching modes of P@he IR bands at 1484, 1408, 1370 and 1276am e a s s.{GHg),ed t o
U ( CHs|CHz), @nd the ring breathing mode of PO, respectively. The slow accumulation of
propoxybi-dentate side products from PO adsorption is also apparent, indicated by bands in the

1145i 1020 cmt region.
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Figure 4.12 Selected spectra (i, ii, iii) from the experiment shown on Figure 4.2. Spectrum iv is

obtained after brief exposure thie activated Au/TiQ sample to 30@nTorr propene oxide.

In order to determine if propene oxide formed on Au sites and/or shi€x, the cell was
evacuated after propene oxide adsorption. Figure dep&ts, thatftergas phasevacuation, a
very small amant of FO was removed from the surface and sugggstsger binding between

PO and the surface sites compared to propene and the surface. Figure 4.13A shows a comparison
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of PO adsorbed on Au/Tand TiQ alone; at first glance, the PO IR bands look \snyilar for
both catalysts suggesting PO adsorbs on the Jit€s alone. However, after evacuation, CO was
added to both catalysts and the-B8® band redshifted to wavenumbers below 2109 (figure
4.13B, i). The observed redshift provides evidenceghaiene oxide is adsorbed on the Au sites
and donates electron density to the Au. The IR bands for PO on Au angif€fare in the same
wavenumber regions. The results are consistent with PO formation on Au sites in the epoxidation
reaction. Thereforeye propose irequation4.7 that propene reacts with the OOH intermediate
species at the AuTiOnterface and the product, PO, binds to Au. Propene originating oramD
reacting at the Au/Ti interface with OOH is also considereeguation4.8. In thisreaction, the
diffusion of PO to the Ti@sites after formation is also a possibilignally, we cannot rule out
the reaction of gas phase propene with the suifacad OOH.
(CHzi CHCHg)i Au + Aui OOHi Ti**Z  Pi@u + Ti**i OH + Au 4.7)

(CH=CHCH) i Ti** + Aui OOHIi Ti** 2 PiDi** + Ti*i OH + Au (4.8)

Figure 4.13B (spectrum ii) also shows the loss of PO on just ApAigDthe IR band
assigned to the ring breathing mode at 1270.cFhe loss of PO signifiesAhteraction with pre
adsorbed PO even in the absence pfOlecules. The significant intensity loss of PO means PO
is either removed from the surface or consumed yvial' He new positive IReaturesat 1695 and
1624 cmt are likely propanal and 4@, resgctively. The loss of PO from the surface via reactivity
is a selectivity issue that could possibly be mitigated at higher temperatures where PO would

desorb before reacting withpH
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Figure 4.13 (A) Adsorption of 2 Torr propene oxide on activatedA0. and TiQ samples (i,

i ) and evacuation (ii, i 1 6t Au/T{OBsamp evithypeent i a |

adsorbed propene oxide: 2 fbor €O, mspepctspec¢ti

3.3.6 Propene Oxide Raction onAu/TiO 2 and TiO2 Nanocatalysts

Propene oxide can react further with the oxidizing intermediate and possiItoHorm
other products. Figure 4.14 shows PO adsorption on both the AWRDTIO catalysts with
subsequent addition of theH O, gas mixtue to the cell. The IR bands at 3404, 1687 and 1624
cmt form immediately and continue to grow as time increases. The IR bands for PO decrease with
time and suggeghat PO is being consumed desorbing as a result of Bind Q adsorptionThe
IR bands aB404 and 1624 crhare likely due to KO formation as shown by the loss of both bands
on both catalysts after evacuation. The positive band at 168%agyather with the growing il

resolved bands in the 158350 cm' region can be tentatively assigrteccarbonate/carboxylate
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products formed via decomposition/oxidation of PO and/or propoxy species. Indeed, the negative

bands in the 1150030 cm' region (Figure 4.14B) indicate that propoxy species are leaving the

surface of both Au/Ti@and TiG catalysts. It can be concluded from Figures 4.13B and 4.14 that

both H and B+ Oz treatments can react with or desorb the proposdebitate species.
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4.4 Summary

-i s pde c tErvaa ciuéat e d

The propene epoxidation reactiorechanism was thoroughly studied on the Au/lc&talyst

at 303 K in order to determine each step in the mechanistic scheme:
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. Propene adsorption on both the Au/T@hd TiQ catalysts revealed two main adsorption
sites for pr open e-intaractioh ondmand with theoother lon aafioO( “~ 0 )
site away from the Au perimetéBee Chapter 3)The Au sites are likely active sites for
epoxidation as evidenced by the weakly bound PO molecules that desorbed from the Au
sites upon CO adsorption.

. After theintroduction of the H+ O, gas mixture to the propene prevered catalysts, PO
formation on both Au and TigXites on the Au/Ti@catalyst vas observed. No PO formed

on TiOz indicating that the reaction occurred on the Au sites or at the Auliiii€fac.

Since propene only adsorbs on Au sites near the perimeter, the epoxidation must occur on
Au sites at the perimeter as well. PO adsorption studies witldsorbed CO confirm these
results.

. Systematic studies measuring propene interaction with eaclameaeparately produced

a lack of PO formation unless all three reactant1§CO,, and H) were present on the
AU/TiO> catalyst surface.

. Since B + O, are necessary fahe epoxidation of propene, the formation of two possible
oxidizing intermediates was possibleistHand OOH. HO was ruled out due to the lack of

H2>0 consumption during the experiment. DFT calculations confirm that OOH formation
on both Au sites and Ti3sites near the interface is likely ccur and diffusiorof the

OOH intermediate from Au sites isolatedTiO> regions of the catalyss less likely.

. H2 + O2 exposureover the Au/TiQ catalyst revealed a small vibrational feature at 1440
cmit associated with a OOH#®, complex This species has not been previously identified

on a Au/TiQ surface at epoxidation temperatures and confirms the presence of a secondary

oxidizing intermediate necessary for propene epoxidation over Ap/TiO
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6. Lastly, FO can also readily react withpH O, to form possible deactivating species at 303

K.

After all the steps are compiled together, propene epoxidation on the Awaialyst
likely occurs at théu/Ti interfacialsites at the perimeter. A systeimaxplordion of the reactant
adsorption, intermediate formation and product formation/desorptitiized infrared
spectroscopic measuremeintg€onjunction with DFT calculatiorte observeoropene epoxidation

reactionsurface speciesot specifiedin previous literature
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Chapter 5
Infrared Spectroscopic Insight into the Photoepoxidation of Propene over Ti©SiOz
Binary Catalysts
5.1Introduction
Propene oxide, one of the most important chemical intermediates, is used to produce

materials of tremendouw®nsumer, industrial, and military importance, such as polyurethane films
and polyether$>*® Currently, over 10tons of PO are produced annudfiyThe great demand for
PO is satisfied by two industrial methods: the chlorohydrin and hydroperoxide processes.
However, both of these PO production methods have serious envirahraed economical
drawbacks. The chlorohydrin process generates a significant amount of problematic byproducts,
while the hydroperoxide process requires the fixed production ofpsoctuct in high quantities
relative to propene oxid€.These shortcomings have led researchers to design catalysts that can
directly convert propene into propene oxide.

Motivated by the importance of this reaction, we recently employed ststamece methods
to investigate thenolecularlevel details of propene chemistry over a Au/Ti@nocatalyst’=8
We have discovered that, on titangopene coordinates weakly at Ti sites through the electron
d e n s i t yorbitahof thendeublé bond (See Ch. 3). On gold, the double bond of propene is
significantly elongated due to the high electron density found in Au atoms compared to Ti‘atoms.
The propene double bond elongation likely activates the molecule for the epoxidation reaction.
Our results are consistent with computational work that showed evidence for propene bound to
undercoordinated Au atoms?® Other theoretical studies for propene adsorption on Au clusters
have suggested the importance of the proganéteraction as the first step in the epoxidation

reaCti0n120’125’183
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5.1.1 Propene Photoepoxidation

Despite significant strides to improve the efficiency of the chemistry, our work (see Ch. 4)
and the findings of othie clearly establish that the economic viability of this pathway is limited.
Specific inefficiencies includéhe required kKl co-reactant and the tendency aafpportedmetal
catalysts to oveoxidize propene to C£ acrolein, and propanal:1#’184Therefore, work has
begun to identify catalysts for the direct conversion of propene to PO but that harness photonic
energyrather than thermal energy for the conversion (Reactiont%.1):

P photocatalyst o)
X + 1/2 O, —<
mild conditions

(5.1)

A wide variety of photocatalysts have been tested for the conversion of propene into
propene oxide including titarf®&k and silicasupported Cf5 Mg'87188 zn8%190 and V405 194192
A recent survely?® of over 50 silicasupported systems for photocatalytic performance point to the
TiOx-SIO, binary catalyst as preferred for the photocatalytic epoxidation of propene.
Consequently, many researchers have focused on tg##icebased photocatalysts to improve the
production of PO in the presence of UV light?°* However, few studies have focused on

developing a full mechanistic understanding for the reaction.
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Figure 5.1. The photocatalytic reaction mechanism as suggested by Murata et al. based on electron
spin resonance measurements. Propene might to bawtlgito the activated £structure Ill) to

form PO. An alternate pathway, where propene binds to the pbdtced © species, may be
responsible for the side products. Adapted with permission from Murata Attale Sites and

Active Oxygen Species fdPhotocatalytic Epoxidation of Propene by Molecular Oxygen over

Ti O21 Si 02 B iJoumal gf Plgsical Cleemistry B003, 43644373. Copyright 2003

American Chemical Sociefy*

One notable exception involves a study demonstrating thatSi@ binary oxides with

low Ti content have exceptional selectivity compared to similar materials with larger Ti cftent.
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In that investigation, scientists utilized data from electron spin resonance (ESR) spectroscopy to
suggest that ©activation to form propene oxide proceeds throughytimeration of a uniquesO
intermediate®* Their proposed catalytic cycle for the production of propene oxide is shown in
Figure 5.1.Upon irradiation by UV light, a ligantb-metal charge transfer (LMCT) occurs
between te O and Ti species in the sample. The photogenerated hole on the lattice oxygen (O
is thought to react with an@nolecule to form the active£0?°*Propene is suggested to coordinate
to the Q' intermediate. Experiments that have employed isotopically lat&®g, provided
evidence that the PO oxygen originated from theplesse, while the side products contained a
mixture of lattice oxygen and gas phase oxy§é®thers have suggested alternative routes for
the photoepoxidation of propene over similar catalif8tS° Such studies suggest that the active
form of oxygen is a surfadeoundatomic oxyradical (éds) formed via the dissociation of surface
O as the ion is stripped of an electron by a ptgstnerated hole. In this proposed mechanism,
the Chascoordinates directly with a gas phase propene molecule to form the desired époxide.
Interestingly, researchers speculated that small catalyst pore sizes were responsible for the reported
high selectivity Our studies complement prior investigations by providing the first systematic
exploration into this photoepoxidation reaction with methods that directly probe sbdand
species through vibrational spectroscopy.
5.2. Procedural Methods
5.2.1 Synthes of TiO2-SiO2 Binary Compounds

TiO2-SiO, materials were prepared using a sol gel metfibd.procedure of the 1, 5, and
10% TiO-SiO, samples are all the same except for the amount of titanium precursor added. The
procedure below is for the 1% Ti/Si (where %Ti = mol Ti / (mokTinol Si), ethoxy and

isopropoxy ligands were not included in the calculatiof®r the 1% by mole Ti sampl8 mL
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of a 50% (v/v) tetraethyl orthosilicate (TEOS, Sig/ldrich) in ethanol was placed into a
scintillation vial and allowed to stir. 1.5 ndf water was added dropwise, and the pH was adjusted
to 2 with 1 M HCI. In a separate vial, 0.1 mL titaniurtraesopropoxide (TTIP, SigrmAldrich)
was added to 0.65 mL ethanol and 60 pL 5% acetic acid was added dropwise. Both solutions were
allowed to stir separately for 90 minutes. The TTIP solution was added dropwise to the TEOS
solution and mixed for 30 minwgeThe pH of the solution was adjusted to 7 with 1 Msldkd
allowed to stand until gelation. The resulting gel was soaked in 20% (v/v) TEOS in ethanol for 24
hours, washed in hexanes, and dried at 65 °C. Samples were pulverized in a mortar and pestle
befare use. In order to produce the 5% Ti sample and 10% Ti sample the ratio of TTIP was adjusted
relative to the ethanol and acetic acid. (5%: 0.3 mL TTIP, 2 mL EtOH, 0.2 mL acetic acid; 10%:
0.55 mL TTIP, 3.6 mL EtOH, 0.25 mL acetic acid).
5.2.2 TiOz-SiO2 Characterization

Characterization of the synthesized FH8IO; utilized diffusereflectance UV/Vis (DR
UV/Vis) and Xray photoelectron spectroscopy (XPS). For-DR/Vis characterization, each
sample was placed inside a quartz cell and mixed with ther&rgparent molecule, BaSOrhe
monochromatowas scanned to provide wavelengths betweeri 20000 nm at 1 nm resolution.
A UV/Vis spectrum of SiQwas used to subtract from the B6iO, samples to remove any SIO
absorbance featur&®m the resultant spectra. The acquisition of XPS data used a monochromatic
Al K-alpha Xray source (1486.6 eV) at 100 W over 1400 um x 100 um area at 45° angle. Survey
scans were acquired at a 1.0 eV step size with 2 sweeps. Individual element seassqwieed
at 0.1 eV step size using between @ sweeps. All binding energies are referenced-© &

284.8 eV.
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5.2.3 Sample Installation and Activation in HighVacuum Chamber

PowderTiO,-SiO, samples have beg@nessed inttheW-mesh and placeadto the vacuum
chamber using the same sample mdastpreviously explaineith Chapter2). Each sample was
resistively heated to 573 K in 10 Torr of for 1 hour and then at 573 K in vacuum for 30 minutes
to remove any loosely bound adsorbates. A liquicbgen reservoir cooled the sample between
100 K71 300 K depending on the experiment performed.
5.2.4 Propene Photgeoxidation

Photoepoxidation experiments utilized a 1000 W Hg arc lamp coupled to the vacuum
chamber. Light reached the sample using erfdptic cable (AccilassProducts, Inc.) attached
to afiber optic flange on the mini CF port of the main chamber (AGtss Products, Inc.). A
water filter, attached to the exit port of the light source, removed infrared radiatioritfe light
source As a result of the light irradiation setupy measureable sample heating efféetge been
observed Inside the chamber, a focusing lens (AGlass Products, Incwas attached to the
vacuumside of the fiber optic CF flange améhsfocused onto a 5 mm diameter spot directly on
the sample. Photoepoxidation reactianithin the chamber incorporatédTorr of @ and 2 Torr
of propene (99.99 %, Matheson TriGas CP) in addition to irradiation from the Hg arc lamp.
Infrared spectra were quired throughout the entiretbur reaction time. The background for
each spectrum utilized adsorbed propene and thus propene vibrational modes do not appear as
positive features in the infrared spectra during the photoreaction.

Propene oxide adsorptioperformed on the same materials, identified reaction products
that were produced during the photoepoxidation reactions. A solution of propene oxide (x 99 %,

Sigma Aldrich) was placed on the gas manifold and a frpargpthaw treatment was used to
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remove #mospheric gases and any impurities within the solufidre addition of 2 Torr of
propene oxidento the surface was used as the product standard.
5.2.5 Isothermal Diffusion of Propene on TiQand SiO;

Isothermal diffusion studies of propene on both sT{Degussa P25nd SiQ (Aerosil
200) reference materials employed the same vaathamber as reported above. Each sample was
cooled to 100 K and propene was introduced at a pressure of roughly TortOThe temperature
of the resistively heated s@ie was increased to between 10848 K for SiQ and 198 218 K
for TiO2 under continuous vacuum pumping. At each stable temperature, propene desorbed as
infrared spectra were acquired. A diffusion analysis using this experimental method has been
previowsly established for similar porous materi&21° Briefly, the diffusion ofpropene through
Sidcand TiGwas f ound t o"Lawdf Diffusion. Aiarspod of a diven molecule is

governed by a concentration gradient shown here:

T 6 1 6 ow (5.2)
: @) ;
T o T w
whereC is the concentration of the bounibleculej is the timexis the length position, arid is
the diffusion coefficient. A solution to Fic
dependence process as propene diffuses through the material and then desorbs at the surface
vacuum interface:

(5.3)
_ ¥ o
€ G p

‘|

whereA, is the integrated IR absorbance at tim& s the integrated IR absorbance at maximum
vapor loading—is the normalized coveragpB, is the diffusion coefficient antlis the sample

thickness (we assume 50.0 um, the thickness of cunésh).
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5.3. Results

The photoepoxidation of propene in the presence of theSiO; binary compounds was
investigated throughn situinfrared spectroscopic measurements. The objeofiti@s work is to
identify specific materials that can produce propene oxide in the presence of only prepand, O
light as well as identify specific mechanistic steps during the epoxidation. We provide evidence
that a series of Ti®SIO, materials poduce trace amounts of surfaoeund propene oxide with
UV light; however, propene oxide is shown to degrade on the surface to generate earbonyl
containing species (likely acrolein and acetone). In order to understand the fundamental adsorption
and transpu properties of propene over different regions of these binary materials, adsorption and
isothermal diffusion measurements were performed on silica and titania reference snaterial
5.3.1 TiGe-SiO2 Characterization

The initial characterization of th€iO2-SiO, materials identified both titania and silica
regions on the synthesized BSiO, samples butan only speculatenthe possibility of isolated
Ti** on the low Ti weight percent materials. Scanning electron microscopy images indicated a
particlesize between 5@00 nm (Fig. 5.2B). Diffuseeflectance UV/Vis (DRJV/VIS) spectra,
shown in Figure 5.2A, provide evidence of Ti@bsorption characteristics for the 10%, 5% and
1% Ti samples. The large absorption feature at roughly 300 nm is due tamthetipn of the
electrons from the valence band of 7i@to the conduction bandmplying bulk TiQ structure
Additionally, the 1% Ti sample contained a more pronounced second absorbance feature at 205
nm. Others have speculated that absorption betwe@2@3. nm on TiG-SiOzis due to isolated
Ti** sites (SiO-Ti-O-Si) deposited within the silica matri-29 Additionally, we expect the
highest concentration of isolated*Tio occur in selgel synthetic conditions in which the amount

of Ti precursor is limited.
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Figure 5.2.(A) DR-UV/Vis absorbance of the synthesized F8O, materials. The absorbance

spectrum of Si@was subtracted from each material (B) SEM image of the 5% Ti sample

XPS characterization of the -agnthesized Ti@SiO, samples identified unique Ti
electron structure compared to the P25 reference material. XPS spectra are shown in Figure 5.3
for P25, 1% TiG-SiO, and 5% TiQ-SiO, samples. For the reference material, P25, one major
feature is identified at 458.7 eV (withe second 2p splitting feature appropriately positioned at
464.5 eV) and associated with a T&lructure?!* The 1% Ti and 5% Ti samples synthesized using
the solgel method both featured a similar feature at 459 eV in addition to a higher energy shoulder
located at 460 eV. We speculate the additional high energy feature on the synthesizeDIiO
materials coulde attributed to the structure of an isolatetf fithe O-Si-O network around the

isolated Ti atom acts to pull some electron density away from ffisifié 2
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Figure 5.3.X-ray photoelectron spectroscopy of the Ti 2p region for (A) P25, (B) 1% SiQp,

and (C) 5%TiQ@-SiOx.

CO adsorption onto the TiBiO, samples provided further evidence of both J&nd
SiO; regions exposed on the surface. The vibrational frequency @fi§i©highly dependent on
the nature of the surface site for which the CO molecule is bound. Specifically, when CO adsorbs
onto a stong Lewis acid, CO coordinates to the surface only through a sigma bond with the
el ectrons f r tooated phirearimdundihe barbbnaatorft® A sigma interaction
induces a significant b I u®y sibratidntas thenCO tmbleculef r e q u
coordinates through the carbon end with surfA@onversely, when CO interacts with a hydroxyl
group, the interaction is electrostatic in nature and induces a slight blueshift relative to the gas

phase fundamental frequency of CO at 2143 .&Minfrared pectroscopy o€0 adsorption onto
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the TiQ-SiO, materialsidentified a feature at 2154 chconsistent with CO interacting with the
abundant hydroxyl groups of Si@gions?* The assignment was confirmed with CO adsorption
on a SiQ reference material (see Fig. 5.4, blue trace). A second absorleancefat 2186m?,
easily identified on the 10% Ti ar® Ti samples, suggested CO adsorption ontd shies of
TiO2 regions. This assignment was confirmed when CO was adsorbed onte aefE@nce
material (see Fig. 5.4, red trace). However, infrared absorption of CO interacting with the 1% Ti
sample did nbexhibit a feature at 28&m* associated with T, surface structurae speculate
that the concentration afiO2 surface structurevithin the 1% Ti sample is below the limit of
detection for CO adsorptiorisolated Tt species are not expected to atieol CO at the
tempeatures used in this study (T <k00 K to observe isolated “fiCO interactionsy®-14
Thereforewe considesd the 1% Ti sample the most likely sample to contain isolafédiifaces

sitesinstead ofTiO- surface structure
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Figure 5.4.Infrared spectra during the adsorption of CO at 173 K on the 1% Ti, 5% Ti,8i®
TiO2 materials. Schematic representations of the CO adsorption 6hsitdand the hydroxylated

SiOp surface are provided as well.

5.3.2 TiO-SiO2 Photoepoxidation

Photoepoxidation of propene over the synthesized-Bi0» materials was investigated
utilizing in situ infrared spectroscopy in the higlacuum chamber. An infrared spectrum of
adsorbed propene (2 Torr in chamber) was usedspectral background atie reaction mixture
(2 Torr @, 1000 W Hg Arc lamp) wasubgquentlyintroduced into the chamber. The mixture of
propene, oxygen, and light interacted with the sample and productette specieduring the
collection of infrared spectra. Figure 5.5A provides the tiesdlved infrared spectra recorded
during a 2hour reaction with the 5% Ti sample. Two major features appear, one at 16&hdm
another at 1408 ct It should be noted that less than 1% of the adsorbed propene reacted during
the experiment as evidenced by the lack of negabreg vibrational featres associated with

propene on the surface. We speculate that the reaction temperature of 303 K did not generate
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significant reaction products. Additionally, the intensity of light reaching the sample (passing

through the fiber optic cable and focusingdgwadikely well below that of the 1000 W source
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Figure 5.5. Infrared spectra acquired during the photoepoxidation of the propene. (A} Time
resolved infrared spectra acquired overtafr reaction time period on the 5% BiSI0, sample.
(B) Infrared spectrum acquired for the 1 % and 10 %.-B{, samples after 2 hours of

photoepoxidation reaction conditions. The black trace represents PO adsorption over the 10%

TiO2-Si0z sample.

Infrared spectra acquired after two hours urtlersame reaction conditions using the 1%
Ti and 10% Ti materials are shown in Figure 5.5B. The infrared spectrum of the 10% Ti sample
illustrates a significant increase in the 1680%aribrational feature in addition to large features at
1550 cm', 1460cm? and 1390 cm. The 1408 cm feature, identified on the 5% Ti sample,
appears in trace amounts on the 10% Ti sample. On the other hand, the infrared spectrum of the
1% Ti sample shows a much smaller vibrational feature at 168@nothtwo features 4408 cmt

and 1373 cm. It should be noted thatudies, whichiemoved one of the three reactants (propene,
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oxygen, or light)exhibited no surfadgroduct formation as evidenced by a lack of positjeeng
vibrational features over the entire spectraddow.

Propene oxide adsorption onto the 10% 800, sampleconfirmed the formation of
propene oxide during the photoepoxidation of propdie infrared spectrum of propene oxide
adsorption, shown in the Figures8. (black trace), confirmethe 1408 cnt and the 1373 crh
vibrational features gsropene oxide vibrational features (Table 5.1). Additionally, the confirmed
propene oxide vibrational features are present in the highest concentration on the 1% Ti sample
relative to the concentram of titanium present in the sample. We speculate that the broad features
present at 1680 ctnand 1705 cm (identified during all photoepoxidation reactions) are a
combination of acrolein and aceténékely produced as a bgroduct or as a result of prene

oxide degradatiot’’
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Table 5.1. Tabulated infrared vibrational frequencies for propene oxide adsorption onto TiO

containnig surfaces.

Vibrations Au/TiO2Y TiO,-Sio*
3ad{CHy>) 3049 *
3 ( CH) 3005 *
35(CHy) 2970 *
3adCHs) 2931 *
35(CHs) 2870 *
Ua(CHs) 1486, 1445 1493, 1459
G( CH) 1410 1407
Us(CHs) 1373 1374
Sym. Ring breathing 1270 *

¥Vibrational modes and frequencies acquired from®Ref.
#This work
*Vibrational features not identified on our TiSiO, materials due to a

high absorbance of the clean H6IO, material

5.4. Discussion

Through the synthesis of multiple Ti&iO, materialswith varyingamouns of titanium
incorporated into the synthesige were able to determine that materials with less titania surface
structureproduced similar amounts of propene oxide and did not exhibit the propensity to produce
other oxidizedby-products. These studies suggest that.Ti€gions of the materials vary
significantly in terms to the type of chemistry that occurs compared to isol4tedionns dispersed
within a SiQ matrix. A fundamental understandinghafw propene adsorbs andfdseswill help
to gain more insight into how propene binds on different surface structure such.as BiQ»
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and help toelucidate the reason propene oxidizes on i@ form undesired, neapoxide,
products
5.4.1 Propene Binding on TiQvs. Si&

Infrared spectra of propene adsorption on both, TR25 reference material) and 310
(Aerosil reference material) identified key differences between the two surfaces. Clean reference
materials of Si@ and TiQ were installed in the higliacuum chamber to understand the
characteristics of propene adsorption. As shown in Figure 5.6, propene binds to ho#mdiO
Si0.. On SiQ, a large negative feature at 3749cand a large positive feature at 3569°tm
dominde the high wavenumber region of the infrared window. These two features are attributed
to propene adsorption onto the hydroxyl groups found on the surface-@irGi@epicted ifrigure
5.6%5215216 propene binds through the pi electron density around the C=C. Since electron density
from the pielectrons coordinates with the surface site, we would expect a redshift in the frequency
for the 3(C=C) when adsorbed because the pro
adsorptiort”20nSiQ, t he 3 ( C=C) &b cntredshiftretativa t6 the2gasphase
vibration). On TiQ, the 3(C=C) exhi b}l which saggests the ihcieised t o
strength of the bond between propene and Lewis acifiisités?!’ The TiQ; surface contained
minimal hydroxyl groups as evidenced by the lack of the negative vibrational feature at 3600 cm

and suggests that propene coordination to the surface occutsyadgorption to T sites.
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Figure 5.6.Infrared spectrum of propene adsorption onto & & TiQ surface.

5.4.2 Propene Diffusion on TiQvs. SiQ

Isothermal diffusion experiments on both Fi@nd SiQ provided further evidence of
increased propene interaction at Ti@gions compared to Si@egions. Propene easily diffused
across and desorbed off both the titania and silica samples under the thermal conditions provided
(see Fig. 5.7 forepresentativenfrared spectra during the desorption/diffusion process). The
integrated intensity of the 3(C=C) of propene
propene on each surface over the diffusion time scale (Fig. 5.8 A & B). Each experimental data
set was modeled using eqn. 5.2 to calculate the diffusion coefficient at each specific temperature
(diffusion coefficient valuesD, tabulated in Table 5.2Yhe Fickian diffusion model does not
appropriately capture the initial diffusion process on,Sithe Fickian model still accurately
depicts the slow portion of the isothermal experiment and thus a full analysis can be achieved on

this portion of the experimental data.
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Isothermal Desorption of Propene over SiO,
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Figure 5.7.Infrared spectra acquired over 40 minutes during the desorptiompéne on silica

at 103 K. The black spectrum represents propene at the highest coverage while the red spectrum

represents propenglsadsorbed after 2400 seconds.
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Figure 5.8.Diffusion of propene over silica (A & C) and titania (B & D). Panels A Bntovide
the relative peak area for propene over time at different temperatures. Dashed lines model the
process wfLlaw of Biffusidn.dPanel® C and D provide an Arrherike analysis of

the diffusion coefficiert to attain apparent activatienergies of diffusion.

Propene diffuses through siliéastercompared to titania. The temperature dependence of
propene diffusion on both surfaces (the diffusion coefficient increased with temperature) suggests
an Arrheniustype analysis of the diffiesn coefficients for a specific material can be applied using

the following equation:
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oY 00 — (5.4)
where Egirf is the apparent activation energy of diffusi@y(T) is the experimentally attained
diffusion coefficientDo is a prefactor fitting parameter,is the sample temperature, aRds the
ideal gas constant. Thesiffor propene diffusion on silica and titania was found to be 7.1 + 1.1
and 22.3 = 2.1 kJ/mol, respectively. The experimentally attained energepicgpehe diffusion

in addition to stronger adsorption interaction (shown via the vibrational shift of theSDgggst
that propene will interact with Tiregions of a Ti@-SiO, material more strongly. The stronger
binding of propene to Ti@suggests thgiotential propene photoepoxidation sgleducts could

be produced in high concentrations on Fi@gions because of the stronger propengace

interactions. Additionally, a major drawback of our synthetiegadlmethod is that even at low

%Ti syntheticconditions a observable amounf TiO. surface structure is formed.

Table 5.2.Diffusion coefficients for propene on both silica and titania at each temperature

studied.

Propene on Silica Propene on Titania

Temperature (K) Diffusion Coefficient Temperature (K) Diffusion Coefficient

(cm?ls) (cm?/s)
103 5.00 1010 178 2.24 101°
113 1.14 10° 188 5.08 10%°
123 1.21 10° 198 7.02 10%°
133 2.70 10° 208 2.04 10°
148 7.31 10° 218 3.58 10°
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5.4.3 Photodegradation oPropene Oxide on TiQ-SiO2

The UV-illumination of propene oxide in the presence of @entified vibrational
signatures ofdegradation products at similar frequencies to those observed during the
photooxidation d propene. Propene oxide wass@uratednto the 5% TiQ@-SiO, sample. With
propene oxide adsorbexhto thesurface as the spectral background, 2 Torr0iv&s introduced
while the 1000 W Hg arc lamp irradiated the sample for 30 minutes. Infrared spectra of propene
oxide degradation, depicted the Figure 5.9, show negatig®ing vibrational features at 1480
cmtand 1408 ciassoci at efCHyvi amdt i€ C#H) of propene oxi
positivegoing vibrational features clearly identified a carbdligé vibration on the surfaéenot
present when propene oxide is adsorbed. We speculate that propene oxide easily degrades under
UV light and that théow energy bonds of the epoxide ring, break, and reform to produce acrolein

or acetone.
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Figure 5.9.Infrared spectra of propemidation degradationn the 5% TiG-SiO, samplein the
presence of ®@and UV light. The red spectrum depicts the reaction of propene oxide after 4

minutes while the black spectrum represents the reaction of propene oxide after 30 minutes.

5.4.4 Insightinto the Mechanism of Propene Epoxidation and ByProduct Formation

Through the photooxidation experiments and moledelel adsorption andesorption
studies performed, wespeculate on important mechanistic factors that occur during the
photoepoxidation of propene over BSiO; materials. Firstly, experimental evidence suggests
that the adsorptionf propene ontd@iO> hasadverse effects in the production of propene oxide.
The stronger adsorption between the pi electrons on propene and the Lewis 4tisiieJof
TiO2 may be a major contributor to tipeoduction of other carbecontaining products such as
acetone or acrolein. The vibrational spectroscopic techniquesrutted chapter do not provide
clear evidence of the isolated*Tsurface sites. However, the |6l concentration sample did

exhibit a greater prope oxide to sidgroduct ratio. We can only speculate to the surface species
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that contribute to the forntian of propene oxideAdditionally, propene oxide produced these
TiO2-SiO, materialslikely diffuses to TiO. regions, reaestfurther and degradeupon the UV
irradiation conditions. For furtheimprovement of the photoeplation process, we suggest
advarcesin the synthetic method that linthe concentration of extended Bif@gions.
5.5 Summary

In summary, we applieth situspectroscopic techniques to study the photoepoxidation of
propene into propene oxide over H6I0, materials. Infrared spectra acquired during the reaction
identified trace amounts of propene oxide produicethe presence of the UV light anc.O
However, significant byproductgor overoxidation)impeded the selective production of propene
oxide andthe concentration of these-pyoducts increased with the increased amount of Ti used
in the synthesis. Systematic evaluation of propene adsorption and diffusion oyem@iSiQ
reference materials suggested that propene binds more strongly and dltfussgwith a greater
activation barrier) over Tigcompared to Si® These results suggest that under the UV conditions
required to produce propene oxide, synthetic advances to eliminate extendeddgioDs are

necessary to promote increased seldgtvi the desired product.
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Chapter 6
Surface Decomposition of &hemical Warfare Agent Simulant: Mechanistic Steps of
Dimethyl Chlorophosphate Oxidation on a Cu/TiQ Aerogel
6.1 Introduction

Organophosphory®P)based compounds have commanded the headlines of international
news due to their functionality as chemical warfare agents (CWAS). In particular;sageG
nerve agent sarin (GB) and more recent synthetic derivatives have been identified in current
warzones and used in lethal doses on-mditary targets’'#229 Recent global events command
the need for new materialsat can sequester, detoxify amelsorb benign productsr continued
and catalyticdlecomposition of these harmful @Rsed vapors.

6.11 Organophosphate Decomposition on Au and Cu Surfaces

A promising research area associated with the emergence of new heterogeneous catalysts
lies in the development of 3D inorganic architectures designed to provide high surface areas and
extreme stability in the harsh conditions often required for catalgiwersion of gaphase
compounds. These properties make aerogel supports of metallic particles particularly attractive
candidates for the destruction@P-based CWAs because low vapor pressure reactants and tight
surface binding of products necessitateitiput of thermal, photonic, or chemical energy into the
system. Any reusable catalyst must withstand such energetic challenges.

In order to promote desorption or diffusion of bound products by reducing activation
energies, metal particles deposited oetah oxide supports provide materials with interfacial
reaction zones for improved chemical reactivity. Particularly noteworthy areshigported Au
nanoparticles that contain uniquely active surface sites at theAli@nterface'?18222222 Recent

studies suggest support@d nanoparticles oxidize DMMP to form trace amounts CO anglafO
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environmentally relevant temperatuf€sThe oxidative chemistry occurs through the assistance
of both lattice oxygen and adsorbed &xtivated at the Au/TiQinterface!®! These findings
demonstrate that supported metal/metal oxide materials can drive oxidatimestcyien gas
surface reactiords processes aided by metasupport interactions and -hinctional interfacial
contact points.

While supported Atbased materials exhibit intriguing properties, recent demonstrations
of 3D aerogebased materials stabilize metallic Cu against air oxidationratidate that other,
more abundant metals, hold the potential to further advance théfihe. utilization of copper
particles in heterogeneous catalysis is particularly attractive because of the relative abundance of
Cu. Currently, Cu is used to fatite sorption over higsurface area activated carbon filtéfs.
SupporteelCu materials present a variety of oxidation states, includirfg Qu*, and Cd* for
whichthe synthetic method and sample history have significant impact. However, the influence of
Cu oxidation state on catalysis raims to be fully explaine#f:?422> For example, recent research
demonstrated that the reaction rate for @@lation decreases with increasing copper oxidation
state, which suggests that metallic Cu is the active sp@idswever, the oxidation state of Cu
particles rapidly changes during catalysis from the more reactive metallic bst@ie to the less
reactive Cd" state??228

Copper oxide materials have recently been studied for the decomposition of CWA
simulants’’?2° For example, copper oxid€u?") impregnated into a¢aon textiles was found to
degrade dimethyl chlorophosphate (DMCP) vapor through a hydrolysis pathway that initially
forms HCI?*° The HCI reacts with the methoxy functional groups of the OPs to pea@HClg)

and a surfaceound phosphate produétHighly-sensitive XPS studies of DMMP axigtion on
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CuO identified multipeé surfaceproducts produced throughpture of the PECH3, P-OCH;z, and
P-CHs bonds of DMMP*?°while CwO produced atomic phosphorus at room temperéture.

In this study we have synthesized Cu/7&@@rogels with multiple interfacial Cu/Ti contact
points to study the decomposition of the CWA simulant, DMCP. Aetfoaséd materials resist
oxidation to C@&" while sustaining unique chemistry due to their redeesiupport metal
nanoparticle structur&:32221Motivated by the practical importance of CWA decomposition, we
appliedin situ spectroscopic measurements to reveal the adsorption and oxidation tendencies of
DMCP over a Cu/Ti@aerogel. Identified through the vibrational features of the adsorbed reaction
products, CO molecules bound toCuregions of the material wenfirmed as the major
decomposition product. We propose a sudaxielation mechanism for DMCP oxidation in iwh
DMCP first reacts with an interfactalound Q molecule to produce a surfabeund methoxy
species that then reacts further to produce CO.
6.2.Procedural Methods
6.2.1 Synthesis of Cu/Ti@Aerogel

All synthetic procedures wemgerformed by the Debra Rolison group at the U.S. Naval
Research Laboratory and further details of the synthetic procedure are provide Titneia
aerogels were prepared using agel method as described elsewh&®&! The titania precursor
(Ti(OPr)) was added to a mixture of ethanol, water and nitric acid. The mixture gelled quickly
and was cured for an addmial 24 hours. The wet gels were rinsed with acetone and then loaded
into a supercritical dryer. The aerogels were then calcined in air at 700 K to produce the
nanocrystalline anatase structure. Copper was subsequently photodeposited inte dseoh€)

by illuminating a slurry of TiQ powderwith 2nM of Cu(NQGs)2in a solution of HO/ethanol (pH
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adjusted to 9.5 with NaOH and HCI)he composite Cu/Ti®aerogels were then centrifuged
multiple times with the resultant supernatant removed each cycle.
6.2.2Material Characterization with X -Ray Photoelectron Spectroscopy

Ex situXPS characterization was performed with a PHI VersaProbe Il scanning XPS
microscope using a monochromatic AILK -pdy source (1486.6 eVT.he acquisition of XPS
spectra associatedtivthe C1s, Ti2p, Ols, Cu2p P2p, and CI2p utilized 26 eV pass energy,
which gives aAg3ds/2 full width at halfmaximum of 0.59 eV. Albinding energies are referenced
to Ci C at 284.8 eV.
6.2.3 Flow Reactor Studies with Infrared Spectroscopy

Adsorption and oxidation studies of DMCP were performed in an ambient pressure flow
reactor for the TiQaerogel, Cu/TiQaerogel and a standardfQumaterial. Samples were installed
into a Thermo Nicolet Nexus 670 infrared spectrometer in diffuse rafleetanode (DRIFTS)
using a DRIFTS cell (Pike Technologies ¥900). Anin situactivation of 1 hour at 150 °C under
a 10 mL/min flow of Ar effectively removed loosebhound surface adsorbates. DMCP vapor,
carried by Ar for approximately 30 minutes, adsorbetb and reacted with each sample at 300 K
during the acquisition of infrared spectra.
6.2.4 Vacuum Studies of Adsorption and Oxidation with Infrared Spectroscopy

Systematic studies of adsorption and oxidation were performed in a staitdeshkigh
vacuum reactor cell with a base pressure of 108 Torr. Cu/TiQ: and TiQ aerogel samples were
pressed into a tungsten mesh, which was then secured onto a precision manipulator. Details of the
high-vacuum cellare provided in Chapter. 2An FTIR spectrometewith an external MCIA
detector (Thermo, Nicolet Nexus 470 FTIR, resolution Z)xsattachedo the vacuum chamber

to provide then situinfrared spectroscopic measurements.
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Samples were pretreated in the vacuum chamber for 1 hour in 673 K iard0fTO;
followed by 30 minutes at 673 K in vacuum. This procedure, confirmed with infrared spectroscopy
of each samle, effectively removes weaklyound organic species t¢ime surface. For exposures
of 02(99.994%purity, Airgas Ultra High Purity, 180, (99% atom, Sigma Aldrich) and CO9.3%
purity, Airgas CP30Q)a gas manifold affixed to the vacuum chamber allowed for quantifiable
amouns of each adsorbate to be introduced into the chamber and exposed onto each material.
Materials such a€HsOH (99.9%HPLC grade, Sigma Aldrich), GOH (95% atom, Sigma
Aldrich), and DMCP (97%, Sigma Aldrich) were stored in glass bulbs, attached to the gas
manifold, and purified via three freepampthaw cycles. Gaseous vapor was then subsequently
pulled into the mandld for experimental studies.

6.3 Results and Discussion

The adsorption and oxidation pathways of the CWA simulant, DMCP, were investigated
through the utilization ofn situ infrared spectroscopic measurements on a-igpported Cu
aerogel and a Tig@eerogel. Direct comparison between the two matesalggestthat Cu/Ti
interfacial site§ abundant compared to traditionatitnensional surfacdecorated materidlare
active for the decomposition of DMCP. A major decomposition product of DMCP oxidat®n wa
found to be coppelnound CO molecules produced through a surfamend methoxy intermediate.

The Cu/Ti interfacial sites, identified through infrared spectroscopic characterization, become
blocked over extended oxidation time periods by the productistiaigly bound molecules such

as phosphate (RPand bidentat@adsorbed formate. These studies highlight the importance of the
metal/support interactions, exhibited by these mukgaletactpoint aerogel materials, in the

detoxification of CWA simulants.
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6.3.1 Cu/TiOz Characterization

Exposed surface atoms on the Cu/d#&@rogel were characterized utilizing adsorbed CO

as a probe molecule. CO was introduced into the chamber at a pressure of 1 Torr and sample

temperatures of 180 K and 300 K. The infrared spectra of CO adsorption on the Lagiigel

is shown in Figure . Similar to previous infrared spectroscopic studies ob-Biipported Cu

materials, the low temperature CO adsorption (Fig. 6.1, red trace) results in infrared features at

2108 cm! and 2180 cm associated with CO bound to €and T#* surface sitesaspectively?232

At low temperatures, CO adsorption onto th& Sites near the Cu/Ti interface is also likely to be

found at 2100 cnh.23*234 CO adsorption to metallic regions of Cu appears as a small shoulder at

2056 cm'd likely found at interfacial regions surrounding the Cu parti¢iésThe feature
associatd with C{§ appears redshifted relative to the D' feature because the metallic Cu
particles induce a g¢gr eat er anbbandikgdbibitala of adsanbedo f
CO molecules. We speculate that the CO absorption feature at 2155 doe to CO bound to
undercoordinated or isolated €sites®® The infrared spectrum upon CO adsorption at 300 K
(Fig. 6.1, blackrace) indicates no G®i** feature, which suggests weak adsorption of CO to the
support (note the absence of absorbance at 218%). dBonversely, CE&ul* and CGCL®
vibrational features were present at 300 K, which suggests strong adsorption compager to t

surface sites.
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Figure 6.1 Infrared spectrum of CO adsorption at 180 K (red trace) and at 300 K (black trace) on

a Cu/TiQ aerogel.

6.3.2 DRIFTS Studies of DMCP Degradation

The degradation ofte CWA simulant, DMCP, over @u/TiO, aerogelwas studiedn a
DRIFTS reactor cell under continuous flmenditions Infrared spectra acquired during DMCP
flow over the CuTiQaerogels depicted in Figure 6.2Dver the 3@minute exposure time peripd
an infrared feature emerged 2109 cr1t for reactions over the Cu/TiGample. This feature is
consistent with the stretching vibration of CO bound té'Gurfacesites. In addition, five major
features identified in the lowavenumber region at 1660 dn586 cmt, 1569 cmt, 1371 cmt,
and B50 cm! are associated with thie{C=0) of a mondentate bound carbonyl and two unique
bidentatebound formate vibrational modess.OCO) and ( £CO), respectively’?’ The
vibrational features between 1500400 cm' appear to be the gas phase vibrational signatures of

CHzsCl that eitherwas presenin trace amounts in the gas feed or was produced D&@&@P
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hydrolysis pathway with the native

materials’223°

surface hydroxyls present on @i@wO regions of the

DMCP Exposure
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7
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Figure 6.2 DRIFTS spectra acquired during exposure of DMCP over a Cpdétdgel during a

30-minute exposure.

Upon DMCP adsorption ontohe TiO; aerogel, no featureBetween21002200 cmt

emerged suggestingio production of surface bound Cstead the DRIFTS spectra showed

only three features emergirag 1660 crit, 1591 cmt and 1340 cm, consistent withcarbonyl

vibrational motion( 8C=0) andformate vibrationaimotions( 80CO & 3s0CO), respectively

(Fig. 6.3B)?21 DMCP flow over the TiQ aerogel forextended time2 hour$ revealedsignificant

loss offeatures attributed tisee hydroxyl vibrations between 360B700 cmt (Fig. 6.3A, blue

spectrum). Additionally, vibrational features at 1@#62, 1135 cmt and B03 cmt developed;

consistent withthe 35(CO), } (CH30)

and 3(P=0),
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These studies demonstrated that, like the Cw/$#&nple, the pure Tiaerogel cleaved the- @l

and RPOCHs bonds to produce surfat®und formate spese However, subsequent reactions

(observed on Cu/Tig) that produce CO do not occur in the absence of the copper nanopatrticles.

In addition to the pure Ti©sample, we repeated the experiments witbugO standarchs the

sorbent. Importantly, no infraredeatures that could be attributed to surfaceind COemerged

in this control experiment, which helpsnfirm the unique reactivitpf the Cu/Ti aerogel toward

DMCP decomposition (Fig. 6.3C)
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Figure 6.3.DRIFTS spectra acquired during exposure of DM®Er a TiQ aerogelA & B) and

a CuyO standard (Cgluring a2-hourexposure
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6.3.3 Fundamental Studies of DMCP Adsorption

The DRIFTSbased experiments described above show evidence for shdand
carboryl-containing species (likely monodate and bdentatebound formate-OOCH) and
carbon monoxide when DMCP is exposed to the Cu/@#ogel under atmospheric conditions;

therefore, the surface chemistry was explored in more detail through theoweblled

environment ofa high-vacuum reaction cell. This system was employed to systematically study

DMCP adsorption, first in the absence of -gagse oxygen, then the presence of oxygen to
elucidate specific mechanistic steps toward oxidation.

In the absence of oxygen, DMCP wasnd to adsorb on the Cu/Ti@nd TiQ aerogels
through both molecular and dissociative pathways. Each aerogel was etq@seatr of DMCP
vapor. After an exposure of 1 minute, the DMCP vapor was removed froohdngber leaving
only strongly bound DMP and degradation produais the surfacelnfrared spectra of the
DMCP-saturated materiaglsindervacuum are shown in Figure 6.£€onsistent with the RIFTS
spectra, the transmissiamfrared spectrandicated thatDMCP adsorptioroccursthroughthe
formation of hydrogen bonds teee hydroxylgroups native tboth the Cu/TiQand TiQ aerogels
(note thenegative features between 368800 cm! and an associated brofagture between 3500
2600 cmb). In addition, large positive features at 2961 cm£CHs)] and 2860 cri[ £$CHs)]
indicatethe presence of molecularly adsord@MCP on both surfaces. Additionally, a small
feature at 2930 cthwasalso identified on both surfacaada t t r i b u §(@Hg) of methotyh e
groups. The methoxy vibration sugiethat the P-OCHs bond of DMCP is cleaved through
reaction witha surface hydroxyl grodgf or oxidation with reactive oxygen PQas] 8237238

produced through the thermal pretreatment of the Cu/d@@bgel. Both reactions are summarized
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by the followingequationsand suggest the formation of bidentate phosphate species (seé two O

Ti** bond) upon methoxy dissociation

Ti*i OH + CI(H3CO),P=08 Ti* + Ti** ¥  TiOCHs + CI(HsCO)(HO3

6.1)
Ti4+)P:CB Ti%*
Ti*1 O-Oi Cu'* + CI(HsCO).P=006 Ti*Y  CuOCHs+ CI(H3CO)(0a Ti4+)P203
6.2)
Ti** + Oads
0.80
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Figure 6.4 DMCP adsorption on a Cu/Ti@erogel (blue trace) and Ti@erogel (black trace).

Spectra were acquired after gas phase DMCP was removed from the chamber.

Infrared spectra of the low wavenumber regi@mtordedafter DMCPequilibrium, suggest
dissociative adsorptiooccurs over th€u/TiO, surfacé albeit to a much larger exteodmpared
to TiO.. Infrared absorption features at 1450 %¢m222 cmt, 1183 cmt and 1053 cm are
consistent with thal(CHz0), 3(P=0), p(CHO), and 34C-O) vibrations of DMCP on both
materials The3(P=0) vibration appeasgnificantly redshifted relative to the gas phase vibration

and indicates astrong adsorption between Lewis acid metal atoms on the surface and the
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phosphoryloxygen atom of DMCPQI(CHsO).P=0 --- Ti**). Previous stdies suggest the initial
adsorption of Ofbased molecules through undercoordinated metal centers is the critical first step
towards dissociation on metal oxide surfat$!**°Infrared spectra during DMMP adsorption

on TiO; revealed similar adsorption characteristics as evidenced by a redshift in the vibrational
frequency of3(P=0) (=34 cm').®® The major difference in DMCP adsorption behavior between
Cu/TiO; and TiQ is the appearance of a large shoulderd®tm? found only on the Cu/Ti©®
aerogel. We speculate tlagC-O) feature is attributed t@fraction of dssociated DMCPin form

of Cut*-OCH;s present on Cu regions of the material, consistent with previous literature of methoxy
adsorption on copper oxide surfaéésThe dissociation of DMCP inta methoxy group and a
bidentatebound organophosphate species occurs on bothah@®Cu/TiQ; however, the relative
abundance of vibrational features associated wt®THs and CUOCHg is significantly greater

on the Cu/TiQ aerogel compared to the Ti@erogel.

Beyond the formation of methoxike species during the dissociation of DMCP on the
surface of TiQ and Cu/TiQ, we observed spectroscopic evidence fisoabed CQidentified
through the infrared feature between 222089 cm', and only present othe Cu/TiQ aerogel
(Figure 6.5) On both oxidized and reduced Cu/?i€urfacestrace amounts of DMCP converted
into CO as observed by CO vibrational featuredoih the Cl' regions of the material and“Ti
regions of the material. Tlsence of adsorbed @Athe TiG: aerogehighlightsthe importance
of the Cu/Ti interface inthe degradation oDMCP to CO.The high temperature oxygen
pretreatment (673 K in 4§ on TiQ-supported Au nanoparticles has been previously shown to
produce higher concentrations of active oxygen species compared to the reducing pretreatment
(673 K in vacuum) and therefore we expect, as shown in Figure 6.5, DMCP absorption onto an

oxidized Cu/TiQ surface to produce greater concentrations of adsorbed @dditionally, the
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shift in fr e-@uwkCecGO bétveeen the titized and @duced surface (2108 cm

1vs. 2119 crt) suggests the thermal oxygen pretreatment significantly impacts the electronic
structure of copper. Interfacial oxygen has previously been shown to scavenge electron density
from Au nanoparticles on a ATIO> surface and alter the catalytic properties of the Au/Ti interface

for CO oxidationt?® Because of these findings, we focus on DMCP oxidatsoeiated with the

oxidized pretreatment for the Cu/Ti@erogel (673 K in ©).

+ DMCP Saturated Catalyst
| 1 x10 Torr

1+_
300K Cu'- CO
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/

0.02 -
Reduced Cu/TiO,

TiO, Aerogel
Ti**-CcO
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Figure 6.5. I nfrared s pec tO)ragoa atg DMCPeadsoration on d&areduced C
Cu/TiO; aerogel (blue trace), an oxidized Cu/T@2rogel (orange trace), and ti&erogel (black

trace).Spectra have been normalized with respect to sample mass and are referenced to the clean

sample.

The mechanismof organophosprusbaseddecomposition to CO has been identified
previously on TiG-supported Au nanoparticlé®' Similar to theorganophosphate decompasiti

experimentprovided abog, DMMP oxidatiomear the Au/Tinterface was found toccurin the
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presence of interfacial oxygen species @?). The adsorbed Oscavenged excess electron
density to promote the oxidation of DMMP first to a methoxy adserland then subsequent
oxidation to CO and C&® The similarities betwenthe Cu/TiO, aerogel presented here and the
TiO2-supported Au nanoparticles would suggest similar oxidation pathways to form adsorbed CO.
6.3.4 Oxidation of DMCP in an Aerobic Environment

In order to evaluate the activity of suppor®Empper materialgh air-based environments
DMCP oxidation was further investigateehder an aerobic environment. The DME&&urated
Cu/TiO, aerogel $pectra of which wagreviously shown in Figure 6.4 & 6.8)as exposed to 20
Torr of & and monitored withn situ infrared spectroscopy. Figure 6.6depicts the infrared
spectra acquired betweer28 minutes after the initial introduction ob.Ommediate production
of surfacebound CO (in the form Ct+CO)is evidenced by the appearance of a feature at 2118
cmit. In additon to the immediate production of CO on the CuilSQ@rface, one negative feature
at 1240 crt and one positive feature at 1115 temerged in the difference spectra (Fig. 6.5A).
We attributed the negative feature at 1240'¢mthe lossof molecularlybound DMCP (via the
3(P=0) and the appearance of the 1115'deature to the formation dfidentate andridentate

PQx surface adsorbates, consistent with organophosphate oxidation psufigzes?
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Figure 6.6. Infrared spectra acquired during the oxidation of DMCP between 225 minutes
(A) and between t = 2b 150 minutes (B)AIl spectra are referenced to the spectrum of DMCP

adsorbed onto Cu/TiD

The oxidation of the DMCP was allowed to proceed for two hours as shown by the infrared
spectra in Figure 6.6B. As the reaction reached a state of equilibrium, the concentr&iibh of
CO adsorbates decreased and indicated the oxidation of CO in the presence of gas.phase O
Additionally, prominent positive features started to appear at 1684nch1580 cm, consistent
with the carbonyl stretches of formate adsorbates iftshtpreviously with the DRIFTS
experimentsThe loss of thes(P=0)and emergence of tr&P-Ox) continued during the entire
oxidation reaction, which suggest multiple DMCP degradation pathwagkiding the fast
reactionpathwayto form surfacebound CO anthe slow reactiopathway to form surfackound
formate.At the experimental temperatures within this study, we do not expect CO to react further
to produce the formate species identifisdrared spectra acquired during the aerobic oxidation
on a DMCP sturated TiQ aerogel (see Fig. 6.7) identified no feature at 2108 and suggested
no reactivity to form the surfadsound CO molecules. However, th&D, aerogel in the aerobic
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environment produced large negative feature at 1240 émnd a large posite feature at 1115
cmitin the infrared spectra, consistent with partial DMCP decomposition on the@iGge(the

slow reaction pathway as mentioned aboVégrefore, we speculate the continued degradation of
DMCP occurs on Ti@regions of the Cu/Ti@aerogel and suggest CO is not produced throughout
the entire oxidation reactiort should be noted that IR intensity do not directly indicate
concentrations of surfadeound species due to differences in the extinction coefficients of

different vibratioral motions.
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Figure 6.7. Infrared spectra acquired during the oxidation of DM&gveen 30 minutes and 1

hour All spectra are referenced to the spectrum of DMCP adsorbed onto TiO

Integration of infrared absorbance bands associated with the formati©® @ind the
decomposition of the DMCP on the Cu/i&erogel further confirmed the hypothesis that CO was
only initially producedAs shownin Figure 6.8, both the integrated absorbance of tHé&-CO at
2118 cm' and the negativintegratednfrared feature associated with #@=0)of molecularly
adsorbed DMCP were tracked with respect to time. The initial production of CO followed pseudo

first order rate kinetics and therefore, a sirgk@onential rise with an observed rate constant of
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kobs = 0.25 mint was identified. Conversely, the degradation of DMCP does not fit a single
exponential decay. We speculate that a DMCP adsorbate errdg@ns of the aerogeeacts

slower in relation to DMCP adsorbed near the Cu/Ti interface or on i@acssites. Therefore,

we fit the rate of DMCP degradation to two exponential components and two associated rate
constants, &stand kiow, associated with the fast production of CO on the surface and the slow
production of formates identified betweerdD71500 cmt, respectively. Thedsiterm (0.31 mirt)

for the degradation of DMCP suggts the initial degradation resultsG@® production. Whereas,

we speculate theyskwterm (6.1x 10*min'?) is associatedith the production abxidation products

such as théormatelike specieon TiO, regions of the Cu/Ti@aerogel.
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Figure 6.8. Integrated absorbance of the 2110%nfrared feature associated wil® production
and the negativgoing 1242 cr feature associatetie degradation of DMCP plotted versus O
exposure timat 300 K The dashed lines represent a siegigonential functiofor CO production

anda two exponential functioassociated with DMCP degradation.

131



Previous studies on Au/Tthave identified thgroduction of CO upon introduction of
molecular oxygen to an Gaturated surfacé! The Au/Ti interface was shown to be highly active
in the adsorption oD. and even induced a change of the charge within the Au nanoparticles from
Au™ to Aut* due to the activation of the@us)species® Therefore, we speculate that DMCP
adsorbed near the Cu/Ti interface likely reacts withh&@ind at interfacial Cu/Ti sites to produce
a methoxy intermediate. The methoxy intermeziiten rajlly converts, withanother Qads)
species, to produce the surfaC®© adsorbate, &htified spectroscopically. These observations
suggest that a clean Cu/Ti interface is required to adspem@®subsequently produce CO from
adsorbed DMCP. Therefore, tieentinued degradation of DMCP into bidentabe tridentate
bound phosphate species near the interdacé deactivate the CO pathway.

The Cu/TiQ aerogel was thermally reactivated to study successive additions of DMCP
and subsequent oxidation. The reactivation temperature of 673 Kwa®used to effectively
oxidize and remove weakly bound adsorbates but likely, did not desorb the strongly bound
phosphate species leftover from previous adsorption and oxidation proc¥dnesared spectra
acquired during oxidation experiment for tif€ @RMCP oxidation cycle over the Cu/Ti@erogel
are providedn Figure 6.9. Similar to the initial oxidation exposure shown in the Figure 6.6, the
24 and 3 oxidation cycle produaksurfacebound CO. The infrared feature associated with the
Cul*-CO is further shifted to higher frequencies (centered at 2143 Eig. 6.9) relative to the
initial oxidation reactionsThe blueshift in the vibrational feature associated with*@QO after
DMCP exposure was attributed to the highly oxidized phospharontining (POx) species
bound to the surface. BowiRD, induces an electron withdrawing effect on the@yparticles
(whether bound on Ti©or Cu) and therefore a decrease in the electron donation into pi

antibonding orbital of adsorbed CO is obsersetf. This electronic effect has been previously
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shown on Au/TiQ surfaces whenraelectron accepting moleculgjch as S§ binds to the Ti@

support and effectively withdraws electronic density from nearigyal nanoparticle¥
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Figure 6.9. Infrared spectra acquired after th&! 2ycle of DMCP oxidation over a Cu/TiO

aerogel.

The integrated absorbance of CO produced upon the subsequent oxidations of DMCP on
the Cu/TiQ surface suggested dramatically reduced activity for DMCP oxidation (Figure 6.10).
In both the 24 and 3 cycle, CO is produceddowever,the concetration of CO bound to the
surface and the rate at which CO was formed on the surface both decreased. During each
successive oxidation cycle, the infrared spectra indicate the continued production of surface
formates and PQ(see broad feature at 1130 énFig. 6.9). With further cycling of Cu/Ti§)CO

production ceased entirely. We speculate the increase in production of formates aesuR@

the deactivation of the Cu/Ti interface.
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Figure 6.10 Integrated absorbance of infrared feature associated wiB@production during

DMCP oxidation over a Cu/Ti&aerogel for multiple cycles. The dashed lines represent a single

exponential functional for CO production

6.3.5 Post Oxidation Aerogel Characterization

The accessibility and speciation of Cu/?BDrfacesitesavailable after exposure to DMCP
wereinvestigated withnfrared spectroscopy of thobe molecule CO arek situXPSas shown
in Figure 6.11In situinfrared spectroscopy of CO adsorption was performed to study the nature
of the Cu surface sites after DMCP adsorption and oxidation (Fig. 6.11E). The number of available
Cu'* surface sites after DMCP oxidation dramatically decreased relative to theQuéEiID;
aerogel, as evidenced by the decrease in the concentration of CO adsorption oRdkiel o

aerogel relative to the clean aerogel. In addition, thé*-C® infrared feature shifted to
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2144cmi’d a significant increase in frequency relativatte clean material. Upon reactivation of
Cu/TiO, aerogel at 673 K in § a small percentage of the available copper surface sites are
replenished after the oxidative thermal treatment. The blueshift in the vibrational feature associated
with Cut*-CO afterDMCP exposure was attributed to the highly oxidized phospharouigining
species bound to the surface.

Ex situX-ray photoelectron spectroscopy of the aerogel revealed the appearance of P and
Cl on the surface of Cu/T€DTwo CI 2p features at 200.1¥ end 198.56 eV were identified in
the postexposure sample. The higher binding energy feature at 200.16 eV is consistent with a
carboncontaining chlorine speciédikely a result of hydrolysis and further reaction with
formatelike species covering the dace. The low binding energy feature, present on the clean
aerogel in trace amounts due to HCI used in the synthesis of the guidi@ be either 1LCI
bound tocopper surface sites oy the intact PClI bond. We expect hydrolysis of the@ bond
with surface hydroxyl$o occur throughout the adsorption, oxidation and handling of the sample

and therefore suggest thedPbond is unlikely to be present durieg situXPS analysis.
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Figure 6.11 Characterization of the Cu/T¥@erogel posDMCP oxidative cycling. (AD) Ex situ
XPS analysis of the Cu/TiOsurface prior to and after DMCP oxidation. Individually fitted
features ee displayed as dashed lines) (ffrared spectroscopy of CO adsorption on the Cu/TiO

aerogel.

The main P 2p featudecated at 133.48 eV is likely associated with the oxidizeg- PO
bound adsorbates identified in infrared spectroscopic measurements. These results suggest that
highly oxidized phosphorus adsorbates remain on the surface (likely on both Ti and Cu regions)
upon thermal oxidation at 673 K. Recent investigations involving the adsorption of DMMP onto
CuwO utilized XPS analysis to identify DMMP decomposition into atomic P species at 300 K.

In this study, lmding energies associated with RgEnerged only when the surface was heated in
vacuum’’ In the XPS analysis present here, we do not identify atomic P spexgpesiedinding

energy = 129 eV) on the Cu/Ti@erogel after DMCP exposure. The presenceafuting DMCP
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oxidation and the presence ot Quring repeated attempts to reactivate the Cu/E&ogels
suggest any atomic P produced during the reaction was quickly oxidized. Additionally, no satellite
lines associated with €l typically present in the 94845 eV region, were identified on the
Cu/TiO, aerogef?® Overall, the XPS analysidentifiesreaction products in the form of multiple

Cl species and R@n the Cu/TiQaerogel after the adsorption and oxidation of DMCP. éicew,

the Cu regions of the materiatainsignificant Cd* (instead of oxidation to Ct) surfacestructure

and we attribute thito the multiple Cu/Ti contact planéise aerogel stabilization exhibits on the
nanoparticulate copper.

Through thein situ spectroscopic characterization toe decomposition of DMCP over
Cu/TiOy, we identified a carbon monoxidmund surface adsorbate. Uttregh vacuum studies of
DMCP adsorption suggested CO was formed through a methoxy intermediate locateddon Cu
regions ofthe aerogel. In addition to C@rmate vibrational featureme presenetween 1500
1700 cmtupon DMCP decomposition anarethought to form as a result of a secondary methoxy
oxidation pathway Previously,infrared spectroscopic measurems have been employetb
observe the methoxy to formate oxidation pathway on Au/ZiCboth thermally and
photocatalyticall¥?* However, the same Au/Timnaterial exhibited very little evidence of CO
production from the methoxy adsorbate in the presence of the visible Sigbporteecopper
surfaces have been previously showrdigplay unique catalytic ability in steam reforming of
methanol*®24? and thus we speculate the Cu/Ti@€krogels magxhibit heighted activity in the
methoxy to CO oxidative pathway compared to similar AugE@faces.

6.3.6 Mechanistic Studies of Methoxy Oxidation
In light of our recent work on methanol oxidation over Au/Fftalyst$?! infrared

spectroscopic measurements of methanol adsorption and oxidation over the-@afogel were
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performed to cofirm the methoxy to CO pathway during DMCP decomposition. We expect these
experiments to provide mechanistic insight into the fate of the methoxy (that originates from
DMCP decomposition) when exposed to molecular oxygen.

The Cu/TiQ aerogel was exposdd 500 mTorr of methanol. After a few minutes of
methanol equilibrium, the chamber was subsequently evacuated leaving only the strongly bound,
molecularly adsorbed methanol and dissociated products, including methoxy species and
thermally converted formatspecies on the surface (Figure 6.12). Upon adsorption, previous
studies have shown that a fraction of methanol dissociates on metal oxides surfaces to form a

methoxy species and a hydroxyl gradgp?43244
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Figure 6.12.Infrared spectrum upon ttasorption and evacuati@f methanol onto Cu/Ti©

Methanol coadsorption studies with carbon monoxide confirmed the presence of methanol
and methoxy species on the copper. Carbon monoxide waslipoebed onto the Cu/Ti@erogel

and subsequent additions of the methanol (Fig. 6.13, spectium)ieffectively displaced the
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copperbound CO adsorbates. Therefore, methanol is shown to bind strongly*t@r@uCd
regions of the sample. This adsorption behavior is unlileipus experiments of methanol

adsorption onto Au/Ti@in which methanol does not bind to the metallic gold partfes.
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Figure 6.13.CO and methanol coadsorption orCa/TiO; aerogel(i) O Torr methanol, (ii) 500
mTorr methanol, (iii) 1 Torr methanol, (iv) 2 Torr metharidie sample was prgaturated with 1

Torr of CO and then gas phase CO was removed from the chamber prior to methanol adsorption.

Spectra acquired at 300 K.

Upon exposure of £xo themethoxysaturated Cu/Ti@surface significant methanol and
methoxyoxidation occurs. fie negative features at 2946 tand 2841 cm in the infrared spectra
i ndi cat e t-H)deatlres sassociatdd with (mEthaaodthe negative features at 2911
cmit and 2810 cindicatet h e | o sH) featufes asgocated with methoxy adsorbates.
Positivegoing infrared features at 2863 ¢ml592 cm', 1570 cm, 1377 cmt and 1360 cr
suggested the formation of surface formate groups bound to both Cu and Ti regions of the surface.
The emergence of the vibrational feature at 2098 ws attributed to the formation of ExCO.

The broadpositivegoingfeature at 3560 crhindicated an increase in the concentration of surface
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hydroxyls as a result of the oxidation reacidikely found on CuO regions as Ti@hydroxyls
adsorb photons between 3643700 cm'. It should also be noted that no reactivity (formate or
CO production) was identified on the surface of J#@rogels and that other supportadtal
surfaces, such as Au/TiDhaw only shown methoxgonversion to formate at 300 K in the
absence of light?! The oxidaion of methanol and methosyound speciesuggests théarmation

of CO (via the increase in vibrational feature at 2100%3na process also identified during the

oxidation of DMCP.
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Figure 6.14 Infrared spectra acquired during the oxidation of methanol on the surface of €u/TiO

for 1 hour.All spectra are referenced to the spectrum of the methanol adsorbed onto.Cu/TiO

The conversion of methanol into both formate and carbon monoxide cotfiennsle of
the methoxy intermediate in the DMCP oxidation pathway to form CO. We speculate that
molecular oxygen from the gas phase binds aggat the Cu/Ti interface. This process has been
previously shown on titanisupported Au interfacé$:?® The boundO, readily dissociates on

these duame t a | sites due t o antibendingorbital, whichrwaakenotme t
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0-0 bond and promotes interfacial reactivity>24° O, can also adsorb at oxygen vacancies on
the TiQ lattice, near the copper nanoparticles and exhibit similar reactive tend&fiéiésve
speculate that the production of the formate occurs with both the Cu/Ti interfacial oxygen (eqgn.
6.3) and Qadsat oxygen vacancies (eqn. 6.4) as evidenced by the two forse@€ Q) motions
centered at 1592 and 1570 tattributed to formate on Tiand formate on GO.

CUMi OCHs + Opads+ 2CU* Y CGfiilOOCH + 2(Cd*i OH) (6.9

Ti**-OCHs + Opadsy+ 2CUH* Y FiiOOCH + 2(Cd*i OH) (6.4)
The production of coppdyound carbonmonoxide utilizes the same reactiveddp likely
adsorbed to the Cu/Ti interface and can be summarized in the following equation:

CUi OCHs + 20p(adsy+ 2CU Y GiiCO + 3(Cd*i OH) (6.5
The concentration of CO on the Cu/Bi&rogelwas stable (did not increase or decrease) after 30
minutes of aerobic exposure and therefore we do not expect f@ticipatein the methanol to
formate pathway.

Further evaluation of the methanol oxidation reaction was performed through isotopically
labeled studies of methanol and.@rigure 6.15 provides the infrared spectra associated with
methanol oxidation using different isotopicalabel reactants. When GHOH was added to the
reaction, we identified no shift in the produced CO feature. Theref@ean conclude that the
methoxy oxygen does not react to form the surfamend CO speciedn fact, a small redshift
(~10cm?) in the formate vibrational feature #692cm®, shown in Figure 6.15Bsuggestd an
180-labeked formate vibrational produabn the surfacén the presence of GHOH. However,
when'®0, was added to the reaction, we identified a 60" ceushift in 60% of the adsorbed CO
produced on the surface. This redshift occurs because the CO species bound to'®Cu is C

Therefore, we caconfirm the oxygemriginatingfrom the adsorbed s thespecieshat produces
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Cu-bound CO. We also speculate tHd. is able to exchange with lattice oxygen on the surface
of Cu/TiQ; and is the reason why we observe two CO features associated *¥@raa G0
when!®0; is added to the reaction fe€ Through the aid of the isotopically lalked studies, we
can identifythe adsorbedtoms that react and form isotopically labeled prod&gecifically,the
methoxy oxygen atom reatb form formatebound species while thec@dsorbates reats form

the surfacebound CO. Throughout this press, a significant portion of the catalyst will be

saturated with hydroxyl groups and potential gielections could occur
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Figure 6.15. Infrared spectrumacquiredafter 30 minutesduring the oxidation of°0, and
CH3®OH (black trace)®0, and CH@ OH (red trace), and®O, and CH®OH (blue trace). Each

spectrunreferences the metharshturated surface

Competition between the production ofrhate and the production @D is likely to occur
and may deactivate the CO pathway. Future studies will further investigate how competition
between these two pathways impact the overall mechanism of DMCP oxidation. The methanol

oxidation studies combined with the DMCP oxidatiordsta provide thepecificdecomposition
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steps that occur when DMCP first dissociates upon adsorption and then reacts withbsunface
oxygen to produce CO.
6.4 Summary

Dimethyl chlorophosphate (DMCP) dissociatively adsorbs onto a Cpéllet@gel andn
the presence of oxygen reacts to produce surface bound CO at atmospherically relevant
temperaturesln situ spectroscopic measurements of DMCP oxidation and methanol oxidation
confirmed a methoxy intermediate, produadating DMCP dissociation, is redqued to form
copperbound CO. The methoxy adsorbate reacts with a reactive oxygen spegigs,|@ated
at both interfacial Cu/Ti sites and TiOxygen vacancy sites to produce CO and bidentate formate.
Upon regeneration of the aerogel, both phosphangschlorine species remain on the surface,
indicating the inability to drive off stronglgound oxidized products. Therefore, the deactivation
of the aerogel occurs through the production of oxidized phosphate species andmufate
formate both limitthe production of Cti-CO by adsorbing near Cu/Ti interfacial sites and over

time completely deactivating CO production.
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Chapter 7

Characterization of Zr-based MetatOrganic Frameworks with the Probe Molecule, CO

Adapted with permission from Driscoll et aCharacterization of Undercoordinated Zr Defect
Sites in UiO66 with Vibrational Spectroscopy of Adsorbed CO. Journal of Physical Chemistry C
2018 122, 1458214589. Copyright 2018 merican Chemical Societyhdagpted from Driscoll et

al.,, Geometry and Energetic of CO Adsorption HydroxylatedUiO-66. Physical Chemistry

Chemical Physics, 2019}, 50785085with permission the Royal Society of Chemistry

7.1Introduction to MOF Application

Zr-based metabrganicframeworks (MOFs) are robust, thermally stable materials that
have found applications in a wide range of processes, from the destruction of chemical warfare
agents to the separatiofindustrially relevant reactions gas molec&¥The ZrMOFs are well
known to retain their porous sttuce upon the introduction of significant defects, including both
missing linker and missing node defects, and ligand modific&ti#t*°In addition, Zr-MOFs
exhibit uniquechemical heterogeneitthat can generatan abundance of Lewis acid sites
(coordinatively unsaturated Zr, 49 and Brgnsted acid sites (bridging hydroxyls between Zr
atoms, or functionalized linkers) that have been cited as criticakalytic processes and enhanced
proton mobility?°>%254

MOFs contain intrinsic acid sites useful for adsorption, separation and catalysis.
Improvements to materials for gas storage and separation have been previously identified through
tuning reactive metal centers or functionalized ligands that bind to gas molé&i#féskEor

instance, a recent study by Andonova et al. found that the incorporation of excess hydroxyl groups
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onto MIL-53-Al improved CQ adsorption capacity relative to then-functionalized materia®

Recen research has focused on the importance of hydrogen bonding for gas adsorption and
separation between the native hydroxyl groups in many of these porous materials and small
molecules such as CO, GOSQ, NO, and organic compound$:210-259262 However, a
molecularlevel understanding of the energetics of small molecuderation is still lacking.

7.1.1 Defects within Zr-MOFs Drive Chemistry

Mechanistically, Ztbased MOFs have been shown to activate chemical change through
undercoordinated metal sites located on the structural nodes that result from missing linker
defectst428%%0 Traditionally, characterization techniques such as powdeayXdiffraction
(PXRD) and surface area measurements are used to probe general defect density. However, these
techniques interrogate only the type of defects that affedotigerange order ohe framework.

They do not easily lend insight into the types of defects that have minimal effects on the overall
structure of the MOF. Further, they do not directly determine the defects accompanied by
coordinatively unsaturated zirconium {& sites.

Determination of the linker defect concentration and characterization of associated
undercoordinated Zr centers is paramount in predicting the potential catalytic capacity of MOFs.
Undercoordinated Zr has been shown, through experimental and computdtidres, g0 be the
main active site for the degradation of chemical warfare a§e#té>¥% A computational study
by Troya suggests the decomposition of sarin on-&dnvolves the activation of the nerve agent
on an undercoordinated Zr atom, a product of missing lidkécts>®* Mondloch et al. suggest
that accessible Lewigcidc Zr(IV) ions on the MOF, NELOOO, are responsible for fast
degradation of the nerve agent, sarin. The phosphoester hydrolysis reaction was shown to occur

up to 30 times faster, on the order of minutes, when exposed to the dehydrai@@MNiaterial
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(4 eposed Lewis acid Zr atoms) compared to more heavily coordinatdthséd MOF
materials$$*

Many recent studies have focused on developing methods to engineer defects into MOF
structures. Thesgudies show that the relativec&density is highly dependent upon the synthetic
conditions and thermal treatment used to activate the frame#f3PR Synthesis precursors, acid
modulators, and environmental contaminants can all affect the accessibility of coordinatively
unsaturated Zr sites to reactants.

7.1.2 Characterization of the Zr-MOF, UiO-66

A prime example of synthetically controlled def incorporation can be found in recent
studies of the Zbased MOF, Ui@66 (Zrs(OH)404(BDC)s, BDC = benzend, 4 dicarboxylate).
UiO-66, one of the most widely investigated Zr MOFs, displays exceptional stability in a wide
range of thermal, chemical, aptiysical environment®:2%°In the ideal UiG66 structure, each
Zrs(OH)404 core is coordinated to 12 EBDlinkers, and each Zr ion within the core is coordinated
to eight oxygen atoms. The hydroxylated-¢gsthesized) Ui 6 node cofaQHai ns f
groups that reside at the corners of the MOFO
on modulding the synthesis of UiB6 to generate both missing linker defects and missing node
defects (Zs cluster + 12 surrounding BDC) in attempts to alter the overall stability, reactivity, and
porosity of the MOF5¢:27°271|n particular, missing linker defects are thought tatitical in UiO-

66 reactivity because they afford.d a highly active and strong Lewis acid sit&2°!

Previous studies have probed defect density within MOFs via a variety of techniques;
however, these methods often lack sufficient chemical specificity and sensitivity to pinpoint the
density of availble Zrs sites within UiG66 (or open metal sites within other MOFs). For

example, potentiometric aclzhse titrations have been used to quantify the number of missing
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linkers in a variety of Zr/Hbased MOF$%%22Although this technique determines the amount of
water, defect hydroxyl, acid modulator, and solvent that interacts with the apprach does not
directly probe the Zisspecies. Irdepth thermogravimetric analysis (TGA) has also been shown
to provide a quantitative measure of missing link&&"270273 While effective in many
applications, TGA analysis is subject to significant experimental uncertainty that can propagate to
large variability in the accuracy of defect density detaations?®® Further, TGA methods do not
directly identify the chmical nature of defect sites within the MOFs. To dately a few
experimental techniqgehaveprovided a direcin situ probe of the undercoordinated Zr centers
that are accessible for catalytic and adsorptive procé&ses.
7.1.3 CO as a Probe of Surface Sites

For decades, the surface science community has used carbon monoxide as a sensitive
molecular probe of exposed metal and retade surface sites, and more recently, also of
MOFs#2:96.274275 Egr example, CO has also been recently employed tstigaée the Brgnsted
acidity of hydroxyl moieties on the nodes of MB3(AI).2**Wiersum et al. previously studied the
interaction between CO and UiB through FTIR measuremert§ They found that CO binds
wi t h s-@Hygmups olJiO-66 through the carbon end of the molecule, but they only speculated
on the presence of CO coordinated directly to Zr, as evidenced by a very weak feature in their
spectra at 2172 ch?’®*Whenbinding to exposed metal sites inside frameworks, the CO stretching
vibrationisblues hi ft ed rel ative to the gas mol ecul e du
carbon atom putative lone pair to the electron deficient Lewis acid fARH2"*278 These
previous studies suggest that CO may be an effective probe of both hydroxyl groups and

undercoordinated Zr sites within MOFs, the primary focus of the current work.
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We have appliedn situ vibrational spectroscopic studies of COidentify the bindhg
geometry and characterize the adsorption onto he@HiandZryssiteslocated within the porous
structure otJiO-66and a few synthetic derivativeéSupported by electronic structure calculations,
we provide evidence of CO binding to undercoordidafe in UiO-66 samples that were
synthesized with either low or high defect densities. Thermal treatment of a pristine MOF sample
is shown to actively generate greater undercoordinated metal sites, which can be identified and
quantified with the probe matele, CO. These studies provide insight into the relative defect
density in various forms of UiB6 and demonstrate that infrared spectroscopy of adsorbed CO
effectively identifies and quantifies open metal séed hydroxyl groupsiithin MOFs.

7.2 Procedural Methods
7.2.1 Synthesis of MetalOrganic Frameworks

The synthesis of low defect density UBB was based on an established literature
procedure®® zrCls (378 mg, 1.62 mmol) and terephthalic acid (539 mg, 3.24 mmol) were
suspended idimethylformamide (DMF) (10 mL) inside a 6 dram vial. 37 % HCI (0.286 mL, 3.24
mmol) was added to the reaction mixture and stirred atk34@& 30 min to ensure complete
dissolution of the starting materials. The resultant solution was transferred into alifeitbRarr
reactor, which was heated at 493 K for 24 hours. After cooling to room temperature, a white
powder was isolated by cerftrgation, washed with fresh DMF (4 x 10 mL), and then soaked in
DMF (10 mL) for 4 days. The solvent was replaced every 24 hours. The resultant framework was
dried in air at 333 K for 24 hours, followed by 473 K for 1 hour. The MOF powder was further
washedwith acetone using a Soxhlet extractor for 24 hours followed by drying in air at 473 K for

1 hour.All synthesis procedures were performed by the Amanda Morris research group at Virginia
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Tech.The calcined UiG66 sample was obtained by heatingltve defect density UiG66 powder
in air at 543 K for 24 hours.

The synthesis of the highly defective U8B utilized trifluoroacetic acid (TFA) as an acid
modulator during the same synthetic steps as described above. The TFA modulated (with 36 molar
equivalentsof TFA used during the synthesis) UBB sample provides a highly defective
framework that induces both missing node and missing linker déf&gise synthesis of Ui®6-
NH2, where a Zaminabenzenedicarboxylic acid ¢-N-H2BDC) is used in the original synthesis,
followed previous literature precedent.Finally, NU-1000 was provided by the Omar Farha
research group at Northwestern and was produced following an establistatdrét procedur&®
7.2.2 Characterization

The Powder Xray diffraction (PXRD) was measured usingigaku MiniFlex 600 with
Cu(KU) radiation (1.5418 j)2.d The gra totfer2n 5 0vAe rv
step size at a 10°/min scan rate. The powdered samples were mounted onto refl¢bd@ Si
disks. Thermogravimetric Analysis (TGA) was performed using TA Q500 analyzer. Th68JiO
sample was loaded in a platinum pan and heated at 2 deg/min under a flow XPS&ir.
characterization was performed on a PHI VersaProbe Ill scanning XPS mpeossong
monochromatic Al Kalpha Xxray source (1486.6 eV). C 1s and ZrndaS spectra were acquired
at 50 & m/ 1 Asing 26VeV pdss ekevgy, which gives a 2dy» full width at half
maximum of 0.59 eVAIl binding energies are referenced to advenis GC at 284.8 eV.

7.2.3 Infrared Studies of Adsorption

Infrared spectroscopic experiments were performed in a stastksshigh vacuum cell

with a base pressure of 1 x4Torr. The UiG66 sampleinstalled intovacuum chambeas

previously described in Chapter Rrevious characterization suggests no structural change to the
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underlying UiG66 framework as a result of a pelletization pressure up to 10,066 psie
resistively heated tungsten meshas attachedto an external power supply aedoled using a
liquid-nitrogen reservoirA K-type thermocouple, spot welded directly to the meak used to
monitar the sample temperature. For infrared analysis, we employed an FTIR spectrometer
(Thermo, Nicolet Nexus 470 FTIR)at wasmounted on the side of the vaocniechamber with an
external MCTA detector and spectral resolution of 2tm

Vacuum annealing of samples at 473 K effectively removed weakly bound adsorbates for
each experimentThe dehydroxylation of Ui€h6 required a pretreatment temperature of 573 K,
which easily removed thesnydroxyls located in the tetrahedral cavities of the MOF without the
added addition of defect8 A filter (NANOCHEM Purifilter, Matheson Tri Gas) was attached to
the manifold to remove any metal carbonyls from the gas stream. Systematic introduction of CO
(Airgas, 99.3%) onto the liquiditrogen cooled sample &mper#&ures ranging from 100 K to
250K was used to observe CO adsorption onto defect sites and hydroxyl groups-66.UiO
7.2.4 Variable-Temperature Infrared Spectroscopy

Variabletemperature infrared spectroscopic (VTIR) measurements characterized the
energetics of C&urface interation®® VTIR requires a fixed partial pressure of CO interacting
with the UiG-66 sample within a closed system. The equilibrium constant for CO adsorption
depends on temperature according to thenvo t Hof f e q)ubxperinemally( tbeq n .
energeticof COi surface interactions were attained by introducing 4 Torr of CO into the vacuum
chamber at 183 K. Following CO introduction, the sealed chamber equilibrated at a given
temperature for a teminute period prior to data collection. The acquisition dfaired spectra

ranged from 183 K 233 K and composed of an average of 250 scans.
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7.2.5 Density Functional Theory of CO Adsorption
All DFT calculations were performed by Diego Troya in the Chemistry Department at
Virginia Tech.Determination of the bindingeometry and energy of CO on the @H groups of
UiO-66 used a fully relaxed cluster model consisting of &Qt)sO4 capped by 12 benzoate
ligands with heavy atoms frozen at the experimental crystallographic coordinates. Geometry
optimizations and harmanivibrational frequency calculations were carried out with the MO06
functionaP®? using a 631G* basis set for C, O, arld atoms of the cluster and ligands other than the
M3-OH and CO adsorbate, an atgpVTZ basis set for thesOH and CO atoms, and the Lanl2dz
basis set angseudopotentials for Zr atoms. Using these geometries, single point calculations with
the M062X functionaf®® and the same basis set were conducted to further refine the electronic
energies, which were corrected by the basis set superposition error using the counterpoise scheme.
All calculation incorporated a superfine integratgmd. The reported energetic data correspond
to adsorption enthalpies at 200 K.
7.3Results and Discussion
Over the past sixty yeaf$269828%he surface science community has employed CO as a

highly effective molecular probe because the vibrational frequency of the adsorbed molecule,
3(CO)ads depends strongly on tleéectronic character of the site to which it is bound. Specifically,

b-dondtion of electrons from the adsorption site into an antibonding orbital of CO results in
a shift of the CO vibrat i o rdanatiomford €O to tosurfacewe r f r
site increases the CO vibrational frequency. These effects, along with the molecule's stability and
strong transition dipole moment in the mdrared range, make CO an excellent probe molecule

for characterizing the electronic nature of a wgrief surfaceg®26-28159.261.28ye have applied
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this strategy, in conjunction with DFT calculations, to characterize the nature of metallic binding
sites within theZr-MOFs and specifically Uidb6.
7.3.1 Characterization of UiO-66 through Traditional Techniques

Infrared spectroscopic characterization of tbes defect density Ui@6 framework
shown in Figure7.1, revealed that the MOF retained sharp, narrow spectroscopic features
associated with the linker vibrational motions acuum and following a thermal treatment at 473
K. The full width at half max (FWHM) of the linker vibrational band assigned to the aromatic
breathing motion (1020 ctvibration with a FWHM ~10 cn) indicated that Ui@66 retained a
framework structure uret the high vacuum experimental conditih%2® In addition to the
carboncontaining linker vibrations, the sharp vibrational feature at 3674has been identified
as the g-hydroxyl groups of the zirconium nodes located in the tetrahedral cavity (Figure 7.1,
black tracef?2%°The crystalline nature of ¢hMOF is also reflected in the PXRD pattern of the
low defect density material (see Figl B, black trace), and through TGA analysis, which
confirmed a defeefree MOF within experimental uncertaintlyi§. 7.28. As previously shown,
we found UiG66 to ke thermally stable between 100 K and 47%&°Upon an increase in the
vacuum pretreatment temperature to 573 K (Figutered trace), the materiedpidly desorbed
water and produced the dehydroxylated form of 488 The infrared spectrum of the
dehydroxylated Ui@6 material showed a significant depletion of the 3674 &mature while

retaining the sharp vibrational features of the organic I;Kéhese results are consistent with
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acquired TGA and PXRD patternshown in Figure/.2 that suggest the underling framework

remains intact at temperatures up to 573 K in vactidrf!

Absorbance

473 K Pretreatment

573 K Pretreatment

3900 3400 2900 2400 1900 1400 900

Wavenumber (cm)

Figure 7.1 Infrared spectra of the MOHpw-defect UiG66, acquired after pretreatment

temperatures of 473 K (black) and 573 K (red).

The crystalline nature of the MOF is also reflected in the PXRD pattern of thes
s y nt h dosvidefedt desity material (see Fig. 7A2 black trace)the PXRD pattern of the low
defect density materials after pelletization and vacuum treatamehthrough TGA analysis (Fig.
7.2B, black trace), which confirmed a defdite MOF within experimental uncertaintylhe
defectivity of UiO-66 was assessed from the TGA d&faBriefly, the weight loss was normalized
with respect to Zr@ where the end plateau was set to 100%. The’Gflateau corresponds to
the dehydroxylated Ui@6 with the formula of [Z40s(BDC)g] for an ideal framework. The weight

of this structure should be 220% relative to Zr® missinglinkers defects are present, the
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framework would appear lighter and tlpkateau would deviate from the ideal value. Therefore,
by measuring this difference the amount of missing linkers per formula urbeazaiculated. The
TGA analysis suggested the low defect li®sample had zero missing linkers per node (within
experinental uncertainty) whereas the calcined Wi®sampleontained a defect density of 0.56
missing linkers per molecular formula unit (or 1.12 missing linkers out of 12 linkers surrounding
each Zg node).

Apart from dehydroxylation, the low defect dendifyO-66 sample appears to be stable
well above 600 K. Others have suggested that under an argon atmosphere, BDC linkers are lost
between 723 K and 923 ®® The infrared spectrum and PXRD pattern of the same low defect
density UIO6 6 sampl e following -€@@d,.cimateaint dmM)cail it
oxygen, are nearly identical to the original sampléhaifew key exceptions (@i 7.2 red trace).
Consistent with other work® we find that calcination removes the excess organic presumgadr
solvent that possynthesis rinsing and activation techniques leave behind. Therefore, the infrared
spectrum of the calcined Ui66 sample shows decreased vibrational features at 330G
below 3000 crt associated with hydrogen bonded hydrogybups and synthetic precursors,

respectively.
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Figure 7.2 Characterization of the losefect UiO66 (black traces) and the calcined LB©
(red traces) with (A) PXRD, (B) TGA, and (C) transmissiofmared spectroscopy. The blue
dashed line on thEGA data represents the weight percent of an ideat&fi@amework with

12 BDC linkers coordinated to eachs@g node.

7.3.2 CO Adsorption and Energeticsonto the Hydroxyl Groups of UiO-66
CO adsorption on Ui®6 has been characterized via infrared spectroscopy of adsorbed

CO. The unique vibrational character of adsorbed CO not only probes the molecular nature of
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