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Resumen

Se ha desarrollado un método de sintesis “verde” de compuestos metal organicos en me-
dio acuoso, a temperatura y presién ambientes, facilmente escalable y con tiempos de
cristalizacion muy cortos (10 min). El método se ha aplicado con éxito a la sintesis de
trimesatos de metales divalentes isoreticulares y con férmula general M3(BTC)2-12 H,0O
(M = Ni?*, Co?, Cu?*y Zn?*; BTC = trimesato). La estructura de estos materiales pre-
senta dos tipos de centros metalicos (“puente” y “terminales”) en proporcion 2 a 1, am-
bos con coordinacién octaédrica y unidos a 4 moléculas de H-O y a dos oxigenos carbo-
xilato del ligando. Usando este método de sintesis, se han preparado también series de
compuestos bimetalicos isoreticulares de Co-Ni y Co-Zn en todo el rango de concentra-
ciones, asi como compuestos de Mn-Ni con una concentracion maxima de Mn?* del 50%.
Mediante la combinacion de difraccion de rayos X (en polvo y de monaocristal) y micros-
copia EDX/SEM se ha demostrado que los compuestos bimetalicos forman verdaderas
disoluciones sélidas (no meras mezclas de fases) y que los iones metalicos se distribuyen
homogéneamente en todo el cristal. Ademas, el analisis detallado de la variacion de los
pardmetros de celda con la composicion en compuestos Co-Ni y Co-Zn aporta fuertes
evidencias de que los iones Co?* ocupan preferentemente las posiciones “terminales”.
Asi, la composicién quimica del material determina el grado de aislamiento de los iones
Co2+ en una matriz formada por iones Ni?* (0 Zn?*) y ligandos trimesato, lo que es de
gran relevancia en determinadas reacciones cataliticas. En el caso de compuestos bime-
talicos Mn-Ni, el analisis de los parametros de celda con la composicién no son conclu-
yentes, aunque no se puede descartar que exista también una ocupacién preferencial de

las posiciones “terminales” por los iones Mn2+.

Se ha evaluado la actividad de los compuestos preparados como catalizadores para la
oxidacion aerdbica de cumeno (CM) a cumeno hidroperdxido (CHP). EI compuesto mo-

nometalico de Co?*, Co-BTC, present6 una elevada actividad, aunque la selectividad a



CHP obtenida fue relativamente baja (69%), ya que los iones Co?* catalizan también la
descomposicion del CHP formado. Una buena estrategia para optimizar esta selectividad
consistid en aislar los iones Co?* en una matriz de Ni-BTC (que es inerte tanto para la
oxidacién de CM como para la descomposicion de CHP). Asi, al disminuir la concentra-
cion de iones Co?* en compuestos bimetalicos Co-Ni se observo un aumento de la selec-
tividad a CHP de hasta el 91% para el material con un 5% de Co. Se ha calculado que
estadisticamente el 73% de los iones Co?* en este material se encuentran aislados, por lo

que la descomposicidn/sobreoxidacion del CHP se ve muy limitada.

Usando una variacion del método de sintesis, se han obtenido también compuestos iso-
reticulares de Co?* en los que los ligandos trimesato se han reemplazado parcialmente
por ligandos isoftalico o 5-aminoisoftalico. Al utilizar estos compuestos como cataliza-
dores para la oxidacion aerdbica de CM, se ha observado que la introduccion de este
segundo ligando (y en particular del 5-aminoisoftalico) en la red metal-organica facilita
la descomposicion del CHP formado y aumenta la selectividad final a 2-fenil-2-propanol
(PP). Esto se ha atribuido a la creacion de defectos puntuales en la red del material, que

presentan una mayor actividad para la descomposicion de CHP.

Siguiendo con la oxidacién de CM como reaccion modelo, se ha evaluado la actividad
catalitica de compuestos isoreticulares de cobalto con ligandos bispirazolato funcionali-
zados con distintos grupos (CoBPZ, CoBPZ-NO; y CoBPZ-NH,). En este caso se ha
observado una clara influencia del ligando utilizado sobre la actividad catalitica y la se-
lectividad a CHP o PP del material. Mientras que el Co-BPZ presenta una baja conver-
sion de CM y una elevada selectividad a CHP, Co-BPZ-NH; presenta las caracteristicas
opuestas: una elevada velocidad de reaccion pero una baja selectividad a CHP. En este
altimo caso, el producto mayoritario formado es el PP. Por su parte, el material Co-BPZ-
NO- presenta unas caracteristicas intermedias. Las diferencias observadas se han atri-
buido al papel de los grupos amino en el Co-BPZ-NH,, que aumentan la adsorcion del

CHP en el material y facilitan su descomposicién posterior a PP. Por tanto, los resultados



presentados en este capitulo demuestran el potencial de la introduccion de grupos fun-
cionales en los ligandos del MOF como estrategia para modular la reactividad del mate-

rial resultante.

Por Gltimo, el estudio de MOFs de cationes divalentes como catalizadores de oxidacion
se ha completado con una reaccidn de sintesis de quinazolina mediante acoplamiento
oxidativo de bencilamina y 2-aminoacetofenona usando TBHP como oxidante. Como
catalizadores para esta reaccion se ha utilizado el trimesato de cobre, HKUST-1, asi
como materiales isoreticulares con ligandos mixtos obtenidos al reemplazar parcial-
mente el trimesato por 5-hidroxiisophthalico (OH-isoftalico). Los materiales con ligan-
dos mixtos presentan un sistema jerarquico de micro- y mesoporos, en el que el volumen
de mesoporos representa hasta un 40% del volumen total de poros. La creacion de estos
mesoporos resulta claramente visible en forma de profundas grietas en la superficie ex-
terna, que corren paralelas a las aristas de los microcristales octahédricos. Al aumentar
el grado de incorporacién del segundo ligando, estas grietas se vuelven mas profundas y
las aristas de los octaedros se redondean progresivamente. La creacidn de un sistema
jerarquico de mesoporos se traduce en una mayor actividad catalitica en la sintesis de
quinazolina, lo que se ha atribuido a una mejora de la difusion de este producto volumi-

noso desde el interior de los poros del material hacia el exterior.






Abstract

A “green” synthesis method has been developed for the preparation of metal organic
frameworks in aqueous media, which is easily scalable, at room temperature, ambient
pressure and very short crystallization times (10 min). This method has been successfully
applied to the synthesis of isoreticular divalent metal trimesates of general formula
M3(BTC)2:12 H,0 (M = Ni?*, Co?", Cu?* y Zn?*; BTC = trimesate). The structure of
these compounds features two types of metal centers (“bridging” and “terminal”) in a 2
to 1 ratio, both with octahedral coordination and linked to 4 water molecules and 2 car-
boxylate oxygens of the ligand. Using this method, two series of bimetallic isoreticular
compounds of Co-Ni and Co-Zn have also been prepared in all range of compositions,
as well as bimetallic Mn-Ni compounds up to a maximum concentration of 50% of Mn?*,
A combined X-ray diffraction (powder and single crystal) and EDX/SEM has shown that
these bimetallic compounds form true solid solutions (not simple mixture of phases) and
that both ions distribute homogeneously throughout the crystal. A detailed analysis of
the variation of cell parameters with the composition strongly suggests that Co2+ ions
occupy preferentially the “terminal” positions of the framework. Thus, the chemical
composition of the bimetallic compound determines the degree of isolation of Co2+ ions
in a matrix formed by Ni?* (or Zn?*) and trimesate ligands, which is of high interest for
certain catalytic reactions. IN the case of bimetallic Mn-Ni compounds, the analysis of
the cell parameters with composition is not conclusive, although a preferential occupa-

tion of the “terminal” sites by Mn?* cannot be excluded.

The materials obtained with the above method have been evaluated as catalysts for the
aerobic oxidation of cumene (CM) to cumene hydroperoxide (CHO). The monometallic
Co?* compound, Co-BTC, showed a high catalytic activity, but a relatively low selectiv-
ity to CHP 69%), since the Co?* ions can also catalyze the decomposition of the formed

CHP. A good strategy to optimize the CHP selectivity consisted in isolating the Co?*



ions into a Ni-BTC (which is inert for both CM oxidation and CHP decomposition). In
this way, as the concentration of Co?*ions in the bimetallic Co-Ni compound decreases,
a parallel increase of the CHP selectivity was observed, up to 91% for the material with
5% of Co. In this compound, 73% of the total Co?* ions are statistically isolated, so that

decomposition/overoxidation of CHP is unlikely to occur.

By using a variation of the above synthesis method, additional isoreticular Co?* com-
pounds have been prepared in which the trimesate ligands have been partially replaced
by either isophthalic or 5-aminoisophthalic. When these compounds were used as cata-
lysts for the aerobic oxidation of cumene, we observed that the introduction of this sec-
ond ligand (in particular in the case of 5-aminoisophthalic) into the framework facilitates
decomposition of CHP and increases the final selectivity to 2-phenyl-2-propanol (PP).
This has been attributed to the progressive creation of point defects in the framework,

having a higher activity for CHP decomposition.

Following with the aerobic oxidation of CM as model reaction, we evaluated the catalytic
activity of isoreticular cobalt compounds having bispyrazolate ligands bearing differnent
functional groups (CoBPZ, CoBPZ-NO; and CoBPZ-NHy). In this case, there is a clear
influence of the ligand used on the catalytic activity of the material and the obtained
selectivity to CHP or PP. While CoBPZ showed a low CM conversion and high CHP
selectivity, the opposite properties are obtained for the Co-BPZ-NH3: i.e., a high reaction
rate but a low CHP selectivity. In this latter case, the major product of the reaction was
PP. Meanwhile, COBPZ-NO; has characteristics that are intermediate between these two
materials. The observed differences are attributed to the role of the amino groups in
CoBPZ-NHa, increasing the adsorption of CHP on the material thereby facilitating its
decomposition to PP. Therefore, the results presented in this chapter show the potential
of introducing functional groups in the organic linkers of the MOF as a way to modulate

the reactivity of the final material.



Finally, the evaluation of divalent MOFs as oxidation catalysts has been completed by
addressing the synthesis of quinazoline through the oxidative coupling reaction of ben-
zylamine and 2-aminoacetophenone using TBHP as oxidant. As catalysts for this reac-
tion we have used a copper trimesate, HKUST-1, as well as isoreticular mixed-ligand
compounds obtained by partially replacing trimesate ligands by 5-hydroxyisophthalic
(OH-isophthalic). The mixed-ligand compounds present a hierarchical microporous-
mesoporous system in which mesopores account for up to 40% of the total pore volume
of the solid. Creation of such mesopores is clearly evidenced by the formation of deep
trenches running parallel to the edges of the octahedral crystallites. Upon increasing the
amount of the second linker incorporated, these trenches become deeper and the edges
of the octahedral more rounded. The creation of a hierarchical system of mesopores
translates into a higher catalytic activity for quinazoline synthesis. This has been at-
tributed to an improved diffusion of this bulky compound from inside the pores of the
MOF to the exterior.






Resum

S’ha desenvolupat un metode de sintesi “verda” de compostos metall organics en medi
aquos, a temperatura i pressio ambients, facilment escalable i amb temps de
cristal-litzacid6 molt curts (10 min). El métode s’ha aplicat amb éxit a la sintesi de
trimesats de metalls divalents isoreticular i amb férmula general M3(BTC)2-12 H.O (M
= Ni?*, Co%", Cu?* y Zn?*; BTC = trimesat). L’estructura d’aquests materials presenta
dos tipus de centres metal-lics (“pon” i “terminals™) en una proporcié de 2 a 1, ambdos
amb coordinaci6 octaédrica i units a 4 molécules d’aigua i a 2 oxigens carboxilat del
lligand. Emprant aquest metode de sintesi, s’han preparat també séries de compostos
bimetal-lics isoreticular de Co-Ni i Co-Zn en tot el rang de concentracions, aixi com
compostos de Mn-Ni amb una concentracié maxima de Mn?* del 50%. Mitjangant 1’tis
combinat de difraccié de raigs X (en pols i de monacristall) i microscopia EDX/SEM
s’ha demostrat que els compostos bimetal-lics formen vertaderes dissolucions solides
(no simples mescles de fase) i que els ions metal-lics es distribueixen homogéniament
en tot el cristall. A més, 1’analisi detallat de la variaci6 dels parametres de cel-la amb la
composicié de compostos Co-Ni i Co-Zn aporta fortes evidéncies de que els ions Co®*
ocupen preferentment les posicions “terminals”. Aixi, la composicid quimica del
material determina el grau d’aillament dels ions Co?* en una matriu formada per ions
Ni?* (0 Zn?*) i lligands trimesat, el que és de gran rellevancia en determinades reaccions
catalitiques. En el cas de compostos bimetal-lics Min-Ni, I’analisi del parametres de cel-la
amb la composici6 no sén concloents, encara que no es pot descartar que existeixi també

una ocupacio preferent de les posicions “terminals” per part dels ions Mn?*,

S’ha avaluat I’activitat dels compostos preparats com a catalitzador per a 1’oxidacid
aerobica de cumeé (CM) a cume hidroperoxid (CHP). El compost monometal-lic de Co?*,
Co-BTC, presenta una elevada activitat, encara que la selectivitat a CHP obtinguda és

relativament baixa (69%), ja que els ions Co?* catalitzen també la descomposici6 del



CHP format. Una bona estratégia per optimitzar aquesta selectivitat consisteix en aillar
els ions Co?* en una matriu de Ni-BTC (que és inert tant per a I’oxidacié de CM com per
a la descomposicié de CHP). Aixi, a mesura que disminueix la concentraci6 d’ions Co?*
en compostos bimetal-lics Co-Ni s’observa un augment de la selectivitat a CHP de fins
el 91% per al material amb un 5% de cobalt. S’ha calculat que estadisticament el 73%
dels ions Co%* d’aquest material es troben aillats, de manera que la

descomposicié/sobreoxidacio del CHP es veu molt limitada.

Emprant una variacié del meétode de sintesi, s’han obtingut també compostosisoreticulars
de Co®* en els que els lligands trimesat s’han reemplacat parcialment per lligands
isoftalic 0 5-aminoisoftalic. Quan aquest compostos s’usen com a catalitzadors per a
I’oxidacié aerobica de CM, sobserva que la introduccié d’aquest segon lligand (i en
particular del 5-aminoisoftalic) en la xarxa metallorganica es facilita la descomposicid
del CHP format i augmenta la selectivitat final a 2-fenil-2-propanol (PP). Aixo s’ha
atribuit a la creacié de defectes puntuals en la xarxa del material, que presenten una major

activitat per a la descomposicié del CHP.

Seguint amb 1’oxidacié de CM com a reaccié model, s’ha avaluat ’activitat catalitica de
compostosisoreticulars de cobalt amb lligands bispirazolat funcionalitzats amb distints
grups (CoBPZ, CoBPZ-NO; i CoBPZ-NH2). En aquest cas s’ha observat una clara
influéncia del lligand utilitzat sobre I’activitat catalitica i la selectivitat a CHP o PP del
material. Mentre que el CoBPZ presenta una baixa conversié de CM i una elevada
selectivitat a CHP, CoBPZ-NH; presenta les caracteristiques oposades: una elevada
velocitat de reacci6 pero una baixa selectivitat a CHP. En aquest ultim cas, el producte
majoritari format és el PP. Per la seva part, el material CoBPZ-NO, presenta unes
caracteristiques intermédies. Les diferéncies observades s’han atribuit al paper dels
grups amino en el CoBPZ-NH,, que augmenta 1’adsorcié del CHP en el material i
faciliten la seva descomposici6 posterior a PP. Per tant, els resultats presentats en aquests
capitol demostren el potencial de la introducci6 de grups funcionals en els lligands del

MOF como una estratégia per modular la reactivitat del material resultant.



Per ultim, ’estudi de MOFs amb cations divalent como a catalitzadors d’oxidaci6 s’ha
completat amb una reaccio de sintesi de quinazolina mitjancant acoblament oxidatiu de
benzilamina i 2-aminoacetofenona emprant TBHP como a oxidant. Com a catalitzadors
per aquesta reaccio s’ha utilitzat el trimesat de coure, HKUST-1, aixi com materials
isoreticular amb lligands mixtes obtinguts reemplacant parcialment el trimesat per 5-
hidroxiisoftalic (OH-isoftalic). Els materials amb Iligands mixtes presentes un sistema
jerarquic de micro- i mesoporus en el que el volum de mesoporus representa fins a un
40% del volum total de porus. La creacio d’aquests mesoporus resulta clarament visible
en forma de profunds solcs en la superficie externa, que corren paral-lels a les arestes
dels microcristalls octaédrics. Quan s’augmenta el grau d’incorporacié del segon lligand,
aquests solcs es fan més profunds i les arestes s’arrodoneixen progressivament. La
creacio d’un sistema jerarquic de mesoporus es traduexi en una major activitat catalitica
en la sintesis de quinazolina, el que s’ha atribuit a una millora de la difusié d’aquest

producte voluminoés des de I’interior del porus del material cap a I’exterior.






Abbreviation

BTC - 1,3,5-benzenetricarboxylic acid

CP — Coordination polymer

CUS - Coordinatively Unsaturated Sites

DMF - N,N-Dimethylformamide

FE-SEM - Field Emission Scanning Electron Microscopy

FTIR - Fourier-transform infrared spectroscopy

HKUST - The Hong Kong University of Science and Technology
ICP-OES - Inductively Coupled Plasma - Optical Emission Spectrometery
IRMOF — Isoreticular MOF

MIL - Materials of Institut Lavoisier

MOF- Metal-organic Framework

PSM — Post Synthetic Modification

SBU - secondary Building Unit

STEM - scanning transmission electron microscopy

TGA - Thermogravimetric Analysis

TBHP - tert-Butyl hydroperoxide

TOF - turnover frequency

TON — Turnover number

UiO - Universitetet i Oslo

XRD - X-ray Diffraction

ZIF - Zeolitic imidazolate framework






Index

Chapter 1: General introduction and ObjJectives ....cccceeeeeeennnnne. 1
(N CT=TaT=T =1 T [ £ oo [ o1 o] o FO R TPTUPPN 3
1.1.1. What are Metal-Organic Frameworks?........c.ccceeviniiiienannn 3
1.1.2. SyNthesis Of MOFS....cuiiiiiiiiiiiiiiiiiiiiiiieiiirrracaeaeieaeaes 5
1.1.2.1. Methods of crystallization...............ccc .o v eeee. 5
1.1.2.2. Purification and activation................c.cccceceeveve e, 8
1.1.3. Application of MOFsS in catalySiS......ceeveveiereieneneneininnanann 9
1.1.4. Tunability of structural properties of MOFS......cccccvvueninnnn 12
1.14.1. Isoreticular Strategy............cccoccvveieeveeeeevcenenee. 12
1.1.4.2. Mixed metal approach................cceeo i veivieee .. 16
1.1.4.3. Mixed linker approach.............c.ccc oo cei v cecie e, 18
1.1.4.4, Encapsulation.............ccocee e en e e e e 21
1.1.5. Defects iN MOFS...uiviiiiiiiiiiiiiiiiiiiiiinininieiniieiir e ane 22
1.15.1 Defect formation.............cc oo e e cev it e e 22
1.15.2. Use of defective MOFs in catalysis............ccccccce e e, 25
I 0 1] [T 3 A 27
T ) =T =] o0 29
Chapter 2: Characterization teChNIQUES.....cceveereeiiniiareiiennnnnns 45
2.1. X-ray Diffraction (XRD)....cccceeeeeieeeeeeeecacareeceserencnseecasnsascnsnsasanns 47
2.2. Thermogravimetric ANalysis (TGA)...cueuiuvereieinieieieieieiurnreracacecanns 50
2.3. Nuclear Magnetic Resonance (NMR)....ccceiviiiiiieincrniiecersenaserasnnnes 50
2.4. N2 Adsorption-Desorption EXPeriment.....cceeeeeeeeeeeneeeeceeececncancacnees 51
2.5. Scanning Electron Microscopy + EDX..u.eeeeeereerineneararsenecnnececenesnnns 54
2.6. Gas Chromatography (GC)....iuueierurerernrnirerererrisrsereissnsssnssnsnns 54
2.7. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 56
2.8. Elemental ANAlySiS (EA)..uuieceeeeeeeenrnencecacasnsecnsesacnsnsesesasasesasesosese 56
2.9. Fourier Transformation Infrared Spectroscopy (FTIR).......cocevueninnen. 57

2.10.  Heat Of IMMEISION..eieteeieerreieeieernereseeneseseessssesessssessesssnsonses 57



2 B 205 (3 0 1 T T PPN 59

Chapter 3: Facile “green” aqueous synthesis of MIX-MOFs......... 61
T8I 011 oo [1 o1 o] TSP 62
3.2. Results and diSCUSSION....cureieiiniireieiiraieiiiiiiiiiireieeirareeeseenen 66
3.2.1. General synthesis approach.............coeveeveeieiieinevinennns 66
3.2.2. Monometallic COMPOUNS....eieeeieraieerernreennenriecnsrneencn 67
3.2.3. Bimetallic COMPOUNGS...ceiiierniiiiernrneiarereeenmmenseecnsnsnn 70
3.2.3.1. Co-Ni bimetallic compounds.............c.cc.ceeeeeeeeeeeee. 70

3.2.3.2. Co-Zn bimetallic compounds.............ccceoevveeveveee. 77

3.2.3.3. Mn-Ni bimetallic compounds.............c.cccceveeeee e 78

3.24. Mixed ligand COMPOUNGS....ceuiururureruierurnrurernrucrnrasacann 80

3.3, CONCIUSIONS. cetuieeniniierarnrersareressnsersssnsessssncnssssssassssnsessssnsnsssoes 89
34 RETEIENCES. ctuiieeniniieinietiaiarersaseressasatessnsatsssssnssssssnssssnsessssssnssns 91

Chapter 4: Selective aerobic oxidation of cumene over MIX-MOFs 95

25 T a1 1 0o [0 1ox o] o PR PPN 97
4.2. ReSUItS and diSCUSSION...eueeeteeteeiereerneeneeteareeseaceeeneensensansansnsansens 106
4.2.1. Catalytic studies of aerobic oxidation of cumene to cumene

hydroperoxide: Mono- and bimetallic trimesate MOFs.................... 106
4.2.1.1. Cumene oxidation over monometallic trimesate MOFs 107
4.2.1.2. Optimization of the reaction temperature................. 110
4.2.13. Optimization of catalyst’s chemical composition for
CHP producCtion..........ccee vt veee et e et e e et e e st v e e e e e 112
4.2.1.4. Stability testS... ... cov v iee e e e, 118
4.2.2. Optimization of catalyst’s chemical composition for PP pro-
QUCHION . et teeeeieeeeeeeeaenreeeaeaenecacaseasnsasensnssensasescnsnsiasnsnsnns 120
4.3, CONCIUSIONS. . tueeeieieeeneeeenreeeacateeeecasesescasesascasnsansasassnsnsasansnsees 125
4 RETEIENCES. ceeentitieeeieeieeeteeeaeeeeeeaceeeeeacasessasasessasnsessnsasansasnsannns 126
Chapter 5: Cobalt(l1) bis(pyrazolate) MOFs as catalyst in cumene
oxidation: a tag dependent SElECIVItY.......uueerrreereneereneernnnnnne 129
LT 151 oo [8 o3 1 o] o P U TP 131
5.2. ReSUItS aNd diSCUSSION. . euuereereereeneeneeneeneeeeeaceeeseeneencensencencancnscnsnns 134
5.2.1. Synthesis and characterization.........ceceeverininenineneninininnnn 134

5.2.2. Cumene oxidation catalysis with CO(BPZX).....ccceeeeeerenennnn. 143



LR I O 0] o] 11157 o 1 1= 150

5.4, RETEIENCES. ceeuiniitiiiiiiiiiiiiiirii s sas e e s eea e 151
Chapter 6: Hierarchically structured mixed-ligand HKUST-1...... 153
a3 1Y€ €Yo (0103 1o O 155
6.1.1. HKUST-1 MOF . .cuittiuiiniinrenieririrenracesesassnssnsansanss 155
6.1.2. Hierarchically structured MOFs and its use in catalysis...... 156
6.1.3. QUINAzOliNg SYNTNESIS.ceeereireieeneneiaenineirarneeecrencacnsannns 158
6.2. ReSUItS aNd diSCUSSION. ..teieretrnrarerernirrsearersrarsrsssssssssssnsssssnsssssnnes 160
6.2.1. Synthesis and characterization......ccceeeeeeieeiiieieenenececannnn 160
6.2.2. OF:17:11Y, (ol 1) O PP PP PP 171
SR O] o 11T N 178
6.4, RETEIENCES. civiniieieieiiiinieiieinietsnsniseessntsesasnssssnsnssssnsessniossssnsossans 179
Chapter 7: ConClUSIONS..iviiieiieiieeirintiarersrenteessesnserionssnsnsns 183
Chapter 8: ANNEXES.uiieiieeeeerenreacerensensensessesonsansaseiissnsescnsnns 187
ANnex A.L1. SYyNthesis ProCeduUresS.....cveviiiieiiniiiiiiinininininenenineneninenenenenn 189
Annex A.2. Catalytic and Experimental Procedures....cceeeierererererererecerens 194
Annex A.3. Additional Experimental Data.......ccceeeeeieieinineiernreeiieeeneenenn 196

ANNEX A4, RETEIENCES vuvtrerereinereteererseresseesescesssssessssessssessioessssennnse 216






Chapter 1

General introduction and
objectives






CHAPTER 1

1.1. General introduction

1.1.1. What are Metal-Organic Frameworks?

Metal-organic frameworks (MOFs), also known as porous coordination polymers
(PCPs) are a very promising class of crystalline porous materials consisting of metal ions
or cluster (inorganic nodes) coordinated to multidentate organic molecules (ligands) to
form 1D, 2D or 3D pore structure. Early reports dedicated to this type of materials date
from the late 1950s'2 and early 1960s®7, however the real boost of this field was ob-
served in the end of the 1990s, when MOFs were rediscovered by groups of Robson®?,
Kitgawa'?, Yaghi'! and Ferey!? followed by many others. Thanks to their structural di-
versity, stability and functional flexibility, MOFs allow the creation of materials with
tailored properties and have become one of the exciting research areas in Chemistry. The
ever growing numbers of articles containing metal-organic framework concept is showed

in Figure 1.1.
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Figure 1.1 Number of publication on MOFs per year from 1990 to 2018 (data obtained from
SciFinder on May 21, 2019)
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MOFs can be produced by many different synthesis methods, both traditional and more
specific ones, like microwave, ultrasonic, mechanochemical and electrochemical pro-
cessing. The possibility to vary the structure porosity (increase even up to 98A), topology
and elemental composition by the choice of initial building units has led to many appli-
cation in fields like gas adsorption'®14 and separation*®, catalysis'®-8, photocatalysis*®2°
and many others, covered in many reviews?'22, The above mentioned features of MOFs,
including high surface area and tuneable porosity, are main aspects that differ them from
Zeolites and exceed their properties in many ways. However, Zeolites are still rank above

in terms of thermal stability.

The big diversity in MOFs is also reflected by the variety of nomenclature. A
large number of abbreviations are commonly in use to name these compounds, which
can cause additional confusion and misunderstandings. This is why attempts have been
made to systematize the definitions used in this field?*2* followed by IUPAC recommen-
dations for nomenclature?. There, the use of accurate and careful topology description
for MOFs is advised, which can allow comparing materials from different publications
much easier and more efficient. Topology descriptions should use the symbols or codes
from Reticular Chemistry Structural Resource (RCSR) database, which are composed of
three letters and should be additional to common practice of giving important new com-
pounds nicknames names based on their place of origin. By now, apart from simple nu-
meration e.g. MOF-5, MOF-74, MOF-177 the most famous classes are UiO (Universi-
tetet i Oslo), MIL (Materials of Institut Lavoisier), HKUST (Hong Kong University of
Science and Technology), etc. Figure 1.2 shows the examples of two of the most famous
MOFs: HKUST-1, which forms a tbo net, and MOF-5 that has pcu topology.
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Figure 1.2 Archetypical MOFs: (Left) The zinc and carboxylate-based MOF-5, where each
[Zn4O] unit is bridged by six benzene-1,4-dicarboxylates. (Right) HKUST-1 with coppe(ll) pad-
dlewheel dimers bridged by benzene-1,3,5-tricarboxylates. Hydrogen atoms are not shown.
Grey: Zn; turquoise: Cu; black: C; red: 0.% Adapted from Pure Appl. Chem., Vol. 85, No. 8,
pp. 1715-1724, 2013 ©IUPAC;

One of the most famous subgroup inside MOFs are ‘zeolite imidazolate frameworks’
(ZIFs), where metal ions (Fe,Co,Zn,Cu etc.) are surrounded by tetrahedral imidazole
rings. Most common way of naming these materials is by using the abbreviation ZIF

followed by a number, as in ZIF-8%,
1.1.2. Synthesis of MOFs

1.1.2.1 Methods of crystalization

The potential applications of MOFs, related to their porous nature gain attention
among engineers and material scientist. Various research background has without doubts
contributed to wide range of applications. However, before the MOF with designed spe-
cific properties will be used, appropriate synthesis conditions (solvents, pH, temperature,
concentration, solvents polarity) and materials (inorganic salt, organic ligands) should
be carefully chosen. Various methods and approaches towards understanding the for-

mation of MOFs have been reviewed?”22,

Solvothermal approach

Solvothermal synthesis is one of the most common synthesis method. The syn-
thesis often takes place under high pressure and temperature in the presence of organic

solvents and/or aqueous solvents and mineralizers (in case of hydrothermal reaction).
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Those syntheses are commonly carried out in tightly capped vessels, either Teflon-lined
stainless steel autoclave or glass flasks, placed inside an oven to generate autogenous
pressure?®. This increases the solubility and interaction of reactants in the solvent during
the synthesis procedure. Alcohols and dimethylformamide (DMF) are among the most
common solvents used in the synthesis of MOFs. In some cases, addition of amine such
as trimethylamine can favor deprotonation of the organic ligand, which accelerate the
synthesis rate. In small scale, high-throughput solvothermal syntheses are a powerful
tool leading to accelerate the discovery of new MOF structures and to optimize synthesis
procedures®®3L, Despite of huge popularity, solvothermal synthesis have also few limi-
tations. Usually this type of synthesis can take from few hours up to days depending on
the precursor used. Moreover, in many cases solvent is adsorbed strongly inside the

pores, requiring high temperature activation®2.

Employing ionic liquids in ionothermal synthesis helped to improve classical solvother-
mal synthesis in terms of safety concerns®, by eliminating high pressure from the pro-
cess. lonic liquids are salts that melt below the temperature used in the synthesis (423-
493 K) and can serve as both solvent and structure-directing agent for the dissolution of

starting precursors as it was demonstrated in the case of Zn-BTC3* and NH-MIL-53°%5,

Microwave and sonochemical synthesis

Microwave assisted and sonochemical synthesis of MOFs are alternative meth-
ods to conventional solvothermal synthesis. So far, microwave (MW) irradiation has
been used mostly for the inorganic or organic solid state materials synthesis and polymer
curing®-38, Currently, both methods are used with success also for synthesis of
MOFs34%, Main advantages of those methods are reduction of crystal size for production
of nanosized materials*'#?, as well as phase selective synthesis*3, where formation of the
kinetically favored phase can be observed due to the very fast kinetics of nucleation and
crystallization under MW heating and shorter crystallization time. In many cases physi-
cal and textural properties of materials obtained by MW and solvothermal methods are

very similar. MIL-100-Cr was the first MOF material successfully synthesized by MW
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irradiation*4. In this method MIL-100 was synthesized at 493 K in 20 times shorter time,
as compared to conventional electric heating method at the same temperature. This im-
provement was possible thanks to fast dissolution of the precursors, especially metallic
chromium, acceleration of the condensation of the oxygen-metal networks and reduction
of the nucleation period. Similar observation was obtained for other MOFs: MIL-101-
Cr*®, MOF-5%, Cu-BTC* and MIL-53-Fe*,

Sonochemical technique was applied for the first time to synthesized MOF-5%°
resulting, like in the case of MW in smaller crystal size and reduced synthesis time com-

paring to convective heating.

Electrochemical synthesis

The electrochemical synthesis of MOFs was reported for the first time by
BASF’s researchers®. They established synthesis procedures for Cu- and Zn- based
MOFs with various linkers [1,3,5-HsBTC, 1,2,3-H3sBTC, H,BDC and H2BDC-(OH).].
In this method metal ions, rather than metal salts are continuously introduced through
anodic dissolution to reaction mixture, where dissolved organic linker and conducting
salt are present. Use of protic solvents helps to prevent metal deposition on the cathode
forming H- in the process. Big advantage of this process its industrial friendly aspect like
possibility to run continuous reaction with high yield solid content compared to normal
batch synthesis. Researchers form BASF extended their work for ZIFs family and re-
ported procedures for Zn(MIm), and Zn(BIm)2%*. Despite of high surface area obtained
for most of the materials, the main drawback is poor quality of those materials, which is
assigned to the incorporation of linker molecules and/or the conducting salt in the pores

during crystallization?’.

Mechanochemical synthesis

Mechanochemical synthesis is considered as a green alternative for solvothermal syn-

thesis due two main advantages. Firstly, the process goes under solvent free conditions
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and secondly, faster reaction time which usually oscillate around 10-60 min with quan-
titative yields and can be easily scale up>2. Mechanochemical method proceeds by grind-
ing (using ball mill) metal precursor and organic ligand in the solid state to produce
discrete coordination complexes with reorientation of intramolecular bonds leading to
chemical reaction??. HKUST-1 and MOF-14 were successfully synthesized by this
method with high surface areas®. Moreover, this green-chemistry approach leads to
framework structures where adsorbed guest molecules can be easily removed, leaving a
free pore access for other applications. This method was later extended by Liquid-as-
sisted grinding (LAG) and of ion- and liquid- assisted grinding (ILAG) in order to im-

prove reactivity of unreactive or low-yielding systems®.

Room temperature synthesis

Room temperature synthesis is an attractive method, which offers a simple rapid and
high-yield way to prepare MOF materials. Since it does not require any energy source to
trigger nucleation and crystal growth, it is considered as “green” alternative for sol-
vothermal reaction. MOFs can be simply obtained by mixing together starting materials,
however in some cases addition of the base i.e. trimethylamine in order to deprotonate
the linker) is requiring®>°6, Other methods use for the synthesis salts of organic linkers®’,

which will be described in more details in Chapter 3.

Solvent evaporation

Another alternative synthesis method is called solvent evaporation. Shortly, in this
method mixed reactants are transferred into beaker and sealed with a parafilm. Crystal
growth is initiated either by saturating the solution, which can be achieved by cooling of
the solution or removal of excess solvent. As an example, Zhang et al. have synthesized

copper(ll)-lanthanide(111) MOF using a solvent evaporation method®8.

1.1.2.2 Purification and activation

Seemingly simple synthesis of MOFs often brings challenges in terms of phase-pure,

non-catenated and “activated” materials, especially in the high surface area regime®.
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Purity of the material is one of the most important factors in catalysis as presence of by-
products can mimic the activity and also lower the sorption capacity of the MOF. One
of the methods to separate mixture of MOF phases i.e. catenated and non-catenated is
density separation®, where mixed organic solvents are applied. Moreover, catenation
can be controlled by concentration®®, temperature®?, use of templating solvents or
molecules®®4, solvent-assisted linker exchange (SALE)® etc.. The crystalline impurities
can be detected by X-ray powder diffraction and amorphous by-products can be revealed
by thermogravimetric or elemental analysis. It is also worth to notice, that all steps nec-
essary for purification and activation of the MOFs are strongly depending on its chemical
and thermal stability. Activation (removal of unreacted linker or solvents from the pores)
of the MOF is crucial to achieve high porosity. However, in many cases, this process
leads to structural collapse due to strong host-guest interaction, especially when high
temperatures are needed. High activation temperature was successfully applied for Cr-
MIL-53% and AI-MIL-53% where unreacted ligand could be removed by heating in air
at 300°C. In case of less stable materials the solvent molecules can be first exchanged
with more volatile compounds like methanol or dichloromethane®’, which can be re-

moved without thermal treatment.

1.1.3. Application of MOFs in catalysis

Every year new MOFs structures are discovered. Unlimited possibilities in terms
of designing new functionalities has significantly expanded the application of these ma-
terials, as covered in recent years by many reviews® 70, High adsorption capacities of
MOFs and pore tunability are important advantages for gas storage, separation and mo-
lecular sensing”76. Synthesis of bio-compatible scaffolds found their way in medical
applications like drug storage, drug delivery and also as potential imaging agents’’-81,
Magnetic, semi-conductor and proton MOFs have perspective application as sensors, in
electronic applications, in magnetic refrigeration, or in quantum computing®23, Com-
patibilization of MOFs with either organic or inorganic materials lead to creation of ad-

vanced composites with applications varying form (opto)electronic devices® to food
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packaging materials® and membrane separation®. Finally, the hybrid nature of MOF
materials and tuneable properties point at MOFs as very promising heterogeneous cata-

lysts87-93,

Lewis acid catalysed reactions

Based on those positive features, MOFs have been used in many different types of
reactions. As solid Lewis/Brgnsted acid MOFs can act as general catalyst for reactions
promoted by these sites. Typical reactions catalyzed by Lewis and/or Brgnsted acids sites
are isomerizations. Reaction like a-pinene oxide or citronellal isomerization are well-
studied reactions in fine chemistry. They are also used to estimate the nature (type and
strength) of the Bragnsted or Lewis acid sites of the catalyst. Briefly, in the isomerization
of a-pinene oxide Lewis acid sites catalyse the formation of campholenic aldehyde while
Bronsted acidity lowers the selectivity towards this product. Dirk de VVos and co-workers
examined the acid properties of HKUST-1%. The results clearly showed that HKUST-1
possess hard Lewis acid sites. Similar tests were performed by Vermoortele et al. over
MIL-100(Fe)% after post-synthetic treatment. Either HCIO4 or CFsCOOH were used to
activate the MOF. The level of defects created after acid treatment were measured by the
catalytic performance in the a-pinene oxide isomerization. It was observed that both,
conversion and selectivity to campholenic aldehyde decreased, which can be attributed
to the increased amout of protonated carboxylate ligands inside cages of MOF, which
serves as weak Brgnsted acid sites. Other types of Lewis acid reactions where MOFs
showed activity are benzaldehyde cyanosilylation®°7, esterification®, Prins reaction®,
Strecker reaction!%1%1 CO, cyclization reaction'%>-1%, Friedel-Crafts substitution%-109

reaction and many others.

Base catalysed reaction

C-C forming reactions are important in fine chemicals and pharmaceuticals synthe-
sis; however stoichiometric amounts of base are often required. Normally alkali, alkali

earth, ammonium or organic basic salts are used as a soluble base catalyst. This requires

10
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additional synthetic steps of neutralization and separation from the reaction mixture.
Therefore, design of MOFs as base heterogeneous catalyst that can simplify the separa-
tion process is of great interest. The most common reaction for testing basic properties
of the catalyst is Knoevenagel reaction. Gascon et al.*1® showed that MOFs with non-
coordinated amino groups like IRMOF-3 and amino-functionalized MIL-53, can be use
a stable solid basic catalysts in the Knoevenagel condensation of ethyl cyanoacetate and
ethyl acetoacetate with benzaldehyde. Interesting example was also reported by Ver-
moortele et al.}%, that have described the use of UiO-66-NH; as a bifunctional acid-base
catalyst for the cross-aldol condensation of benzaldehyde and heptanal to produce jas-
minaldehyde. It was proposed that the amino functional groups on the ligands act as
basic sites, while the acid sites are created in situ by controlled dehydratation of the
catalyst, creating coordination vacancies shared by three metal cations (Zr**) in the in-

organic cluster.

Oxidation reactions

Selective oxidation reactions are important due to possibility of functionalize C-C
bonds. MOFs thanks to their diversity of transition metal presence in the structure i.e.,
Cr, Mn, Fe, Co, Co and even Ti, are often used as oxidation catalysts''>1139 Asefa et
al.***, reported cobalt based MOF [Co(OBA)2(H20):] (Hz0ba = 4,4’-0oxydibenzoic acid)
as highly active catalyst, for olefin epoxidation reactions. In another example copper-
based MOFs were used by Pombeiro for selective oxidation of cyclopentane and cyclo-
hexane!'®. Also in our group several MOFs have been reported as selective catalyst for
aerobic oxidation of hydrocarbons i.e. MIL-101(Cr)*!6 for indane oxidation to respective
alcohol/ketone mixture, [Cu(2-pymo).] and [Co(BzIM).] (2-pymo = 2-hydroxypyrim-

idinolate; BzIM = benzimidazolate) for tetraline, cumene and ethylbenzene oxida-
tionll7,118_

11
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Reduction reactions

Selective reduction of carbonyl group of an a,B-unsaturated ketone in an im-
portant reaction in the perfume, flavouring, agrochemical and pharmaceutical industries.
The product of this reaction, allylic alcohols, find a wide range of applications, for
example as intermediates in the synthesis of fine chemicals!'®1?2, Meerwein-
Ponndorf-Verley (MPV) is one of the reduction method where MOFs attracted
interest as heterogeneous catalysts. UiO-66 and MOF-808 were shown good per-
formance in reducing the carbonyl group without affecting the CC double

bond123,124.
1.1.4. Tunability of structural properties of MOFs

1.1.4.1 Isoreticular strategy

As it has been described above, MOFs possess features that makes them perfect
candidates for heterogeneous catalysis: high surface area, permanent and ordered poros-
ity and most of all, an endless possibility for tuning their physical and chemical proper-

ties.

One of the strategies to create new MOFs is the so-called isoreticular concept
(one that has the same framework topology), which originally was introduced by Yaghi
et al.®. In this work IRMOF isoreticular family (based on MOF-5), were constructed
from Zn4O as inorganic building block and various linear dicarboxylic organic linker
molecules. Sixteen different materials having the same topology were obtained, which
proved the possibility not only for organic linker functionalization, with the groups like
-Br, -NHa, -OC3H37, -OCsHa1, -C2H4 and -CsHa, but also expansion of the pore size in
IRMOF-0, IRMOF-1, IRMOF-10 and IRMOF-16, which contain alkyne, phenyl, bi-
phenyl and triphenyl respectively (see Figure 1.3)

12
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Figure 1.3 Serie of IRMOF. Zn (blue polyhedral), O (red spheres), C (black spheres), Br (green
spheres in 2), Amino-group (blue spheres in 3). The large tallow spheres represent the largest
van der Waals spheres that would fit in the cavities without touching the frameworks. All hy-

drogen atoms have been omitted, and only one orientation of disordered atoms is shown for
clarity. Adopted from Science 2002,295, 469-472 with permission from The American Associa-
tion for the Advancement of Science

Another example of isoreticular MOF family is UiO-66, containing hexameric

Zrs04(OH)4*?* clusters as inorganic building blocks and linear dicarboxylic acids. These

13
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compounds show remarkable stability, and high surface area, which increase upon ex-
tending the linkers to two and three benzene ring dicarboxylic acids in UiO-66, UiO-67
and UiO-68 (from 1187m?/g to 3000 and 4170 m?/g, respectively)'? (see Figure 1.4)
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Figure 1.4 a)UiO-66; b)UiO-67; c)UiO-68. Zr (red), O (blue), C (gray), H(white) respectively.
Adapted with permission from Journal of the American Chemical Society 2008, 42, 13850-
13851 Copyright 2008, American Chemical Society

This topology can also be obtain using fumaric acid*?® (by now the smallest molecule
used) and terphenyldicarboxylic acid*?’ (as the biggest). Further extension of ligand, re-
sults in formation of interpenetrated frameworks with UiO-66 topology*?8. As in previ-
ous example of MOF-5, UiO-66 family was also investigate in terms of ligand function-

alization129.130,

Highly diverse and widely studied isoreticular family of MIL-53 topology, with
dynamic porosity, usually referred to as “breathing” properties, is a good example not
only for changing organic linker, but also replacing inorganic building units. Originally,
MIL-53, reported by G. Ferey et al.%%, was the first three-dimensional chromium(111) di-
carboxylate with general formula M"'(OH)(0,C-CsHs-CO2). This trivalent chromium
metal ion, can be easily replaced by other metals like: AI3* 86 Sc3* 131 Fg3+ 132 |n3+ 133
Ga®* 134, As in the previous examples, MIL-53 topology was also explored in terms of
pore dimension, with fumaric acid**® and 4,4’-biphenyl dicarboxylic acid** and further-

more functionalization of terephthalic acid!32:137:138,

In the literature many examples of isoreticular approach can be found on tuning

the materials properties in order to achieved low density crystals by the use of long

14
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struts!3®-141 more complex interpenetrated structures'#?144, substitution of metal'#> and
finally - ligand functionalization46-14°, All this aspects can play an important role in ap-
plications of MOF materials in catalysis'®® and adsorption. For instance, Cus(BTC).
(BTC = 1,3,5-benzentricarboxylate), well known as HKUST-1, as a member of an
isostructural series of Cr, Fe, Ni, Zn, Mo, and Ru analogues, where investigated in terms
of COz-metal interaction for CO, storage/separation®®l. Despite of unexpected high ad-
sorption enthalpy for Nis(BTC), material (affected by donor guest molecules), results
suggested that incorporation of more electropositive divalent metals in M3(BTC); ana-
logues, could lead to increase its CO; affinity at low coverage. Other very common way
to enhanced CO. affinity and selectivity include organic ligand functionalization with

amines or other basic groups!®2153.154,

W. Lin et al. and co-workers used isoreticular nature of chiral metal-organic
frameworks (CMOFs), constructed from [Zna(us-O)(02CR)¢], to incorporate well-de-
fined Mn-Salen catalyst into framework and by introducing spacers of different lengths
to tune open channel dimensions®®®. Results showed, that the larger open channel dimen-
sions can increase the epoxidation reaction rate, by overcoming diffusion limits of reac-

tant and product molecules.

F. Bigdeli et al.' and co-workers perform investigation on isoreticular MOF
family ([Zn(oba)(4-bpmb)o.s]a-(DMF)15(TMU-6), [Zn(oba)(R-4-
bpmb)os]n-(DMF)15(R-TMU-6), [Zn(oba)(4-bpmn)os]n(DMF)15(TMU-21)  and
[Zn(oba)(R-4-bpmn)os]n-(DMF)15 (R-TMU-21)) containing N-donor ligands with vari-
ous basicity character (see Figure 1.5). All materials were tested in the Knoevenagel
condensation, showing that R-TMU-21 (possessing higher basicity ligand, among tested
materials) has the highest catalytic activity - 100% conversion vs. 62% obtain on TUM-
6. Moreover, R-TMU-21 exhibit good stability for a few cycles with no leaching de-
tected.

15
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Figure 1.5 Isoreticular family of TMU MOFs. Adapted from Inorganic Chemistry Communica-
tions 2016,72,122-127. Copyright 2016 Published by Elsevier B.V.

Other possibility of designing MOFs is introduction of chiral catalytic centers
in use of asymmetric (enantioselective) catalysis'®’ for enantiomerically pure drugs syn-
thesis. Moreover, multifunctional catalyst can be design in order to perform one-pot syn-
thesis, which involve few catalytic steps (cascade, domino or tandem reactions). This
can lead to more selective, cost efficient and environmentally friendly synthesis, avoid-
ing separation and purification of intermediate products and in overall avoiding genera-

tion of waste by-products.

1.1.4.2 Mixed metal approach

The simultaneous incorporation of different building blocks in the crystal lattice,
which possess the same or similar coordination geometry (structure) and connectivity,
can lead to the construction of mixed component MOFs called MIX-MOFs'%8, Such a

combination can lead to materials with new functionality and unusual properties.

Introduction of another metal into the MOF structure can be achieved by post syn-
thetic modification (PSM) on parent MOF containing single metal*>® or by directly mix-
ing metal precursors during synthesis procedure (one-step approach). To successfully
synthesize mix-metal MOF with homogeneous distribution, features like columbic

charge, ionic radius and behaviour of the co-incorporated metals have to be considered.
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In PSM method*® partial replacement of metal in the native material can be performed
by bringing the solid into contact with a solution containing required second metal pre-
cursor. One of the first examples was reported by Dinci et al., where metal cations with
the same or different oxidation states than 2+ were substituted in MOF-5 crystal. Mixed
metal MOF-5 analogues containing Ce?*, Mn?*, and Fe?* as well as Ti®*, V3 and Cr®*
were obtained by PSM. In another report, Ti** was introduced by PSM into UiO-
66(Zr)*et,

Due to its simplicity, one-pot synthesis of mixed metal MOF have been also re-
ported'®2, Using this one-step approach, Yaghi and co-workers presented MOFs contain-
ing more than two kinds of metal ion'®3. Microcrystalline MOF-74 containing 2 (Mg and
Co), 4 (Mg, Co, Ni, and Zn), 6 (Mg, Sr, Mn, Co, Ni, and Zn), 8 (Mg, Ca, Sr, Mn, Fe, Co,
Ni, and Zn), and 10 (Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Zn, and Cd) different kinds of
divalent metals were obtained. True solid solution and heterogeneous metal distribution
was confirmed by X-ray diffraction, scanning electron microscopy, N2 adsorption, ele-
mental analysis and energy-dispersive X-ray spectroscopy. However, control of incor-

poration level of each metal still remained a challenge.

Mixed metal materials have found many applications in catalysis. A series of
isostructural three-dimensional MOFs CPO-27-M or MOF-74-M with different metal
ions (M = Co, Mg, Mn, Ni and Zn) were tested in the cyanosilylation of aldehydes with
trimethylsilylcyanide®4. Among tested materials CPO-27-Mn showed the highest activ-
ity with size selectivity towards aldehyde substrates. Also mixed-valence MOF materials
were used as heterogeneous catalyst for phenol degradation'®® and aerobic oxidation*6®.
Mixed metal materials have a huge potential to fulfil one of the ambitions of heteroge-
neous catalysis - development of multifunctional catalysts by incorporation of more than
one type of active site, which can be use in cascade or tandem reactions'¢”:168. For in-
stance, trivalent metal cations AI®*, Cr3* and Fe®* were separately introduced into MIL-
100(Sc,M)*° (M= All, Cr, Fe) and tested in Lewis acid + oxidation tandem catalytic pro-

cess. It was showed that incorporation of Fe** into MIL-100(Sc) significantly improved
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conversion in overall process. Encapsulated palladium nanoparticles in PdA@MIL-10117°
were also reports as successful material for menthol synthesis tandem reaction. Many

other examples were collected in the review!"*.

1.1.4.3 Mixed linker approach

Introduction of second ligand can be achieved by one-pot synthesis (by direct
mixture of two linker solutions) or by PSM*°, Among mixed-ligand MOFs three kinds
of substitution can be distinguished'”2. One undergoes an isomorphous substitution with
new ligand that possess a similar size and directionality, but bears new functional group.
The second kind of mixed-linker MOFs have structurally different organic building units
(called defective linkers), which leads to formation of defects without affecting general
integrity of the crystalline material. Finally, the third group represents the mixed-ligand

MOFs which lead to formation of new structures, which cannot be achieved otherwise.

Isomorphus substitution

Mixed-linker materials that undergo isomorphous substitution can be used for
pore engineering and functionalization (introduction of active sites). Hereafter, we pre-

sent few examples of this transformation and its use in catalysis.

A series of MIXMOFs based on MOF-5 was synthesized by the partial replacement of
benzene-1,4-dicarboxylate (BDC) linkers by functionalized 2-aminobenzene-1,4-dicar-
boxylate (ABDC) using one-pot method. Their activity was tested for the synthesis of
propylene carbonate.'”® The amount of amino groups was tuned by choosing the appro-
priate BDC/ABDC linker ratio, which in turn exhibited different activity. In another ex-
ample, a series of mixed ligand zirconium-based MOFs were synthesized containing
ABDC as the primary linker and 2-X-1,4- benzenedicarboxylate (X-BDC, X = H, F, Cl,
Br) as a secondary linker, and their activity was evaluated as visible light photocatalyts
in oxidation of benzyl alcohol*’*. Mixed ligand catalyst with halogenated linkers (X-
BDC, X = F, ClI, Br) led to a four- to five-fold enhancement of the activity of the corre-
sponding Zr-MOFs for benzyl alcohol oxidation in comparison to UiO-66-NH>—H. An
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interesting example of using mixed ligand MOFs was reported by Ranocchiari et al.1?>.
Here, Zn-based MOFs containing NH,-BPDC (BPDC= 4,4’-biphenyl dicarboxylate) as
an active component and an inert linker with methyl (MeBPDC) or diphenylphosphoryl
(DPP) groups (DPP-BPDC). The strategy of using mixed linkers, resulted in a bifunc-
tional material, where amino functionalised group acts as an active centre for the
Knoevenagel condensation and the second linker (Me or DPP) tunes the pore opening
by changing the size within the pores. Mixed linker materials, with the same topology
can be also obtained by PSM exchange'’®, as in the case of mixed metal MOFs or could
be based on performing an organic transformation at the organic linker. In this latter case,
only a portion of the original linkers inside the MOF is reacted. Examples include the

nitration!™ or sulfonation'’” of the terephthalate linker in MI1L-101.

Defective linker substitution

Introduction of defective linker into the MOF structure is recently the most in-
tensively studied method that can also introduce new properties in the material, useful
for catalysis. One of the pioneer work in this field was done by Baiker and co-workers,
who reported a mixed-linker MOF based on the HKUST-1 structure, where BTC linkers
were partially substituted by defective linker, pyridine-3,5-dicarboxylate (PyDC), with
partially missing one carboxylate group’®. According to structural analysis up to 50%
of defective PyDC could be incorporated without significantly affecting the crystal struc-
ture of the solid. Introduction of PyDC led to alteration of the electronic structure of the
MOF, with remarkable consequences in their catalytic properties for the hydroxylation
of toluene. Different selectivities toward the desired ortho- and para-cresol and other
oxidation products (benzaldehyde, benzyl alcohol, methylbenzoquinone) were observed
for Cuz(BTC), and Cus(BTC),-PyDC. Analogous approach was employed to introduce
structural defects and modify the metal sites in the mixed-valence Ru'"™
[Rus(BTC).Cly 5] structural analogue of HKUST-1, with partly missing carboxylate
groups at the Ru paddle-wheels. Incorporation of (PyDC) led to formation of isoreticu-

lar derivative material, with new coordinatively unsaturated sites and partial reduction

19



General introduction and objectives

of the Ru sites at the defective paddle-wheel moieties that trigged novel reactivity.
Hence, the MOFs with modified Ru sites were highly active in the reduction of 1-octene
using molecular hydrogen as a reducing agent as compared with the parent MOF"°. Be-
sides HKUST-1 analogues, a series of defect engineered MOF-808 was recently reported
in our group®®. Improvement of the catalytic activity in Meerwein—-Ponndorf-Verley
(MPV) reduction of carbonyl compounds for defect-engineered MOF-808-IP
(IP=isophthalic acid) and MOF-808-Pydc (Pydc = pyridine dicarboxylic acid) was ob-
served, which was assigned to the occurrence of less crowded Zr** sites in defected
MOF-808. In another example, two cobalt-based MOFs TMU-10 - constructed form
OBA ligand (OBA=4,4’-oxybishenzoic acid) and mixed-ligand TMU-12'81 - constructed
form OBA and pyrazine ligands, were examined in terms of its activity in the desulfuri-
zation of DBT (dibenzothiophene). Results showed that incorporation of the second lig-
and increased catalytic activity, compared to TUM-10, due to the difference in their co-

ordination to Co centers and void space.

Many other mixed-linker materials with defective linker substitution were found
useful in catalytic reactions like Knoevenagel*®183 Henry reaction for carbon—carbon

bond formation'8, Aldol reaction®®®, oxidative amidation® and many others!87.188,

New architectures

By judicious selection of ligands having different connectivity, new mixed-lig-
ands MOFs can be prepared that cannot be obtained otherwise by using the individual
ligands alone. In turn, their pore architectures can be further modified in terms of pore
shapes, sizes and opening windows of the channels in order to form new structures. High
stability of these structures, allows for PSM of the SBU or the linker which can also be
applied to modify the structures and functions'®®. One of the important group in mixed-
ligand MOFs family are pillared-layered MOFs, which are constructed from infinite lay-

ers pillared by linear bidentate linkers through dative bonds or supramolecular interac-
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tions. Those materials often consist of bipyridine and polycarboxylate ligands*®®1%2, An-
other groups within this construction approach are rod-spacer MOFs!%3194 and cluster
based mixed-ligand MOFs!%

1.1.4.4 Encapsulation

MOFs have emerged as a new class of heterogeneous catalyst, in which they serve
as hosts for encapsulated active guest species'®® such as polyoxometalates (POMs)*¥’,
metalloporphyrins!® and nanoparticles (metal and metal oxide) MNPs. Incorporation of
polyoxometalates (POMSs) inside MOFs as catalyst gives many economically and envi-
ronmentally advantages. Maksimchuk et al. incorporated Ti and Co Keggin anions into
the large cavities of MIL-101 and tested their catalytic performance for oxidation of al-
kenes using Oz and H20, as oxidant'®® Materials turned out to be stable under mild op-
eration conditions and could be reused many times without significant loss of activity.
Big effort have been made to incorporate metalloporphyrins into MOFs structure due to
its unique electronic structures, chemical and physical properties. Apart of example
where functional porphyrin molecules were used as organic linker?%201 there are also
many examples demonstrated that cationic porphyrins can be encapsulated into struc-

tures of HKUST-1 using “one-pot” self-assembly approach?%2,

For NMPs introduction into MOFs different procedures have been developed, such
as impregnation?%, incipient wetness method?*, deposition by solid grinding?® and im-
mobilization of core-shell hetero-metallic NPs?%, For instance, core-shell Pd@IRMOF-
3 nanostructures, with single Pd nanoparticle core surrounded by amino-functionalized
IRMOF-3 shell was prepared by a mixed solvothermal method??’. Catalytic activity and
multifunctional properties of this material was evaluated in cascade reaction of
Knoevenagel condensation of 4-nitrobenzaldehyde and malononitrile followed by selec-
tive hydrogenation of -NO- group of intermediate product by the Pd NP core. Both ex-
perimental and DFT calculation showed high catalytic performance of PdA@IRMOF-3
having its origin in their unique core-shell structures.
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1.1.5. Defects in MOFs

Defects are now recognized as an important property in metal-organic frame-
works. Thus, its tailoring gain more and more attention of research groups in the last few
years, which is reflected in many reviews2%®-213, Followed by definition given by Fang
et al. defects can be referred as “sites that locally break the regular periodic arrangement
of atoms or ions of the crystalline parent framework because of missing or dislocated
atoms or ions.”2%, Inside this wide definition, different subclasses of defects can be clas-

sified by their dimensions:

- Point defects — linker, node vacancies or their modifications
- Line defects — (e.g. dislocation)
- Planar defects — (e.g. boundaries and stacking faults)

- Micro- and Macroscale volume defects — (e.g. inclusions and voids)

More commonly, defects can be assigned as external/surface defects?* (grooves, growth
spirals, cracks) or internal defects (Schottky or Frenkel defects) according to their loca-

tion in crystal structure?%S,

1.1.5.1 Defects formation

Defects can occur normally during crystal growth, without intentional manipu-
lations of synthetic procedure (regular conditions), then are called inherent defects.
CNC:s (coordination network compounds) like MOFs are prone to generate this type of
misconnection and dislocation?'® or post-crystallization cleavage?!’. Inherent defects
present on the surface of HKUST-1216.218 and MOF-521° have been described by Attfield
and coworkers, using atomic force microscopy (AFM). This method helped to reveal
single- and multiple-growth spirals associated with screw dislocation on the surface of

both materials (Figure 1.6).
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Figure 1.6 Ex-situ AFM amplitude images of {111} facets of HKUST-1, showing (a) a double-
growth spiral, (b) merging single- and multiple- growth spirals (c) growth spirals overlaid with
factures primarily in the <110> directions. The inset in (b) shows the emergence of a factures in

a <110> direction at a relatively early stage of growth. The image sizes in (a), (b) and (c) are
10x6.85 pm?, 15.0x15.0 um?, 2.5x1.58um?, respectively?!® Reproduced from Shoaee, M.; Agger,
J. R.; Anderson, M. W.; Attfield, M. P CrystEngComm 2008, 10 (6), 646 with permission from the

The Royal Society of Chemistry

Formation of inherent internal defects, strongly depends on synthesis condi-
tions. Fast growth or precipitation, affected by temperature or metal/ligand ratio can dis-
rupt the molecules arrangement in the lattice leading to metal or linker vacancy, observed
in IRMOF-3, MOF-521 HKUST-1220221 and UiO-66%%2,

Methods to intentionally introduce defects, called defect engineering, allows to
control the defects concentration in the material and thus alter its physical and chemical
properties. Thanks to the flexibility and modularity of MOFs, various kinds of defects
can be incorporate without compromising the overall integrity of the material. In general,
defects can be introduced in two ways, firstly by De Novo Synthesis, which take place
directly during the synthesis and secondly by Post-Synthetic Treatment, where defects
are introduce after synthesis of pristine MOF. Among those two groups, different ap-
proaches/treatments are defined. (Figure 1.7).

23



General introduction and objectives

MOFs Defect
Engineering
i
J
Modulation Mixed Linker Fast Crystal Mechanical Acid/Base SALE/SALI A:i:'ast?on
Approach Approach Growth Treatment treatment

Procedure

Figure 1.7 Main procedures to introduce defects in MOFs?%® Reprinted from Dissegna, S.; Epp,
K.; Heinz, W. R.; Kieslich, G.; Fischer, R. A. Adv. Mater. 2018, 1704501, 1-23 with premission
of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In De Novo Synthesis, modification of reaction conditions is used to induce de-
fects in the materials. Modulation approach is used to reduce crystallization speed of
MOFs, by addition of monocarboxylic acids (modulators) during synthesis, to obtain
higher degree of crystallinity. Varying modulator concentration during synthesis, can
lead to introducing vacancy defects in controlled manner?'%223224 Mixed linker ap-
proach (known also as solid-solution) consist of partial substitution of parent framework
by other linker or linkers with different coordinating group'’®78, This approach can be
extended by mixed metal-containing secondary building units (SBUs) or more complex,
combining of both mix- SBUs and organic linkers within the same framework. As men-
tioned earlier fast crystal growth approach, might involve changing reaction procedure

(e.g. high concentration of the precursor or use of microwave-assisted synthesis).

On the other hand defects can be introduced by Post-synthesis treatment of as
prepared material via mechanical treatment like ball milling?%5, acid/base treatment?6,
solvent-assisted ligand exchange (SALE)?7, solvent-assisted ligand incorporation

(SALI)?% or harsh activation procedure?2%230,
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1.1.5.2 Use of defective MOFs in catalysis

Defects formation inside the MOFs network as mentioned before can lead to tun-
ing their porosity, accessibility of active catalytic sites and even charge transport. All
these parameters can play a very important role in catalytic activity of the materials and
exhibit properties which are not present in parent defect-free MOFs?%, In one such ex-
ample, Hupp and co-workers connected the catalytic activity of Zr/Hf-based MOFs se-
ries (UiO-66, UiO-67, PCN-57, NU-1000 and MOF-808)%%! to their defective sites
and/or the connectivity of the Zrs/Hfs-clusters. Surprisingly, defect-free Zr-UiO-67
showed no conversion for acid catalysed epoxide ring opening of styrene oxide. On the
other hand, defect-induced Zr-UiO-67 (HCI as modulator) (see Figure 1.8) showed cat-
alytic conversion of 40% after 24h. NU-1000 and MOF-808 were found to be more ac-

tive due to their more exposed Zrg-nodes bearing additional —OH/-H20 groups.

Figure 1.8 Crystal structure of (a) defect-free UiO-67 and (b) defective UiO-67 due to missing
linkers, (c) Zrs cluster in defect-free UiO-67 and (d) defective Zrs cluster with terminal -OH
and OH: groups?®! Reproduced from Chem. Commun. 2016, 52 (50), 7806—7809 with permission
from the Centre National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry

Moreover, Dissegna et al. used water adsorption measurements to study the de-
fects in acetic acid (AA) and trifluoroacetic acid (TFA) modulated UiO-66 samples?®2,
It was shown that increasing the amount of modulator lead to increase of specific surface

area and hydrophilicity properties of the material. Catalytic properties of the modulated
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and pristine materials were tested on cyanosilylation of benzaldehyde. The results indi-
cated that increasing amount of TFA has beneficial effect on the material activity corre-
lated to defect formation.

Apart from well-known modulator approach to induce defects in MOFs and thus
enhanced their catalytic activity, other methods like ligand-fragmented mix-ligand
MOFs and creation of mesoporosity was found to be very effective. However, this topic
will be developed in more detail in Chapter 6.
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1.2. Objectives

The general objective of this Thesis is to contribute to the development of novel divalent
metal organic frameworks as heterogeneous catalysts for oxidation reactions, with

special emphasis in the study of mixed-metal and mixed-ligand compounds.

In more detail, specific objectives of each chapter are as follows:
Chapter 3:

- To facilitate the production of MOFs under industrial-friendly conditions by develop-
ing a green synthesis method in aqueous medium, working at room temperature and am-

bient pressure, easily scalable and with short synthesis time.

- To apply the above method to the synthesis of a wide range a compounds, including

mono- and bimetallic divalent MOFs, as well as single and mixed-ligand compounds.
Chapter 4:

- To evaluate the application of mono- and bimetallic divalent MOFs, as well as single
and mixed-ligand compounds prepared with the above method, as heterogeneous oxida-

tion catalysts for an industrial relevant reaction: aerobic oxidation of cumene.

- To analyse in detail the effects of composition of the MOFs on the activity and selec-

tivity of the reaction.
Chapter 5:

- To study the tag-dependent selectivity for the aerobic oxidation of cumene of cobalt

bispyrazolate compounds bearing different functionalities in the organic struts.
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Chapter 6:

- To modulate the concentration of defects introduced in the well-known copper tri-
mesate HKUST-1 by preparing mixed-ligand compounds using a defect inducing linker,

with the aim of obtaining hierarchical mesoporous-microporous compounds.

- To evaluate the impact of the defect inducing linker on the textural properties of the

resulting hierarchical porous materials.

- To analyse the application of hierarchical porous HKUST-1 as oxidation catalysts for

the oxidative coupling synthesis of a bulky substrate as quinazoline.
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CHAPTER 2

2.1. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is one the most frequently applied techniques for solid
catalysts characterization. This non-destructive technique can be used to identify crys-
tallographic structure (e.g. lattice and cell parameters), chemical composition, crystallite

size and preferred orientation.

Braggs geometry

The phenomenon of diffraction is described by the Bragg’s Law which relates the angle

of incident radiation (8) with the interplanar distance (d) presented in Equation 1:
2dpySind = ni (€))]

Where:

n is a positive integer,

A is the wavelength of the incident wave

d is interplanar distance of Miller indices of the crystallographic planes

Structural and unit cell determination form Powder XRD data using Le Bail
method

Diffraction pattern contains important information about the structure of crys-

talline materials. By analysing positions of diffraction maxima, which strongly depends

on the periodicity of the crystalline network, we can determine dimensions of the unit

cell. Meanwhile relative intensities of diffraction maxima, which depends on the distri-

bution of scattering matter, provides information of atoms or molecules in the unit cell.
Using this information, the first step for proper determination of crystal structure is to
attribute (to index) individual Miller indices (h,1,k) to every peak observed in XRD pat-
tern in order to obtain cell parameters of measured crystal. This data serve as an input

for further procedure. In the second step peaks intensities are fitted to the parameters and
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atomic structure is defined. In general, the intensities of powder diffraction data are
more complex due to overlapping diffraction peaks with similar d-spacings. For this pur-
pose different WPPD?! (Whole Powder Pattern Decomposition) like Pawley? or Le Bail®
methods can be used. Le Bail method use diffraction peak intensities (Ina) as starting
data, and by its decomposition and subsequent refinement of profile parameters, gives
the best match to measured diffraction pattern. All process is based on the Rietveld de-

composition formula* (Equation 2):

I (0bs) = X;{w; x * SA(calc) - y;(obs)/y;(cale)}  (2)

Ix(obs) is a integrated intensity,
w; g is @ measure of the contribution of the Bragg peak at position 26k,
yj is a diffraction profile at position 26j,

SZ is a squared calculated |S| for reflection K

Le Bail is a quick method to refine the unit cell, provides very accurate estimation of the
allowed peak intensities for different symmetries of crystal. Moreover, can be useful in

finding phase transition in high pressure and temperature experiments.

Specific details on X-ray diffraction characterization of the materials used in each chap-

ter of the thesis are given below.

Chapter 3and 4

Powder XRD characterization. Powder M-BTC materials synthetized by water solu-
tion were characterized by X-ray powder diffraction (XRPD) using a Bruker AXS D8
Advance diffractometer equipped with a primary Ge (111) Johansson monochromator
(selecting Cu Kal radiation) and a mono-dimensional detector Lynxeye. In the case of
Co-BTC, in order to reduce low signal to noise ratio induced by Co fluorescence, the
electronic windows for photon acceptance has been reduced and counting time increased

to obtain comparable patterns to the others materials.
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Single crystal XRD characterization. Data collections were performed at low temper-
ature (T = 100(2) K) using an APEXII Bruker-AXS diffractometer and Mo-Ka radiation
(L =0.71073 A). Several single crystals were tested in order to check their quality and
that there was no allotropic phase. Each time, they were mounted on a cryoloop with the

help of Paraton grease.

Chapter 5

PXRD qualitative analyses were carried out with a vertical-scan Bruker AXS D8
Advance 0:0 diffractometer equipped with a Lynxeye linear position-sensitive de-
tector, an X-ray tube (CuKa, A = 1.5418 A), a filter of nickel in the diffracted
beam, and the following optical components: primary beam Soller slits (2.5°),
fixed divergence slit (0.5°), antiscatter slit (8 mm). The generator was set at 40 kV
and 40 mA. PXRD data were acquired at room temperature in the 5.0-105.0° 26
range, with steps of 0.02° and time per step of 10 s, and treated by means of whole

powder pattern refinements, as implemented in TOPAS-Academic V6.

Chapter 6

Powder materials analysis were performed on PANalytical Cubix fast diffractometer,
using CuKal radiation (A= 1,5406A) and an X’Celerator detector with Bragg-Brentano
geometry. XRD patterns recorded in the 20 range from 2 to 60 were analyzed using

X’pert Highscore Plus software.
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2.2. Thermogravimetric Analysis (TGA)

TGA technique is commonly used to study stability of the material, where desolv-
ation or dehydration, decomposition, etc. can be distinguished. During the analysis mass
changes of the sample are registered as a function of temperature by TG device. The TG
is combined with differential thermal analysis (DTA), which records exothermic or en-
dothermic events during the sample transformation compared with an inert reference

material.

Thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC)
for the samples described in Chapter 5 were carried out simultaneously using a
NETZSCH STA 409 PC instrument on Co(BPZNH;)-DMF and the activated coun-
terpart. In the first case, ~10 mg of as-synthesised Co(BPZNH,)-DMF were placed
in an oven at 323 K for 24 hours; then, they were transferred in an alumina crucible
dedicated to the thermogravimetric analysis. In the second case ~10 mg of as-
synthesised Co(BPZNH,)-DMF were activated at 413 K under vacuum (10 bar) for
24 h; then, they were transferred in an alumina crucible. The temperature was
raised from 303 to 1173 K or 1073 K with a rate of 10 K min-* under a flow of N

(40 mL min-1). The raw data obtained were corrected based on a background curve

TGA for the samples presented in the rest of chapters of this thesis was performed using
a Mettler Toledo TGA/SDATABS851e thermos-balance under air in the range form 303 —
873 K with heating and cooling rates of 10 K/min.

2.3. Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance spectroscopy is a very powerful analytical tool used
for identification and analysis of organic compounds. The principle of this method is
based on splitting of energy levels of a nucleus with spin different from zero by interac-
tion of nuclear magnetic moments with a constant and uniform external magnetic field.

This technique allows to identify the chemical environment of the atoms in prepared
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sample, by the variation of resonance frequency of the nucleus (chemical shift). Due to
the shielding by surrounding electrons, chemical shift is characteristic feature of the

chemical environment of the nucleus.

In this work NMR technique was used to determine the content of each organic
ligand present in mixed-ligand MOFs (Chapter 3 and Chapter 6). For this purpose,
liquid phase *H-NMR spectra of the digested activated MOFs (473K for 4h) were meas-

ured and analysed on a Bruker Avance spectrometer of 300 MHz frequency using TMS
as internal standards and normalizing the signals to the DMSO-ds signal. The samples
were digested in 0.5 ml DMSO-ds and 0.1 ml D2SO4 (99%) in a NMR tube.

2.4. N2 Adsorption-Desorption Experiment

N2 adsorption-desorption method can be used to analyse the porosity of materials.
The textural properties of the solid catalyst, such as specific surface area, pore volume,
and pore size distribution, are determined using adsorption isotherm measurements. The
different kinds of adsorption isotherms (type I to VI) have been classified by IUPAC

according to the appearance of the isotherm®.

A BET method was developed by Brunauer, Emmett, and Teller in 1938 and is
commonly employed to calculate the specific surface area of a porous solid. The area
value is usually determined from the physisorption nitrogen isotherms data collected at

77 K. Five assumptions have to be followed for proper BET area development:

1) The sample surface is homogeneous,

2) Uppermost layer is in equilibrium with vapour phase,

3) The heat of adsorption at all sites is constant and equal to the heat of condensa-
tion from the second layer on,

4) There are no lateral interactions between molecules,

5) At saturation pressure, the number of layers has infinite thickness
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14 __1 (c-1p
n%(po-p) NHC  nHpo

Where,
n% is the amount adsorbed

p is the pressure

Do is the saturation pressure of adsorbed gas at given temperature

ng, is monolayer capacity

C is related to the energetics of adsorption

®)

Based on the obtained nitrogen isotherms, the left side of Equation 3 was plotted against

relative pressure. In order to calculate the BET specific surface area from a BET plot, a

linear region was selected from the plot so C and n%, could be extracted from linear

regression after fulfilling four consistency criteria recommended by Rouquerol®7:

1)

2)
3)

4)

Selected range of the pressure should monotonically increase with n®(1 — pﬂ)
0

as a function of £

Po
The parameter C resulting from the linear regression should be greater than zero

The monolayer loading n%, should correspond to a relative pressure pﬁ within
0

the selected linear range

The relative pressure corresponding to the calculated value for the monolayer

formation (1/(v/C+1) should be equal to the pressure determined in criterion 3

(although a tolerance of 20% is acceptable)

Having those 4 criteria fulfilled specific surface area can be calculated from the follow-

ing equation:

nmNaam

Sper = m

N, is the Avogadro constant

52



CHAPTER 2

a,, is molecular cross-section area occupied by a single adsorbate molecule in the com-

plete monolayer
m is a mass of adsorbent

Barrett-Joyner-Halenda (BJH) method is used for calculation of mesopore distribu-

tion form nitrogen adsorption data, which may be summarized in the formula:

k n
Vaas (i) = D AV S (1)) + D ASitir > 1200
i-1

i=k+1
Where,

vaqs(xx) is the volume of adsorbate (cm®/g) at relative pressure x;, (calculated from the

value of adsorption expressed in cm3/g STP by v,44(x)= 0.0015468 a(x)),
V; is pore volume (cm?/g)
S; is a surface area (m2/g)

t; is a thickness of adsorbed layer

N2 adsorption-desorption isotherms were collected on Micrometrics Gemini V gas
adsorption analyser at 77 K, after degassing the sample at 393 K overnight in a Micro-
metrics Flow prep 060 system with nitrogen flux gas. The specific surface area (Sger)
was obtained using the BET method (p/po 0.01 to 0.1 range) after fulfilling Rouquerol
criteria. The specific external surface area (Sex:) and the micropore volume (Vmicro) Were

determined using t-plot analysis.
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2.5. Scanning Electron Microscopy + EDX

Scanning electron microscopy allows for high resolution imaging of surface by us-
ing high-energy electrons (1.5-20 KeV) generated by a heated tungsten filament. An in-
cident beam of electrons caused a secondary emission across the sample surface, which
is collected to form an image of the surface. It is possible to obtain diverse constant
images, i.e., backscattered electrons (BSE), auger electrons (AES) and energy dispersive
x-ray spectroscopy (EDX). BSE causes different contrast subjected to the atomic num-
ber, Z, of the elements, so this technique can be used to characterize the elemental com-
position of the volume analysed. EDX is performed in conjunction with a SEM, but uses
the X-rays that are emitted from the sample due to the electron beam. The combination
of SEM with EDX allows the analysis of the sample morphology and the composition

of the different phases that are present.

Morphology and element mapping of the single crystal samples, were analysed with a
Field Emission Scanning Electron Microscope (FESEM) model JEOL 7001F, equipped

with a spectrometer of energy dispersion of X-ray (EDX) form Oxford Instruments.

2.6. Gas Chromatography (GC)

Gas Chromatography (GC)

Gas Chromatography (GC) is an analytical technique that measures the content of
different organic components in gas or liquid samples. The sample solution is injected
into a column, where the products are separated and transfer to the detector by a carrier
gas (pure and inert with the sample). The separation of the products is influenced by
solubility in the gas phase of each compound, temperature of the column and affinity of
each solute to the stationary phase. As a consequence, components with different chem-

ical and physical properties will be detected in a different time called retention time (RT).
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Taking into account that the ionization detectors give a signal proportional to the
mass product analysed trough the chromatographic area, the use of corrected areas using
response factors of each analyte, allows the concentration calculation of each component

in the mixture.

_ A ng;
Agi " R;

n;
Where, n; is the mols of the i compound
A; is the chromatographic area of the i compound
ng; is the mols of the internal standard
Ag; is the chromatographic area of the internal standard

R; is the response factor of the i compound

Having calculated the number of initial mols of your reagent (n, o) and the mols of this
substrate at a determined time t (n, o), the conversion at certain time can be determined
by following equation :

— Ny

oy _ o :
Conv, (%) = — 100
7,0

Yield;, and selectivity Selec; for a determined time is defined as:

. Ngit
Yield; (%) = —=<- 100
7,0
n .
Selec; (%) = —%—-100
nr,o - nr,t

Where ng;, is the number of moles a compound in atime t
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GC analysis were carried out in an Agilent 7890A equipped with a Flame lonization
Detector (FID) and with a Biodiesel column with stationary phase made of 5% alternated

phenylsilicone.

2.7. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES)

ICP-OES is technique used for detection of chemical elements. Inductively coupled
plasma is used to produce excited atoms and ions that emit electromagnetic radiation at
wavelengths characteristic of a particular element allowing the identification of atoms

and their quantification.

The metal content and ratio of the synthesized MOF catalysts were confirmed and
determined by ICP-OES on Varian 715-ES. The powder samples (30 mg) were placed
in a 50 mL volumetric flask. Mixture of H,O:H2SO4 (1:1) 4 mL was added primary to
dissolve the MOFs and consequently, flask was filled to 50 mL with MiliQ water. Cali-
bration curve was adjusted to the expected analyte concentration using standard solu-
tions.

2.8. Elemental Analysis

Elemental analysis serves for determination of the total content of carbon, hydrogen,
nitrogen and sulphur present in either solid or liquid samples through burning them in

pure oxygen at high temperature (1297 K).

Chapter 3 and 6

The Elemental Analysis of the different catalyst was performed in EuroEA Ele-
mental Analyzer (Eurovector) to determine the carbon content, using as reference sul-

phanilamide.
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Chapter 5

Elemental analyses (C, H, N) were performed with a Fisons Instruments 1108
CHNS-O elemental analyser

2.9. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy technique provides information about the structure, the sur-
face and the acid.basic properties of solid materials through absorption of IR radiation
(A=750 — 10° nm). Thanks to energy transitions in certain vibrational levels of chemical
bounds a FTIR spectrum shows specific bands, characteristic vibrations of tension or
reflexion. Each group of atoms, are characterized by the intensity and frequency range
in which are produced. FTIR technique combined with the use of probe molecules pro-
vides information about e.g. the acidity, the basicity and the nature of chemical elements

present in the catalyst surface.

Chapter 3 and 6

The Fourier Transform Infrared (FTIR) spectra were recorded on Jasco FT/IR-6200

model spectrometer.

Chapter 5

Spectra were recorded as neat from 4000 to 600 cm- with a PerkinElmer

Spectrum One System instrument

2.10. Heat of Immersion

The enthalpy of wetting or enthalpy of immersion, AH;,,,,, (when referred to unit
of mass of the solid) is defined as the difference (at constant temperature) between the

enthalpy of a solid completely immersed in a wetting liquid, and that of the solid and
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liquid taken separately. It must be specified whether the solid in the initial state is in
contact with vacuum or with the vapour of the liquid at a given partial pressure. Meas-
urements of the enthalpy of wetting of a solid equilibrated with varying relative pres-
sures of the vapour of a pure wetting liquid may be used to derive the differential en-
thalpy of adsorption of the vapour.

Heat of immersion experiment. The accurate mass of sample was placed in a glass
bulb with a brittle end, and out-gassed under high vacuum for 24 h at 333 K. Then, the
bulb was sealed and transfer to calorimeter (Setaram Calvet-type C80), equipped with
mixing cell containing 4,00 g of wetting liquid (CM or CHP), and carefully closed by o-
ring seal. The whole system was located into the calorimeter block and left for tempera-
ture equilibration (303 K) between the sample setup and the calorimeter. Once the ther-
mal equilibrium has been achieved, the cell rod was gently pressed to break the brittle
end of the bulb with the bottom of the calorimeter cell. The wetting liquid enters into the
sample, and the heat is released. The evolution of the heat was monitored as a function
of time. Integration of this signal gives the total experimental heat of immersion, which
has to be corrected by terms such as energy of the bulb breaking (exothermic), and the
heat of vaporization of the immersion liquid to fill the empty volume of the bulb with
the vapour at the corresponding vapour pressure (endothermic). These corrections were

made by measuring empty (reference) cells under the same conditions.
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CHAPTER 3

3.1. Introduction

Synthesis procedure is one of the main drawback for the industrial applications
of MOFs. Thus, in order to make MOFs more attractive for industrial applications in
general, alternative synthesis procedures need to be developed. Indeed, most MOF com-
pounds are usually prepared in DMF-3 or other organic solvents*°, which can be toxic
and/or dangerous to handle, and many of them require the use of non-commercial and/or
expensive organic ligands, which introduce additional synthesis steps and rise up the
final price of the catalyst, thus hampering the large-scale synthesis of these MOFs. It is
thus evident that new, greener and easily scalable synthetic procedures of “cheap” MOFs
are required to facilitate their transfer to the industrial scale production.

H. Reinsch® draw attention to green synthesis procedure requirements like: re-
duction of amounts of solvent and replacement them by a “greener” solvent, high-yield
synthesis and by-product elimination, use of non-hazardous and renewable feed stocks,
avoid if possible use of auxiliary substances, lower the energy consumption, by use of
room temperature synthesis or employing alternative energy application like ultrasound
or mechano-chemistry and synthesis of high stability materials to avoid leaching of toxic
and hazardous building units out of the system.

Acknowledging above mentioned requirements, developed new water based
synthesis of common MOFs are very important from environmental and economical
point of view, as generated products do not require solvent exchange prior to activation
in order to permit gas adsorption and storage’.

Conventionally in MOFs synthesis, organic linkers are used in their protonated
form (carboxylic acids or imidazoles), which can lead to production of mineral acid by-
products like HNO3, HCI or H2SO4 (depending on the metal anion source), upon sol-
vothermal reaction conditions. Thus, recently use of linkers in the anionic form, as slats
has been explored®. This method is a promising way to obtain industrially competitive
materials due to associated energetic and environmental benefits as the reaction can be

completed in few hours or even minutes at room temperature. Syntheis of MIL-53(Al),
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NH2-MIL-52(Al) and NO»-MIL-52(Al)°, was reported using organic linker salt ap-
proach. Moreover, compared with conventional method (Figure 3.1) obtained materials
were nanocrystalline, have notable ordered inter-crystalline mesoporosity and contained
a reduced or even a negligible amount of unreacted linker within the pores. This method
was also extended for the preparation of MOF-74 and MOF-5.

Oy _OH -

H,0 o
+ ANO);, —> ‘f}w} + HNO,
220 °C T
HO o 3 days %.*
H,BDC Conventional MIL-53(Al)
with pores filled by H,BDC
a)
05O Nat gt

H,0 T el
+ NaNO
+ AINO), —> ‘:a ,aj’%x} ’
RT o o
A few hours e

Nanocrystalline MIL-53(Al)
with pores free of H,BDC

Nat -0 0
Na,BDC

b)

Figure 3.1 General schemes of a) conventional and b) room temperature conditions for MIL-
53(Al) synthesis Reprinted from Green Chem. 2015, 17 (3), 1500-1509 with permission from the
The Royal Society of Chemistry

Another interesting contribution towards sustainable sourcing of MOF linkers is the
synthesis of a terephthalate MOFs with the linker sourced from poly(ethylene)tereph-
thalate (PET) plastic bottle waste. This approach was used for the synthesis of MIL-
53(AD° MIL-47 and MIL-53(Cr, Al, Ga)'. Moreover, Ren and co-workers, demon-
strated one-pot conversion of waste PET bottles to Cr-MOF materials with slightly im-
proved textural properties, compared to those obtained from commercial BDC*?, prom-
ising MOF materials for hydrogen storage applications.

Recently, interesting progress has been done on solvent-free3-%° and liquid-assisted
mechanochemical MOF synthesis'®8, as well as continuous flow synthesis at the gram
and multigram scale®®, which represent significant steps in the future of “green” and in-
dustrial friendly synthesis of MOFs in a more sustainable way.

Many synthesis approaches offered for MOFs, can be extended for production of

isoreticular compounds having the same topology and pore architecture but containing
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different ligands?>?! and/or metals?? ions in the structure called also solid solutions. For
instance, replacing one metal ion by another in the inorganic building units provides a
way to fine tune the chemical properties of these compounds, such as acid-base? and
redox properties?*. Additionally, bimetallic MOFs can also be prepared, either by direct
synthesis or through post-synthesis modification, in which the second metal type can
either modulate the properties of the other metal ions in the MOF, or it can introduce
totally new functionalities not present in the pristine compound (for more detail descrip-
tion see Chapter 1). It is even possible to combine in just one compound different activ-
ities arising from the individual metal ions or functionalized linkers, so that multifunc-

tional MOFs can readily be prepared to be used in multi-step one pot transformations.

Following the aforementioned indications, in the present work we have applied a
“green” aqueous synthesis procedure to prepare a series of trimesate MOFs in high
yields, at room temperature, ambient pressure and very short time (10 minutes). Herein,
we will show that the method can be used to prepare various monometallic divalent com-
pounds, as well as bimetallic and biligand compounds of different compositions. In the
latter case, we will demonstrate that true solid solutions are formed, in which both metal

ions distribute homogeneously throughout the whole crystal.
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3.2. Results and discussion

3.2.1. General synthesis approach
The generic synthesis method used in this work is schematically shown in Figure

3.2. Briefly, an aqueous solution of sodium ligand salt (NasBTC in majority of the cases)
was poured onto a suitable divalent metal salt solid precursor at room temperature under
vigorous stirring. The amounts of ligand salt solution and metal precursor used were
adjusted to have an optimal molar ratio, corresponding to the stoichiometric formula of
expected compound. Optionally, a small volume of ethanol can also be added to the
above mixture, which was shown to accelerate the precipitation of the MOF and to in-
crease the final yield obtained, which is typically higher than 90% in all cases. Stirring
of the mixture was continued for 10 minutes, and the solid obtained was separated by
centrifugation and carefully washed with distilled water (three times) and ethanol (once).

Finally, the powder so obtained was air-dried overnight at room temperature.

\_

‘ ’ Ethanol absolute
NasBTC (aq)
- ‘ )
7
& T

-

~

Metal Salt

Figure 3.2 Aqueous synthesis of MOFs is carried out at room temperature and atmospheric
pressure within 10 minutes

As it can be observed, the above method has a series of advantages that improve

the green credentials, sustainability and industrial feasibility of the MOF preparation:
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synthesis from non-toxic water solutions, room temperature and atmosphere pressure,
very short synthesis time (~ 10 min.), high yield (>90%), easy separation and washing
protocols, easily scalable method, and the use of a cheap and commercially available
ligand precursors like HsBTC (trimesic acid), H2IP (isophthalic acid) or HoNH:IP (5-
aminoisophthalic acid) presented in this Chapter. Also, the method tolerates a variety of
metal salt precursors without producing appreciable changes in crystallinity of the final
product, including nitrates, chlorides or sulfates, which are usually the preferred option

for industry to minimize safety and corrosion issues?>.

3.2.2. Monometallic compounds

Various monometallic compounds were prepared following the method de-
scribed above, and the solids were first characterized by powder diffraction (PXRD).
MOFs containing Co?*, Ni?*, Cu?* or Zn?* were all found to be crystalline and isoretic-
ular. In contrast, all our attempts to obtain an isoreticular Mn?* compound were unsuc-
cessful. The material obtained presented a clearly lower crystallinity and a different
structure (see Figure A.3.1 in Annex A.3). Hereafter, we will refer to these metal tri-
mesate compounds as M-BTC, where M indicates the metal used in each case, though a
more representative formula should be [{u-M(H20)4}2(BTC){M(H20)4}BTC].

By comparing the XRD peak positions of the M-BTC materials with the existing
MOF collected in the Cambridge Structure Database?, the solids prepared with the
above method were found to correspond to a family of metal trimesate compounds of
general formula MsBTC,-12H,0, first synthetized by Yaghi and co-workers using a con-
ventional solvothermal method?’. This structural assignment was confirmed by Rietveld

refinement of the synthetized M-BTC compounds, as shown in Figure 3.3.
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Cu-BTC
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Figure 3.3 Rietveld refinement of XRD patterns: Observed (red dots), refined (black solid lines),
and their difference (blue bottom line). Green vertical bars indicate the X-ray reflection posi-
tions

Thermogravimetric curves of the M-BTC compounds (see Figure A.3.2 in An-
nex A.3) typically showed two main steps at about 398-423 K and 693-753 K, corre-
sponding to coordinated water and decomposition of the organic ligand, respectively.
The observed weight losses were in agreement with the stoichiometry expected for a
M3BTC,-12H,0 compound (see Table A.3.1 in Annex A.3). In all cases, this stoichiom-
etry was also in agreement with the corresponding ICP and elemental analysis (see Table
A.3.2in Annex A.3).

M3BTC,-12H,0 compounds crystallize in the monoclinic C2 (5) space group
with a layered structure whose cell metrics depends on the nature of the metal atom (see
Table 3.1). The structure features infinite zigzag chains aligned along [101] direction
that are formed by the alternation of BTC with M atoms. The repeating unit (black rec-

tangle in Figure 3.4 a) contains two types of M atoms, hereafter denoted bridging
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(Wyckoff position 4c) and terminal (Wyckoff position 2b), in a 2:1 ratio. Both BTC
molecules in the repeating unit bind to bridging M atoms in an unidentate mode along
the chain, and an additional M atom is coordinated in a bidentate fashion by one free
carboxylate group on alternate BTC molecules. Individual zigzag chains stack along the
b axis (Figure 3.4 b) to form layers in the (10-1) plane, while these layers are stacked
along the c axis with an ABA arrangement (Figure 3.4 ¢ and d). Interactions between
chains are dominated by hydrogen bonds between water molecules of bridging and ter-
minal M atoms, while interlayer interactions consist of hydrogen bonds between the car-
boxylate oxygens and the water molecule coordinated to both type of M atoms (see Fig-
ure A.3.3 in Annex A.3).

oo,

Figure 3.4 a) M3BTC.-12H:0 zigzag chains. The black rectangle single out the repeating unit. b)
Single M3BTC2-12H20 layer representation along (001) direction. Hydrogen atoms and water
molecules have been removed for clarity. Cell borders are indicated by black lines. Layer packing
representations along (001) and (010) directions are shown in parts ¢) and d) respectively. Chain
are colored depending from the layer in which they lay.
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Table 3.1 Cell metrics obtained by Le Bail refinement for monometallic trimesate MOFs

Compound Co-BTC Ni-BTC Cu-BTC Zn-BTC
Space group | C2 ©2 ©2 Cc2

a(A) 17.467(1) | 17.440(7) | 17.412(2) | 17.475(6)
b (A) 12.947(1) | 12.867(9) | 12.913(3) | 12.926(5)
c(A) 6.556(6) 6.539(6) 6.5669(2) | 6.582(3)
B(°) 112.230(3) | 112.603(4) | 111.93(2) | 112.443(4)
V (A% 1372.53(3) | 1354.91(7) | 1369.63(5) | 1374.30(6)
7 1.62 1.35 1.45 1.78

3.2.3. Bimetallic compounds

3.2.3.1 Co-Ni bimetallic compounds
The above synthesis method was adapted to prepare different series of bimetallic

compounds, including Co-Ni and Co-Zn mixtures. Thus, Co-Ni bimetallic trimesates
with Co:Ni ratios in all the range of compositions were first prepared by mixing appro-
priate amounts of the two metal precursors with an aqueous NasBTC solution, as de-
scribed in the Experimental Section below. Hereafter, we will refer to these materials as
CoxNi-BTC, in which x represents the (nominal) molar percentage of cobalt in the solid.

Powder XRD analysis confirmed that all the Co-Ni bimetallic materials were

crystalline and isoreticular, as shown in Figure 3.5.
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Figure 3.5 XRD diffraction patterns (Cu Ka radiation) of the CoxNi-BTC samples. The insets
show expanded view of some selected peaks, in which peak discrimination is clearly observed

According to the ICP analysis (see Table A.3.2 in Annex A.3), incorporation of
both metals in the final solid was found to be quantitative with respect to the initial con-
centration of precursors used. Accordingly, a progressive colour change of the samples
with the composition was observed, passing from green (for the pure Ni-BTC) to pink

(for pure Co-BTC), as shown in Figure 3.6.
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Figure 3.6 Aspect of the CoxNiy-BTC samples: (from left to right) Ni-BTC, Co10Ni-BTC,
C020Ni-BTC, Co30Ni-BTC, Co50Ni-BTC, Co60Ni-BTC, Co70Ni-BTC, Co80Ni-BTC and Co-
BTC

Since the pure monometallic compounds, Ni-BTC and Co-BTC, are both isoreticular
with very similar cell parameters (see Table 3.1), one can expect that the isomorphous
replacement of one metal by the other should be readily feasible without changing the
framework structure of the MOF. However, due to the similar ionic radii and scattering
factors of Ni?* and Co?*, it is not at all straightforward from the experimental point of
view to discriminate whether a true solid solution or a simply physical mixture of the
two monometallic MOFs is formed during the synthesis of the bimetallic samples. This
is in general the case for the rest of bimetallic series prepared in the present work, which
will be discussed later.

A first indication in favour of the formation of true solid solutions is that we did
observe clear differences in the TGA curves of the bimetallic compounds and those cor-
responding to physical mixtures of the two pure Ni-BTC and Co-BTC, as shown in Fig-
ure 3.7.
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Figure 3.7 TGA (left) and derivative curves (right) of pure Co-BTC and Ni-BTC, a bimetallic
Co30Ni-BTC sample, and a physical mixture of 30% Co-BTC and 70% Ni-BTC

In particular, we note that in the case of the physical mixture there are two distinct weight
losses associated to water (below 473 K), corresponding to the two pure compounds,
while only one water weight loss is seen in the Co30Ni-BTC solid solution. Likewise,
the decomposition temperature of the solid solution and physical mixture are also clearly
different, being around 70 K higher for the solid solution.

Formation of solid solution is further supported by powder XRD. Indeed, we did not
observe any peak splitting or the presence of new shoulders in the XRD patterns of the
CoxNi-BTC samples, as could be expected for a physical mixture of the two monome-
tallic MOFs. Moreover, the peaks of the bimetallic compounds are narrower than those
of the pure Ni-BTC material (see insets in Figure 3.5). We observed definite shifts of the
signals with the composition on going from pure Co-BTC to pure Ni-BTC, which clearly
speaks in favour of a solid solution and against a simple physical mixture. To address
this point in more detail, we have used Le Bail methods to extract the cell parameters
from the corresponding powder XRD patterns of the compounds. The results obtained

are shown graphically in Figure 3.8.
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Figure 3.8 Variation of the cell parameters a, b, c and g, of bimetallic CoxNi-BTC compounds

As it can be observed, although the differences are relatively small, there is a
continuous evolution of the cell parameters of CoxNi-BTC as a function of the compo-
sition, which follow different trends for a, b ¢ and 5. The observed variations in cell
parameters are a consequence of the different complex interactions (mainly hydrogen
bonding) between the carboxylate groups of the ligand and the water molecules in the
MOF, whose relative strength and bond distances may slightly change when either Ni or
Co ions are present in the framework. The existence of such a continuous evolution (ra-
ther than a random variation) of cell parameters with the composition is a clear indication
in favour of the formation of a true solid solution. In particular, the b parameter increases
continuously with the amount of Co in the bimetallic compound, while g follows the
opposite trend. In contrast, parameters a and ¢ follow a more complex evolution, with

clear minima at around 33 mol% of Co.
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The lack of a strict linearity of the cell parameters with composition indicates
that the CoxNi-BTC compounds do not obey the Vegard’s law?8. This fact indicates that
the distribution of Co and Ni ions in the bimetallic compounds is not completely random.
The presence of the minima in the curves of a and c at ca. 33 mol% Co strongly suggests
a preferential occupation of the Co ions at the terminal positions, which are in a 1:2
multiplicity ratio with respect to bridging sites (see Figure 3.8). This is a relevant obser-
vation, since if we assume that the terminal sites are preferentially occupied by Co?*
ions, rather than a random distribution of both elements, this would lead to a precise and
predictable array of metal ions in the framework, which can be finely tuned by changing
the overall composition of the bimetallic MOF. Thus, it should be possible to predict, to
a certain extent, what would be the average separation between two closest Co ions as a
function of the Co:Ni molar ratio of the solid, or to determine the probability to have an
isolated Co?*, surrounded only by Ni?* ions in the closest positions. This certainly has
important implications in the design and catalytic properties of well-defined single-site
catalysts?>%, as we will illustrate in a forthcoming work.

It is worth mentioning that the addition of ethanol was found to be beneficial for
the preparation of true solid solutions. Ethanol accelerates the overall precipitation pro-
cess, which avoids the segregation of two pure phases of each individual monometallic
MOF due to different rates of precipitation. Indeed, in the absence of ethanol, different
precipitation rates were observed for pure Ni-BTC and Co-BTC monometallic com-
pounds. Accordingly, when ethanol was not added to the synthesis mixture of bimetallic
materials, incorporation of the two metals in the final compound was less quantitative
(important deviations with respect to the ratio of precursors used) and varied from batch
to batch, indicating that the crystallization process without ethanol is less homogeneous
than when ethanol is added to the synthesis mixture.

To lend further support to the formation of solid solutions, we have slightly
modified the synthesis conditions to obtain crystals suitable for single crystal diffraction
(see Table A.1.1 in Annex A.1). Such large crystals (> 10 um) were big enough for a

complementary single crystal diffraction and SEM/EDX analysis. On one hand, single
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crystal diffraction confirmed the formation of the bimetallic compound with the same
crystalline structure as the one obtained above3!. On the other hand, EDX element map-
ping allowed us to conclude that both Ni and Co were simultaneously incorporated in a
single particle and that they distribute homogeneously throughout the whole crystal; i.e.,
we did not detect Ni- or Co-enriched regions (such as tips or rims) in any of the single
crystals analysed Figure 3.9 shows typical SEM/EDX measurements obtained for sam-
ples containing 33% and 50% of cobalt, as representative examples of the whole CoxNi-
BTC series.
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Figure 3.9 SEM/EDX analysis of samples Co33Ni-BTC (a-d) and Co50Ni-BTC (e,f) single crys-
tal samples. a) and e): SEM images of the solids; c) and d): Co and Ni element mappings of the

crystal shown in a); b) and f): Evolution of the Co (pink line) and Ni (cyan line) compositions
along the white lines indicated in a) and e), respectively.
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3.2.3.2 Co-Zn bimetallic compounds
The versatility and scope of the room temperature aqueous synthesis method de-

scribed above was further investigated by preparing an additional series of Co-Zn bime-
tallic materials. The compounds were all found to be isoreticular in the complete range

of compositions, as shown in Figure 3.10.
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Figure 3.10 XRD diffraction patterns (Cu Ka radiation) of the CoxZn-BTC samples

Also in this case, a continuous evolution of the cell parameters with the compo-
sition was clearly observed, but parameters a and ¢ showed an opposite trend with re-
spect to that observed for the Co-Ni series (Figure 3.8), with relative maxima (instead of
minima) at ca. 30% Co, as shown in Figure 3.11. In our opinion, the presence of these
maxima in the evolution of a and ¢ parameters reinforce the hypothesis that a preferred
occupancy of the terminal positions by Co?* ions occurs also in Co-Zn bimetallic mix-
tures. Meanwhile, parameters b and £ followed a similar evolution with composition as
that observed for Co-Ni mixtures: i.e., b increases and 3 decreases with the Co content

of the mixture.
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Figure 3.11 Variation of the cell parameters a, b, ¢ and g, of bimetallic CoxZn-BTC compounds
as a function of the molar composition

3.2.3.3 Mn-Ni bimetallic compounds

In the course of an ongoing catalytic study of the M-BTC compounds (the results
will be presented elsewhere), we were also interested in preparing Mn?*-containing com-
pounds having the same structure as the Co-BTC prepared herein. Unfortunately, as
commented above, we have not been able to prepare a pure monometallic Mn-BTC iso-
reticular compound using the same aqueous synthesis. Nevertheless, we succeeded in
preparing a series of bimetallic compounds with the right structure containing Mn?* ions
in a Ni-BTC matrix up to a maximum concentration of 50% Mn, as shown in Figure
3.12. Above this concentration of Mn?* ions, bimetallic compounds showed a consider-
ably lower crystallinity and the same (unknown) structure observed for the pure Mn-
BTC compound.
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Figure 3.12 XRD diffraction patterns (Cu Ka radiation) of the MnxZn-BTC samples

The evolution of the cell parameters with the composition for the isoreticular
MnxNi-BTC compounds, up to a maximum Mn content of 50%, is shown in Figure 3.13.
While parameters b and g follow the same general evolution already discussed for Co-
Ni and Co-Zn compounds (b increases and S decreases with the Mn content), the con-
tinuous trends of the cell parameters a and ¢ do not present any evident maxima or min-
ima, but only a discontinuity in the trend of the a axis is observed at ca. 30-40% Mn.
Unfortunately, our data in this case is not conclusive on whether a preferential site occu-
pation or a random distribution of Mn?* ions takes place.
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Figure 3.13 Variation of the cell parameters a, b, ¢ and g, of bimetallic MnxNi-BTC compounds
as a function of the molar composition

3.2.4. Mixed ligand compounds

In order to further explore the versatility of this room-temperature synthesis of iso-
reticular MOFs, we adapted the above method to prepare two mixed-ligand series, in
which BTC is partially substituted by either isophthalic acid (IP) or 5-aminoisophthalic
acid (NH2IP) ligand. Both linkers are called defective (DL), since they both possess only
two carboxylate groups instead of three. This can cause distortion in the crystal structure
and lead to the formation of defects. Both CoBTC-x%IP and CoBTC-x%NH:IP series
were prepared with nominal initial synthesis loading of the defective linker of x=10, 20,
30%.

As shown in Figure 3.14, the PXRD patterns of as prepared mixed-ligand sam-
ples from both CoBTC-IP and CoBTC-NH:IP series match the pure CoBTC compound,
indicating the isoreticular character. No additional peaks visible on the diffractograms

indicate phase purity, which may suggest formation of true solid solution instead of two
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distinct materials. Note that the use of pure ditopic ligand in the synthesis could never
lead to an isoreticular compound, due to the lack of the third carboxylate group. There-
fore, in case of a mixture of two different materials (one with only BTC ligands and
another material with only IP or NH2IP ligands), the resulting diffractogram should

clearly show additional lines associated to the second phase.
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Figure 3.14 PXRD of mixed-ligand MOFs. CoBTC-NH:IP series (left) and CoBTC-IP (right).
The diffractograms correspond to (from bottom to top) pure Co-BTC, and 10%, 20% and 30%
nominal amount of ditopic ligand.

It can be seen that low level of defective linker loading in synthesis mixture (up to 20%
nominal amount), does not affect the crystal integrity of mixed-ligand materials. How-
ever, upon further increase of defective linker (DL) content in the synthesis mixture up
to 30%, there was a significant loss in material yield (<50%) and obtained MOFs showed

poor crystallinity (Figure 3.14 pink and orange) compared to pristine CoBTC.

The incorporation and quantification of DL have been testified by NMR spec-
troscopy of the digested samples (in D.SO. and DMSO-¢g), after activation at 473K for
4h. Figure 3.15 shows the corresponding *H NMR spectra of the different mixed-ligand
compounds, evidencing the simultaneous presence of BTC and IP or NHzIP ligands in
the solids, as indicated in Figure 3.15. The percentage of linker substitution was evalu-

ated from the integrated intensities of the characteristic peaks of each ligand. Hereafter,

81



Facile “green” aqueous synthesis of MIX-MOFs

the samples will be referred to as CoBTC-x%IP and CoBTC-x%NH:IP, in which x%
indicates the real concentration of IP or NH2IP in the material. It was found that the real

framework incorporation amounts of IP and NH2IP increase upon the concentration of

DL in the reactant solutions and closely follow the nominal values, as shown in Table

3.2. The only relevant exception to this is sample CoBTC-18%IP (30% defective ligand

loading).
a)
H,BTC
Substitution level :
6% of NHy-isophthalic
CoBTC-6%NH-IP
.55 8.45 8.35 8.25 8.15 6(;{,.&5) 7.95 7.85 7.75 7.65
b)

H3BT Substitution level :

15% of NH.-isophthalic

CoBTC-15%NH.IP

55 845 835 825 815 795 785 775  7.65

Figure 3.15 (Part I) NMR spectra of mixed-ligand MOFs a) CoBTC-6%NH:IP b) CoBTC-

7%IP  c) CoBTC-15%NH:IP d) CoBTC-14%IP e) CoBTC-32%NH:IP and f) CoBTC-
18%IP
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c)
|.|3|3-|-C Substitution level :
b b . .
b NH, 32% of NHz-isophthalic
CoBTC-32%NH:IP
d)
o e o
H,BTC o o Substitution level :
7% of Isophthalic
f
E f
CoBTC-7%IP
e)

H3BTC Ho on Substitution level :
Lb\ 14% of Isophthalic
f
e
! CoBTC-14%IP

8.5 8. 7.7 7.5
8 (ppm)

Figure 3.15 (Part 11) NMR spectra of mixed-ligand MOFs a) CoBTC-6%NH:IP b) CoBTC-
T%IP c) CoBTC-15%NH:IP d) CoBTC-14%IP e) CoBTC-32%NH:IP and f) CoBTC-
18%IP
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HBTC| o
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18% of Isophthalic
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Figure 3.15 (Part 111) NMR spectra of mixed-ligand MOFs a) CoBTC-6%NH:IP b) CoBTC-
7%IP ¢) CoBTC-15%NH:IP d) CoBTC-14%IP e) CoBTC-32%NH:IP and f) CoBTC-

18%IP

Table 3.2 Amount of defective linker in the CoBTC-x%IP and CoBTC-x%NH:IP

Sample Nominal amount of DL Ligand incorporation?
CoBTC-6%NH:IP 10% of NHIP 6% of NH2IP
CoBTC-15%NH:2IP 20% of NH2IP 15% of NHzIP
CoBTC-32%NH:IP 30% of NH2IP 32% of NH2IP
CoBTC-7%IP 10% of IP 7% of IP
CoBTC-14%IP 20% of IP 14% of IP
CoBTC-18%IP 30% of IP 18% of IP

a Determined from the *H NMR spectra shown in Figure 3.15.

To examine the thermal stability if these mixed-ligand series, thermogravimetric

analysis (TGA) was carried out (Figure 3.16 and Figure 3.17). All the mixed-ligand ma-
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terials exhibit the same two-stage mass loss attributed to water removal and ligand de-
composition as it has been discussed earlier for Co-BTC. The relative weight losses were

used to calculate the molecular formula of each compound, as shown in Table 3.3.

100 - 0-

80 L -10 AT’—*
& ~ 201
@ X
g 60 Y T
- —— CoBTC o
7] = 30
] —— CoBTC-7% IP a
= 404 —— CoBTC-14% IP

CoBTC-18% IP 40 4
L S
20 T T T T 1 -50 T T T T 1
300 400 500 600 700 800 300 400 500 600 700 800
Temperature (K) Temperature (K)

Figure 3.16 TGA (left) and derivative curves (right) of pure CoBTC and CoBTC-7%lIP,
CoBTC-14%IP and CoBTC-18%IP

Incorporation of defective IP and NH:IP, causes a gradual loss in thermal stability,
as compared to the parent CoBTC. The biggest difference can be seen for the samples
with the highest loading, CoBTC-18%IP and CoBTC-32%NH:IP, which may be con-

nected with a poor crystallinity of the material.

100 ~ 0+
104
80
S — 204
H £
S 809 o
» ——CoBTC = 304
© CoBTC-6% NH,IP e
= 40  ——CoBTC-15% NH,IP
—— CoBTC-32% NH,IP -40
20 . . . . , -50 : T T T )
300 400 500 600 700 800 300 400 500 600 700 800
Temperature (K) Temperature (K)

Figure 3.17 TGA (left) and derivative curves (right) of pure CoBTC and CoBTC-6%NH:IP,
CoBTC-15%NH:IP and CoBTC-32%NH:IP
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Table 3.3 Measured weight losses for each step in the TGA curves in Figure 3.16 and 3.17, and
calculated molecular formula of the MOF (assuming that the solid residue corresponds to the
respective metal oxide)

Weight loss (%0)
MOF FORMULA
STEP | STEP Il RESIDUE
Theoretical 26.7 45.5 27.8
CoBTC Co3BTCys8-11,3H20
Experimental 26.9 43.0 30.1
CoBTC- . Cos3(BTC+NH:IP)17
69NH,IP Experimental 25,2 45,3 29,5 10 7H,0
CoBTC - - Co3(BTC+NH:IP)17
159%NH, 1P Experimental 25,0 454 29,6 10.6H20
CoBTC- . Co3(BTC+NH2IP)14
3206NH, 1P Experimental 25,6 41,0 334 .9,7H,0
C;EJS i Experimental 25,9 44,4 29,7 Co3(BTC+IP)16-10,8H20
CoBTC- .
14%1P Experimental 25,1 45,7 29,2 Co3(BTC+1P)1,7-10,9H20
CoBTC- .
18%1P Experimental 245 45,4 30,1 Co3(BTC+IP)1,7 -10,2H20

Figures 3.18-20 show field emission scanning electron microscopy (FESEM) im-
ages of the CoBTC, CoBTC-x%IP and CoBTC-x%NH2IP MOFs series respectively. As
it can be seen from comparison of FESEM images of CoBTC and CoBTC-7%IP, incor-
poration of IP defective linker significantly increases the crystal size (approximately 10
times) with respect to the pristine CoBTC. For materials CoBTC-7%IP and CoBTC-
14%]IP, increase of DL content in the structure provokes an increase of surface defor-
mation, which becomes more rough, without affecting the overall shape or size of the
crystals (Figure 3.18 a and b). However, further increased of the DL content up to 18%
(30% of initial synthesis loading) resulted in non-homogeneous crystal size (Figure 3.18

c), in which small crystals are deposited on top of the bigger ones. It is worth to notice,
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that increase of DL initial content in the synthesis mixture visibly slows down the crys-
tallization rate. Also, the yield of the obtained materials drop progressively to 60%, 48%
and to 25% for CoBTC-7%IP, CoBTC-14%IP and CoBTC-18%IP MOF, respectively.

a) b)

Figure 3.18 FESEM images of a) CoBTC-7%IP b) CoBTC-14%IP c) CoBTC-18%lIP

In case of CoBTC-xNH:IP series, showed in Figure 3.19, the size of the crystal also
increased with respect to CoBTC, however the surface stays flat. Upon increasing the
amount of NH2IP ligand in the MOF structure crystal size decreased as well as the aspect

ratio. Rods become shorter and the aspect changes to plates for the most concentrated

sample.
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Figure 3.19 FESEM images of a) CoBTC-6%NH:IP b) CoBTC-15%NH:IP c) CoBTC-
32%NH:IP

Similar like in the case of CoBTC-IP series, increasing NH.IP initial synthesis con-
tent slows down crystallization rate and decrease the final yield of the product - 63%,
40% and 20% for CoBTC-6%NH:IP, CoBTC-15%NH2IP and CoBTC-32%NH:IP re-

spectively.
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3.3. Conclusions

Herein we have applied a fast, sustainable and industrially friendly procedure for
the synthesis of a series of isoreticular monometallic and bimetallic M-BTC compounds
from aqueous solutions. These materials feature zigzag chains containing two positions
for the metal ions; an unidentate bridging position (along the chain) and a bidentate ter-
minal position (on alternate BTC molecules), in a 2:1 ratio. Packing of these chains into
layers, and layer stacking lead to the three dimensional structure of the MOFs.

Following the synthesis method described here, we have been able to prepare

isoreticular Co-Ni and Co-Zn binary mixtures in all range of compositions, as well as
Mn-Ni compounds up to a maximum Mn concentration of 50%. By combining powder
and single-crystal diffraction and SEM/EDX analysis of the solids, we have unambigu-
ously demonstrated that true solid solutions are formed rather than physical mixtures, in
which the two metal ions distribute homogeneously throughout the whole crystal (en-
richment of one of the two metals at tips, rims or other regions of the crystal has never
been observed in any of the analyzed samples). Moreover, a careful analysis of the evo-
lution of the cell parameters with the composition of Co-Ni and Co-Zn bimetallic com-
pounds strongly suggests that a preferential occupation of the terminal positions by Co?*
ions takes place. If this is so, then the synthesis method used herein would lead to the
formation of well-defined and predictable environments for the metal ions in the frame-
work, which would basically depend upon the overall chemical composition of the bi-
nary materials. This would determine relevant parameters for the material properties,
such as average distance between neighbor metal active sites or the statistical probability
to have site isolation. As far as Mn-Ni mixtures is concerned, although preferential site
occupation of terminal positions by Mn?* ions is also feasible, our data are not conclusive
enough to state it with certainty.

This synthesis method can be extended to prepare mixed-ligand MOFs containing
DL in their structure (IP or NHIP). Single phase formation during the synthesis was

confirmed by powder XRD, while the DL content was quantified by NMR of the digested
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solid. Both techniques suggest true incorporation of the second ligand into MOF struc-
ture. Moreover, SEM analysis of the mixed-ligand solids was used to track morphologi-
cal changes that occurs for all material series. It was found that maximum incorporation
of DL (by this synthesis method) differs for IP and NH2IP (18% and 32% respectively)

and lead to great loss of crystallinity in both cases.

90



CHAPTER 3

3.4. References

()

@

©)

4)

®)

©

O]

®)

©)

(10)

(1)

(12)

(13)

Gascon, J.; Aktay, U.; Hernandez-Alonso, M.; Vanklink, G.; Kapteijn, F. Amino-Based Metal-
Organic Frameworks as Stable, Highly Active Basic Catalysts. J. Catal. 2009, 261 (1), 75-87.

Israr, F.; Chun, D.; Kim, Y.; Kim, D. K. High Yield Synthesis of Ni-BTC Metal-Organic
Framework with Ultrasonic Irradiation: Role of Polar Aprotic DMF Solvent. Ultrason.
Sonochem. 2016, 31, 93-101.

Dalapati, R.; Sakthivel, B.; Dhakshinamoorthy, A.; Buragohain, A.; Bhunia, A.; Janiak, C.;
Biswas, S. A Highly Stable Dimethyl-Functionalized Ce(lv)-Based UiO-66 Metal-Organic
Framework Material for Gas Sorption and Redox Catalysis. CrystEngComm 2016, 18 (40),
7855-7864.

Xie, L.; Liu, S.; Gao, C.; Cao, R.; Cao, J.; Sun, C.; Su, Z. Mixed-Valence Iron(ll, III)
Trimesates with Open Frameworks Modulated by Solvents. Inorg. Chem. 2007, 46 (19), 7782—
7788.

Hao, X.-R.; Wang, X.-L.; Shao, K.-Z.; Yang, G.-S.; Su, Z.-M.; Yuan, G. Remarkable Solvent-
Size Effects in Constructing Novel Porous 1,3,5-Benzenetricarboxylate Metal-organic
Frameworks. CrystEngComm 2012, 14 (17), 5596.

Reinsch, H. “Green” Synthesis of Metal-Organic Frameworks. Eur. J. Inorg. Chem. 2016,
2016 (27), 4290-4299.

Cattaneo, D.; Warrender, S. J.; Duncan, M. J.; Castledine, R.; Parkinson, N.; Haley, I.; Morris,
R. E. Water Based Scale-up of CPO-27 Synthesis for Nitric Oxide Delivery. Dalt. Trans. 2016,
45 (2), 618-629.

Loera-Serna, S.; NUfiez, L. L.; Flores, J.; Lépez-Simeon, R.; Beltran, H. 1. An Alkaline One-
Pot Metathesis Reaction to Give a [Cu 3 (BTC) 2 ] MOF at r.t., with Free Cu Coordination
Sites and Enhanced Hydrogen Uptake Properties. RSC Adv. 2013, 3 (27), 10962-10972.

Séanchez-Sanchez, M.; Getachew, N.; Diaz, K.; Diaz-Garcia, M.; Chebude, Y.; Diaz, I.
Synthesis of Metal-organic Frameworks in Water at Room Temperature: Salts as Linker
Sources. Green Chem. 2015, 17 (3), 1500-1509.

Deleu, W. P. R.; Stassen, I.; Jonckheere, D.; Ameloot, R.; De Vos, D. E.; Yoshida, M. |;
Araujo, M. H.; Lago, R. M.; David, O.; Magnier, E.; et al. Waste PET (Bottles) as a Resource
or Substrate for MOF Synthesis. J. Mater. Chem. A 2016, 4 (24), 9519-9525.

Lo, S. H.; Senthil Raja, D.; Chen, C. W.; Kang, Y. H.; Chen, J. J.; Lin, C. H. Waste
Polyethylene Terephthalate (PET) Materials as Sustainable Precursors for the Synthesis of
Nanoporous MOFs, MIL-47, MIL-53(Cr, Al, Ga) and MIL-101(Cr). Dalt. Trans. 2016, 45
(23), 9565-9573.

Ren, J.; Dyosiba, X.; Musyoka, N. M.; Langmi, H. W.; North, B. C.; Mathe, M.; Onyango, M.
S. Green Synthesis of Chromium-Based Metal-Organic Framework (Cr-MOF) from Waste
Polyethylene Terephthalate (PET) Bottles for Hydrogen Storage Applications. Int. J.
Hydrogen Energy 2016, 41 (40), 18141-18146.

Chui, S. S.-Y. A Chemically Functionalizable Nanoporous Material [Cu3(TMA)2(H20)3]N.
Science (80-.). 1999, 283 (5405), 1148-1150.

91



Facile “green” aqueous synthesis of MIX-MOFs

(14)

(19)

(16)

an

(18)

(19)

(20)

1)

(22)

(23)

(24)

(29)

(26)

@7)

(28)

92

Yuan, W.; Garay, A. L.; Pichon, A.; Clowes, R.; Wood, C. D.; Cooper, A. |.; James, S. L.
Study of the Mechanochemical Formation and Resulting Properties of an Archetypal MOF:
Cu3(BTC)2 (BTC = 1,3,5-Benzenetricarboxylate). CrystEngComm 2010, 12 (12), 4063.

Pichon, A.; Lazuen-Garay, A.; James, S. L. Solvent-Free Synthesis of a Microporous Metal—
organic Framework. CrystEngComm 2006, 8 (3), 211.

Klimakow, M.; Klobes, P.; Thiinemann, A. F.; Rademann, K.; Emmerling, F.
Mechanochemical Synthesis of Metal-Organic Frameworks: A Fast and Facile Approach
toward Quantitative Yields and High Specific Surface Areas. Chem. Mater. 2010, 22 (18),
5216-5221.

Uzarevi¢, K. In Situ Monitoring of the Mechanosynthesis of the Archetypal Metal-Organic
Framework HKUST-1: Effect of Liquid Additives on the Milling Reactivity. Inorg. Chem.
2017, 56 (11), 6599-6608.

Fris¢i¢, T.; Jones, W. Recent Advances in Understanding the Mechanism of Cocrystal
Formation via Grinding. Cryst. Growth Des. 2009, 9 (3), 1621-1637.

Reinsch, H.; Waitschat, S.; Chavan, S. M.; Lillerud, K. P.; Stock, N. A Facile “Green” Route
for Scalable Batch Production and Continuous Synthesis of Zirconium MOFs. Eur. J. Inorg.
Chem. 2016, 2016 (27), 4490-4498.

Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; Bordiga, S.; Lillerud, K. P.
A New Zirconium Inorganic Building Brick Forming Metal Organic Frameworks with
Exceptional Stability. J. Am. Chem. Soc. 2008, 130 (42), 13850-13851.

Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O’Keeffe, M.; Yaghi, O. M.
Systematic Design of Pore Size and Functionality in Isoreticular MOFs and Their Application
in Methane Storage. Science (80-. ). 2002, 295 (5554), 469-472.

Wade, C. R.; Dinca, M. Investigation of the Synthesis, Activation, and Isosteric Heats of CO2
Adsorption of the Isostructural Series of MOFs M3(BTC)2 (M=Cr,Fe,Ni,Cu,Mo,Ru). Dalt.
Trans. 2012, 41 (26), 7931.

Zou, R,; Li, P.-Z.; Zeng, Y.-F.; Liu, J.; Zhao, R.; Duan, H.; Luo, Z.; Wang, J.-G.; Zou, R;;
Zhao, Y. Bimetallic Metal-Organic Frameworks: Probing the Lewis Acid Site for CO 2
Conversion. Small 2016, 12 (17), 2334-2343.

Sun, D.; Sun, F.; Deng, X.; Li, Z. Mixed-Metal Strategy on Metal-Organic Frameworks
(MOFs) for Functionalities Expansion: Co Substitution Induces Aerobic Oxidation of
Cyclohexene over Inactive Ni-MOF-74. Inorg. Chem. 2015, 54 (17), 8639-8643.

Gaab, M.; Trukhan, N.; Maurer, S.; Gummaraju, R.; Miller, U. The Progression of Al-Based
Metal-Organic Frameworks — From Academic Research to Industrial Production and
Applications. Microporous Mesoporous Mater. 2012, 157, 131-136.

Groom, C. R.; Bruno, 1. J,; Lightfoot, M. P.; Ward, S. C. The Cambridge Structural Database.
Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater. 2016, 72 (2), 171-179.

Yaghi, O. M.; Li, H.; Groy, T. L. Construction of Porous Solids from Hydrogen-Bonded Metal
Complexes of 1,3,5-Benzenetricarboxylic Acid. J. Am. Chem. Soc. 1996, 118 (38), 9096—
9101.

Denton, A. R.; Ashcroft, N. W. Vegard’s Law. Phys. Rev. A 1991, 43 (6), 3161-3164.



CHAPTER 3

(29)

(30)

(1)

(32

(33)

(34)

(3%)

(36)

@)

(38)

(39)

Rogge, S. M. J.; Bavykina, A.; Hajek, J.; Garcia, H.; Olivos-Suarez, A. I.; Sepulveda-
Escribano, A.; Vimont, A.; Clet, G.; Bazin, P.; Kapteijn, F.; et al. Metal-organic and Covalent
Organic Frameworks as Single-Site Catalysts. Chem. Soc. Rev. 2017, 46 (11), 3134-3184.

Osadchii, D. Y.; Olivos-Suarez, A. |.; Szécsényi, A.; Li, G.; Nasalevich, M. A.; Dugulan, I.
A.; Crespo, P. S.; Hensen, E. J. M.; Veber, S. L.; Fedin, M. V_; et al. Isolated Fe Sites in Metal
Organic Frameworks Catalyze the Direct Conversion of Methane to Methanol. ACS Catal.
2018, 8 (6), 5542-5548.

Unfortunately, Single Crystal Diffraction Analysis Is Not Conclusive on an Eventual
Preferential Occupation of the Terminal Sites by Co.

Braude, E. A.; Nachod, F. C.; Editors. Determination of Organic Structures by Physical
Methods; Academic Press, 1955.

Petiicek, V.; Dusek, M.; Palatinus, L. Crystallographic Computing System JANA2006:
General Features. Zeitschrift fir Krist. - Cryst. Mater. 2014, 229 (5), 345-352.

Le Bail, A. Whole Powder Pattern Decomposition Methods and Applications: A
Retrospection. Powder Diffr. 2005, 20 (04), 316-326.

Rodriguez-Carvajal, J. Recent Advances in Magnetic Structure Determination by Neutron
Powder Diffraction. Phys. B Condens. Matter 1993, 192 (1-2), 55-69.

Bérar, J. F.; Lelann, P. E.s.d.’s and Estimated Probable Error Obtained in Rietveld
Refinements with Local Correlations. J. Appl. Crystallogr. 1991, 24 (1), 1-5.

Sheldrick, G. M. SHELXT - Integrated Space-Group and Crystal-Structure Determination.
Acta Crystallogr. Sect. A Found. Adv. 2015, 71 (1), 3-8.

Sheldrick, G. M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. Sect. C
Struct. Chem. 2015, 71 (1), 3-8.

Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. OLEX2 : A
Complete Structure Solution, Refinement and Analysis Program. J. Appl. Crystallogr. 2009,
42 (2), 339-341.

93



Facile “green’ aqueous synthesis of MIX-MOFs

94



Chapter 4

Selective aerobic
oxidation of cumene over MIX-

MOFs






CHAPTER 4

4.1. Introduction

Selective liquid-phase aerobic oxidation of cumene (CM) to cumene hydroperox-
ide (CHP) (Scheme 4.1, Eq. 1), is a relevant reaction in chemical industry, since CHP is
an important intermediate in the production of phenol, which can then be further con-
verted into phenolic resins and polycarbonates via bisphenol A'2. CHP can also be used
as an initiator of polymerization reaction®. Nearly 90% of phenol world production goes

through the cumene route.

OOH

OH 0
0,
—_— —_— +
(M™) (M™) @)
CM PP AP

CHP

Scheme 4.1 Aerobic oxidation of cumene (CM) to cumene hydroperoxide (CHP) followed by de-
composition CHP to two main side products 2-phenyl-2propanol (PP) and acetophenone (AP)

Typically, CM oxidation to CHP is carried out thermally in the temperature range
between 353 K and 393 K and from atmospheric pressure up to 7 bars, in the absence of
any catalyst (autooxidation process) and using small amounts of self-initiator CHP* or
NHPI57. CHP as all organic peroxides is sensitive to heat, presence of acids, metal ions
etc. For this reason, alkaline agents like NaOH?8, Na,CO3®° or NHsNaCO3™° are added to
neutralize by-product organic acids and prevent phenol formation, which can have neg-
ative effect on selectivity and productivity of cumene hydroperoxide!!. The selectivity
attained under these conditions is typically above 90-92%. However, the productivity of
such autooxidation processes (expressed in terms of grams of CHP produced per liter of

CM and per hour; g Lt h1) is usually below the desired values.

In order to understand better this reaction and drive catalyst design to maximize the
selectivity towards desired product, it is necessary to gain a deep knowledge on the re-
action mechanism. Hereafter, a detailed description of the well-established cumene au-

tooxidation mechanism?!? is provided.
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Selective aerobic oxidation of cumene over MIX-MOFs

The autooxidation of CM proceeds through a radical chain reaction pathway, which
involves three main steps: initiation, propagation and termination. Initiation of the reac-
tion involves generation of the cumyl free radicals, by the thermal decomposition of CHP
(Scheme 4.2, Eq. 2) and subsequent reaction of the intermediate radicals (Cumylhydroxy
radical) with Cumene (Scheme 4.2, Eq. 3). Cumyl radicals can also be formed in alter-
native reaction of hydroxyl radical with cumene (Scheme 4.2, Eq. 4). In the typical cu-
mene autooxidation reaction, some percent of initiator (CHP) is added (4-5%) in order

to improve the velocity of this reaction step, by favoring formation of the radicals.

OOH O.
+ OH.
R .
Hydroxyl 2
radical ( )

Cumene hydroperoxide Cumylhydroxy radical

(CHP)
o® OH
+ o N
@)
Cumylhydroxy  Cumene 2-Phenyl-2-propanol ~ Cumyl radical
radical
+ OH. —_— i H,0
(4)
Hydroxyl
Cumene  radical Cumy] radical

Scheme 4.2 Initiation steps in CM oxidation reaction

The second step — propagation, is the rate determining step. Here, formed cumyl radical
(Scheme 4.2, Eq. 3 and 4) reacts with oxygen to form cumene hydroperoxide radical
(Scheme 4.3, Eq. 5) which in turn reacts with another CM molecule yielding CHP and
regenerating the cumyl radical (Scheme 4.3, Eq. 6).
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+ 0, ————— 5 (5)

Cumyl radical Cumene hydroperoxide radical
L]
00 OOH
L
+ — *
(6)
Cumene  Cumene hydroperoxide Cumyl radical | Cumene hydroperoxide
radical

Scheme 4.3 Propagation steps in CM oxidation process

The last step — termination, stops the reaction chain by the disappearance of radicals.
Here, the two major side products are formed: 2-Phenyl-2-propanol (PP) is produced
from decomposition of CHP (Scheme 4.4, Eq. 7) and acetophenone (AP) produced from
Cumylhydroxy radical (Scheme 4.4, Eq. 8)

OOH OH
2 — 2 - 0, (7)
Cumene hydroperoxide 2-Phenyl-2-propanol
L]
o
0O,
— L e 8)
Methyl radical
Cumylhydroxy radical Acetophenone

Scheme 4.4 Termination steps in CM process
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In order to increase the CHP productivity, attained in the autooxidation, while
maintaining the excellent selectivity to CHP, the use of different catalysts have been
considered®16, Some selected examples are summarized in Table 4.1. In the following,

we will briefly describe a few relevant reports directly related to our current work.

Table 4.1 Comparison of chosen catalyst for CM oxidation

Catalyst Reaction conditions Conv. /Selec. to CHP Reference
Cr,0s, 353 K; cumene 1 mL, S:62.56% 7
MnO,, 45 min, 0.01 g cat. 1 bar O, S:70.00%

Fe,O3 S:65.12%
*initial amout of
hydroperoxide included
Fe-O/ZrO, 363 K, 6 mL cumene Fe=5 wt.%, 1 C:10-12% S:10% 18
Fe-OITiO, bar O, C:10-12%  S:4%
Fe-O/Al,O3 C:10-12% S:5%
Cu(OACc),-BR-0.6 cumene 10 mL, catalyst 0.20 g at 363 C:6.4% S:97.6% 19
K; pO2: 103 kPa
Cr(NO3); -BR-0.6 cumene 10 mL, catalyst 0.20 g at 363 C:8.02% S:97% 20
K; pO2: 103 kPa
TRIP-Cu(11)SO4 363 K; 0.1MPa; initial CHP concen- Formation CHP: 3.7wt% 21
tration, 20 wt.%; air feed, 120 S:91.1%
mL/min; 3 h; cat. 20 ppm
CuO nanoparticles 0.25 g, 0.1 mol Cumene 358 K, O, C: 44.2% S: 93.2% 22
Metalloporphyrins (p- (7.2 x 10-5 mol/L), C:22.9% S:94.4% 23
Cl)TPPMnNCI 393 K, air: 600 mL/min,
1 atm.
Silver-activated carbon | 333 K, atm pressure, cumene (5 mL), C:28% S: 76% 24
nanotubes 5 mg cat. (0.12wt%), O,
lonic Liquids: Cumene:0.35mol ILs:0.0015 mol, air 25
[C,dmim]OH flow=160 mL/min, CHP initiator: C:57.1% S:63.2%
[Csmim]OH 0.8g, 363 K, time:11 h C:53.7% S:67.1%
Carbon nanotubes Cumene: 10mL, catalyst 0.1g, 353 K, C: 16.1% S: 90% 26
(CNTSs) Nitrogen-doped 8 h, O, flow 10mL/min
NCNT-3 C:74.7% S: 3.1%
N/(N+C) = 3.44
MOFs
Cumene (100 mL) + 1% CHP, 30 mg Max yield CHP: 27
CuO@Cu;(BTC), cat, 383 K, air flow (600 mL/min) 12 Y:18.1%
CuO h Y:13.6%
Cu2(BTC), Y:8.7%
MIL-101 (Cr) 7.5 mg catalyst, 20 mmol substrate, C:100% S:18% 28
O, atmosphere, 393 K. 70 h
Cu(pymo), Cumene/metal= 200 C: 64% (23 h) S: 24% 29
Air, 363 K bubbling rate (0.5mL/s) CHP (8 h)
Cu(im), C:74% (23h) S: 2% CHP
(1.5h)
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Most of the presented catalysts (see Table 4.1) contains in the structure transi-
tion metals, which are well known for its activity in a wide range of catalytic oxidation
reactions®®-33, In these types of processes salts of transition metal ions can be involved
in two main mechanisms: homolytic or heterolytic3425. The homolitic oxidation, is set-
ting the role of the catalyst as generator of organic radicals that react with molecular
oxygen by an “auto-oxidation” mechanism. Here, the metal ion is oxidized outside the
coordination sphere via radical chain by one-electron redox step, as it is shown in
Scheme 4.5, Eq. 9. In the heterolitic oxidation, the metal ion site is acting as a Lewis
acid site, where by coordinating with the substrate or oxidizing reagent resulted in an

increase in the polarization of reactive bonds (Scheme 4.5, Eq. 10).

Mn+ + 02 _— M(n+l)+ + 02 (9)

ROOH

MO+ s ™M.0-O-R + H' (10)

Scheme 4.5 Homolitic and heterolitic oxidation with transition metals

Considering CM oxidation, metal active site is strongly involved in the initiation
step, leading to faster decomposition of CHP (Scheme 4.6, Eq. 11 and 12) and increasing
concentration of free radicals in reaction mixture. This important action influence both

velocity and selectivity of the CM process.
ROOH + M"" —s= RO’ + M®™D* + OH- (11)

MO*D* + ROOH —s M™ + ROO" + H' (12)
Scheme 4.6 Transition metal role in CHP decomposition (initiation step of CM oxidation)

Coming back to the selected precedents on CM oxidation shown in Table 4.1,
an interesting example was reported by Zhang et. al., who used supported CuO nanopar-
ticles and O as an oxidant at 358K?2. The results showed very good selectivity to CHP
(93.2%) at a relatively high conversion level (44.2%). Additionally, the used catalyst

could be recycled up to 6 times without loss of activity. Complex investigation of the
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transition metal compounds, supported on polymer as heterogeneous catalyst for CM
oxidation process (353 K in O, atmosphere), was done by Hsu and Cheng et al.1%20.36,
Among all tested materials superior results were obtained for Cu(OAc)-BR-0.6
(BR=Bio-Rex 70), which showed 99% selectivity towards CHP at 6.8% conversion. This
result turned out to be 84% faster than blank sample (auto-initiated with CHP) under

similar conditions.

We and others have shown that several Metal-Organic Frameworks (MOFs) can
also be used as solid promoters for the aerobic oxidation (i.e., using only air or oxygen
as the oxidant) of activated alkanes, such as tetralin®’, indane?, and various alkylben-
zenes®, including cumene?. Wu and co-workers used CuO@Cus3(BTC), composite in
cumene oxidation reaction in air flow, with addition of CHP as initiator. Maximum yields
% of CHP obtained using the CuO@Cus(BTC)2, CuO or Cus(BTC); as catalyst were
18%, 13.6% and 8.7% respectively?’. Unfortunately, the authors did not provide data on
conversion level or selectivity obtained. According to the reported results, it seems that
encapsulation of the CuO nanoparticles inside the MOF framework has a beneficial ef-
fect on the final CHP obtained.

Besides production of CHP as an intermediate for phenol production as com-
mented above, CM oxidation has also other applications. Thus, many examples of highly
active catalyst, reported in cumene oxidation, results also in high ability to decompose
cumene hydroperoxide (CHP) formed as the primary product into the two main side
products of this reaction — 2-phenyl-2-propanol (PP) and acetophenone (AP) — as com-
mented above (Scheme 4.4). These are also highly valuable intermediates in the manu-
facture of perfumes, pharmaceutical and resins®®. Nevertheless, this raises the question,
how we can tune properties of our catalyst, either to promote formation of CHP and
minimizing its decomposition, or otherwise, to successfully promote CHP decomposi-
tion into the target product (PP and/or AP), while avoiding unwanted accumulation of

CHP in the reaction mixture, which may raise safety concerns.
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In previous reports from our group, various MOFs (MIL-101, Cu(im). and
Cu(pymo),) were tested in oxidation reactions of different aromatic benzylic hydrocar-
bons?2°, In the case of cumene, 100% of conversion was reached using Cr3*containing
MIL-101 as a catalyst, with only 18% of selectivity towards CHP and 78% to AP. For
both tested copper MOFs, high activity towards cumene conversion was attained (Figure
4.1a). Despite the similarity in coordination environment of Cu?* in both materials (Cu?*
ions coordinated to diazaheteorcyclic compounds (imidazole and pyrimidine), leading to
CuNy centers), Cu(im), was better in terms of CHP decomposition and PP selectivity,
which reached 74% (Figure 4.1b). On the other hand, Cu(pymo), showed CHP accumu-
lation period (Figure 4.1c), and smaller final selectivity towards PP (64%).

a) b)
[Cu(im),]

£ ] [Cu(2-pymo),]
E
o 604
g 0 10 20
> 3
5 & 1004 o time, hr
g 0] ©)
8 401 80
4 - 70
> 304 —&— CM conversion 60
g —0— CM-OOH yield 504
O 204 —k— CM-OH yield ©
0 —&— AP yield 203
] 10
0 : . 0 T :
o 10 20 0 10 20
time, hr time, hr

Figure 4.1 Conversion of CM over [Cu(im)z] and [Cu(2-pymo):] (part a). Time conversion of
CM and time evolution of products over [Cu(im)z] and [Cu(2-pymo)] is also shown in parts (b)
and (c), respectively. Reproduced from Catal. Sci. Technol., 2013,3, 371-379 with permission from
The Royal Society of Chemistry.

DFT calculations were used to explain these differences in reactivity. It was shown that

Cu(im)2 possess a more adaptable framework, able to expand copper coordination sphere
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from 4 to 5 upon interaction with *OH radicals, while Cu(pymo), produce the displace-
ment of one of the 2-pymo ligands from Cu central site, which is obviously a more de-

manding process resulting in an overall slower rate of CHP decomposition.

An interesting study to illustrate the interplay between CM oxidation and CHP
decomposition in order to obtain good selectivity of overall catalytic process to either
CHP or PP/AP, was recently reported by Liao and co-workers, which studied carbon
nanotubes (CNTSs) and nitrogen-doped carbon nanotubes (NCNTSs)*. As it was showed,
NCNTs not only increased activity in aerobic oxidation of cumene (from 16% conver-
sion obtain by CNTs to 74% for NCNTSs) but also provided very high selectivity towards
PP and AP (96.7%), whereas CNTs showed high selectivity to CHP (90%). DFT calcu-
lation revealed that the difference in catalytic performance and product distribution of
NCNTs is caused by strong interaction with cumene hydroperoxide (Figure 4.2¢,f),
which once adsorbed on the catalyst surface is less probably to be substituted by other
cumene molecule, unlike on the CNTs surface (Figure 4.2 a,d), where the affiliation to
CHP is lower than CM.

-1.73 kI mol” -12.67kJ mol”’ -10.63 kI mol!

Figure 4.2 Optimized structures and adsorption energies of a—c) cumene and d-f) CHP on the
surface of @, d) CNT; b, e) N site of NCNT; and c, f) adjacent C site of NCNT (C-green, O-red,
N-blue, H-pink) Reproduced from ChemCatChem 2014, 6, 555-560 with permission from John
Wiley and Sons.

104



CHAPTER 4

This research was extended by kinetic study*!, proving that N doping of the CNTSs can
accelerate all the elementary reactions (Schemes 4.2-4.4), in particular the CHP decom-
position to form active radicals (RO+ and *OH), which was pointed as the rate-determin-

ing step (slowest rate constant).

In this chapter we described the catalytic properties of various isoreticular mono-
(Co?*, Ni?*, Cu?* and Zn?*) and bimetallic (Co-Ni, Mn-Ni) trimesate MOFs, prepared by
a facile and “green” synthesis method (see Chapter 3) as selective catalysts for the aero-
bic liquid phase oxidation of cumene. Additionally, the influence of active metal sites
isolation in solid solution materials on activity and CHP selectivity will be evaluated.
Moreover, by introducing defective linkers with strongly activating functional groups
like aminoisophthalic (NH2-IP) into the MOF structure, we will describe the effect on
CHP decomposition and as a consequence, raising the selectivity towards PP and AP

products.
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4.2. Results and discussion

4.2.1. Catalytic studies of aerobic oxidation of cumene to cumene hydroperoxide:

Mono- and bimetallic trimesate MOFs

As discussed above, the room temperature aqueous synthesis method*? presented
in Chapter 3 allowed us to produce crystalline, isoreticular monometallic MOFs of gen-
eral formula MsBTC;-12H,0 (M= Co, Ni, Cu, Zn). Consequently, by adapting the above
method, a second metal with desired metal ratio was introduced during synthesis proce-
dure, resulting in bimetallic Co-Ni and Mn-Ni MOF series called CoXNi-BTC and
MnXNi-BTC (where X represents (nominal) molar percentage of metal ions M substitu-
tion in bimetallic compound). Combining powder and single-crystal X-ray diffraction
with SEM/EDX analysis of prepared catalysts, we demonstrated that bimetallic com-
pounds form true solid solutions, where metal ions are distributed homogeneously in the
crystal lattice. No appreciable enrichment of any metal at any crystal region such as tips
or rims was observed. As previously described in Chapter 3, analysis of the evolution
of the cell parameters with the composition of Co-Ni bimetallic compounds showed that
Co?* ions may preferentially occupy terminal framework positions, leading to well-de-
fined and predictable environments for the metal ions in the framework as a function of
the chemical composition of the binary materials. Unfortunately, Mn-Ni data analysis
were not conclusive enough to provide similar statement of preferential siting of Mn?*

ions on terminal positions.

Nevertheless, the above findings can have clear implications on the catalytic
behavior of the materials, since this should influence, e.g., the average distance between
neighbor metal active sites as a function of the chemical composition of the solid solu-
tion, or the probability to have metal site isolation. In the following, we will show the
effect of these parameters on the aerobic oxidation of cumene.

The scope of our preparative method was further extended to a series of mixed-

ligand Co-BTC, in which the native trimesate ligands were combined with either
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isophthalic (IP) or 5-aminoisophthalic (NH2IP) using mixture of both ligand salts in de-
sired ratio (10, 20, 30% of defective linker).
Full characterization of catalysts used in this chapter, both mixed-metal and mixed-lig-

and is provided in Chapter 3.

4.2.1.1 Cumene oxidation over monometallic trimesate MOFs
Evaluation of catalytic activity for the aerobic oxidation of cumene was firstly

performed on isoreticular monometallic compounds, Co-BTC, Ni-BTC, Cu-BTC and
Zn-BTC (Table 4.2). Obtained results were compared together with blank (auto-cata-
lyzed) reaction measured under the same conditions. While both Ni-BTC and Zn-BTC
(Entries 2 and 4, Table 4.2,) were inactive for this reaction, Cu-BTC showed only slightly
better CM conversion as compared to blank experiment (Entry 3, Table 4.3).

Table 4.2 Summary of catalytic results over monometallic MOFs 2

Entry | MOF Conversion® | Selectvity to Productivity of CHP (g-L*-h™) E-factor®
(%) CHP (%)

1 Co-BTC 49 69 53 0.453

2 Ni-BTC 6 91 8 0.102

3 Cu-BTC 12 94 18 0.057

4 Zn-BTC 3 95 4 0.048

5 Blank 5 94 8 0.070

2 Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (cumene-to-metal molar ratio = 150), p(O,)=

4 bar, 363 K, 7 h of reaction. ® Conversion (mol%o), determined by GC. ¢ Environmental factor, calcu-

lated as the mass ratio of waste to desired product
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Figure 4.3 Cumene conversion (4 -), yields of CHP (-O-), PP (-0 -), AP ( ©)-), and selectivity to
CHP (-*-) obtained over Co-BTC. Reaction conditions: 1mL of cumene (7.17 mmol), catalyst
(cumene-to-Co molar ratio = 150) p(Oz2)= 4 bar, 90°C.

On the contrary, Co-BTC afforded 49% conversion of CM after 7 h of reaction time,
which represents an almost 10-fold increase with respect to blank sample, which pro-
duced only 5% CM conversion at the same reaction time (Entries 1 and 5 in Table 4.3).
At the view of the catalytic performance of the monometallic MOFs considered here, we
selected Co-BTC for further studies.

Additionally, to prove the dominant role of radical species in our system, 2,6-ditertbutyl-
4-methylphenol (BHT) as a radical scavenger was used in cumene oxidation over Co-
BTC. Results are shown in Table A.2.1 in Annex A.2. After addition of BHT, the reac-
tion was totally prevented, which indicates that cumene oxidation catalyzed by Co-BTC

is a radical-involved reaction.

Despite the high activity of the Co-BTC, selectivity towards CHP was only mod-
erate, 69%, being 2-phenyl-2-propanol (PP) the main side product formed (30% selec-
tivity), along with a small amount (ca. 1%) of acetophenone (AP) coming from non-
selective decomposition side reactions (Scheme 4.4, Eq. 8). Time evolution of products
and selectivity to CHP obtained over Co-BTC is shown in Figure 4.3. These results are

in sharp contrast with the excellent CHP selectivity obtained in the blank experiment
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(94%). The reason for the big CHP selectivity difference between both values is that
Co?* is also contributing in other reactions presented in Scheme 4.6 Eq. 11 and Eq.12,
where decomposition of CHP takes place. Intensity of both mentioned reaction, and high
concentration of free radicals can lead to faster termination step and production of PP
and AP side products, which decreases the final CHP vyield.

The activity of CoBTC calculated as turnover frequency (TOF) at short reaction
time was 22.5 h't i.e., 22.5 mmol of CM were converted per mmol of metal and per hour.
However, productivity of the reaction can also be expressed in terms of grams of CHP
produced per liter of cumene and per hour (g L™ h'). Note that this quantity takes into
account the CM conversion over time and CHP selectivity, but it is independent of the
amount of metal catalyst used. This makes the comparison between catalyzed and auto-
catalyzed experiments straightforward. We have chosen calculated CHP formation rate,
as the main value, in order to facilitate the comparison between catalyzed and non-cata-
lyzed experiments. All productivities calculated in this way have been included in Table
4.2. Thus, in spite of the lower selectivity to CHP, the use of Co-BTC still produces an
almost 7-fold increase of the productivity with respect to the blank experiment: from 8
to 53 g L' hl during 7 h of reaction, respectively (Entries 1 and 5, Table 4.2). However,
considering the low CHP selectivity and the generation of relatively large amount of
byproducts (PP and AP), the corresponding E-factor*® of the metal-catalysed process was
relatively high: 0.453, as compared to the auto-catalysed process with E-factor of 0.070.
Overall, results obtained using Co-BTC as catalyst are still far from the optimum. We

therefore started an optimization of the reaction conditions to improve these results.
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4.2.1.2 Optimization of the reaction temperature

In order to determine the influence of various
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reaction parameters on the performance of trimesate MOFs and to improve the catalytic

performance, our initial studies addressed the effect of temperature on the conversion

and selectivity towards CHP. Figure 4.4 summarizes the catalytic results obtained for

Co-BTC and auto-catalysed experiments at reaction temperatures ranging from 323 K —

368 K (50° to 95°C).
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Figure 4.4 Effect of temperature on conversion (left) and selectivity to CHP (right) attained

over Co-BTC and auto-catalyzed reactions. Conversions and selectivities reported in this figure
correspond to 7 h of reaction

As it is shown, the increase of the temperature produces a concomitant increase of both
cumene conversion and selectivity to CHP for both catalysed and non-catalysed reac-
tions in the temperature range from 323 K — 368 K. Unfortunately, increasing further the
reaction temperature above 363 K produced a gradual dehydration of the Co-BTC
(CosBTC,-12H,0), which is associated with an evident color change (from pink to pur-
ple) and a severe loss of the crystallinity of the MOF (see Figure A.3.4 in Annex A.3).
Note that water molecules directly coordinated to the metal ions engage in a hydrogen
bonding network that holds the MOF structure, so their removal causes the collapse of
the framework. This crystallinity loss causes also a decrease of the catalytic activity of
the material (from 49% conversion at 363 K to 30% at 368 K) and a slight decrease of
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selectivity to CHP (from 69% to 64%). Therefore, 363 K can be considered as the opti-
mum reaction temperature for this type of materials, and this was the temperature se-

lected for all the experiments presented below.

4.2.1.3 Optimization of catalyst’s chemical composition for CHP production: bimetallic
MOFs
As a next step, we evaluated the catalytic activity of various bimetallic MOFs
having different Co/Ni ratios, hoping for beneficial effect of Cobalt active site separa-
tion, inside the Ni inactive matrix. Results obtained at 363 K are presented in Entries 3-
6, Table 4.3. Detail kinetic data for bimetallic materials are shown in Experimental Sec-
tion at the end of this Chapter (Figure A.3.5 in Annex A.3).

Table 4.3 Summary of results of CM oxidation over mono- and bimetallic Co-

Ni MOFs of various compositions.?

Entry MOF CM:Co?* | Conv.? Select. Productivity CHP | E-factor®
ratio (%) CHP (g-Lth?
(%)
1 Blank - 5 94 8 0.070
2 Co-BTC 150 49 69 53 0.453
3 Co33Ni-BTC 450 35 76 41 0.323
4 Co5Ni-BTC 3000 30 91 43 0.098
5 Co2Ni-BTC 7500 19 91 27 0.100
6 ColNi-BTC 15000 14 92 20 0.089
7 Ni-BTC - 6 91 8 0.102
2 Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (14 mg of MOF, the resulting cumene to
Co?* molar ratio is indicated), p(O,)= 4 bar, 363 K, 7 h of reaction. ® Conversion (mol%), determined
by GC. ¢ Environmental factor, calculated as the mass ratio of waste to desired product

As it can be seen, there is a progressive and gradual increase of cumene conver-
sion with the Co content of the MOF, passing from the pure Ni-BTC (6%) to pure Co-
BTC (49%). Meanwhile, the selectivity to CHP is maintained above 90% for a Co con-
tent below 5%, and then starts to decrease rapidly as the Co content increases further.

Therefore, the Co5Ni-BTC bimetallic compound (containing 5 mol% of Co) was con-
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sidered the best compromise between cumene conversion and CHP productivity and se-
lectivity. With respect to the blank experiment, Co5Ni-BTC provides a much higher
productivity (43 vs 8 g L't h'), while still maintaining an excellent selectivity to CHP
(91% vs 94% attained by the non-catalysed reaction). Accordingly, the E-factor obtained
with this bimetallic catalyst is low (0.098) and not far from that of the auto-catalysed
process (0.070).

The gradual slowdown of the oxidation reaction moving form Co-BTC to Ni-
BTC and all the bimetallic materials in between, can be attributed to a dilution effect,
resulting in reduced amount of Co?* ions available for this transformation (from a
CM:Co?* ratio of 150 in pure Co-BTC down to 15000 in Co1Ni-BTC). Meanwhile, the
diminution of CHP selectivity upon increasing the amount of Co?* ions can be explained
by considering that Co?* ions also catalyse side reactions leading to CHP decomposition,
while Ni?* ions are inactive for CHP decomposition. To address the influence of the
presence of transition metal in the catalyst structure on CHP decomposition we con-
ducted additional experiment. Here, CHP decomposition was tested over Co-BTC and
Ni-BTC at 90°C under nitrogen atmosphere. Results showed that indeed Co-BTC is able
to convert the CHP 9-fold faster (Table 4.4) than inactive Ni-BTC, which here served as
a blank sample. Thus, these findings also explain the observed progressive decrease of

CHP selectivity as the cobalt content of the solid increases.

Table 4.4 CHP decomposition over monometallic Co-BTC and Ni-BTC?

Catalyst Conversion® of CHP (%)
Co-BTC 36
Ni-BTC 4

2 Reaction conditions: 1 mL of acetonitrile, 14mg catalyst, 110 uL of CHP, and diphe-
nylether as internal standard (50 pL) N, atmosphere, 363 K, 7 h of reaction.® Conversion
(mol%), determined by GC

However, it is important to point out that dilution might not be the only factor
responsible for the higher CHP selectivity of Co5Ni-BTC with respect to pure CoBTC.

In our opinion, Co?* site isolation (i.e., isolation of the active Co?* ions in a matrix of
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inert Ni2* sites) may play as well an important role, as we will discuss below. In order to
investigate the superior effect of true active site isolation as compared with a simple
dilution effect, we conduct the same reaction over physical mixture of monometallic
materials (Co-BTC and Ni-BTC) in the appropriated ratio to obtain a Co:Ni molar ratio
of 5:95; i.e., the same Co:Ni ratio found in bimetallic Co5Ni-BTC, and keeping a
CM:Co?" ratio of 3000. Table 4.5 summarize the catalytic data obtained for this experi-

ment.

Table 4.5 Catalytic results obtained for the CM oxidation over bimetallic Co5Ni-BTC and a
physical mixture of pure Co-BTC and Ni-BTC in a 5:95 ratio. The results obtained with pure
Co-BTC are also included for comparison @

En- | MOF Conversion (%) Selectivity to CHP(%0) Productivity of CHP
try (g-L-1-h-1)
1 Co-BTCP 49 69 53
2 CoBTC:NiBTC | 28 85 38
(5:95)
3 Co5%NiBTC 30 91 43

a Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (Co:Ni = 5:95 and CM to Co?" molar ratio
=3000), p(O2)= 4 bar, 363 K, 7 h of reaction. b Same conditions as in Table 1 and 2; i.e., CM to Co? =
150). ¢ Conversion (mol%), determined by GC

Results showed that physical mixture produced a similar level of CM conversion (28%)
as bimetallic MOF (30%) after the same reaction time, with a CHP selectivity of 85%.
Although, this CHP selectivity was much higher than that of pure Co-MOF (i.e., 69%),
it was still significantly below the selectivity obtained for the Co5Ni-BTC bimetallic
compounds at the same level of conversion (85% vs. 91%). This difference of selectivity
between the solid solution and the physical mixture might seem at first small, but it was

significantly higher at lower levels of CM conversion, as shown in Figure 4.5.
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Figure 4.5 Comparison of CM conversion and CHP selectivity obtained over Co5Ni-BTC (-a-)
and a physical mixture of pure Ni-BTC and Co-BTC monometallic compounds in a 5:95 ratio (-

©-)

Therefore, although the physical dilution effect probably plays an important role, it is
probably not the only effect determining the excellent CHP selectively attained over
Co5Ni-BTC.

As it was concluded in previous Chapter, Co?* ions are distributed homogeneously
throughout the whole crystalline framework, with a high tendency to occupy terminal
positions in the first place (up to a 33% concentration). It is then reasonable to assume
that at such a low concentration (5% total cobalt content), most of the Co?* ions will

occupy terminal positions.

In the M-BTC crystalline framework, each ion in a terminal site is surrounded
by 8 closest neighbors: 6 bridging atoms at distances drerm-rigg = 5.89 A (two sites), 5.63
A (two sites) and 5.60 A (two sites), and 2 terminal atoms at distances derm-term = 6.53
A. Beyond these 8 closest neighbors, other metal-metal contacts are too distant (e.g.,
rerm-term = 16.11 A, dierm-brigg = 10.40 A and doriag-briag = 8.32 A), so that they can be
neglected. Figure 4.5 represents the possible structural arrangement of Co?* ions consid-

ering spatial distribution of metal sites and the preferred site occupation of terminal sites.
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Based on this estimation, the statistical probability of each configuration can be calcu-
lated as a function of the total cobalt content of the bimetallic compound (further details

on the calculation procedure are given in the Experimental Section of this chapter).
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Figure 4.6 (Left) Possible arrangement of Co?* ions in CoxNi-BTC bimetallic compounds. In
these schematic drawings, a central Co?* ion (black) in a terminal position is surrounded by 8
closest neighbors (less than 7 A apart): 6 bridging sites (large circles) and 2 terminal sites (small
circles), that can be occupied either by another Co?* ion (black) or a Ni?* ion (white). The num-
ber of Co?* closest neighbors in each arrangement is indicated below each picture. (Right) Sta-
tistical probability of having each of the Co?* arrangements as a function of the total cobalt con-
tent in the bimetallic compound, calculated as detailed in the Experimental Section of this
Chapter.

Note that, according to the simple model considered above, the probability of
having an isolated Co?" site (i.e., a Co?* ion surrounded by 8 Ni?* ions) falls sharply at
relatively low cobalt concentration. Thus, the probability of having site isolation would
be of around 73% in Co5Ni-BTC, while this probability would fall down to 15% for
Co20Ni-BTC, and to zero for Co33Ni-BTC, in which all Co?* would be surrounded by
two other Co?* ions. This means that statistically 73% of the total Co?* sites in Co5Ni-
BTC will have no other Co?* atom in any of the 8 closest neighbor positions. Or, in other
words, that two neighbor Co?* ions will be at least 8-9 A apart.

Site isolation can be an important factor in determining catalytic properties of a
material*448, which we also observed in the case of CM oxidation. Once a CHP molecule

is formed in the main reaction, it can either desorb into the liquid phase, or it can undergo
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secondary oxidation or decomposition events at the surface of the catalyst that will con-
sume CHP (decreasing the final CHP selectivity of the overall catalytic process). When
the average separation between two neighbor Co?* sites in the bimetallic material in-
creases, the active sites become isolated, so that CHP decomposition and other secondary

oxidation events are less likely to take place. This will result in an overall higher CHP

selectivity of the catalytic process, as show schematically in Figure 4.7.
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Figure 4.7 CHP decomposition is more likely to occur on close Co?* sites (Left) than on distant,
site isolated Co?* sites (Right).

To lend further support to this “site isolation effect” as the responsible for the
high CHP selectivities observed, we have extended our results to analogous series of
bimetallic Mn-Ni BTC MOFs in which the catalytically active sites Mn?* are diluted in
an inert Ni?* matrix. As it was mentioned in the previous chapter we were not able to
prepare pure Mn-BTC with the same crystalline structure as the Co- and Ni- BTC com-
pounds. Nevertheless, we were able to prepare isoreticular Mn-Ni bimetallic MOFs up
to a maximum Mn concentration of 50%. We thus prepared Mn-Ni bimetallic trimesates
having 1%, 2% and 5% Mn and used them as catalysts for the aerobic oxidation of CM.

The catalytic results obtained are summarized in Table 4.6.

As compared with the Co-Ni compounds, the Mn-Ni MOFs are slightly more
active for the cumene conversion, but less selective to CHP (see entries 1-3 in Table 4.6).

Nevertheless, the same general trends are also observed: an increase of the Mn/Ni ratio
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in the solid solution produces an increase in the cumene conversion and a decrease of
the selectivity to CHP.

Table 4.6 Catalytic results of CM oxidation over bimetallic Mn-Ni MOFs of various composi-

tions?
En- MOF CM:M? ratio Conver- Selectivity | Productivity of E-factor®
try sion ® (%) to CHP CHP (g-Lt-h?)
(%)

1 Mn1Ni-BTC 15000 25 90 36 0.112

2 Mn2Ni-BTC 7500 30 87 41 0.156

3 Mn5Ni-BTC 3000 43 77 51 0.307

2 Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (14 mg of MOF, the resulting cumene to
Co?" or Mn?" molar ratio is indicated), p(O,)= 4 bar, 363 K, 7 h of reaction. ® Conversion (mol%b), deter-
mined by GC. ¢ Environmental factor, calculated as the mass ratio of waste to desired product

The best performance for Mn-Ni series was observed for Mn2Ni-BTC (Entry 2, Table
4.6), which gives 30% conversion with 87% selectivity to CHP. Using the same Mn?*
content, we performed physical mixture experiment using monometallic materials, to
further support previous results on matrix isolation. Again, the solid solution compounds
provide a higher CHP selectivity than simple physical mixtures: 87% vs. 82% (Table
4.7). In our opinion, these finding support the hypothesis of the site isolation effect as
one of the reasons behind the elevated CHP selectivities obtained with bimetallic tri-

mesate MOFs.

Table 4.7 Catalytic results of CM oxidation over Mn-BTC and Ni-BTC physical mixture? (2:98

molat ratio)
Entry | MOF Conversion | Selectivity to Productivity of E-factor
® (%) CHP(%0) CHP (g-L*h?) ¢
1 MnBTC:NiBTC(2:98) 32 82 42 0.222
2 Mn2%NiBTC 30 87 41 0.156

2 Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (Co:Ni = 5:95 and CM to Co?* molar ratio =
3000), p(O2)= 4 bar, 363 K, 7 h of reaction.” Conversion (mol%b), determined by GC. ¢ Environmental
factor, calculated as the mass ratio of waste to desired product

4.2.1.4 Stability tests
Both Co5Ni-BTC and Mn2Ni-BTC catalysts were tested in terms of its stability.

The materials were found to maintain the catalytic activity and CHP selectivity practi-

cally unchanged for at least 5 consecutive catalytic cycles (see Figure 4.8 for the Co5Ni-
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BTC sample, and Figure. 4.9 for sample Mn2Ni-BTC). According to the XRD of the
materials recovered after the reactions, both bimetallic compounds were found to main-
tain their crystallinity (see Figure 4.10).

I CM conversion
100 - Reusability of Co5Ni-BTC | EZ CHP selectivity

CM conversion (%) or CHP selectivity (%)

1 2 3 4 5
Cycle

Figure 4.8 Reusability of Co5Ni-BTC bimetallic MOF in five consecutive catalytic cycles.
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Figure 4.9 Reusability of Mn2Ni-BTC bimetallic MOF in five consecutive catalytic cycles
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Figure 4.10 XRD of bimetallic MOFs after 5" cycle

4.2.2. Optimization of catalyst’s chemical composition for PP production: mixed-
linker MOFs

Cumene hydroperoxide as all organic peroxide, is very reactive and sensitive to
temperature, acids, metals or to the presence of other compounds that provoke strong
interaction with cumene hydroperoxide. In this part of the Chapter, we have evaluated
the performance of various mixed-linker MOFs for the aerobic oxidation of cumene,
with special emphasis on eventual changes in product distribution and CHP decomposi-
tion. In this way, we have considered isoreticular mixed-linker CoOBTC compounds in
which the parent trimesate ligands have been partially replaced by dicarboxylate ligands
isophthalic acid (IP) or 5-aminoisophthalic acid (NH.-1P). The synthesis and characteri-

zation of these mixed linker MOFs have been described in detail in Chapter 3.

In the first step, materials containing different amounts of isophthalic acid (7%,
14% and 18%) were tested in cumene oxidation reaction (see Table 4.8). Comparing

with previous CoBTC results (conv. 49% and CHP selec. 69%), increasing substitution

120



CHAPTER 4

of IP up to 18% in the MOF, leads to a slight increase of CM conversion to 56% and a
decrease of selectivity towards CHP (60%). Overall, the final selectivity and productivity
of PP obtained over the sample Co-BTC 18%IP are 33% and 26 g-L™*-h™, respectively.

In our opinion, the trend observed can be explained by an increasing concentration of
point defects created in the structure as the amount of ditopic IP ligands incorporated in
the material increases. As a consequence of these point defects, more Co?* sites become
progressively available to catalyse CHP decomposition, leading to the formation of PP
(and a minor extend, also AP). Details of kinetic data and products distribution are pre-
sented in Figure A.3.6 in Annex A.3 In all tested mixed-ligand CoBTC-xIP MOFs the
highest selectivity towards PP is obtained at the beginning of the reaction, and slightly
decrease with time. On the other hand, selectivity to CHP slightly increase with reaction

time evolution and seems to be stable even after prolonging reaction time.

Table 4.8 Cumene oxidation over CoBTC-IP materials?

Entry | MOF Conversion® | Selectivity to Selectvity to Productivity of PP
(%) PP (%) CHP (%) (g-L1-hY)

1 CoBTC 49 30 69 21

2 CoBTC - 7%IP 52 26 70 19

3 CoBTC - 14%IP 52 30 66 21

4 CoBTC - 18%IP 56 33 60 26

2 Reaction conditions: 1 mL of cumene (7.17 mmol), 14mg of MOF catalyst, CM to Co? molar ratio =
150), p(O2)= 4 bar, 363 K, 7 h of reaction.® Conversion (mol%), determined by GC

Additionally, to support our hypothesis, CHP decomposition experiments were per-
formed using the procedure described above. Results are showed in Table 4.9. The ob-
tained levels of CHP decomposition follow the same trend as in cumene oxidation, being
the CoBTC-18%IP catalyst the most active in decomposition of CHP.

Table 4.9 CHP decomposition over CoBTC-IP MOFs?

Entry MOF Conversion of CHP?

1 Co-BTC 36

2 Co-BTC7%IP 40

3 Co-BTC14%IP 49

4 Co-BTC18%IP 55

@ Reaction conditions: 1 mL of acetonitrile, 14mg catalyst, 110 pL of CHP, and diphenylether as internal
standard (50 uL) N, atmosphere, 363 K, 7 h of reaction. ® Conversion (mol%o), determined by GC
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Subsequently, mixed-ligand materials CoBTC-NH:IP (6%, 15%, 32%), were tested in
both reactions (CM oxidation and CHP decomposition). Results obtained for cumene

oxidation are summarized in Table 4.10.

Table 4.10 CM oxidation over CoBTC-NH2IP MOFs?

Entry MOF Conver- Selectivity | Selectvity to Productivity of
sion® (%) | to PP (%) | CHP (%) PP (g-L™-h?)

1 CoBTC 49 30 69 21

2 CoBTC- 6%NH,IP 66 32 63 29

3 CoBTC- 15%NH,IP 68 36 58 35

4 CoBTC- 32%NH,IP 71 48 43 47

2 Reaction conditions: 1 mL of cumene (7.17 mmol), 14mg of MOF catalyst, CM to Co?* molar ratio =

150), p(O,)= 4 bar, 363 K, 7 h of reaction. ® Conversion (mol%), determined by GC

In this case, more visible effect on ligand substitution can be seen. Increasing second
ligand content have improving influence on both CM conversion and CHP decomposi-
tion. The conversion in CoBTC-32%NH:IP material increased to 71% and selectivity
towards CHP drop to 43%. Consequently, the final selectivity and productivity of PP
obtained over the sample CoBTC-32%NH:IP are 48% and 47 g-L™*-h, respectively.
Details of kinetic data and products distribution are presented in Figure A.3.7 in Annex
A.3. Similar trend of PP and CHP selectivity, described for CoBTC-xIP material was

observed. CHP content stayed stable even after prolonging the reaction up to 24 h.

When CHP decomposition experiment was conducted over CoBTC-xNH. materials (see
Table 4.11), increased activity towards CHP decomposition was observed, upon raising
5-aminoisophthalic (NH2IP) ligand content inside the network, being Co-
BTC32%NH:IP the most active catalyst.
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Table 4.11 CHP decomposition over CoBTC-NH2IP MOF?

Entry MOF Conversion of CHP® (%)

1 Co-BTC 36

2 Co-BTC 6%NH,IP 55

3 Co-BTC 15%NH.IP 68

4 Co-BTC 32%NH.IP 79

@ Reaction conditions: 1 mL of acetonitrile, 14mg catalyst, 110 pL of CHP, and diphenylether as internal
standard (50 uL) N, atmosphere, 363 K, 7 h of reaction.® Conversion (mol%o), determined by GC

In spite of the significant increase of CHP decomposition rate observed upon
ditopic linker incorporation (especially in the case of NHzIP), the final selectivity to PP
attained over our best mixed-linker compounds is only moderate (48% after 7h in the
case of CoBTC-32%NH.IP under the same conditions used. Such a low value is due to
the persistence of CHP in the reaction medium, even after maintaining the reaction for
24 h.

However, the change in activity in cumene oxidation reaction and selectivity to CHP in
CoBTC-32%NHzIP MOF (71% and 43% respectively) comparing to Co-BTC (49% and
69%) can be attributed to the presence of structure defects formation introduced by the
defective linker. Moreover, it has been previously shown that cumene conversion in-
creases with CHP decomposition rate.*® These findings were in agreement our previous
reports?®, where catalyst activity in alkanes oxidation was directly connected to its ability

of hydroperoxide decomposition.

As we already mentioned for our bimetallic catalyst with the best selectivity
towards CHP production - Co5Ni-BTC, the low activity in CHP decomposition indicates
that the formed CHP is more probable to desorb from the surface of the catalyst and only
a minor fraction of it is decomposed for the new cycle. On the other site, a high concen-
tration of transition metal together with incorporation of -NH. group on the benzene ring
of the linkers can increase charge density of the surface, which can facilitate the CHP
adsorption on the surface, resulting in a faster decomposition reaction of CHP. There-

fore, more cumylhydroxy and cumyl free radicals are generated, leading to a higher re-
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action rate and PP concentration. Also small amount of AP is produced through B-scis-
sion (Scheme 4.4 Eq.8). The concentration of CHP remains quite high for CoBTC-
32%NH_IP probably because the decomposition rate of CHP is still too low. However,
these results give us more insights to understand the differences in catalytic activity and
product distribution between Co-BTC and CoBTC-32%NH; and may help to design bet-

ter catalysts for cumene oxidation in the future.
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4.3. Conclusions

In this Chapter we have shown that bimetallic Co-Ni and Mn-Ni trimesate MOFs
prepared by a fast aqueous synthesis are excellent and reusable catalysts for the selective
oxidation of cumene to cumene hydroperoxide. Isolation of Co?* (or Mn?*) in an inert
Ni-BTC framework by progressively decreasing the total cobalt content of the binary
solid solution is a good strategy to optimize CHP selectivity above 90%, and to minimize
production of side products (mainly PP). This beneficial effect is probably due in part to
a dilution effect: since Co?* are the only sites that can catalyze CHP decomposition, we

can expect a drop of the CHP selectivity as the cobalt content increases.

Meanwhile, the homogeneous distribution of Co?* ions throughout the Ni-BTC
framework and their preferential occupation of terminal sites allowed us to construct a
simple model to calculate the statistical probability of having isolated Co?* sites, sur-
rounded only by (inactive) Ni?* sites in the closest positions, as a function of the total
cobalt content of the bimetallic compound. In this way, the excellent CHP selectivity
(91%) obtained over our best compound, Co5Ni-BTC, can be explained in terms of a
“site isolation” or “matrix isolation” effect. Indeed, according to our model, this sample
statistically contains 73% of the total Co?* ions as isolated sites, so that CHP decompo-
sition/over-oxidation processes at the surface of the catalyst are not likely to occur before
CHP desorption takes place. This “site isolation” effect was further supported by similar

findings on Mn-Ni bimetallic compounds.

Moreover, introduction of defective linker with strongly activated group like 5-
aminoisophthalic acid into Co-BTC structure, resulted in higher conversion level of CM
and increases the selectivity towards PP. The significant drop in CHP selectivity over
Co-BTC32%NH:IP could be assigned to the creation of point defects and a concomitant
increased charge density on the MOF surface, which have a direct impact in increasing
CHP decomposition rate. Although the final PP selectivity obtained is still not satisfac-
tory (up to 48%), the results obtained allow us to understand better the catalytic process,

which may help to design better catalysts for cumene oxidation in the future.
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CHAPTER 5

5.1. Introduction

In the last two decades, MOFs have been in-depth investigated in terms of their
properties and functionality. Apart of well-known metal-organic frameworks families,
based on oxygen-donor ligands, mostly carboxylates coupled to different metal ions, an-
other big group are azolate-based MOFs'2. Here, five-membered heterocycle organic
ligand, can possess two or more nitrogen atoms like: pyrazolate (pz-), imidazolate (im-
), 1,2,4-triazolate (tz-), 1,2,3-triazolate (vtz-) and tetrazolate (ttz-), where each nitrogen
atom have donor function to bridge metal ions into polymeric structures?. Azolate lig-
ands have several advantages, which can differentiate them from O-donors in carbox-
ylate groups. In general, coordination behavior of azolate groups is easier to predict, the
resulting materials often exhibit better thermal and chemical stability than the carbox-
ylate-based counterparts and additionally, triazolates and tetrazolates- based MOF pos-

sess uncoordinated N atoms, which can serve as additional active sites.

In order to construct higher dimensional networks, polypyrazolate ligand can be
used instead of monopyrazolates,. One of the example is 4,4’-bipyrazolate (BPZ) spacer,
which coordination chemistry have been recently investigated. Pettinati et al.® were able
to obtain Zn(BPZ) and Co(BPZ) isomorphous materials, with 3D porous networks,
containing 1D square shape channels. Both materials crystallize in the tetragonal space
group P42/mmc. Zn(11)/Co(ll) ions are coordinated, within tetrahedral stereo- chemistry,

by four N atoms of four-tetradentate BPZ ligands (Figure 5.1)
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Figure 5.1 Zn(BPZ) crystal packing psecies. Zn, purple; N, blue; C, gray; H, light gray.
Adapted with permission from Inorganic Chemistry 2012,9,5235-5245. Copyright 2012 Ameri-
can Chemical Society.

The same group extended they research to new functionalized linker 3,3’-Dime-
thyl-1H,1°-4,4°-bipyrazole - M(Me;BPZ), with Co?* and Zn?* as metal ion. The obtain
materials Co-Me,BPZ-S and Zn-Me,BPZ-S (Me-methyl group; S-solvent)*, were iso-
reticular to the two couples of MOFs M-BPZ (M = Co, Zn; H.BPZ = 1H,1'H-4,4'-bi-
pyrazole)3. To investigate their textural properties all materials were compared in terms
of N2 and CO; adsorption at 77 K and 273 K, respectively. As could be expected, the
empty volume and channel size decrease passing from M-BPZ > M-Me,BPZ. A slight
increase of Eags of CO2 in M-Me;BPZ compare to M-BPZ, was explained by DFT cal-
culation on CHs-functionalized benzene, done by others®. The results lead to CHs- posi-
tive effect, that improve the interaction between CO; and the aromatic ring by increasing

electron density in aromatic system and in this way its interaction with CO2 molecule.

A series of BPZ MOF isoreticular compounds containing NO; functionalized
BPZ ligand, was also tested as CO, adsorbent®. These materials showed good thermal
stability combined with permanent porosity. The Zn-BPZNO; and Co-BPZNO; samples,
can be classified among best-performing, NO2 containing MOFs for CO. uptake. Addi-
tional HR-PXRD analysis of materials under CO,-loaded treatment and GC-MC calcu-
lation proved an interaction of CO; with the C(3)-NO moiety.

Many other isoreticular BPZ family materials like M(BDP) [M=Co’,Zn® ;

H,BDP=1,4-bis(pyrazolyl)benzene] were also studied, however most of the research was
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dedicated to examined their sorption properties. Due to relatively high thermal and chem-
ical stability, provided by strong Metal-N bond, BPZ materials can also be very promis-
ing candidate in catalysis. In this chapter we attempted to investigate the catalytic per-
formance of isoreticular series of BPZ materials with functionalized organic linker
containing -NH; and -NO; groups. We have thus evaluated the applicability of Co-con-

taining functionalized BPZ compounds for the aerobic oxidation of cumene (CM).
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5.2. Results and discussion

5.2.1. Synthesis and characterization

Synthesis and characterization of bis(pyrazolate) materials described in this
chapter was carried out in collaboration with the groups of Simona Galli (University of
Insubria), Corrado di Nicola (University of Camerino) and Andrea Rossin (University

of Florence).

Three metal-organic frameworks (MOFs) of general formula Co(BPZ) and
Co(BPZX) (BPZ?* = 4,4"-bis(pyrazolate); BPZX? = 3-X-4,4'-bis(pyrazolate), X = NH,,
NO; (see Figure 5.2) built up with ligands bearing different functional groups on the
same 4,4'-bis(pyrazolate) skeleton, was synthesized under solvothermal conditions in
DMF solution (detail synthesis procedure can be find in Annex A.1.). All of the mate-
rials were obtained in high yields in the form of air-stable powders insoluble in
the most common organic solvents, which suggests their polymeric nature. Con-

sequently, MOFs were characterized by several analytical methods.

HN =N HN =N HN =N
| N \ I | N \ I | N \ |
N= NH N NH N NH
NH, NO,
Figure 5.2 Molecular structure of the ligands used in the materials synthesis: 3-amino-4,4’-bi-

pyrazole (H2BPZ-NHg, left), 3-nitro-4,4'-bipyrazole (H2BPZ-NO., centre) and 4,4'-bi-
pyrazole (H2BPZ, right)

All prepared samples (activated) were characterized by Powder X-ray dif-
fraction (Figure 5.3-5.5). Materials were deposited in the hollow of a silicon zero-
background plate 0.2 mm deep (Assing Srl, Monterotondo, Italy). PXRD data ac-
quisition was performed with the diffractometer described in the Chapter 2 in the
20 range 5.0-105.0°, with steps of 0.02° and an overall scan time of approximately
12 hours.
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Figure 5.3 Graphical result of the Le Bail refinement performed on the X-ray diffraction pattern
of Co(bpz). Rwp: 2.59%. Blue line: observed pattern; red line: calculated pattern; grey line: dif-
ference between observed and calculated patterns; blue ticks: peak maximum positions
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Figure 5.4 Graphical result of the Le Bail refinement performed on the X-ray diffraction pattern
of Co(bpzNO2). Rup: 2.57%. Blue line: observed pattern; red line: calculated pattern; grey line:
difference between observed and calculated patterns; blue ticks: peak maximum positions
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Figure 5.5 Graphical result of the Le Bail refinement performed on the X-ray diffraction pattern
of Co(bpzNH:). Rup: 2.53%. Blue line: observed pattern; red line: calculated pattern; grey line:
difference between observed and calculated patterns; blue ticks: peak maximum positions

Table 5.1 Crystalographic data of prepared Co(BPZX) materials

Catalyst Co(BPZ)=Zn(BPZ) | Co(BPZNO,) | Co(BPZNH,) Co(BPZNH,)
-0.7 DMF Phase 1 Phase 2
CeHsCONs‘ZHzO C5H5CON5'0.7H20
Fw, g/mol 191.1 287.23 242.1 218.7
Cryst sys tetragonal tetragonal Orthohombic Orthohombic
Space group, Z P4,/mmc, 2 P4,/mmc, 2 Cccm, 4 Cccm, 4
a, A 8.831(2) 8.9093(6) 12.350(7) 12.530(12)
b, A 8.831(2) 8.9093(6) 12.815(8) 12.758(13)
c, A 7.301(2) 7.362(2) 7.2225(14) 7.2400(11)
o, deg 90 90 90 90
B, deg 90 90 90 90
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v, deg 90 90 90 90

V, A3 569.4(3) 584.4(2) 1143.1(10) 1157.4(16)
Peaicad CM3 1.153 1.632 1.407 1.255
Refinement 20 | 8.5-105.0 8.5-105.0 8.5-105.0 8.5-105.0
range, deg

Naata 4851 4826 4826 4826

Rp, Rup 2 0.081, 0.114 0.019, 0.025 0.014, 0.018 0.014,0.018
Reragg ® 0.052 0.006 0.006 0.007

aRp = YilYio — Vicl/DilYiol; Rwp =[Xiwi(Yio — }’i,c)z/ZiWi(yi,o)Z]Uz; RBragg = Yn|lno = Incl/>nln,o,
where yio and yi.c are the observed and calculated profile intensities, respectively, while Ino and
Inc are the observed and calculated intensities. The summations run over i data points or n inde-
pendent reflections. Statistical weights wi are normally taken as 1/yi.o.

MOFs Co(BPZ) and Co(BPZNO;) crystallize in tetragonal space group
P4,/mmc and their crystalline structures were reported previously®® (see Table
5.1). They are isoreticular to number of other known MOFs, such as M(BDP) [M=Co’,
Zn® H,BDP=1,4-bis(pyrazolyl)benzene]. Co(BPZNHy,) is retraceable to those MOFs
with orthorhombic Cccm crystallographic symmetry. In all the batches examined there
are two phases with slightly different unit cell parameters and ligand conformation. The
intrinsic ligand asymmetry may generate a locally different conditioned order of the NH,

substituents (Figure 5.6).
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Figure 5.6 Conditioned order in Co(BPZNH3): possible reciprocal dispositions of the
amino groups along the a- and b-axis, in the hypothesis that the 3-amino-4,4'-bipyra-
zolate ligand is not planar

On one hand, in Co(BPZNH_) Phase 1 a torsion angle of ~20° was found between
the two pyrazolate rings; on the other hand, Co(BPZNHy>) Phase 2 shows a planar ligand
(Figure 5.7a). Tetrahedral CoN4 nodes (Figure 5.7b) and exo-tetradentate spacers build
up a 3-D (4,4)-connected open framework (Figure 5.7¢), featuring 1-D rhombic channels
parallel to the crystallographic direction [001]. The aperture of the channels, and conse-
quently the accessible volume, are strictly related to the ligand orientation and the torsion
angle between its pyrazolate rings. At room temperature and pressure conditions, the
empty volume® of the two different phases ranges between 44 and 46%, which translates
into a pore volume of ~0.37-0.39 cm?® g1. The (3'? - 424 - 5% network topology belonging
to the 10-c net is confirmed by the topological analysis performed with TOPOS 4.0

considering both the Co(ll) ions and the ligands as tetra-connected nodes.
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Figure 5.7 Representation of the crystal structure of Co(BPZNH,): (a) the different lig-
and torsion angles in Phase 1 and Phase 2. (b) the u-pyrazolate coordination mode
through the 1-D chains along the [001] crystallographic direction. (c) Portion of the
crystal packing of Co(BPZNH,) Phase 1 viewed in perspective along the [001] crystallo-
graphic direction. Carbon, grey; hydrogen, light grey; cobalt, violet; nitrogen, blue. The
solvent molecules have been omitted for clarity. Main bond distances and angles: Phase
1: Co-N, 2.062(2), 2.081(2) A; Co---Co, 3.611(2), 8.899(6) A; N-Co-N, 109.6(6)-110.8(6)°;
Phase 2: Co-N, 2.051(5) A; Co---Co, 3.620(4), 8.941(6) A; N-Co-N, 108(2)-112.7(14)°

Thermal Behaviour. Before carrying out the simultaneous thermal analysis
(STA), a sample of as-synthesized Co(BPZNHz)-DMF was kept in an oven at 323
K for 4 hours, to eliminate traces of humidity on the material outer surface. As
shown by the TGA trace (Figure A.3.15a in Annex A.3), the MOF is stable under N2 up
to ~673 K (decomposition temperature onset), showing a higher thermal stability than
Co(BPZ) (Tgec = 593 K)® and Co(BPZNO;) (Taec = 623 K)8. Before decomposition, the
MOF undergoes two weight losses (~2.9% in the temperature range 303-351 K; ~19.0%
in the temperature range 370-583 K). The first weight loss can be confidently ascribed
to water vapour adsorbed by the sample during the transfer from the oven to the STA
instrument. The second weight loss can be reasonably interpreted as the loss of 0.7 mol
of DMF per mol of Co(BPZNH,) (calculated weight loss 19.6%). The residual mass
(30.2%) can be interpreted in terms of cobalt(ll) oxide (CoO; calculated value 28.4%).

In situ variable-temperature PXRD carried out in air on a sample of as-synthesized
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Co(BPZNH?3)-DMF shows that the MOF does not lose its porosity upon solvent loss
(Figure A.3.15 in Annex 3). The two orthorhombic phases are clearly visible (in terms
of peak doubling) up to 423 K (blue traces in Figure A.3.15b in Annex 3); starting from
443 K, their PXRD patterns coalesce and right-side anisotropic broadening of specific

Miller indexes classes appears. At 623 K, decomposition is complete.

N2 Adsorption. The porous nature of Co(BPZNH) was investigated
through N2 adsorption at 77 K after thermal activation (403 K, 10 Torr, 24 h). As
shown in Figure 5.8, Co(BPZNH>) shows a type 1V isotherm with an extended
hysteresis loop typical of a micro-mesoporous material with slit-like pore shape;
the BET specific surface area equals 317 m?/g. This value is comparable to that
found for Zn(BPZNH>) (395 m?/g)*! but lower than that of the untagged analogue
Co(BPZ) (926 m?/g)® and of the nitro-tagged Co(BPZNO.) (645 m?/g)®. The total
pore volume evaluated at p/p® = 0.98 equals 0.21 cm®/g. The limiting micropore
volume (0.14 cm®/g) estimated through the application of the Dubinin-Astakhov model
to the N2 adsorption isotherm is much lower than the pore volume calculated from the
crystal structure (0.38 cm®/g, vide supra), which suggest that the real sample porosity is
different from the crystallographic one obtained through purely geometrical considera-
tions. In fact, the orthorhombic/tetragonal phase transition that is commonly observed in
bipyrazolate MOFs®6.1! reveals a high framework structural flexibility that may reduce
the pore size. The Dubinin-Astakhov analysis also revealed that the micropore vol-
ume represents the main contribution to the total pore volume (67%). In
Co(BPZNHy) there are two different micropore sizes (retrieved from the DFT
analysis — slit pore shape of carbon-based materials) of 1.4 and 1.6 nm. The mes-
opore size (estimated through the BJH model applied to the desorption branch of

the isotherm) is of 3.9 nm.
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Figure 5.8 N2 adsorption isotherm measured at 77 K on Co(BPZNHz>). The desorption branch is
drawn with empty symbols

Oz Adsorption. Co(BPZ) and Co(BPZX) MOFs were tested as a O; ad-
sorbents at T = 195 and 273 K and po2 up to 1 bar (Figure 5.9 and Figure A.3.16
in Annex A.3, respectively). Table 5.2 collects the BET areas and the main O
adsorption data. The nitro-tagged MOF is a better adsorbent at higher tempera-
tures, while the untagged Co(BPZ) is the best O, adsorbent at low temperatures.
In terms of weight percentage, the amount of O, adsorbed at 195 K is proportional

to the respective BET areas.
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Figure 5.9 Oz adsorption isotherms measured at 195 K on Co(BPZ), Co(BPZNO-) and
Co(BPZNH>)

Table 5.2 Collective data on BET areas, Oz uptake (at 1 bar and T = 273 K and 195 K)
and oxygen isosteric heat of adsorption (Qst) of the Co(BPZ) and Co(BPZX) MOFs pre-
sented in this work

BET area Q«t (kd/mol) O, adsorbed (mmol/g)
(m*/g) 273K 195 K

Co(BP2) 926° 17.7 0.6 3.2
(2.0 wt.9%) (10.1 Wt.%)

Co(BPZNO,) 645° 13.7 11 2.8
(3.5 wt.%) (9.1 wt.%)

Co(BPZNH,) 317 15.9 0.5 1.8
(1.6 wt.%) (5.9 wt.%)

To quantify the strength of the O,-MOF interactions, the isosteric heat of

adsorption (Qst) of Oz was evaluated (Table 5.2) with a variant of the Clausius-
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Clapeyron equation, through the comparison of the O, adsorption isotherms rec-
orded at 273 and 195 K. The isosteric heat of adsorption reflects the interaction
strength between O and the inner pore walls of the MOFs. The highest value of
17.7 kJ/mol calculated at zero coverage is that estimated for Co(BPZ). The Qs
trend follows the order Co(BPZ) > Co(BPZNH>) > Co(BPZNOy). In general, the
Qst values found for these MOFs are higher than those found for the Co(11) MOFs
MFU-1 (11.1 kJ/mol) and MFU-2 (8.5 kJ/mol) built with the 1,4-bis[(3,5-dime-
thyl)pyrazol-4-yl]benzene ligand and featured by much higher BET areas (1525
and 1474 m?/g, respectively)'2. The thermodynamic affinity for O, of Co(BPZ) is
comparable to that of PCN-9 (17.8 kJ/mol), a Co(ll) MOF containing the triazine-
2,4,6-triyltribenzoate spacer and with a BET area of 1064 m?/g*3.

5.2.2. Cumene oxidation catalysis with Co(BPZX).

In the following step, the effect of different tags on catalytic cumene oxida-
tion reaction and product distribution was evaluated. Firstly, we tested Co(BPZ)

without any functional groups. The catalytic results are showed in Table 5.3

The results showed good activity of the material towards CM oxidation (34%
conversion attained after 7 h of reaction), as compared with the blank (auto-catalysed)
process, which afforded 5% CM conversion under the same reaction conditions. Mean-
while, the selectivity towards CHP obtained over CoBPZ was very high (maximum CHP
selectivity of ~90% at 8% CM conversion attained after 1 h), and only slightly lower
than the autocatalytic process (94%). This selectivity slightly decreases as the reaction
is continued (down to 84% at 34% CM conversion after 7h), which lead to formation of
side products like PP and AP. Presence of these side products, however in this case it is
minority, is a consequence of CHP decomposition, which is catalysed by the same metal

active sites that catalyse CM oxidation.
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Table 5.3 Aerobic oxidation of cumene 2

Selectivity %)
Entry Catalyst time (h) Conv.(%)" CHP PP AP CMD
1 Blank 7 5 94 6 0 0
2 Co(BPZ) 1 8 90 10 0 0
7 34 84 15 1 0
3 Co(BPZNOy) 1 10 74 22 3 1
7 32 74 22 3 1
4 Co(BPZNH,) 7 72 16 69 11 4
24 84 7 73 14 6
5 CoBTC 7 49 69 30 1 0
2 Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (cumene-to-metal molar ratio = 150), p(O,)=
4 bar, 363 K, 7 h of reaction. ® Conversion (mol%), determined by GC.

In Chapter 4 we have described the catalytic activity for the aerobic oxidation
of CM of mono- and bimetallic trimesate compounds prepared from aqueous solution.
As compared with monometallic CoBTC, the CM conversion obtained with the present
CoBPZ material was found to be slightly lower under the same experimental conditions
(34 vs 49% CM conversion after 7 h), but the selectivity to CHP was significantly higher:
84 vs 69%, for CoBPZ and CoBTC, respectively (compare entries 2 and 5 in Table 5.3).
These differences in catalytic activity and CHP selectivity reflect the different chemical
and coordination properties of Co?* sites imposed by the nature of the ligand. The general
trend is observed again here, so that the higher CM conversion is accompanied by a

lower CHP selectivity.

Introduction of -NO> groups on the pyrazolate ring, [Co(BPZ-NOy)], did not

have a significant influence on the catalytic activity: at short reaction times, CoOBPZ-NO;
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was only slightly more active than CoBPZ (10% vs. 8% CM conversion after 1 h for
CoBPZ-NO; and Co(BPZ), respectively), while at longer reaction times, the activity was
practically the same (32% vs 34% CM conversion after 7 h). However, small changes
were observed in product distribution for the CM oxidation process, decreasing the CHP
selectivity to 74% and slightly favouring the formation of PP and AP. In the case of
CoBPZ-NO2, formation of small traces (ca. 1% selectivity) of an additional, heavier
product, was also observed, that has been identified as a cumene dimer'4 (CMD). For-
mation of this dimer comes from the direct coupling of two cumyl radicals, which is an
additional termination of the radical chain reaction alternative to those leading to PP and
AP formation (see Chapter 4).

More significant changes were observed when —NH_ were introduced into the
pyrazolate ring, Co(BPZ-NHZ2). In this case, catalyst activity and distribution of the cu-
mene oxidation products change dramatically (see Figure A.3.17 in Annex A.3), as com-
pared with both Co(BPZ) and CoBPZ-NO,. Conversion of CM after only 1 h of reaction
time was already 39%, which increased to 72% after 7 h, while the selectivity to CHP
dropped to 16%. Interestingly, the resulting selectivity to PP formation obtained over
CoBPZ-NH; was increased up to 69%. Extending further the reaction time only pro-
duced a slight increase of conversion and selectivity to PP (up to 84% CM conversion
and 73% PP selectivity after 24 h), but the amount of cumene dimer formed increased

significantly, accounting for up to 6% of all converted CM.

As was described in previous Chapter, CHP is the primary product of the aerobic
oxidation of CM, while PP and AP are side products coming from CHP decomposition.
Therefore, PP and AP formation do depend on the ability of the Co?* sites to decompose
the CHP formed in the main reaction. In this sense, we have observed that a similar
dependency exists between CM conversion and CHP decomposition for other MOFs!®
(see Chapter 4). According to the catalytic data shown in Table 5.3, the differences in
product distribution between Co(BPZX) compounds should then be related with the abil-

ity of the catalyst to oxidize CM and, at the same time, to decompose CHP. We thus
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carried out additional experiments of CHP decomposition over the different Co(BPZX)

compounds. The results obtained are summarized in Table 5.4.

Table 5.4 Decomposition of CHP over MOFs?

CHP decomposition (%)
Entry Catalyst 7h 24 h
1 Blank 2.8 4.4
2 Co(BPZ) 44 7.1
3 Co(BPZNO,) 115 17.2
4 Co(BPZNH,) 26.6 55.3

@ Reaction conditions: 1 mL of cumene, 14mg catalyst, 110 pL of CHP, and diphenylether as internal

standard (50 puL) N, atmosphere, 363 K, CHP decomposition (%), determined by GC

By comparing the data shown in Tables 5.3 and 5.4, it is evident that the higher
the ability of the catalyst to decompose CHP, the lower is the final CHP selectivity at-
tained in the aerobic oxidation of CM. Thus, decomposition of CHP over Co(BPZ) is
only slightly faster than in the blank experiment (thermal CHP decomposition): 7.1 ver-
sus 4.4% of CHP decomposed after 24 h, respectively. In sharp contrast, decomposition
of CHP is much faster over CoBPZ-NH, reaching a 55.3% decomposition under the
same conditions after 24 h. Meanwhile, the activity of CoBPZ-NO; for CHP decompo-
sition is intermediate between the above to compounds (but closer to CoBPZ), as so is
the final CHP selectivity attained in the aerobic CM oxidation experiments. Moreover,
CoBPZ-NO2 is slightly more active than CoBPZ at short reaction times (< 1h), but it

deactivates faster, which is probably due to the formation of bulky CM dimers.

It has been pointed out'® that the presence of O, during CM oxidation can

minimize CHP decomposition. In this sense, the higher affinity of CoBPZ for O
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as compared with CoBPZ-NO, and CoBPZ-NH: in terms of isosteric heat of ad-
sorption (see Table 5.2) might also contribute to some extent to the higher selec-
tivity to CHP obtained over CoBPZ.

To summarize the catalytic results presented above, the activity of the CoBPZ-
X compounds for CM conversion and CHP decomposition follows the trend:
Co(BPZNH_y) >> Co(BPZNO,) > Co(BPZ), which is the opposite for the CHP selectiv-
ity. Therefore, we think that the presence of -NH; groups (and to a minor extend, -NO;
groups) in the MOF linkers play a crucial role in determining the catalytic properties of

the compounds, so there is a clear tag-dependent selectivity.

In our opinion, introduction of —NH> groups in the BPZ ligands can have two
different effects: On the one hand, they might change the local charge density on Co?*
due to electronic induction effects. On the other hand, amino groups can also introduce
additional adsorption sites for CHP (by establishing hydrogen bonds between CHP and
the solid catalyst), which can facilitate ensuing decomposition of CHP. Although we
cannot rule out the first effect, we believe that the latter role may have a higher impact

on the catalytic properties of CoBPZ-X compounds.

In line with the above hypothesis, Liao et al. have recently studied the use of
carbon nanotubes (CNTSs) and nitrogen-doped carbon nanotubes (NCNTSs) as catalysts
for the aerobic oxidation of CM*". NCNTs were found to be substantially more active
than CNT for this reaction (74% vs 16% CM conversion), producing mainly PP (96.7%
selectivity), whereas CNT was highly selective towards CHP (90%). According to their
DFT calculations, those authors concluded that the high catalytic performance and PP
selectivity of NCNTSs is caused by a strong interaction with CHP. Therefore, once CHP

is formed, it remains strongly adsorbed to the catalyst surface, where it can readily un-
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dergo over-oxidation and decomposition to PP. On the contrary, the calculated interac-
tion energy between CHP and non-doped CNT was considerably lower, so desorption of

CHP is more likely to occur, which minimizes decomposition events.

To understand whether the role of the —-NH. on determining the catalytic properties of
our Co(BPZX) compounds had a similar origin, we wanted to evaluate the strength of
the interaction between CM and CHP and the solid catalyst. In order to do this, we thus
measured the heat of immersion. Use of this technique can give us information related
not only to the surface area available to the liquid, but also to the specific interaction
between the solid surface and immersion liquid*®. The enthalpy of immersion, AHimm, is
defined as the enthalpy change at constant temperature, that takes place when solid is
immersed into a wetting liquid in which it does not dissolve nor react’®. Moreover, im-
mersion in the pure liquid solution can closely mimic catalytic conditions used in this
experiment. The results of the heat of immersion experiment are summarized in Table
5.5.

Table 5.5 Heat of adsorption for selected MOFs in CM and CHP

MOF Heatin CM Heat in CHP
Co(BPZ) -81J/g -137 Jlg
Co(BPZNHy) -219 Jig -283 J/g

If we compare the heat of immersion of CHP in both compounds, it is clearly
much higher for CoBPZ-NH; than for CoBPZ: 283 vs 137 J/g, respectively. This proba-
bly reflects the presence in the former material of the -NH> groups, which introduce
additional (stronger) adsorption sites for CHP, probably by allowing new hydrogen
bonds between CHP and the —NH; of the linkers. Moreover, the heat of immersion of
CHP is higher than for CM for both CoBPZ and CoBPZ-NH2. This indicates that both
compounds has a certain tendency to decompose CHP, even in the case of CoBPZ, as
already shown in the CHP decomposition experiments summarized in Table 5.4. Note

that if the heat of immersion of CM were higher than CHP, one would expect that as
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soon as CHP is formed, fresh CM would push it away from the surface of the catalyst,

thus avoiding its decomposition.

Thus, the data presented in Table 5.5 present a feasible explanation to understand the
different behaviour of CoBPZX materials and the observed tag-dependent selectivity for

the aerobic oxidation of cumene.
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5.3. Conclusions

In this Chapter, and in collaboration with the groups of Galli, di Nicola and Rossin,
we have carried out the synthesis of various CoBPZX compounds (X = H, NO and
NH.). While the preparation of the first two compounds is already known from the liter-
ature, the amino-functionalized materials has never been prepared before. Therefore, a

more detailed characterization of this latter compound is discussed herein.

These Co-containing materials have been evaluated for the aerobic oxidation of CM. A
clear tag-dependency of both catalytic activity (rate of CM conversion) and selectivity
(towards CHP or PP) has been observed. Thus, while CoBPZ afforded a low activity but
a high CHP selectivity, CoBPZ-NH, showed the opposite characteristics: a very high
catalytic activity along with a high selectivity to PP; while CoBPZ-NO- has a somewhat
intermediate behaviour. These catalytic results can be correlated with the ability of the
material to catalyse CHP decomposition. Thus, as CHP decomposition activity of the
material increases, the rate of CM conversion is also seen to increase, while the final

selectivity of CHP decreases concomitantly.

In order to understand these finding, we have measured the strength of C; and CHP in-
teraction with CoBPZ and CoBPZ-NH, by measuring the corresponding heats of immer-
sion of the pure liquids in pre-activated solids. The results obtained indicate that: i) the
heat of immersion of CHP is higher for CoBPZ-NH; than for CoBPZ. This probably
reflects the creation of new hydrogen bond interactions between CHP and the amino
groups in CoBPZ-NHa, which increases the adsorption strength; and ii) the heat of im-
mersion of CHP onto each solid is lower than in the case of CM, which indicates that

both compounds has a certain tendency to decompose CHP, even in the case of CoBPZ.

In summary, the results presented here represent a clear example of the potential of lig-

and functionalization as a strategy for fine-tuning the catalytic properties of MOFs.
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CHAPTER 6

6.1. Introduction

6.1.1. HKUST-1 MOF

The HKUST-1 (copper-based MOF, known also as Cu-BTC or MOF-199), with
structural formula Cus(BTC), (BTC = 1,3,5- benzenetricalboxylate) is one of the most
studied MOF compound?, reported for the first time by Chui et al.? in 1999. Its crystal-
line structure consists of a copper paddle wheel units, with a Cu—Cu distance of 0.263
nm, where each copper atom is octahedrally coordinated by four oxygen atoms of the
BTC linkers and by one water molecule form solvent (see Figure 6.1).

Figure 6.1 (Left) Cus(BTC)2(H20)s, viewed along the cell body diagonal [111], showing a hexag-
onal shaped 18A window at the intersection of the nanopores. (Right) Cus(BTC)2(H20)s frame-
work viewed down the [100] direction, showing nanochannels with four-fold symmetry?. Repro-
duced from Science 1999, 283 (5405), 1148-1150 with permission Copyright © 1999, The
American Association for the Advancement of Science

The material can be easily activated under a vacuum leaving unsaturated Cu
sites available for adsorption and catalytic transformations. HKUST-1 possesses rela-

tively good thermal stability, chemical resistance and accessible catalytic sites. Thus, it
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is a perfect candidate for heterogeneous Lewis acid catalysis like cyanosilylation of car-

bonyl compounds?®, the isomerization of a-pinene oxide, the cyclization of citronellal?,

and oxidation or epoxidation®®.

6.1.2. Hierarchically structured MOFs and its use in catalysis

Despite of good catalytic performance of MOFs as heterogeneous catalyst’,

most of them are microporous (pore size < 2 nm). This, in many cases can be a drawback,

as small pore size provokes diffusion limitation and limits the access of large molecules

to the metal active sites of MOF and discards their applications involving bulky mole-

cules®®. Thus, considerable efforts have been made to expand the pore size of MOFs to

the mesoporous regime.

Currently, many de Novo Methods like ligand extension, bulky building block

method, template method'?, template-free method, modulator-induced, metal-ligand-

fragment co-assembly, gelation, supercritical fluid and Post-Synthetic methods like hy-

drolytic post-synthetic strategy, stepwise ligand exchange and encapsulation, have been

proved to generate large-scale defects, resulting in hierarchically structured MOFs!! as

presented in Figure 6.2.

Microporous MOFs

Metal ion Ligand

Single crystal

Metal ion Ligand

1) Ligand extension method

2) Bulky building block method
3) Template method

4) Template-free method

5) Modul

Mesoporous MOFs

d daf: '

7) Gelation

82) Stepwi

6) Metalligand-fragment co-assembly

Supercritical fluid

1) Hydrolytic post-synthetic strategy

)" 3) Encapsulation and etchl:lg method

Figure 6.2 Conceptual illustration for mesopore fabrication in MOFs!! Reprinted form Coord.
Chem. Rev. 2018, 369, 76-90 with permission of Copyright © 2019 Elsevier B.V
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Among the listed methods metal-ligand-fragment co-assembly (called also de-
fective linker (DL) approach), has gained a lot of attention not only thanks to its simplic-
ity to expand interior cavities, or decorate them with functional groups, but also to remain
material isostructural to the parent MOF avoiding to some extent structural interpenetra-
tion. In this method, the primitive ligand of parent MOF is mixed with its fragmented
part (defective linker, usually with one or more missing carboxylate groups). Induced
large-scale of such a defects (e.g. clustering of point defects) related with missing linker
or node, can lead to generation of mesopores in the crystal structure. Such materials are
called hierarchically structured MOFs, where micro- and mesopores coexist without
compromising crystal structure of the material. Presence of mesopores can greatly influ-
ence mass-transport pathways, rigidity and density of the network, electronic and mag-

netic properties and also by rearrangement of CUSs benefits in catalytic reactions?14,

In one such example, a series of defect-engineered metal-organic frameworks
based on parent HKUST-1 was prepared by doping with different defective linkers. In-
troduction of different ligand with different ratio, led to simultaneous and controllable
modification of coordinatively unsaturated metal sites (CUS) and introduction of func-
tionalized mesopores in case of 5-hydroxyisophthalic and pyridine-3,5-dicarboxylate
linkers®®. Higher implementation level of those fragmented linkers significantly influ-
enced electronic properties and increased the functionalized mesopores in the lattice.
Another hierarchically structured HKUST-1 was prepared by partially replacing of ben-
zene-1,3,5-tricarboxylic acid by benzoic acid, which resulted in micro-mesoporous sys-
tem with an improved external surface area compared to conventional HKUST-116, Zhou
group used this strategy to introduce functionalized mesopores in MOF structure by mix-
ing primitive ligand (TPTC) and its ligand fragment R-isoprhthalic (R=-H, -CHjs, -NH_,
-CH2NH2, -NO,, -SO3H, -SO3Na), without reduction of accessible pore volume?’. In
other example, Dai and co-workers used mesoporous HKUST-1 with hierarchical-struc-
ture-encaplulated phosphotungstic acid (HPW) (HPWs@ Meso-HKUST-1) in selective
oxidation of cyclopentene (CPE) to glutaraldehyde (GA) using tert-butyl hydroperoxide
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and acetonitrile (MeCN) as the oxidant and solvent, respectively*8. High catalytic activ-
ity and stability of the material was assigned to the unique textural properties of Meso-
HKUST-1 and the good dispersion of HPWs inside the mesoporous cages, which in
proper loading provides additional Lewis acid sites for the reaction.

In this Chapter we intended to prepare HKUST-1 type MOFs having micro-meso
hierarchical porosity using the defective linker method approach. Subsequently, we will
try to investigate the influence of the created defects and hierarchical porosity of synthe-
sised MOFs in catalytic reaction with bulky product compared to pristine HKUST-1. As
model reaction we have considered the one-pot oxidative synthesis of quinazoline (with
approximate dimensions of 12 x 8 x 3 A3, very close to the pore windows present on
HKUST-1 (with diameter of ca 9 A).

6.1.3. Quinazoline synthesis

N-heterocycles are present in many natural products and are well known biologi-
cally active molecules. These compounds are very crucial in drug design, mostly because
presence of nitrogen heterocycles in the drug structure increase its solubility and allow
formation of salts, which influence their absorption and bioavailability. Among high
structural diversity of N-heterocycles, quinazolines and quinazolinones skeletons are re-
currently encountered heterocyclic compounds in medicinal chemistry literature. Con-
ventionally quinazolines can be prepared by the Bischler cyclization between dicarbon-
yls and diamines. However, many scientists put an effort to develop new synthetic routes.
Thus, Fu et al.demonstrated a simple and efficient, ligand-free Cul-catalyzed condensa-
tion between substituted (2-bromophenyl)methylamines and amides to achieve quinazo-
line derivatives®. In another example, CuClI/DABCO/4-HO-TEMPO was employed as
catalyst for the aerobic oxidative synthesis of 2- substituted quinazolines from the one-
pot reaction of aldehydes with 2-aminobenzylamines?’. Despite of good results obtained
by homogeneous systems, developing an efficient heterogeneous catalyst for the

quinazoline synthesis is still of huge need. Heterogeneous systems including iron oxide
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(g-Fe20s3) nanoparticles?! and polymer-supported bi-metallic platinum/iridium (Pt/Ir) al-
loyed nanoclusters?? has been reported. Also MOFs were used for synthesizing quinazo-
line. ZIF-672% has shown high activity for the cyclization reaction of 2-aminobenzo-
ketones and benzylamines forming 2-arylquinazolines. Moreover, the material could be

reused several times without losing activity.
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6.2. Results and discussion

6.2.1. Synthesis and characterization

The concept of mixed-ligand solid solution was applied to obtain two hierarchically
structured, copper containing MOFs. HKUST-1 analogues HM-1 and HM-2 were syn-
thesized by slightly modified, previously reported method®® using mixtures of trimesic
acid (BTC) and 5-hydroxyisophthalic acid (OH-isophthalic) with different ligands ratio.
The detailed procedure is described in the Annexes A.1. Powder XRD patterns of the
mixed-ligand materials prepared and parent HKUST-1 (M-1) are shown in Figure 6.3.
The X-ray powder patterns are in good agreement with simulated pattern of HKUST-1,
indicating that all materials are isoreticular and correspond to phase pure materials, even
after incorporation of the second ligand. Formation of a mixture of two phases can be
ruled out, since the XRD patterns show no evidences of peak splitting or any significant
peak broadening. Moreover, an eventual phase pure OH-isophthalic copper MOF would
necessary have a different crystalline structure. This would result in the appearance of
additional diffraction peaks not corresponding to the HKUST-1 structure, which are not

observed in any case.
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Figure 6.3 XRD patterns of prepared materials
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The ratios of linkers incorporated in the final MOF were quantified by 'H NMR spec-
troscopy upon digestion of the MOFs with d>-H2SO4 in de-DMSO. HM-1 and HM-2
MOFs were found to contained 10% and 15% of the OH-isophthalic linker, respectively
(Figure 6.4).
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Substitution level : 10% of OH-isophthalic ~ Substitution level : 15% of OH-isophthalic
Figure 6.4 a) 'H NMR spectrum of HM-1; b) *H NMR spectrum of HM-2.

The presence of OH-isophthalic in the digested solid does not necessarily imply
that this ligand is incorporated into the framework and partially replacing the original
BTC linkers. It might also be simply adsorbed inside the pores or bound to the external
surface of a phase-pure HKUST-1. In order to rule out this possibility, we performed a
soaking experiment in which pristine HKUST-1 was contacted with a solution contain-
ing OH-isophthalic, as described in Annexes 2. However, the corresponding *H NMR of
the digested solids after soaking for 24 h only showed a signal due to BTC ligands and
no traces of OH-isophthalic.

In order to examine the thermal stability of these materials, thermogravimetric
analysis (TGA) was carried out. TGA of all measured samples displays a two-stage mass
loss in the temperature range 300-700 K (Figure 6.5). First loss corresponds to coordi-

nated water loss around 350 K with mass loss around ~30% and the second, between
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550-600 K to organic linker decomposition. The obtained curves indicate that with in-
creasing amount of OH-isophthalic linker incorporated in the MOF structure, the thermal
stability of resulting materials is decreasing (Figure 6.5a). This can be clearly seen by
the shift of the DTG temperature peak of organic linkers decomposition (Figure 6.5b),
where for pure M-1 decomposition starts at ca. 583 K, for the HM-1 with 10% of defec-
tive linker at ca. 563 K and for the HM-2 with the highest defective linker content (15%)
at ca. 553 K.
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Figure 6.5 (a) TGA of prepared MOFs, (b) DTG of prepared MOFs

N2 adsorption-desorption isoptherms are presented in Figure 6.6. As it can be
seen, pristine M-1 (HKUST-1) exhibits a type-1 isotherm?*, with a sharp increase in the
N uptake (at low nitrogen relative pressure) followed by a plateau, typical for mi-
croporous materials?®. A very small hysteresis loop (akin to H3 or H4 type according to
the IUPAC classification (ref 44), can be observed at high relative pressures, which is
indicative of the presence of interparticle porosity. On the other side, materials with de-
fective linker HM-1 and HM-2, shows a type 1V isotherm?4, with well-defined H2-type
hysteresis loop at a relatively high pressure (P/Po > 0.4) that indicates capillary conden-
sation of N2 in mesopores. This results proves the co-existence of micropores and mes-
opores*>-17 in the HM-1 and HM-2 samples.
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Figure 6.6 N2 adsorption-desorption isotherms

Summary of textural properties of all prepared materials is shown in Table 6.1. For the
calculation of Brunauer—Emmett—Teller (BET) specific surface area, the 0.01-0.1
p/po pressure range of the isotherm was used to fit the data. Within this range, all
the Rouquerol consistency criteria are satisfied. Pore size distribution was deter-
mined through the BJH method?® applied to the adsorption branch of the isotherm.

The corresponding curves obtained for HM-1 and HM-2 are shown in Figure 6.7.
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Table 6.1 Textural properties of prepared materials

Sample Seet (M?/g)? Pore volumes (cm®/g) Pore diameter (nm)®
Viotal® Vmicro® Vimeso®
M-1 1166 0.5499 0.4489 0.0358 No mesopores
HM-1 1008 0.6248 0.3714 0.2397 19.0
HM-2 939 0.5417 0.3511 0.1487 24.8

2 Sget: Brunnauer-Emmett-Teller surface area. Only data points satisfying the Rouquerol consistency
criterion 2" have been considered (see Annexes A.3); ® Viotai: total pore volume, calculated from the
nitrogen adsorption data at P/Po=0.995; ¢ Vmicro: micropore volume obtained by the t-plot method (see

Annexes A.3); ¢ Vineso: mesopore volume calculated by the Barrett-Joyner-Halenda (BJH) method.
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Figure 6.7 Pore volume of prepared MOFs

An increase of OH-isophthalic substitution affects specific surface area (BET),
which slightly decreased for HM-1 and HM-2, compared to pristine M-1 material. This

can be attributed to an increase of the pore size!’ in hierarchical MOFs, where HM-1 and

HM-2 possess mesopores with 19,0 and 24,8 nm diameter respectively. Moreover, BET

values can be affected by a decrease in the crystallinity degree in overall material due to

formation of structural defects'®. Presence of mesopores accompanied by certain loss of
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surface area values was reported before by many researchers'¢17.22-33 \While M-1 is ba-
sically microporous, both HM-1 and HM-2 presents an important volume of mesopores,
representing up to 40% of the total pore volume in the case of sample HM-1, and some-
what lower (ca. 30%) in the case of HM-2.

The presence of mesoporosity for the mixed-ligand HKUST-1 with OH-
isophthalic has been previously reported also by Fisher and co-workers?. Incorporation
of OH-isophthalic into the HKUST-1 network lead to the appearance of uncompensated
charges, arising from the difference charge on [BTC]* and [OH-isophthalic]?> ligands.
According to the authors, the excess charge can be compensated either by partial reduc-
tion of Cu?* to Cu* sites at the SBUs, or by missing linkers and/or by missing copper
SBUs, leading in both cases to the creation of local defects. Clustering of these defects
would eventually lead to the creation of mesopores in the solid, as shown schematically
in Figure 6.8.

defect free microporous framework isolated dilute defects formation of mesopores

Defect Degree Increasing

Figure 6.8 Defect-engineered MOFs (DEMOFs). The modulation of the defect structure on the
micro- and mesoscales by defective linker doping of the framework is shown. The blue and short
red sticks represent perfect and defective linkers. The yellow and black balls represent perfect
and defective metal sites, respectively. The green highlighted unit indicates parent micropores.?
Reprinted from J. Am. Chem. Soc. 2014, 136 (27), 9627-9636 with premisson of American Chem-
ical Society

However, in their original work those authors did not analyzed whether or not
the introduction of OH-isophthalic defective linkers in HKUST-1, and the corresponding
creation of mesopores, were also accompanied by any morphological changes of the

solid particles.
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Figure 6.9-11 shows field emission scanning electron microscopy (FESEM) im-
ages of the M-1, HM-1 and HM-2 samples. As shown in Figure 6.9, conventional M-1
exhibits crystals with octahedral morphology typical of HKUST-1, with sharp edges and
some inherent defects over the surface, formed during crystallization34. The same overall
morphology is also observed for the materials prepared by mixed-linker approach HM-
1 (Figure 6.10) and HM-2 (Figure 6.11). However, surface defects become more visible
and ordered upon OH-isophthalic incorporation, and the edges of the octahedral crystals

become more rounded.

Figure 6.9 FESEM images of M-1
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Figure 6.10 FESEM images of HM-1 sample
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Figure 6.11 FESEM images of HM-2 sample

Formation of a hierarchical microporous-mesoporous system has been previously de-
scribed on different mixed-linker HKUST-1 materials®=®, in which BTC ligands were
mixed with either benzoic acid or ascorbic acid. In both studies, the authors described
the formation of mesopores, having a large impact on crystal morphology. The meso-
pores induced by the addition of either benzoic acid or citric acid tend to aggregate in
both cases to form relatively big holes randomly distributed on the surface of the octa-

hedral crystals.

Interestingly, the defects created in HM-1 and HM-2 do not seem to be randomly dis-

tributed along the crystal, in sharp contrast with the mesopore holes created by addition
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of benzoic or ascorbic acids. Rather, they tend to form long range trenches running par-
allel to the edges of the octahedral crystal. The observed ordered defect lines may be the
result of the formation of BTC-rich domains mixed with OH-isophthalic-rich domains
throughout the crystal, in which the two ligands cannot be thoroughly mixed’. The
trenches formed in HM-1 and HM-2 are reminiscent of similar defect lines running also
parallel to the edges of the octahedra described by Shoaee et al. 336, and by Ameloot et
al. 37, using AFM and confocal fluorescence microscopy in operando conditions, respec-
tively. Those authors attributed the presence of such line defects to the creation of dislo-
cations of the crystalline network along the <110> direction. Projection of the HKUST-
1 structure down the <110> direction evidences that there are two possible surface ter-
minations for the {111} planes (corresponding to the faces of the octahedron) that in-
volve no breaking of intramolecular bonds in the trimesate moieties. Of these two pos-
sible surface terminations, the most feasible is the one indicated in Figure 6.12, in which
only one carboxylate group per trimesate ligand is not integrated into the bulk crystal
structure. It is reasonable to hypothesize that OH-isophthalic, having only two carbox-
ylate groups instead of the three present in trimesate, may tend to occupy preferentially
these positions at the {111} surface terminations, so that the OH group would be dan-
gling (indicated as a large green sphere in the figure), but the linker would still connected
to the crystal through the two remaining strong carboxylate groups. Thus, as the amount
of OH-isophthalic incorporated in the solid increases (on passing from HM-1 to HM-2),
a higher concentration of the defective linker at these surface termination positions is
expected. This could explain the formation of extended line defects running parallel to
the edges of the octahedral crystals, leading eventually to the formation of broad and

deep trenches evidenced in the FESEM images shown above.
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Figure 6.12 Structure of HKUST-1 viewed along <110> direction, showing the most likely sur-
face termination at the {111} faces
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6.2.2. Catalytic test

As mentioned above, a bulky compound such as quinazoline was chosen as a
model reaction to evaluate the beneficial effect of defective ligand incorporation and
creation of hierarchical porosity inside the crystals. Thus, M-1, HM-1 and HM-2 mate-
rials were evaluated in terms of their catalytic activities in oxidative quinazoline synthe-
sis from 2-aminoacetophenone and benzylamine with tert-butyl hydroperoxide (TBHP)
as oxidant and DMSO as solvent at 353 K (Scheme 6.1).

o]
NH, ~ N
=
NH, DMSO0, 353 K, 5h N

Scheme 6.1 Typical reaction condition for cyclization of 2-aminoacetophenone and benzylamine

Figure 6.13 summarizes the catalytic results obtained during 5 h of reaction time. A blank
experiment (without any catalyst) was also performed under the same conditions for
comparison, however no quinazoline yield was observed even after continuing the reac-
tion for 8 h.

171



Hierarchically structured mixed-ligand HKUST-1

100

A/A
/
80 -
]
g / / l/
E 60
=
5
c
§
5]
>
=
o
O 20 A
—Ha—
—o— HM-1 (10% OH-isophthalic)
—A— HM-2 (15% OH-isophthalic)
i /
0 L‘r T T T
0 3 4 5
Time (h)

Figure 6.13 Catalytic results of quinazoline synthesis over M-1, HM-1 and HM-2 MOFs. Reac-
tion conditions: 2-aminoacetophenone (1 mmol), benzylamine (1.5 mmol), tert-butyl hydroper-
oxide 70% in water (5 mmol), and diphenyl ether (100 pL) as internal standard in DMSO (2
mL) stirred at 353 K for 5 h.

All materials showed good activity and selectivity (as no other products were detected).
Reaction rate and conversion significantly increased upon increasing concentration of
defective linker inside the MOF structure, in the order M-1, HM-1 and HM-2 MOF: from
54%, 68% to 91% conversion after 3 h of reaction time, respectively. A progressive sup-
pression of the induction period for hierarchically structured materials can be also ob-
served. The material with the highest OH-isophthalic concentration (15%), HM-2,
showed the best catalytic performance among tested materials, reaching 100% conver-

sion after 5h of reaction time and thus, was chosen for further stability examination.

The heterogeneous character of the reaction was tested by hot filtration experi-
ment, during the course of the reaction. The quinazoline synthesis was carried out under
typical reaction condition for 0.5 h, using HM-2 as a catalyst. At this point, whit a 24%
conversion, the catalyst was separated from the reaction mixture and reaction was con-
tinued for an additional 4.5 h, while withdrawing aliquots at different reaction time. Re-

sults showed that almost no further conversion was observed after catalyst separation
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(Figure 6.14). Furthermore, ICP analysis of the filtrate indicate that no significant leach-
ing of copper took place. These results suggest that the cyclization reaction between 2-
aminoacetophenone and benzylamine is truly heterogeneous.
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Figure 6.14 Hot filtration test over HM-2 catalyst. Reaction conditions: 2-aminoacetophenone (1
mmol), benzylamine (1.5 mmol), tert-butyl hydroperoxide 70% in water (5 mmol), and diphenyl
ether (100 pL) as internal standard in DMSO (2 mL) stirred at 353 K.

Additionally, the stability test was preformed over HM-2 catalyst (Figure 6.15). To this
end, the as prepared HM-2 catalyst was reused in consecutive catalytic cycles performed
under identical reaction conditions. After every run (5 h), the catalyst was recovered by
centrifugation, washed with fresh DMSO and acetone, dried under vacuum at room tem-
perature overnight and reused in the subsequent reaction cycle. The HM-2 demonstrated
good reusability for at least 4 cycles, with only slight loss of activity. PXRD after 4™
reaction cycle (Figure 6.16) reveals some decrease of the intensity of the diffraction lines
of the used material, which may originate from the adsorption of products on the catalyst
surface or to some actual loss of crystallinity (due to the mechanical attrition between
particles during the reaction). Nevertheless, the structure integrity of the material is over-
all maintained.
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Figure 6.15 Reusability test of HM-2 after 1 h and 5 h of reaction time. Reaction conditions: 2-
aminoacetophenone (1 mmol), benzylamine (1.5 mmol), tert-butyl hydroperoxide 70% in water
(5 mmol), and diphenyl ether (100 pL) as internal standard in DMSO (2 mL) stirred at 353 K
for 5 h.
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Figure 6.16 Powder XRD of fresh and used HM-2 catalyst
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The proposed mechanism for this reaction is shown in Scheme 6.2. First, the intermediate
imine product (3) is generated by condensation of 2-aminoacetophenone and benzyla-
mine. Subsequently (3) is oxidized and undergoes intramolecular cyclization under the
reaction conditions to form semiproduct (4). After this, (4) is further oxidized to the final
product (5). The first step of the reaction (formation of intermediate imine (3) is almost

immediate and it can take place even under catalyst free conditions.

3) @ )
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Scheme 6.2 Possible reaction mechanism

There are a number of publications reporting the use of defective linkers as a
strategy to improve the catalytic properties of the material, or even to introduce new
properties totally absent in the unmodified material. Usually, the improvement of the
catalytic activity is attributed to the creation of point defects leading to the creation of
more accessible and/or more reactive catalytic centres. For instance, creation of mixed-
valence Cu- or Ru-HKUST-1 sites upon defective linker incorporation was deemed re-
sponsible for a higher reactivity in the oxidation of benzene derivatives®, olefin hydro-
genation and CO; reduction® or Paal-Knorr pyrrole synthesis®, to name a few examples.
Therefore, a similar effect may also be responsible for the increased catalytic activity
observed here for the quinazoline synthesis: replacement of BTC by OH-isophthalic
linkers can create defective sites similar to those present in other mixed-ligand MOFs.
However, FTIR spectroscopy of adsorbed CO at 77 K onto M-1 and HM-2 (see Annexes
3) surprisingly revealed that no significant differences exist in the type, concentration
and/or accessibility of the active centres present in these two materials. In particular, we
noticed that introduction of OH-isophthalic defective linkers did not produce a sensibly

higher amount of reduced Cu* sites (as reported in related precedents), since this should
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necessarily lead to appreciable changes in the relative intensities of certain absorption
bands over the others in the FTIR spectra. Therefore, even if the creation of a small
fraction of defective sites with a higher reactivity cannot be totally excluded, the higher
catalytic of HM-1 and HM-2 with respect to M-1 for quinazoline synthesis may have

another origin.

Therefore, a possible explanation to understand the catalytic results presented in Figure
6.15 is the presence, in HM-1and HM-2 of a hierarchical microporous-mesoporous sys-
tem. Note that the reaction substrates used in quinazoline synthesis, 2-aminoacetophe-
none and benzylamine, are small enough to penetrate and freely diffuse inside the pores
of HKUST-1 (with diameter of ca 9 A). However, this is not the case for quinazoline,
with approximate dimensions of 12 x 8 x 3 A3, very close to the pore windows present
on HKUST-1. Therefore, once quinazoline is formed inside the MOF pores, strong dif-
fusion limitations are expected for quinazoline desorption, increasing its residence time
inside the pores and partially blocking the access of fresh reactants to the active sites.
Creation of an additional mesopore system in the microporous MOF by the mixed-ligand
approach can thus provide alternative diffusion pathways for quinazoline desorption,
passing through these mesopores. This would minimize pore-blocking phenomena,
which will translate into a higher reaction rate. This is schematically depicted in Scheme
6.3.
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Scheme 6.3. Diffusion of small reactants (blue spheres) and bulky products (red spheres) in:
(left) normal microrporous M-1; and (right) hierarchical mesoporous-mesoporous material.

Besides the above mentioned benefits of creating a hierarchical pore system in mixed-
ligand MOFs, in principle other factors might as well contribute to the different catalytic
properties of M-1 and HM-1/HM-2. One such factor could be particle size. A smaller
particle size would indeed reduce the diffusion path length, thus minimizing mass
transport limitations. However, we note from the FESEM images shown in Figure 6.9-
11 that there is a certain dispersion of the particle size in all the samples prepared, but
most of the crystals present an average particle size close to 10-12 um, for both M-1 and
HM-1/HM-2 mixed-ligand compounds. Furthermore, the relatively large size of the crys-
tals implies that most of the Cu?* active sites will be located at the internal surface of the
catalyst, so the contribution from the external Cu?* sites to the observed catalytic activity

is expected to be low.
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6.3. Conclusions

In this Chapter, we have described the preparation of isoreticular mixed-ligand HKUST-
1 materials in which BTC linkers have been partially replaced (up to 15%) by OH-
isophthalic. Characterization of the samples indicate that isomorphous substitution of
one ligand for the other takes place. Introduction of this defective linker results in the
creation of a hierarchical microporous-mesoporous system, in which mesopores account
for up to 40% of the total pore volume of the solid, as evaluated from N2 adsorption
isotherms. This increased mesoporosity is accompanied by a slight decrease of specific
surface area (Sget), from 1166 to 939 m? g1. Morphological analysis of the samples by
FESEM showed that there are no significant changes in average size of the octahedral
crystals (of about 10-12 um). However, the mesopores present in the mixed-ligand com-
pounds are clearly observed in the form of wide and deep trenches running parallel to
the edges of the octahedron. These line defects are compatible with dislocations occur-
ring in the <110> direction, which would lead to preferential surface terminations at the
{111} faces in which the linker is integrated into the bulk crystal through 2 carboxylate
groups. Reasonably, these surface terminations are preferentially occupied by ditopic
OHe-isophthalic linkers, so as the amount of defective linker incorporated increases, the

concentration of line defects in the solid is expected to increase.

Both pristine (M-1) and mixed-ligand (HM-1 and HM-2) MOFs have been tested as ox-
idation catalysts for the synthesis of quinazoline, a bulky molecule with dimensions very
close to the pore opening of the MOFs. A progressive increase of the reaction rate is
observed, which has been attributed to the presence of mesopores in the mixed-linker
MOFs, that are able to alleviate diffusion limitations for the desorption of quinazoline

formed inside the MOF pores.
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CHAPTER 7

Conclusions

The main conclusions extracted from the results presented and discussed in previous

chapter are the following:

1) It is possible to prepare isoreticular mono- and bimetallic MOFs, as well as single and
mixed-ligand compound, by applying a green synthesis method in aqueous medium,
working at room temperature and ambient pressure, easily scalable and with short syn-
thesis time. These conditions are highly desirable for the production of this type of com-

pounds to allow their application at the industrial scale.

2) Mixed-metal compounds based on Co-Ni, Co-Zn (and probably also Mn-Ni) prepared
with the above method show a highly desirable preferential occupation of Co?* (and
Mn?*) ions of specific sites of the framework. This affords a means for controlling site
isolation of these Co?* centers by simple variations in the chemical composition of the

compound.

3) Mono- and bimetallic cobalt based compounds prepared with the above method show
interesting catalytic properties for the aerobic oxidation of cumene. By controlling site
isolation (through chemical composition) and minimizing unwanted side reactions, it is
possible to develop highly selective catalysts for the production of cumene hydroperox-

ide, with selectivities over 90%.

4) Preparation of related mixed-linker cobalt compounds is found to be a way to deter-
mine also the final selectivity of the catalytic material, by turning the selectivity of the
process from the production of cumene hydroperoxide (CHP) to 2-phenyl-2-propanol

(PP) depending on the amount of the secondary linker incorporated.

5) Cobalt based bipyrazolate compounds are also active for the aerobic oxidation of cu-
mene. Depending on the functionalization of the bispyrazolate linkers of the MOF, a
clear tag-dependent selectivity towards the final product of the reaction is observed. Non-

functionalized CoBPZ has a low activity but it is highly selective for CHP production.

185



Conclusions

Meanwhile, the amino-functionalized CoBPZ-NH; is much more active, but the selec-
tivity is turned towards the preferential production of PP. These results can be rational-
ized by a stronger adsorption of CHP on CoBPZ-NH, which facilitates the decomposi-
tion of the CHP formed during the reaction to PP.

6) Mixed-ligand HKUST-1 materials prepared with OH-isophthalic defective linkers
show a hierarchical microporous-mesoporous system consisting of deep trenches run-
ning parallel to the edges of the octahedral crystals. Formation of these trenches is at-
tributed to dislocations in the <110> directions of the crystal, and clustering of defects
induced by the introduction of OH-isophthalic at the termination of the {111} faces.

7) The benefits of this hierarchical micro-mesopore system is evidenced when the mixed-
ligand HKUST-1 materials are used as catalysts for the oxidative coupling of 2-amino-

acetophenone and benzylamine to form the corresponding bulky quinazoline.
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A.l. Synthesis Procedures

All reagents were of analytical grade and used as received without further purification.

Chapter 3

Powder material preparation. All materials were prepared by “green”, water based
synthesis procedure at room temperature and ambient pressure. First, a 0.1M ligand salt
(NasBTC, NazlP or Na:NH:IP) solutions were prepared by dissolving appropriate
amount of NaOH (30 or 20 mmol according to molar ratio) and 10 mmol of desired linker
(1,3,5-benzenetricarboxylic acid, isophthalic acid or 5-aminoisophthalic acid) in 100 mL
of distilled water under vigorous stirring. Consequently, the MOFs were obtained by
mixing together under rapid stirring 3 mmol of metal salt precursor (Co, Ni, Zn, Cu, or
its mixture in appropriate ratio) and 20 mL of the ligand salt (or its mixture) 0.1M(aq)
solution (2 mmol). Optionally, 10 mL of ethanol absolute was also added to the above
solution. Stirring was continuing at room temperature and ambient pressure for the next
10 min. The solid obtained was separated by centrifugation and carefully washed with
distilled water (3x) and ethanol (1x). The resulting powder materials where let to dry in

air at room temperature.

Single crystal materials preparation. Starting from the above stock 0.1M NasBTC
aqueous solution, a 1:8 dilutions was obtained, resulting in a NazBTC 0.0125M solution.
For the preparation of monometallic compounds, a 0.1M aqueous solution of the corre-
sponding metal precursor was prepared and placed inside a test tube. In the second step,
Na3zBTC 0.0125M solution was added carefully to the solution in the tube using a syringe
(sliding down the walls of the tube). As prepared solutions were left overnight for crys-
tallization. Obtain single crystals were carefully washed with water and dried in air at

room temperature. For the preparation of bimetallic compounds, the Ni 0.1M and Co
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0.1M solutions were mixed with water in proper ratio, giving “Ni/Co solution” (see Ta-

ble A.1.1 and placed inside the test tube, and treated likewise.

Table A.1.1 Solutions mixture ratio used in the synthesis of Co-Ni bimetallic trimesate single

crystals
Ni/Co-BTC Preparation of Ni/Co solution Ni/Co solution NazBTC solution
Ni 0,1M solu- | Co 0,1M solu- H,0 (0.0125 M)
tion tion
Ni-BTC 1.9mL 0mL 8.1mL 6 mL 6 mL
Col0Ni-BTC 1.71 mL 0.19 mL 8.1 mL 6 mL 6 mL
Co020Ni-BTC 1.52 mL 0.38 mL 8.1mL 6 mL 6 mL
Co30Ni-BTC 1.33 mL 0.57 mL 8.1 mL 6 mL 6 mL
Co40Ni-BTC 1.14 mL 0.76 mL 8.1 mL 6 mL 6 mL
Co50Ni-BTC 0.95 mL 0.95 mL 8.1 mL 6 mL 6 mL
Co60Ni-BTC 0.76 mL 1.14 mL 8.1 mL 6 mL 6 mL
Co70Ni-BTC 0.57 mL 1.33 mL 8.1mL 6 mL 6 mL
Co80Ni-BTC 0.38 mL 1.52mL 8.1mL 6 mL 6 mL
Co90Ni-BTC 0.19 mL 1.71 mL 8.1mL 6 mL 6 mL
Co-BTC 0mL 1.9mL 8.1 mL 6 mL 6 mL

Structure determination of powder materials. The crystal structure for monometallic

materials has been confirmed by Rietveld refinement of the diagrams so obtained, ap-

plying rigid body constrain to the carbon atoms of BTC molecule, using the software

Janal. During minimization, atomic positions and thermal parameters with isotropic pro-

file parameters describing instrumental broadening, size and strain effect were refined.

Thermic parameters were considered isotropic for all atoms, and constrained to be the

same for each chemical species. It is worth to note that although the quality of fit is

sufficient to clarify the structure, few negative thermal parameters are present in the final

refinement probably due to the difficulty to discriminate between close elements in X-
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ray diffraction and the relatively higher error associated with the scattering of light ele-
ments (C,0). For bi-metallic material series, in order to obtain the most precise cell pa-
rameters determinations the diagrams were analyzed by Le Bail refinement? as imple-
mented in the Fullprof code®. Such approach allows to fully de-correlate atomic
parameters from cell metrics and to avoid possible systematic errors induced by an ap-
proximate estimation of reflection intensity. Errors on the fitting parameters have been

corrected by Berar factors*

Structure determination of single crystal materials. The structure was solved by dual-
space algorithm using the SHELXT program?®, and then refined with full-matrix least-
square methods (SHELXL)® with the aid of the Olex2 interface’. All non-hydrogen at-
oms were refined with anisotropic atomic displacement parameters. H atoms were finally
included in their calculated positions. Further details of refinement are available in the
CIF files.

Chapter 5

Synthesis of Co(BPZ)-DMF

Co(BPZ) was prepared according to the already published procedure®.

Elem. Anal. Calc. for CgH13CoNsO (MW = 266.2 g mol™!): C, 40.61; H, 4.92; N,
26.31%. Found: C, 40.91; H, 4.98; N, 25.88%.

IR (neat, cm™): 3093 (W) [v(C—Haromatic), 2927 (W) (C—Haiiphatic)], 1664 (vs) ,
[v(C=0)], 1503 (s) [v(C=C+C=N)], 1434 (w), 1385 (s), 1257 (m), 1162 (m), 1089
(w), 1051 (s), 915 (m), 854 (m), 636 (s).
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Synthesis of Co(BPZNO,)-DMF

Co(BPZ-NO;) was prepared according to the already published procedure?®.
Elem. Anal. Calc. for CgH12CoNgO3 (MW = 311.2 g mol™!): C, 40.61; H, 4.92; N,
26.31%. Found: C, 40.91; H, 4.98; N, 25.88%.

IR (neat, cm™'): 3323 (m,br) [v(N-H)], 3125 (w,br) [v(C—Haromatic), 2932 (w,br)
(C—Haiiphatic)], 1643 (vs), [v(C=0)], 1493 (m) [v(C=C+C=N)], 1349 (s,br), 1181
(w), 1098 (m), 1049 (w), 947 (w), 820 (s), 762 (s).

Synthesis of Co(BPZNH_)-DMF

H.BPZ(NH2)'° (0.149 g, 1.00 mmol) was dissolved in DMF (15 mL). Then,
Co(NO3)2-6H20 (0.291 g, 1. 00 mmol) was added. The mixture was left under
stirring at 393 K for 24h, and after slow cooling to room temperature a dark violet
precipitate was formed. The precipitate was filtered off, washed with hot DMF (2
x 10 mL) and dried under vacuum. Yield: 73%. Co(BPZ(NH_)-DMF is insoluble
in dimethyl sulfoxide, alcohols, acetone, acetonitrile, chlorinated solvents and wa-
ter.

Elem. Anal. Calc. for CgH14CoNgO (MW = 281.2 g mol™!): C, 38.44; H, 5.02; N,
29.89%. Found: C, 37.92; H, 4.94; N, 29.78%.

IR (neat, cm™"): 3323 (m,br) [v(N-H)], 3112 (w) [v(C—Haromatic), 2934 (w) (C—
Hatiphatic)], 1658 (vs) , [v(C=0)], 1508 (s) [v(C=C+C=N)], 1436 (m), 1385 (s), 1282
(m), 1255 (w), 1209 (w), 1133 (s), 1092 (m), 1014 (m), 976 (vs), 830 ().
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M-1 synthesis procedure. HKUST-1 (M-1) was prepared by slightly modifying previ-
ously reported procedure. Firstly, metal precursor Cu(NOs)2-2.5 H20 (5 mmol) was dis-
solved in 25 mL H>0O. Secondly, trimesic acid (BTC, 2.5 mmol) was dissolved in 25 mL
of DMF. Both solutions were mixed under rapid stirring, transfer to the autoclave and
placed in the preheated oven at 373 K for 4 h. The blue precipitate was then filtered off,
washed with fresh DMF, soaked 3 times in methanol (methanol was replaced for fresh
one each 6 h) subsequently prepared material was dried at 573 K overnight under the

vacuum.

Mixed-ligand HM-1 and HM-2 synthesis procedure. Mixed-ligand materials with dif-
ferent ligand ration, were prepared by modifying previous procedure, using mixture of
trimesic acid (BTC) and 5-hydroxyisophthalic acid (OH-isophthalic) in desired ratio. To
obtain HM-1 and HM-2 materials, 70:30 and 50:50 ratio of BTC : OH-isophthalic was
used respectively. The blue precipitate was then filtered off, washed with fresh DMF,
soaked 3 times in methanol (methanol was replaced for fresh one each 6 h) subsequently

prepared material was dried at 573 K overnight under the vacuum.
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A.2. Catalytic and Experimental Procedures

Chapter 4 and 5

Catalytic studies of cumene oxidation. CAUTION!! The following reaction conditions
have been carefully selected to avoid flammable mixtures. Any deviation from these
conditions must be carefully evaluated. In a typical catalytic experiment, 1 mL (7.14
mmol) of cumene (CM, 99% Sigma-aldrich) and the desired amount of solid catalyst
were placed inside a home-made glass microreactor (volume = 6 mL) equipped with
magnetic stirring, a manometer, a gas inlet and a liquid sampling valve. The reactor was
connected with a cannula to an O supply system, fixed at a total pressure of 4 bars. This
reservoir system provides a continuous supply to restock the O, consumed during the
oxidation reaction, so that the concentration of O, was constant throughout the reaction.
The reactors were placed in iron hot-plate at the desired temperature. Time-evolution of
products was carried out by GC analysis (Agilent Technologies 7890A, capillary column
10 m x 320 um x 0.1um) on sample aliquots taken at fixed time intervals. The samples
were injected directly on-column to minimize the possible decomposition of the hydrop-

eroxide at the injector.

CHP decomposition experiment. Decomposition of CHP, was conducted in tube reac-
tor contained: 1mL of acetonitrile or cumene (as indicated in the chapter), 14 mg of
catalyst and diphenylether as internal standard (50 pL). After flushed reactor with N,
CHP was added (110 uL) and reaction was placed in iron bath at 363 K. The conversion
of CHP was determined by GC (Agilent Technologies 7890A, capillary column 10 m x

320 pm x 0.1pm) using on-column injection with relation to internal standard.

Radical test. Quenching radical test was performed to prove true racidal mechanism of
cumene oxidation. Typical cumene oxidation reaction was done over Co-BTC MOF. At
5 h of reaction, radical quencher - 2,6-ditertbutyl-4-methylphenol, BHT (79mg) was

added, and reaction was continued for another 20 h. After that time, certain aliquot was
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taken from the reaction mixture and analysed by GC. Results for this test are summarized
in Table A.2.1.

Table A.2.1 Quenching radical test results over Co-BTC

Entry Time (h) Conversion® (%) Selectivity to CHP (%)
1 5 44 65
2 25 45 60

2 Reaction conditions: 1 mL of cumene (7.17 mmol), 14 mg of catalyst, p(O,)= 4 bar, 363 K,"Con-
version (mol%), determined by GC

As it can be seen, reaction stopped completely after addition of radical quencher, which
is direct prove of radical character of this process. Only a small change in CHP content

was observed due to its decomposition.

Chapter 6

Soaking experiment. Pristine HKUST-1 (1 mmol) was contacted with a DMF solution
containing OH-isophthalic (1 mmol). Mixture was let to rest for 24 h and subsequently
material was then filtered off, washed with fresh DMF, soaked 3 times in methanol
(methanol was replaced for fresh one each 6 h) subsequently prepared material was dried
at 573 K overnight under the vacuum. Obtained solid was analysed by H'NMR for or-

ganic ligand content.

Quinazoline synthesis. In a typical experiment, 20 mg of as prepared catalyst was added
to the reaction tube containing a mixture of 2-aminoacetophenone (122 pL, 1 mmol),
benzylamine (164 uL, 1.5 mmol), tert-butyl hydroperoxide 70% in water (685 uL, 5
mmol), and diphenyl ether (100 pL) as internal standard in DMSO (2 mL). The reaction
mixture was stirred at 353 K (80°C) for 5 h. The reaction conversion was monitored by
withdrawing aliquots from the reaction mixture at different time intervals, quenching
with an aqueous KOH solution (5%, 1 mL), drying over anhydrous Na;SQOas, analyzing
by GC with reference to diphenyl ether.
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A.3. Additional Experimental Data

Chapter 3
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Figure A.3.1 XRD diffraction pattern (Cu Ka radiation) of Co-BTC (top) and Mn-BTC (bot-
tom).
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Figure A.3.2 TGA curves of monometallic M-BTC materials (M = Co, Ni, Cu, Zn)

Table A.3.1 Measured weight losses for each step in the TGA curves in Figure 3.21, and calcu-
lated molecular formula of the MOF (assuming that the solid residue corresponds to the respec-
tive metal oxide)

MOF Weight loss (%) FORMULA
STEP | STEP 11 RESIDUE

Co-BTC Theoretical 26.7 45.5 27.8 Co3BTCy5-11,3H,0
Experimental 26.9 43.0 30.1

Ni-BTC Theoretical 26.7 45.5 27.8 NisBTCy4-11,2H,0
Experimental 25.6 45.7 28.7

Cu-BTC Theoretical 26.3 44.6 29.1 CusBTC;; -12H,0
Experimental 25.9 455 28.6

Zn-BTC Theoretical 26.1 44.3 29.6 Zn3BTC,-12,2H,0
Experimental 25.6 44.7 29.7
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Figure A.3.3 Detailed view of M3(BTC)2-12 H20 showing hydrogen bonds. Atoms in the lower
layer are colored as a function of atomic type while the atoms in the upper layer are all colored
green

Table A.3.2 Total metal content and percentage of Ni and Co of the various CoxNi-BTC sam-
ples, as determined by ICP analysis

MOF Co molar % Ni molar% Total metal content %

NiBTC 0 100 23.6
Col10Ni-BTC 10.6 89.4 244
Co20Ni-BTC 19.6 80.4 24.4
Co30Ni-BTC 30.9 69.1 24.7
Co40Ni-BTC 41.3 58.7 24.4
Co50Ni-BTC 50.9 49.1 241
Co60Ni-BTC 60.6 39.4 24.6
Co70Ni-BTC 71.0 29.0 25.3
Co80Ni-BTC 80.1 19.9 254
Co90Ni-BTC 89.9 10.1 245

CoBTC 100 0 24.4
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Diffraction angle (20)

Figure A.3.4 XRD patterns and physical aspect of fresh Co-BTC (top) and Co-BTC dehydrated
at 423 K (bottom)
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Figure A.3..4 Cumene conversion (-m-), yields of CHP (- o-), PP (=-), AP (--) and selectivity to
CHP (-*-) obtained over Co-Ni bimetallic compounds.

200



CHAPTER 8

100

CoBTC-7%IP 100 CoBTC-14%IP

804 80 -

|
doo

20 4 o

204
o

60

40

Conv., Yeld or Select (%)

Conv., Yield or Select. (%)

CoBTC-18%IP

80

60

40

Conv., Yield or Select. (%)

20

0 5 10 15 20 25
time (h)

Figure A.3.6 Cumene conversion (-m-), yields of CHP (- ©-), PP (<=-), AP (->-) and selectiv-
ity to PP (-*-) obtained over mixed-ligand compounds
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Figure A.3.7 Cumene conversion (-m-), yields of CHP (- o-), PP (=-), AP (->-) and selectivity to
PP (-*-) obtained over mixed-ligand compounds
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Calculation of probabilities of different Co?* arrangements in bimetallic CoxNi-BTC

compounds as a function of total cobalt content

As we have already discussed in the M-BTC crystalline framework each metal
ion in a terminal site is surrounded by 8 closest neighbours: 6 bridging atoms at distances
drerm-bridg = 5.89 A (two sites), 5.63 A (two sites) and 5.60 A (two sites), and 2 terminal
atoms at distances drerm-term = 6.53 A. Beyond these 8 closest neighbours, other metal-
metal contacts are too distant (e.g., dterm-term = 16.11 A, dterm-bridg = 10.40 A and doridg-bridg
=8.32 A), so that they can be neglected.

Taking into account this spatial distribution of metal sites and the preferred site occupa-
tion of terminal sites by Co?* ions, the probability to find an isolated Co?* ion in a termi-
nal site (i.e., surrounded by 8 Ni?* ions) or surrounded by n-other Co ions and 8-2 Ni%*
ions, can be calculated using a binomial distribution (see for instance: a) Schaums Out-
line of Statistics, Fourth Edition, Schaum's Outline Series, 2011, by Murray R Spiegel
and Larry J. Stephens; b) Introduction to Probability and Random Variables, McGraw-
Hill, 1960, by G. P. Wadsworth). More precisely, the calculations of statistical occupa-
tion of neighbour sites around a terminal site have been performed using a python script

provided in a separate file.

Thus, the probability of occupation on a terminal site (P«rm) has been set equal to 1 for
molar fractions of Co (Xco) above 33% and 3*Xc, below to take into account the pref-
erential occupation (the factor 3 derive by the sum of relative site multiplicities 1 and 2
for terminal and bridging sites respectively). Meanwhile the probability of occupation of
a site bridging site (Poriage) has been defined as 0 below the 33% of Co and (Xco-

0.33)/0.66 to renormalize Xc, after that all the apical sites were occupied.
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Figure A.3.8 Infrared spectrum of Co(BPZNH2)-DMF
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Figure A.3.9 (a) Result of the whole powder pattern refinement carried out with the Le Bail ap-
proach on the PXRD pattern of Co(BPZNH2)-DMF in terms of experimental, calculated and
difference traces (black, red and grey, respectively; Rp = 0.016; Rwp = 0.027), assuming the exist-
ence of a (supposedly) unique orthorhombic Cccm phase. The positions of the Bragg reflections
are indicated by blue ticks. (b) Magnification of the low-angle portion of (a): the [hhl], [Okl] and

[hOI] reflections doubling or right-side anisotropic broadening are clearly visible.
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Figure A.3.10 (a) Result of the whole powder pattern refinement carried out with the Le Bail
approach on the PXRD pattern of Co(BPZNH32)-DMF in terms of experimental, calculated and
difference traces (black, red and grey, respectively; Rp = 0.010; Rwp = 0.015), assuming the exist-

ence of two orthorhombic Cccm phases with slightly different unit cell parameters (Table S1).
The positions of the Bragg reflections of the two phases are indicated by blue or green ticks. (b)

Magpnification of the low-angle portion of (a).
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Table A.2.3 Unit cell parameters of the two orthorhombic Cccm phases present in a batch of
Co(BPZNH2)-DMF.

# Phase a (A) b (A) C (A) \Y (A3) ViZ’ (A3)
1 12.610(2) 12.658(2) 7.4005(5) 1181.3(3) 295.3
2 12.631(4) 12.712(5) 7.2569(6) 1165.2(6) 291.3
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Figure A.3.11 (a) Result of the whole powder pattern refinement carried out with the Le Bail
approach on the PXRD pattern of activated Co(BPZNH?) in terms of experimental, calculated
and difference traces (black, red and grey, respectively; Rp = 0.017; Rwp = 0.026), assuming the

existence of a (supposedly) unique orthorhombic Cccm phase. The positions of the Bragg reflec-
tions are indicated by blue ticks. (b) Low-angle portion of (a): the [hhl], [Okl] and [hOI] right-
side anisotropic broadening is clearly visible.
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Figure A.3.12 (a) Result of the whole powder pattern refinement carried out with the Le Bail
approach on the PXRD pattern of activated Co(BPZNH2) in terms of experimental, calculated
and difference traces (black, red and grey, respectively; Rp = 0.010; Rwp = 0.015), assuming the
presence of two orthorhombic Cccm phases with slightly different unit cell parameters. The po-
sitions of the Bragg reflections of the two phases are indicated by blue or green ticks. (b) Low-

angle portion of (a).
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Figure A.3.13 TGA (blue continuous line), DTG (blue dashed line)

measured under a flow of N2 on activated Co(BPZNH>).
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Figure A.3.14 Graphical result of the final Rietveld refinement carried out on Co(BPZNHz2) in
terms of experimental, calculated and difference traces (blue, red and grey, respectively). The
blue and green markers at the bottom indicate the positions of the Bragg reflections of phase 1
and phase 2, respectively. Horizontal axis, 26 (°); vertical axis, intensity (counts). The portion
above ~40° (28) has been magnified. The asterisks indicate peaks ascribed to impurities.
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Figure A.3.15 (a) TGA (blue continuous line), DTG (blue dashed line) and DSC (red line) traces
acquired under a flow of N2 on Co(BPZNH2)-DMF. (b) Variable-temperature powder X-ray
diffraction patterns measured in air on Co(BPZNH2)-DMF in the temperature range 303-623 K
(with steps of 20 K).
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Figure A.3.16 Oz adsorption isotherms measured at 273 K on Co(BPZX).
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Figure A.3.17 CM conversion (-m-) and yields of CHP (-o-), PP (-o-), AP(-0-) and CMD (-*-) ob-
tained over CoBPZ (Left) and CoBPZ-NH2 (Right).
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Figure A.3.18 (Part 1) BET data points satisfying the Rouquerol consistency criterion (a) M-
1 (b) HM-1 and (c) HM-2
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BET autofit : Rouguerol transform
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Figure A.3.18 (Part 11) BET data points satisfying the Rouquerol consistency criterion (a) M-

1 (b) HM-1 and (c) HM-2

213



Annexes

a)

1-Plot

Harkins and Jura
© 011-178: AEN-S243 4 Mot Fitted

08 *
et
g
3
£
E
3
2
5
a
2
£
s
H
s
a
it
Thickness (&)
t-Plot
Harking and Jura

© 010-816-AEN-253 4  Not Fitted
T T

T r
| | | b —o—a——
| & p-® 0
N — = N |
|  — W |
| | % | |
| | | |
- | | | |
I S S (R (U S [N IS S N_—
| | | |
3 | | | |
z [ | [ |
§ 1 | | | |
T !
§ | | | | |
s « 1 | | l
| | | | |
I Il 4 !
t 1+ - —
| | | |
| | | |
| | | |
| | | |
T T 1 T
! ] 1 7 )
Thickness (A)

Figure A.3.19 (Part I) t-plot graphs for (a) M-1 (b) HM-1 and (c) HM-2
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Figure A.3.20 FTIR spectra of adsorbed CO (at 77 K) onto M-1 (left) and HM-2 (right).
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