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1 Summary / Zusammenfassung

1.1 Summary

This thesis mainly focuses on the eatiundant metal nickel asranoparticulate (ccatalyst in

thermal hydrogenatioreactionsand photocatalytic dehydrogenatiaactions

The first part of this thesis focuses on the design of nanostructured nickel hydrogenation catalysts based
on commercial porous support materidtsr a fundamental understanding of the synthesis process of
Ni/Al ;Os catalysts, the influence of the nickel precursor on the hydrogenation activity was investigated.
Starting from six Nisalen complexes with varying steric demand and carbon and nitcog&mt, a

catalyst library was prepared by wet impregnation followed by pyrolysis and reduction. In the reductive
amination of acetophenone with ammonia and hydrogen as the reducing agent, a clear dependence of
the catalytic activity on the particular eal precursor was found. Neither the nickel content nor the
nickel particle size provided a compelling evidence for these activity differences. Moreover, the key
functions of the metal precursor during the catalyst synthesis were identified: the vobédtilitg

Ni-salen complexes enables their vapor deposition on th@; Alpport during pyrolysis to generate
catalytically active nickel sites. The subsequent decomposition of the salen ligand forms a
nitrogerrdoped carbon shell that covers and stabilizesnibkel particles. The embedding process of

the nanopatrticles is influenced by specific pyrolysis parameters, preventing the formation of carbon

nanotubes due to excessive carbon supply.

Ni/AlL,O, Ni-Salen Precursor Ni/C

N + Activated
+1-ALO, Charcoal

C —_—

o
+NH

+H
-H,0
NH,

o

Figure 1.1. Synthesis of nanostructured nickel catalysts staftorg a specific Nisalen precursor. Left: Ni/ADs catalyst for

200 nm

the reductive amination of acetophenone. Right: Ni/C catalyst for the chemoselective hydrogenation of olefins.

The selective hydrogenation of@Cdouble bonds is a challenging reaction antigh interest for the
production of industrially relevant chemicablnd pharmaceuticalsFor this purpose, a novel
nanostructured Ni/C catalyst was developed in agtep process starting from inexpensive charcoal as
support material. The catalytically tae@ nickel nanoparticles were generated by the controlled
decomposition of a specific Mialen complex during the sequence of wet impregnation, pyrolysis and
reduction. The surfaeexidized nickel particles with metallic core had an average diameter®hi0

1



Summary / Zusammenfassung

and were homogeneously distributed on the carbon support. Detailed analysis of a single nanoparticle
revealedhe coverage with a thin layepparently ohitrogerrdoped carboras a minor nitrogen content

was detected in the catalyst materidlhe Ni/C catalyst was utilized for the chemoselective
hydrogenation of pure aliphatic/aromatic and also functionalized ol@tmescombination of Nsalen
precursor andctivatedcharcoalwas crucial fothehigh catalgtactivity, as shown bgomparison wh

oxidic support materialsSeveral styrene derivatives were converted at mild conditiongv@a,,

40°C, 1.35mol% Ni) and 28examples of more challenging olefins were hydrogenated at slightly
harsher conditions (MPaH,, 80°C, 1.35mol% Ni). Various functional groups such as carbonyl
compounds, esters, ethers and nitriles were tolevatadigh lectivity.

The second part of ththesisdeals with multicomponent photocatalysts supported on the-orefahic
framework MIL-101. The first example of a photocatalyzed, additiee and acceptorless
dehydrogenation of benzylamine was described. By absorbing visible light, Ni/CdS@NIL
catalyzed the concerted imine formation and equimolar release of hydrogen. Additionally, a synthesis
concept for asymmetric imines was presented by using a second amine acting as a coupling partner,
which is not photocatalytically dehydrogenated. MH101 enabld the stepwisesynthesis of
semiconductor and ecatalyst and defined the overall size of theyclablecoreshell photocatalyst

CdS was used as semiconducting material, in which free charge carriers are generated by visible light
photoexcitation. Fluoszence lifetime studies revealed a faster electron transfer from the conduction
band of CdS across the semiconductor/metal interface to metallic nickel nanoparticles than to noble
metals such as palladium and platinum. This directional electron trandterecethe probability of

charge recombination, so that the activity of the catalyst was increased by the spatial separation of the
redox halfreactions. Interestingly, the modification with-catalytic nickel nanoparticles not only
promoted the reductivllydrogen evolution, but moreover stabilized the CdS component against

photooxidation.

Ni/CdS@MIL101 MIL-101(Cr) Ni/[Ir -L1]@MIL:101
CdS + Ni [Ir-L1] + Ni : o
] Loading Confinement “ &f ?:’J +f_1r/\EA
AL 05 Ht
s

Figure 1.2. Synthesis of metadrganic framework MIE101 supported photocatalysts for visible light driven dehydrogenation
reactions. Left: Ni/CdS@MI101 for theacceptorless dehydrogenation of benzylamine. Right: NifJ@MIL-101 for the

proton reduction in water.

Furthermore, the mesoporous M1I01 provided a platform to study the influence of metal nanoparticles
on the activity of an iridium photosensitizer tvi[lr(bpy)(ppy}]* motif in photocatalytic proton

reduction A multistep synthesis of the two components within M1 pores ensured the spatial

2
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proximity and interactiorbetween them. First, the modified bipyridyl ligant was anchored at
unsaturated aordination sites in the MOF. This step and the subsequesiteofiormation of the
photosensitizeflr-L1] were monitored by spectroscopic methods. The additional metal loading of
[Ir-L1]J@MIL-101 with either nickel, palladium or platinum affected the bgédn evolution rate in
proton reduction. While coatalytic nickel nanoparticles were found to promote the hydrogen evolution,
platinum nanoparticles acted as inhibitarbeoretical simulations on model systeoonsisting othe
respective 1@atom metal duster and[Ir-L1] demonstrated pronounced electronic interactiorhe
highest binding affinity was found between thiekel clusterand[Ir-L1], followed bypalladiumand
platinum The presence af metal clustersignificanty changé the photoabsorptiorof [Ir-L1] and
resulted ina denseexcitation spectrumn a broad energy rangeharge transfer from all three metal
clustersto the photosensitizexccurred upon optical excitation
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1.2 Zusammenfassung

Der Fokus dieser Dissertatioiedt auf der Verwendung des -8tetalls Nickel als nanopartikularer
(Co-)Katalysator in thermischen Hydrierreaktionamd photokatalytischen Dehydrieaktionen

Der erste Teil dr Dissertation konzentriert sich auf das Design nanostrukturierter Nickel
Hydrierkatalysatoren auf der Basis kommerzieller, poroser Tragermaterialien. Fir ein grundlegendes
Verstandnis des Syntheseprozesses von p¥AKatalysatoren wurde der Einfluss des Niekel
Prakursors auf die Hydrieraktivitat untersucht. Ausgehend sechs NiSalenKomplexen mit
Variationen hinsichtlich des sterischen Anspruchs, sowie des KohlenstdfStickstoffgehalts wurde

durch Nassimpragnierung und anschlieRende Pyrolyse und Reduktion eine Katalysatorbibliothek
erstellt. In der reduktiven Amiarung von Acetophenon mit Ammoniak und Wasserstoff als
Reduktionsmittel wurde eine deutliche Abhéangigkeit der katalytischen Aktivitdt vom jeweiligen Salen
Prakursor festgestellt. Weder der Nickelgehalt noch die Nickelpartikelgrof3e lieferten eine stringente
Erklarung dieser Aktivitatsunterschiede. Zudem konnten die Schlisselfunktionen des Metallprékursors
wahrend der Katalysatorsynthese identifiziert werden: Die Flichtigkeit dedaldirKomplexe
ermdglicht wahrend der Pyrolysigase eine Gasphasenabscheiduagf dem AOs-Trager, um
katalytisch aktive Nickelzentren zu erzeugen. Die anschlieRende Zersetzung ddsdsaidan bildet

eine Stickstoffdotierte Kohlenstoffhiille, welche die Nickelpartikel bedeckt und stabilisiert. Der
Einbettungsprozess der Nanajaal wird durch spezifische Pyrolyseparameter beeinflusst, wobei unter
anderem die Entstehung von Kohlenstoffnanoréhren durch eine zu hohe Kohlenstoffzufuhr verhindert

werden muss.

Ni/Al,O4 Ni-Salen Prakursor Ni/C

(0]
@J\ N + Aktiv-
+NH +1-Al,0, kohle b
+H —— C —t .
-H,0
NH,
O)\ 200nm

Abbildung 1.1.Synthese von nanostrukturierten Nickelkatalysatoren &esgevon einem spezifischen-NalenPrakursor.

Links: Ni/Al20s Katalysator fir die reduktive Aminierung von Acetophenon. Rechts: Ni/C Katalysator fur die chemoselektive

Hydrierung von Olefinen.

Die selektive Hydrierung von-C Doppelbindungen ist eine gmsichsvolle Reaktion und von hohem
Interesse fur die Herstellung industriell relevanter ChemikaliehPharmazeutikadierfir wurde ein
neuartiger nanostrukturierter Ni/C Katalysator in einem zweistufigen Prozess ausgehend von
kostengunstiger Aktivkohlela Tragermaterial entwickelt. Die katalytisch aktiven Nickelnanopartikel
wurden durch die kontrollierte Zersetzung eines spezifischeBaMinKomplexes wéahrend der
Prozessabfolge von Nassimpragnierung, Pyrolyse und Reduktion erzeugt. Die oberflachésroxidie
Nickelpartikel mit metallischem Kern hatten einen mittleren Durchmesser vomimOiid waren

4



Summary / Zusammenfassung

homogen auf dem Kohlenstofftrager verteilt. Die detaillierte Analyse eines einzelnen Nanopartikels
zeigte die Bedeckung mit einer diinnen Schiettmutlichausstickstoffdotierten Kohlenstoff da ein
geringer Stickstoffgehalt im Katalysatormaterial nachgewiesen wiketeNi/C Katalysator wurde fir

die chemoselektive Hydrierung von rein aliphatischen/aromatischen und auch funktionalisierten
Olefinen eingesetzDie Kombination aus NBalenPrakursomundAktivkohle warentscheidend fir eine

hohe Katalysatoraktivititwie der Vergleich mit oxidischen Tragermaterialien zeidéehrere
Styrolderivate wurden bei milden Bedingungen (WPaH,; 40°C; 1,35mol% Ni) umgesetzt und

28 Beispiele anspruchsvollerer Olefine wurden bei etwas harscheren BedinguidgEa k}; 80°C;
1,35mol% Ni) hydriert. Verschiedene funktionelle Gruppen wie Carbonylverbinengster, Ether

und Nitrile wurdermit hoher Selektivitatoleriert.

Der zweite Teil deDissertationbefasst sich mit Mehrkomponent@motokatalysatoren getragert auf

der metallorganischen Geristverbindung MIL1. Erstmals wurde eine photokatalysieatditiv-freie

und akzeptorloseDehydrierung von Benzylamin beschrieben. Durch Absorption von sichtbarem Licht
katalysierte Ni/CdS@MIEL01 die konzertierte Iminbildung und &quimolare Freisetzung von
Wasserstoff. Zudem wurde ein Synthesekonzept fir asynsctetrimine vorgestellt, indem ein zweites

Amin als Kopplungspartner agiert, welches photokatalytisch nicht dehydriert wird-101L
ermdglichte die stufenweis&ynthese vonHalbleiter und CeKatalysator und definierte die
PartikelgroRe desezyklisierbarerKern-SchalePhotokatalysators. Als halbleitendes Material wurde

Cds verwendet, in welchem durch die Photoanregung mit sichtbarem Licht freie Ladungstrager erzeugt
werden. Studien zur Fluoreszenzlebensdauer zeigten einen schnelleren Elektronentransfer vom
Leitungsband des CdS uber die Halbleiter/MeBaiknzflache zu metallischen Nickelnanopartikeln als

zu Edelmetallen wie Palladium und Platin. Dieser gerichtete Elektronentransfer verringerte die
Wabhrscheinlichkeit detadungtragerrekombination, sodass ditivitat des Katalysators durch die
raumliche Trennung der Redoxhalbreaktionen gesteigert werden konnte. Interessanterweise forderte die
Modifikation mit cokatalytischen Nickelnanopartikeln nicht nur die reduktive Wasserstoffentwicklung,
sondern stabierte zudem die CdS Komponente gegen Photooxidation.

Ni/CdS@MILL01 MIL-101(Cr) Ni/Ir -L1]@MIL=101

Beladung mit Einschluss vor
dS + Ni [Ir-L1] + Ni

7
i3

s
. o

é,i

Abbildung 1.2. Synthese von Photokatalysatoren, getrdgert auf dem metallorganischen NetzwerkOIMILEUr
Dehydrierreaktionen bei Bestrahlung mit sichtbarem Licht. Links: Ni/CdS@MLL fiir die akzeptlose Dehydrierung von
Benzylamin. Rechts: Ni/[}{t1]@MIL-101 fur die Protonenreduktion in Wasser.



Summary / Zusammenfassung

Weiterhin bot das mesopordse M101 eine Plattformum den Einfluss von Metallnanopartikeln auf
die Aktivitat eines IridiurAPhotosensibilisators mit [Ir(ly(ppy)]*-Motiv in der photokatalytischen
Protonenreduktiozu untersucherDie raumliche Naheur Interaktion der zwei Komponentewurde
durch eine mehrstufige Synthegwerhalb derPoren vonMIL-101 erzeugt Zunachstwurde der
modifizierte BipyridytLigandL1l an ungesattigten Koordinatigstellen im MOF verankert. Dieser
Schritt, ebenso wie die anschlieendesitn Synthese des PhotosensibilisatidrsL1], wurde mit
spektroskopischen Methoden verfolgt. Die zus&teidMetallbeladung von HL1l]@MIL-101 mit
Nickel, Palladium oder Platin beeinflusste die Wasserstoffentwicklungsrate in der photokatalytischen
Protonenreduktion. Wahrend sich -katalytische Nickelnanopartikel als Promotor der
Wasserstofffreisetzung heratsliten, wirkten Platinnanopartikel als Inhibitor. Theoretische
Simulationen an Modellsystemen, bestehend aus dem jeweiligggiohgen Metallcluster uridr-L1],
zeigten eine ausgepragte elektronische Wechselwirkung. Die héchste Bindungsaffinitéwiscten
dem Nickelcluster undir-L1] gefunden, gefolgt von Palladium und Platin. Die Anwesenheit eines
Metallclusters veranderte die Photoabsorption Mo 1] signifikant und flihrte zu einem dichteren
Anregungsspektrum. In einem breiten Energiebergattbei optischer Anregung ein Ladungstransfer
von allen drei Metallclustern zum Phegmisibilisator auf.



2 Introduction

2.1 Sustainable and Green Chemistry

In the society of the 21sentury,the consequences of climate change mmaddstrial pollution are
omnipresentwhich has resulteth a profound environmental awareneResearch is alsshifting its
focusto a sciencéased approach nvironmental protectiofl. By developinga sustainableoncept
for the chemical industry, societpuald enjoyeverydayproducts such as pharmaceuticals and polymer
based materials while conserving fossil resourgs®arly as 1998,.FAnastas and. Wamer presented
the 12 principles ofgreen chemistryo address the sustainability aspect of chemical res&aftiese
includethe design, development and implementation of chemical processes and products to reduce or
eliminate substances that are hazasdwuhuman health and the environn¥&n& chemical reaction
has tomeet the 12rinciplesto be classified agreenwhich was later simplified by translating it into
the acronymPRODUCTIVELY* Special attention is paid t6: catalytic reagentsand R: renewable
materials as hese twoprinciples have asignificantimpact on the sustainability cin industrial

manufacturing process.

Catalysis plays a central roledneen chemistryas it is linked to reduced energy requirements, catalytic
rather thanstoichiometric amounts of substances, increased selectivity and the use of less toxic
materiald® More specifically, the catalytic conversion of biomass into fuelsiaddstrial relevant
chemicals contribies decisivelyo the substitution dfossil re®urces. Crude oil and gas are pingnary
feedstocks that need to be replaced by renewable materialethreed C@footprint!® In this context,
lignocellulose consisting of hemicellulose, cellulose and lignimthe mospromisingbiomass fractin
because it is abundant addes not interfere with human food suppBifferent heterogeneously
catalyzed pathwaysvere developed toconvertthis renewable carbon souréeto bio-oil, furfural,
hydroxymethylfurfural and levulinic acid.After depolymeization by thermochemical or hydrolytic
method®§!, the resulting platform molecules afarther used as building blockso synthesize
intermediates and fine chemic&l$zor these processesatalystdased omarenoblemetals such aRu,

Rh, Ir and Pt are frequently usedin basic research omomogeneous catalysis, acceptorless
dehydrogenativeondensation anobrrowinghydrogenhydrogen autotransfareestablished¢oncepts

for theactivaton of bio-derivedsubstrate§% A central challenge of modern catalyisisherepla@ment

of noble metals with eartAbundantransitionmetals such asln, Fe, CoandNi to conserve the earth's
finite resource8Y The advantagelie in the generation of new selectivity patterns foreaended
reaction scopehigh activitiesand reduced costs! The same trend is evidefdr F€*®l, Cd* and
Nil*! catalystsn heterogeneous catalysis they are applied Belectivenydrogenation reactions such

as nitroarene hydrogenatifhand eductive aminatiof”) Large-scale industrial processes are mainly

7



Introduction

heterogeneously catalyzed dughe easy separatioof the catalysfrom the reaction product arbte
recyclability over several cyclé$! Moreover photocatalysis isegarded as anothgillar of sustainable
andgreen chemistryThe explomtion ofalternative energy sources developed in the 1970s during the
oil crisis*¥ Nature was imitatetb convertsunlight as a perenniahergysourceinto chemical energy
that is easier to store and use. For exampl@sttiean fuel is accessible through photocatalytic water
reduction.Since about 36 of the solar energy reaching #ath's surface is Ulight and 44% is light

in the visible spectm®?®, the development of photocatalysts driven by visible light is consequently
focused?* Most of thepublishedcatalyst systems for water reduction and oxidaitmolve Ru, Ir or

Rh photosensitizershowever 3d metal catalysts based dh, Fe andCo receive growing attention’?

The secondapplication of photocatalysisvolvedin the field of pollutant degradation to stem the
ongoing pollution of water and air with toxic chemicalke third area gbhotocatalysisovers organic
chemical synthesig® Considering the superordinate contelxg taversionof renewable energy dhe

one handvas combined witlthe synthesis of base chemicals from renewable carbon soomctse
other handUpon irradiation with visible light, ath Ni/CdS and &Co-thioporphyrazine on -@sNa
catalyzed the valorization of biomass intermediates avtimultaneous release of.&"

2.2 Heterogeneous Nickel Catalysis

The history of heterogeneous nickel catey®gan in 1897 whetie French chensits P.Sabatier and

J. B.Senderensliscovered the hydrogenation of unsaturated hydrocamtcatsnospheric pressufe.
Sabatier was awarded the Nobel Prize in Chemistry in 1912 fdddtisod of hydrogenating organic
compoundsn the presencef finely disintegrated metalg® The unique activity of thétgroupin
hydrogenation reactionsgnd especially that oNi, was the basis for the development of the
petrochemical industry. The breakthrough of modéreatalysistook placein 1927 when MRaney
patented the preparation of a highly actNiehydrogenation cataly&t!

P. Sabatier and J. B. Senderens M. Raney
Hydrogenation of unsaturated Patent for highly active, unsupported
compounds at atmospheric pressure nickel catalyst: Ranellickel

| ‘ |

Nobel Prize for P. Sabatier Nanostructured Ni Catalysts fo
a athod of hydrogenating organic Selective hydrogenations,
compounds in the presence of finely oligomerizations, crossoupling

RAAAY(GSANI GSR YSUlIfat¢ NElI OGA2yas KeF

Figure 2.1 The history of heterogeneous nickel catalysis.
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Raney nickeik aNi-Al alloy whoseAl component has been leached with an alkaline solution to produce
the active Ni speciesas porous material.lt is still used today as a statétheart industrial
hydrogenation catalys$t, such asin bulk-scale chemical processés reduceglucose to soiibol,
benzene to cyclohexane and the hardening of vegetablé&!digspiteits high catalytic activity and

low cost, RaneWi hasa decisivalisadvantagat is pyrophoric due to its large metal surface area and
therefore difficult to handle For thisreason, there ian ongoingacademic and industrial demand for
the development of inexpensive, stable, and-¢asyeNi catalystsas a substitute for Ranéy with
broad application potential and comparably high hydrogenation activity

In recent yearspumerous anostructuredNi catalysts have been investigated in hydrogendifsis

C-C and GN crosscoupling$* and olefin oligomerizatiof? In addition the selective hydrogenation

of unsaturated compounds of high interest, as demonstrated Beller and coworkeraising a
Ni-phen@SiQ catalyst® A specific Niphenanthroline complex impregnated on Si@s pyrolyzed

at 1000°C to form the active nickel silicide phase. Various chemoselective hydrogenations gueh as
hydrogenation of nitroarenes, aldehydes and ketones, nitriles, alkenes and alkynes as well as
N-heterocycles were catalyzed by adjusting the reaction conditions.

2.2.1 Reductive Amination of Carbonyl Compounds

Primary amines represent a highly relevsubstrate class industry as the structural motif is present
in many pharmaceuticals, agrochemicals and polymer materials.s{rbetic routeis catalytic
nitroarene hydrogenation, which has bésensively studiedvith heterogeneous Niatalystg5a+15b]
Another eleganmethodis the reductive amination of carbonyl compounds Withid ammonia, first
described 10§ears ago by Mignonac using\i powder*¥ Mechanistically, the reaction proceeds via
a Schiff base condensation of a carbonyl coamgl with ammonia. In the second reaction step, the
intermediate imine is reduced to tlo®rrespondingprimary amine, for example, by catalytic
hydrogenation with moleculat.. The main challenge of this application is the selectivity of the reaction
by awiding multiple alkylation. Many applications using Ran&i have been reportétf! However,
researclhin recent years hdecusedon the development of hanostructured, reusainkeeasyto-handle
catalysts based on transition met#ts2019,Kempe and coworkedemonstrated reductive amination
with Ni/Al,O; using aqueoudlHz and H. as reducing agefif® The nanostructured Miatalyst was
prepared via a simple twatep route: The-Al,0s supportmaterial was wet impregnated with a specific
Ni-salen complex as the metal precursor, then pyrolyzed étC7d0constant Nflow and reduced at
550°C in forming gasA broadsubstratescopewith a high tolerance of functional groupsicluding
hydrogermtionsensitive onesyas obtained at 8%, 1MPaH, and 1.2mol% Ni. The combination of
ligand, metal and support materjaoved to be essential for the high hydrogenation activity. The
decomposition of the salen ligand to form adped carbon layer wadentified as a key step in which

the Ninanoparticles were embedded on the acidi©OAsupport.In the same yearhatherNi catalyst
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was obtained by the pyrolysis afl in situ generatelli-tartaric acid complex o8iO, and applied in
the reductive amination of aldehydes and ketones at°@2®.50.7 MPaNHs;, 2 MPaH. and

6 mol% Ni.*8Benzylic, heterocyclic and aliphatic amines were obtained in high yields, agnire
substitutedpharmaceuticals and steroid derivas. The synthesis of biologically active molecules by
reductive amination is gfarticularinterest because amines are ubiquitppsesenamong biologically
active compounds? FurthermoreNi nanoparticle®n N-doped mesoporous carbon wet#ized for
the conversiorof nine carbonylderivatives at 80C and 0.IMPaH, employingaqueousNHs. The
catalyst was prepared by ion exchange of asprghesized polymer with a Mimmine complex
followed by pyrolysis at 500C under H atmospheré&?®!

2.2.2 Selective Hydrogenation of Olefins

The selective hydrogenation of carbon double bonds is a challenging reaction and of high interest in
producing industrially relevant chemicals. For example, the synthesis of vitamins and drugs as well as
the hardaing of natural oils involve a chemoselective hydrogenation step. Most industrially relevant
catalysts are based on expensive noble metals or on ditiichéindle Raneii.® Therefore, the

sel ecti ve hymunsatgraetedaarbonyls, interigaid terminal olefins has been addressed

in recent years with varioumnostructured NiatalystsDifferentsupported catalyst systems, including
Ni/TiO24% a Ni-Ir alloy on SiQ®*Y and Ni nanoparticles encapsulated in zeolite matétthisere
investgated The intermetallic Nisilicide catalyst Niphen@SiQ, discussed earlier in this chapter
allowed theconvesion ofunfunctionalized alkeneandthose with hydrogenatiesensitive functional
groups to theorrespondinginsaturated compousat® Aliphatic nitriles, conjugated systemketones

and, remarkably, one benzaldehyde derivatimmained inertat 40°C, 1MPaH; and 4 mol% Ni.
UnsupportedNi nanoparticles were typically synthesized by reduction of aalliand subsequent
stabilization with either stearic ac{8A)"*¥ or carboxymethyl cellulos€CMC).*¥ The corresponding
catalyssenabl ed t he s el e c-b-unsawratdd\catbonylg eionmatenmperaturaondf U]

4 MPaH; using NiSA colloidsandat 60°C, 0.4MPaH;using NiCMC colloids, respectively.

10
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2.3 Photocatalysts based on Metal-Organic Frameworks

Metalorganic frameworks (MOFs), also known as coordination polymers, are consaemsd
attractive class of porousompoundswith broad application potentiélf! These threelimensional
hybrid materiad arecomposed of inorganic metal clusters, the seconbaitging unit (SBU), and
organic bridging ligandsThe tunable chemical and physical properties of the active metalrsemtd
the functional linkerstogether with the permanent porositpers numerous possibilities for the design
of heterogeneous photocatalysOFsareclassified agl) photocatalystq2) co-catalysts, an@) host
materials for photoredox catalystepending on their function in the respective photocatalyst system

Metal-Organic Photocatalyst Water Splitting
Frameworks CoCatalyst Organic Synthesis
Host Material CQ Oxidation

Figure 2.2 Overview of photocatalytic applications and the possible functions of MOF

(1) A MOF is defined as active photocatalyst when light absorption by the MOFgtssdfrates free
charge carriers for subsequent photoredox reactifpmn irradiation oNH.,-Ti-MOF with visible light,
theamincfunctionalized terephthatelinker is excited so that photogenerated electrons are transferred
to the titaniumoxo clusters ofthe SBU via linkeito-cluster charge transféf! Co-catalytic
Ptnanoparticles enhance this chasgparated state and dritve proton reduction to H The Zrbased
MOF Pt/NH-UiO-66 operatedyy a similarphotocatalytiomechanismhighlighting that thechoice of
appropriate linkers can control the optical absorption properties ofsM®@) MOFs are referred to
as cocatalysts when a dye or semiconductor harvests the light while the MOF prahmtbsrge
separation and catalytic reactidPrecisely the zeolitic imidazolate frameworks (ZIFs) aneitable
co-catalysts due to the catalytically active transition metal noéags, Co, Zn, Mn) and functional
organic linkerd?*® Co-ZIF-9 was used in combination with both a molecularpRatosensitizer and
semiconducting CdS particles fire photocatalyticeduction ofCO..*l The ZIF promoteshe visible
light-driven charge separation a@D, enrichmentwithin the porous catalyshrough its adsorption
ability. (3) Photocatalytically nactive MOFsare host materials amatovide a platform for anchoring
and encapsulatinghotoactivecomponentswithin their porous structurelhe functionalization with
photoredox components or semiconductor materials can be performed eithetlteki@f synthesis
or by postsynthetic modification8” For example, a molecular Merpyridinephotasensitizer was
encapsulated in the pores of theNIOF MIL-101 for photocatalyticwater oxidation. The poresf
MIL -101 provide sufficient reaction volume andthe same timeghe migrationof the Mn complex is
prevented due to its dimensioz@mpared to the pore windoviEhe catalytic activity of the Mn catalyst
was increased by a factor of 20 by encapsuldttbMIL -101 crystallites were also used as an inert
structuredirecting support material for the modification with a photoactive Au/Ts@elI®? This

colloidal photocatalyst absorbs visible light due to a localized sugiéasmmon resonance of the
11
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Au nanoparticles, ultimately transferring excited elees into the conduction band of the
TiO2 semiconductor. This MOBased photocatalyst enabled water reduction and wastewater

purificationwith higher activities than Amodified commercial Ti@

2.3.1 Combining Semiconductors and Metal Nanoparticles: Ni/CdS

The combination of metal nanoparticles and semiconductor materials is widely used in heterogeneous
photocatalysis to increase the quantum vyield of the catalyst system,aghiebponds$o an increase
efficiency®® The hotoexcitation of semiconductogeneratean electrorhole pair, whose lifetimes
increased by directional electron transfer toneighboringmetal particleDue to the buikin electrical
potential across the semiconductor/metal interface, the ndiotgacs asan efficient electron trap and
significantly decreases the charge carrier recombination Taereafter,spatially separated redox
reactions are catalyzeehere he metal particlean additionallyserve as an active reductioncatalyst

for the electron transfer to a substrakeequently, he noble metaPt, also known for its suitability as

an H-evolution co-catalyst¥, has been applied as an electron trapn combination with the
UV-semiconductor Ti@ The combination of the 3ahetalNi and CdSa semiconductoabsorling in

the visible spectral range, also operates according to this principle since the Fermi levels of the two
solids areappropriatelyaligned®3*53 The upgrading of biomasdsased organic compounds and the
simultaneouselease of moleculdt, as a clean fués of great interest in heterogeneous photocatalysis.
The aceptorless alcohol splitting with Ni/CdS represents such a procesgtsnaieohol isplit into

the correspondingarbonyl compoundnd oneequivalent H without the requirement afacrificial
agentd®® The activated carbonyfunctionality can then be used in folleup reactions, such as

C-N bond formation.The aceptorless amine dehydrogenateetompanied by thirmation of the
homocoupld imine is likewise possible with Ni/CdS as a photocatalyst supported ofl®llin an

inert gas atmosphel@!

2.3.2 Doping MOFs with Molecular Iridium Photosensitizers

Many homogeneous photosensitizers are based on the heteroleptic [Ir(bpy)(pmgtif
(bpy: 2,2-bipyridine, ppy:2-phenylpyridine) with Ir(Ill) as the central metal at&fh. These

Ir complexes are characterized by a kintng triplet state, which can be accessed by intersystem
crossing after optical excitation. Proceeding from tiste, redox reactions can be catalyzed by
oxidative or reductive quenching. The photocatalytic édolution from water via the reductive
quenching pathway was studied in detail using triethylamine (TEA) as the sacrificial>3gfest.
electron relay or ater reduction catalystypically used to facilitate the electron transfer to the substrate
- awide variety of compounds including methiidlogen and Fe, Co, and Ni complexes were apfited.
Lin and coworkergloped UiG67 with the [Ir(bpy)(ppy}]*™ photosensitizer by partially replacing the
linker of the pristine MOF with a bpy-modified dicarboxyhteto match the ligand backbone of the

12
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compkx. The photefunctionalized MOF was used for the ddanry reaction, the oxidation of water
and the reduction o€0..5Y Furthermore,MOFs provide a unique platform fahe hierarchical
integration of multiple components to target synergistic effects that cannot be achieved in sblution.
Zr-carboxylate MORwvasbuilt from [Ir(ppy)2(bpy)]*-deriveddicarboxylateandadditionally loaded with
Ptnanoparticles in sitli*“? The photoinjection of electrons from the phosphorescent MOF onto the metal
nanoparticleenhanced thél, evolutionrate via TEA-mediated reductionf protons.Ni-containing
polyoxomealates (POM, [Ni(H20)(PWsOs4)2]'*) were also encapsulated in ghosphorescent
[Ir(bpy)(ppy)2]@MOF so thatthe proximity between POM and photosensitizers allowed rapid
electron transfer foH, evolutionfrom water®? Quenchingthe phosphorescencé the Ircomplex in
solution with varying amounts 6fOM confirmed tk directional electron transfar the catalytic cycle
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3 Overview of Thesis Results

The thesis consists of four publications, which are presented in cAajat@ér Chapter3.1 gives an
overview of the individual publications of this thesis and discusses them in an overall context. The
individual contributions to joint publications adetailed in chapte3.2.

3.1 Synopsis

Heterogeneous catalysis is considered as a key technology of the chemical industry. Replacing noble
metals with base metals in catalyst materials makes a decisive contribution to sustainability and also
opens up newgelectivity patterns in heterogeneously catalyzed reactions. In recentKeanse and
coworkershave successfully focused their research on edotimdant metal catalysts for hydrogenation

and dehydrogenation reactio@ertain rnostructured catalydbssed on porous support materials were
developed fochemoselective hydrogenations and consecutive organic foliokeactions. Transition
metatlsalen complexes were successfully used as precursors to generate small, catalytically active
nanoparticlesln the field of photocatalysis, several systems have been developed based on the porous
metal organic framework MH101 as support material. For example, the degradation of pollutants from
wastewater and the proton reduction in water were catalyzed uporatioadvith visible light. In
particular, nickel proved to be a promising {catalyst in both thermal hydrogenation reactions and
photocatalytic dehydrogenation reactions. This dissertation is motivated to discuss nickel nanoparticles
as catalyst constient in these two areas of catalysis and to highlight the outstanding catalytic
performance of this eardfibundant transition metal in {leydrogenations.

In recent yearshe Kempe groughas focused on selective hydrogenation reactions using monometallic
catalyst systems based on the elements iron, cobalt and nickel. Of particular note is the work of
Hahnetal. who described a Ni/AD; catalyst for the reductive amination of carbonyl compounds using
agueous ammonia and hydrogen as reducing agent. The catalyst operated at mild reaction conditions,
was reusable, and showed an exceptional tolerance to functional groups. The combihalicg\e

support material and a specific nickel precursor, namely-saNn complex, was crucial to achieve a
high catalyst activity. At this time, we did not understand the role of the salen complex during the active
catalyst formation and were intsted in whether the activity of the catalyst could be enhanced by the
appropriate choice of the nickel precursor. For this purpose, we developed a libsaryNofsalen
complexes, which were used as precursors for six piEAtatalysts. As outlined inigure3.1, the
Ni-salen complexe€1 toC6 were obtained by finining the steric properties and carbon and nitrogen

content by selecting suitable amine precursors and ring substituents.
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2 Ni/ALO N
Cl Q C2 Q ©)K IAI03 ©)\
s N + NHj3, + H,
7N:Ni":N7 7N:Ni::N7 -H,0
°c° °° Catalyst  Ni Ni Yield
P =Y ﬁN source /wt% /%

Catl c1 3.9 35
c4 C5 N Cé Cat2 c2 3.9 34
Cat3 c3 2.8 55

T Catd C4 26 60
° e cats C5 34 2
Cat6 C6 36 9

Figure 3.1. A library of six Ni-salen complex precursors (lefihe catalytic activity of Ni/AlOs catalystsvasstudied in the

reductive amination of acetophenone dependingthenNi source (right). 1.2n0l% Ni/Al20s catalyst (0.008nmol Ni,
0.35mg Ni), 0.5mmol acetophenone, OmBL ag.NHs (25%, 6.7mmol), 2mL H20, 80°C, 0.5MPaHz, 20h. Yieldswere
determined by gas chromatography usirdpdecane as an internal standditte Ni contentwasanalyzed by ICFOES.

The catalysts Cdl to Cat6 were prepared by wanpregnation of the AD; support with 4wvt.% Ni in

form of the respective Nsalen precursor, followed by a pyrolysis step infldw at 700°C and a
reduction step at 55 in forming gasThe catalyst activity was investigated in the reductive amination
of acetophenone as a catalytic benchmark testdéraparability, we chogereaction conditions such
that complete conversion of the reactant did not occumbl2o Ni, 0.5 MPaH: pressure and 8. In
terms of activity, the Ni/AO; catalysts ould be classified as highly active (Catand Cat),
moderately active (Cdat and Ca®), and nearly inactive (G&t and Ca®). The Ni content ofthe
systems was determined by KCHES analysisto be less than th&argeted4 wt.%. This wuld be
explained bythe volatility of the salen complexes above 400during the pyrolysis stdp thecatalyst
preparation.

—N N=
N

o’Ni\O 7 N\ < ’ Catalyst Synthesis >

(1) Molecular dispersion on support
(2) Formation of N-doped carbon shell
(3) Determination of carbon supply

Ni-salen precursor
p 6 8 10 12100nm
+ -Al04 Diameter /nm =

Figure 3.2. The key role of Nisalen(prop)(diert-butyl) as metal precursor during the catalyst synthesiS.E® image of
the Ni/Al20s catalystwith size distribution of nickel particlegh) OverlayedEELS element maps of nick@kd), carbor{blue)
and nitroger(green)demonstrated the embedding of nickel particles in a nitrog@ed carbon matrix.

We discovered a clear dependence of the performance of.Qi/Ahktalystson the Nicomplex
precursor Neither the Nicontent, nor the Nparticle sizedetermined by TEMllowed us to conclude
the cause of the activity differencesthe reductive aminationTherefore, we aimed at least at the
identification of thekey properties of the Nsalencomplexduringthecatalyst formatioakingthe most

active Ni/AbOs catalyst @Gt4 and its precursor compound Q¥i-salen(prop)(diert-butyl) as an

19



Overview of Thes Results

example The following three key properties were identifigd) Molecular dispersion of the metal
precursor on the support material. IHIitBEM analysis of C4/AI0; showed that themlied wet
impregnation method did not result @molecular dispersion of the Malen complex orthe Al,O3
support.Rather, needles of C4 crystallized starting frorsQAlagglomerates as crystallization nuclei
Accordingly, the volatility of C4 during the pyrolysis stemscrucial, favoringahigh dispersion on the
supportby deposition from the gas pha3ée subsequemtecompositionedto smallNi hanoparticles
with an average size ofr8n (Figure3.2 a). As already metioned, we found a reduced Niontentof
2.6wt.%, which conversely mearthat 65% of the Ni precursor has decomposed on the support
material. This gave a first indication of an attractive interaction betwednOs and the Nisalen
complex considerindie almost quantitative sublimation of the pure C4 (FigBe&). Complementary
DRIFTS analyses confirmed an interaction of the surface acigh®OHlIsites centered at a wavenumber
of 3696cm?, with the Nisalen complexThe absence of theharacteristid\l;-OH bandn the spectrum
after heating impregnated C448k according to the standarpyrolysis conditions, indicated an
interaction of thesurface absorbetbmplex with the acidic centefBigure3.3b). Based on the present
data, we assndl thatthe volatility of the Nisalen complexogetherwith the attractive interactioto

Al,Os is beneficialfor theformationof catalyticallyactive metakites

b | rraon C [ NiZpg,
. AA-O Ni oxides
|| g . «—> Ni°
- i 3 satellite
\ 8 s —
, 8 3800 3600 2
l 2 2
| o -
1
AY
0- T T o -_I —— T T T T T ML T
200 400 600 800 4000 3000 2000 1000 870 865 860 855 850
Temperature / °C Wavenumber / cm™ Binding Energy / eV

Figure 3.3. (a) TGA analysis of the salen ligahd (dashed), the Nsalen complexC4 (black) and the impregnated C448k
(grey). (b) DRIFTS analysis ob-Al20s (black), Nisalen complexc4 (red) and the impregnated C4#B4 heated to the
sublimation temperaturgc) XPS analysis of the Naps2 regionof Ni/Al 20s.

(2) Formation of a nitrogedoped carbon shell for the stabilization of nickel nanopartidles. EDX
analysis of the Ni/AlO; catalyst and overlapping EELS element maps of the near environment of two
Ni nanoparticles (Figurd.2b) revealed the latter eraided in a nitrogedoped carbon matrix covering

the entire support material. Further XPS analysis gave a small signal for nitrogen inghedion,
which may be a remanent of the salen ligand or its decomposition products. The analysis @pthe Ni
region (Figure3.2c) indicated theombination ofametallic NP signal located at 8524V and a broad
signal located at around 854¥% which we assigned to oxidized?NiAccording to this, the particles
were suface oxidized Ni nanoparticlesWe concuded, from EELS and XPS investigations that

N-doped carbon layer is formed by the decomposition of the salen ligand during the catalyst generation.
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We assume that this layer is necessaryhe particle stabilizatigrwith the appropriate layer thickness
defined by the pyrolysis proceg8) Determination of the carbon supply during the pyrolysis Sémp.
observed the formation of carbon nanotubes whepyrolysis of impregnated C4/4Ds is carried out

in a sealedylass ampoulavith confined gasspace. As the sublimation of complex C4 is partially
suppressed, carbarandubes with a diameter of 20 nm gew starting from metal particles of the
same sizelt is conceivable that excess carbon in the form of the salen ligand and its decomposition
products could not be removed due to the lack of a constant gadrfladdition, themagnitudeof the

gas flowin the standard catalyst synthesis proeessidentified aa decisive pyrolysis parametnce

the removal of the gaseous intermediate®dsiced The activity of a Ni/A}Os catalyst prepared at

very low gas flow significantly collapsed the reductive aminationThis led us to conclude that the
volatility of the Nisalen complex in combination with judiciously chosen pyrolysis parameters
regulated the carbon supply during catalyst preparation.

We were motivated to develop a novel nickel catalyst for the selective hydrogenation of olefins based
on the observation that the catalytic activity of nanostructured nickel catalysts peonizged via the
choice of the Nialen precursor. The results of our previous study on theJO{AYystem prompted us

to use the coordination compound-$éilen(prop)(diert-butyl) asmetal precursor-or a sustainable
catalysis concept, not only eaidhundant metals but also lesost supports should be uséallowing

this ideathe Nisalen complex was combined with an activated carbon supmyhtioesizeéhe Ni/C
catalyst in a practical twetep procesdepicted in Figur8.4. After wetimpregnatio of the carbon
support with the NBalen complex, a pyrolysis steyasperformed inconstantN; flow at 700°C and

followed bya reduction step at 55C in forming gas

(1) Impregnation

(2) Pyrolysis

s (3) Reduction
—_—

i 2 12 14 16 18 20 22 24 26 28
Ni salen precursor 500 nm Diameter / nm

+ charcoal

Figure 3.4. Synthesis concept of the Ni/C catalyst. HEJADF-TEM analysis of the Ni/C catalyst. (Magnification by TEM
showed a single Ni nanopatrticle surrounded by a carbon layeSiz@distribution of Ni particles with a mean diameter of
19.5nm.

By HAADF-STEM analysis of the catalyst material, Nanoparticles with an average size of Ithb

were observed homogeneously distributed on the support with a rather broad size distribution
(Figure3.4 a,c). Figure3.4b is a étailed TEM analysis dd singleNi naroparticlethatis covered by

a 23 nm thick carbon layeElemental analysisf the Ni/C catalystonfirmed that 0.8vt.% nitrogen

from the decomposition of thealen ligandwaspresentAs shown in our previous studye believe

that the tailored decompition of the salen precursor led to a nitrogeoped carbon layer that
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embededthe Ni nanoparticles on the suppd@P-OES analysis revealednickel content a2.7 wt.%.

We performed XPS analyses to gain more insight into the catabtstrial. In the NRps2region, the
combination of metallic Ni (852.6V) and oxidized Ni* (854.6eV) was measured, with an intensity
ratio of 83% Ni°. Together with the reflectiortd cubic NP indexed inthe PXRD pattern this supported

our hypothes of partially surface oxidized Mianoparticles with metallic core. The binding energy of
the N1s signal is centered at 39&%, possibly pointing to a remanent of thi#&rogenrcontaining
Ni-salen precursor and its decomposition produlitss low-costand easyto-use nickel catalyst was
investigated in the selective hydrogenation e€@ouble bonds. The hydrogenation of styrene to
ethylbenzene as eatalytic benchmark reaction proceeded with quantitative yield at conditions of
1.35mol% Ni, 0.2MPaH, and 40°C. Even at0.1MPaH; and room temperature, a %0 yield of
ethylbenzene was obtained, whibighlighted the hydrogenation activity of the Ni/C cataly#t
comparison with commercial oxidic support materialsQ4l CeQ, Si0O,, TiO), thecombination of

the Nisalen precursor and the activated carbon support was shown to be crucial for the high catalytic
activity. Remarkably, only the catalyst on silica support showed moderate catalytic a&otity.
electronwithdrawing anddonating furctional groups were well tolerateldurthermore, pure aliphatic
and aromatic olefins were selectively converted under slightly harsher conditioldPaft, and 80°C

to give the corresponding saturated products. Not only msabstituted substrates bus@ more
challenging 1,2and 1,1disubstituted olefins were hydrogenatadhigh yields (Table3.1).

Table 3.1. Hydrogenatiorof styrene derivatives and ndunctionalized olefinsvith Ni/C.[&

R? R?
Ni catalyst 3 Ni catalyst 3
SO R*&R e
2 +Hy A R4

R:4Me 99% R:4Cl 78%
©/\ 3-Me 99% 3-Cl 75%
2-Me 84 % 2-Cl 60%
4-Br 50 %

99 % 99 % 99 % 99 %

o o e
~o
99 % 99 % 84 % 99 % 99 % 91 %

[a] 0.5mmol substrate 2.5ml MeOH, 1.35mo0l% Ni (14.7mg Ni/C, 2.7wt.% Ni), 40 °C, 0.2MPaHz, 20h. Yields were
determined by GC usingrdodecane as an internal standard. Products werezaddly GGMS.

To our delight, the Ni/C catalyst exhibit ahigh chemoselectivityn the hydrogenation of € double
bonds in the presence of hydrogenasensitive functional @ups. A total of 1®&xamples were
smoothly converted, of which some representative examples are listed in3Rabddcohols,

U ,-umsaturated carbonyl compounds, aldehydes, etimetesters were tolerated in good to excellent
yields applying 1.35m0l% N, 1 MPaH; and 80°C. Noteworthy the challenging tetraubstituted
double bond irR-methyl3-phenylbutenal was selectively hydrogenated in good yiehde the easily

accessible aldehyde was not attackedly a minor trace of alcohol was observed as a byprottuct.
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addition to the numerous examples of oxygea nt ai ni ng functi onal groups,

aliphatic nitrile was tolerated

Table 3.2 Hydrogenation of functionalized olefins with Nif€.

R? R2
1&/R3 Ni catalyst 1J\(R3
R —— R
+Hy, A
R* 2 R
OH OH (0] (0] O
S O O O o
N
99 94lol 99 94lol 99 % 99 % 74 %
(o} (e} (|3
\/\O
84 % 78 % 99 % 99 % 99 94lol

[a] 0.5 mmol substrate2.5ml H20, 1.35mol% Ni (14.7mg Ni/C, 2.7wt.% Ni), 80°C, 1MPaHz, 20h. [b] 2.5ml MeOH.
Yields weredetermined by GC usingdodecane as an interrsithndard. Productsereanalyzed by GEMS.

The catalyst could be reused for three consecutive cycles without any loss of activity. Thereafter, a slight
decreasén the hydrogenation activity was observed, possibly due to leaching effects or deactivating
oxidation of the nickel nanoparticlek an upscaling, the applicability of the Ni/C catalyst was also
demonstrated on a larger scale, asifd@s the amount of styrene (mol, 95% ethylbenzene) was

convertedwith only slightly reduced activity referretd the 0.5mmol reaction

In addition, theKempe groupaddressed theisible lightdriven upgrading of organic compounds.
Tilgner etal. previously investigated the photocatalytic acceptorless dehydrogenation of alcohols using
a Ni/CdS/TiQ@MIL-101 catalyst. The simultaneous release ghksuch processes generates a highly
attractive and clean byproduct. In this material, the photod¢xeitaccurs in the CdS component, and
subsequent spatial electrbole separation is controlled by the CdS/AT@terojunction. However, an
efficient charge separation can also be achieved withataytic metal particles bonded to the
semiconducting CdSAfter light excitation, the buiin electric field favors the directional electron
transfer to the metal particle and reduces the probability of charge recombination. Therefore, we
investigated the photocatalytic dehydrogenation of primary amines ubitGdS@MIL-101 catalyst.

The metalorganic framework MIE101 served as the visible light inactive support material of the
photocatalyst because it is stable to water and air, exhibits high porosity, and determines the overall size
of the catalyst systenof the efficient recyclability. The loading of MALO1 with metal nanoparticles

(Ni, Pd, Pt, Ir, Au) and semiconductor components §TE®0; CdS) for the catalyst synthesis has
been established at our department for many y&Hts:101 as structural decting core was covered

with CdS particles generated by a simple solvothermal route using DMSO as a sulfur source and

cadmium acetate as Cd precursor. Cubic CdS crystallized in a particle siz8@hr20 and the lattice
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plane was identified by TEM and RR®. The band gap of CdS was determined by Mkinkelka to

be 2.44eV, so photons of wavelengths smaller than mi0are absorbed. For the final modification
with Ni nanopatrticles via MOCVD technique, nickelocene was used as a volatile nickel precursor for
the gas phase infiltration and reduced td by hydrogen treatment. IGBES analysis verified
5.1wt.% Ni in the synthesized catalyst material. The octahedral shape of thelMllcrystallites

remained intact through all synthesis steps.

MIL-101 CdS@MIL-101 M/CdS@MIL-101
ﬂ\\
/ \

Solvothermal 1. MOCVD
Mod|f|cat|on é % M2+/4+ Precursor

cB (e _@_

Cd(OAc), 2. Reduction
DMSO Reduction
visible|  H,t
Light
Oxidation
v ®

Cds

100 150 200 250
Particle size / nm 100 hm

Figure 3.5. Synthesis of the photocatalyst M/CdS@MID1 (M: Ni, Pd, Pt). In the semiconductor CdS, the absorption of
visible light promotes an electron from the valence band to the conduction band. After the directed electron transfer towards
the metal particles, spially separated redox reactions can be catalyzed. TEM images visualized the synthesis process in

adapted magpnifications.

The XPS survey showed characteristic elemental signals for Cr, O, and C of tHiEOMHKupport
material and additional signals for C8&l and Ni, which formed the photoactive shell. The photocatalyst
Ni/CdS@MIL-101 exhibited nearly constant absorbance throughout the visible range. As illustrated in
Figure3.5, we assumed that an electioole pair is generated within the semiconduc@dfS upon
visible light irradiation. After the directional electron transfer from the conduction band of CdS towards
the Ni nanoparticle, spatially separated redox reactions can be catalyzed. The reduectiEactiaif

takes place othe surface afhenickel particles since metal particles are known to be electron reservoirs.
The Ni/CdS@MIL:101 photocatalyst was applied in the dehydrogenation of benzylamine upon
irradiation with visible light (blue. E D, Am)4Thid is the first example of an additifiree and
acceptorless amine oxidation with the simultaneous release of one equivalentirofindrt gas
atmosphere (Table.3). The aldimine formed intermediately by the dehydrogenation of benzylamine
reacted with a second equivalent of benzylamine to githe homocoupled product
N-benzytl-phenylmethanimine. The equimolar release efutds detected by gashromatographic
analysis of the reaction headspace. The photocatalytic nature of the reaction was confirmeaby light
off experiments, as H evolution occurred only under illumination. The noble mdtake
Ni/CdS@MIL-101 catalyst led to a quantitative yield of imine, whereas byproducts were formed with

bare CAS@MIL101. To our delight, the Nhodified catalyst was recyclable over five consecutive runs.
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Table 3.3. Photocatalytic acceptorless dehydrogenation of benzyldfhine.

9 NH, Photocatalyst . H2
hv, Ar, NH

Catalyst Yield / % Yield Hz2/ %
Ni/CdS@MIL-101 99 98
Cds@MIL-101 62 59
Withoutlight 0 0
Without catalyst 0 0

[a] 1 mmol benzylamine, 1.51L MeCN, 10h, 5mg catalyst, rt, Ar, 47@m blue
LED (50W). Yields were determined by GC usimgdodecane as an internal
standard. Hlwas quantified by G DC using methane as an internal standard.

In addition, we developed a general mggzh to prepare nesymmetric imines by crossoupling with

a second amine that is not attacked by the photocatalyst. As an example, this was investigated for the
coupling of benzylamines with cyclohexylamine. The homocoupled imine was formed first,wasch
rearranged to the heteocoupled imine in a nephotocatalytic equilibrium reaction. Under visible light
irradiation, the equilibrium was shifted to the desired product as released benzylamine was reintroduced
into the catalytic cycle. The modificatis of CdS@MIL-101 with the noble metals Pd and Pt resulted
predominantly in the formation of the symmetric imine in low yield, whereas Ni/CdS@®L
produced mainly the nesymmetric imine. This demonstrated the superior performance of the

Ni co-catalystin the acceptorless dehydrogenation of benzylamine. Next, we were interested in the
stability of the semiconducting CdS under catalysis conditions, since the photocorrosion of CdS is a
frequently discussed phenomenon and a main challenge in the applafaticah photocatalysts. Pre

and postatalytic XPSstudies of the sulfus2p, region of CAS@MIEL01 and Ni/CdS@MIL101
demonstrated the stabilizing effect of the ndnoparticles on the CdS component (Figi6a).
Regarding the ratio of metal sulfid@61.5eV) to surface oxidized metal sulfate (168\W) of the
CdS@MIL-101 catalyst, the amount of surface sulfate increased significantly frémnié to 51%
postcatalysis. Postatalytic PXRD analysis also indicated the formation of oxidized ssifacies, as
several new reflections appeared in addition to the expected reflections of cubic CdS. By contrast, the
ratio of sulfide (94%) to sulfate (66) remained constant for prend postcatalytic Ni/fCdS@MI:101

as analyzed by XPS. Furthermore, tlrectional electron transfer from photoexcited CdS across the
semiconductoemetal interface to Nmanoparticles was investigated with fluorescence lifetime imaging
microscopy in the frequency domain. In the semiconducting CdS, the absorption of vikibbedaes

an electrorhole pair that recombines after an intrinsic lifetime by emitting a photon. Two lifetime
components were identified in the study of M/CdS@MMD1 materials: the shorter one is interpreted

as the luminescence lifetime of CdS, while tbnger one was attributed to MII01. The modification

with Ni shortened the lifetime of CdS (14S) to 67ps, confirming a second decay channel and thus the
directional electron transfer (Figude6b). The charge carrier separation over two diffeEttlyst

components leads to the enhanced photocatalytic activity of Ni/CdS@®ILin redox reactions.
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Comparing the 3dhetal Ni with the noble metals Pd and Pt, the lifetime of pure CdS is most affected
by neighboring Nparticles, indicating a fasteregltron transfer to Nparticles than to Pd or Pt.
Moreover, DFT calculations revealed a stronger binding of the substrate benzylamineatowa DN
icosahedral particle than to a-a8m Pd icosahedral particle by several hundne¥. This may be

advantgeous for an efficient charge transfer between the photocatalyst and the substrate.
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Figure 36. (a)Pre and postatalytic XPS analysis of S2p region to investigate the photocatalytic stability of
CdS@MIL-101 and Ni/CdS@MIEL01. The signal for metaulfide (CdS) is centered at 1629 and for metal sulfate
(CdsQ) at 168.7eV. (b)Fluorescence lifetime studies of MILO1 supported neat CdS and Ni/CdS. The shorter lifetime
component refers to luminescence lifetime of excited CdS.

Apart from the combiation of metallic nickel nanoparticles with a semiconducting material, we were
also interested in cooperative effects between them and a molecular iridium photosensitizer. We used a
shipin-a-bottle approach (Figurg7) to bring the IrL1 complex, whichis a modification of the
literatureknown [Ir(bpy)(ppy2}]" motif, and metal nanoparticles into spatial proximity within the pores

of the CFMOF MIL-101. This has already been addressed-itigdrich in preliminary work.The
photosensitizelr-L1 wassynthesized stepwise within the pores of MIQ1, which again served as a
stable porous host material. The generation of coordinatively unsaturated sites by removing auxiliary
water ligands at the secondary building unit of MIQ1 allowed the coordinatiasf the OHmodified
bipyridyl ligandL1. The anchoring of L1 by the hydroxyl group was monitored by comparative sSNMR
since diagnostic shifts for &oms close to paramagnetic®*Qrenters of the SBU can identify
coordinated species. The ssNMR signalsdatdid the coordination of the ligand by one hydroxyl group
only (Figure3.8 a). Additional DFT calculations supported this and further predithetithe second
hydroxyl groups asymmetrically stabilized via hydrogen bonding to the SBiysite formatiorof the

photosensitizelr-L1 was achieved by the addition of ardimer containing predisposed Ir(ppynits.
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Figure 3.7. Synthesis of M/[IfL1]@MIL-101 by shipin-a-bottle approach (M: Ni, Pd, Pt). @eneration of coordinatively
unsaturated siteglenoted as CUS@MHLOL. (ii) Grafting of the modified bpjigandL1. (iii) Ir-L1 complex formation.
(iv) Metal loading by MOCVD technique using volatile metal precursors.

The successful synthesis in the pores of M1 was corroborated lmpmparative FAIR analysis. By

contrast to the ligand, ssSNMR showed no anchoring-bflIto CP" sites, and thus pointing towards a
diffusing Ir photosensitizer inside the MILO1 pore. The incorporation of grolip metal nanoparticles
(5wt.% each of NiPd, Pt) into the pores of fr1]J@MIL-101 was performed by established MOCVD
techniquesRepresentative EDX elemental maps of Nil[llj@MIL-101 (Figure3.8 b) showed that Ir

as the central atom of the sensitizer and Ni as the nanoparticutatgatystwere homogeneously
distributed throughout the MOF crystallites. We concluded that the encapsulation of the two catalyst
components occurred in a high proportion of the pores and expected this to be similar for the Pd and Pt

modifications.

o
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Figure 3.8. (a) *3C ssNMR spectrum of LL@MH101 including assignments. The carbon atoms designategasaGd C2ara

indicated the coordination to a Lrcenter by the adjacent Ggtoup, while the carbon atom Gslwas unaffected.

(b) HAADF-STEM image ofNi/[Ir-L1]@MIL-101 and representative EDX element mapigidr andNi. (c) Hz evolution

rate for the photocatalytic proton reduction from water for M/It@MIL-101. Reaction conditions: 2 mo I-L1,1 r

1000g LTHF, 100e LH20, 100e LTEA, rt, Ar, 470nmblue LED (50W). Hz was quantified by G DC using methane as

an internal standard.

We investigated the photocatalysts MAlEJ@MIL-101 for the visible lighdriven (blueLED,

& = 4 M) water reduction using TEA as sacrificial agent. Theekblution raé per hour was
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determined by gaseous hegphce analysis which showed thatl[IfJ@MIL-101 was slightly super

stoichiometric after six hours (FiguBe8c).

Intriguingly, the deactivating effects of a confined reaction space could be partially remegligied b
additional presence of metal nanoparticles. Evidently, Ni and Pt nanopatrticles served as promoters of
the hydrogen evolution rate, while Pd nanopatrticles were inhibitors. Further luminescence lifetime
studies on the M/[HL1]J@MIL-101 systems did naeveal any clear trend which could explain the
activity difference between the -@atalytic metals Ni, Pd, and Pt based on electron transfer processes.

It is expected that the spatial proximity between a metal nanoparticle ancgtiedsensitizer would

affect the catalytic performance of the system by allowing a direct electron and/or energy transfer
between both. Furthermore, we used theoretical calculations to address the question of how transition
metal particles can affect theghotosensitizer anitius the visible lightiriven H evolution from water.

We focused on the role of the metal nanoparticles in the light absorption process that initiates the
catalytic reaction. Therefore, a model system was designed, which consists dfltipdatosensitier

and 13atom icosahedral metal particlesidMo represent one of the smallest possible units within a
single MIL-101 poreTime-dependenDFT calculationsvith an optimally tuned range separated hybrid
functional showed thahe metal clusters interagith Ir-L1 and form a joint quantum system. The metal
clusters significantly affect the photoabsorption process when they are in close proximity 3Eg)re

Further analysis showed that both the; Muster and the {L1 are involved in charge transflke
processes starting from 2¥ upward. In the latter, the metal cluster is the electron donor andlthe Ir

acts as the acceptor, as indicated by the differential electronic densities with respect to the ground state
(e.g. Sso, Figure3.9 b).

[\

Nigf/[Ir-L1] — Nig+[Ir-L1]
. Nizs [Ir-L1]

Absorption / a.u.

0.5

Energy / eV Si30: 2.94 eV T,: 0.52ev

Figure 3.9. (a) Theoretical absorption spectra ofidfiir-L1] and its bare constituents. The relative oscillator strength of
Ni3/[Ir-L1] is indicated by the height of the vertical red barsEgmplarily, the singlet&oand the lowest spiflip excitation

T of Nixg/[Ir-L1] with negative (area of electron lack, red) and positive (electron gain, blue) difference density are given.

Consequently, the charge transfer occurs during the optical excitation rather than through a subsequent
secondary processhe optical excitation mechanism is qualitatively the same for the thrglérNL1],

so this alone could not explain the difference in the overall performance of the messigsts found

in the experiment. By contrast tolld, we observed a completellapse of the charge separation in the

lowest spinflip excitation in Mi/[Ir-L1] since this excitation ipredominantlylocalized only on the

28



Overview of Thes Results

respective metal clustee.g., T1, Figure3.9 b). Thus, one could speculate thhe lowest spiflip

excitaton accessible by intersystem crossing after the optical excitation could be the cause of catalytic
deactivation. The rates of intersystem crossings are usually more pronounced for the heavier elements
Pd and Pt, respectively, than for Ni. This could bdua to explain the experimentally determined
differences in the photocatalytic activity of the MlL]J@MIL -101 systems. Another factor to consider

could be the binding affinity between the metal clusters ahd.lOur calculations resulted in i

binding most strongly to 4t1 which could be advantageous for a better performance of
Ni/[Ir-L1]J@MIL-101.
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3.2 Individual Contributions to Joint Publications

The results published in this thesis were achieved in collaboration with others goubbsbed as
indicated below. The contributions of all-aeathors to the respective publication are specified. The
corresponding auth(s) is/areannotated by an asterisk (*).

Chapter 4

This work is published i€hemCatChera021, 13, 32571 3261with the title

Key Parameters for the Synthesis of Active and Selective Nanostructured 3d Metal Catalysts
Starting from Coordination Compoundsi Case Study: Nickel Mediated Reductive Amination
Mara Klarner, Patricia Blach, Haiko Wittkdmper, Nielsldege, Christian Papp, Rhett Kempe*

| synthesized and characterized the complexes and catdllystsatalyic reactionsand the associated
analytics were carried out by mBhett Kempe and | designed the experiments androte the
manuscript. PatriciBlach and Niels de Jonge performed HAABFEM coupled with EDX and EELS
measurements and were involved in scientific discussions. Christian Papp and Haiko Wittkamper
performed XPS analysis, wrote the related part of the publication and were involvedniifisc
discussions. Rhett Kempe supervised this work, was involved in scientific discussions and the correction

of the manuscript.

Chapter 5

This work is published iZ. Anorg. Allg. Chen021, 674, 21571 2161with the title

Chemoselective Hydrogeation of Olefins Using a Nanostructured Nickel Catalyst
Mara Klarner, Sandra Bieger, Markus Drechsler, Rhett Kempe*

| synthesized and characterized catalyst, carriedheutdtalyic reactionsand the associated analytics

and | wrote the manuscript. Rhétempe and | designed the experiments. Sandra Bieger performed
some initial work and also catalytic reactions during her bachelor thesis. Markus Drechsler performed
one part of the TEM analysis. Rhett Kempe supervised this work, was involved in scigsdifissions

and the correction of the manuscript.
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Chapter 6

This work is published iChemCatChergd02Q 12, 45931 4599 with the title

Visible Light-driven Dehydrogenation of Benzylamine under Liberation of H

Mara Klarner, Sebastian Hamm@gbastian Feulner, Stephan Kiimmel, Lothar Kador, Rhett Kempe*

| synthesizednd characterized the photocatalyst. The catatgactionsand the associated analytics

were carried out by meRhett Kempe and | designed the experiments. Sebastian Hammdmedid
theoretical calculations and wrote the theoretical section of the manuscript. Sebastian Feulner performed
the fluorescence lifetime studies. Stephan Kimmel and Lothar Kador were involved in scientific
discussions and the correction of the manuscrip&tR<empe supervised this work and was involved

in the scientific discussions and the correction of the manuscript.

Chapter 7

This work is published id. Chem. Phys. €021, 10.1021/acs.jpcc.1c057%@th the title

Combining Metal Nanoparticles with an Ir(lll) Photosensitize
Sebastian Hammon, Mara Klarner, Gerald HorBegit Weber,Martin Friedrich, Jirgen Senké&hett

Kempe,*Thiago Branquinho de Queiroz, Stephan Kimmel*

Sebastian Hammon and equally contributed tothe publcation and cewrote the manuscript.

| synthesized and characterized the different photocatalgetsastian Hammon did the theoretical
studies on the photocatalytic systeBerald Horner did DFT calculations, wrote the related part of the
manuscript and w&involved in scientific discussionBirgit Webercorrected the manuscrigilartin
Friedrich initially designed the photocatalyst and did some preliminary work regarding the catalytic
application. Jirgen Senker was involved in scientific discussidriago Branquinho de Queirozas
involved in scientific discussioand the correction of the manuscrigtephan Kimmel and Rhett
Kempe supervised this work and were involved in scientific discussions and the correction of the

manuscript.
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Abstract: The design of nanostructured catalysts basezhahabundant metals that mediate important
reactions efficiently, selectively and with a broad scope is highly desirable. Unfortunately, the synthesis

of such catalysts is poorly understood. We report here on highly active Ni catalysts for the reductive
amination of ketones by ammonia employing hydrogen as a reducing agent. The key functions of the
Ni-salen precursor complex during catalyst synthesis have been identifidtl:sdlen complexes

sublime during catalyst synthesis, which allows moleculgredgon of the metal precursor on the
support material. (Zyhe salen ligand forms a nitrogeloped carbon shell by decomposition, which
embeds and stabil i ze sAl0sispoN. i(3Paramneterp suchtas tieelflevsateo n t

of the pyrolyss gas, determine the carbon supply for the embedding process of Ni nanoparticles.
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4.1 Introduction

Reductive amination is a very important reaction because the products, alkyl amines, are used
intensively as fine and bulk chemicals, pharmaceuticals, amndchemical8! More specifically,

primary amines are the starting material for the production of other amineshetebbcyclic
compound#®! The synthesis of primary amines via reductive amination is very challenging, because
overalkylation and otheside reactions must be avoided. The reductive amination for the synthesis of
primary amines with hydrogen as a reducing agent was introducege&@ ago by Mignonac,
employing a Ni catalyst! The use of hydrogen as a potentially sustainable anekffestive reductant

is particularly attractive, however, a catalyst is required for its activation. Furthermore, inexpensive
ammonia is utilized as a nitrogen source. Despite the use of Ni catalysts ev&rPsinceatalyst system

for the synthesis of pnary amines with a broad scope and functional group tolerance had been found
until 2019. We then presented a nanostructured Ni catalyst for the synthesis of primary amines by
reductive amination, using ammonia dissolved in wat@ur catalyst had a badl scope and an
exceptional tolerance towards functional groups, operated at low temperature and pressure, was highly
active, reusable, and easy to handle. The synthesis from a specific Ni complex, namedglem Ni

c o mp | e xAl:Osavasdstraightforwat, and the ligananetal combination of this complex was
crucial. Other interesting eartibundant metal catalysts, synthesized via the pyrolysis of salen
complexes, were reported by%iand the Beller groupp® The superior performance of catalyst syss

based on salen precursor complexes was demonstrated in all these publications. Unfortunately, the role

of salen complexes in the pyrolydiased catalyst synthesis is incompletely understood.

Herein, we report on a highly active Ni catalyst for theuotide amination of ketones by ammonia
employing hydrogen as reductant. This Ni@d catalyst was obtained by varying the nickalen
complex precursors used for the catalyst synthesis. Thereby, the key functions eddeniirecursor
complex duringcatalyst synthesis have been identified:Thg volatility of Nisalen complexes allows

the molecular dispersion of the metal precursor on the support material, which enables an optimal
bottomup approach for the preparation of catalytically active netas. (2)Tailored decomposition

of the carbon and nitrogen containing salen ligand forms a nittdgeed carbon shell that covers the
catalytically active nickel nanoparticles, thereby stabilizing themA &)ecific set of parameters during

the pyrolysis step in catalyst generation determines the carbon supply, which is crucial for the
embedding process of nanoparticles. A too high carbon supply particularly favors the undesired

formation of carbon nanotubes.

4.2 Results and Discussion

We devebped a Nicomplex library to better address the question about the role and the mandatory
nature of Nisalen complexes in the generation of highly active hydrogenation catalysts. Based on this,

aluminasupported catalysts were prepared and investigatatdircatalytic activity in the reductive
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amination of acetophenone as a model reaction. Trsalen ligand structures were selected by-fine
tuning the steric properties and carbon and nitrogen content by choosing appropriate amine precursors
and ring sbstituents. Starting from the known Ni precursof®Cthree different aldehydes and four
different diamines, including aliphatic, -Neteroaromatic und polyaromatic compounds, were
combined. A total of six complexes, C1 to C6, were synthesized, as ouifinEgyjurel. The
corresponding Ni/AlO; composite catalysts Catto Cat6 were generated along an established three
step protocol for 3dhetal catalysts supported on commercial supfguiits: h eAl.@; support was wet
impregnated with C1 to C6 (ideald/wt.% nickel) in acetonitrile. After removal of the solvent, the
samples were pyrolyzed in a nitrogen flow up to 700followed by a reduction step in forming gas at
550°C. The catalytic activity of the Ni/AD; catalysts Cal to Cat6 was comparechithe reductive
amination of acetophenone as a model reaction. The table in Eigires an overview of the catalytic
activity of the catalysts and the respective loading of nickel nanoparticles. We discovered an obvious
dependence of the performanca\fAl ,Os catalysts on the Narecursor complex used. Gashowed

the highest activity with a yield of 8@ of 1-phenylethylamine, followed by G&t(55%). By contrast,

Cat5 (2%) and Cab (9%) were nearly inactive in the reductive amination of acetnphe under

these reaction conditions. It was shown that the catalytic activity of the,Q¥/aatalyst publishe!

Catl (35%), was surpassed by fitiening the salen ligand, which, similar to €@at34%), led to only

a moderate yield.

o _ NH,
c1 Q c2 Q NifAI,O;

_N\j N= _N\f N= (j)K +NH3, + Hp ©)\

NI NI -H20

o0 o0 Catalyst  Ni Ni  Yield

P o /—N source /wt.% | %

Catl c1 3.9 35
C4 C5 N Ccé Cat2 C2 3.9 34
Cat3 C3 2.8 55

Cat4 C4 2.6 60
Cat5 C5 3.4 2
Cat6 C6 3.6 9

Figure 1. A library concept of 8Ni-salen complex precursors:-sialen complexes C1 to C6 synthesized by-fireng the

steric properties and carbon and nitrogen content (left). The catalytic activity op@d/édtalysts Cal to Cat6 studied in

the reductive amigtion of acetophenone depending on the Ni source (right). In order to ensure comparability, the reaction
conditions from Ref.[5] were adjusted so that no complete conversion of the reactant occumer%INZ/Al 20z catalyst
(0.006mmol Ni, 0.35mg Ni), 0.5mmol acetophenone, OmBL aq.NHs (25%, 6.7mmol), 2mL H20, 80°C, 0.5MPaHz,

20h. Yields were determined by gas chromatography usidgdecane as an internal standardcdtitent was analysed by
ICP-OES.

Salen complexes are known sablime without decompositidfi.Consequently, the volatility of the
Ni-salen complexes was investigated by thermogravimetric analysis (TGA) analogous to the catalyst

preparation parameters (Supporting Information, Fi@ire All Ni-salen complexes C1 €6 volatilize
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into the gas phase above 4@ (Supporting Information, Tab®l). Intriguingly, the compounds C3
and C4 show significantly higher volatility than the othersilien complexes. Possibly, the attached

di-tert-butyl substituted aromatic ringsd aliphatic backbones are beneficial.

Inductively coupled plasma optical emission spectroscopy-QEB) was used to analyze the amount

of Ni in the Ni/AlLO; catalysts. Depending on the volatility of the-$dilen complex used, the nickel
loading of theAl ;0s support decreased due to removal in the gas flow during catalyst preparati8n. Cat
and Ca#4 showed the lowest Ni loadings of 2% and 2.6wt.%, respectively, while less volatile

Ni precursors resulted in higher Ni contents (Figlren additon, the carbon and nitrogen contents
were determined by elemental analysis, reflecting the atomic composition of the salen precursors
(Supporting Information, Tabl82, FigureS2). Transmission electron microscopy (TEM) analysis of
Ni/Al .Os materials (Supprting Information, Figur&3) showed a subordinate dependence of the
Ni particle size on the precursor complex. The average Ni particle size of the catalysts variedtoom 8.0
11.0nm with narrow size distribution. Only Mialen complexC2 was decomposéd larger Niparticles

of 30nm in diameterThe Ni particle size did not alter due to catalysis, as exemplified fod Cat
(Supporting Information, Figur®4). Initial results did not give a clear indication that the Ni particle
size and/or the amount nickel, carbon and nitrogen in the Nib&k catalyst is the determining factor

for a high catalytic activity. However, we observed a qualitative effect of the precursor complex itself.
Since there might be a correlation between the high hydrogenatioyaaftiCat4 and the volatility of

the Nisalen complexc4, this led to the hypothesis that volatility might play a crucial role in the
generation of catalytically active metal sites. Therefore, we investigated the role osletNcomplex
during active catalyst formation exemplified by compléx. The following three key properties were
identified:

(1) Molecular Dispersion of theMetal Precursor on the Support Material. Firstly, we focused on

the interaction of the Nsalen complexc4 with the AbOs support material during the impregnation and
pyrolysis steps in catalyst preparation. We found by TEM analysis of wet impregnatedQz4/Al
(Supporting Information, Figur86)that C4 crystallizes in needles several micrometers long, starting
from Al,O; agglomerates as nucleation centers once the solvent is removed. This method of
impregnation does not yield molecular dispersion of C4 a®Alo produce small Ni nanoparticles
directly during pyrolysis. Comparative TGA analysis (Figka@ of salen ligantd4, Ni-salen
complexC4 and impregnated C4/&); showed that the salen ligand is already volatile, being thermally
stabilized by the chelating coordination of nickel. C4 itsalflimes at a temperature of 482 without
decomposing, confirmed by mass spectrometry of the residue (Supporting Information Ssiguke
briefly discussed above, a Ni loading of 6% implies that about 6% of C4 was decomposed on
the ALOs supprt during pyrolysis. Considering the almost quantitative sublimation of the pure
C4(92%), this is a clear indication of an attractive interaction of the Lewis acigd®; 8lurface and the
Ni-salen complex. In addition, we investigated the interactitimedlisalen complexc4 with the A}Os

surface using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). As measured in
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pure ALO;, the vibrational band of acidic ADH is centered at 3696n! and the broad signal at
1250900cm* originates from AIO (Figure2b)*% The DRIFTS spectrum shows a very broad band in
the hydroxyl spectral region (40@500cn?) since the untreated &Ab; sample is surface hydrated by
physically absorbed water molecules. The DRIFTS spectrum-salin comlgx C4 shows signals in

the fingerprint region for wavenumbers lower than 1683, with the characteristic signal at 16@%
originating from the C=N imine stretching. The bands between 2951 anc:@848ere assigned to
C-H stretching vibrations. Wimeimpregnated C4/AD; was heated to 46 as during catalyst
formation and then cooled to room temperature, the band atcB69@as no longer visible in the
spectrum. The lack of a characteristig-@H band suggests a surfaaiesorbed comple€4 inteacting

with acidic centers of ADs. The TEM analysis of this material showed no crystals of C4 (Supporting

Information, FiguresS6).

a 100 E
Pyrolysis T
80+ .
\
8 604 T
=
% 40
=
20 L
\
0+ [ J

200 400 600 800
Temperature / °C

b .
AAl-OH /

. AAI-O
g J/— >
3 | =4
Q
S 3800 3600
3]

o
T
o
4000 3000 2000 1000

Wavenumber / cm™

Figure 2. (8) TGA analysis (heating ramp ¥0min, in Nz flow) of L4 (dashed), C4 (black) and impregnated C42Al(grey)
demonstrating the volatility of salen compoundd.qRIFTS analysis of A0z (black), C4 (red) and C4/4Ds (blue, heated
to Tsubi 469°C of C4) confirming the interaction of the Nalen omplex C4 with the AlOs support. The A-OH band is

shown in the inset

As exemplified for C4, Nsalen complexes sublime during Ni#®k catalyst generation with negligible
decomposition. This property allows the molecular dispersion of single compleguies on the ADs

surface from the gas phase. Since this dispersion cannot be achieved by wet impregnation with C4, the
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volatility of the complexes plays a key role in this bottomapproach to generate catalytically active

metal sites.

(2) Formation of a Nitrogen-dopedCarbon Shell for the Stabilization of Nickel Nanoparticles.We
recorded Xray photoelectron spectroscopy (XPS) survey spectra betwddd0eV, given in
FigureS7. All expected lines for the AD; support were identified, and in addition, carbon and minor
traces of nitrogen were found. Small Ni signals were detected in @ dgion (Figur&b), but further

Ni lines were not identified due to their small photoemission cross section and ttialrqyairlap with

Al lines. The Ni/AbOs catalyst shows a combination of metalli® Nignals located at 852e8/ and a
broad signal located at around 85d\6which we assigned to oxidized?NiContributions of Ni* are
also possible due to the widthtbe signal. The @V satellite of Ni is found as a broad feature between
858.6 and 86%8V ' The intensity ratio of NiNi?* is approximately 1.5:2.

a b
L . Ni2+l3+
4 Ni 2p;, — N0

satellite
+—>
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Binding Energy / eV

Figure 3. Characterization of Ni/AlDs: (a) TEM image of the Ni/AlOs catalyst shows that the A sugport is covered with
homogeneously distributed Ni nanoparticles. The size distribution of Ni particles is given in the insBS @alysis of the
Ni 2ps/2 region revealed minor traces of Ni within the composite material. TRendtioparticles are suda oxidized to
Ni2*Ni%* species. ((HAADF-STEM analysis of the Ni/ADs catalyst and (dg) representative EDX element maps of nickel
(red) and carbon (blue). (@verlapped EELS element maps of nickel (red), carbon (blue) and nitrogen @ge®n)strating
the embedding of a Ni particle in addped carbon layer.
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The C1s signal observed at 284Y is close to what is typically observed for graphitic catbdihe

binding energy of the Ns signal observed is at around 398\2 possibly aemnant of the Montaining
precursor molecule and its decomposition products (Supporting Information, Biuidigh-angle

annular darKield scanning TEM (HAADFSTEM) analysis of Ni/AO; confirmed the homogeneous
distribution of Ni nanoparticles withnaaverage size of 8iim on the AIO; support material
(Figure3a,c). Energy dispersive Xay (EDX) elemental maps for nickel and carbon recorded in the
same image section illustrate the embedding of Ni nanoparticles in a carbon matrix covering the entire
support material (Figurgd, e). Electron energy loss spectroscopy (EELS) was used to study the near
environment of a single nickel nanopatrticle. The carbon and the nitrogen component cover the
Ni particle and the surrounding support mater{&igure3f). We conclude, from XPS and
HAADF-STEM i nvestigations that t he-AB@ dudingpatalystt i on
generation provides a definedddped carbon shell that stabilizes the Ni nanoparticles on the support

material

(3) Determination of the Carbon Supply During the Pyrolysis Step. Impregnated C4/ADs material

was sealed in a quartz glass ampoule in inert atmosphere and treated according to the standard catalyst
synthesis process to suppress the sublimation-saNi complex. Carbon nanotubes with a diameter

of 30-40nm grew in this confined gas space, starting from Ni particles of the same size (Supporting
Information, FigureS11). The growth of carbon nanotubes initiated bym@tal particles is well
established® We assume that excess carbon, in the form of the salen ligand and its volatile
decomposition products, could not be removed due to the absence of a gas flow, thereby favoring the
formation of the carbon nanotubes. In addition, the pyrolysis parametdredting rate and gas flow

were varied during the catalyst synthesis. Changing the heating ramgmitbresulted in consistent

catalytic activity of the Ni/AlOs catalysts, as the sublimation properties of C4 were not significantly

different within his chosen range (Supporting Information, Figbit).
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Figure 4. (a) The variation of the heating ramp (standardkliain + 5 K/min) and N gas flow (1.25x and 0.25x standard
flow) during Ni/Alz2Os catalyst synthesis identified the flow as a criticalapaster during the pyrolysis step. Reaction
conditions: 1.2mol% Ni/Al 203 catalyst (0.008nmolNi, 0.35mgNi), 0.5mmol acetophenone, OmBL ag.NHs (25 %,
6.7mmol), 2mL H20, 80°C, 0.5MPaH, 20h. Yields were determined by gas chromatography usidgdecane as an
internal standard. (B)EM analysis and the size distribution of nickel particles are shown for Z¢Aynthesized under

reduced Nflow.
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By contrast, changing the.flow has a majoimpact on the catalytic activity. Reducing the nitrogen
flow by 75% causes the catalytic activity to collapse (Figtage while increasing the gas flow by 26

to the maximum gas flow of the device shows no effect. The TEM analysis of the less deliys ca
material (Figuretb) revealed a broader Ni particle size distribution and a slightly larger mean diameter
of 12.5nm than for the standard Ni/&); catalyst. The elemental composition of this material also
showed higher mass fractions of nickel,bzar, and nitrogen (3.81t.% Ni, 8.1wt.% C, 0.5wt.% N)
compared to Cad (2.6wt.% Ni, 4.6wt.% C, 0.3wt.% N). This led us to conclude that the volatility of

the Nisalen complex in combination with judiciously chosen pyrolysis parameters regulatashtire ¢

supply during catalyst preparation.

4.3 Conclusion

In conclusion, key parameters for the synthesis of active and selective nanostructuetdl 8dtalysts
starting from a coordination compound were found, which may enable a more rdésigad of such
catalysts in the future.
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4.5 Supporting Information

45.1 Experimental Procedure

General Methods

All chemicals and solvents were purchased commercially from chemical suppliers with purity &ver 95
and used without further purificatiom-Al.Os; (gammaphase, catalyst support, high surface area,
bimodal) was purchased from Alfa Aesar.

Elemental analyse§CHN) were performed in tin capsules using @NICUBE element analyst.
Sulfanilamide was used as a stard. NMR spectra were measured using a Bruker AvaihddD
500MHz spectrometer and a Varian INOVA 4MHz spectrometer. Chemical shifise reported in

ppm relative to the deuterated solveditect insertion probenass spectra (DRIS) were measured on

a FinniganMAT 8500 (Thermo Fisher Scientific) by direct injection. Electron ionization was used as
ion sourceDiffuse reflectance infrared Fourier transform spectroscopy (DRIRMES measured on a
Brukeralphall with a spectral resolution of @m! and 24co-additions per scalhermogravimetric
analysis was performed from 3G to 1000°C (10°C min?) using a TGA/SDTA851® (Mettler) under
nitrogen atmosphere. Samples were placed #Atrucibles with lid. The samples were placed in
AlO; crucibles with lid, AbOs was used as reference material. Catalyst materials were generated by
pyrolysis (N) and reduction (MH», 10/90) on a ChefBET Pulsar (Quantachrome) using tubes of
guartz glass. Experiments in sealed ampoules were performed in a mufied (Nabertherm) with
programmabletemperature rampsinductively coupled plasma optical emission spectroscopy
(ICP-OES) was carried out according to standard protocol digestioh @M®s/HCI, 3:1), microwave
irradiation, 25min, 195°C) with a VistaPro radial (Variah Nitrogen physisorption isotherms were
determined at196°C using a Nov2000e (Quantachrome) apparatus. Specific surface areas were
calculated by using péprvalues from 0.0%.3 by the BET model. Specific total pore volumes were
determinedby DFT calculations (Nat-196°C on silica (cylindic pore, NLDFT equilibrium model)).

For XPS measurements a PHI Quantesetup equipped with a monochromatick\lU -ra§ source

was used. The system operates at a base pressuret®htdr and utilizes a dudleam charge
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neutralization setup, allowing us to measure-oonductive samples. To correct for additional shifts all
spectra were aligned to the mairl®peak othe ALO; support at 531.2V. The data processing was
done using the software package C#B&2.3.22. Transmission electrormicroscopy (TEM)
measurements were carried out using a IB@0 microscopéZeiss,200 kV). The samples were
suspended iohloroform and sonicated forfai n . ofzhe sukpension were placed on a CF200
grid or a LC206Cu-grid (Electron Microscopy Sciences) and allowed to Hiigh-angle annular dark
field scanning transmission electron microscopy (HAABHEM) measurements weperformed using

a JEMARM200F (JEOL 200 kV) equipped with an energlispersed Xay analysis (EDX) system
(JEOL).In STEM mode, amnnular darifield detector (ADF) withcollection angle (inner and outer)
68-280mradwas used (hage size1024x1024pixels pixel size: 0.13m, 0.076nm, and 0.095m;
dwell time: 6 us). For EDX measurements the probe current was set to @®00mage size:
128x128pixels pixel size: 0.7&m; dwell time: Ims) and 1&weep counts were integrated. For
electron energy loss spectroscopyalysis (EELS) with an energy dispersion of (e¥5 theimage
collection anglewvas set t®20.8mradand theelectron probe convergence seangleto 30-35mrad
(image size: 50x5@50x150pixels pixel size:0.46nm-0.13nm; dwdl time: 100us). X-ray powder
diffraction (PXRD) analysisn the range of :B0 °2dwas performed using a XPERARO diffractometer
(Panalytical) (Cuyradiation, 1.54178\) in d-2d geometry with a position sensitive detectBhe
reference card number foomparison is 0-001-1260for cubic Ni and 00001-1303 fora-Al,0s. Gas
chromatography (GC) analyses were performed using an Agilent Technd@8g@gas chromatograph
equipped with a flame ionization detector (FID) and a ®pimal? capillary column (30.0m X
0.32mm x 0.25um) usingn-dodecane as internal standartydrogenation experimentsgere carried
out with Parr Instrument stainless steel autoclavelsl N6 300mL equipped with heating mantles and

temperature controller.
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SalenComplex Synthesis

Salen(cy)(methoxy):15Y
3-Methoxysalicylaldehyde(3.04g, 20mmd, 2eq) was dissolved in ethanol 50 mL), trans

1,2-diaminocyclohexane (1.208L, 10mmol, 1eq.) was added and the reaction mixture was heated to
reflux for 30min. While cooling, a yellow solid crystallized in needles. This solid was filtered off,

washed with ethanol, and dried in vacuum to yield the crystalline ligand

FW (CzzH26N204) = 382.44 g mot
Yield 3.230 g (8.4 mol, 85 %)
Q 'H-NMR (CDCl;, 500 MHz) U H),8.25s, B36E=Ns ,
N W= 6.87-6.85 (dd, 2H, AiH), 6.806.78 (dd, 2H, ArH), 6.746.71 (t, 2H,
C§:OH HO:%D Ar-H), 3.87 (s, 6H, €E3), 3.333.31 (q, 2H, @), 1.961.93 (d, 2H, Ely),
1.891.87 (d, 2H, Ely), 1.751.68 (m, 2H, El,), 1.521.47 (m, 2H,

CH2) ppm.
CHN C 68.90 (69.09), H 6.79 (6.85), N 7.41 (7.33) %.

o) 0
/ \

Ni-Salen(cy)(methoxy)C 1Y
Salen(cy)nethoxy L1 (1.912g, 5mmol, 1eq.) was suspended in methanol §80) and nickel acetate

tetrahydrate (1.24¢. 5mmol, 1eq.) dissolved in methanol (20L) was added. The reaction was stirred
at room temperature fort2 then the orangkrown solid was filtered off, washed with methanol, and
dried in vacuum to yield the compl€4d as a browpowder.

FW (NiC22H24N204) =439.13 g mot
Q Yield 2.041 g (1.22 mmol, 91 %)

= = IH-NMR (CD:Cl;, 500 MHz) U H=N), 87567 (2(dd, 4H,
Cé:o"m\oi%} Ar-H), 6.496.44 (t, 2H, ArH), 3.81 (s, 6H, E3), 3.1 (m, 2H, E1), 1.90
(m, 2H, Hy), 1.33 (m, 4H, Ei,) ppm.
CHN C 60.29 (60.17), H 5.33 (5.51), N 6.69 (6.38) %.

O 0
/ \
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Salen(cy)(diethylamino)-2
4-Diethylaminesalicylaldehyde (3.865g, 20 mmd, 2eq) was dissolved in ethanol $0mL),
trans-1,2-diaminocyclohexane (1.208L, 10mmol, 1eq.) was added and the reaction mixture was

heated to reflux for h. The solvent was evaporated until a saoldbred powder precipitated. This solid

was filtered off, washed with cold diethyl ether, and dried tuuan to yield the ligand2.

FW (C23H40N402) = 464.63 g mo}
Yield 4.236 g, 9.1 mmol, 91 %)

Q H-NMR (CDCk, 400 MHz) 0 H), 7.98(s, HE=N) ,

=N N= 6.906.89 (s, 2H, AH), 6.086.06 (d, 2H, ArH), 6.046.03 (d, 2H, ArH),
dOH Hob 3.353.31 (g, 8H, @iy, 3.173.15 (m, 2H, ®©l), 1.961.93 (d, 2H, E1,),
/—l\> <N—\ 1.841.83 (d, 2H, Eiy), 1.671.60 (m, 2H, Ef), 1.471.38 (m, 2H, &),

1.17-1.14 (t, 12H, Gls) ppm.
CHN C 72.36 (72.37), H 8.76 (8.68), N 12.07 (12.06) %.

Ni-Salen(cy)(diethylamino)C2
Salen(cy)(diethylamind)2 (1.394g, 3mmol, 1eq.) was suspended in acetone 0 and nickel
acetate tetrahydrate (0.7¢03mmol, 1eq.) dissolved in acetone (&fL) was added. The reaction was

stirred at room temperatifor 2h, then the orangbrown solid was filtered off, washed with methanol,

and dried in vacuum to yield the complég as a brown powder.

Fw (NiC23H33N402) =521.32 g mo}

Q Yield 1.330 g (2.55 mmol, 85 %)
N S IH-NMR (CDCl, 400 MH® s, 2, E=N), 6.876.85 (s, 2H,
ddﬂi\ob Ar-H), 6.22 (d, 2H, AH), 6.026.00 (d, 2H, ArH), 3.343.30 (g, 8H, &),
3.043.02 (d, 2H, ©l), 2.363.34 (d, 2H, El2), 1.851.84 (d, 2H, El,), 1.3%-
/N AR\
) { 1.24 (m, 4H, €l), 1.171.14 (t, 12H, Gls) ppm.

CHN C 64.89 (64.51), H 7.36 (7.35), N 10.79 (10.75) %.
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Salen(cy)(ditert-butyl): L 3
3,5-Di-tert-butylsalicylaldehyde (1.172g, 5mmd, 2eq) was dissolved in ethanol 25mL),
trans-1,2-diaminocyclohexane (0.30fL, 2.5mmol, 1eq.) was added at room temperature. Within

30min, a bright yellow solid crystallized. This solid was filtered off, washed with ethanol, and dried in

vacuum to yield the ligand3.

FW (CagHsaN20) = 546.84 g mot

Yield 1.197 g, 2.2 mmol, 88 %)
Q H-NMR (CDCls, 400 MBLZ4Y)s, 2H, B, 8.32 (s, 2H, E1=N),
7.327.31 (d, 2H, ArH), 7.00 (d, 2H, AH), 3.353.33 (q, 2H, ©), 1.97
1.95 (d, 2H, @), 1.901.88 (d, 2H, E,), 1.781.72 (q, 2H, E,), 1.50
1.46 (m, 2H, €l), 1.43 (s, 18H, C(Ba3)3), 1.25 (s, 18H, C(B3)3) ppm.
CHN C 79.13 (79.07), H 9.74 (9.95), N 5.20 (5.12) %.

—N N=

OH HO

Ni-Salen(cy)(ditert-butyl): C3
Salen(cy)(ditert-butyl) L3 (0.657g, 1.2mmol, 1leq.) was suspended imethanol (15nL) and nickel
acetate tetrahydrate 229, 1.2mmol, 1eq.) dissolved imethanok15 mL) was added. The reaction

was stirred at room temperature fidih, then thegreensolid was filtered off, washed with methanol,

and dried in vacuum to yield the compl€8 as agreen, fluffysolid.

FW (NiC36H52N202) = 603.50 g mo%

Q Yield 0.68 g (1.13 mmol, 94 %)

Y IH-NMR (CDCl;, 400 MHz) U0 H=N),7.314d) 2H( AH),

B NP7 B 6.896.88 (d,2H, Ar-H), 3.03 (m, 2H, El), 2.442.43 (d, 2H, El), 1.9 (d,
o 0

2H, CHy), 1.42 (s, 18H, C(Ba)s), 1.331.32 (m, 4H, @), 1.27 (s, 18H,
C(CHs)3) ppm.
CHN C 71.91 (71.74), H 8.65 (8.41), N 4.75 (4.72) %.
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Salen(prop)(dtert-butyl): L4

3,5-Di-tert-butylsalicylaldehyde (2.344g, 10mmd, 2eq) was dissolved in ethanol $0mL),
2,2-dimethylproparl,3-diamine (0.600nL, 5mmol, 1eq.) was added at room temperature. A yellow
solid crystallized, immediately. This solid was filtered off, washed withnethand dried in vacuum to

yield the ligand_4.

FW (CssHs4N202) = 534.82 g mot
Yield 5.241 g, 9.8 mmol, 98 %)
=N N= 'H-NMR (CDCl;, 500 MBL@8)s, 2H, ®, 8.38 (s, 2H, E=N),
OH HO 7.41-7.40 (d, 2H, AfH), 7.137.12 (d, 2H, AfH), 3.49 (s, 4H, €,), 1.48
(s, 18H, C(®13)3), 1.33 (s, 18H, C(B3)3), 1.12 (s, 6H, El3) ppm.
CHN C 78.73 (78.60), H 10.13 (10.18), N 5.33 (5.24) %.

Ni-Salen(prop)(diert-butyl): C4

Salen(prop)(dtert-butyl) L4 (1.604g, 3mmol, 1eq.) was suspended in methanol (30) and nickel
acetate tetrahydrate (@.7g, 3mmol, 1eq.) dissolved in methanol (1BL) was added. The reaction
was stirred atoom temperaturéor 16 h, then the green solid was filtered off, washed with nmetha

and dried in vacuum to yield the complé4 as a green, fluffy solid.

FwW (NiC35H52N202) =591.49 g mot

% Yield 1.721 g (2.91 mmol, 97 %)
—N_ N= H-NMR (CDCl, 400 MHz) U H=N),7.314d) 2H( A&H),
O/Ni“o 6.896.88 (d, 2H, ArH), 3.03 (m, 2H, @), 2.442.43 (d, 2H, El,), 1.9 (d,

2H, CHy), 1.42 (s, 18H, C(Ba)s), 1.331.32 (m, 4H, @), 1.27 (s, 18H,
C(CHs)3) ppm.
CHN C 70.90 (71.07), H 9.03 (8.86), N 4.95 (4.74) %.
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Zn-Salen(pyr)(ditert-butyl): L5652

3,5-Di-tert-butylsalicylaldehydg2.344g, 10mmd, 2 eq) and 3,4diaminopyridine (0.546, 5mmol,

1 eq.)weredissolvedn methanol11 mL), then zinc acetate tetrahydrate (1.435.17mmol, 1.03eq.)
was added as a template. The rieacinixture was stirred at 5@ for 30min to dissolve the reactants.

After the addition of triethylamine (2.18L, 15.73mmol, 3.15eq.) the mixture turned red and was

stirred at room temperature for fi2 The bright red precipitate was filtered off, Wwad with cold
methanol, and suspended in methanol & @or 1h. Hereafter, the solid was filtered off, washed with

cold methanol, and dried in vacuum to yield the bright red zinc conilex

FW (ZnC35H45N302) =605.13 g mof

Yield 2.728 g, 9.0 mmol, 90 %)
N

/_\ H-NMR (d>-acet one, 490.0(s, WHH EN), 845 ¢s, 2H,
N N CH=N), 7.957.93 (d, 1H, CHCH-N), 7.747.73 (d, 1H, &-CH-N), 7.55
™o 7.54 (d, 1H, ArH), 7.507.49 (d, 1H, ArH), 7.207.19 (d, 1H, ArH), 6.79

(d, 1H, ArH), 1.57 (s, 9H, C(83)3), 1.42 (s, 9H, C(83)3), 1.321.30 (s,
18H, C(Ma3)3) ppm.
CHN C 69.20 (69.47), H 7.48 (7.50), N 7.02 (6.94) %.

Ni-Salen(pyr)(ditert-butyl): C5/Z

Zn-Salen(yr)(di-tert-butyl) L5 (0.607g, 1.0mmol, 1eq.) was suspendedtietrahydrofurar{100mL)
and nickel acetate tetrahydrate2®g, 1.13mmol, 113eq.) dissolved itetrahydrofurarf15 mL) was
added. The reaction was stirredrefiux temperature (78C) for 18 h, thensolvent was removed in

vacuum Methanol was added to the residue to precipitat@rred crystalline solid which wéitered
off, washed with methanol, and dried in vacuum to yield the coniex

FW (NiCssHasN30,) = 598.44 ¢ mot

N Yield 0.505 g (0.84 mmol, 84 %)
= IH-NMR (d®-acet one, 4 ®G83 (HkH, E-NY 8.99 (s, 1H,
—=N_  N=
N7 CH=N), 8.86 (s, 1H, 6=N), 8.328.30 (d, 1H, CHCH-N), 8.0:7.99 (d,
0" o

1H, CH-CH-N), 7.507.48 (dd, 2H, AH), 7.417.37 (dd, 2H, ArH), 1.48
1.47 (s, 18H, C(Bl)s), 1.321.31 (s, 18H, C(B3)s) ppm.
CHN C 70.23 (70.24), H 7.47 (7.58), N 6.93 (7.02) %.
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Zn-Salen(naph)(diert-butyl): L6
3,5-Di-tert-butylsalicylaldehyde (2.344g, 10mmd, 2eq) and 2,3diaminonaphthaline (0.79,

5 mmol, 1eq.)weredissolvedn methano(80mL), then zinc acetate tetrahydrate (1.§35.17mmol,

1.03eq.) was added as a template. The reaction mixture was stirred@f&030min to dissolve the
reactants. After thaddition of triethylamine (2.181L, 15.73mmol, 3.15eq.) the mixture turned yellow

and was stirred at 5@ for 72h. After the solvent was removed in vacuum, the residue was suspended
in diethyl ether and filtered off. The solid was recrystallized oiayexane and dried in vacuum to yield

the golden yellow zinc compldx?7 accompanied by one triethylamine (ME&and one acetic acid
(HOAC).

FW (ZnC40H4gN202) =654.20 g mo’r
FW (+CgsH1sN+CoH40z) = 815.44 g mot

Q Yield 3.180 g (3.9 mmol, 78 %)

O IH-NMR (d®-acet one, 491D (s, ®HH E1FN), 8.23s, 1H,
=N N= Ar-H), 7.937.91 (q, 2H, ArH), 7.467.44 (q, 2H, ArH), 7.42 (d, 2H,

O/Zn\o Ar-H), 7.227.20 (d, 2H, AfH), 1.54 (s, 18H, C(83)3), 1.32 (s, 18H,

C(CHs3)3) ppm with 267-2.61 (t, 9H, N(®2CHzs)s), 1.81(s, 3H, El3),
0.890.85 (t, 9H, N(CHCHs3)3) ppm.
CHN +NEt;+HOAc C 70.85 (70.70), H 7.96 (8.28), N 5.16 (5.16) %.

Ni-Salen(naph)(diert-butyl): C6
Zn-Salen(naph)(dfert-butyl) L5 (0.815g, 1.0mmol, 1eq.) wasuspended in tetrahydrofuran (10Q)

and nickel acetate tetrahydrate (0.280.13mmol, 1.13eq.) dissolved in tetrahydrofuran (ff.) was
added. The reaction was stirred at reflux temperaturégy®or 18h, then solvent was removed in
vacuum.Cold methanol was added to the residue to precipitate a dark red solid which was filtered off,
washed with methanol, and dried in vacuum to yield the con@@lex

O FW (NiCaoH1sN205) = 647.51 g mot
Q Yield 0.552 g (0.85 mmol, 85 %)
IH-NMR (d®-acet one, 4 ®@.84 (syirHz EI=Nj| 8.49 (s, 1H,
_(N);Ni::(';l_ Ar-H), 7.927.91 (m, 2H, AfH), 7.497.46 (m, 4H, AtH), 7.39 (s, 2H,

Ar-H), 1.49 (s, 18H, C(B3)3), 1.33 (s, 18H, C(Hs)3) ppm.
CHN 74.28 (74.20), H 7.29 (7.47), N 4.45 (4.33) %.
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Ni/Al .03 Catalyst Preparation: Cat-1 to Cat-6

A solution of Ni-salencomplex C1 to C6 respectivelyp.178mmol, 10.4mg of Ni, 4 wt.% Ni ideally)
in 30 mL tetrahydrofuranvas added t850m g -AbOs and the suspension was stirred vigorpusfter
evapoation of the solvent &0 °C, the impregnated saml£Al.Os was pyrolyzed under Nand finally
reduced by a MH» (90/10)mixturein a ChemBET Pulsawith the following program

2 K/mi 10 K/mi i i i
rt 4»Nm'" 300 °C (0.5 h) —»Nm'” 700 °C (0.5 hy 20K/min_ 'L’m'” 100 °c 2KMin _ 550 °c (3 h) —»55’/’:‘4'” rt
2 2 2 o/Hj 2/H>

Experiments to vary thpyrolysis parameters were also carried out on the ChemBET Pulsar. The gas
flow was increased b25% or reduced by 7% for the entire program from standard settings. The
heating rate was reduced fromK0nin to 5K/min or increased to 18/min in the seond step between
300°C and 70CC.

Catalysts were stored in inert atmosphere.

Ni/Al ;O3 Pyrolysis Experiment in Sealed Quartz Glass Ampoule

250mg of impregnated C4/AD; was weighed into guartzvial (14 cn) in inert atmospherand sealed
gastight using an H/O.-burner. The work was carried out imitrogen flow to ensurean inert
atmosphereThe pyrolysis program up to 70C was carried out in a muffle furnace. The ampoule was

then opend,and the materiakastransferred to the ChemBET Pulsar for the reduction step.

General Procedure for the Reductive Amination of Acetophenone

In a typical experiment, a AL reaction vial was charged with In#bl.% Ni (0.006mmol Ni,

0.35mgNi) in form of the respective NilBOs; catalyst and a magnetic stirring bar. théol
acetophenone (5831, 0.5mL NHs (ag.25 %, 6.7mmol) and 2.0nL H,O were addedThe vial was

placed in a 25@L stainless steel autoclave (Parr Instruments) which was flushed five timesiiia 1
hydrogen. The autoclave was pressurized byMP& hydrogen and stirred for B0at 80°C. After the

autoclave was cooled to room temperature and the hydrogen pressure was released, the aqueous phase
was extracted three times using ethyl acetate. The combigadic layers were dried over 0, and

filtered to remove the residual cataly$tields were determined bygas chromatographysing n-

dodecane as an internal standard.
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4.5.2 Material Characterization

200 400 600 800 200 400 600 800
Temperature / °C Temperature / °C

Figure S1. TGA analysis of(a) conplexesC1-C6 and (bhe impregnated C/ADs materials, respectively. Measurements
were performed in the range of-800°C (heating ramp 18/min) in constant N flow. C1:blue, C2:0range, C3pink,
C4:green, C5black, Cé:cyan.

Table S1.Analysis of TGA meaurementsn FigureS1(a). The sublimation temperaturesiof complexes at a heating ramp
of 10K/min in Nz flow was determined by zero of the first derivative of the TGA curve. The mass loss was determined between
room temperature and 70Q which coresponds to the reduction temperature during the catalyst generation.

Complex Tsuni/ °C Mass loss / %
C1 Ni-Salen(cy)(methoxy) 411 45
C2 Ni-Salen(cy)(diethylamino) 433 49
C3 Ni-Salen(cy)(ditert-butyl) 476 90
C4 Ni-Salen(prop)(dtert-butyl) 469 92
C5 Ni-Salen(pyr)(ditert-butyl) 420 49
C6 Ni-Salen(naph)(diert-butyl) 491 55
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Table S2.The composition of the resulting Ni/ADsz catalysts{VI in terms of Ni, C and N conterfiCat4 pyrolyzed in reduced
Nz flow. Ni content was determined by IGPES analysisC and N content by elemental analysis.

Catalyst Ni / wt.% C/wt.% N / wt.%
Catl 3.9 10.5 0.8
Cat2 3.9 9.8 1.3
Cat3 2.8 7.0 0.5
Cat4 2.6 4.6 0.3
Cath 3.4 8.9 1.2
Cat6 3.6 14.1 0.9
Cat4? 3.3 8.1 0.5

20+
S
E 151
c
i)
g 104
S 5
(]
=
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Figure S2. Visualized summary of elemental composition of Ni@d catalysts Cafl to Cat6. Ni (red) content was

determined by ICROES analysisC (blue)and N(green)content by elemental analysis.
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Figure S3.TEM analysis of Ni/AlOs catalystsCat1 to Cat6, average size, and size distribution of Ni nanoparticles.
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Figure S4. TEM analysis Ca#l after catalysis and size distribution of Ni nanopatrticles.
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Figure S5. DIP mass spectr@ange 01200 M/z)of sublimated complex C4 (M(C4)=591.41 g/mol) collected at the gas outlet
during catalyst generation.
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Figure S6. TEM analysis of impregnatedNi salen complex C4 on ADs (left, middle) and heated to the sublimation
temperatur@69°C of C4 (right).
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Figure S7. XPS survey of Ni/AJOz (Cat4). Regions for which detailed analysis was performed are marked with a red box:
C1s, N1s and N2psz2region of Ni/AbOs.  ( Al KU radied i on (h3=1486.6
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Figure S8. Comparison of XPS analysis of Ni/&)s before (Ca#d) and after catalysis (Cdtused). Cls, N1s and N2ps»2
region of Ni/AkOs. ( Al KU radie@ti on (hs3=1486.6
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Figure S9. Powder XRD pattern of Ced Ni/Al 20s. Reflex positions for cubic Ni(0) (Reference c@f#001-1260 are marked
in red, reflex positions for-Al 203 (Reference car0-001-1303 in green.
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Figure S10. (a) N2 physisorption isotherms &fl20s (220m?/g) and Cat4 Ni/Al2Os (209 m?g) with respective surface areas
determined by BEFmodel (0.050.3 p/p). Adsorption is depicted in filled dots, desorption in rings.Rbje size distribution
of Al203compared t€Cat4 Ni/Al20z. (DFT model:N2 at-196 °C on silica cylindric pore, NLDFT equilibrium model).

Figure S11. TEM analysis ofC4/Al-0z pyrolyzed in a fused silica vial (Ieh®) at 700°C in N2 atmosphere.
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Figure S12. TGA analysis of Ni salen complex C4 at heating rampskfiiin (blue), 10K/min (green) and 1&/min (dark
blue).
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Abstract: The selective hydrogenation of functionalized olefins is of great importance in the chemical

i El

and pharmaceutical industry. Here, we report on a nanostructured nickel catalyst that enables the

selective hydrogenation of purely aliphatic and functionalizefins under mild conditions. The earth

abundant metal catalyst allows the selective hydrogenation of sterically protected olefins and further

tolerates functional groups such as carbonyls, esters, ethers and nitriles. The characterization of our

catalystrevealed the formation of surface oxidized metallic nickel nanoparticles stabilized-OgEeN

carbon layer on the active carbon support.

5.1 Introduction

The selective hydrogenation of@© double bonds is a challenging reaction and of high interest in

academia and for the production of industrially relevant chendicalglore specifically, the selective

hydrogenation of olefins plays an important role in the synthesis of vitamins such as biotin and

b-carotend® Also drugs such as sertraline (adéipressant), betamethasone (glucocorticoid), and
dihydroergotamine (antimigraine agent) are produced in thisWlye hydrogenation of diisobutene
to isooctane is important in the petrochemical industry, because it is widely used aslarodati

additive and as a substitute for the previously used méhtybutyl ether®™ Furthermore, the olefin

hydrogenation is used for the hardening of natural oils in the food industry for better processing and

storage® One possible route for olefin hydrogenatisncatalytic transfer hydrogenati@nwhich is

usually accompanied by the formation of etsyemove byproducts. Most of the known and industry

relevant catalyst systems are based on the expensive noble metals ruthenium, rhodium, palladium,
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platinum and iridium or on difficult to handle amyrophoric Raneyickel® In recent years,
hydrogenation with nanostructured @etal catalysts step into the focus for many applications as
introduced by U&! and the Bellegroup* Al so, the sel ecti ve-uneatumted n hy
carlonyls, internal and terminal unsaturated hydrocarbons was addressed with heterogené&dus iron
cobalt®® und nickel¥ catalysts. A highlight is the work of Scharnaghl.**"], who were able to
hydrogenate terminal and internal alkenes with a higlkrdance of functional groups using a
Co@cChitosan catalyst (2r80l% Co) at 60°C and 4MPaH, pressure or at 15 and 1IMPaH,
respectively. Impressively, fatty acids and sunflower oil could also be converted in high vyields.
Considering Ni catalysts, ofoidally stabilized Ni nanoparticles were used for the selective
hydr ogen aiunsaturatecd darbobly] @dmpounds at room temperature Amdad#,.*1 In
addition, supported systems such as thepINiNn@SiQ catalyst (4mol% Ni) were developed to
sekctively convert substrates with different functional groups &4a MPaH..*¢ The application

of flow-chemistry techniques for the selective olefin hydrogenation with nickel is particularly used in
pharmaceutical manufacturing and in the synthafsimluable biobased building blocks.

Here, we report on a nanostructured nickel catalyst, which permits the selective hydrogenation of
functionalized olefins. This process is chemoselective and hydrogesatisitive functional groups

such as carbohgompounds, esters, ethers and nitriles are well tolerated. The Ni/C catalysttg-easy
synthesize in a twstep procedure starting from inexpensive charcoal as support material. By controlled
decomposition of a Néalen complex precursor, catalyticadlgtive Ni nanopatrticles are generated and

at the same time stabilized in a nitrog#aped carbon matrix on the suppdit 9111

5.2 Results and Discussion

The novel Ni/C catalyst was synthesized in a practical step procedure according to the sysils
concept for 3dnetal catalystgleveloped by U¥%9 (Figurel): Firstly, the commercially available
carbon support (Nori€Al) was wet impregnated with thevelNi-salerfprop)(ditert-butyl) complex

in tetrahydrofuran and the solvent was remofgxk Supporting Information for crystallographic data
and complex characterizatiodjhis was followed by a pyrolysis step at 7@in nitrogen atmosphere

and a reduction step at 530 in forming g& (90/10N2/H>). We assume that the Ni catalyst is generated

by molecular dispersion of a defined volatile complex compound on the support material during the
pyrolysis step. The subsequent tailored decomposition of tsalkin complex leads to the fortaa

of a N-doped carbon layer in which the catalytically active Ni sites are embedded. Our catalyst is very
convenient to handle and remains catalytically active for several months when stored in an inert
atmosphere (Supporting Information, TaB2). We performed transmission electron microscopy
(TEM) and Xray photoelectron spectroscopy (XPS) analysis to gain more insight into the catalyst
structure. The catalyst consists of homogeneously distributed, spherical Ni nanoparticles with an

average size of 19nm and a fairly broad size distribution (Figuie, c). An additional darield TEM
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image verified the homogeneous distribution over the entire carbon support (Higubetailed
analysis of one Ni particle at the edge of an activated carbon plslteled that the nanopatrticle is
covered by a -3 nm thick carbon layer (Figurkg). This layer could only be analyzed for exposed
particles, so that no average layer thickness could be determined for all supported nickel particles.
Referring to our lastyblication, we claim that the decomposition of thesilien complex leads to a
N-doped carbon matrix that stabilizes the Ni partiERsElemental analysis of the catalyst material
confirmed that 0.8vt.% nitrogen from the decomposition of the-ddlencomplex remained in the Ni/C
composite. To date, it is unclear to what extent the thickness and atomic composition afajpedN
carbon layer plays a key role in the catalyst activity. It is conceivable that the layer thickness and
composition can be infenced by the gas flow and the choice of salen precursor during the catalyst

preparation.

b Ni/C | ¢
(1) Impregnation '
(2) Pyrolysig700°C, N)

(3) Reduction(550°C, H/N,)

12 14 16 18 20 22 24 26 28

Ni salen complex Diameter / nm
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o
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N 1s Region

Ni 2p,,, Region
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Intensity / a.u.
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Figure 1. Catalyst Synthesis and Characterization(a) Synthesis of the Ni/C catalyst by (@t impregnation of commercial
activated charcodNorit CA1) with theNi-salen(prop)(ditert-butyl) complex (see Supporting Information for crystallographic
data and complex characterizatipfollowed by (2)a pyrolysis step at 700 in Nz flow and (3)a reduction step at 55C in
forming gas (b, c)TEM analysis verifies the homogenous distribution of Ni nanoparticles with a mean diametermmhl19.5
The size distribution of Ni particles is shown as histogr@nXPS analysis of the Nips2region. The Nl nanoparticles are
partially surface oxidize to NP* speciegabout 1®%6). (€) XPS analysis of the Nisregion.(f) Dark-field TEM analysis of the
Ni/C catalyst(g) Magnification by TEMexemplarilyshowsoneNi nanoparticleof 23 nm in diameter surrounded by 882im

thick carbon layer (marked vhitwhite arrows).

We recorded XPS survey spectra of the Ni/C catalyst in the rangE28f0®V (Supporting Information,
FigureS5) and observed expected lines for carbon, nickel and traces of nitrogen. In2ie dgion
(Figure 1d), thecombination of a metallic Risignal at 852.@V and a broader signal at about 852\
assigned to oxidized Rij was measured. The comparison of the intensity ratios at the dashed positions
showed that 8% Ni° is present. Due to the handling in aite tippearance of surfaogidized metallic

Ni nanoparticles is likely. The binding energy of theldNsignal observed is centered at 3%8/5
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possibly a remnant of the-dbntaining precursor molecule and its decomposition products (Figire

We did not &empt to deconvolute the signal because of the low intensity. The cubic phase of metallic
Ni of the freshly prepared catalyst could be indexed in the powday Miffraction pattern (Supporting
Information, FiguresS6). This supports our thesis of surfamedized Ni particles with metallic core.
Inductively coupled plasma optical emission spectroscopy-QEB) revealed a Ni content of 24T.%.

This value deviates from the targetedvid% because the amount of Ni deposited on the support
decreased due tbe volatility of the Ni precursor during the pyrolysis process (Supporting Information,
FigureS2). Argon physisorption measurements demonstratedadrease in the surface area of the
bare carbon support (928%/g) to 688m?/g due to the catalyst geration process, including the particle
formation (Supporting Information, FiguB¥). The DFT model (Ar at 8K on carbon, cylindrical
pores) used to evaluate the pore size distribution showed an identical bimodal pore distribution for the
support matedl and for the Ni/C catalyst. Both materials are predominantly microporous. The catalyst
synthesis does not affect the absolute pore size, but only reduces the total pore volume.

We investigated the Ni/C catalyst in the hydrogenation of #@&dOuble bondf styrene as a catalytic
benchmark test. To our delight, a low catalyst loading (dn8B% Ni) and very mild reaction conditions
(0.2MPaH,, 40°C) were necessary to obtain ethylbenzene in a quantitative yield (Supporting
Information, TableS2,S3). A yield of 50% was still obtained at room temperature andMPhRH;
pressure, highlighting the catalytic activity of this base metal catalyst. In comparison with commercial
oxidic support materials (ADs;, CeQ, SiQ, TiO.), the combination of the Nialen precursor and the
activated carbon support was shown to be crucial for the high catalytic activity. Remarkably, only the
catalyst on silica support showed moderate catalytic actiMibyhydrogenation active Ni/C catalyst
could be prepared with nickacetate as precursor, highlighting the necessity of thealn complex
(Supporting Information, Tabl82). RaneyNi likewise led to quantitative yield in this benchmark
reaction. With the optimized reaction conditions in hand, we were interestedsimtteate scope. All
given product yields were determined by gas chromatography (GC) and identified -nya$zC
spectrometry (GEMS). Isolated yields were determined for selected examples and are given in
parenthesesStyrene (Take 1, 1a 99%) and a totaof 12functionalized styrene derivatives were
selectively converted to the corresponding ethylbenzene derivatives. Mabstituted compounds
were tolerated irpara, metaand ortho position (Talke 1, 1b to 1d, 9984 %), as was the chlofo
substituent (a@de 1, leg, 7860%) with ortho being the most challenging position. Also, the
hydrogenation of 4bromostyrene was realized in moderate yield [@ab 1h, 50%) without
dehalogenation. Electresionating groups such &ert-butyl and methoxy ipara position (Talte 1, 1i

andlj) were very well tolerated by the Ni/C catalyst and the corresponding products were obtained in
guantitative yields. The double bond of the-hBteroaromatic substrate-vihylpyridine, the

1,1-d i s u b s tmethoxystgrehe dddhe polyaromatic ¥inylnaphthalene were hydrogenated in
moderate to good yields, respectively (lEah 1k to 1m). The hydrogenation of styrene at about%60

was chosen as the test reaction for a recyclability study. The catalyst was used in fivetivensssu
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and showed no reduction in activity in the first three (Supporting Information, F@Jrdhen a minor

decrease in activity was observed.

Table 1. Olefin hydrogenation with Ni/C: Investigation of styrene derivatides.

XY X Ni/C (1.35 mol% Ni) 7
R > R
L 0.2 MPa H,, 40 °C Oz

R:4Melb,99% R:4Cl le, 78 %
©/\ 2-Me 1d, 84% 2-Cl 1g, 60%

3-Me 1c, 99 % 3-Cl 1f, 75%
1a, 99 %(98 %) 4-Br 1h, 50 %
o C
\O N__—
1i, 99 % 1j, 99 % 1k, 58 %
11, 84 % im, 43 %

[a] 0.5mmol substrate 2.5ml MeOH, 1.35mol% Ni (14.7mg
Ni/C, 2.7wt.% Ni), 40 °C, 0.2 MPaHz, 20h. [b] 80°C, 1 MPaHx.
Yields determined by GC usimgdodecane as an internal standard.
Productswere analyzed by GGMS. Isolated yields are given in
parentheses.

Next, we investigatethe transformation of purely aliphatic and aromatic unsaturated hydrocarbons.
The conversion of these ndunctionalized olefins required harsher reaction conditions ¢fC8and
1 MPaH,, whereas the catalyst loading did not need to be increased (Sogpoidrmation, Tablé4).

Table 2. Olefin hydrogenation with Ni/C: Investigation of unsaturated hydrocarBons.

R2 R?

R3 Ni/C (1.35 mol% Ni) R3
R1 N > R!
1 MPaH,, 80 °C

2a, 99 %(90 %) 2b, 99 % 2¢,94 %
O S NN

2d, 99 % (99 %) 2e,99 % 2f, 99 %

PN N NN j\/\/
29,99 % 2h, 99 % 21,91 %

[a] 0.5mmol substrate, 2.m1 MeOH, 1.35mol% Ni (14.7mg
Ni/C, 2.7wt.% Ni), 80°C, 1MPaHz, 20h. Yields determined by
GC using n-dodecane as an internal standard. Products were
analyzed by GGMS. Isolated yields are given in parentheses.
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1,2-substituted €C double bonds as imans-stilbene (Take 2, 2a, 99%) and internally cyclic olefins

such as cyclohexene, cyclooctene and norbornene were quantitatively converted to the respective
saturated compounds (Tal2, 2c to 2€). In addition, termial double bonds in vinylcyclohexane,
octal,8diene, theptene, and-hexene (Tale 2, 2b and 2f to 2h) were hydrogenated in 39 yield.
Furthermore, it was possible to convert adigdubstituted olefin to obtain the produetri@thlyheptane

in 91% (Take 2, 2i). The application scope of the catalyst had been further extended to the olefin
hydrogenation in the presence of hydrogenasensitive functional groups. Water was used as a solvent
for C=0 functionalized substrates because the methylatiocaddonyl functions by the solvent
methanol occurred as an undesirable side reaction. A totalexfalBples were selectively converted at
80°C and 1IMPaH; pressure. Alcohamodified substrates (T3, 3a to 3c, 9299%) did not
negatively affect thecatalytic hydrogenation of -C double bonds by Ni/C. Likewise, -Nnyl
derivatives of caprolactam and pyrrolidone were quantitatively convertete@,&8u and3e) without
attacking the cyclic amide. Our Ni/C catalyst enables the challenging hydrogeofatilgiins in the

pr es e n cunsatarated Wetohes in very good yields. Internal cyclic carbonyl compounds were
converted more efficiently (T&b3, 3f to 3h, 92-99 %) than norcyclic ones (Tale 3, 3i and3j, 84%

and 74%).

Table 3. Olefin hydrogenabn with Ni/C: Investigation of functional group tolerarige.

R? R?
R3 NiC (1.35mol% Ni) J\(Rs
1
R J\/ 1 MPa Hyp, 80 °C R
R4
OH (0] (0]
o W O O
331 92 % 3b,°1 99 % 3¢, 99 % (97 %) 3d, 99 % 3e, 99 %
o] o o) o) w
3f, 92 % 3g, 99 %(99 %) 3h, 99 % 3i, 84 % (80 %) 3j, 74 %
o o)
|
)\/\/ﬁ\ \/\)OK ©/\Ao l
\/\O
3k, 84 % 31,80 % 3m, 76 % 3n, 78 % 30, 99 %
i o
(e} SN CN
NN ©/\)LO )J\O/\ g
3p, 99 94" 30, 99 % 3r, 68 % 3s[kl 99 %

[a] 0.5 mmol substrate2.5ml H20, 1.35mol% Ni (14.7mg Ni/C, 2.7wt.% Ni), 80°C, 1MPaHz, 20h. [b] 2.5ml MeOH.
Yields determined by GC usingdodecane as an internal standard. Produete analyzed by GGMS. Isolated yields are
given inparentheses.

Furthermore, isolated monor trisubstituted € double bonds were selectively hydrogenated in the
presence of keto groups (Tal8, 3k and 3l). Remarkably, hydrogenati1e n s i tunsaterated , b
aldehydes were well tolerated. Not onlyl &-di-substituted olefin (Tdb 3, 3m, 76%) but also the
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challenging 1,Zetrasubstituted -thethyt3-phenylbutenal (Tdb 3, 3n, 78%) was selectively
hydrogenated in good yields. Only a minor trace of alcohol was observed as a byproduct. Also, an
aromaic and an aliphatic allyl ether (TkB, 30 and3p) and cinnamic acid ethyl ester (TaB, 3q)

were quantitatively converted to the respective saturated compounds. For unknown reasons, only a
moderate yield of 686 of ethyl acetate (Tdb3, 3r) could beobtained. In addition to the numerous
examples of oxyges ont ai ni ng functional groups, the CIN
tolerated (Tale 3, 3s 99%). One reaction was performed witld @mes the amount of substrate
(20mmol) to demonstratthe applicability of the Ni/C catalyst on a larger scale. Styrenéq9%as
converted to the corresponding saturated product with slightly reduced activity referred tanineo0.5

reaction.

5.3 Conclusion

In summary, we have developed a nickatalyst that selectively hydrogenates olefins under mild
reaction conditions. The Ni/C catalyst showed a high tolerance to hydrogesatisitive functional

groups such as carbonyl, ether, estad nitrile.
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5.5 Supporting Information

5.5.1 Experimental Procedures

General Methods

All chemicals and solvents were purchased commercially from chemical suppliers with purity @ver 95

and used without further purificatiomhe activated charcoal CAl was purchased from Norit.

Elemental analyse§CHN) were performed in tin capsules using an UNICUBE element analyst.
Sulfanilamide was used as a stand&bllR spectra were measured using a Varian INOVA Mok

and a Bruker Avance Ill HD 500Hz spectrometer. Chemical shitise reported in ppm relative toet
deuterated solvenX-ray crystal structure analysis was performed with a STOE STADIVARKk({Mo
radiation, 0.71074) equipped with an Oxford Cryostream low temperature unit. Structure solution and
refinement were achieved with OLEXS.The structure was visualized using Mercury1.3!5? Fourier
transform infrared (FAR) spectroscopy measurements were performed wiASCO FFIR 6100
spectrometer ithe rangel000 cnrt to 700 cnv? with a resolution of £mt an a N flow. UV-vis spectra
were measad on a CARY60 (Agilent Technologiesfhermogravimetric analysis was performed from
30°C to 1000°C (10°C min) using a TGA/SDTA851° (Mettler) under nitrogen atmosphere. Samples
were placed in ADs crucibles with lid. Catalyst materials were generated by pyrolysig und
reduction(N2/Hz, 10/90) on a ChefBET Pulsar Quantachrome) using tubes of quartz glass.
Inductively coupled plasma optical emission spectroscopy-QEB) was carried out accding to
standard protocol digestiowith a VistaPro radial (Variah Argon physisorption isotherms were
determined aB87K using a3PMicrol00C (3Pinstrumentslapparatusequipped with a cryoTune87
Specific surface areas were calculated by usingvaipies from 0.05-0.1 by the BET model. Specific
total pore volumes werdeterminedoy DFT calculationsAr at 87 K on cylindrical pore (MDFT).

X-ray photoelectron spectroscopy (XPS) was performed using a PHI Versa Probe Il instrument of
Physical Electroni. As Xray sourcea monochromatic Algwith a spot size o100um (24.5W) was
used.The kinetic pass energy of the photoelectrons dedsrmined with a hemispheric analyzer (45°)
set to pass energy of 2¥ for highresolution spectralTransmission elecdn microscopy (TEM)
measurements were carried out using a IR0 microscope(Zeiss, 20kV) and a JEOL
JEM-2200FS (20&V). The samples were suspendedlimoroform and sonicated forrbin. 2e L o f
the suspension were placed on a CFE0&yrid or aLC200-Cu-grid (Electron Microscopy Sciences)
and allowed to dryX-ray powder diffractionXRD) analysisn the range of B0 °2d was performed
using a XPERTPRO diffractometer (Panalytical) (guradiation, 1.54178\) in d-2d geometry with a
position senitive detectarThe reference card number for comparisorOi©@1-1260for cubicNi. Gas
chromatography (GC) analyses were performed using an Agilent Technologies 6850 gas chromatograph
equipped with a flame ionization detector (FID) and a MN Optimadpillary column (30.0n x

0.32mm x 0.25um) usingn-dodecane as internal standaB-MS analyses were performed using an

66



Chemoselective Hydrogaition of Olefins Using a Nanostructured Nickel Catalyst

Agilent Technologiesrf890A gas chromatograph with a MMS HP-5 capillary column (30.tn x
0.32mm x 0.25um) and a coupled mass speateter (5975C MSD)as detectorHydrogenation
experimentsvere carried out with Parr Instrument stainless steel autoclaEIN300mL equipped

with heating mantles and temperature controller.

Salen Complex Synthesigadapted from ref. [S3])

Salen(prop)(diert-butyl)
3,5-Di-tert-butylsalicylaldehyde (2.344g, 10mmd, 2eq) was dissolved in ethanol $0mL),

2,2-dimethylpropanl,3-diamine (0.600nL, 5mmol, 1eq.) was added at room temperature. A yellow
solid crystallized, immediately. Thiskd was filtered off, washed with ethanol, and dried in vacuum to
yield the ligand alen(prop)(ditert-butyl).

FW (CssHs4N202) = 534.82 g mot
Yield 5.241 g, 9.8 mmol, 98 %)
=N N= IH-NMR (CDCl;, 500 MBL@8)s, 2H, ®, 8.38 (s, 2H, E=N),
OH HO 7.41-7.40 (d, 2H, ArH), 7.137.12 (d, 2H, ArH), 3.49 (s, 4H, El,), 1.48
(s, 18H, C(C®l3)3), 1.33 (s, 18H, C(B3)3), 1.12 (s, 6H, El3) ppm.
CHN C 78.73 (78.60), H 10.13 (10.18), N 5.33 (5.24) %.

Ni-Salen(prop)(diert-butyl)
Salen(prop)(diert-butyl) (1.604g, 3mmol, 1eq.) was suspended in methanol (80) and nickel

acetate tetrahydrate (@.7g, 3mmol, 1eq.) dissolved in methanol (B5L) was added. The reaction
was stirred atoom temperaturéor 16 h, then the green Bo was filtered off, washed with methanol,
and dried in vacuum to yield tlmemplex Nisalen(prop)(ditert-butyl) as a green, fluffy solidCrystals

suitable for Xray analysis were grown from a saturated solution of the compound in dichloromethane.

FW (NiCasHsaN202) = 591.49 g mot
Yield 1.721 g (2.91 mmol, 97 %)
IH-NMR (CDCl, 500MHz ) U -7.29 (d, 2H3 ®=N), 7.08 (s, 2H,
=N Ar-H), 6.866.86 (d, 2H, ArH), 3.24 (s, 4H, €,), 1.41 (s, 18H, C(83)3),
o" "o 1.27 (s, 18HC(CHs)3), 0.89 (s, 6H, Els) ppm.
13C-NMR (CDCk, 500MHz) & =164.10, 162. 3
125.48, 119.81, 67.86, 35.78, 34.29, 33.76, 31.30, 29.54, RrA9

CHN C 70.90 (71.07), H 9.03 (8.86), N 4.95 (4.74) %.
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Ni/C Catalyst Preparation

A solution of Ni-salen(prop)(ditert-butyl) (0.178 mmol, 10.4mg of Ni, 4wt.% Ni ideally) in 30 mL
tetrahydrofurarwas added t@50mg activated charcoalnd the suspension was stirred vigorpuisbr
comparison, nickel acetate tetrahydratel{8mmol, 10.4mg of Ni, 4wt.%Ni) in 15mL
tetrahydrofuran was impregnated on 2B@ activated coalAfter evaporation of the solvent 80 °C,
the impregnated sample was pyrolyzadN; and finally reduced by a #H. (90/10) mixture in a
ChemBET Pulsawith the following program

2 K/mi 10 K/mi i i i
rt —»Nm'” 300 °C (0.5 h) —»Nm'" 700 °C (0.5 h) 20K/min_ Khjm'” 100 °c XM _ 550 oc (3 hy 2KmMin _

2 2 2 No/Hj No/H;

Catalysts were stored in inert atmosphere.

General Procedure for the Hydrogenation of Styrene Derivatives

In a typical experiment, a fBL reaction vial was charged with 1.3%0l.% Ni (0.0068mmol Ni,
0.4mgNi) in form of the Ni/Ccatalyst and a magnetic stirring bar. ol styrene derivative and

2.5mL methanolwere added The vial was placed in a 2B0L stainless steel autoclave (Parr
Instruments) which was flushed five times wittMPa hydrogen. The autoclave was pressurized by
0.2MPa (or IMPa) hydrogen and stirred for B0at 40°C (or 80°C). After the autoclave was cooled

to room temperature and thgdrogen pressure was released, the reaction solution was filtered over
NaSQu to remove residual catalyatields weredetermined bygas chromatographysingn-dodecane

as an internal standaréroducts were analyzed by &S by comparing the mass specwith those

in the literature. Selected examples were isolated. After stopping the reaction, the catalyst was removed
by centrifugation. The reaction mixture was filtered, and the solvent was removed in vacuo. The isolated

products were identified by1-NMR analysis.

General Procedure for the Hydrogenation of Olefins

In a typical experiment, a faL reaction vial was charged with In#l.% Ni (0.0068mmol Ni,
0.4mgNi) in form of the Ni/Ccatalyst and a magnetic stirring bar. ol olefin and 25mL
methanolor 2.5mL H,O) were addedThe vial was placed in a 25GL stainless steel autoclave (Parr
Instruments) which was flushed five times wittMPa hydrogen. The autoclave was pressurized by

1 MPa hydrogen and stirred for 20at 80°C. After the autoclave was cooled to room temperature and
the hydrogen pressure waseased, the reaction solution was filtered oveiS@ato remove residual
catalyst.Yields were determined bygas chromatographysing n-dodecane as an internal standard.
Products were analyzed by @IS by comparing the mass spectra with those in teature. Selected
examples were isolated. After stopping the reaction, the catalyst was removed by centrifugation. The

reaction mixture was filtered, and the aqueous layer was extracted three times with
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methyltert-butyl ether, dried over N&Qs, and thesolvent was then removed in vacuo. The isolated

products were identified byd-NMR analysis.

Recyclability Study for Ni/C

The hydrogenation of styrene was chosen as the test reaction for the recyclability study on the Ni/C
catalyst. For comparability, runs were performed with abodb8@eld of ethylbenzene. The optimized
reaction conditions were used, but the reaction tirag shortened told The reaction was carried out

in the same way as for the Ni/C catalyst. The yield of ethylbenzene was determined by GC using
n-dodecane as an internal standard. After each run, the reaction mixture was centrifuged, the catalyst
was wabed three times with methanol and used directly in the next run. Five consecutive runs were
performed.

See Supplementary Figugs.

Large Scale ReactiongJsing Ni/C

For largescale reactions, 2imes the amount of substrate (honol) was used, the amouwsit solvent

and catalyst was increased accordingly. The reaction time was increasel. toh&4upscaling was
performed in a 6@nL Schottbottle, which was placed stainless steel autoclave (Parr Instruments). In all
other steps, the reaction was carrietlanalogously to the general procedure.

Reaction conditions: 1@mol styrene (1146 L ) , mL Sv@OH, 1.35mol%Ni (294 mgNi/C,
2.7wt.% Ni), 40°C, 0.2MPaH, 24h.
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Crystallographic data of Ni-salen(prop)(di-tert-butyl)

Crystals suitable for Xay andysis were grown from a saturated solution of the compound in

dichloromethane.

Deposition Number: 2076115

Table S1.Crystallographic details of Nsalen(prop)(diert-butyl) used in this study.

Ni-salen(prop)(di-tert-butyl)

Compound SV582
Formula CssHs2N2NiO2
Formula weight 591.49
Crystal system triclinic
Space group P-1

alA 10.940(2)
b/A 12.260(3)
c/A 14.430(3)
u/e 113.30(3)
b/° 100.60(3)
al° 97.60(3)
Cell volume / R 1701.6(7)

z 2

Crystal size / mrh 0.47*0.042*0.005
Habit needle
Color green
Density / gcrrt 1.154

T/K 293

Theta range 2.92128.446
Unique reflections 8021
Observed reflections [I1>2s(l)] 5757
Parameters 376

wR2all data 0.2148

R [1>2s(1)] 0.0739
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5.5.2 Material Characterization

Salen ligand and Nisalen complex
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Figure S1. FT-IR analysis of the salen ligand (blue) and thesalen(prop)(dtert-butyl) complex (black).

200 400 600 800
Temperature / °C

Figure S2 TGA analysis of salen ligand (blue), &alen(prop)(dtert-butyl) complex (black) and impregnated complex on
charcoal (dark blueMeasurements were performed in the range eB@0°C (heating ramp 10 K/min) in constant flbw.
The sublimation tempenate (Tsuni = 469°C) of Ni-salen(prop)(diert-butyl) was determined from the zero of the first

derivative of the TGA curve.

Absorbance / a.u.

400 500 600 700
Wavelength /nm

Figure S3UV-vis spectrum of Nsalen(prop)(dtert-butyl) measured in tetrahydrofuran in the range of 350nm.
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Ni/C Catalyst
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Figure S5. XPS survey spectrum of Ni/®egions for which a detailed analysis was performed are marked with a red box.
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Figure S6. Powder XRD pattern of Ni/C. Reflex positions for cubic Ni(0) are marked in red.
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Figure S7.(a) Arphysisorption isotherms eharcoal(929 m%g) and NiC (688 m?/g) with respective surface areas determined
by the BET model (0005 0.1 p/p0). Adsorptionis depicted in filled dots, desorption in rings. (b) Pore size distribution of

charcoalkcompared tdNi/C.
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5.5.3 Catalytic Reactions

Table S2. Screening of hydrogen pressure and reaction temperature.

X Ni catalyst
—_—
Hy, A

Catalyst Temperature / °C  H; pressure / MPa Yield / %
Ni/C 50 2 99
Ni/C 40 0.5 99
Ni/C 40 0.2 99
Ni/C? 40 0.2 99
Ni/C rt 0.1 50
Ni/CP 40 0.2 22
Ni/C® 40 0.2 0

RaNickel 40 0.2 99
Ni/Al 203 40 0.2 0
Ni/CeO 40 0.2 0
Ni/SiO; 40 0.2 64
Ni/TiO, 40 0.2 0

Reaction conditions: 0.mmol styrene, 2.5nl MeOH, 1.35mol% Ni (14.7mg Ni/C, 2.7wt.% Ni), 20h.

Yields determined by GC usingdodecane as an internal stand&r@tored in Ar atmosphere forronths.
b0.68mol.%Ni (7.4 mg Ni/C, 2.7wt.% Ni)). ¢ Nickel acetate tetra hydrate \{.%) was used as Nirecursor
for the catalyst synthesis on the carbon suppdr85 mol.% RaneyNi.

Table S3Screening of solvent and amount of solvent in the styrene hydrogenation.

X Ni catalyst
—_— =
Ho, A

Solvent Amount of solvent / ml Yield / %
Methanol 2.5 99
Ethanol 2.5 87
H.0% 2.5 79
Toluene 2.5 43

Methylcyclohexane 2.5 0

Acetonitrile 25 24
Methanol 1.0 31
Methanol 15 73
Methanol 2.0 81
Methanol 3.0 56

Reaction conditions: 0/mol styrene, solvent, 1.36801% Ni (14.7mg Ni/C, 2.7wt.% Ni),
40°C, 0.2MPaH2, 20h. Yields determined by GC usingdodecane as antarnal standard.
aAqueous phase was extracted with ethyl acetate und dried oy@@Nzefore analysis.
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Table S4 Screeningf temperature and pressure in the olefin hydrogenation.

Ph Ph
X Ni catalyst
—_—
H2, A

Catalyst Temperature / °C  H, pressure / MPa Yield / %
Ni/C 40 0.2 21
Ni/C 60 0.5 66
Ni/C 60 0.1 73
Ni/C 80 0.5 72
Ni/C 80 0.1 929

Reaction conditions: 0.mmol trans-stilbene, 2.5m1 MeOH, 1.35mol% Ni (14.7 mg Ni/C, 2.7wt.% Ni),
20h. Yields determined by GC usimgdodecane as an internal standard.

Table S5List of isolated products ari¢h-NMR data.

Saturated Product

Yield 98 %
©/\ IH-.NMR U = -7728 @n95H), 2.72.72 (g, 2H),
1.361.32 (t, 3H)ppm
Yield 90 %
IH-NMR U = -7742 @6 4H), 7.377.33 (m, 6H),
O 3.08 (s, 4Hppm
Yield 99 %

H-NMRUEG = 1.5¢pm(s, 16H)

Yield 97 %
H-NMR U = 33.55(8ept, 1H), 2.22 (s, 1H), 1.8

OH
@ 1.87 (m, 2H), 1.72L.70 (m, 2H), 1.53.50 (m, 1H),
&
(0]

1-27-1.20 (m, 4H) 1.15 (m, 1H)pm

Yield 99 %
H-NMR U = -222 @,64H), 1.8AL.74 (m, 4H),
1.66-1.60 (M, 2H)ppm

Yield 80 %

H-NMR U = -8801 (d32H), 7.64.60 (t, 1H),
O O 7.537.49 (t, 2H), 7.397.25 (m, 5H), 3.38.35 (t, 2H),
3.103.21 (t, 2H)ppm

1H-NMR measured in CDGlt 400MHz. For reaction conditions refer @eneral Procedul
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Figure S8 Recyclability study using the hydrogenation of styrene at abot @ieéld. Reaction conditions: OrBmol styrene,

2.5mL MeOH, 1.35mol% Ni (14.7mgNi/C, 2.7wt.% Ni), 40°C, 0.2MPaHz, 4h. Yields were determined by GC using
n-dodecane as an internal standard.
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Abstract: The visible lightdriven transformation of chemical compounds in combination with the
liberation of H is highly attractive Herein, we report on a photocatalyst that allows the aodeps
dehydrogenation of benzylamine. Upon light absorption, free charge carriers are generated and used for
the concerted imine formation and liberation of. I@ur photocatalyst consistd CdS as a light
harvesting semiconductor supported on colloidatakorganic framework crystallites. The decoration

with co-catalytic nickel nanoparticles promotes hydrogen evolution and, in addition, stabilizes the CdS

component under irradiation.

6.1 Introduction

The solardriven upgrading of organic compounds j{gramising and sustainable way to produce value
added productd! The simultaneous liberation of,Hluring such upgradingrocesses generates an
additional, highly attractive byproduct. Meanwhile, a well investigated approach is the photocatalytic
acceptoless dehydrogenation of alcohols (alcohol splitting) to yield carbonyl compounds (Stheme
top)? In a similar way,amines may be transformed into imines and($chemel, bottom). The
photocatalytic amine dehydrogenation described so far requiréBcsalcagents, mostly molecular
oxygen (aerobic amine oxidation). The visible lightdiated aerobic amine oxidation is catalyzed by
semiconductor materials including C8Sgraphitic carbon nitridé! Nb,Os,®! WS,,®1 WO, and

bismuth oxyhalide§! Zhao and coworkers developed a Ni/CdS catalyst system for the visible light
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driven H generationfrom water in combination with the coupling of amiffés-urthermore,
heterojunction photocatalydté,plasmonic composite cayaits'!! and MOFbased photocatalyS§@8are
described to yield homocoupled imines via aerobic amine oxidation. The transformation of two different
amines into anortsymmetric imine is more challenging, requiring high temperatures and oxygen

pressure:’

Acceptorless Alcohol Dehydrogenation

X XN
OH  Photocatalyst R o, H2¢

R = .
= visible light
Pt/CdS Pt/Zn;In,Sq
Vela and coworkers 201212l Chen and coworkers 20184l
Ni/CdS Ni/CdS/TiO,@MIL-101
Xu and coworkers 2016[40] Kempe and coworkers
ColCds 20190l
Du and coworkers 2018

This Work: Acceptorless Amine Dehydrogenation

. N
©/\NH2 NiCAS@MIL-101 gNH + Hy A
visible light

Scherre 1. State of the art in visible lighhediated photocatalytic dehydrogenation of alcohols with liberatiore ¢élebhol
splitting) and the acceptorless dehydrogenation of benzylamine (amine splitting) introduced here.

Herein, we report on thehotocatalytic and visible ligkdriven acceptorless dehydrogenation of
benzylamine (amine splitting). The reaction proceeds additee without requiring an electron
acceptor, and involves amine oxidation towardsirame in combination with liberatiorof one
equivalent of H. The synthesis of nhegymmetric imines is possible by using a second;eneylic

amine that is not dehydrogenated by the photocatalyst. To accomplish amine splitting, we developed a
novel metalorganic frameworibased photocatady system (Ni/CdS@MH101).Ni/CdS@MIL-101 is
composed of three components. a) Mtetal organic framework (MOF) known as M1I01(Cr) is used

as the visible light inactive support material that acts as a molecular sponge permitting the
semiconductor and talyst synthesis and determines the overall size of the photocatalyst for efficient
recycling!® b) CdS is the visible light absorbing semiconductor material. ¢) Nickel nanoparticles are
an efficientco-catalyst for H evolution and enhance the stabilifyCdSunder photocatalytic conditions

since the oxidation of sulfide to sulfate is prevented. Fluorescence lifetime measurements indicate a
faster electron transfer from the conduction band of CdS to the Ni particles in comparison to
nanoparticles of noble metals such as Pd or Pt. Thereby, the probability of charge recombination within
the semiconductor is reduced. In addition, DFT calculations suggest a stronger substrate binding of the

amine to the Ni than to Pd nanopatrticles.

78



Visible Light-driven Dehydrogenation of Benzylamine under Liberation of H

6.2 Results and Discussion

The photocatalytically inactive MOF MHLO1 with its characteristic pore structure (Supporting
Information, FigureS2a) was shown to have a surface area of BPf)*>! The MIL-101 crystallite

size, between 100 and 306, is desiable for the generation of active and reusable-shel catalysts.

The MIL-101 crystallites are small enough to exhibit a proper outer surface area for the modification
with photoactive component§! This is combined with the easy separation tbé coloidal
photocatalyst, since the crystallites are, on the other hand, large enough to ensure recyclability by
centrifugation. The highly porous and size optimized support material can be selectively loaded with
precursor molecules permitting the catalysttegsis. The outer surface of single MID1 crystallites

is decorated with visible ligkdbsorbing CdS particles by a simple solvothermal route. Cadmium acetate
is infiltrated into MIL-101 in dimethyl sulfoxide as sulfur source and crystallizes as cutcudder
solvothermal conditions at 18C to yield CAS@MIL1011" Transmission electron microscopy
revealed tharrangement of CdS particles with an average size between 20 and@0the structure
determining core MIEL01 (Schem@; Supporting Inforration, FigureS4). The gas phase infiltration

of volatile metalorganic precursors into the porous CdS@MID1 composite material allows for the
generation of metal nanoparticles, denoted as M/CAS@IMIL For the modification with nickel
nanoparticles, Bicyclopentadienyl)nickel(ll) [Ni(6Hs)2] was infiltrated at room temperature by
applying static vacuum and subsequently reducing t0alN®0°C and 1Gbar H.*8 We modified
CdS@MIL-101 with different amounts of nickel, Wt.%, 5wt.%, and 10wt.%.

( gA 1 | yw-tydlapehtadienykpalladium(ll) [Pd(GHs)(CsHs)] was used togenerate ®t.% Pd
nanoparticles by sublimation at 32 in dynamic vacuum and reduction atTand 7Mar H.1% The
modification with 5wt.% Pt proceeds via the gas phdsadingof trimethyl(methylcyclopentadienyd)
platinum(1V) [MesPt(CH:-CsH4)] into the pores of CAS@MHL01 at 37°C in static vacuum, followed

by a reduction step at 8C and 5ar H.?% TEM analysis (Schem2; Supporting Information,
FigureS3) indicaed a homogeneous distribution of metallic nanoparticles smaller tiarwzhich are
located on the CdS particles, forming an interface with the visible-digdrbing semiconducting
material. The metal content of SIdS@MIL-101 catalysts (theoretically wt.%) was examined by
inductively coupled plasma optical emission spectroscopy-QEB) and found to be 5vit.% Ni,
5.2wt.% Pd, and 4.9t.% Pt, respectively (Supporting Information, TaBl#). The calculated weight
percentage of CdS is 48.% for each catalyst material. The final M/CdS@MID1 coreshell
composite showed the original octahedral shape determined by th@@ILThe metal nanoparticles

are assumed to serve as an electron reservoir, since a directed electron transfer from thercbaddcti

of the semiconductor CdS across the semiconductor/nanoparticle interface has been pé&stulated.
Scheme? presents the genenahotocatalytic concept of M/CAS@M101: Anelectrorhole pair is
generated upon visible light excitation of CdS. Thecebn is transferred from the conduction band
(CB) of CdS to a metal particle by the bailtelectric field, thereby reducing the possibility of charge

recombination. Subsequently, spatially separated redox reactions can be catalyzed. Electrons reduce
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protons for molecular hydrogen generation at theatalytic nanoparticles and, simultaneously, holes

in the CdS valence band are consumed by oxidizing substrates.

MIL-101 Cds@MIL-101 M/CdS@MIL-101

AN SN

Solvothermal p 1. MOCVD
Modification " nliot M2+4+ Precursor B (5 g
; [ E— \\_)'
Cd(OAc), i 5 " 2. Reduction _@"
DMSO e / Reduction
visible|  H,t
Light
Oxidation
" ®

Cds

100 150 200 250

Particle size [nm]|

Schene 2. Synthesis of the photocatalyst M/CdS@MID1. The decoration with CdS semiconu@articles proceeds via a
solvothermal modification. The metal precursor (Ni: [Ni6)2]; Pd: [Pd(GHs)(CsHs)]; Pt: [MesPt(CHs-CsHa4)]) is infiltrated
into MIL-101 (green) by gas phase deposition and reduced by hydrogen treatment. In the semicod8u@telid®) an
electron is promoted from the valence b§uB) to the conduction ban@CB) by the absorption of visible light. After the
directed electron transfer towards the metal particles (grey), spatially separated redox reactions can be catalyzed.

For determining the absorbance characteristics g€t @MIL-101, we performed diffuseeflectance
ultravioletvisible spectroscopy (DRS) between 350 and mfi0 As compared to bare Mi101
absorbing around 600 and 48@, an increased absorption was obsgrier the dark yellow
CdS@MIL-101 (Supporting Information, Figu4a). Upon generating the photoactive compound, the
characteristic absorbance of MIIO1 is extinguished. Photons of wavelengths smaller thanrblére
predominantly absorbedorresponding to the band gap of the semiconductor CdS. With the-Munk
Kubelka equation, the optical band gap of CdS was determined ae\2.44 agreement with the
literature value for cubic CdS (Supporting Information, Figsd®). The photocatalyst
NisCdS@MIL-101 exhibited nearly constant absorbance throughout the visible range. We examined the
surface area and the pore size distribution of the different compounds during synthesis of the
photocatalyst by nitrogen physisorption measurements. The maidificd porous MIL-101 with CdS

results in a significant decrease of the initial surface area b.5Burther modification with

Ni nanoparticles leads only to a minor additional decrease of the surface area to*§04Gray

powder diffractometry (PXRDJ)eveals the exclusive formation of cubic CdS particles (Supporting
Information, FigureS8a) showing reflections at 26.5°, 43.9°, and 5@26f. The reflections from 2° to
20°(2d) ar e assi gn eldlcdore. Xraytpleotogectms spactvogyd(XPE) indicated

the formation of metallic Ni nanoparticles (Supporting Information, Fi@j)e The major peak within

the S2p region at binding energy of 161.8V is assigned to metallic sulfide (CdS). Traces of metal
sulfate were identified at a biimdy energy of 16@V; they are ascribed to surface oxidation of CdS due

to the handling in air. The XPS survey shows characteristic elemental signals for Cr, O, and C of the
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MIL -101 support material and additional signals for Cd, S, and Ni, which forphtiteactive shell.
The homogeneous distribution of Ni particles on the CdS@MIL material was confirmed by energy
dispersive Xray (EDX) elemental mapping (Supporting Information, Figh6¢. Furthermore, we
performed Fourietransform infrared spectrogpy (FT-IR) of NisCdS@MIL-101 and the intermediate
materials during synthesis (Supporting Information, Figiife). Due to the surface modification with
the light harvesting CdS, MHLO1 signals are reduced between 700 and 260D A total weight loss
of 42% was observed for the XddS@MIL-101 photocatalyst as compared to %2for MIL-101 in
thermogravimetric analysis (TGA) (Supporting Information, Figsire). By covering the MOF core
with the photocatalytic active shell, the temperattadility of the system is enhanced.

Next, we performed the photocatalytic acceptorless dehydrogenation of benzylamine via liberation of
molecular H. Thereby, the intermediate aldimine reacts with a second equivalent of benzylamine in a
condensation reéion to yield the homocoupled produdtbenzytl-phenylmethanimine (Figurka).

The elimination of gaseous ammonia was verified by gas chromatography (thermal conductive detector,
GC-TCD). The flat band potential of CdS is sufficiently positive (VBV vs NHE)?2 to
thermodynamically allow for the oxidation of benzylamine (standard reduction potentidlv8.9
NHE) 2% The photocatalytic amine dehydrogenation by@GiS@MIL-101 was performed under an
inertgas atmosphere at room temperatuitbout the e of any additives or acceptor molecules. In the
presence of ceatalytic Ni nanoparticles, the dehydrogenation of benzylamine proceeds with
guantitative yield, whereas the neat CdS@M0QO1 leads to the formation of the tertiary amine as a
byproduct (Také 1, Entryl, 2). We confirmed the equimolar liberation of molecularbiyl analyzing

the reaction headspae@& GGTCD (Figurelb). Switching the light on and off verified the release of

H2 only under visible light illumination (Supporting Information, &igS10). The reusability of
NisCdS@MIL-101photocatalyst was investigated by the acceptorless dehydrogenation of benzylamine.
We performed five consecutive runs without a remarkable loss of activity (Supporting Information,
FigureS11).

Table 1. Photocatalytic acceptorless dehydrogenation of benzyldfhine.

NH, Photocat
+ H2
hv Ar, -NH3

Catalyst Yield [%] ™' Yield H [%] ©
1 NisCdS@MIL-101 99 98
2 Cds@MIL-101 62 59
3 Without v 0 0
4 Without catalyst 0 0

[a] 1 mmol benzylamine, 1.51L MeCN, 10h, 5mg catalyst, rt, Ar, 47@m blue
LED (50W). [b] Determined by GC using-dodecane as an internal standard.
[c] Quantified by GETDC using methane as an internal standard
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We also developed an approach to accesssgommetic imines using a second, n@wenzylic amine
which is not dehydrogenated by the photocatalyst under the given conditions. Ieiglescribes the
crosscoupling of benzylamine and cyclohexylamine via the dehydrogenation of benzylamine and
subsequent reveible transimination to yield the hetermoupledN-cyclohexytl-phenylmethanimine
(Figurelc,d). This exchange is a ngohotocatalytic equilibrium reaction, in which one equivalent of
benzylamine is liberated and fed back ititedehydrogenation cycle. Under visible light illumination,

the equilibrium is shifted towards the reymmetric imine, guaranteeing its predominant formation
(Supporting Information, Tablg5).

(a) Acceptorless Dehydrogenation (b) s00

x
©/\NH2 Photocat. @N@

hv, Ar
.H2
(ijH2 -NH3
EjA NH 1
04
(c) Non-symmetric Imine Formation (d)
1.04
@NHZ Photocat. \N/O 0.8
NH,
O 0.6 .
hv, Ar 0.41
-H,, -NHg NH, NH;
g O 0.2

N
N 0.01 w
0 5 10 15 20

Time / h

4004
300+

Evolved H, / mmol
N
8

Time /h

n/ mmol

Figure 1. (a) Acceptorless dehydrogenation of benzylamineHblberation from benzylamine (thmol) is observed under
visible light illumination and quantified by GTCD. (c) Non-symmetric imine formation by crogeupling benzylamine and

cyclohexylamine. (dKinetic study (color code refers {0))

We synthesizedhe NLCAS@MIL-101 catalyst systems witlifferent Ni contents (x equal to
1,5,10wt.% Ni) to investigate the influence of the-catalytic nanoparticles on the dehydrogenative
crosscoupling. To convert inmol of substrates under optimized reaction ditions, 5mg
NisCdS@MIL-101 weresuspended in 1./l ethanol and illuminated with a 39 blue LED (470nm)
(Supporting Information, Figur81, TableS3 andS4).CdS@MIL-101 loaded with Bvt.% Ni showed
the bestatalytic performance yielding P4 heterocapled produci. and 7% homocoupled produ&
(Table2, Entry2). With increasing Ni content, the nanoparticles covering the CdS crystals reduce the
light absorbance and, thereby, the generation of free charge carriers resultifg of 1and 37% of

2 (Table2, Entry3). With 1wt.% Ni, the photocatalytic activity is similar to neat CdS@MIQ1
(Table2, Entryl). The MIL-101 support is essential, since-Modified commercial CdS shows a
significantly lower activity (Tabl®, Entry4). Also, theunmodified CAS@MIE101 shows a lower

catalytic activity (Table, Entry5) underlining the importance of Ni nanoparticles which was already
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observed for the formation of the homocoupled prodNibenzytl-phenylmethaniming. We found

no photocatalytic aitity without the lightharvesting CdS component in both Ni@M1D1 and the
neat support MIL101 (Table2, Entriess, 7). The modification with the noble metals Pd and Pt as
co-catalysts leads mainly to the formation of the homocoupled pr@diGble2, Entries8, 9). This
fact highlights the superior performance ofaaalytic nornoble Ni nanoparticles. The composite
material NiCdS@MIL-101 catalyzes the&rosscoupling of amines as shown by several control
experiments: Without the catalyst and withwisible light illumination no conversion of the substrates
occurs(Table2, Entries10,11). Interestingly, a significantly reduced yield is observed in air (Table
Entry 12).

Table 2. Photocatalytic dehydrogenation of benzylamine amdscoupling with cyclohexylamine. Comparison of different

Ni contents, different metal nanoparticles and different reaction condfions.

A O
©/\N
NH, NHz  photocat. !
+ — . ~
hv, Ar N
H,

-NH;, )
Catalyst Metal [wt %] ®!  Yield 1[%] ©  Yield 2 [%] © 9

1 Ni:CdS@MIL-101 1 45 12

2 NisCdS@MIL-101 5.1l 74 7

3 Ni1cCdS@MIL-101 10 17 37

4 Ni@Cdgl 5 18 4

5 Cds@MIL-101 - 42 17

6 Ni@MIL-101 5 0 0

7 MIL-101 - 0 0

8 PaCdS@MIL-101 5.26¢l 8 34

9 Pt:CdS@MIL-101 4.9¢ 7 51

10 Without s 5.1l 0 0

11  Without catalyst - 0 0

12  Ambient air 5.1 11 23

[a] 1 mmol benzylamine, tnmol cyclohexylamine, 1.5\L EtOH, 5mg catalyst, 47@m blue LED
(50W), 20h, rt, Ar. [b]Co-catalytic metal nanoparticles (Ni, Pd, Pt). Ddtermined by GC using
n-dodecane as an internal standard.Rdferred to 0.3nmol. [e]Determined by ICFOES analysis.
[f] Commercial CdS (Alfa Aesar)

Next, we studied the stability of the semiconducting @d&ponent of NCAdS@MIL-101 under
photocatalyic conditions. The corrosion of CdS is a frequently discussed phenomenon and a main
challenge in the use of such photocatalifétRecently, DiMeglio and cworkers reported on the
benzylamine mediated oxidation of sulfide during the-agueous dehydgenation of benzylamine

with O, as a sacrificiahgent?® The standard reduction potential of benzylantirermodynamically

allows for the oxidation of CdS via the formation of the antamical cation. In a typical photocatalytic
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setup, the photocataggs NsCdS@MIL-101 and CdS@MIL01 were illuminated in the presence of
benzylamine and ethanol as solvent in an inert gas atmosphergré&tatalytic CdS@MIL101
exhibits one major sulfusignal at?Ps;2161.5eV (86%) corresponding to metal sulfigsmda small

signal for metal sulfate &Ps, 168.7eV (14%) (Figure2, (1) and(2)). Postcatalytic PXRD analysis
indicates the formation of oxidized sulfur species due to the presence of several reflections besides those
of cubic CdS (Supportintppformation, FiguresS8). XPS analysis in theBregion confirmsan increase

in surface sulfate to 5. The modification with Ni nanoparticles improves the stability of the CdS
component since no corrosion effects are observed in PXRD. The ratio of £4 t® CdSQ (6 %)

is constant for preand postcatalytic NsSCAdS@MIL-101 (Figure2, (3) and(4)). We performed several
control experiments without either visible light illumination, or the presence of benzylamine or solvent
and, in addition, in dryacetaitrile. PXRD analysis of postatalytic NsSCdS@MIL-101 materials
showed no evidence for CdS corrosion in all these cases, which supports the idea of berzylamine
mediated sulfide oxidation in an oxygeantaining solvent (Supporting Information, Fig8®8). The
observed stability of CdS is decisive for the catalytic recyclability gC8&@MIL-101. Further
experimenton PdCAdS@MIL-101 and RCAS@MIL-101 photocatalysts revealed that the supposed

stabilizing effect of metal nanoparticles on the CdS semiatindoccurs also with these noble metals.

Pre catalysis Post catalysis

@

CdS@MIL-101

170 168 166 164 162 160 170 168 166 164 162 160
Binding Energy [eV] Binding Energy [eV]

(©) ©)

NisCdS@MIL-101

170 168 166 164 162 160 170 168 166 164 162 160
Binding Energy [eV] Binding Energy [eV]

Figure 2. XPS studies of NCAS@MIL-101 and CdS@MI£L01 demonstrating the enhanced photocatalytic stability of CdS
in the presence of Ni nanoparticlessGiS@MIL-101 does not show significadégradation of the surface of CdS [(@))],
whereas CdS in CdS@ML01 is oxidized under photocatalytic conditions [(2)]. For details see text

The directed electron transfer from phetacited CdSacross the semiconductoretal interface to Ni
nanogrticles was investigated with fluorescence lifetime imaging microscopy in the frequency domain
(FD-FLIM). A custombuilt apparatus was used with a semiconductor laser atrd8&hd modulation

frequencies between 110 and 18blz (adapted from Ref26]). The combination of the semiconductor
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material CdS with metallic particles opens up an additional decay channel of charge carriers in the
conduction band of CdS. By absorbing visible light, an elediala pair is generated in the CdS
component which can cembine after an intrinsic lifetime by emitting a photon.-FOM data are
conveniently plotted in the stalled polasplot representation, where the quadrature component of the
normalized fluorescence signal is plotted versus the component which issi ith the excitation.
Singleexponential decays correspond to data on a characteristicsel@iwith radius 0.5 around the

point (0.5;0) in this plot. Data points within the sewircle, on the other hand, represent fluorescence
decays featuring moréhan one lifetime component and can be linearly decomposed in the complex
planel? The photoluminescence lifetime of neat CdS suppantedIL -101 is determined by drawing

a straight line through the data points in the polar plot and extrapolatinthé totersections with the
semicircle (Figurea). Two lifetime components are extracted which are independent of the modulation
frequency (Supporting Information, Figug®). The shorter lifetime is interpreted as the luminescence
lifetime of CdS, wheresathe longer one is ascribed to the luminescence of thelBIL The position

of the data points on the straight line represents the relative contributions of the two lifetime components
to the luminescence signal.

@ (b) (©)
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Figure 3. Fluorescence lifetime studief MIL-101 supported catalysts confirming the directed electron transfer from excited

CdS to Ni nanoparticles. Polgrlot representations of the data foxGHS@MIL-101 and MCdS@MIL-101: (a)neat CdS,

(b) 1 wt.% Ni, (c)5wt.% Ni, (d)10wt.% Ni, (e)5wt.% Pd and (fb wt.% Pt. The fluorescence lifetime of CdS decreases with
increasing Ni content (right end point of the straight line on the-sigohé¢). It also depends on the metal nanoparticle (Ni, Pd,

Pt; 5wt.%) indicating an influence of the latten the electron transfer efficiency. Data points correspond to diffraatided

spots on the sample within an area of size 16xt0, t he red dot i ndicating their cente

each spot is colecoded. The modulationdguency of the laser was 1MMHz. For further details see text.

With increasing Ni content, the CdS lifetime gradually shortens fronpd18dS@MI1-101) to 97ps
(Ni:CdS@MIL-101), 67ps (NsCAS@MIL-101) and 1Ps (NwCAS@MIL-101), respectively,
verifying thedirected electron transfer (FiguBe-d). The relative variation of these lifetimes is reliable;

the absolute numbers are subject to an uncertainty of about a factor two to three, however, given the
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comparatively low modulation frequencies. In accordance with the observed photocatalytic tet
efficiency of the charge transfer increases with the Ni content. The charge carrier separation over two
different catalyst components leads to the enhanced photocatalytic activity of Ni/CdSI@Mih

redox reactions. Comparing the 3d metal ithwhe noble metals Pd and Pt, the lifetime of neat CdS is
most strongly affected by neighboring Ni particles, indicating faster electron transfer to Ni particles than
to either Pd or Pt (Figurgc, e,f). Comparing catalyst systems witha$.% of the thee metals, the
lifetime of neat CdS is reduced from 14$to 108s (PdCdS@MIL-101),92 ps (PtCdS@MIL-101)

and 67ps (NsCdS@MIL-101). This resulunderlines the superior performance of Ni particles in the
discussed photocatalytic reactions.

In additionto a faster electron transfer from CdS to Nb@mparison to Pd or Pt particles, another reason

for the superior photocatalytic performance of Ni/CdS@¥IQ1 may be the interaction or binding of
benzylamine with the metal nanoparticles. As a straightoiiest we computed the binding energy of
benzylamine to the metal nanoparticles. While this type of calculation can be performed using density
functional theory (DFT) in principle, it requires careful considerations in practice: The structure of metal
paticles in general is difficult to determine due to the existence of many isomers of similar &hergy,
yet it may influence binding energi¢aurthermore, common exchangerrelation approximations may

reach their accuracy limits forelectron systemé’ Forthese reasons, we focused orat@m clusters

of Ni and Pd as two representative test cases. Both form similar and stable cluster geometries, such as
the icosahedrol3?'Our calculations suggest that the icosahedral structure is arguablyshelagant

one for Nizand Pds; at room temperature solution (Supporting Information, Theoretical Procedure).
Therefore, we investigated the binding energy of one benzylamine molecule to -atmmil&etal

cluster (Nis or Pd3) by computing the eleatnic and geometric structure using TURBOMME
(Supporting Information, Theoretical Proceduk&e checked for possible limitations of the predictive
power of the DFT calculations due to the presence@l&dirons by computing the binding energies
with different exchangeorrelation functional§? In particular, the importance of localization and self

interaction was investigated by using functionals with different amounts of exact exchange.

Figure 4. Lowest energy geometries obtained from B@ppenheimer DFT molecular dynamics simulations in which a

benzylamine molecule binds to a-&®m Pd icosahedral partidle) and a 1&atom Ni icosahedral particl®).
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We found the general trend that benzyilaerbindsstronger to Nis than to Pg; by several hundresheV
(Supporting Information, Tablg8). The lowest energy geometries are depicted in Figdiais result
correlates with a previous study on the binding energy of benzyl alcohol toaid Pgs.[t7@
Furthermore, we calculated the binding energytf@r dehydrogenated intermediate;HGN). This
intermediatealso shows a higher binding energy tasNhan to Pes, yet overall slightly lower than

benzylamine (Supporting Information, Theoreticaldedure).

6.3 Conclusion

In conclusion, we have reported the first example of photocatalytic, visibledliyein acceptorless

amine dehydrogenation (amine splitting). The noble nfetal photocatalyst Ni/CdS@MiL01

oxidizes benzylamine with tHéeration of one equivalent ofinost efficiently. The synthesis of non
symmetric imines is possible by adding a second amine which is not dehydrogenated by the
photocatalyst under the given conditions. The MsDBported colloidal photocatalyst is comgdof

the visible lightabsorbing semiconductor CdS and Ni nanoparticles. We confirmed the directed electron
transfer from the conduction band of CdS to metallic nanoparticles (Ni, Pd and Pt) and observed a faster
electron transfer to the abundant froble metal Ni. The ceatalytic Ni (as well as Pd and Pt) also
enhances the stability of CdS against pkaaiorosion in the presence of benzylamine. In addition, DFT

calculations reveal a stronger binding of benzylamine to Ni than to Pd clusters.

Acknowledgements

This work was supported by the German Research Foundation $6B840, B1). The authors also
acknowledge the support of the Bavarian Polymer Institute (University of Bayreuth, KeyLab Electron
and Optical Microscopy, KeyLab Theory and Simulation) #mal initiative Solar Technologies go
Hybrid. We thank Florian PuchtlePXRD) and Prof. Dr. Sven Huttner (XPS). Furthermore, we thank
the Elite Network Bavaria and the DAAD (Bayretktelbourne Colloid/Polymer Network) for financial

and other support. Opexecess funding enabled and organized by Projekt DEAL.

6.4 References

[1] G. Han, Y:H. Jin, R. A. Burgess, N. E. Dickenson;M. Cao, Y. SunJ. Am. Chem. So2017,
139 15584 15587.

[2] a) T. P. A. Ruberu, N. C. Nelson, I. I. Slowing, J. VdaPtys. Chem. Let2012 3, 2798
2802; b) Z. Chai, FT. Zeng, Q. Li, L:Q. Lu, W-J. Xiao, D. XuJ. Am. Chem. So2016 138,
1012810131, c) D. Jiang, X. Chen, Z. Zhang, L. Zhang, Y. Wang, Z. Sun, R. M. Irfan, P. Du,
J. Catal 2018 357, 147 153; d) S. Meg, X. Ye, J. Zhang, X. Fu, S. Cheh,Catal 2018 367,
159'170; e) D. Tilgner, M. Klarner, S. Hammon, M. Friedrich, A. Verch, N. de Jonge, S.

87



Visible Light-driven Dehydrogenation of Benzylamine under Liberation of H

(3]

[4]

[5]

[6]

[7]

(8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

Kimmel, R. KempeAust. J. ChenR019 72, 842 847; f) T. Mitkina, C. Stanglmair, W. Setzer,
M. Gruber, H. KischB. Koenig,Org. Biomol. Chem2012 10, 3556 3561; g) K. Imamura, H.
Tsukahara, K. Hamamichi, N. Seto, K. Hasimoto, H. Komin&ppl. Catal. A22013 450, 28

33.

a) W. Zhao, C. Liu, L. Cao, X. Yin, H. Xu, B. Zharl@SC Adv2013 3, 22944 22948; b) R.
Wu, S. Wang, Y. Zhou, J. Long, F. Dong, W. ZhaA@S Appl. Nano Matek019 2, 6818
6827.

a) F. Su, S. C. Mathew, L. M6himann, M. Antonietti, X. Wang, S. BlecAagew. Chem. Int.
Ed.2011 50, 657 660; Angew. Chen011, 123 683 686; b) A. Kumar, P. Kumar, C. Joshi,
S. Ponnada, A. K. Pathak, A. Ali, B. Sreedhar, S. L. Jaiagn Chem2016 18, 2514 2521.

S. Furukawa, Y. Ohno, T. Shishido, K. TeramdraTanakaACS Catal2011, 1, 1150 1153.

a) F. Raza, J. H. Park, {R. Lee, H:l. Kim, S-J. Jeon, JH. Kim, ACS Catal2016 6, 2754
2759; b) H. Liang, BQ. Zhang, 3JM. Song,ChemCatCher2019 11, 6283 6294.

N. Zhang, X. Li, H. Ye, S. Chen, Hu, D. Liu, Y. Lin, W. Ye, C. Wang, Q. Xu, J. Zhu, L. Song,
J. Jiang, Y. XiongJ. Am. Chem. So2016 138 8928 8935.

A. Han, H. Zhang, GK. Chuah, S. Jaenické&ppl. Catal. B2017, 219, 269 275.

W. Yu, D. Zhang, X. Guo, C. Song, Z. Zh&safal. Sci. Technol2018 8, 5148 5154.

a) S. Samanta, S. Khilari, D. Pradhan, R. SrivastA@§ Sustainable Chem. ER17, 5,
2562 2577; b) K. Zhang, H. Su, H. Wang, J. Zhang, S. Zhao, W. Lei, X. Wei, X. Li, J. Chen,
Adv. Sci2018 5, 1800062.

a) S. Naya, K. Kimura, H. TadACS Catal2013 3, 10'13; b) S. Sarina, H. Zhu, E. Jaatinen,
Q. Xiao, H. Liu, J. Jia, C. Chen,Zhao,J. Am. Chem. So2013 135, 5793 5801; c) H. Chen,
C. Liu, M. Wang, C. Zhang, N. Luo, Y. Wang, H. Abroshan, G. Li, F. Wa@§ Catal2017,

7, 3632 3638.

a) D. Sun, L. Ye, Z. LiAppl. Catal. B2015 164, 428 432; b) H. Liu, C. Xu, D. Li, HL. Jiang,
Angew. Chem. Int. E@018 57, 5379 5383;Angew. Chen?018 130, 5477 5481.

a) A. Grirrane, A. Corma, H. Garcid, Catal.2009 264, 138 144; b) L. Liu, S. Zhang, X. Fu,
C.-H. Yan, Chem. Commur2011 47, 10148 10150; c) X. Qiu, C. Len, R. Luque, Y. Li,
ChemSusCher2014 7, 1684 1688; d) M. Largeron, MB. Fleury,Chem. Eur. J2015 21,
3815 3820.

a) D. Tilgner, M. Friedrich, J. Hermannsdoérfer, R. Ken@lsemCatCher015 7, 3916 3922;

b) D. Tilgner, R. KempeChem. Eur. J2017, 23, 3184 3190; c¢) D. Tilgner, M. Friedrich, A.
Verch, N. de Jonge, R. KempgghemPhotoCher2018 2, 349 352; d) D. Tilgner, M. Klarner,
S. Hammon, M. Friedrich, A. Verch, N. de Jonge, S. Kimmdtdripe,Aust. J. Chen2019
72,842 847.

G. Ferey, C. MelleDraznieks, C. Serre, F. Millange, J. Dutour, S. Surble, I. Margiolaki,
Science2005 309 2040 2042.

88



Visible Light-driven Dehydrogenation of Benzylamine under Liberation of H

[16]
[17]

[18]

[19]
[20]

[21]

[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

J. Hermannsdorfer, M. Friedrich, R. Kemf@em. Eur. J2013 19, 13652 13657.

a) D. Tilgner, M. Klarner, S. Hammon, M. Friedrich, A. Verch, N. de Jonge, S. Kimmel, R.
Kempe,Aust. J. ChenR019 72, 842 847; b) Y. Wang, Y. Zhang, Z. Jiang, G. Jiang, Z. Zhao,
Q. Wu, Y. Liu, Q. Xu, A. Duan, C. XltAppl. Catal. B2016 185 3074 314; 9 J. He, Z. Yan, J.
Wang, J. Xie, L. Jiang, Y. Shi, F. Yuan, F. Yu, Y. SGhem. Commur2013 49, 6761 6763;

d) D. Ding, Z. Jiang, J. Jin, J. Li, D. Ji, Y. Zhang, L. ZanCatal.2019 375, 21/ 31.

J. Hermannsdorfer, M. Friedrich, N. Miyajima,ARbuquerque, S. Kimmel, R. Kemp&ngew.
Chem. Int. EJ2012 51, 11473 11477;Angew. ChenR012 124, 11640 11644.

J. Hermannsdorfer, R. Kemp&hem. Eur. J2011, 17, 8071 8077.

S. Proch, J. Hermannsdorfer, R. Kempe, C. Kern, A. Jess, L. Seyfarth, J. SéelkerEur. J.

2008 14, 8204 8212

a) T. Simon, N. Bouchonville, M. J. Berr, A. Vaneski, A. Adrovic, D. Volbers, R. Wyrwich, M.
Doblinger, A. S. Susha, A. L. Rogach, Rclel, J. K. Stolarczyk, J. Feldmariat. Mater.
2014 13, 1013 1018; b) Y. Xu, R. XuAppl. Surf. Sci2015 351, 779793; c) S. Cao, CF
Wang, X-J. Lv, Y. Chen, WF. Fu,Appl. Catal. B2015 162 381 391, d) Z. Chai, FT. Zeng,
Q. Li, L.-Q. Lu, W-J. Xiao, D. XuJ. Am. Chem. So2016 138 10128 10131; e) G. Han, Y.
H. Jin, R. A. Burgess, N. E. Dickenson,-M. Cao, Y. SunJ. Am. Chem. So2017, 139,

15584 15587.

A. J. Bard, M. S. Wrigthon]. Electrochem. Sci. Techn@B77, 124, 1706 1710.

K. Ohkubo, T. Nanjo, S. FukuzunBull. Chem. Soc. Jp200§ 79, 1489 1500.

a) A. HengleinBer. Bunsenges. Phys. Chet@82 86, 301 305; b) D. Meissner, C. Brenndorf,
R. Memming,Appl. Surf. Sci1987, 27, 423 436; ¢) Y. H. Hsieh, C. P. Hung,Colloids Surf.

1991, 53, 275 295.

J. L. DiMeglio, B. M. BartlettChem. Mater2017, 29, 7579 7586.
L.

S. Zahner,
2014 115 043504.

Kador

K.

R.

Al 1 a kh ApelrPdhyis.e v ,

a) G. |. Redford, R. M. Clegd, Fluoresc2005 15, 805 815; b) M. A. Digman, V. R. Caiolfa,
M. Zamai, E. GrattorBiophys. J2008 94, L14-L16.
L. Leppert, R. Kempe, S. Kimmé&thys. Chem. Chem. Phy€15 17, 26140 26148.

T. Schmidt, S. KimmelComputatior2016 4, 33-1i 33-15.

a) G. L. Gutsev, C. W. Weatherford, K. G. Belay, B. R. Ramachandran, PJ.JEham. Phys.
2013 138 164303; b) J. P. Chou, C. R. Hsing, C. M. Wei, C. Cheng, C. M. Chaftpys.
Condens. Matte?013 25, 125305; c) A. M. Koster, P. Calaminici, E. Orgaz, D. R. Roy, J. U.
Reveles, S. N. Khannd, Am. Chem. So2011, 133 12192 12196; d) B. Frescl.-G. Boyen,

F. RemacleNanoscale2012 4, 4138 4147.
TURBMOLE V7.32018 (University of Karlsruhe and Forschungszentrum Karlsruhe GmbH,

Karlsruhe, Germany).

89

E



Visible Light-driven Dehydrogenation of Benzylamine under Liberation of H

[32] a)J.P.Perdew, K. Burke, M. ErnzerhBhys. Rev. Letl.996 77, 3865 3868; b) JP. Perdew,
K. Burke, M. ErnzerhofPhys. Rev. Lettl997, 78, 1396; c) J. P. Perdew, M. Ernzerhdf,
Chem. Phys1996 105, 9982; d) C. Adamo, V. Barore Chem. Physl999 110, 6158; €) A.
D. Becke,J. Chem. Phys1993 98, 5648 5652; f) P. J. Stephens, F. J. Devlin, C. F.
Chabalowski, M. J. Friscld, Phys. Cheml994 98, 11623 11627; g) J. Tao, J. P. Perdew, V.
N. Staroverov, G. E. Scuseridhys. Rev. LetR003 91, 146401; h) V. N. Staroverov, G. E.
Scuseria, J. Tad, P. Perdew]. Chem. Phy®003 119, 1212912137; i) V. N. Staroverov, G.
E. Scuseria, J. Tao, J. P. Perdéw,Chem. Phys2004 121, 11507 11507; j) J. Sun, A.
Ruzsinszky, J. P. Perde®Rhys. Rev. LetR015 115 036402.

6.5 Supporting Information

6.5.1 Experimental Procedures

General Methods

All chemicals and solvents were purchased commercially from chemical suppliers with purity &ver 95
and used without further purification. Ethanol was degassed by three conséegrspumpthaw
cycles. Benzylamine (Merck) was vacuum distilled andestoinder argon. All manipulations including
air or moisture sensitive compounds were carried out under dry and efxggesrgon atmosphere
(Schlenk techniques) or in a nitroggited glovebox (mBraurl20) with a highcapacity recirculator

(below 0.1ppmof oxygen and water).

Reduction of precursor compounds were carried out with Parr Instrument stainless steel autoclaves
N-MT5 300mL equipped with heating mantles and temperature controller. Solvothermal syntheses
were performed in a muffle furnace (Nathentm) withprogrammabldéemperature ramps. Inductively
coupled plasma optical emission spectroscopy {0ES) was carried out according to standard
protocol digestion (4nL HNOs/HCI 3:1, microwave irradiation, 2&in, 195°C) with a VistaPro radial
(Varian). Fourier transforrmfrared (FFIR) spectroscopy measurements were performed with a Cary
630FTIR spectrometer (Agilent Technologies) over a range from 2600 to 700cn?.
Thermogravimetric analysis was performed from°’@0to 700°C (10°C min?) using a TGA/SDTA

851° (Mettler) under nitrogen atmosphere. Gas chromatography (GC) analyses were performed using an
Agilent Technologie$850 gas chromatograph equipped with a flame ionization detector (FID) and a
MN Optimal7 capillary column (30.th x 0.32mm x 0.25um) usingn-dodecane as internal standard.
GC-MS analyses were performed using an Agilent Technol@&@f66 gas chromatograph with a
MN-MS HP-5 capillary column (30.tn x 0.32mm x 0.25um) and a coupled mass spectrometer as
detector. Gas mixtures were analyzed usn®890N gas chromatograph (Agilent Technologies)
equipped with an Agilent special Plot + Molsieve capillary column (80X 0.32mm x 0.25um).

Methane was used as internal standard. Nitrogen physisorption isotherms were determi@gtCat

90


https://www.dict.cc/englisch-deutsch/programmable.html

Visible Light-driven Dehydrogenation of Benzylamine under Liberation of H

using a Nova2000e (Quantachrome) apparatus. Specific surface areas were calculated by wsing p/p
values from 0.09.3 by the BET model. Specific total pore volumes were determined by DFT
calculations (Mat-196°C on silica (cylindric pore, NLDFT equilibrium model)jransmission electron
microscopy (TEM) measurements were carried out using a 90 microscope (Zeiss, 26Y)
equipped with a LaB6 electron source and an omega energy filter. The samples were suspended in
chloroform and sonicated forrin. 2L of the suspension were placed on a CF2oegrid (Electron
Microscopy Sciences) and allowed to dry. EDX (energy dispersikay>$pectroscopy) measurements
were performed by using a Zeiss Ultra Plus with an acceleration voltage&kuf ZDe sample coating

with platinum (1.3sm) was performed with a Sputter Coater 208HR (Cressington). Diffuse reflectance
ultravioletvisible spectra were measured using a CAIR0 (Agilent Technologies) with an Ulbricht
sphere in the range of 350 to 7@®. For optical band gap @emination, a tauc plot was used applying

the MunkKubelka equation. Xay powder diffraction (XRD) analysis in the range e8® 2d was
performed using a XPERPRO diffractometer (Panalytical) (guradiation, 1.5417&) in d-2d
geometry with a positiogensitive detector. The reference card number for comparisorOR081019

for CdS. Xxray photoelectron spectroscopy (XPS) was performed using a PHI Versa Probe Il instrument
of Physical Electronics. As-Xay source a monochromaticAlwith a spot sizeof 100um (24.5W)

was used. The kinetic pass energy of the photoelectrons was determined with a hemispheric analyzer
(45°) set to pass energy of 8§ for highresolution spectra. Photoluminescence studies were conducted
with a custorrbuilt confocal flusescence lifetime imaging microscope operating in the frequency
domain (FDFLIM). It is equipped with an amplitue®odulated cw diode laser at 4881 (Toptica;

iBEAM -SMART-488-S) with adjustable output power (set tor8®/) and a miniature photomultiplier
module (Hamamatsu H107Z11) as detector. The microscope objective is a Leica PL FLUOTAR L
(100x%/ 0.75). Modulation frequencies between MHz and 155MHz were used. Data acquisition was
performed with an integration time of &@s per data point. The salapvas flushed with nitrogen gas

for minimizing photobleaching effects. Samples are prepared by spin coating thin films of powder
material dispersed in a polystyrene(RDOkg/mol) matrix on cover slips (28m x 20mm x 200um).

2 mg of the samplenaterial were suspended in a polystyrene/toluene solutiong(30Q np/énb).

Spin coating was performed at 750n for 15s, 1500rpm for 30s, 3000rpm for 60s.
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Material Synthesis

Synthesis of MIE101

The synthesis was carried out according to aipusvwork to obtain an average crystallite size of
180nm St Chromium(lll) nitrate nonahydrate (480g, 1.20mmol), terephthalic acid (198g,
1.20mmol), hydrofluoric acid 46vt% (10e L , Onmd)2ar&l deionized ¥ (12.00mL) were sealed

in a 23mL teflon-lined hydrothermal autoclave. The mixture was heated fioat®220°C (3.3°C minY).

The reaction mixture was cooled down fast to 60and slowly to 30C (cooling rate: 2.7C h).
Excessively crystallized terephthalic acid was removed bytidtreover a por@ filter. The product

was separated from the aqueous solution by centrifugation (D890 45min), refluxed in
ethanol/water (90/100l.-%) for 12h, and centrifugalized (180pm, 45min) to remove the CrOOH
impurities and to separateetiMIL-101 crystals with different size distribution. The green M01 was

dried under vacuum (¥0mbar, 85°C, 24h).

BET: 2700m? g.

PXRD: (°A P.78, 3.26, 3.41, 3.94, 4.30, 4.84, 5.13, 5.59, 5.85, 6.24, 6.48, 8.10, 8.40, 8.58, 8.86, 9.02,
9.71, 9.86, 10.30, 11.22, 16.50.

Synthesis of CAS@MH101

The synthesis was carried out according to a modified literature pro¢&ddo®.mg MIL-101 was

suspended in 3BL of dimethyl sulfoxidein a 125mL teflortlined hydrothermal autoclave. 66y
(2.25mmol) of Cd(OAc) A2 H.O cadmium(ll) acetate dihydrate was added trelreaction mixture
was stirred for 2. The mixture was heated at 18Dfor 10h (heating rate: 2.5C min'). After cooling
down to room temperature, the resulting CdS@M01 was separated by filtration and washed with
ethanol. The material was combined withrD of ethanol and heated at 190 for 10h (heating rate:
1.2°C min?) in a 125mL teflon-lined hydrothermal autoclave. After cooling down, the material was
separated by filtration and dried under vacuunt {hbar, 85°C, 24 h).

Synthesis of NCdS@MIL-101, Ni@MIL-10153]
100mg dry CdS@MIL101 was placed in a twchambeitube with Ni(Cp) bis(cyclopentadienyd)
nickel(ll) (16.6mg, 0.088nmol, 5wt.%) separated by a glass frit. The gas phase infiltration of the Ni

precursor occurred at room temperature°@pin static vacuum (I®mbar) for 20h. The reduction of
the Ni pecursor was performed under hydrogen atmospherbail6t) at 90°C for 20h in a Parr
Instruments steel autoclave. The resultingddiS@MIL-101 was evacuated (1@nbar, 85°C, 20h) in
order to remove former metal ligand residue. The weghtentage of nickel (wt.%) was varied by
the amount of Ni(Cp)to yield NkCdS@MIL-101.
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Synthesis of PALdS@MIL-1015°!
100mg CdS@MIL-101 were placed in a twchambeitube with (Cp)Pd(allyl) allyl(cyclopentadienyl)
palladium(ll) (10.2ng, 0.048nmol, 5 wt.%) separated by a glass frit. The gas phase infiltration of the

Pd precursor occurred at 32 in dynamic vacuum (0mbar) for 24nh. The reduction of the Pd
precursor was performed at Bar H and 70°C for 24h. The resulting RELCAS@MIL-101 was

evacuated (18 mbar, 85°C, 20h) in order to remove former metal ligand residue.

Synthesis of REAS@MIL-10154
100mg CdS@MIL-101 were placed in a twchambeitube with (Me}pt ( Cp &) -t r i me
(methylcyclopentadienyl)platinum(1V) (812g, 0.026mmol, 5wt.%) separated by a glass frit. The gas

phase infiltration of the Pt precursor occurred af@7n static vacuum (IOmbar) for 20h. The
reduction of the Pt precursor was performed abh&0H and 80°C for 24h. The resulting
PtCdS@MIL-101 was evaated (10 mbar, 85°C, 20h) in order to remove former metal ligand

residue.

Svynthesis oN-cyclohexytl-phenylmethanimine (compourgl

1020¢L (10 mmol) benzaldehyde were stirred in a round bottom flask, then 1460 mmol)
cyclohexylamine were added dropwise. Aftermif, the turbid emulsion was diluted with L
diethyl ether and dried over Nag@fter removing the solvent under reduced pressure, the product was
obtained as yellow oil.

'H NMR: (300MHz, CDCk) U 8 . BH; 7.738.71 (t, 2H); 7.447.39 (t, 3H); 3.283.15 (quint, 1H);
1.87-1.59 (m, 7H); 1.411.29 (m, 3H).

Synthesis ofN-benzytl-phenylmethanimine (compour)

1020eL (10 mmol) benzaldehyde were stirred in a round bottom flask, then €l09Q0 mmol)
benzylamine were added dropwise. The turbid emulsion was diluted witi. Hidethyl ether and dried

over NaSQ. After removing the solvent under reduced pressure, the product was obtained as colorless
oil.

'H NMR: (300MHz, CDCE) i 8 . 32 (39,79 (n, BH);;7.477.25 8, 8H); 4.77 (s, 2H).
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General Procedure for Photocatalytic Experiments

A 50mL reaction vial was charged with a magnetic stir barCNS@MIL-101 catalyst (5ng),
benzylamine (10@ L , mmdl) and cyclohexylamine (1X5L 1 mmol). The vial was sealed with a
rubber septum, evacuated to remove the air atmospdedeflushed with argon. Dry and degassed
solvent (1.59mL) was added, then the vial was further purged with argon fieinland connected to a
wash bottle to generatm open reaction system under inert atmosphere. The vial was illuminated for
20h by a 50W blue LED (470nm, distance 2m, ~15000x) and cooled by a fan (Figuf&l). The
reaction temperature was measured to b&2n-dodecane (100 L , rBmoliwasadded as internal
standard and the catalyst was separated from the reaction solution by centrifugatioprif9CD@in)
before quantitative analysis by GC. The amountof\tblved from benzylamine (1G9 L ,mmdl) was
determined by injecting 500 L o thanaras internal standard in a sealed reaction vial before LED
illumination. The gas phase of the reaction was analyzed bY[BC Acetonitrile (1.59mL) was chosen

as solvent for quantifying the Hiberation from benzylamine tprecludethe H generation by the
oxidation of ethanol.

reaction vessel
wash bottle g with septum
blue LED
,
fan 25cmx25cm
50 W, 470 nm
magnetic stirrer — fan

Figure S1 Experimental setip for photocatalytic experiments. The reaction mixture is illuminated by\& Bue LED

(470nm) from below.

Kinetic Study of the Cross-Coupling of Benzylamine andCyclohexylamine

The general procedure for photocatalytic experiments was apfille@mL reaction vial was charged
with 5 mg NisCdS@MIL-101 catalyst, benzylamine (189L , mmbl) and cyclohexylamine (1%5L ,

1 mmol). The vial was sealed, evacuated to remove theramsphergand flushed with argqrbefore

dry and degassesgthanol(1.5mL) was addedA single photocatalytic reaction was performed for each
time interval of the kinetic study. Therefor the pdrif illuminationby a 50W blue LED (470nm,
distance m, ~15000x) was variedn-dodecane (100 L , rOmoldwas added as internal standard
and the catalyst was separated from the reaction solution by centrifugatiorrg8Q0@min) before

guantitaive analysis by GC.
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Evaluating the Photocatalytic Stability of Catalysts

The general procedure for photocatalytic experiments was apflle@mL reaction vial was charged
with 5 mg catalyst, benzylamine (1G9 L , mmbl) and cyclohexylamine (1X5L , mmial). The vial
was sealed, evacuated to remove the air atmospmadlushed with arggrbeforedry and degassed
solvent(1.5mL) was addedThe vial was illuminated fo#8 h by a 50V blue LED (470nm, distance
2.cm, ~15000x). The catalyst was sepagdtfrom the reaction solution by centrifugation (905,

9 min), washed with ethanol and dried in vaculmefore analysis byXRD and XPSThe post
photocatalysis solutions were analyzed for leached Cd und Ni bDEF Samples were prepared by
removingvolatile organic compounds in vacuum and diluting # Bitric acid solution. The leaching
of NisCdS@MIL-101 and CdS@MIt101 was determined to be5® ppm(Cd) and <12 ppm (Ni).

Recyclability Study of NisCAS@MIL-101

For the recyclability study, &0OmL reaction vial was charged with a magnetic stir bar,
NisCdS@MIL-101 catalyst (3ng) and benzylamine (1@9L , mmal). The vial was sealed with a

rubber septum, evacuated to remove the air atmosphere, and flushed with argon. Dry and degassed
acetonitrie (1.5mL) was added, then the vial was further purged with argon fein1 The vial was
illuminated for 3h by a 50W blue LED (470nm, distance 2m, ~15000x) and cooled by a fan.
n-dodecane (100 L , rmol}wias added as internal standard andahalyst was separated from the

reaction solution by centrifugation (9088m, 9min) before quantitative analysis by GC. The amount

of evolved H was determined by injecting5@0L o f met hane as internal st
vial before LED illumination. The gas phase of the reaction was analyzed byTET
NisCdS@MIL-101 catalyst was purified in acetonitrile and ethanol (washing, centrifuging at@a00

9 min) three times between the runs.
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6.5.2 Material Characterization

(@)

Figure S2 (a) N2-physisorptions isotherms of MiLO1, CAS@MI-101 and NiCdS@MIL-101 with respective surface areas

Volume / cm3g?

i b
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2700 m2/g 7 g
10001 I ,/-;’ .
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800 /'f = o]
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1250 m2/g ) I/. 2
400 . enam a2l =)
o : S 2]
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200 | ' ' 1040 m2/g ol
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—— MIL-101

—=— CdS@MIL-101

T T

5 6

Pore width / nm

determined by BEdmodel (0.050.3 p/po). (b) Pore size distribution of MH101 compared to CAS@MIL01.

CdS@MIL-101

CdS commercial

MIL -101

50 nm

PdsCdS@MIL-101

Figure S3 TEM analysis of asynthesizedoctahedrakhapedMIL-101 and CdS@MIL101 showing the corshell

morphology. For comparisomEM analysis of commercial CdS (Alfa Aesar) was perform@&EM analysis of

NisCdS@MIL-101, PdCdS@MIL-101 and RCAS@MIL-101.
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Table S1 ICP-OES analysis of CdAS@MHL01, NsCdS@MIL-101, PECdS@MIL-101 und RCdS@MIL-101 with contents

given in wt.%.

Compound Cr Cd Cds® Ni Pd Pt
Cds@MIL-101 11.7 36.3 46.6 - - -
NisCdS@MIL-101 9.8 34.9 44.9 51
PdCdS@MIL-101 8.9 35.5 45.6 - 5.2 -
PtCdS@MIL-101 8.4 354 455 - - 4.9
[a] Calculatedbased orCd conten
1.0

@ . ®) [Z - cas@miL-101
0 8__.,.-~—"""'_'"" S — linear fit
= ' '\..’ _______________________
© \ 3
8 0.4 -« ©
? T~ . T
< o] —MiL-102 RN =
| ---cds@miL-101 S
0oL NiCds@miL-101 .| EgTeadey
' 400 500 600 700 21 22 23 24 25 26 27

Wavelength / / nm

hnlev

Figure S4. (a) Diffuse reflectance speetof MIL-101, CdS@MIL:101 and NSCAS@MIL-101 in the range of 30-700nm.
(b) Tauc plot for CdAS@MIEL01 (apdying the MunkKubelka equation)

Table S2 Linear fitting parameters anf@-value (squared correlation coefficigrfor the optical band gagetermination by

thetauc plot §ee Figuré&4).

Stand. error
intercept

Intercept

Slope

Stand. error

R?-value
slope

CdS@MIL-101 -8855

149

3631

59 0.99602
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Figure S5 XPS spectra of NCAS@MIL-101. (a)Survey spectrum, (lthe S2p region, (cjhe Cd3d region and (dhe Ni2p

region in detail.
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Figure S6 EDX elemental mapping of MCdS@MIL-101 shows the deposition of CdS on MID1 crystals and

homogeneously distributed Ni particles.
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Figure S7. (a) FT-IR spectraand (b)thermogravimetri@nalysisof MIL-101, CdS@MIL-:101 and NiSCAS@MIL-101.
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(2) CdS@MIL-101 post catalysis

(3) NisCdS@MIL-101
(4) NisCdS@MIL-101 post catalysis

_(5) MIL-101

(b)

(1) Without light

2) without benzylamine

(3) in dry acetonitrile

(4) without solvent

(5) cds@MIL-101 post catalysis
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Figure S8 XRD of CdS@MIL-101 catalysts to evaluate the stability of Cd& NisCdS@MIL-101 and CdS@MI+101
catalysts pre and post catalysis(4) compared to neat MHLO1(5). (b) CAS@MIL-101 catalyst exposed to different catalytic
conditions: (1)without light, (2)without benzylamine, (3p dry acetonitrile, (4ithout solvent, (S5ytandard catalytic
conditions. (cPECAdS@MIL-101 and PeCAS@MIL-101 catalysts pre and postalgsis (1}(4).
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Figure S9 Fluorescence lifetime measurements in the frequency domain performed on neat CdS@MiLmodulation
frequencies of 11MHz, 125MHz, and 159MHz confirm that the results do not depend on the laser modulation frequency
within the experimental error.

6.5.3 Photocatalytic Experiments

Table S3 Solvent screening for the photocatalytimn-symmetric coupling of benzylamine and cyclohexylantthe.

NH
NH 2 Photocat. X /O X
2y — N + N
hv, Ar . )

-NHj, -H,
Entry Solvent Yield 1 [%] ! Yield 2 [%]
acetonitrile 26 53
2 methanol 13 31
3 ethanol 74 7
4 tetrahydrofuran 8 28
5 toluene 29 34
6 hexane 26 48
7 dimethylformamide 19 13
8 pyridine 17 11
9 dimethoxyethane 7 51
10 no solvent 34 22

[a] 1 mmol benzylamine, Inmol cyclohexylamine, 1.BL solvent, 5mg NisCdS@MIL-101, 470
nm blue LED (50V), 20h, rt, Ar. [b] Determined by GC using-dodecane as an internal standard.
[c] Referred to 0.5nmol.
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Table S4. Screening othe amount ofolvent and amount of catalyst ftire photocatalytic coupling of benzylamine and

cyclohexylaming?

NH
NH 2 Photocat. N /O X
2 + > N + N
hv, Ar . )

-NHj, -H,

Entry Ethanol [mL] Catalyst [mg]  Yield 1 [%] P! Yield 2 [%] ¢

0.5 5 34
2 1 5 52
3 15 5 74
4 2 5 60 10
5 3 5 2 41
6 15 2 54 11
7 15 5 74 7
8 15 7 65 12
9 15 10 57 14

[a] 1 mmol benzylamine, tnmol cyclohexylamine, different volumes of ethanol, different amount of
NisCdS@MIL-101, 470nm blue LED (50W), 20h, rt, Ar. [b]Determined by GC using-dodecane as an
internal standard. [dReferred to 0.5nmol.

Table S5 Reversible transimination of homocouplédtbenzytl-phenylmethasimine with cyclohexylamine to yield

N-cyclohexyyt1-phenylmethanimine applying different reaction conditiGhs.

sagelloat s

1

Yield 1 [%] P benzygriiene [%0]
CdS@MIL-101 67 0
NisCdS@MIL-101 80 0
Wit hout has 26 31
Without catalyst 28 28

[a] 0.5mmol 2, 1 mmol cyclohexylamine, 1.aL EtOH, 20h, 5mg catalyst, rt, Ar,
470nm blue LED (50/). [b] Determined by GC using-dodecane as an internal
standard.
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Figure S1Q Photocatalytic H generatiorfrom benzylamine by NCdS@MIL-101 during a light on/off experimelst.H2

evolution was just observed under visible light illumination.1jajmol benzylamine, fng NsCdS@MIL-101, 1.5mL

acetonitrile, 50&L methane470nm blue LED(50W), rt, Ar.
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Figure S11 Recycling study oNisCdS@MIL-101 in the photocatalytic acceptorless dehydrogenation of benzyl&hhioe.

remarkable loss of activity was observed for five successive rursnjajol benzylamine, ;ng NsCdS@MIL-101, 1.5mL

acetonitrile, 50&L methane, 31,470nm blue LED (50WN), rt, Ar, closed system.
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6.5.4 Theoretical Procedure

The molecular model that we studied contained benzylamifds} and the intermediate ¢8-N),
respectively, in combination witkither one Nisor Pdscluster (cp. Figurd). The joint organometallic
system is denoteMINP.3/C;HsN and MNP:13/C7H/N, respectively, wititMNPy; referring to the metal
nanoparticle Ni or Pds. Our computational procedure follows the line of our previous Wwok/e

used the TURBOMOLE® program package for our Density Functional Theory (DFT) study. We
performed geometry optimizations (GO) to obtain reliable molecular structures. All GOsrtret f
electronic ground state calculations utilized the €% P'S"! basis setAll our calculations considered
vanderWa al s® i nteracti ons R[iDeaaling With trassititnenmatal pastitles Gr i mi
requires a careful choice of the xc energpdtional, as pointed out in the main manuscript. The
Coulomb energy (Hartree term) that is present in BB@pntains a selinteraction energy contribution

that is generally more prominent in localized than in delocalized electronic &3tess one of the
responsibilities of the exchangerrelation (xc) energy functional to compensate for that spurious
energy contributiof*YIn practice,e.qg., hybrid xc approximations partly remove sklferaction by
including exact Fock exchange fractiogalDealing with Nis and Pds is further complicated by the

fact that their ground state is sgpolarized?'? Slwhich is a more general finding for transition metal
clusterd$*S221Consequently, the introduction of a certain amount of Fock exehaight also lead to

an overestimation of the sppolarization and spin magnetic moment, respectively. For this reason, we
complemented our PerdeBurke-Ernzerhof (PBEY?®! generalized gradient approximation (GGA)
calculations with further using three binid xc functionals containing different percentages of Fock
exchange: The TPSSH! (10 %), B3LYPS%! (20 %) and PBEG?®! (25 %). Additionally, we checked

our results with TPS%1and SCANF?8land thus, incorporated xc functionals from the r@&@A rung.

We determined the spin multiplicity of the ground state for each xc functional. For the latter, the most
stable spin state was found by calculating a set of GO or ground state calculations with fixed
multiplicities of a pertinent range (see below).

Starting our investigation, we performed GOs for benzylamine, the intermediate and both metal clusters
(Ni13, Pdg) to obtain reliable structures and total energies of each. The total er&s(fiase reported

in TableS6 and S7 for the organic molecilend clusters, respectively, and were used to calculate the
binding energies of the joint systems thereafter. Our calculations and further, yet unpublished data
strongly suggest that the icosahedral structure is arguably the most relevant one &odRt;; at

room temperature in solution. Thus, we started from an icosahedral metal geometry for both clusters.
See [S5] for a discussion of structural isomers of the metal particles.Sablgditionally features the

spin magnetic momert®® of the correponding electronic ground state (predicted by a certain xc
functional);e.g.,a spin moment of 8s corresponds to a spin multiplicitp =9, whereasn= 2S+ 1

andSdenotes the spin quantum number.
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Table S6. Total energy & for the singletground state of one benzylamine7K{sN) and the intermediate ¢8-N) in

dependence of the functional approximation.

Table S7. Total energy &t*® and spin magnetic moment¢ for the corresponding ground state iobsahedralNiiz and

XC Eo(CHoN) [eV]  Ewd(C/H-N) [eV]
PBE 8887.3¢ -8854.5¢€
PBEO 8888.35 -8855. 27
B3LYP 8893.58 -8860. 623
TPSS 8900.623 -8867.5¢
TPSSh 8899.71 -8866.6C
SCAN 8894. 86 -8861. 83

icosahedral Pdin dependence of the xc functional. A relativistic epotential®*®was used for Pd.

XC Ew“(Ni1s) [eV] €*(Ni13) [€8] Ew“(Pd3) [eV] e8"(Pda) €8]
PBE -533506.0785 8 -45270.8245 8
PBEO -533493.3678 16 -45254.5648 8

B3LYP -533554.0148 16 -45250.4232 8
TPSS -533604.0066 8 -45249.6988 8
TPSSh -533587.3274 8 -45244.9208 8
SCAN -533632.9777 8 -45273.0666 8

For the icosahedral Pgall xc functionals predicted a spin magnetic moment &f ®r the ground

state, agreeing with related previous stufi&s>5The situation for the icosahedral:plihowever,
proved to be more delicate, as the holistic finding of previous DFllestalready indicate@>12-513.529

Our PBE GGA, metdsGA (TPSS, SCAN) and hybrid TPSSh calculations predictegl 8et, both

hybrid functionals containing a larger amount of Fock exchange (PBEO, B3LYP) preferred a higher
magnetic state of 1€. As dscussed previously® the magnetic, high spin state predicted by hybrid
functionals (PBEO, B3LYP), seems to conform with recenta)X magnetic circular dichroism
spectroscopy experiments of cationigd\that were independently reported by Langentesti. and

Meyer et al.5'7S¥Prior to these, however, Ste@erlach studies on Ni predicted a lower total

magnetic momerig1®520

In order to obtain realistic structures that also incorporate potential temperature effects, we utilized DFT
Born-Oppenheimer Molecular Dynamics (BOMD) simulations with a Ns@ver thermost&t® for
our model system. Our BOMD setup was the following: The temperature was set ko 283
employed the PBE (GGA) in combination with the d&f2FS3Y basis set. The Condtorlike
Screening Modé&P2( COS MO)
by the

caused

consi

der s

presence
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PBE GO test calculations that indicated a reduaabicthe magnetic moment for BtC;HoN, but not for
Ni1g/C7HgN, we chose a fixed spin magnetic moment et &nd 4eg, respectively. Furthermore, we

fixed 8¢g for Ni1g/ C7H9N and 2¢eg for Pdis/C/H7N sincesimilar calculations implied a furthguenching

of the magnetic moment. The relaxation time equaled approximatelg.56QL3.(0s) and 40Qa.u.

(9.3fs) for systems containing Rdand Nis, respectively. We chose a time step 080 (1.9fs). The

total simulation time was circap, whid was enough to observe several low energy structures in all
calculations. We extracted those structures that corresponded to the most prominent energy minima of
the BOMD simulationi(e., 4 structures for N¥C;HsN, Pds/C7HgN, Ni1g/C7H/N and 5 for Pgy/C7H7N).

For these structures, we carried out GOs to further relax them and to determine their magnetic ground
state. For the latter, we carried out a set of GOs with PBE and fixed spin magnetic mon)ts (in

the range of [ 0, 2 trécturgsORinall, we determineld theHindirg lere@ygf s

for each structure by subtracting the total enerdies of the bare systems (see TaB® S7; here

first for C;H9N and later GH7N):

Es* (MNP13/C7HgN) = Etof® (MNP1/C7HN) T Etot™ (MNP13) T Etot (C7HoN), 1)

xcrefers to PBE (GGA) here and further below to the rest of the aforementioned functionals. As a result,
we found with PBE that N/C7/HoN (8 €g) is bound by-3.54 to-3.55eV and Pey/C/HgN (4 €g) by -

2.73 t0-2.75e V . I n the BOMD simul ati on, we started fr
benzene ring was close to tMNP;3 and the functional groupNH2) was pointing away from the

MNPis. An additional finding was that during these BOMD alations, the functional group aligned

towards Nis and Pds, respectively, and further resided in that orientation. The lowest energy
geometries,.e. those corresponding t.55 and-2.75eV, are depicted in the main manuscript

(Figure4), which cleay show an orientation of the functional group towards the metal clusters.

To check whether the observed trend in binding energy is robust, we also computed the electronic
structure with PBEO, B3LYP, TPSSh, TPSS and SCAN. For this purpose, we kept iheéstoenergy
geometries fixed and carried out ground state calculations. We determined the ground state by varying
the magnetic moment (igg) i n t he r &Myl +2f (€ [ackording ® ;Table S2.g.
ePPEANi13)=16¢€g).

TableS8 shows theesults of our study: We calculated the difference in binding energy #y=
Es*(Ni1g/C7H9N) T Eg*(Pdi/C7HsN) to find a potential preference of the binding of benzylamine to one of
the metal clusters. We found the general trend that benzylamine binds more stronglthemNo Pek

by several hundred meV, yet with the exception for PBEO. However, we belataah/ery high spin

state §€P2E{Ni1g)=14¢g) is responsible for that outlier. We consider that the true binding is more
accurately represented by the other xc functionals. Furthermore, these functionals (B3LYP, TPSS,
TPSSh, SCAN) confirmed our resultsr fPBE qualitatively. We therefore consider using PBE to be
enough in the study of the intermediateeH@N). We then calculated the binding energies for the

intermediate following the exact same procedure as for benzylamine. The trend that emerged from our
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GO calculations with PBE is that MIC7H7N (8 €g) is bound by3.48 to-3.54eV and Pgy/C/HoN (2 £g)
by -3.08 to-3.12eV. In conclusion, the intermediate binds stronger t@ than to Pg;, yet overall

slightly weaker compared teenzylamine.

Table S8 Total energies &*, binding energie€s*® and spin magnetic momerd¥ for the corresponding ground states of
MNP1s/C7HoN in dependence of the xc functiondlhe difference in binding energgpE* = Eg*{(Ni1s/C7HoN) i
Es*(Pcia/C7HoN). A relativistic corepotential®*®was used for Pd. Aenergetically degenerated state w.r.t. magnetic moment
is indicated by two entries.

Ni1z/C7HoN Pdis/C7HoN

XC Ewi“ [eV] Eg*[eV] €*[eg] Ewd“ [eV] Es*[eV] €*[es] |pE*[eV]
PBE | -542397.0177 -3 . 5 8 -54160.9728 -2 . 7 4 0. 71
PBEO | -542383.5580 -1 . 8 14 54145. -2.1 6 0. 21
B3LYP| -542449 -1.6 8 54145, -1.0 6 -0. 6
TPSS| -542508 -3. 8 8 -54153. -2.8 4 -1. 0
TPSSh| -542490 -3.7 8 54147. -2.6 4, 1. 11
SCAN| -542531 -3.6 8 54170. -2.9 , 0.7
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Abstract: We report on a new photocatalytic system that consists of an iHo#as®d photosensitizer

that has been encapsulated into the pores of the-orgtahic framework (MOF) MIE101, whch have

then been loaded with metal nanoparticles. Loading with Ni leads to substantially increased
photocatalytic hydrogen evolution rates, whereas loading with Pt and Pd leads to only a small increase
or none at all, respectively. These experimentatlifigs triggered us to theoretically study the
combination of the photosensitizer and metal cluster in detail.-@iependent density functional theory
calculations with an optimally tuned rangeparated hybrid functional show that the optical excitations

of systems, in which the iridithased photosensitizer is combined with a metal cluster, involve a
pronounced charge transfer from the metal to the photosensitizer. Density functional calculations show
that the binding energy between the photosensitiztttzan metal cluster is considerably larger for Ni

than for Pd and Pt.

7.1 Introduction

Photocatalysis is one of the processes that have the potentiaki an important contribution to
meet i ng ma n keeds sustanablyrear by generatingbgdn that can repladessil fuels.

There has thus been a great interest irptigophysical properties ofghenylpyridyt (ppy) and/or
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2 , -ldpMiidyl- (bpy) ligandbased Ir(lll)photosensitizers, andhsights have been gained from
theoretical and expinentalefforts in recent years? It has been shown that thesensitizers have a
lowest triplet state () that is associatedith a longlived charge separation. The latter can facilitate
redox reactions that ultimately lead to tieneration ohydrogen. In such triplet photosensitizers, the
triplet excitations can rapidly be accessed after optical excit#timugh intersystem crossing, as the
central Iratom introduces pronounced spiarbit coupling, and the lowest tripleixcitation T; is
reached through internal conversion. Generdllyis longlived, e.g., with a photoluminescen@el.)
lifetime of 3. 80.1-14e s f or mo st phitasensitizess] Thepetedtranic hature of;Tcan
usually be characterized digandcentered, metdigand to ligand charge transf@LLCT) or a
varying mix of both? [Ir(bpy)(ppy)]* (named IfLO in the following) is a prime example of such a
redoxactive triplet photosensitizer, since it exhibits a Kimgd Ti (().=370ns in degased
tetrahydrofuran (THF? with a distinct Ir/ppyY bpy chargeransfer characterdesignated as
MLLCT(bpy).4510.11]

In the present study, which combines first experimentsavitetailed theoretical study, we discuss that
metal nanoparticlegMNPs) can modify the properties of a photosensitizersatdtantially enhance
the hydrogen evolution rate. V¢enfined a visible light photosensitizer with the [Ir(bpy)(pbyinotif

(cf. Figurel, named HL1 in the following) intoMIL -101, which was subsequently loaded with Ni, Pd,
and Pnhanoparticles. Upon loading with Ni, we observe a significailyanced photocatalytic activity
for hydrogen evolutionyhereas Pt and Pd lead to just a small enhancement oanalherespectively.
Rdying on density functional theory (DFT@nd timedependent (TD) DFT with a rangeparated
hybrid functional*?® and a rangseparation parameter thatdstermined by nonempirical optimal
tuning®1¢2"lwe analyzehow the presence of metal particl#sanges the electronstructure and the
excitations of the photosensitizer. We fithat there is a strong electronic interaction between the metal
particles and the 4Ll in the ground state, with a clear trendhie binding affinity between the MNPs
and Ir-L1: In the modekystems that we studied, the Ni particle binds considestfiynger to kL1

than Pd and Pt. The presence of the meilals substantially changes the character of the excitations.
Theabsorption spectrum shows many densely lyingtations, andve find clear signatures of a charge
transfer from the MNP tthe Ir-L1 in the optical transitions. We discuss possiifeerences between
the mechanisms of hydrogen evolutiortie MNRIoaded samples and the mechanism discussed above

for the bare Ir(lll)photosensitizer and put our findings ip@rspective in the concluding section.

7.2 Synthesis and Hydrogen Evolution

Thethreed i mensi onal me t al 1-DOA(Grpismade fronr tlze imkageof tkrepMhalic
acid andsecondgy building units (SBUs, GO) where two out of thre@r* cations exhibit an accessible
coordinatively unsaturatesite (CUS)?® The activated host material CUS@MII01 isyielded by the

removal of auxiliary water ligands anthereafter, can engage adsorption processes of guest
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moleculesin recent years, the grafting of various alcohols to Lemiglic coordinatively unsaturated
Cré* sites was demonstraté®3? Hence, we designed a bipyridyl ligabdl that contains hydroxyl
groups in the backborand allowshomogeneously distributed grafting to CUS. This serveshasia
for the targeted encapsulation of an iridium photosensitidgr an IFLO motif within MIL-101
following a shipin-a-bottle approach. We compared the new heterol@diom photosensitizer hL1
(cf. Figurel) to the establishedr(dtbbpy)(ppy}]* ( 4 -did4eNjbutyl-2 , -l@pMijidyl, namedir-L2) in
means of optical absorption characteristics agdox potentials, two crucial factors for efficient
photocatalysisand found nesignificant differences, as shown in tBapporting InformatioriSl). The
theoretical comparisowith Ir-LO further corroborates the photocatalytic functionabtylr-L1, as
discussed in the sectionlld Triplet Photosensitizé#d Therefore, we considéhe photosensitizer-lc1
suitable for our study on a confined photocatalyst systemcdimnposite material M/[{L1]@MIL-101
was synthesizedlong a fousrstep route as outlined in FigutgM: Ni, Pd, Pt).

MIL-101 CUs@MmIL-101 L1@MIL-101

f’y, (i) 150 AC,
“a, 4- vacuum

R

wig. SR _HO N N=

‘i ; g“*‘» 2 + /_\ N )

p . OH HO
“Ue Ir-L1
,{‘ C o (iii) Formation of Ir-L1:
: 1. + 0.5 [e-Cl(ppy),Ir],

N 2.+ NH,PF,, - NH,CI
Ir =

\ ) | [|r-L1]@MIL-101|

4 50%
Photocatalytically [M/[”'Ll]@M'L'lOl (iv) Metal loading % &g

active systems | M: Ni, Pd, Pt 1 MOGVD i, o

2. Reduction (H) S T

Figure 1. Synthesis of M/[IfL1J@MIL-101 by the shipin-a-bottle approach: Stef)): CUS@MIL-101 is generated by
removing auxiliaryH20 ligands from the SBU. Std): After grafting the ligand L1 to CUS@MHLO01, stegii) : the iridium
dimer [E-Cl)(ppy)klr]2 was added for the H.1 complex formdbn. The anion was exchanged by noncoordinating
hexafluorophosphat&tep(iv): For metal loadedatalysts, a suitable metal precursor was infiltratéa MIL-101 by metal
organic chemicavapor deposition (MOCVD) and reduced by treatment. The moleculatructure of kL1 was determined

by X-ray single crystal structunalysis. For crystallographic data asuinplex characterization, s&é

Step (i): The activated form of the host material CUS@MIQ1 was generated from native M1I01
by removal of ugo two molecules of water per SBU, which originated fromhy@rothermal synthesis
of MIL-10128 Therefore, MIl-:101 was heated to 150C in vacuum for 12, resulting in
CUS@MIL-101 crystallites with an intact octahedral shape StfFigure S4(a)). Compared to as
synthesized MIE101, no significantchanges in crystallinity were observed @F, FigureS4(b)).

Step(ii): In order to ensure a homogeneous distributionthef bulky iridium complex HL1
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(D13.3%x 10.0A), we followed a shign-abot t | e appr eipycdyl:4 | -dinlgtbanol2 , 2 Nj
ligandL1 was homogeneously grafted to thetivated MOF through coordination at the unsaturated
Cr¥* sites of the SBU as monitored by Fourier transftRnfFTIR) and magic angle spinning (MAS)
nuclea magnetiacesonance (NMR) spectroscopy (Efgure2(a)). Theassignments dfC MAS NMR
shifts were made by aomparative study of MH101, L1, and HhL1l. ParamagnetidAS NMR
previously proved a very useful tool for identifyimgpordination species®* revealing diagnostic
hyperfine shifts forC atoms close to paramagnetic centers. Accordingly, the MAR spectra of
MIL -101 showed massive negative paramagrsdtiits for the skeletal terephthalic linkeBT0ppm)

as compared to noncoordied molecules (cfrigure2(b)). In keeping with this finding, the
paramagnetic shift for Clllpara292ppm) and CZ2paa2 ppm) signals of the grafted ligahd gave
clear evidence for the successful incorporation ofitfaend at defined sites of the BRcf. Figure2(b)

and Sl FigureS6(a,b)). A diamagnetic shift for G1lqa 58 ppm)indicated the coordination of the ligand
by one hydroxyl groupnly. For further interpretation of the MAS NMR shifts, trafting process of

L1 was analyzed with DFTnethods (cf. Sifor details). Truncated models of the trinuclear SBU
(cf. Figure2(a)) have been optimized in the native form (8BY and inthe ligandgrafted form
concomitant with partial dehydratidh1@SBUFT). Incorporation of L1 via coordination #te open
coordination site of Gt accommodates the cldfetween neighboring terephthalic moieties. L1 is found
well-suitedto bind via strong hydrogen bonding at a second sitheofame SBU. The dg/mmetric
interaction with twadifferent Lewis site®f only one of the hydroxyl groups the ligand backbone of
L1 thus wellmatches the outcomes HC MAS NMR spectra. In keeping with this, computation of
L1@SBUFT reveals small but significant Mulliken spilensitieg at C1 and C2 (with(C1)L }(C2))

but noneatthe Hbr i dged | i gand a fpomtandhorioMNjl a and singlé SBU asT w o
in optimized L1@SBUT serves to fix the pyridine moieties of L1 in a ckieeoplanar
cis-arrangement, which is suitable for-siteconstruction of therlphotosensitizer. IR spectra computed
of grafted LL@SBUOT qualitatively match the experimentidta (cf.Sl, FigureS15).

Step(iii): On-site formation of the .1 complex wasa c hi eved b yCh(apy)dr.dinger a [ ( €
with predisposedr(ppy). units and incorporation of noncoordinatihgxafluorophosphate through
anion metathesis to yield {lrl]@MIL-101. The successful encapsulation of thphibtosensitizer
within the MOF pores was corroborated by-IRT spectroscopy (cfSI, FigureS8) and MA NMR
spectroscopy(cf. SI, FigureS6(c,d)). In contrast to ligand grafting, th€ MAS NMR spectrum of
[Ir-L1]@MIL-101 did not indicatdirect grafting via G sites, since signals were observed aritjin
the typical diamagnetic shift region-{@0ppm). Inparticular, there were no signs of -dgmmetric
attachmentWe believe that the formation of the sterically demandirigliphotosensitizer within the
mesopores of MIE101 wasassociated with the decoordination of L1 from thé* €ites.High-ande
annular darlield scanning transmission electromicroscopy (HAADFSTEM) images indicated a
homogeneoudlistribution of Ir in the MOF crystallites (cfigure2(c)). Analysis via inductively

coupled plasma optical emissi@pectroscopy revealed the gpeace of 5.8vt.%Ir due to IrL1
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encapsulated in MH101, which corresponds to &3mo | rigtt(mI).-101). Diffusereflectance
ultravioletvisible spectroscopgf yellow-green [IFL1]@MIL-101 showed absorpticat wavelengths
below 600nm (seeSl, FigureS9). This findingis highly consistent with the optical absorption
propertiesof L 1, whi ch str ongl y <a2bmnd2r36ey). Vdetinvestigated this n gt h s
photocatalyst [HL1]@MIL-101 for theproton reduction from water using triethylamineaasacrificial
agent. For this purpose, degasbk® and triethylamine werelissolved in degassed THF, the
photocatalyst was added, anlble slurry was illuminated with a blue LED (4ith, 50W).
Discontinuous headspace analysis throughopasmatographyuantified the amount of Hevolved
after 6h, from which theH; evolution rate per hour was calculated:JIf§@MIL-101 was found to
produce about 0.3¢ mo L) o' mo |*@tkthe gelected reaction condition, i.e., the photoreaction was
slightly superstoichiometric afterté Confinement of thphotosensitizer .1 affects its photophysical
properties. Weaeport an investigation of the stability of ld]J@MIL-101 inthe SI. Time-resolved
luminescence spectroscopy of-pi]@MIL-101 demastrated a multiexponentiBlL decay with
lifetime components in the time range of only a few nanosecanbige Ir-L1 gave leading decay
components in the time rangé several hundreds of nanoseconds &led-igureS13 andlableS2).
Thus, the compositr-L1]J@MIL-101 opengleactivation pathways for-ltl that can be related to its
confinement, steric distortion, and/or the ojshiell skeletorof the MOF. Nevertheless, and in spite of
the reduced excitedtatelifetime, confined [IrFL1]J@MIL-101 still is active towardphotochemical

hydrogen production.

@)

Linker+3+6

2paral

’K{. A(HO)

DFT DFT : , : ' ( I I
SBU Li@sBu 600 400 200 O -200 -400 -600

d/ppm

Cr K edge Ir M edge ~NiKedge composite

Figure 2. (a) DFT optimized structuresf a truncated model of SB" and ofits adduct.1@SBU"T; diagnostict®C MAS
NMR carbon sites are highlighted. 38C MAS NMR spectrunof LL@MIL-101 including assignmentspinning side bands
were marked witta dot. (3 HAADF-STEM of Ni/[Ir-L1]@MIL -101 and representative EDX elememtzips of Cr, Ir and Ni.

Additionally, overlappedelement maps are given.

Step(iv): Incorporation of group 10 MNPs (Ni, Pd, Ptw&%) within the pores of [{L1]@MIL-101
was achieved by aetalorganic chemical vapor deposition approach vetiitable precursors and
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onsite reduction to metallic nanoparticlleg hydrogen treatment (c¢&l, TableS1). Exemplarily, we
recorded a HAADFSTEM image andepresentative energlispersive Xray spectroscopy (EDX)
elemental maps of Ni/{L1]J@MIL-101 (cf.Figure2(c)). The spatial distribution of Gatoms matched
the octahedrakhape of the MILLOL crystallites, which was obviously retaingldroughout all
modifications. Ir and Ni are likewise detecteamogeneously distributed over the MQme additional
presence of group0 MNPs did nosignificantly alter the PL of (nemetatloaded) [IFL1]J@MIL-101,
except for a small increase in the PL lifetime (S&eFigureS13 and Tabl&2). Regarding the
photocatalytic activity (cfFigure3), palladium almost entirely quenches the hydrogen evolution
(0.03¢ mo k) fr't¢ mo |Y. Loading with thewell-establishededuction (co)catalyt leaves the
activity largelyunaffected (0.5 mo kL) b’ mo |} It wap surprisingo find the 3dmetal nickel
boosting the hydrogen evolutiorate by a factor of 5.6 to 1.21mo kL) b4 mo |( therepy
outperforming the established precious metalsHiglure3). In conclusion, the distinction in cocatalytic
efficiency cannotbe correlated with effects of Ni, Pd, and Pt on gi®toluminescence of the
[Ir-L1J@MIL-101. However, wesee a clear qualitativeffect of the metal element itself. TIMOF
stabilizes the metal nanoparticles without blocking theiface and ensures the spatial proximity of the
metal and th@hotosensitizer. The proximity of the metal can be expecthdve an effect on electron
transfer and energy transfer betwaba metal and the photosensitizer and thus affect the catalytic
activity. Our experiments show a highly beneficial effect foratenetal nickel. In the following, we

take steps tanderstanding this effebetter via computational analysis.

2.0 Ni/[Ir -L1] H, Evolution
= 11 034
e [Ir-L1J/Ni  1.91
é ] [rL1/Pd 0.03
- [Ir-L1)/Pt 0.51
=10
T
2 Pt/[Ir-L1]
E 051 [y .

Pd/[Ir-L1]

©
o
N

@MIL-101

Figure 3. Hydrogen evolution rate for the photocatalyticoton reduction from water for Hrl)@MIL-101 and
M/[Ir-L1]@MIL-101 (M: Ni, Pd, Pt). For general procedure for photocatalytiseriments, se8l.

7.3 Analysis of the Electronic Structure and Excitations

For further understanding we have performed a computational analysis of key elements of the
experimental system, with a focus on the combinationbt iwith Ni, Pd, and Pt and the corresponding

chargetransfer properties.

Ir-L1 Triplet Photosensitizer.As a first step, we checked whether adding the anchor groups to the
photosensitizer leads to any unexpected efféétscalculated theptical absorption spectra of thellt
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structure thatinderlieghe experiments and the basic motEd, which is arintensively studied triplet
photosensitizer (cintroduction).The former differs from the latter by the anchor gro@H.OH) that

is attached to the bgigand. Figure4 showsthat the spetra calculated with TDDF3*3¢! (cf. SI,
Computation Details) are qualitatively very similar. Téeongest vis singlet excitations of both
complexes are locatedoundD3 eV. The brightest one of-lr1 (Ss, 3.03eV) shows slightly increased
oscillatorstrength(0.1023) compared tihe brightest one of L0 (2.99eV, 0.0886). Note that in this
and all following figures, we folded the calculated oscillatnengths with Gaussians to guide the eye
(scale on the lefedge of the figure), whereas the datdr strength itself waglotted on a scale of
[0, 0.2]. We also calculated the electronic difference densities ositiglet and triplet excitations,
respectively, with the singlground state, as depicted in the inset of Figuia thebrightest excitation
Sy(Ir-L1) and T(Ir-L1). T shows a clealong-range MLLCT(bpy) character, as illustrated by the red
and blue wireframes that indicate negative (area of eletdnd® and positive (gain) in these and the
following differencedensities An isovalue of 0.00082 was used in the plots tife difference densities
throughout the paper. The MLLCT(bpy) oflld is qualitatively very similar to the one ofllO (cf. Sl,
FigureS17). In total, KL1 inherits the keyphotophysical properties tr-L0O and can function as a triplet
photosensitizer via the previously discussed mechadfishme findings from the calculations are thus
in line with theexperimental observations that also point to a negligiflgence of the anchor groups
(SI, Figure S2).

absorption (arb. unit)

energy (eV)

Figure 4. Vis absorption spectrum of thaodified I-L1 and standard 4L0: The excitationspectra were calculated using
TDDFT with the nonempirical optimally tunedPBE (¥op(Ir-L1) = 0.16 bohr?!, ¥op(Ir-L0O) = 0.16 bohr!). The relative
oscillator strengths indicated by the height of the vertical redd blue bars for L1 and I-LO, respectivelyTi(Ir-L1) is
marked by the singlgrey bar. Fora better visualization, the spectrum is shiftedtically by a constant of.02 arb.unit.
Inset:Difference densities for thierightest single$s (3.03 eV) andthe lowestriplet excitation T (2.26 eV), with schematic

allusionto intersystem crossing and internal conversiggethe main textfor details about the difference derest

Influence of Metal Nanoparticles on IrL1. As studying the complete system ofllt and an MNP
inside MIL-101 with firstprinciples methods is computationalliyfeasible and the main electronic
effects are expected txcur in thanteraction between the metals and_Ir, we arestudying a model
system that contains a-HBom metal clustgiMis = Niis, Pds, Pts) and one kL1 molecule. Obviously,

the 13atom clusters are smaller than the nanoparticles thetdiMOF pores in #1experiment§/! but
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given thecomputational restrictions, we consider-dt®8m clusteraminimalistic structures that are
suitable for studying thmetatir-L1 interaction for several reasons: They are knowiotm a variety

of stable isomer8®47landsimilar geometriesccur for all three metals. This allows the different metals
to be compared on a similar structural basis. Furthermore, we Iygreerally observed in
Born-Oppenheimer DFT moleculadtynamic&®4° (BOMD) simulations at room temperatutiat
13-atom metal clusters can adapt their structure to émironment, e.g., when they are in solution or
bind to amolecule. Therefore, versatile aspects of a possible interdigiareen the metal cluster and
Ir-L1 can be captured. Finallthe choce is also supported by the finding that all tHveebind to I-L1
(see below) and may thus be interprete@pyesent a small subsystem inside a pdoge that transition
metal clusters require special attentioith respect to the choice of thexchangecorrelation
approximation, because the partially localizedrlitals areprone to be affected by seifteraction
errors, and differentlensity functionals are sensitive to this problem to diffedagree£® For the
reasons discussed in réfsl] and [52], we usedthe semilocal generalized gradient approximation
PerdewBurke-Ernzerhof® (PBE) for DFT geometry optimizations, calculate binding energies and
for BOMD simulations, andthe optimally tuned rangseparated hybrid functionaf PBE 59
composed of PBE exchange in the shiartge,exact exchange in the lommgnge, and PBE correlation,
to compute photophysical properties such as the photoabsoguénirum (cfSl, Analysis of the
electronic structure aneicitations). All calalations using PBE amdPBE were carriedut with the
TURBOMOLE®S" and QCHENP® code,respectivelyFor determining the structures of the combined
metaktr-L1 systems, we performed a BOMD simulation at rotemperature for each system
M13/[Ir-L1] employing thedef2SVP basis sét? We started from an icosahedral structiareall three
metal clusters, and initiallyyl13 had beerdisplaced from (ppy)by a distance ob7 A between the
centers of gravity oMzand IFL1. We observed thatallthreee t al cl ust er s wer e
between the twtigands (cf.Figure5). Niiz and Pis retained their icosahedrsiructures, whereas Pt
assumed different geometries in tioairse othe simulation. We propagated each system for abpsit
and then determined the energetically most favorstblieture of each run by checking the total energy
data. Wefurther relaxed the thaf®und structures in geometpptimizations using PBE with wader
Waals correction¢DFT-D3)¢ and the defZIZVP basis sef! The resultinggeometries are depicted

in Figure5 and served as the basis tioe following calculations.

(b) Pdys/|[Ir-L1] (¢) Ptys/[Ir-L1]

Figure 5. Molecular structures used to stuthg direct influence of the mesabn the photophysicaftoperties: (aNia/[Ir-L1];
(b) Pcia/[Ir-L1], (c) Ptua/[Ir-L1].
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We calculated the binding energy between the metal cluster$-L1 by taking the difference of the
total energies of theeparated and the combined systensing the fully relaxedtructures. With a
binding energy of-5.76eV, Nig/[lr-L1] is more strongly bound than BHlr-L1] (-4.72eV) and
Pt3/[Ir-L1] (-3.39€eV). The binding energy is thus an observablehich the Nibased system differs
noticeably fom the PtandPdbased oned he pronounced binding energy that is observed in all cases
also indicates that there is substantial interaction betweendtas and H.1. Analyzing the density

of states ofMig/[Ir-L1] corroborates this finding. If therevould be no interactiorbetween the
constituents of a system, then the density of stdtése combined system would result from summing
up thedensity of states of the separate subsystems. Our calculdtommsyer, show that the DOS of
Mi/[Ir-L1] can reither quantitatively nor qualitatively be understood from #uperposition of the
densities of states dfl;z and IrL1. This is discussed in greater detail in 8ig(cf. FigureS18),and
reassuringly, this observation is not specific pagticularexchangecorrelation approximation, as both
PBE andy PBE consistently yield the same trend (f, FigureS18(a) and&19(a)).One might wonder
whether our observation of@onounced interaction betweenLt and the metal clusters specific

just for the 13atom clusters. Therefore, we haepeated the analysis for the considerably larger system
Nisg/[Ir-L1]. In the SI, we show that also for this larger system diémwsity of states clearly shows a
pronounced electroniateraction between éhmetal particle and the photosensitix®e further show
(FigureS22) that the highest occupied orbislelocalized in a qualitatively similar way overllt

and themetal for both the small and the larger cluster. Thus, the atmm@usions are nopescific to

just small clustersThe potentially most interesting observable in the conteghofocatalytic activity

is the photoabsorption spectruAmnalogously to the previous reasoning about the densitatds, the
absorption spectrum &13/[Ir-L1] would resulfrom the superposition of the individual spectra df1r

and Mys if the interaction between the constituents would negligible. Figurés compares the
absorption spectra dd;3/[Ir-L1] to those of the individual molecular components, thedsuperposition

of the latter. We applied a Gausslanmmadening of 0.08V to guide the eye. Pan@) depictghe data

for Ni1g/[Ir-L1], panel(b) depicts the data for Rf]Ir-L1], and pane(c) depicts the data for£fIr-L1].
Thesuperposition, labeldd s + Ir-L1 in Figure6, is the sum athe individual spectra dfl.sand Ir-L1.

As Maig/[Ir-L1] and M3 have a spirpolarized ground state (¢3l, TableS4), thelabeling of the
excitations in Figuré& and the followingliscussion ned extra explanation. For the bard_Ir system,

an excitation that preserves the spin leads to a singlet stateeahérefore denoted such excitations
with S, and the ones iwhich one spin was flipped were denoted with T. A sminservingexcitation

of, for example M13/[Ir-L1] does notlead to a singlet state but keeps the magnetic moment that is
introduced by the metal particle. Nevertheless, we continladéb spinconserving excitations with S
and spinrflip excitationwith T to easetlte comparison between the spectrum ofdb@bined system
M13/[Ir-L1] and the spectra of the separedastituents. In the Sl, we present the details about the spin
configurations. In order to put this comparison on a foating, we paid attention to twaspects: (iWe

calculated thespectrum oMz and I-L1 (separately) in the fixed structure they are inM.3/[Ir-L1]
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(cf. Figureb) to avoid spectralifferences that are just a consequence of structural differdiip&ue
to its implicit density dpendency, the optimalljuned rangeseparation parameterqy is system
specific andthus, differs foM13/[Ir-L1], M3, and IkL1 (cf. SI, TableS4).To eliminate these exchange
correlationfunctionatrelated differences, we usedrop(M1d/[Ir-L1]) to calculate theabsorption
spectrum oMyzand I-L1 in (i). For this reasorthe absorption spectra ofllll shown in Figuré differ
from each other and the one of FigdreThe noticeable red shift imostly due to the smaller range
separation parameten@ notgeometryrelated. Figuré clearly shows that the superpositiohthe
absorption spectra &fl;3 and IrL1 cannot explain thepectra of the combined systemMsy/[Ir-L1] for
any of thesystems.

M/ [T — My 7 LT --- LT <=
Nijg = - Pdjy — - Phug: e =
1 (a) Ni

{16
1 (b) Pd

absorption (arb. unit)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

(d) Sgzo: 2.94 eV, 0.0079

Figure 6. Top: Vis absorption spectrum d13/[Ir-L1], M1, Ir-L1 and the superpositidviiz + Ir-L1. The spectra were obtained
from TDDFT with ¥ PBE. Vertical red bars arttie single grey bar show the relative oscillatiength and lowest spitip
excitationfor Ma3/[Ir-L1], respectively. All absorptiospectra are shifted vertically by2@ arb. unit for easy distinction from
the horizontal axisThe spectra depicted in panédsc) eachuse the optimally tunedopt Of the respectiveviaa/[Ir-L1].
(@) Niwa/[Ir-L1] (¥opt=0.14bohr?). (b)Pdia/[Ir-L1] (¥opt=0.12bohrl). (c)Pua[lr-L1] (¥opt=0.11bohr?). Bottom:
Difference densities o$elected excitations of Ni[lr-L1] with the given energy and oscillator strength (markedadj).
(d) Difference densit of the optical excitation &oshows a metal particle tmand chargdransfer. (eDPifference density of

the lowest spiflip excitation Ti, which we denote by ilin analogy to the previousection.
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When comparing the spectra of thMay/[lr-L1] systems tathe one of the bare-ltl, one notices
pronounced differences all cases: (ifhe vis photoabsorption ®13/[Ir-L1] is overall larger than the
one of IrL1. (ii) When one compardhle oscillator strength of the brightest excitatioMaf/[Ir-L1] to
theoscillator strength of the brightest excitation LI, one notices that it decreases by approximately
1 order ofmagnitude upon addition of the metal. (@) the other handhe number of excited states
increases enormously. Figus23in the Sl show that this is directly due to the metal clustditsese

results clearly show that all three metals influencepti®oabsorption process significantly.

In order to analyze the situation further, we computeditfierence densities between the most raieva
electronicexcitations and the ground state. Figus@4-S26 in the Skhow these difference densities
for the 30excitations with thénighest oscillator strength in the energy range up t@2.ZWe chose
the value 3.2V as the upper limit, becauses isapproximately the threshold between vis and UV.)
Thesdlifference densities reveal that for all three metals, the wiasier takes on the role of an electron
donor and charge isansferred to H.1. The metal particle to ligand chargansfer &tends over the
whole Ircomplex; however, the treraf a longrange chargéransferMi3 Y bpy is also noticeable for
all Maaf[Ir-L1] (cf. SI, FigureS24, e.g., &5 Se1s, Soaz Of Nirg/[Ir-L1]; FigureS25, Sse, Seao, Sra7 Of
Pdia/[Ir-L1]; FigureS26, Sus1, Ssse, Sra7 Of Ptd/[Ir-L1]). This longrange chargéransfercharacter is
shown exemplary forgz of Niwg/[Ir-L1] in Figure6(d). S0 shows overlap with the main peak oflt

in Figure6(a), and the comparison to Figurelearly demonstrates thiae addition of the metal cluster
changes the excitatianechanism. We found qualitatively similar features fopfid-L1] (cf. Ss3¢) and
Ptig/[Ir-L1] (cf. Sss9). The metal particléo ligand chargaransfer process in thd.3/[Ir-L1] systems is
particularly pronounced for excitation energies aldo2e3eV and extends to 32V and further into
the UV. Excitations o$imilar character can also be found at lower energies butéegently and with

a lower oscillator strength (e.g.4&Niig/[Ir-L1]): 1.62eV,0.003). In summary, our calculated
photoabsorption spectra show that all three metals hpr@naunced influence on the photoabsorption
process andcompared to the bare-lrl system, change the charfyansfercharacteristicsWe also
investigated in how far the interaction betweenrttegal cluster and the-lrl depends on their relative
spatialproximity. To this end, we calculated photoabsorption spéotra series of stetures in which
we successively increased tiistance between the center of mass of the metal clusterbhdnlisteps

of a fewbohr while keeping other structurfdatures fixed. The metal particles have a noticeable
influenceon the photoabsorption up distances that are about déhr larger than the equilibrium
distance. This shows that ofindings can be expected to hold on more general groundaranaot
specific to a particular binding geometry. Thalculations also show qualitative trend that the
interactionpersists more pronouncedly for theiNiluster than for thether metals (Figur&28).
Finally, we took a look at the lowest sgilip excitation ofM13/[Ir-L1], in analogy to the analysis of
Ta(Ir-L1) in Figure4. Panel(e) in Figureb depicts the difference density for #seemplary case of the

lowest spinflip transition of Nig[Ir-L1]. In contrast to the situation for the bareLlr there is little
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chargetransfer character in this excitation: the differedemsty is predominantly localized on the

metal cluster (cfSl, FigureS27).

7.4 Discussion and Conclusion

We have reported the synthesis of a new photocatalytic systerwhich a heteroleptic
Ir(Ill) photosensitizer has beencapsulated in the pores oflM101, which have then be&raded with
three different metals. This setup ensures spattadimity between the photosensitizer and the metals.
In comparison to the bare photosensitizer, loading witktiehgly reduces the hydrogen evolution rate,
loading with Pslightly increases it, and loading with the eaatiundant metalli significantly increases
the rate by a factor of more than fivgnderstanding the mechanism behind this effechalenging
because of the difficulty to obtain insightarthe processes within the pores in situ. Based on the
experimental results, it is difficult to disentangle in howtlfigr effect is directly related to photophysical
and photochemicagroperties and in how far it may depend on ottitegnomena, e.g., ones steric
nature. In order to take firgteps toward an understanding, we have done a dethidedetical
computational investigation of the photosensitirecombination with Ni, Pd, and Pt clusters. The
calculationsshow a strong interaction betwealh of the metals and thghotosensitizer. The presence
of the metal clusters changes pf®toabsorption significantly: Instead of the few excitatioith large
oscillator strength that characterize the hahretosensitizer, the combination with the rhégads to a
very dense excitation spectrum covering a broader rangaeesflies. We have analyzed many of the
excitations in detail vialifference densities and found that for the combined systerasy of the
optically active excitations involve a charjansfer from the metal to the photosensitizer ligands. It is
conceivable that this can play a role in the photophysiclagahistry. However, we did not find any
substantial, qualitativalifferences between the combination of the photosensitidr the three
different metals with respect to the electragicitations. Taking into account the finding that the lowest
spinflip excitation does not have chargansfer charactewhen the photosensitizer is combined with
the metal particlesgne might spedate that the photophysical mechanism forMhe/[Ir-L1] systems
differs from the one in the barelld sensitizer: In the latter, accessing the triplet state is beneficial,
because it leads to a lofiged chargeseparated state. In tifi@ermer, accessinthe spinflipped state
may be detrimentabecause the excitations in which the spin does not cretrme chargdransfer
character, whereas the sfflipped statedoes not. The presence of heavier atoms in the Pt anc:f2dl
particles may lead tostronger spin orbit coupling thdar the Ni system and thus a higher probability
to end up in thespinflipped and, therefore, unfavorable noncharge sepasitéel. Such a reasoning
could explain the larger hydrogesvolution rate of Ni, but of coursether explanations are also
possible. For example, it is conceivable that the diffehgairogen evolution rates are not directly
related to differenceis the photophysical properties but have other reasonscdlrulations revealed,
for example, that thbinding betweerthe Ni cluster and the photosensitizer is much stronger tian
binding between the photosensitizer and the Pd amdu§ter. This may influence the spatial
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arrangement of theonstituents in the pore and thus also the hydrogen evolatierin summary, our
work is a proof of concept showing irtambination of experiment and theory that the sppatiaimity

of metal particles and a photosensitizer leadsoificant interaction and potentially interesting effects.
Further work willbe needed to reach a detailed understandiinge photophysics and chemistry of
these complex systenasid to further explore the possibilities that such systems ioffatactice. The
increased hydrogen evolution rates thatoleerve for the combinatiasf Ni with Ir-L1 are a strong

incentive for further studies in this direction.
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7.6 Supporting Information

7.6.1 Synthesis and Hydrogen Evolution

General Methods

All chemicals and solvents were purchased commercially from chemical suppliers with purity &ver 95
and used without further purification. All manipulations including air or moisture sensitive compounds
were carried out under dry and oxygémee argon atmosphere (Schlenk techniques) or in a nitrogen

filled glovebox (mBraurl20) with a highcapacity recirculator (below Odpm of oxygen and water).

Reduction of precursor compounds were carried out with Pamnuingnt stainless steel autoclaves
N-MT5 300mL equipped with heating mantles and temperature controller. Solvothermal syntheses
were performed in a muffle furnace (Nabertherm) with programmable temperature ramps. Inductively
coupled plasma optical emissispectroscopy (IGPES) was carried out according to standard
protocol digestion (4nL HNOs/HCI 3:1, microwave irradiation, 2&in, 195°C) with a VistaPro radial
(Varian). Elemental analyses were performed by using an Elementar Valib MR spectrawere
measured using a Bruker Avance Il HD 3@6iz spectrometer. Chemical shifts are reported in ppm
relative to the deuterated solvedtC MAS spectra were acquired on a Bruker Avance Ill HD
spectrometer (9.Fesla) using a 1.6im triple resonance proland a spinning speed of &Biz or
12.5kHz. A Hahrecho pulse sequence with an interpulse distance ©f&bd 80¢ gone rotor period)

was applied for background suppressiogspectively Due to fast spinning heteraiclear proton
broadband decouplindid not have an influence on the spectral resolution and was thus omitted. The
90° pulse length and recycle delay were set tee2d0 a ms, re§p6ctively. The average temperature

in the rotor a3« = 40kHz was determined to 326 by referencing with Pb(Ng). The spinlattice
relaxation times Twere obtained with the inversion recovery method with a recycle delay sfabh@

time increments ranging from 0t&256ms. The*C-'H REDORtype recoupling experiments were
performed with wo 180°pulses on théH channel at the centre of each of the two rotation periods
(Bepn=50e s ) wh i pulee was applied An thE at the centre of the two rotation periot$and

13C 180°pulse lengths are 2&hd 4¢ s, r e s p e c t ansfoen infrared FFAIR) spiectrascopyr
measurements were performed with a JASCOR6100 spectrometer in the range 4@@¢" to
700cm? with a resolution of £m* an a N flow. Gas mixtures were analyzed using a 6890N gas
chromatograph (Agilent Technaies) equipped with an Agilent special Plot + Molsieve capillary
column (30.0m x 0.32mm x 0.25um). Methane was used as internal standard. Nitrogen physisorption
isotherms were determined-406 °C using a Nova000e (Quantachrome) apparatus. Spedifitase

areas were calculated by usinggvplues from 0.0%.3 by the BET model. Specific total pore volumes
were determined by DFT calculations. (&t -196°C on silica (cylindric pore, NLDFT equilibrium
model)). Transmission electranicroscopy (TEM) measurements were carried out using a920Q

microscope (Zeiss, 200/). The samples were suspended in chloroform and sonicatedrfior. 2¢ L
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of the suspension were placed on a CF20@rid or a LC2068Cu-grid (Electron Microscopy Sanees)

and allowed to dry. Higlangle annular darkeld scanning transmission electron microscopy
(HAADF-STEM) measurements were performed using a ARM200F (JEOLK\206quipped with
aspherical aberration corrector (CEOS) and an erdigpersed Xay andysis (EDX) system (JEOL).
Diffuse reflectance ultravioletisible spectra were measured using a CAR (Agilent Technologies)

with an Ulbricht sphere in the range 4@® to 750nm. UV-vis spectra were measured on a CAB0Y
(Agilent Technologies). Fluoseence spectra in the were recorded on a JASEZE300
spectrofluorometer with an excitation wavelength of 420 Excitation and emission bandwidth were
setto 10hm, response time to Osland the scan speed to 200/min. Cyclic voltametric measurements
were carried out in solution under moisture and oxyfges conditions using a threxectrode assembly
connected to a potentiostat (Model 263A, EG&G Princeton Applied Research) at a scanning rate of
100mVAL A solution of tetran-butylammonium hexaflumphosphate in acetonitrile with a
concentration of 0.M was used as the electrolyte solution. As working electrode, a platinum disk
electrode in the respective solution of iridium complex dissolved in acetonitrile was used. A platinum
wire in the electrlyte solution and Ag/AgN@in acetonitrile (0.IM) were used as counter and reference
electrodes, respectively. Each measurement was calibrated by the internal standard
ferrocene/ferrocenium. -Xay crystal structure analysis was performed with a STBIADIVARI

[ ( aKo0.71073A] equipped with an Oxford Cryostream low temperature unit. Structure solution
and refinement were achieved with SIRY7 SHELXL-201452 and WinGX5% The structure was
visualized using Mercurg.1.3!5% Powder Xray powder diffraction (PXRD) analysis in the range of
2-80A2d was performed-Pudiidd rac §radnabon, 8 BAAPICuU 2l d
geometry with a position sensitive detector. The samples were sealed in glass capillari¢ab@sark
Hilgenberg No.10, diametef.7mm) in inert atmospherd&ime-resolved photoluminescence studies
were carried out with a fluorescence lifetime imaging microscope (FLIM) MicroTime200 (Pico Quant).
It is equipped with a picosecond diode laser (@05 with adjustabl®@utput power (set to 05 W) , a
dichroic filter 405rdeUF3 and a longpass filter 5@in. The optical core is an inverted microscope
IX 73 (Olympus) with a confocal unit and a piezo stage fstazks. The data were recorded with a
water immersion objectivi@&0x, NA1.2.). A singlephoton counting APD module (SPAD) is used. Data
acquisition is based on tire®rrelated single photon counting (TCSPC) performed by a Time2frp
Pico board (Pico Quant). Samples are prepared by spin coating thin films of poatddal dispersed

in a polystyreneNlw 200kg/mol) matrix on cover slips (@8 mm). 2mg of the sample are suspended

in a degassed polystyrehluene solution (300 L , n@y/@nl0). Spin coating is performed at

1500rpm for 90s under inert gaatmosphere.
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Material Synthesis

Di_ met h-pipyridihe)2 Gdigarboxylate
4 , -Bidarboxy2 , -Bigyridine (488 mg, 2mmol) wassuspended in methanol (&tL) and 20drops of
96 % H.SO, were added. After refluxing for 2@ the reaction mixture was pouriatb 100mL of water

and the pH was carefully adjusted to 8ldsing a NaOH solution. Afterwards the mixture was extracted

three times with 10WL DCM and the combined organic layers were dried over NaBia solvent

was evaporated to yieldvehite, crystalline solid.

FW (C1H12N204) = 272.26 g mot

Yield 467mg (1.72 mmol, 86%)

H-NMR (CDCls, 500 MHz)ti = 8.96 (s, 2H, py8-CH), 8.87 (d, 2H, py6-CH, J =
4.90 Hz), 7.90 (dd, 2H, py8-CH, J = 4.90 Hz), 4.00 (s, 6H-OHs) ppm.

2 , -Bigyridine-4 , -dimethanoll 1

Di met h-pipyldde)2 ,6dicarboxylate (46Tng, 1.72mmol, leq) wasdissolved in 2nL
methanol and 5L DCM and NaBH (519mg, 13.7mmol, 8eq) was added. The reaction was heated
to reflux for 20h. Another portion of NaBiH519mg, 13.7mmol, 8eq) was added and the solution was

heated to reflux for another 20 Afterwad, the solvent was removed, and the residue dissolved in
100mL of water. This solution was extracted three times withriQ@®f ethyl acetate. The combined
organic layers were dried over Na&iDd the solvent removed to obtain the white, crystallinaddgd .

FW (C12H12N205) = 216.24 g mot

OH Yield 263mg (1.22 mmol, 71%)
S ot H-NMR (Methanotds, 500 MHz)ii = 8.58 (d, 2H, py6-CH, J = 5.05 Hz), 8.26 (<
NS 2H, pyr3-CH), 7.43 (d, 2H, py5-CH, J = 5.05 Hz), 4.74 (s, 4H; GHopm.
N __~ BBC-NMR (Methanotds, 125 MHz) a4 = 157. 34, 154
ppm.
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[(u-Chloro)(di2-phenylpyridine)iridium(lil)}dimer
IrCls x H2O (256mg, 0.81mmol, 1eq) was dissolved in BL H,O and 18nL 2-ethoxyethanol and
subsequently degassed by bubbling argon through the solution. After additiephehy@pyridine

(255uL, 1.78mmol, 2.2eq, ppy) the reaction was heated to reflux forl2Qnder inert atmosphere,
whereby a yellow solid precipitated. After cooling, the mixture was washed twice witth. 2lethyl
ether. The yellow precipitate was filtrated off and washed another time with diétieyl The solid was

dried under vacuum.
_cl
Ir\
Z >N Cl
<
2

2 , -Bigyridine-4 , -@lié&ert-butyl)bis(2-phenylpyridine)iridium(lil)hexafluorophosphdte: Ir -L2
[(U-CDh(ppykIr(liD] 2 (100mg, 0.093nmol, 1leq) was dissolved in L HO and 3mL
2-et hoxy et figen-butyl-2 , Bigyddine (50mg, 0.18aGnmol, 2eq, dtbbpy) was added and

the reaction mixture was refluxed for BOAfter cooling to room temperature, the solution was poured

Fw (C44H32CI2N4Ir2) =1072.10 g m01

_ Yield 327mg (0.43mmol, 53%)
N | 'H-NMR (CDCls, 500 MHz)l = 9.25 (d, 4H J = 5.82 Hz), 7.88 (d, 4H, J
Ir 8.09 Hz), 7.74 (t, 4H, J = 7.70 Hz), 7.49 (d, 4H, J = 7.72 Hz), 6.76 (q, 8t
2

\ /

7.61 Hz), 6.57 (t, 4H, J = 7.49 Hz), 5.94 (d, 4H, J = 7.72 Hz) ppm.
13C-NMR (CDCl;, 125 MHz) i = 168.53, 151.67, 145.33, 143.6636.13,
130.56, 129.08, 123.63, 122.09, 121.29, 118.36 ppm.

on an aqueous solution of ammonium hexafluorophospfiage 6.13mmol, in 10mL H>O). The
precipitating solid was filtered off, washed with®] and dried under vacuum, yielding a yelorange
powder denoted as [(dtbbpy)(pplyPFe).

FW (CaoHaoFsIrN4P) = 913.95 g mdi
Yield 146mg (0.160 mmol, 864)

> 14.NMR (Methanolds, 500 MHz) U -15J=81.8PHz)( &28 (d¢
2H, CH11, J = 8.33, 1.42 Hz), 8.04 (d, 2H, €HJ = 4.83 Hz), 7.98 (dt, 2+
CH-10, J =8.44, 0.7 Hz), 7.92 (dd, 2H, &1J = 8.0, 1.1 Hz),.83 (d, 2H, CH
7,J=4.43 Hz), 7.74 (dd, 2H, GH J = 4.83 Hz), 7.15 (dt, 2H, G8 J = 8.44,
0.7 Hz), 7.06 (dt, 2H, CH, J = 5.0, 1.4 Hz), 6.99 (dt, 2H, @) J = 8.0, 1.4
Hz), 6.37 (dd, 2H, Ck8, J = 7.7, 1.0 Hz), 1.44 (s, 18H, CH3) ppm.
13C-NMR (Methanotds, 125 MHz) & = 168.2, 1
139.0, 131.9, 130.5, 125.5, 124.9, 123.7, 122.9, 122.6, 120.0, 35.8, 29.9
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(2_, -Bigyridine-4 , -dinbethanol)bis(phenylpyridine)iridium(llhexafluorophosphati:-L.1
[(U-CDh(ppykIr(liD] 2 (100mg, 0.093nmol, 1leq) was dissolved in L HO and 3mL
2-et hoxyet Bipyndineg4 , -ddddiddihanol (40.2ng, 0.186mmol, 2eq) was added and the

reactionmixture was refluxed for 2B. After cooling to room temperature, the solution was poured an

agueous solution of ammonium hexafluorophosphate §113mmol, in 20mL H.O). The precipitating
solid Ir-L1 was filtered off, washed with #, and dried underacuum, yielding a yelloverange
powder. Suitable crystals for single crystalRdy analysis were yielded by vapor phase diffusion
technique, using acetone and ether as solvents.

FW (CasHagFslrN4O2P + GHsO) = 861.81 gnol? (+ 58.08 g mot)

Elemental analysisC 48.31, H 3.73 N 6.09; found: C 48.20, H 3.61, N 6.06

Yield 141 mg (0.164 mmol, 886)

H-NMR (Methanotd,, 500 MHz)li = 8.61 (d, 2H, CHL, J = 4.83 Hz), 7.8:

(dd, 2H, CH11, J = 8.33, 1.42 Hz), 7.77 (d, 2H, €HJ = 4.83 Hz), 7.73 (dI

2H, CH10, J = 8.44, 0.7 Hz), 7.67 (dd, 2H, &HJ = 8.0, 1.1 Hz), 7.61 (d, 2t

CH-7, J = 4.43 Hz), 7.47 (dd, 2H, GB J = 4.83 Hz), 7.28 (dt, 2H, G®{ J =

8.44, 0.7 Hz), 6.97 (dt, 2H, G4, J = 5.0, 1.4 Hz), 6.85 (dt, 2H, €& J = 8.0,

6 1.4 Hz), 6.24 (dd, 2H, Ci8, J = 7.7, 1.0 Hz), 4.84 (s, 4H, GH2) ppm.
BBC-NMR (Methanotds, 125 MH6EB.p, 164.6, 455.9, 150.8, 149,
144.3, 139.0, 131.9, 130.5, 125.5, 124.9, 123.7, 122.9, 122.6, 120.0, 65.¢

Crystallographic Data of

(_2 -Bipydidine-4 , -dimethanol)bis(zbhenylpyridine)iridium(ll)hexafluorophosphate

Crystals suitable for Xay analysis were grown from a saturated solution of the compound in acetone.

Compound Ir-L1 (t632apma) Deposition Number: 2083161
Formula C3zaHogFsIrN4OP + GH6O
Formula weight 919.85

Crystal system triclinic

Space group P-1

alA 9.5070(4)

b/A 14.0350(6)
c/A 14.2210(6)
g/e 67.234(3)

b/ 82.061(3)

al° 89.857(3)
Cellvolume / B 1730.22(13)

Z 2

Crystal size / mm 0.18*0.17*0.14
Habit block

Color yellow

Density / gt 1.766

T/K 133

Theta range 1.57-26.665
Unique reflections 6935
Observed reflections [I>2s(l)] 6071
Parameters 474

wR2all data 0.0639

R [1>2s(1)] 0.0264
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Synthesis of MIE101
Chromium(lilnitrate nonahydrate (8@08g, 2mmol) and terephthalic acid (382g, 2mmol) were

dissolved in a 0.08 tetramethylammonium hydroxide solution (4). The mixture was sealed in a
23 mL containing, Teflodined hydrothermal autoclave. The autoclave was heated t&6CL8teating
rate: 2.6°C mirtt), the temperature was kept for @4nd slowly cooled down to 3€ within 12hours
(cooling rate: 0.2C mintY). Excessively crystallizetérephthalic acid was removed by filtration over a
pore 3filter. The green slurry was again filtered using a fine pore paper filter-1aiLwas dried under
vacuum (16 mbar, 85°C, 24h).

Generation of coordinatively unsaturated sites in {01 (CUS@MVIL -101Y5°

400mg of MIL-101 were stirred at 15T and dynamic vacuum (£Gnbar) for 12hours. The resulting
material denoted as CUS@MI101 was handled under exclusion of water and oxygen.

Gr af t i n-Bipywdine)}4 2-diy®linethanol:.L1@MIL -101
2 , -Bigyridine-4 , -dimethanol (21.6ng, 0.1mmol) was dissolved in 8L of dry methyltert-butyl

ether. This solution was added to CUS@MIQ1 (400mg, ) under inert atmosphere and stirred at reflux
for 20h. The solid was filtred off, washed with methyért-butyl ether, and dried under vacuum. The
material is denoted as L1@M101.

Synthesis ofir -L1J@MIL -101
L1@MIL-101 (400mg) was suspended im8L 1,2-dichloroethane and [(C1)(ppy)Ir(ll)] 2(53.6mg,

0.05mmol) wasadded. The suspension was heated to reflux temperature and stirredhfor

resulting [IFL1-ClJ@MIL-101 was filtered off using a smadbre paper filter and dried under vacuum.
The material was added to a solution of ammonium hexafluorophospt@té.(Bmmol, in 10mL
H.0) and stirred for 1@ninutes at room temperature. The solidI-PF6]@MIL-101 (abbreviated as
[Ir-L1J@MIL-101) was filtered off using a smadbred paper filter and dried in vacuum.

Synthesis oNi/[Ir -L1]@MIL -10157
100mg dry [Ir-L1]J@MIL-101 were placed in a twchambeitube with [Ni(Cp}]
bis(cyclopentadienyl)nickel(ll) (16.8g, 0.088nmol, 5wt.%) separated by a glass frit. The gas phase

infiltration of the Niprecursor occurred at room temperature°@pin staticvacuum (1¢ mbar) for
20h. The reduction of the Nirecursor was performed under hydrogen atmospheteaft) at 90°C
for 20h in a Parr Instruments steel autoclave. The resulting NifJ@MIL-101 was evacuated

(10* mbar, 85°C, 20h) to remove famer metal ligand residue.
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Synthesis oPd/[Ir -L1]@MIL -10157
100mg dry [IrL1]J@MIL-101 were placed in a twchambertube with [(Cp)Pd(allyl)]
allyl(cyclopentadienyl)palladium(ll) (10.&g, 0.048nmol, 5wt.%) separated by a glass frit. The gas

phase infiltration of the Pprecursor occurred at 32 in dynamic vacuum (¥0mbar) for 24n. The
reduction of the Pgdrecursor was performed at BarH, and 70°C for 24h. The resulting
Pd/[Ir-L1]@MIL-101 was evacuated (1@nbar, 85°C, 20h) toremove former metal ligand residue.

Synthesis oPt/[Ir -L1]@MIL -10158!
100mg dry [IrL1]J@MIL-101 were placed in a twchambeitube with [(Me}Pt ( Cp &) ]
trimethyl(methylcyclopentadienyl)platinum(lV) (8r2g, 0.026mmol, 5wt.%) separated by a glass frit.

The gas phase infiltration of the Brecursor occurred at 3T in static vacuum (X®mbar) for 20h.
The reduction of the Rirecursor was performed &0barH, and 80°C for 24h. The resulting
Pt/[Ir-L1]@MIL-101 was evacuated (0nbar, 85°C, 20h) to remove former metal ligand residue.

General Procedure for Photocatalytic Experiments

In a typical experiment, M/{L1]J@MIL-101 (xmg, 2¢ mdr] ideally 5wt.% Ir) catalyst was placed

in a 10mL Schlenk tube and sealed with a rubber septum and flushed with argon after evacuation. Then,
degassed THF (10G0L ) , d e.® é180s & d rBmolp &nd triethylamine (108 L , rmoly 2

were added to theial. To analyze the reaction headspace by gas chromatography, methaael (500
was injected as internal standard. The Schlenk tube was illuminated bweabk® LED (470nm,
distance m, ~15000x). The reaction temperature was regulated by fans t€2The amount of KH

evolved was determined by analyzing®Q of t he react-iD€h headspace b
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Recyclability of the embedded photosensitizer [H.1]@MIL -101

Reactions catiitions: N-phenytl,2,3,4tetrahydroisoquinoline + nitromethane
2 mol% [I-L1]@MIL-101
0.025 mmol (5.2 mg) NPhenytl,2,3,4Tetryhydroisoquinolin
18.6 mmol (1 ml) CENO.
in 10 ml Schlenk tube + £palloon
50 W blue LED (470 nm) at room temperature for 30 min

Yield: reaction mixture was centrifugated (7000 rpm, 7 min)

nitromethane was removed from solution in vacuum,

50 ¢l MeCN were added

residue was dissolved in CD@Indturnover was determined Bid NMR
Recyclability: catalyst was washed with nitromethane twice and once with dry THF

solvents were removed yacuum

turnover / %

O.
Runl Run2 Run3 Run4 Runb

Figure S1.Recyclability demonstratiofor the [I-rL1]@MIL-101 system.

Computational Details

DFT calculations were performed using ORCA2®M | arge TZVP basis sets were used
throughoutS'9 A truncated trinuclear chromium(lll) cluster wasoskn as a model of the extended
structure of MIL:101; ligand L1 was added to hemand fully hydrated SBY, to receive optimized
hybrids L1I@SBU™ and L1@SBUT (hyd.). The structures of the (ligand modified) chromium(lil)
clusters were optimized with the generalized gradient approximation functionalSBP86merical
frequency calculations were performed in order to extract the IR spectra of the received amdito
prove the optimized structures to be stationary points; it is noted that an (apparent) imaginary mode was
detected at very low frequency in SBU, owing to a skeleton torsion. Dispersion contributions were
approxi mat ed us-D3 gtom@ainvise mispérsion BoFdctions of the parent BP86
functional’S'? Solvent effects were accounted for in a dielectric continuum approach (COSMO),
parametrized for MeCIR*®IThe dielectric solvent cage was included, in order to suppress artificial bond

contraction due to uncompensated Coulomb attraction between anions and cations.
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7.6.2 Material Characterization
Complex Characterization of Ir-L1

@) (b)

absorption / a.u
absorption / a.u.
PL intensity / a.u.

200 300 400 500 600 700 200 400 600 800
wavelength / nm wavelength / nm

Figure S2. (a) UV-vis absorption spectra of-Irl (black) compared todk2 (red) in the range of 26000 nm. (b) Absorption
and photoluminescence emission (excitation @) of Ir-L1.
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Figure S3. Cyclic voltammogram of .1 (black) compared to 2 (red).
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Catalyst Characterization of M/[Ir -L1J@MIL -101

(b)
5
@

N CUS@MIL-101
3
c
i)
5

MIL-101

5 10 15 20 25 30

2q/°

Figure $4. (a) TEM images of assynthesizedMIL -101 (left) andafterthe successful generation GUS@MIL -101 at B0 °C
in vacuumfor 12 hours showing the same morpholagip) Powder XRD patterns of MHLO1 and CUS@MIL-101. No
changes in crystallinity due to generation of CUS were observed.
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Figure S5. (a) Ne-physisorption isotherms of MHLO1 (2750 n#/g), [Ir-L1]@MIL-101(1000 n#/g) and Ni[Ir-L1]@MIL-101
(750 nt/g) with respective surface aredstermined by BE¥nodel (0.050.3 p/p). Adsorption is depicted in filled dots,
desorption in rings. (b) Pore size distribution of MID1 compared to ft1]@MIL-101 and Ni/[lrFL1]@MIL-101.
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Figure S6. 3C MAS NMR spectra monitoring the L1 grafting arftetirL1 complex formation including assignments;
spinning side bands are marked with a dot (12.5 kHz or 40 kHz); signals assigned to the terephthalic acitioaf dvielL
marked as linker: (a) LL@MHL01 and (b) L1, MIE101 and L1@MIL101 for comparison.cf [Ir-L1]J@MIL-101 and
(d) Ir-L1, MIL-101 and KL1@MIL-101 for comparison.
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Figure S7. (a) FT-IR spectra of MIL:101 (black), LL@MIL:101 (pink) and L1 (red) in the range of 4000cta 730 cnt.
(b) In the range of 1700 to 730 cman overlay of and L1I@MH101 and MIL:101 is made. In comparison, the difference
spectrum (black) of those atttk L1 ligand are shown.
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Figure S8. (a) FT-IR spectra of MIL:101 (black), [IFLL]@MIL-101 (green) and L1 (blue) in the range of 4000 to 730¢m
(b) In the range of 1700 to 730 @pan overlay of and [{t1]@MIL-101 and MIL:101 is made. In compads, the difference
spectrum of those (black) and the_lt complex are shown.
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Figure 9. Diffuse reflectance spectra of MILO1 (black), I¥L1 (blue) and [IfL1J@MIL-101 (green) in the range of
400-750nm.
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Figure S10. Hydrogen evolution over time; molecular hydrogen was detected byBCwith methane as internal standard:
Hz evolution for [Ir-L1]J@MIL-101 (green), Ni/HL1rj@MIL-101 (dark blue), Pd/fL1]@MIL-101 (blue) and
Pt/[Ir-L1]J@MIL-101 (dark green) over 24 h.
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Ni/[Ir-L1]@MIL-101 §if " Pd/[ir-L1]@MIL-101 Pt/[Ir-L1]@MIL-101

200 nm | (50 Hm

Figure S11. TEM images of [l(L1]@MIL-101, Ni/[Ir-L1]@MIL-101, Pd/[lFL1]@MIL-101 and Pt/[HL1]@MIL-101.
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Figure S12. Powder XRD of Ni/[leL1]]J@MIL-101, Pd/[IFL1]@MIL-101 and Pt[W1]@MIL-101 for comparison.
Highlighted reflexes for cubic Ni(0) (circle), cubic @3 (square), cubic Pt(0) triangle.

Table S1.ICP-OES analysis ofir-L1J@MIL-101and M{Ir-L1]@MIL-101(M=Ni, Pd, Pt)with contents given in wt.%.

Compound Ir Ni Pd Pt
[Ir-L1]J@MIL-101 5.83 - - -
Ni/[Ir -L1]J@MIL-101 459 5.09
Pd/[Ir-L1]J@MIL-101 5.05 - 5.11 -
Pt/[Ir-L1J@MIL-101 4.81 - - 6.30
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Figure S13. TRPL studies of(a) Ir-L1 and (b) MIL-101 supported catalysts frl]J@MIL-101, Ni/[l-L1J@MIL-101,
Pd/[Ir-L1]@MIL-101 and Pt/[HL1]@MIL-101 at excitation wavelength 405 nm. NormaliZ&iSPC tracearein semilog

representation

Table S2. Lifetime determinatiorby fitting the TCSPC traces of excitédL1 in TRPL studiesCurves were fitted with a
4-fold exponential decay functiomhe IRF has not been taken into account in the data analysis.

Compound Fluorescence lifetime / ns Amplitude / a. u.

121 107

297 63

Ir-L1 42 23

569 10

1.70 11

0.56 8.5

[Ir -L1J@MIL -101 4.70 a1
16.00 0.22

2.59 40

. 0.83 28
Ni/[Ir -L1]@MIL -101 700 83
29.00 0.44

2.81 39

1.00 28

Pd/[Ir-1]J@MIL -101 8.30 73
34.00 0.68

2.10 5.7

0.66 3.2

Pt/[Ir -1]J@MIL -101 5.80 20
23.00 0.12
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Additional Figures, Tables and IR Spectra of LL@SBY T from DFT

(a) (b) ()

SBUPDFT L1@SBUPFT hydrated
L1@SBUPFT

Figure S14. Optimized structures of (a) the trinuclear truncated MOF model PSB\Ub) the adduct L1@SBWT of ligand

L1 with moro-dehydrated SBET. Alternative scenarios implirans-configured donor moieties of L1 that are significantly
disfavored on our level approximation gycis-trans) = 5.5 kJmol = 0.057eV. (c) The adduct of L1 with the fully hydrated
SBUPFT; cornerlinked CrQ octahedra given in blue; hydrogen bonding is highlighted as dashed lines.

Harmonic frequencies computed for the $BUvell match the energy and intensityasfymmetric and
symmetric CO stretching modes located at ca. 1600 (@98.4meV) and1400cm? (173.6meV) in
the experimental IR spectra, respectively Fig. Sb)
100
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0 | : w
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Figure S15. Comparison of experimental and goated IR spectra. (Top; transmission T) Spectra of WL (top; red) and
L1@MIL-101 (top; black). (Bottom(IR)) Spectra of the model SBY' (red) and L1@SBET (black).
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Figure S16. Diagnostic IR mode of the hybrid L18BUPTT at 3 = 1557cm?; arrows denote direction of prominent
displacements (an animation of the mode is available ifogifiat as Electronic Supporting Informatipn.

Evidently in the truncated models, the threefold symmetry of the solid state structure is conserved as are

individual bond lengths within the chromium(lll) coordination spheres (cf. TaB)je

Table S3.Pertinent metrical data of chromium(lll) inner coordination and hydrogen bonding [A] in DFT optimized stréictures.

X-ray ° SBUPFT L1@SBUFT L1@SBUPFT (hyd)
Cr(1)-Oeq 1.971(8) 1.985(15) 1.979(15) 1.992(20)
Cr(1)-Oax 2.025 2.152 2.153 2.123
Cr(1)-Ocen 1.897 1.874 1.876 1.890
Cr(2)-Oeq 1.978(5) 2.004(5) 1.998(5) 2.002(10)
Cr(2)-Oax 2.058 2.053 1.935 1.935
Cr(2)-Ocen 1.886 1.904 1.976 1.979
Cr(3)-Oeq 1.965(10) 1.989(15) 1.983(15) 1.988(15)
Cr(3)-Oax 2.067 2.147 2.142 2.133
Cr(3)-Ocen 1.899 1.873 1.878 1.877
Cr(1)-OxH A A A-Q(LH) - - - 1.670
Cr(1)-OeAHOAC(1) -- -- -- 1.837
Cr(2)-OxAHOAC ( 1 6) -- -- 1.592 1.638

aBP86/TZVP level of theory’, crystal datgunpublished
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7.6.3 Analysis of the Electronic Structure and Excitations

In the following we present additional information and details about the calculations that are reported in
the sectionefifrdlryoqiic oft rtultd ure and excitations

Computational Details

Small transition metal clusters such a&d:3 can prefer spipolarized electronic ground
stateds4S15:S16S17.518 ¢ find the most stable spin state of a system, we ran a set of density functional
(DFT) geometry optimizations (GO) or ground state calculations with a fixed spin magnetic mament
of a pertinent interval and evaluated the total energy. The intervat.tprMi139/[Ir-L1], was chosen
according to the preferred magnetic momeriflgfs t at ed bel ow i m(MizeRlms of |
All geometry optimizations used the PerdBwrke-Ernzerhof!®S20 (PBE) exchangeorrelation
functional with varderWaak corrections (DFD3)S2!and the defZI'ZVP basis sef?? The binding
energiesGs of M13/[Ir-L1] were computed from the difference of the molecular total ener@ies
obtained from ground state DFT calculations (HBE+ def2TZVP):

OO0 T)Dp O 0 T)Dp O b O )Dps8 3p
The def2ecp effective core potential was used for Pd, Pt and Ir in combination with the def2 basis
sets’>Z The ground state calculations utilized the relaxedPBEeometries of the respective system.
Note that the relaxed structuresMiy[Ir-L1] were obtained according to the procedure given in the
main manuscriptThe relaxed structures of Milr-L1] and Pdy[lr-L1] showed an icosahedr@to)
structure of themetal clusters (cimain manuscript, Figh panela) and (b)). PBED3) predicts &g
for the vacuum structure of bothifico) and Pgk(ico) 514515516523y rthermore, PBED3) favors 4eg
for the structure seen forRP(cf. Fig. 5 panel(c)), which is consistent with one that was reported in
Ref.S24. For further discussions on structural isomerdMof we refer to RefS14 and references
therein. Tables4 lists the spin magnetic moment of the ground state of alhsysteidied in the section
regarding the analysis of the electronic structure and excitations. Reassuringly, PBE and the tuned range
separated hybrid PBE (see below) yielded the same spin magnetic moment for each system. This
consistency check has speadialevance for the Ni systems, since some hybrid exchamgelation
functionals predict a higher spin magnetic moment fog.[R525526For a discussion on the spin
magnetic moment of M, see RefS25 and S26. A series of concluding comments rauarspin
polarized systems: A spin moment of, e.geg&orresponds to a spin multiplicity=9 (nonet state),
wheread) =2"¥1 and"Ydenotes the spin quantum number. For example, our DFT calculations predict
a spin magnetic moment ofe8 for Niig/[Ir-L1]. Thus, the optical (spinonserving) excitations are
nonetY nonet transitions. The spitip excitation to the next lower magnetic momentegp is a
nonetY septet transition. To ease the comparison between altspserving and spiflip excitatiors
(as further explained in the main manuscript), we refer to these uniformlyaal S, respectively,
with n being thend t h e x DHT tBartAppenheimer molecular dynamics (BOMD) simulations
with a NoséHoover thermost&e”-S?8lof M1g/[Ir-L1] utilized the PBE exchangeorrelation functional
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in combination with the def8VP basis s&€° (M15=Nis, Pds, Pt3). We used a thermostat temperature

of 298K and a time step of 80 . u 1.94f6)aThe total simulation time was circgpd and theelaxation

time equaled 56@ . u 13.5%fsd for Ptg/[Ir-L1] and 400a . u 9.68f6)&or both Pey/[Ir-L1] and
Ni1g/[Ir-L1]. For the BOMD simulations dfl;4/[Ir-L1] we chose a fixed spin magnetic moment e£8

for the Ni, 4¢g for the Pd and 2g for the Pt system. These choices were based on the spin magnetic
moment of the electronic ground state that we determined for preliminary structiieg{lofL1] by

running a set of DFT geometry optimizations, as explained above.

Table S4.Spin magnetic momemts of theelectronic ground state of different molecular systems obtained fromgBftiid
state calculations. PBE andPBE using the pn-empirically optimized rangseparation parameteropt of each system
consistently yield the sanma. ¥ optwas obtained according to Eg. S2. The ground state calculations utilized the relaxe@ PBE

geometries of the respective system.

System ms (Us) ¥opt (bohr)
Ir-L1 0 0.16
Ir-LO 0 0.16
Ni1s 8 0.18
Pdis 8 0.17
Ptis 4 0.17
Nigg/[Ir-L1] 8 0.14
Pdi/[Ir-L1] 4 0.12
Pty/[Ir-L1] 2 0.11

Rangeseparated hybrigxchangecorrelationfunctionalstypically split the Coulomb operatopZi )
into a short and longrange term33%331 This is implemented here by the error functfod A& in terms

of pfi p AGA n AQGAT, with] being the rangseparation paramet€f?533 We
employedthe version ofy PBES34S3 that uses pure sertical PBE exchange in thehortrange, exact
HartreeFock exchange onliyn the longrange and PBE correlation withaaingeseparation. Note that
all calculations utilizingy PBE were carried out in a generaliz€edhn-Sham (GKS) frameworkas
implemented by QCHENFA In this studythe norempirical tuning process afPBE aimsto satisfy
the DFT version of Ko o p ma n s &% tsihce ib usumliy leads to a trustworthy descriptioh
photophysical properties (cain manuscript, IntroductignThe theorem establishes a physical
meaning of the highest occupied Koksham eigenvalue in exact ground state DFT, which also
holds within GKSS%8 It rigorously guaranteethat T 0 equals the first vertical ionization
energyO00 of an{ -electron systemiOU) is defined as the difference between the total eriérgy
of the cationic and neutraDilsy®@tienp (Dob 8frozer
obey as closely as possible to the latter, we tiimeangeseparation parameter such tigg: minimizes

01 of
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To this end, we iterate through an intervalifoin discrete steps of.01bohr! and computethe
electronic ground state of the neutral)(cationic 0 p) and anionicf p) systemfor each value
of the intervalwithin the structure of the neutral systefimese yielded and the total energies
needed to calculat®V from the definition aboveThe ground state calculations ofl®, Ir-L1, Mis
utilized the defZTZVP basis set anlll13/[Ir-L1] used def2SVP.TableS4contains the optimally tuned

¥ opt Of molecular systems studied wittPBEin the main manuscript

Excitation spectra and densities were obtained from linear respomsdependentDFT (TDDFT)
calculations in the Casida formali$t*s*? For this, we usedPBE and the LANL2DZbasis st in
combination with the LANL2DZecp effective core potential for Ni, Pd, Pt and Ir as implemented by
QCHEM.5% For bettervisualization, absorption speatwere obtained by convoluting tHEDDFT
excitation spectra with a Gaussianwadith 0.08 eV. Notethat we also tested the accuracy of the Tamm
Dancoff approximatiof*!! (TDA) by calculating the excitation spectra Mfa/[Ir-L1] (within their
equilibrium geometry)This test showed that the TDA yields the qualitatively same trend as the full
linearresponse TDDFT calculation for the excitation spectrum and excitation densities. For this reason,
the study on the distance depgency of the interaction between the metal nanoparticles and the
Ir photosensitizer was carried out within the TDA. Siliim excitations of M1g/[Ir-L1] were also
obtained within the TDA for technical reasons within QChdiach of theMis exhibits a
charateristically dense excitation spectrum (cf. Fi@35 Consequently, it is necessary to calculate
several hundred andp to about1000excitations only for theVIS excitation spectrum o3 and
Ma3/[Ir-L1], respectively This in turn means that amcreasingly elaborate diagonalization is necessary

to obtain the roots of the Casida matrix equatiditte that this can be a more general bottleneck to
obtaining UV excitation spectra of systems containing (transition) metal clusters from Casida linear
response TDDFT calculationall calculations using theangeseparated hybrig PBEandgeneralized
gradient approximatioRBE(D3) were carried out with th@CHEMS38 and TURBOMOLES*2 code,

respectively.

Ir -LO Triplet Photosensitizer

Figure S17 showsthe electronic difference density of the lowest triplet excitatioarid the ground

state of [Ir(bpy)(ppyd* (hamed IrLO) obtained fromDDFT. For this calculation, the rangeparated

hybrid exchangeorrelation functionak PBE and the LANL2DZ basis seeneused. The red and blue
wireframes indicate negative (electron lack) and positive (gain) areas in the difference densities

presented in ik section, respectively.
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Ty: 2.14 &V

Figure S17. Electronic difference density ofi Bf [Ir(bpy)(ppy)]* (Ir-LO). Obtained from a TDDFT calculation with the ron
empirical optimally tuned PBE ¥ opf(Ir-L0)=0.16bohr?). See main text for details.

Density of States oM13/[Ir -L1]

We comparé the density of states (DOS) bfig/[Ir-L1] to that ofits molecular constituentel,s and
Ir-L1. The DOS is (approximately) computed from the K&imam ground state eigenvalues
Figure S18 showsthe DOS ofM14/[Ir-L1], Mizand IrL1 obtained from a DFT ground state calculation
with ¥ PBE and LANL2DZ (Nid[Ir-L1] panel(a), Pd3/[Ir-L1] panel(b), Ptsy/[Ir-L1] panel(c)). For
better visualization, the eigenvalue spectrum was convoluted with asi@aus width 0.08 eV
Analogous to the comparison of absorption spectra discussed in the main manuscrijot attergon

to two aspectqi) We calculatd the ground state dfl;s and L1 (separately) in the fixed structure as
they are inM3/[Ir-L1] (cf. main manuscript, Fig). This eliminategffectsthat wouldjust be due to
structuraldifferences(ii) To eliminate exchangeorrelation functional related differences, wedide
optimally tuned rangeseparation parameteroy, of M13/[Ir-L1] alsoto calculate the DOS .3 and
Ir-L1 in (i). Following these consideratiorisigure S8 clearly shows that the total spestliffer from
the respective individual spectra. In particuthe DOS oM 13/[Ir-L1] shows naverlap with tlatof the
respectivanetal cluster for energies approximatieigherthan-8 eV. Therefore, th®OS ofMi3/[Ir-L1]
cannot even be explainedqualitatively from the superposition ofMiz and Ir-L1. Reassuringly
calculating the DOS d¥l13/[Ir-L1] with the generalizedradientapproximation PBE consistently yields
the same trend as thengeseparated hybriflinctionaly PBE, as shown exemplarily for M{lr-L1] in
Fig. S19. Note that onsideratior(i) was also applied for the calculatewith PBE.The @nfirmation

by another class of exchangerrelation functionals shows the robustness of our results.
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Figure S18. Theoreticaldensity of statesf M13/[Ir-L1], Mizand IrL1 obtained from DFT ground state calculations with the
non-empirical optimally tunedrPBE. (a) Comparison foiNiis/[Ir-L1]. The respective calculations useeh=0.14bohr?, as
explained in thenain text (b) Pcia/[Ir-L1] (¥ op=0.12 bohr?t). (c) Pta/[Ir-L1] (¥ op=0.11 bohrt).

Figure S19. Theoreticadensity of statesf Niia/[Ir-L1], Mizand IrL1 obtained from DFT ground state calculations with PBE.

See main text for details.
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