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Preface 
Putting my thoughts and feelings in words that are not coming like a flood at this moment can 

be very difficult. So many things happened, life situations, encountered people, and discussions 

along the way that I almost ask myself did I came here for a scientific or personal journey. Now 

I guess that it is the same thing, science and personal growth are cross-linked, coming from the 

same drive, to chart unknown areas and use them for the higher deeds, serving the others. 

I came here in 2015 and what I had engraved in myself until that day is that persistence and 

hard work can make miracle happens, no matter the circumstances. I came to know, that this 

was an egocentric feeling, typical for a young person. As time is passing I understood the value 

of the people around me, my size in this world has shrunk and I realized that my knowledge is 

miserably small. I became more quiet, and I started listening and hearing. There was a lot to 

hear. Being a part of the Laboratory of Industrial Chemistry and Reaction Engineering at Åbo 

Akademi taught me one thing – people are genuinely good. No matter the meridian we are 

coming from and no matter how much we are trying to hide it, we are all raised to help, to love, 

and show empathy. Self-sufficiency now appears to me like a poison that hinders the science 

and good in the world, taking the opportunity from the people to help and feel helped. 

The most important things in life are not material. As such, the spirit of this lab is hard to present 

to those who did not feel it. The most significant contribution to this is giving Professor Tapio 

Salmi. His wide scientific competence and unique personality are truly motivating and they 

helped me to resolve many unresolvable scientific issues while preserving a positive attitude. 

Next to him, Professor Jyri-Pekka Mikkola was an unreplaceable figure for me. The discussions 

we had on many aspects and levels enriched me and helped me to go through all the challenges, 

professionally and personally. Daily, I was mostly discussing with Docent Pasi Virtanen. With 

a smile on his face, he was always ready to deal with my questions, and together we managed 

to resolve many experimental problems. Their honesty, support, and confidence have inspired 

me and helped me to make many bold steps. I am honored to say that I worked with them and 

I am extremely grateful for having them as supervisors and friends all this time, and hopefully 

for many years to come. 

Next to them, for many of my concerns, I was often knocking on the door of Professor Dmitry 

Murzin, and there was not a single day that I found it closed. I truly enjoyed talking with him 

and grasping his knowledge. I am thankful for that. Naturally, I have to thank Docent Kari 

Eränen. None of my work would be possible without him. I felt blessed when I had his attention 
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and help just for me. I am especially glad that I had a chance to share the office and have 

numerous discussions with Docent Narendra Kumar, his views on the catalysts and different 

aspects of life that he generously shared were valuable for me.  

Throughout my study, I was surrounded by truly amazing people. I am deeply grateful to Ayat 

with whom I have fruitful collaboration, but also to all of my co-workers and friends who make 

this period memorable. Päivi, Henrik, Johan, Atte, Pasi, Jussi, Ricardo, Erfan, Maria, Cesar, 

Lidia, Soudabeh, Anton, Ekaterina, Adriana, Zuzana, Ida, Jogi, Mouad, Taimoor, Christoph, 

Ananias, Ole, Matias, Wander, JP, Lu, Mark, Henok, Jasmina, Misa and my friends from TMF, 

thank you all. 

The huge gratitude I have to express to my friends Gile, Jocke, Agić, and Luka who were always 

there for me and filed in many moments of my life, without them things would not be the same. 

Moreover, to my dear friend Kane with whom I shared many life experiences, I would not 

change any single day and kilometer which we passed together.  

The biggest source of inspiration and strength for me was my family and my country, Serbia. 

The love and patience that they had were fueling most of my actions pushing me forward. My 

mother Ljilja, my father Mile, and brothers Vlada, Miša, Rade, and Dule, everything that I have 

ever made is your result. My deepest appreciation goes to them. Хвала вам. 

Last but not least, Sanja, my love, thank you for all the unlimited love and hope that you 

unconditionally gave me. Your pure heart and kindness are the biggest discovery I made during 

this study. I cannot wait to build a family with you!  
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Abstract 

Present market trends in the sector of fine chemicals along with the need for rapid 

commercialization and less expensive production technologies boosts extensive research in this 

area. Mass-production of fine chemicals imposes a requirement to simplify and shift the 

production from traditional batch and semi-batch processes to continuous operation mode. It is 

important to maintain the purity of the produced compounds since the biggest share of 

synthesized chemicals are used in pharmaceutical industry. Impurities of any kind are not 

tolerated in the final products implying that the production processes have to be truly efficient 

and selective.  

Different cross-coupling reactions are an integral part of the production of fine chemicals. 

Among them, palladium catalyzed Mizoroki-Heck reaction is one of the most utilized one due 

to its flexibility towards various functional groups. The evident shortcomings of this reaction 

such as inefficient reactant conversion, catalyst instability and metal leaching are often the 

bottlenecks of the whole process. The current study tackles these issues through the 

development of sufficiently active and stable catalysts for Mizoroki-Heck reaction in batch and 

continuous flow reactors.  

Various amorphous silica supported ionic liquid catalysts (SILCAs) with a double ionic liquid 

layer loaded with palladium were designed and compared with other catalysts, such as grafted 

ordered mesoporous silica and metal-organic frameworks (MOFs) deposited with palladium. 

Throughout the work, the dynamic nature of the metal catalysis of this reaction via a release-

and-catch mechanism was observed. This required a special attention on both operation modes, 

however, naturally it was more detrimental under continuous operation. High catalyst activity 

and stability that guarantee complete reactant conversion in a single flow pass is a prerequisite 

for implementing continuous operation policy. To reach this goal, all the synthesized materials 

were first tested in Mizoroki-Heck reaction of methyl or butyl acrylate with iodobenzene in 

batch mode under optimized conditions.  

During the optimization of the reaction conditions, it was confirmed that the catalysts were 

mostly active in polar aprotic solvents and at increased reaction temperatures. Use of tertiary 

amines as a base is the most favorable option and they should be used in excess because the 

lack of it can lead to rapid catalyst deactivation. An excess of acrylate is also necessary due to 

its volatility. 
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The study of potential catalysts that are suitable for the reaction with methyl acrylate showed 

that the bis-layered supported ionic liquid catalysts composed of covalently anchored 

imidazolium bromide and pyridine-carboxylate balanced with tetramethylguanidinium displays 

extremely high activity and stability in five to six cycles. The existence of N-heterocyclic 

carbenes, carbon monoxide and nitrogen rich tetramethylguanidine (TMG) in the structure of 

the ionic liquid layer was mostly important for palladium stabilization. The activity of SILCA 

was higher by order of magnitude compared to the palladium deposited ordered mesoporous 

silica which was grafted with melamine ligands SBA-15/Pr-NH-CH2-melamin-Pd(0), amino-

functionalized metal-organic framework IRMOF-3 and magnetized MOF catalysts Fe3O4-

NH2@MIL-101-NH2-Pd(OAc)2 tested in the batch reactor under the optimized conditions. A 

high catalytic activity that enables good conversion at a relatively short residence time is crucial 

for the application of continuous processes.  

In order to upgrade designed bis-layered SILCA, different grafting molecules i.e. carboxylic 

acids, bases and metal sources were used to modify the surface of SiO2 and the catalytic effect 

of obtained SILCAs were studied in the reaction with the less reactive butyl acrylate. The 

impact of the ionic liquid layer structure on the catalyst activity and stability was observed. The 

rigidity of the ionic liquid layer was attributed to the existence of imidazole ring, while the 

carboxylic group in the layer coordinated the TMG cations that are most efficient in stabilizing 

palladium nanoparticles. Fine-tuning of the layer structure resulted in a SILCA with propyl 

imidazolium bromide-tetramethylguanidinium pentanoate modified SiO2 and loaded with 

PdCl2 as an optimal choice for the use in the continuous reactor. 

Low SILCA loadings were used in simple and long-lasting process in a continuous packed bed 

reactor for the reaction with butyl acrylate. In contrary to what was observed in the batch 

reactor, excessive amounts of the catalyst did not result in deactivation caused by metal 

agglomeration. Catalyst leaching was verified with on-line UV-VIS spectrometry, and the 

catalytic behavior was rationalized to certain extent elucidating the catalytic cycle within the 

ionic liquid layer. Poisoning was adopted as the main reason for the catalyst deactivation and 

leaching, which was resolved by the catalyst washing sequences. The new packed bed reactor 

concept was competitive and even outperforming the commercially available concepts showing 

the real potential of the designed SILCA and its use for production of fine chemicals in 

continuous operation mode.  
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Referat 

Dagens marknadstrender på finkemikaliesektorn samt behovet av snabb kommersialisering och 

billigare produktionsteknologier påskyndar omfattande forskning på detta område. Mass-

produktion av finkemikalier kräver att man förenklar produktionsprocesserna och övergår från 

traditionella satsvisa och halvkontinuerliga processer till kontinuerlig drift. Det är viktigt att 

bibehålla en hög produktrenhet, eftersom en stor del av de syntetiserade kemikalierna används 

i farmaceutisk industri. Inga föroreningar får förekomma i slutprodukterna, vilket innebär att 

produktionsprocesserna måste vara synnerligen effektiva och selektiva. 

Tvärkopplingsreaktioner spelar en central roll i produktion av finkemikalier. Bland dem är den 

palladiumkatalyserade Mizoroki-Heckreaktionen en av de mest utnyttjade reaktionerna p.g.a. 

flexibiliteten i avseende på olika funktionella grupper. Den uppenbara nackdelen med 

Mizoroki-Heckreaktionen är ineffektiv omsättning av reaktanter, ostabil katalysator samt 

urlakning av metallen, vilka ofta blir flaskhalsar för hela processen. Detta forskningsarbete tar 

itu med dessa problem och frågeställningar via utveckling av tillräckligt aktiva och stabila 

katalysatorer för Mizoroki-Heckreaktionen i satsvisa och kontinuerliga reaktorer. 

Olika amorfiska silikaburna joniska vätskekatalysatorer (SILCA) med dubbelskikt av joniska 

vätskor preparerades och jämfördes med andra katalysatorer, palladiumdeponerade och ympade 

mesoporösa silika- och metallorganiska ramverk (MOF). I detta arbete observerades den 

dynamiska naturen av metallen som katalyserar denna reaktion via en release-and-catch – 

mekanism. Detta krävde speciell uppmärksamhet vid både satsvist och kontinuerligt förfarande, 

men effekten var skadligare vid kontinuerlig drift. Hög katalysatoraktivitet och – stabilitet 

garanterar fullständig omsättning av reaktanten under en enda genomströmningscykel, vilket är 

kravet för implementering av kontinuerlig drift. För att nå detta mål undersöktes alla 

syntetiserade material först för Mizoroki-Heckreaktionen av metyl- eller butylakrylat med 

jodobensen i en satsreaktor som arbetade under optimerade betingelser. Vid optimering av 

reaktionsbetingelserna bekräftades att katalysatorerna var mest aktiva i polära aprotiska 

lösningsmedel och vid förhöjda reaktionstemperaturer. Användning av tertiära aminer som 

baser är det bästa alternativet och de borde användas i överskott för en brist på dem kan leda 

till snabb katalysatordeaktivering. Ett överskott av akrylat är också nödvändigt p.g.a. dess 

flyktighet. 

Undersökning av potentiella katalysatorer som är lämpliga för reaktionen med metylakrylat 

visade att SILCA-katalysatorer som bestod av kovalent förankrade imidazoliumbromid och 
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pyridinkarboxylat balancerad med tetramethylguanidinium (TMG), visade en extremt hög 

aktivitet och stabilitet i fem-sex successiva cyklar. Existensen av N-heterocycliska karbener, 

kolmonoxid och kväverik tetrametylguanidin i det joniska vätskeskiktets struktur var viktigast 

för stabilisering av palladium. Aktiviteten av SILCA var en magnitud större jämfört med 

palladium som var deponerad på mesoporös silika ympad med melaminligander SBA-15/Pr-

NH-CH2-melamin-Pd(0), aminofunktionaliserat metallorganiskt ramverk IRMOF-3 och 

magnetiserade MOF-katalysatorer Fe3O4-NH2@MIL-101-NH2-Pd(OAc)2 som undersöktes i 

satsreaktorn under optimerade betingelser. Hög katalytisk aktivitet som möjliggör god 

omsättning för en relativt kort uppehållstid är oerhört viktigt med tanke på tillämpning av detta 

koncept på kontinuerliga processer. 

För att uppgradera de preparerade SILCA-katalysatorerna användes olika molekyler för 

ympning, d.v.s. karboxylsyror, baser, metaller för att modifiera SiO2-ytan och den katalytiska 

effekten av SILCA studerades för reaktionen med den mindre aktiva butylakrylatmolekylen. 

Inverkanav det joniska vätskeskiktets struktur på katalysatorns aktivitet och stabilitet 

observerades. Det joniska vätskeskiktets rigiditet konstaterades bero på imidzolringen, medan 

karboxylgruppen i skiktet koordinerade TMG-katjonerna som är de effektivaste för 

stabilisering av palladiumnanopartiklar. Finjustering av skiktets struktur gav en SILCA med 

propylimidazolium bromid-tetramethylguanidinium pentanoat modifierad med SiO2 och 

deponerad med PdCl2. Detta blev det optimala valet för användning av SILCA i den 

kontinuerliga flödesreaktorn. 

Små mängder av SILCA användes för enkla och långvariga processer i den kontinuerliga 

packad bäddreaktorn för butylakrylatens reaktion. I motsats till det som observerades för 

satsreaktorn, överskott av katalysatorn ledde inte till deaktivering orsakad av 

metallagglomerering. Urlakning av katalysatorn påvisades med hjälp av ultraviolett-

visuellspektrometri och katalysatorns beteende kunde till en viss grad förklaras med en 

katalytisk cykel i det joniska vätskeskiktet. Förgiftning konstaterades vara den huvudsakliga 

orsaken till katalysatorns deaktivering och –urlakning som observerades i successiva 

tvättningssekvenser av katalysatorn. Det nya packad bädd reaktorkonceptet var konkurrens-

kraftigt och t.o.m. överlägset jämfört med existerande förfaranden. Teknologin har en reell 

potential för den utvecklade SILCA och för dess användning i kontinuerlig produktion av 

finkemikalier. 
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Абстракт 

Тренутни тржишни трендови у области финих хемикалија, упоредо са повећаном 

потребом за брзом комерцијализацијом и применом јефтинијих производних 

технологија подстичу опсежна истраживања у овој области. Haимe, масовна производња 

финих хемикалија намеће потребу за поједностављивањем и променом начина 

производње - са традиционалних шаржних и полу-шаржних процеса на континуирани 

начин рада, у колико је то могуће. Подједнаку важност има и одржавање високог степена 

чистоће синтетизованих једињења, јер се највећи део произведених хемикалија користи 

за потребе фармацеутске индустрије. Нечистоће у финалним производима се не 

толеришу, што значи да производни процеси морају бити заиста ефикасни. 

Различите реакције унакрсног везивања угљеника су доста заступљене у производњи 

финих хемикалија. Међу њима, Мизороки-Хецк реакција која се одиграва у базној 

средини и у присуству паладијума као катализатора, једна је од најкоришћенијих због 

своје флексибилности према различитим функционалним групама. Очигледни недостаци 

ове реакције, попут неефикасне конверзије реактаната и нестабилности катализатора која 

резултује отпуштање метала, често представљају уско грла читавог процеса. 

Представљена студија се бави решавањем ових питања развијањем довољно активних и 

стабилних катализатора за реакцију Мизороки-Хецк како у шаржним реакторима тако и 

у реакторима са континуалним протоком. Дизајниран је велики број различитих 

катализатора базираних на аморфном силицијум-диоксиду, као носачу, обложеним 

двоструким слојем јонских течности (СИЛKА) и обогаћеним паладијумом. Њихова 

ефикасност је упоређени са осталим катализаторима, попут модификованог 

мезопорозниог силицијум-диоксид и метално-органских оквира (МОФ) депонованих 

паладијумом. Током студије уочена је динамичка природа метала који катализује ову 

реакцију путем механизма емитовања-и-хватање. То је захтевало додатну пажњу при 

раду са обе врсте процеса, међутим, као што је и очекивано било је штетније код 

континуалних процеса. Висока активност и стабилност катализатора који гарантују 

потпуну конверзију реактаната при једном проласку кроз реактор представља предуслов 

за имплементацију континуираног режима рада. Да би се дошло до ове тачке, сви 

синтетизовани материјали су прво тестирани у Мизороки-Хецк реакцији метил или 

бутил акрилата са јодобензеном у шаржном режиму рада под оптимизованим условима. 
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Током оптимизације реакционих услова, потврђено је да су катализатори углавном 

активни у поларним апротичним растварачима и на повишеним температурама. 

Терцијарни амини у улози база су се показали као најбоља опција и треба их користити 

у вишку јер њихов недостатак може довести до брзе деактивације катализатора. Вишак 

акрилата је такође неопходан због потенцијалног испаравања. 

Проучавање катализатора погодних за реакцију метил акрилата показало је да 

катализатори са дуплим слојем јонских течности састављених од ковалентно везаног 

имидазолијум бромида и пиридин-карбоксилата избалансираног са 

тетраметилгуанидинијумом показују изузетно високу активност и стабилност у пет до 

шест циклуса. Постојање N-хетероцикличних карбена, угљен моноксида и азотом 

богатог тетраметилгуанидина (ТМГ) у структури слоја јонске течности било је јако 

важно за стабилизацију паладијума. Активност СИЛKА-е била је већа за један ред 

величине у поређењу са мезо-порозним силицијум-диоксидом уређене структуре 

модификованог меламинским лигандима и депонованим паладијумом SBA-15/Pr-NH-

CH2-Меламин-Pd(0), амино-функционализованим метало-органским оквиром ИРМОФ-

3 и магнетизованим МОФ катализатором Fe3О4-NH2@МИЛ-101-NH2-Pd(ОAc)2 

тестираним у шаржном реактору под оптималним условима. Висока каталитичка 

активност која омогућава добру конверзију за релативно кратком време кључна је за 

примену у процесу са континуиалним протоком. 

Како би унапредили дизајнирани дво-слојни СИЛКА, различити молекули тј. различите 

карбоксилне киселине, базе и једињења метала су коришћени за модификацију површине 

SiO2, а каталитички ефекат добијених СИЛКА проучаван је у реакцији са мање 

реактивним бутил акрилатом. Уочен је утицај структуре слоја јонске течности на 

активност и стабилност катализатора. Стабилност слоја јонске течности приписана је 

присуству имидазола, док су карбоксилне групе у слоју била заслужна за координацију 

ТМГ катјона који су најефикаснији у стабилизацији наночестица паладијума. Пажљиво 

подешавање структуре слоја резултовало је СИЛКА-ом са пропил имидазолијум бромид-

тетраметилгуанидинијум пентаноатом модификованим SiO2 и депонованим PdCl2 као 

оптималаним избором за употребу у реактору са континуалним протоком. 

Мале количина СИЛКА-е су ефикасно коришћене у једноставном континуалном 

реактору са пакованим слојем у реакцији са бутил акрилатом. Насупрот ономе што је 

уочено у шаржном реактору, превелике количине катализатора нису довеле до 

деактивације узроковане агломерацијом метала. Отпуштање метала са површине 
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катализатора је верификовано континуалном UV-Vis спектрометријом, а каталитичко 

понашање је до одређене мере рационализовано разматрањем каталитичког циклус 

унутар слоја јонске течности. Тровање је усвојено као главни разлог за деактивацију 

катализатора и емисију метала, што је решено испирања катализатора у секвенцама. 

Нови концепт реактора са пакованим слојем се показао конкурентним и чак је надмашио 

комерцијално доступне концепте показујући стварни потенцијал дизајнираних СИЛКА 

и његову примену при производњу финих хемикалија у континуалном режиму рада.  
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1 Introduction  

1.1 Carbon-carbon coupling in fine chemical industry 

Industrially categorized fine chemicals present pure and task specified molecules that are 

commercially produced in relatively small volumes of less than 1000 tons per year, usually via 

multistep chemical processes. They serve as constituents of more complex compounds for 

different applications. In order to fulfill present demand for the fine chemicals, various 

production routes based on widely available commodities have been developed. Fine chemicals 

are typically manufactured in batch reactors and the process involves appropriate purification 

steps. These are requiring technologies and, together with the common use of reactions which 

require rare earth metals as catalysts, are the main reasons for their high market price compared 

to bulk chemicals (>10 €/kg).  

The spectrum in the production of fine chemicals and pharmaceuticals is very broad, consisting 

of the small and medium size private companies to big chemical enterprises, but having in 

common the production technology based on batch and semi-batch processes. In general, the 

agricultural, biopharmaceutical and pharmaceutical industries represent the most important 

markets sectors, which utilize fine chemicals as constituents of the wide array of the final 

products. Pharmaceutical industry is accounted for the two thirds of overall world consumption 

of fine chemicals, which means that the high demand for the drugs and active pharmaceutical 

ingredients (API) in last decades is what fuels the fine chemical industry forward. Figure 1 

shows that the global pharmaceutical market had an extensive growth in the recent 20 years and 

in the end of 2019 it was valuated to be about 1.25 trillion dollar. An increase that is even more 

prominent is expected for the period after 2020 as a consequence of the global health crisis. In 

the long run, the growing demand of the developing countries, the constant increase of the 

elderly population worldwide together with extension of the human life span is expected to 

result in growth of the global market. Mass-production of pharmaceuticals can potentially 

justify new investments in developing more efficient processes and shifting from batch to 

continuous production technologies.  
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Figure 1. Revenue of the global pharmaceutical market from 2001 to 2019 in billion U.S. dollars. 

Source: IQVIA; ID 263102, © Statista 2021. 

In the synthesis of fine chemicals, the carbon-carbon cross coupling reactions are well known 

and valuated for their ability to yield several molecular intermediates. The carbon-carbon 

coupling reactions present a crucial step in designing more complex molecules for the 

production of fine chemicals, agrochemicals and active pharmaceutical compounds. Among 

these, the most known reactions are Mizoroki-Heck, Suzuki-Miyaura, Sonogashira, Kumada-

Corriu, Stille, Negishi and Hiyama couplings, which are used in numerous industrial processes 

[1–4]. These carbon-carbon coupling reactions are illustrated in Figure 2. 
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Figure 2. Palladium catalyzed carbon-carbon cross coupling reactions.  

The main characteristics of carbon-carbon coupling reactions is that they associate nucleophilic 

reactants bearing a different functional group on one side, with an organic electrophile, such as 

alkyl or aryl halides on the other one, spawning the molecules with preserved functionalities. 

As a catalyst, palladium is the most commonly used transition metal, however other less active 

catalysts based on nickel or copper have been reported, too [5,6]. Most of C-C couplings require 

the use of a base, which has an important role in the catalytic cycle and as such, it is consumed 

during the progress of the reaction. The biggest obstacle towards utilization of carbon-carbon 

couplings for large-scale production of the reaction is the availability and price of sufficiently 

active halides (iodo-compounds) that should preferably be replaced with less-reactive but 

cheaper bromo- and chloro-compounds. Other challenges are the rigid regulation of the purity 

and residual metal content in the final products of pharmaceutical industry, which for the case 

of the palladium should be within the range of 0.5 to 5 ppm [7]. The focus of many studies have 

been to develop a system, and to design sufficiently active, selective and desirable catalysts to 

meet the requirements.  
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1.2 Mizoroki-Heck reaction 

The Mizoroki-Heck reaction is one of the most important carbon-carbon coupling reactions. It 

is a powerful approach for the synthesis of polyfunctional compounds such as cinnamic esters, 

dienes and various olefinic compounds, which are mainly used as intermediates for 

pharmaceuticals, agrochemicals, fragrances, dyes and ultraviolet absorbers [8]. In the 

pharmaceutical industry it is an essential element in the production chain of commercial drugs 

such as Singulair, Naproxen, Eletriptan, Etravirine and the herbicide Prosulfuron manufactured 

by Merck, Albemarle, Pfizer, Johnson & Johnson and Novartis in a multi-ton scale [2]. Their 

popularity is related to their variability compared to the other reactions and the ability to 

selectively convert reactants bearing different kinds of functional groups, under various reaction 

conditions.  

The reaction was firstly introduced by both Tsutomu Mizoroki and Richard F. Heck in the early 

1970’s [9,10]. For the discovery and development of this valuable C-C coupling reaction R.F. 

Heck was awarded the Nobel Prize in Chemistry in 2010 together with E. Negishi and A. 

Suzuki. The reaction presents a coupling of olefins or acrylates with unsaturated halides (aryl, 

vinyl or allyl) or triflates to yield the molecule with a preserved olefin (acrylate) double bond. 

The principal stoichiometry of Mizoroki-Heck coupling reaction is shown in Figure 3. More 

specifically, the Mizoroki-Heck reaction refers on the bond formation between two sp2 

hybridized carbon atoms via substitution of the C-H bond with an aryl (vinyl) group from a 

halide. The Mizoroki-Heck reaction is catalyzed by palladium and it requires the presence of 

base, which behaves as a Pd stripping agent and constitute the stoichiometric co-product. It is 

commonly conducted in polar aprotic solvents, such as dimethylformamide (DMF), 

dimethylacetamide (DMA) and N-methylpyrrolidone (NMP) and it is promoted by high 

temperatures. In most cases, an excessive amounts of alkene and the base are used in order to 

compensate for reactants evaporation at elevated temperatures [11].  

R X + Catalyst (Pd)
Base

R
ZZ Base+ HX

X = I, Br, Cl, OTf, etc.
Z = H, R, Ar, CN, CO, OR, OAc, NHAc,etc.  

Figure 3. The Mizoroki–Heck reaction. 
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The generally accepted catalytic cycle of the reaction is based on the Pd0/Pd2+ cycling and 

follows the route presented in Figure 4 [12,13]. Prior entering the reaction cycle, palladium 

undergoes an activation step in-situ, in which it is reduced from the Pd2+ precursor to the 

catalytically active Pd0. This takes place usually in the presence of nucleophiles, such as 

phosphines, hydroxides and alkoxide ion, amines, quaternary ammonium and phosphonium 

salts [14].  The first step in the catalytic cycle is the oxidative addition of the aryl halide to Pd0 

in which σ-aryl–palladium(II) halide is generated. This step is followed with coordinative 

insertion of the alkene to form a palladium π-complex, which subsequently undergoes a syn-

addition step (carbopalladation reaction) in which the alkene migrates and inserts itself in 

pallium-carbon bond to form a new σ-alkyl–palladium(II) complex. Thus, the intermediate 

formed undergoes a β-hydride elimination yielding a new palladium-alkene π complex i.e. 

hydridopalladium(II) halide ligated to the arylated alkene. Finally, the arylated alkene 

dissociates as the main reaction product, while hydridopalladium(II) halide in the presence of 

the base undergoes a reductive elimination to recover the catalytically active Pd0. 

  

Figure 4. Standard mechanism for Mizoroki-Heck reaction. Adapted with slight modification from ref. 

[15]. 
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In the contemporary literature it is widely adopted that the reaction is based on the existence 

Pd0 and that during the reaction cycle, palladium shifts between Pd0 and Pd2+. Nevertheless, the 

Mizoroki-Heck reaction in heterogeneous systems is still a matter of debate among scholars 

particularly due to the speculative reaction mechanism and the real nature of Pd in the catalytic 

process. Nowadays, a part of scientific society supports purely heterogeneous reaction 

mechanism, while many scientists have claimed that the true nature of the catalyst is more 

dynamic and that the actual catalytically active species has a pseudo-heterogeneous character. 

Following this reasoning, the “catalyst” is merely a reservoir or precursor for the active spices, 

while palladium circulates between the support and catalytic cycle, a phenomenon that is often 

titled as a boomerang catalysis or release-and-catch mechanism. Emission of the Pd takes place 

from the surface of the support or metal nanoparticle, mainly in the presence of an aryl halide, 

thus forming highly active coordinative unsaturated Pd species that enrolls the catalytic cycle. 

Depending on the reaction conditions, Pd either deposits back on the surface, re-enters the new 

catalytic cycle or forms Pd black and deactivates. The process is illustrated in Figure 5 [16–23]. 

 

Such a specific mechanistic feature has to be taken into account, when designing and optimizing 

a reactor system to minimize catalyst deactivation and leaching. For many studies conducted in 

batch reactors, these migratory phenomena have often been overlooked by assigning reaction 

times longer than actually needed so that release-and-catch cycle had gone unnoticed. 

Nevertheless, in continuous reactor systems this peculiarity is much more prominent, since it 

can lead to significant leaching and require for the downstream separation of the metal and 

unreacted species. 

 

Figure 5. Palladium life cycle in ligand-free Mizoroki-Heck reactions of aryl bromides. Adapted with 

permission from ref. [20]. Copyright 2003 American Chemical Society. 
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1.3 Catalysts for the Mizoroki-Heck reaction 

In the original work of T. Mizoroki and R. Heck the reaction was catalyzed by homogenously 

dissolved Pd precursors [9,10]. Nevertheless, catalyst stability and reusability are the issues of 

the system as such, limiting the amount of the products that can be obtained with a single 

catalyst loading. The constant rise of the palladium price and the legislative limits of the product 

purity in pharmaceutical industry force the research to look for easily recoverable catalysts and 

cleaner technologies. The main problem is the stability of palladium, which can be improved 

by utilization of homogeneous ligands. However, this introduces complications in the product 

separation and a significantly increase of the overall costs, because the price of tailor made 

ligands can be as high as 5,000 to 20,000 €/kg (chiral bisphosphine ligand) [24]. Currently, the 

scientific community focuses more on heterogeneously catalyzed reactions and refrain the use 

of homogeneous ligands. Despite all the advantages that a heterogeneous catalysis can deliver 

to the system, the main disadvantage is the cost of the catalyst as a consequence of the synthetic 

route, the drastically lower activity and selectivity in comparison with homogeneous catalysts, 

and in some cases metal contamination of products. For common heterogeneous catalysts it is 

well known that the predictability of performance is not yet comparable to the homogeneous 

systems in which the catalyst loading can be precisely controlled. Even though these drawbacks 

are the main reasons why just a limited number of heterogeneous catalysts are used for 

industrial production of fine chemicals, there is considerable interest in developing inexpensive, 

stable and highly efficient heterogeneous catalysts. 

In the Mizoroki-Heck reactions with a pseudo-heterogeneous palladium catalyst, the leaching 

problems and the reuse of catalysts can make it even more difficult to justify the efforts for 

abandoning homogeneous batch systems. The main reason why pseudo-heterogeneous systems 

with a release-and-catch mechanism remain important is that they incorporate the advantages 

of both kinds of catalysis - high activity (homogeneous) and simple separation (heterogeneous). 

Given the increasing demand for molecules obtained through C-C coupling reactions and the 

continuous improvement of pseudo-heterogeneous catalytic systems, an optimal solution might 

be achievable. 

1.3.1 Supported ionic liquid catalysts (SILCA) 

Ionic liquids (IL) as the main building blocks of supported ionic liquid catalysts were for the 

first time disclosed as a low melting point salts more than a century ago [25]. ILs were soon 

labeled to be compounds fully constituted of ions with a melting point below 100 °C and 
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without any significant vapor pressure. This characterization was further extended and 

generalized considering ILs to be highly polar, thermally stable within a wide liquidus range, 

water immiscible, non-volatile, non-flammable and susceptible to design for specific 

applications. Among the stated characteristics, only few are actually common for all the existing 

ILs: their ionic structure, their lower melting than decomposing temperature and their ability to 

be task-specified and designable for various requirements. The designability has made ILs 

attractive for catalyst synthesis, too. 

Along with the development of ILs, new ligands for Pd have been investigated as an alternative 

for the toxic and costly phosphate ligands. C, N, C pincer bis-carbene complexes and 

pyrimidine functionalized N-heterocyclic carbenes have recently appeared as more favorable 

options [26–28]. Over the years, N-heterocyclic carbenes have emerged as important ligands in 

coordination chemistry because of their strong σ-donor and π-acceptor characteristics [29,30] 

for which they have been well studied for the heterogeneous Mizoroki-Heck reaction both in 

molecular and ionic liquid forms [31–34]. 

Aligned with the interest to heterogenize a catalytic system and reduce the use of expensive 

materials, such as metals, solvents and ligands, new concepts have been introduced. Supported 

ionic liquid catalysts (SILCA) have been developed in which the idea of transferring the bulk 

characteristics of anionic liquid (serving as a ligands) onto a solid support material has been 

exploited [35–37]. The obtained layered material is thus capable to stabilize deposited active 

metal, while the IL loading is maintained low to diminish mass transfer limitations. Quite soon 

after the first introduction, they have been successfully used for Mizoroki-Heck reaction 

[38,39].  

A supported ionic liquid catalyst (SILCA) consists of different parts as illustrated in Figure 6. 

A highly porous material is typically used as the support, such as active carbon, alumina, 

amorphous or ordered mesoporous silica. On the support, a thin layer of ionic liquid is 

immobilized, either physically deposited via the evaporation impregnation method or 

chemically by grafting one of the ionic constituents to the surface. Catalytically active 

compounds such as metallic nanoparticles and homogenously dissolved metal complexes can 

be impregnated either by diluting them in ILs that will be deposited [33] or by subsequent 

loading of a functionalized supported ionic liquid layer [40]. Although SILCAs prepared via 

physical deposition of the IL are less expensive and easier to synthesize, they are more prone 

to leaching in liquid-phase reactions and thus less used. Their application is mainly limited to 

gas-phase reactions such as hydroformylation of alkenes [41,42] or alcohol carbonylation [43] 
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in which they have demonstrated a significant long-term stability under continuous flow. 

However, in case of liquid-phase reactions even minor leaching can lead to a complete 

deterioration of the IL layer, hence a more firm bonding on the surface is necessary. This 

catalyst synthesis method has been successfully used in many different organic reactions, such 

as epoxidation of hydrogen peroxide [44], hydrogenation of ketones [45], Suzuki-Miyaura 

cross-coupling [46], Knoevenagel condensation [47] and other [37,48,49]. Very often grafting 

methods are used which utilize imidazolium ion capable to act as an N-heterocyclic carbene 

ligand and stabilize the metal [32,50].  

 

Figure 6. Schematic representation of supported ionic liquid catalyst (SILCA). Adapted with a slight 

modification from ref. [51]. 

1.3.2 SBA-15 as catalyst support 

The highly ordered mesoporous silica material SBA-15 has appeared in several applications, 

heterogeneous catalysis being one of the most important fields. This is due to their common 

properties such as a large surface area (600 - 1000 m2 g-1), tunable physical properties such as 

pore diameter and wall thickness, chemical and physical inertness, non-toxicity and the 

presence of silanol groups susceptible to functionalization. The SBA-15 is a well-ordered two-

dimensional hexagonal meso-structured (space groups p6mm) silica block copolymer with 

uniform pores sizes between 2 and 50 nm and large pore volume (up to 2.2 cm3); possessing an 

important hydrothermal stability as a consequence of the wall thickness (3.1-6.4 nm). In 

general, the SBA-15 materials are synthesized in acidic media with the use of P123 

(EO20PO70EO20) triblock copolymer as the templating agent (Figure 7), while the morphology 
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can be precisely tuned by varying the post synthesis hydrothermal restructuring procedure, 

temperature, block copolymers, co-solvent or co-surfactants. Because of the pore volume and 

pore size they are considered as suitable materials for grafting with functionalized organic 

moieties in catalytic applications as well as for drug delivery applications, allowing a controlled 

diffusion of reactants, products and pharmaceutical compounds [52–54]. 

 

Figure 7. General procedure for the SBA-15 preparation. Adapted with slight modification from ref. 

[55]. 

1.3.3 Metal–organic framework (MOF) as catalyst support 

Metal-organic frameworks (MOF) are porous materials with a crystalline structure comprised 

of metal centra (ions or clusters) connected by organic ligands (linkers) as illustrated in Figure 

8 [56–58]. MOFs have evolved into a broad family of materials (Figure 9) characterized with 

an extremely high pore volume (up to 90 %) and surface area (more than 6000 m2 g-1). Most of 

MOFs are microporous materials with pore sizes less than 2 nm, with a small share of 

mesoporous materials (2 - 50 nm) [58]. Their intrinsic properties coupled with the unusual 

degree of variability of both organic and inorganic constituents enable obtaining hybrid 

materials with a tunable composition, pore size and presence of functionalities, which renders 

them attractive for various applications in gas sorption and storage, separation processes, 

catalysis, drug delivery and sensing [59]. Beside the attractive features of MOFs, the severe 

disadvantage is their potentially sensitivity to moisture and relatively poor chemical and thermal 

stability in comparison with commonly used inorganic porous solids. These drawbacks 

influence the performance of MOFs. Elevated temperature, acidic or basic environment and 

certain solvents can eventually lead to the framework degradation, thus limiting the 

applicability of MOFs in catalysis [57]. 
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Figure 8. Scheme for the preparation of metal organic frameworks (MOFs). Adapted with slight 

modification from ref. [60]. 

In MOFs a variety of highly disperse functional groups can be introduced into the metal centra 

or organic linkers through pre‐designing or post‐synthetic modification of the framework. The 

main approaches for incorporating catalytically active compounds in the scaffold implies on 

ligating a catalytic compound at organic or at the inorganic MOFs fragments during the course 

of the framework synthesis or by post-synthetic modifications. Alternatively, the active 

compounds (e.g., metal nanoparticles) can be encapsulated in the pores of the framework, in 

which case MOF might have a role of a passive medium for dispersing the catalytically active 

species or taking part in the reaction by stabilizing a transition state or coordinating the 

molecules [57]. 
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Figure 9. Examples of metal organic frameworks (MOFs) structures. Adapted with slight modification 

from ref. [61]. 

1.4 Scope and objectives of the research  

The primary aim of this work was to design a palladium-based catalyst for the Mizoroki-Heck 

reaction sufficiently active to enable an efficient use of it in a continuous flow system. To reach 

this goal, all the synthesized catalysts were tested in a batch reactor with a special attention paid 

on the balance between the catalyst activity and reusability. A comprehension of the catalytic 

mechanism was necessary before the shift from batch to continuous operation mode and to 

progress towards an optimal process design. In the backbone of the work, amorphous silica 

supported ionic liquid catalysts with a double ionic liquid layer especially designed for this 

purpose was used, however, along the way other catalysts were also investigated such as the 

grafted ordered mesoporous silica and metal-organic frameworks deposited with palladium. 

Finally, the most promising SILCA was successfully utilized in a truly simple and long-lasting 

process with a continuous packed bed reactor for the production of the valuable molecules by 

Mizoroki-Heck reaction.  
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2 Experimental section 

2.1 Chemicals and materials 

As the support for the preparation of SILCA SiO2 (Merck KGaA) of the average particle size 

50 µm was used. The grafting materials the (3-chloropropyl) trimethoxysilane and 3-(2-

aminoethylamino)propyl trimethoxysilane were obtained from Alfa Aesar. Organic moieties 

upgrading was in general done by the ionic liquid constituents imidazole, 6-bromo-nicotinic 

acid and 1,1,3,3-tetramethylguanidine (TMG) supplied by Sigma Aldrich. Other modifying 

agents such as 4-bromobenzoic acid, 5-bromo-pentanoic acid, bromosuccinic acid, 3-bromo-

propionic, 10-bromodecanoic acid and counter cations constituents 1,5-

Diazabicyclo[4.3.0]non-5-ene, 1,5,7-Triazabicyclo [4.4.0]dec-5-ene, and 2-Tert-Butyl-1,1,3,3-

tetramethylguanidine were of analytical grade, purchased from Sigma Aldrich and Alfa Aesar 

and used as received. The 1,8-Diazabicyclo [5.4.0]undec-7-ene was received from TCI 

Chemicals. Metal sources Pd(AcAc)2, Pd(OAc)2 and Pd(NO3)2 were received from Sigma 

Aldrich. 

Specific chemicals used for the SBA-15 catalyst preparation were Pluronic® P123 copolymer, 

tetraethyl orthosilicate (TEOS), (3-Aminopropyl)triethoxysilane, melamine, 

paraformaldehyde, sodium borohydride obtained from Sigma Aldrich and used as received. The 

standard metal organic framework materials were prepared with zinc nitrate hexahydrate and 

2-aminoterephthalic acid, while magnetically featured MOFs were prepared with 1,6-

hexanediamine, FeCl3·6H2O and Cr(NO3)3·9H2O. All of them were of laboratory grade 

obtained from Sigma Aldrich. 

Halobenzenes, acrylates, triethanolamine, dimethylformamaide and all the other reactants, 

bases, solvents and additional chemicals were obtained from common commercial suppliers 

and used without additional purification.  

2.2 Catalyst preparation procedures 

2.2.1 SILCA (I, V, VI) 

All the SILCAs were prepared according to a multistep preparation method, specially 

developed to yield bis-layered supported ionic liquid consisting of an imidazolium salt as the 

first layer and various kinds of carboxylate derived salts with a superbase as a balancing cation 

in subsequent layer.  
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In general as a first step of the synthetic procedure, silica was functionalized with (3-

chloropropyl) trimethoxysilane as the modifying agent. The reaction was carried out in 

refluxing toluene for 24 h under a nitrogen atmosphere, with the ratio of the modifying agent 

and SiO2 of 5 mmol per 1 g. The obtained material was carefully striped of unreacted compound 

with ethanol in Soxhlet apparatus. A further modification was continued with imidazole in 

anhydrous toluene under nitrogen atmosphere and reflux conditions for 24 h with initial ratio 

of imidazole to modified SiO2 of 10 mmol per 1 g, followed with flushing the material with hot 

toluene and ethanol in Soxhlet apparatus. 

In order to coordinate carboxylate with an existing imidazolium moiety on the SiO2 surface, a 

corresponding bromo-carboxylic acid was used. However, the carboxylic group had to be 

protected, which was done by Fischer esterification reaction in methanolic solution of the acid 

in the presence of H2SO4. The reaction was run overnight in a glass batch reactor connected 

with the dean-stark apparatus and under reflux conditions. After the reaction was finished and 

the slurry was cooled down, excess of the acid was neutralized with the saturated NaHCO3 

solution and product extracted with dichloeromethane in a separation funnel. The methyl ester 

version of the acid was concentrated by evaporating DCM in a rotary evaporator at room 

temperature. The compound obtained was reacted with heterogeneous imidazole moieties in 

refluxing DMF in the glass batch reactor with dean-stark apparatus and magnetic stirrer under 

nitrogen atmosphere for 24 h. The product was afterwards carefully washed with DCM and 

ethanol.  

The SiO2 functionalized by 3-imidazolbromide and capped with methyl ester group was 

exposed to hydrolysis reaction to recover the acidic groups. The reaction was conducted in 

refluxing methanol and catalyzed by 1M NaOH. After completing the reaction, slurry was 

neutralized by a 1M HCl solution and solid product separated with centrifuge, washed with 

water and ethanol and dried to yield a white solid. In the following step, the heterogeneous 

reaction that mimics a common acid-base neutralization process in the salt synthesis was 

performed. In the reaction of the heterogenized acid with superbase 10 mmol of base was added 

in 30 ml of ethanol containing 2 g of modified silica. The slurry was stirred 6 h at room 

temperature, following with a separation of the solid with a centrifuge and washing with diethyl 

ether to remove non-reacted tetramethylguanidine. 

The bis-layered supported ionic liquid SiO2 was loaded with palladium. In a batch reactor of a 

500 ml volume, 0.2 mmol of PdCl2 was stirred in 150 ml of methanol until complete dissolution, 

followed with addition of 2 g of supported silica and stirring during 8 h. After the completion 
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of the reaction, the catalyst was separated by centrifuge and thoroughly washed with ethanol 

and diethyl ether to remove all the physically deposited PdCl2. The material was dried, stored 

in a sailed flask at room temperature and used in further experiments without additional 

processing. 

2.2.2 SBA-15 grafted catalyst (II) 

Ordered mesoporous silica SBA-15 was synthesized based on previously reported recipe [62]. 

Pluronic® P123 copolymer (4.0 g) was firstly dissolved in 30 ml of deionized water, following 

with a addition of 120 ml of a 2 M solution of HCl. 9.0 g of tetraethyl orthosilicate (TEOS) was 

added dropwise to the stirred homogenous slurry and continued with stirring for the next 8 h at 

40 °C. After the reaction took place, the mixture was transferred to the teflon-lined stainless-

steel autoclave reactor (Parr) and allowed to age for 24 h at 100 ⁰C. After cooling down the 

reactor, the product was separated by filtration and washed with water and ethanol, and dried 

at the room temperature following with overnight oven drying at 100 ⁰C. The templating agent 

was removed through calcination by stepwise heating at 560-600 ⁰C for 6 h. A white solid SBA-

15 was formed and stored in sealed vials in desiccator.  

The obtained material was functionalized with 3-aminopropyltrimethoxysilane in dry toluene. 

1.0 g of SBA-15 was reacted with 6.5 mmol of the modifying agent under the refluxing 

conditions and nitrogen atmosphere for 24 h. The product was filtered, washed with diethyl 

ether and toluene and dried to yield a NH2-functionalized SBA-15 as a white powder [63]. In 

order to synthesize the cross-linked melamine functionalized SBA-15, the functionalized SBA-

15 was sonicated for 30 min together with melamine (2.8 mmol, 0.35 g) and paraformaldehyde 

(22.4 mmol, 0.68 g) in 20 ml of DMF under N2 atmosphere. The reaction was continued under 

stirring in a four-neck round bottom glass flask for 24 h at 90 ºC under nitrogen atmosphere. 

After finishing the reaction, the slurry was cooled down, solid phase was separated and washed 

with DMF, deionized water and acetone and dried at 60 ºC overnight [64].  

To deposit palladium on the material 1.0 g of cross-linked melamine functionalized SBA-15 

was dispersed in 10 ml of ethanol in which it was added 0.10 g of PdCl2 dissolved in 20 ml 

ethanol, followed by mixing for 24 h at room temperature. The prepared catalysts were 

separated by centrifuge and carefully washed with ethanol and dichloromethane to remove all 

of the non-deposited palladium and dried overnight at 70 ºC. Finally the catalysts were reduced 

with an aqueous solution of sodium borohydride (0.1 M) to give a dark brown slurry [65]. The 

solid material was then separated with a centrifuge, washed with water and ethanol and dried 

to yield a gray solid catalyst to be used in the reaction.  
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2.2.3 MOF catalysts (III, IV) 

2.2.3.1 IRMOF‑3‑Pd (III) 

The synthesis of IRMOF-3 a metal organic framework was carried out according to a procedure 

reported in literature [66,67]. 12.5 mmol of zinc nitrate hexahydrate and 4.15 mmol 2-

aminoterephthalic acid were dissolved in 100 ml of dry DMF and transferred into an autoclave 

that was placed in an oven. The temperature was raised to 100 °C and kept 24 h. After cooling 

down the mixture, the solid was filtered, flushed several times with DMF, washed by immersion 

for 12 h in dichloromethane and dried.  

The synthesized IRMOF-3 support (1.0 g) was dispersed in dichloromethane together with 

Pd(OAc)2 (0.05 g) and stirred for 24 h. After the deposition, the solid catalysts were separated 

by centrifuge, washed with dichloromethane and vacuum dried at 150 °C for 24 h [68].  

2.2.3.2 Fe3O4-NH2@MIL‑101‑NH2/Pd(OAc)2 

In the first step of catalyst preparation to synthesize NH2 functionalized Fe3O4 nanoparticles 

the procedure reported in literature was adopted [69]. 1,6-hexanediamine (36.15 mmol), 

FeCl3·6H2O (3.7 mmol), glycol (30 ml) and anhydrous sodium acetate (24.4 mmol) were added 

into round bottom glass reactor supplied with magnetic stirrer and stirred vigorously for 30 min 

at 50 °C. A homogenous mixture was transferred to a teflon-lined stainless-steel autoclave 

(Parr) placed in an oven and kept at 190 °C for 6 h. After cooling down to room temperature, 

the obtained magnetic particles (Fe3O4-NH2) were separated with a magnet and thoroughly 

washed with deionized water and ethanol and dried at 50 °C. 

A composite constituted of Fe3O4-NH2 and MIL-101-NH2 was synthesized in next stage. An 

amount of 0.1 g of magnetic Fe3O4-NH2 was sonicated for 10 min in 5 ml of distilled water and 

added to a stirred solution of 2-aminoterephthalic acid (2.5 mmol) and Cr(NO3)3·9H2O (2.5 

mmol) dissolved in 10 ml of distilled water. The mixture was stirred for approx. 20 min, until 

it became uniform and transferred to teflon-lined stainless-steel autoclave (Parr, 200 ml) which 

was placed in the oven. The autoclave was heated and kept for the 18 h at 218 °C. After the 

reaction was finished, the autoclave was cooled down to room temperature and the newly 

formed Fe3O4-NH2@MIL‑101‑NH2 particles were separated with a magnet and washed with 

distilled water (100 °C) for 5 h and ethanol (60 °C) for 3 h in Soxhlet apparatus, followed with 

overnight vacuum drying at 120 °C. 
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Palladium deposition was carried out according to a reported procedure [68]. The 0.5 g of 

Fe3O4-NH2@MIL‑101‑NH2 was dispersed in 30 ml of dichloromethane by sonication, followed 

by addition 0.022 g of Pd(OAc)2. The slurry was stirred vigorously for 24 h, after which the 

catalysts were separated with a magnet, washed with dichloromethane and vacuum-dried at 150 

°C for 24 h to yield the final catalyst used for the reaction.  

2.3 Characterization techniques 

2.3.1 Fourier transform infrared spectroscopy (FTIR) 

The changes on the surface of the support were monitored with Fourier Transform Infrared 

spectroscopy on ATI Mattson Instrument or on Bruker IFS 66/S FT-IR (Bruker Optics) in the 

range of 400 - 4000 cm-1. The samples were pressed in KBr pellets and dried overnight at 100 

℃. 

2.3.2 1H and 13C solution-state nuclear magnetic resonance spectroscopy (NMR) 

The structural confirmation of the intermediate molecules was made on Bruker Avance-III HD 

500 MHz spectrometer supplied with a Bruker SmartProbeTM at 298 K. The samples were 

initially diluted in deuterated chloroform with the internal standard 0.03% tetramethylsilane 

(TMS).  

2.3.3 13C and 29Si solid-state nuclear magnetic resonance spectroscopy (CP MAS-NMR) 

To confirm the presence of organic moieties on the surface of silica, CP MAS 13C and 29Si 

NMR spectra were recorded on a Bruker AVANCEIII HD 400 MHz spectrometer. The solid 

samples were span at least at 5 kHz spin rate in a Bruker 1H broadband double-resonance 4 mm 

CP MAS probe. For the 13C, the proton 90⁰ high-power pulse was 2.9 µs with the contact time 

of 2 ms. The recovery delay time was 2 s and at least 10 000 scans were accumulated. In the 

case of 29Si, the proton 90⁰ high-power pulse was 2.5 µs and contact time 2 ms. All of the NMR 

data analysis was done by using Topspin 3.5.7 software. 

2.3.4 Scanning electron microscopy and elemental analysis (SEM) 

The morphology of the support and overall the palladium deposition was investigated with a 

Zeiss Leo 1530 Gemini scanning electron microscope (SEM) equipped with a Thermo-NORAN 

vantage X-ray detector. While the elemental analysis was made by energy-dispersive X-ray 

spectroscopy (EDX) on the same instrument.  
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2.3.5 Energy-dispersive X-ray spectroscopy (EDX) 

The elemental analysis was made by energy-dispersive X-ray spectroscopy (EDX) on the Leo 

1530 Gemini FEG-SEM with Thermo Scientific Ultra Dry SSD EDS detector. 

2.3.6 Transmission electron microscopy (TEM) 

Imaging of the samples, the structure of the materials and the size distribution of palladium 

nanoparticles was investigated by high-resolution transmission electron microscopy (TEM), 

performed on the JEM 1400 plus (120 kV, 0.38 nm) with OSIS Quemesa 11 Mpix digital 

camera mounted on the bottom (Jeol Ltd). Additionally, the LEO 912-Omega energy filtered 

transmission electron microscope (EFTEM) with LaB6 filament and 120 kV acceleration 

voltage was used. The images processing of was done by imageJ program. 

2.3.7 X-ray photoelectron spectroscopy (XPS) 

The oxidation state of palladium and the binding energies of all compounds were analyzed with 

X-ray photoelectron spectroscopy (XPS). The studies were performed with two different 

instruments. Initially the Perkin-Elmer PHI 5400 spectrometer equipped with 

monochromatized Mg Kα 945 X-ray source operated at 14 kV and 200 W was used. The 

analyzer pass energy was 35.5 eV and the energy step 0.1 eV. All the samples were outgassed 

overnight in vacuum (8 * 10-9 mbar) prior the scanning. Data processing and peak fitting was 

done with the XPS Peak 4.1 program. Shirley function was used for the background correction. 

In the later study the changes of the oxidation state of palladium and the states of other elements 

were investigated with a Kratos Axis Ultra DLD electron spectrometer (Kratos Analytical Ltd) 

with monochromated Al Kα source operated at 150 W. For obtaining wide spectra the analyzer 

pass energy was set to be 160 eV while for the individual photoelectron lines pass energy was 

20 eV. The charge neutralization system of the spectrometer was used to stabilize the surface 

potential. The Si 2p line of silica at 103.4 eV was used as a reference for the binding energy 

scale. The spectra processing was done with Kratos software. 

2.3.8 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

The palladium amount in the solid and liquid samples was determined by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES). The Optima 4300 DV optical atomic 

emission spectrometer (Perkin Elmer, Waltham, MA, USA) was used. For the analysis all the 

samples were digested in a solution of hydrochloric and nitric acid (aqua regia). 
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2.3.9 Nitrogen physisorption 

The materials specific surface areas and pore size distribution of the materials were studied with 

nitrogen physisorption using a Carlo-Erba instrument, 1990 Sorptometer. The Dollimore-Heal 

method and BET equation were used to interpret experimental data. Prior to the analysis, each 

sample was outgassed in vacuum at 150 ℃ for 3 h. 

2.3.10 Thermogravimetric analysis (TGA) 

The thermal stabilities of the materials were investigated with thermogravimetric analysis 

(TGA) performed on a TGA device CAHN D-200 with a heating rate of 10 ℃ min-1 (up to 600 

- 700 ℃) under argon atmosphere. Alternatively, in some studies Linseis STA PT 1000 

instrument was used. 

2.3.11 X-ray diffraction (XRD) 

The structures of the samples were investigated with X-ray diffraction measurements (XRD) 

conducted on a Bruker AXS D8 Discover instrument with a scintillator point detector and Cu 

Kα X-ray source. The scanning was in the range of 1⁰-70⁰ 2θ, with an increment of 0.04⁰ and 

scan speed was 8 s per point. 

2.3.12 Zeta potential (ζ) 

The surface charges of the catalyst particles were studied with zeta potential (ζ) measurements, 

carried out on a Zetasizer Nano ZS (Malvern Panalytical Ltd) by applying the light scattering 

technique. For the pH measurements, the potentiometric method (MPT-2) was used. The 

analyses were made with samples dispersed in deionized water and with the use of NaOH and 

HCl titrants within a pH range of 3-8 at ambient temperature.  

2.3.13 Ultraviolet-visible spectroscopy (UV-VIS) 

In-line monitoring of palladium leaching was investigated by means of ultraviolet-visible 

spectroscopy (UV-VIS spectra), recorded on Shimadzu UV-2550 series spectrophotometer 

equipped with a diode array detector. The wavelength was recorded within the range of 300-

500 nm. A quartz flowing cuvette with 1 cm path length was used in the experiments. 

2.3.14 Gas chromatography (GC) 

The product yields of the Mizoroki-Heck reactions were monitored with gas chromatography 

(GC). A GC-HP 6890 Series (Agilent Technologies Inc.) supplied with HP-5, 5% Phenyl 

methyl siloxane capillary column (30.0 m * 320 mm, 0.25 mm) and with flame ionization 

detector were used. The column was operating in temperature range from 40-250 ℃, with a 10 
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℃ min-1 heating rate. The injector temperature was 280 ℃ and the detector temperature was at 

300 ℃. The gas flow was 9.5 ml min-1. Hexadecane was used as the internal standard. 

2.4 Reactor technology 

2.4.1 Batch reactor experiments 

All the experiments in the batch mode were carried out in a small scale glass vial tubes (8-14 

ml) supplied with magnetic stirrer and teflon cap screw or septum. The vials were heated via 

an oil bath, submerged in the oil just above the level of reaction slurry, thus allowing the 

refluxing of the evaporating reactants in non-heated upper part of the vials. In a standard 

experiment, the catalyst, the reactants and the solvents were loaded in the sealed reactor, 

submerged in the oil and heated to the required temperature under vigorous stirring. The 

temperature of the oil was monitored, and after attaining the desired value, the recording of the 

reaction time was started. The progress of the reaction was monitored and the halide 

consumption was followed with TLC and analyzed by GC. The product yield was calculated 

based on the initial amount of the halide. The experiments were repeated many times and the 

average values were reported.  

After completing the reaction and cooling the rectors, the catalyst was separated from the slurry 

and washed and dried prior the further use. In some circumstances, the reaction mixture was 

washed with non-polar solvents and the organic phase was isolated after vacuum evaporation 

from the solvents. The purified product was obtained by the plate chromatography over silica. 

2.4.2 Continuous reactor experiments 

The experiments made in continuous flow mode were conducted in a laboratory scale fixed bed 

tubular reactor connected with the HPLC pump. The system is displayed in Figure 10. The 

tubular reactor had 0.7 cm internal dimeter, 15 cm length with a 9 cm of the catalyst bed length. 

The tube was heated by the 11 cm long heating block and supplied with four thermocouples, 

which allowed control and monitor of the temperatures in all the segments of the catalysts bed. 

The reactor outlet was connected with a UV-VIS spectrometer and the valves were arranged 

for the GC sampling before and after the reactor and the UV-VIS analyzer in determined time 

intervals. 

For the loading in first part of the reactor tube layer of the quartz wool was placed, over which 

approximately 2 g of inert filling (125-250 µm quartz granules) was loaded occupying the first 

3 cm of the reactor length. Above these structures a catalyst bed of a total length of 9 cm was 
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loaded, following with 2 g of quartz granules and quartz wool before sealing it. In general, the 

catalyst bed was prepared by diluting 0.2 g of the catalyst in 4.8 g of quartz particles to give 4 

wt. % dilution. To conduct the experiment, the loaded reactor was initially heated to the preset 

temperature before starting the reactant flows through the bed.  

 

Figure 10. The fixed bed tubular reactor used in the study with its schematic presentation. 
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3 Results and discussion 

3.1 Catalyst characterization 

3.1.1 SILCA 

Novel palladium loaded bis-layered supported ionic liquid catalysts (SILCAs) were designed 

and efficiently used for Mizoroki-Heck reaction in both batch and continuous operation modes. 

In the initial study, the amorphous SiO2 based catalyst was made with covalently anchored 

imidazolium bromide in the ionic liquid layer, upon which the second layer consisting of 

pyridine-carboxylate with tetramethylguanidinium (TMG) cation was appended and loaded 

with Pd (Publication I). Figure 11 gives schematic presentation of the catalyst. 
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Figure 11. Schematic presentation of bis-layered supported ionic liquid catalyst (SILCA). 

In order to monitor the surface modification during the catalyst synthesis and after the reaction, 

several analytical techniques were used. FTIR was first used as a simple and sufficiently 

indicative technique. The most relevant signals associated with the imidazole ring and nicotinic 

acid were identified. Interestingly, the peak associated with the acidic CO–H group disappeared 

after coordination with superbase and recovered back after loading palladium indicating the 

protonation of the tetramethylguanidine. Analysis of the spent catalyst confirmed the stability 

of the ionic liquid layer. Elemental analysis of fresh and spent catalysts confirmed catalyst 

content and stability.  

Nevertheless, for the definite confirmation of bis-ionic liquid layer on the silica surface, solid-

state NMR analyses had to be performed. The 29Si CP MAS NMR spectroscopy revealed 
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successful propylation of silica as shown in Figure 12. It was observed that most of the 

molecules were attached to the SiO2 surface via two Si-O-Si bonds assigned to the peak found 

at -57.9 ppm, with fewer alkyl chains attached with three bonds (peak at -50.7 ppm) and with 

one Si-O-Si bond ( at -67.1 ppm). It was observed that the capacity of the SiO2 was not fully 

used, since an excessive amount of silanol groups (with the peak at -101.3 ppm) which were 

used as anchoring sites remained unchanged.  

The solid-state 13C NMR witnessed the existence of all the carbons in the bis-layered structure 

on the silica surface. Based on theoretical expectations and literature, all the carbon atoms were 

successfully coupled with their corresponding peaks in NMR spectra as illustrated in Figure 13.  

The thermal stability and surface areas of the catalysts were investigated with TGA and N2 

physisorption. It was shown that the catalysts possessed a good stability at temperatures of up 

to 265 ℃ and from the thermogram, the ionic liquid loading was estimated to contribute 8 wt. 

% of the catalysts mass, corresponding to 0.1621 mmol g-1. The surface area decreased from 

414 m2 g-1 of pristine silica to 333 m2 g-1 of the synthesized catalysts, which however is still 

significantly high. The observed decline of the pore volume and diameter in the prepared 

catalysts is a direct consequence of the organic group anchoring inside the pores. The analysis 

of the spent catalysts revealed catalysts poisoning by the reaction by-products, which was also 

confirmed with the elemental analysis. 
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Figure 12. 29Si CP MAS NMR spectrum of the modified silica surface. 

 

Figure 13. 13C CP MAS NMR spectrum of the modified silica surface. 

The catalyst morphology and the palladium disposition on fresh and spent catalysts was studied 

by means of SEM and TEM. TEM analysis, for the first time confirmed the dynamic nature of 

Pd nanoparticles and their agglomeration from the 12-18 nm of mainly individual particles in 
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fresh samples, to the agglomerates of 32-52 nm sized particles in the spent catalysts. 

Furthermore, this observation was confirmed with XPS analysis, which revealed that most of 

the metal was reduced during the course of the reaction. However, the ICP-OES analysis 

showed that the destiny of the palladium is not just limited to the formation of nanoparticles, 

but also leaching of Pd can take place. The decrease of the metal amount from 0.96 wt. % in 

the fresh catalyst to 0.77 wt. % in the recycled was detected. It was assumed that the loss of 

palladium is associated with the leaching of physically adsorbed metal on the support, i.e. 

fraction of the metal that was not coordinated with auxiliaries. It is worth noting that the catalyst 

prepared without the TMG base showed similar leaching and it was later detected that the role 

of the superbase is mainly in stabilizing the Pd nanoparticles.  

In the later study (Publication V) this system was extended in order to obtain an optimal layer 

composition for the best catalytic performance and stability. The list of synthesized catalysts 

along with their schematic representations is provided in Table 1. 

In order to confirm the catalyst structure and to correlate it with the performance, the 

synthesized catalysts were characterized with various techniques. The most informative were 

FTIR, XPS, ζ-potential measurements, ICP-OES and TEM. The results obtained with these 

analytics are complementary and had to be used in parallel to get knowledge for synthesizing 

materials with targeted surface functionalities.  

Foremost, FTIR was used to overview the surface composition, giving the spectra displayed in 

Figure 14. The presence of the imidazolium ring and/or tetramethylguanidinium was witnessed 

with the C=N peak at 1565 cm-1. With FTIR, the presence of certain groups and bonds was 

registered, however, to get more specific information how these bonds and groups are disposed 

on the surface, the use of XPS was necessary. It was a prompt analytic that enabled the 

verification of the synthesis outcome. The XPS results found in Figure 15 are presented in a 

non-classical way, i.e. as the atomic concentrations of C, N, and Pd at the surface (Figure 15a) 

and the percentages of various chemical states of the elements fitted for the C 1s, N 1s and Pd 

3d photoelectron lines (Figure 15b-d). Based on the literature all the spectra components are 

assigned to the corresponding functional groups [70,71]. 
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Table 1. Assumed structures of synthetized SILCAs with variable auxiliaries.  
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(a) 

 
(b) 

 
(c) 

Figure 14. FTIR spectra of prepared SILCAs 1-6 (a), SILCAs 7-12 (b) and SILCAs 13-15 (c).  

In order to follow the changes in the surface basicity of different SILCAs as one of the main 

reasons for the catalysts stability zeta potential measurements were conducted, which gave the 

isoelectric points (IEP) of each material. In the solutions, the IEP indicates the general basicity 

or acidity of the molecule and the systems with higher value of IEP can be considered to have 

higher basicity (more negatively charged surface) and thus are more capable to stabilize cations 

such as Pd2+ [72]. This means that the cation leaching is more probable from the surfaces that 

are less negatively charged. To obtain a good cation adsorption, it is important to maintain the 

pH value of the solution higher than the IEP because this induces a negative charge at the 

surface and thus a better cation adsorption [73]. The results obtained with the zeta potential 

measurements should be interpreted cautiously, since they were made in aqueous solutions of 

the catalysts where TMG hydrolysis can appear [74]. In addition, difficulties in identifying 
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single isoelectric points can depend on leaching and instability of the samples under the 

analytical conditions and also under the reaction conditions [75]. This was observed in case of 

SILCAs 5, 6 and SILCAs 10-12 for which second and third isoelectric points was detected, 

marked as IEP 2 and IEP 3 in Figure 16. 

 
    (a) 

 
(b) 

 
    (c) 

 
(d) 

Figure 15. (a) Atomic concentrations of C, N and Pd; (b) percentage fractions of carbon in various 

chemical states obtained by C 1s line fitting; (c) percentage fractions of nitrogen in various chemical 

states obtained by N 1s line fitting; (d) percentage fractions of palladium in various chemical states 

obtained by Pd 3d line fitting (after first 5 min of irradiation). 
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Figure 16. The isoelectric points (IEPs) for materials with different surface moieties (SILCAs 1-12) 

derived from zeta potential measurements at room temperature, in aqueous solutions with pH range 2 to 

8.  

In the first analysis (SILCAs 1-3) these techniques implied on successful synthesis of SILCA 1 

and 2 and not successful for the SILCA 3. In addition, potential reason for the catalytic 

performance and stability of SILCA 2 was elucidated. Furthermore, in case of SILCA 4-6, the 

imidazole moiety was intended to be replaced with aminoethylamino. However, the appearance 

of the amide C=O and acidic C=O peaks at 1650-1690 cm-1 was detected in FTIR spectra these 

samples and no other nitrogen species except N-(C=O)-O- group (found by XPS) was observed. 

It implied that for the case of succinic acid (SILCA 3) aminoethylamino group could not 

formulate an ionic liquid layer under the given conditions. The variation of the carbon chain 

length of the catalyst with imidazole ring (SILCA 7 and 8) was also noticed with these 

techniques. Utilization of bicyclic amidines (SILCA 9 and 10) and guanidines (SILCA 11-12) 

affected the spectra. In fact, in most of the FTIR signals a broad peak appeared at around 3450 

cm-1 assigned to the CO-H stretching of the acidic head indicating an incomplete proton 

migration to the superbase, hence not a full use of the whole surface capacity to form the 

secondary ionic liquid layer. Also, for the case of SILCA 11 with the triazabicyclodecene 

superbase deterioration of the anchored moieties was registered by identification of the amide 

C=O group at 1650 cm-1 in FTIR, as well confirmed by XPS. Changes in the used palladium 

sources (SILCA 13-15) did not bring any major differences to the FTIR spectra. In the XPS 

data it was found that in the use of Pd(AcAc)2 the metal deposition was drastically lower 

compared with the other samples, which was later also confirmed by ICP-OES as presented in 
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Table 2. In the table, the images taken by TEM are commented and good agreement with XPS 

results for the palladium lines was noticed.  

Table 2. The palladium amounts found in the fresh catalysts detected by ICP-OES analysis and TEM 

observations. 

SILCA 
Pd (*10-2 
mmol g-1) TEM observation 

1 9.3 Low coverage of Pd, irregularly scattered with few big agglomerates 
2 8.1 Good coverage of regularly dispersed nanoparticles of 8 nm average size 
3 8.6 Good coverage, with raspberry-like agglomerates of average size 27 nm 
4 12.7 Good coverage, with mostly individual nanoparticles of average size 13 nm 
5 11.2 Low coverage, particles of irregular size and shape (round, cubic, triangle) 
6 8.4 Medium coverage with nanoparticles of 8.5 nm average size 
7 9.7 Few agglomerates of Pd, with no visible individual nanoparticles 
8 11.4 Very few agglomerates 
9 10.8 Very few big agglomerates 

10 11.7 Very few agglomerated big nanoparticles 
11 11.1 Almost none of Pd, few big nanoparticles 
12 10.6 Very few big individual nanoparticles, with few big agglomerates 
13 3.2 Almost none of Pd, just few nanoparticles 
14 9.0 Densely dispersed nanoparticles of 7.5 nm average size 
15 8.1 Good coverage of grape-like agglomerated nanoparticles 

 

The structure and stability of the most promising catalytic material (SILCA 2) was investigated 

in depth with energy-dispersive X-ray spectroscopy (EDX) and carbon nuclear magnet 

resonance (NMR). The EDX spectrum of the catalyst verified the presence of bromine in the 

IL layer and enabled elemental analysis, while the 13C NMR analysis of fresh and spent catalyst 

confirmed the layer structure and stability.  

3.1.2 SBA-15 grafted catalyst  

After the catalyst synthesis, FTIR was used as the initial tool to confirm the modification of the 

highly ordered hexagonal mesoporous silica SBA-15 (Publication II), in the same way as for 

the case of modified amorphous SiO2 in the synthesis SILCAs. Changes in the FTIR spectra 

were observed after each synthesis step as illustrated in Figure 17. Next to the characteristic 

silica bands, the most important peak associated with the NH2 bending vibration was detected 

at 1610-1640 cm-1 overlapping with the hydrogen bonding of the water molecules and propyl 

chain C–H stretching at 2882 and 2936 cm-1. After the melamine introduction new characteristic 

peaks were detected at 1361, 1515 and 1572 cm-1 confirming the modification [76], which was 

supported with the solid-state 13C NMR presented in the Figure 18. In addition, TGA showed a 
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catalyst stability at up to ca. 250 ºC and that approx. 26 % of catalysts mass could be assigned 

to the organic moiety propyl-NH-CH2-melamine grafted on the silica surface.  

a)  

b)  

Figure 17. FTIR spectra for (a) fresh catalyst at different stages of synthesis and (b) spent catalyst. 

 

Figure 18. Solid-state 13C NMR spectrum of SBA-15/Pr-NH-CH2-melamine-Pd(0). 

Besides the SEM investigations which showed the rod shaped functionalized SBA-15, the TEM 

images (Figure 19) gave more detailed information about the catalysts with a clear material 

structure and Pd nanoparticle distribution of average size 20 nm. Both pristine SBA-15 and 

fresh catalyst gave uniform pore distribution. The structure was additionally confirmed by low 
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angle XRD, which displayed characteristic peaks in the 0.9-1.9⁰ 2θ range. In the XRD pattern 

of pristine support and synthesized catalysts displayed in Figure 20 a strong peak (100) and two 

additional peaks (110, 200) which can be ascribed to the hexagonal lattice.  

Overall, the synthesized catalyst possessed a high BET surface area of 575 m2 g-1 with a pore 

volume of 0.14 cm3 g-1, while the metal loading was found to be 6 wt. %.  

 

Figure 19. TEM images of (a) pristine SBA-15 and (b) SBA-15/Pr-NH-CH2-melamine-Pd(0) catalyst. 

 

Figure 20. XRD pattern of pristine SBA-15 and SBA-15/Pr-NH-CH2-Melamine-Pd(0) catalyst.  

3.1.3 MOF catalysts  

In the first study with metal organic frameworks (MOFs) (Publication III) as for the case of 

other materials, FTIR was used as the initial technique to confirm the structure, following with 

a spectroscopic study presented by the SEM images displayed in Figure 21. The images showed 

well-shaped cubic crystals IRMOF-3 (Figure 21 a-c), which partially change after the metal 

deposition (Figure 21 d-e). The elemental analysis of the synthesized catalyst indicated that the 
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palladium, during the course of impregnation, to some level ligated itself with chlorines from 

the dichloromethane (Figure 22). 

 

Figure 21. SEM images of pristine IRMOF-3 (a-c) and IRMOF-3-Pd (d-e). 

 

Figure 22. EDX analysis of IRMOF-3-Pd. 

The low angle XRD patterns of the prepared materials, displayed in Figure 23 gave an insight 

in the catalyst stability. The characteristic diffraction peaks of pristine IRMOF-3 (Figure 23a, 

black line) were found at 6.8⁰, 9.8⁰ and 13.8⁰ 2θ as expected [77]. Following the Pd 

impregnation, the intensity of the peak had been decreased (Figure 23a, red line), nevertheless, 

their presence indicated that the crystal structure was preserved. Analyses of spent catalysts 

revealed that the structure was preserved only up to the certain extent, since only the low 
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intensity peak was detected at 9.8⁰ 2θ (Figure 23b). Next to the observed chemical stability, 

thermal stability of the supporting material was inspected because it is known that it can be one 

of the limiting factors in the application of MOFs. From the thermogram presented in Figure 

24, the thermal stability was accessed to be 400 °C, after which the organic framework starts to 

decompose. At lower temperatures, the release of water and residual chemicals from the pores 

of the framework was detected. From the perspective of thermal stability, this material showed 

to be suitable for catalytic applications.  

 

Figure 23. XRD patterns of IRMOF-3, IRMOF-3-Pd (a) and spent IRMOF-3-Pd (b). 

 

Figure 24. TGA spectra of IRMOF-3. 

The chemical stability was additionally investigated with X-ray photoelectron spectroscopy. As 

expected, the fresh catalysts showed the peaks denoted to Pd2+ 3d5/2 and 3d3/2 at 337.6 and 342.9 

eV binding energies (Figure 25a), while the spent catalysts showed palladium conversion to the 
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metallic Pd0 form with the characteristic peaks at 335.7 and 340.9 eV (Figure 25b). Next to the 

palladium peaks, new peak at 343.8 eV was observed, which was for the case of spent catalyst 

much more prominent. It was assumed that this peak can be associated to the palladium-zinc 

alloy, which results in electron disorder as reported previously [78,79]. 
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Figure 25. XPS spectra of the fresh (a) and spent (b) IRMOF-3-Pd. 

In the study of magnetic MOF (Publication IV) most of previously discussed analytical 

techniques were utilized confirming the success of the Fe3O4-NH2@MIL-101-NH2–Pd(OAc)2 

synthesis. As a specific analytical technique for studding the magnetism of the prepared 

materials, magnetization curves were acquired by using a vibrating sample magnetometer 

(VSM). The saturation magnetization values of the materials were in the range of 24.70-71.80 

emu g-1. For the Fe3O4-NH2, the saturation magnetization value was detected to be 71.80 emu 

g-1 and it decreased to 25.9 and 24.7 emu g-1 for Fe3O4-NH2@MIL-101-NH2 and Fe3O4-

NH2@MIL-101-NH2–Pd(OAc)2 respectively as shown in Figure 26. This indicated that the 

weight fraction of the magnetic particles in the materials were approx. 36 and 34.4 wt. %. 

Modification of the iron nanoparticles and formation of MOF-MIL-101-NH2 and palladium 

acetate loading was the reason for the decrease of the magnetization values. Nevertheless, the 

magnetization level of the catalyst was sufficient for easy separation with external magnets. It 

is important to mention that it is considered that iron does not possess any catalytic activity in 

the Mizoroki-Heck reaction. 
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Figure 26. Hysteresis loops of Fe3O4-NH2, Fe3O4-NH2@MIL-101-NH2 and Fe3O4-NH2@MIL-101-

NH2-Pd(OAc)2 for the range of 500 and -500 Oe. 

In comparison with the IRMOF-3 materials, the SEM images of the Fe3O4-NH2, Fe3O4-

NH2@MIL-101-NH2 and Fe3O4-NH2@MIL-101-NH2-Pd(OAc)2 showed different 

morphologies. The magnetic nanoparticles were spherical and uniform (Figure 27a), while after 

layering the magnetic nanoparticles with MIL-101-NH2 framework the spherical morphology 

was lost indicating that the magnetic particles are non-uniformly deposited on the surface of 

MIL-101 (Figure 27b, c). 

   

Figure 27. SEM images of (a) Fe3O4-NH2, (b) Fe3O4-NH2 @MIL-101-NH2 and (c) Fe3O4-NH2 @MIL-

101-NH2-Pd(OAc)2.  

A more detailed investigation was made by TEM analysis and the images are displayed in 

Figure 28. Processing the images of synthesized materials it was found that the average particle 

size for Fe3O4 was approx. 30 nm, which is more than the size of the MOF cages. Indicating 
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that that Fe nanoparticles cannot fit in the framework, and that they are actually coordinated 

with MOF, thus forming a nanocomposite material. 

   

Figure 28. TEM images of (a) Fe3O4-NH2, (b) Fe3O4-NH2@MIL-101-NH2 and (c) Fe3O4-NH2@MIL-

101-Pd(OAc)2. 

Comparing Figure 28a of the synthesized Fe nanoparticles before the MOF introduction with 

the material after the introduction (Figure 28b, c), a lack of individual Fe nanoparticles (or 

agglomerates) was observed with the presence of coordinated structures. For these iron-MOF 

interactions the most important was the presence of the basic amino functionalities of Fe3O4-

NH2, which have a potential to bind unsaturated chromium sites in frameworks [69]. Evidently, 

palladium nanoparticles were not visible which is well in agreement with the XPS results that 

showed initial presence of non-metallic palladium.   
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3.2 Mizoroki-Heck reaction in batch mode 

3.2.1 Methyl acrylate reaction  

3.2.1.1 Reaction conditions optimization 

Newly prepared catalytic materials were tested in the reaction of iodobenzene and 

methylacrylate in a presence of a base, yielding methyl cinnamate as the main product (Figure 

29). These compounds are considered the be most reactive in the Mizoroki-Heck reaction which 

makes them convenient for testing new materials and less expensive catalyst development in 

short period of time and under the light conditions. In generally, less reactive compounds would 

require prolonged reaction time or elevated temperature [80–82]. 

Different reaction parameters were varied in order to attain optimal reaction conditions for each 

catalyst. General optimization roadmap is discussed below.  

+
I

BaseCO2Me
Pd catalyst

Solvent, T

CO2Me
Base  HI++

 

Figure 29. Mizoroki-Heck reaction of iodobenzene and methyl acrylate. 

For the case of SILCA (Publication I) optimization was done through systematic investigations. 

In the initial study the solvent, base and temperature were optimized. In the first reaction, 

performed without the solvent (Table 3, entry 1), minor yield of the product was detected. 

Reactions conducted in different polar aprotic solvents showed much better results (entries 2–

8), as compared with the polar protic solvents (entries 9, 12, 13) and their mixtures (entries 10 

and 11). It was observed that nonpolar solvents influenced negatively on the reaction yield 

(entries 14, 15, 16). Some of the polar aprotic solvents (DMA and NMP) showed equivalent 

performance in first reaction cycle. Therefore, in order to differentiate between the most 

favorable ones, the reaction was conducted with a reused catalyst for additional three cycles, 

after which in NMP it was observed much better results and 70 % yield of cinnamate. 
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Table 3. Reaction condition optimization for Mizoroki-Heck reaction of iodobenzene and methyl 

acrylate.  

Entrya Solvent Base T (°C) Time (min) Yield (%)b 
1 / Et3N 100 15 5 
2 DMF Et3N 100 15 92 
3 DMSO Et3N 100 15 52 
4 DMA Et3N 100 15 100 (98, 87, 12)c 
5 Acetonitrile Et3N 100 15 11 
6 NMP Et3N 100 15 100 (100, 87, 70)c 
7 THF Et3N 100 15 4 
8 Et3N Et3N 100 15 2 
9 H2O Et3N 100 15 3 
10 DMF+H2O (4:1) Et3N 100 15 29 
11 DMF+H2O (1:4) Et3N 100 15 5 
12 (EtOH)3N Et3N 100 15 32 
13 EtOH Et3N 100 15 2 
14 Toluene Et3N 100 15 2 
15 Heptane Et3N 100 15 1 
16 Decane Et3N 100 15 2 
17 NMP / 100 10 1 
18 NMP Et3N 100 10 100 (29)d 
19 NMP Pr3N 100 10 100 (91)d 
20 NMP Bu3N 100 10 100 (88)d 
21 NMP (EtOH)3N 100 10 100 (100)d 
22 NMP Pyridine 100 10 0 
23 NMP Imidazole 100 10 8 
24 NMP TMG 100 10 1 
25 NMP Bu-TMG 100 10 1 
26 NMP DBU 100 10 0 
27 NMP DBN 100 10 0 
28 NMP K2CO3 100 10 30 
29 NMP Na2CO3 100 10 83 
30 NMP NaHCO3 100 10 2 
31 NMP NaOAc 100 10 5 
32 NMP NaOH 100 10 30 
33 NMP Et3N+Na2CO3 (1:1) 100 10 100 
34 NMP (EtOH)3N r.t. 30 0e 
35 NMP (EtOH)3N 50 30 0e 
36 NMP (EtOH)3N 80 30 0e 
37 NMP (EtOH)3N 120 5 100 
a Reaction conditions: iodobenzene 1.0 mmol, methylacrylate 1.5 mmol, base 1.5 mmol, Pd 0.09 mol % 
(detected by ICP-OES), solvent 1 ml. b Isolated yield of main product based on iodobenzene, detected 
with GC. c 2nd, 3rd and 4th reaction cycle (reaction time 30 min, temperature 120 °C). d 2nd reaction cycle 
(reaction time 10 min, temperature 120 °C). e Monitoring with TLC. 
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In the following study, it was investigated influence of different organic (entries 18–27), 

inorganic bases (entries 28–32) and their mixture (entry 33), as well as the absence of base 

(entry 17). As expected, the presence of a base is necessary since they are actively participating 

in reaction cycle. Tertiary amines showed supremacy, with triethanolamine being the best 

representative (entry 21) resulting in complete conversion also in the second reaction cycle.  

The temperature influence was explored in the reaction conducted at room temperature and at 

50, 80 and 120 ⁰C, respectively (entries 34–37). It was observed drastic influence of the 

temperature. At the temperature values less than 100 ⁰C the reaction did not occur, while at the 

120 ⁰C the reaction was completed within 5 min, making it most suitable for further 

experimentation. 

Under the optimal reaction conditions, the amount of the catalysts was optimized, with the goal 

to maximize catalyst activity and stability. Different amounts of catalysts were used, as 

summarized in Table 4. The reaction was initially catalyzed with Pd loading as low as 0.00009 

mmol (entry 1) (0.009 mol % related to iodobenzene) and further with a higher Pd content up 

to 0.0018 mmol (0.18 mol %). Activity of the catalysts was presented with turnover frequency 

and it was calculated to be about 22 000 h-1 for low loading and approx. 16 000 h-1 for higher 

catalyst loading. Despite the fact that the highest TOFs were achieved with 0.009–0.018 mol % 

of Pd (1-2 mg of catalytic material), the study was continued with higher loadings of palladium 

(0.09 mol % Pd, 10 mg of catalytic material) in order to decrease the influence of experimental 

errors. So, eventually catalysts reusability was tested in the same reaction in presence of 0.09 

mol % of Pd under the optimal conditions. After each reaction cycle spent catalyst was washed 

with DMF, diethyl ether and dried. Catalysts demonstrated high activity in five consecutive 

cycles before the activity started to decrease and prolonged reaction time was needed (7 min) 

to attain full conversion. 

Table 4. Catalyst amount optimization and turnover frequencies.  

Entrya Pd (mmol)b Product (mmol)c time (min) TOF (h-1)d 
1 0.00009 1.0000 30 22222 
2 0.00018 1.0000 15 22222 
3 0.00045 0.9371 8 15618 
4 0.0009 0.9762 4 16270 
5 0.0018 0.9479 2 15798 
a Reaction conditions: Iodobenzene 1.0 mmol, methyl acrylate 1.5 mmol, (EtOH)3N 1.5 mmol, NMP 
1 ml, temperature 120 °C. b Pd content detected by ICP-OES.  c Isolated yield of main product based 
on aril halide, detected with GC. d Calculated as mmol of product per mmol of Pd in unit of time.  
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3.2.1.2 Reaction conditions observations  

Similar approach for the reaction condition optimization was used for all the catalysts used in 

Mizoroki-Heck reaction with methyl acrylate. Most important reaction parameters were varied 

such as the choice of solvents and base, reaction temperature and catalyst amount. The results 

are summarized in Table 5 and optimal conditions for each system are presented. In all carried 

experiments the reactants ratio was with an excess of acrylate in order to make up for the loss 

of the reactant due to evaporation that happens under the reaction conditions [83], but also to 

avoid palladium leaching in the presence of unreacted iodobenzene, due to its oxidative 

potential [84]. So, an over-stoichiometric amount of methyl acrylate is a consequence of its low 

boiling point (80 °C). According to the Clausius–Clapeyron equation and ideal gas law it was 

calculated that at 100 °C approx. 35-40 % of the total methyl acrylate amount is in the gas 

phase. Other significant deviation from the stoichiometric conditions is in the case of the base 

that supposed to be theoretically consumed in equimolar ratio to halide. However, often excess 

of base is beneficial which hypothetically can be explained with higher probability of having 

available molecules with basic character to enroll reaction cycle. In contrary insufficient 

amount of base can lead faster catalyst deactivation. 

In all of the studies the outcome of the solvent optimization indicated that polar aprotic solvents 

such as NMP, DMF and DMA are the most efficient for the reaction. It was assumed that these 

solvents have a strong influence on the solubilization and stabilization of palladium giving 

thereby a higher activity [85,86]. Choice of the solvent is also coupled with the choice of the 

base. In most of the cases use of organic bases (entry 1-3) were favorable for the reaction 

progress and in organic systems as in these they appeared fully homogeneous. It was found out 

that utilization of quaternary amines, such as triethylamine influence positively on the reaction 

rates and it is beneficial for Pd re-precipitation [84]. On the other hand, immiscibility of 

inorganic species with the substrates was stated as the main reason for their poor performance 

[87]. Exception was found in the study with magnetic-MOF catalyst (entry 4) in which 

inorganic salt Cs2CO3 has outperformed triethylamine base giving the highest yields. This 

outcome is a result of the cesium cations softness, which also makes Cs2CO3 soluble in many 

aprotic and protic organic solvents [88,89]. Cs2CO3 showed superiority not only in Mizoroki-

Heck reactions [90,91], but also in Suzuki-Miyaura [92] and Sonogashira cross coupling 

reactions [93,94]. 



 

Table 5. Optimized reaction conditions for Mizoroki-Heck reaction of iodobenzene and methyl acrylate together with catalysts turnover frequencies and 

stabilities. 

Entry Catalyst (Publication) Solvent Base T (°C) Time (min) Yield (%)a Pd (mmol %)b TOF (h-1)c Cycles 
1d SiO2-Im/Br-Nic.Ac/TMG-PdCl2 (I) NMP (EtOH)3N 120 5 100 0.09 16000 5-6 
2d SBA-15/Pr-NH-CH2-Melamin-Pd(0) (II) DMF Et3N 120 15 >99 0.28 1400 5-7 
3e IRMOF-3-Pd (III) DMA Et3N 140 15 100 0.165 2400 3-4 
4f Fe3O4–NH2@MIL-101-NH2–Pd(OAc)2 (IV) DMA Cs2CO3 120 30 99 0.082 2400 7-8 
a Isolated yield of main product based on iodobenzene, detected with GC. b Detected by ICP-OES. c Calculated as mmol of product per mmol of Pd in unit of 
time.  d Reaction conditions: iodobenzene 1.0 mmol, methyl acrylate 1.5 mmol, base 1.5 mmol, solvent 1 ml. e Reaction conditions: iodobenzene 0.2 mmol, 
methylacrylate 0.3 mmol, base 0.3 mmol, solvent 0.5 ml. f Reaction conditions: iodobenzene 1.0 mmol, methylacrylate 3.0 mmol, base 1.5 mmol, solvent 0.5 
ml. 
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As expected, it was observed that a temperature increase influence positively the reaction rates, 

most probably because of the aryl halide activation [95]. However, uncontrolled temperature 

increase can result in faster re-deposition of Pd on the support and lead to metal agglomeration 

and deactivation [84]. Balance between activity and stability have to be made. Optimal 

temperature was found to be 120 ⁰C and 140 ⁰C for the IRMOF-3 system (entry 3).  

3.2.1.3 Catalysts activity and stability observations  

As discussed above for the example of SILCA (Table 4 and Table 5, entry 1) difference in 

turnover frequencies was calculated when changing catalysts loading, decreasing from 22 000 

h-1 for low loading to around 16 000 h-1 for higher catalyst loading. This deviation from first 

order kinetic was assumed to be due to the existence of excessive palladium amount that forms 

Pd nanoparticles which slowly agglomerate into non-active palladium black [20,96]. Contrary 

to this, when the amount of palladium is low, most of the Pd is enrolled in the reaction cycle 

and high activity is maintained. This deviation was explored before and it was found that the 

reaction rate is between half and first order depending on the catalyst amount and on the 

substrate ratios [97]. Comprehension of the changes in reaction order can be easier upon 

clarifying the catalytic mechanism. 

In this SILCA system high activity and stability of palladium was denoted to the features of 

ionic liquid. The layer is consisted of NHC, CO and TMG ligands with coordinative ability for 

the metal. This study proposes release-and-catch mechanism, meaning that by exposing the 

catalyst to the halide palladium activates and get released from the surface, where it is 

immediately recaptured at the end of the reaction and consumption of the halide. 

In order to confirm the mechanism by ex-situ analysis and to visualize the state of the catalyst 

SEM and TEM imaging was done on fresh and spent catalysts. From SEM images, showed in 

Figure 30, it was observed that the Pd particles were uniformly dispersed on the support before 

the reaction. These particles were agglomerated after the reaction. With the help of TEM 

analysis it was possible to study the catalyst morphology in more detail. It was observed that 

before the reaction, Pd particles were in the size range 12–18 nm and after the first reaction 

cycle they grew to the 32–52 nm range (Figure 31). In addition, X-ray photoelectron 

spectroscopy showed that almost all ionic Pd(II) was reduced to the metallic Pd(0) during the 

course of the reaction.  

Nevertheless, despite the growth of the Pd, catalysts preserved activity. Such a phenomena was 

a reason to hypothesis that in a course of the reaction, active Pd species are emitted from the 
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catalysts surface and upon the reaction completion they are recaptured assembling dimerized 

particles in grape-like formations (Figure 31b) [98]. Since no loss of activity was noticed with 

dimerized forms it was considered that it behaves as a reservoir of the active species.  

Finally, the study was carried out at low conversion, made by suppressing the reaction before 

full conversion followed with catalysts separation. This led to a complete catalyst deactivation 

in the subsequent cycle, once more confirming proposed release-and-catch mechanism. As long 

as halide is present in the mixture, palladium will be in its homogenous form and, therefore, not 

recovered by physical removal of the solid. 

 

Figure 30. SEM images of fresh (a) and spent catalyst (b).  

Stability of the catalysts was attributed to the existence of moiety with ability to efficiently and 

in controlled manner retake Pd in form of the nanoparticles. The nitrogen containing ligands 

and mainly the TMG molecule has this function. This was confirmed by running the tests with 

the SILCA prepared without TMG moiety. In the first reaction cycle this catalyst was equally 

active, however, when recycled it completely lost its activity. By observing the TEM images in 

Figure 31c, it was confirmed metal agglomeration into inactive nanoparticles with a particle 

size exceeding 100 nm. 

This implies that imidazolium and pyridinum moieties are capable to keep the Pd as long it does 

not exceed smaller clusters [99]. After the palladium dimerizes into bigger and more negatively 

charged species only tetramethylguanidinium cations are capable to keep the Pd anions in place. 

Capability of TMG to act as a ligand and stabilize Pd was demonstrated in bulk ionic liquids 

[100] as well as in the heterogenized form [101]. Furthermore, the ICP-OES analysis showed 

similar level of leaching for both, catalysts with and without TMG, indicating that the role of 

the TMG is mainly in hindering formation of big agglomerates and not just in retaking released 

metal.  
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Figure 31. TEM images and particle size distribution for fresh (a) and spent catalyst (b). Recycled 

catalyst synthetized without TMG moiety (c). 

Deviation from the first order reaction was also noticed with other catalysts. For the catalyst 

SBA-15/Pr-NH-CH2-Melamin-Pd(0) (Table 5, entry 2) insignificant increase in conversions 

was detected with increasing the loading, indicating that even small amounts of Pd are sufficient 

for the reaction. As an example, the study with IRMOF-3-Pd (entry 3) from obtained results for 

different catalyst amounts the reaction order in the catalyst was calculated to be 0.70. This value 

is in good agreement with expected 0.55–0.86 depending on palladium loading, that was 

recently reported in literature [102]. Smaller amounts of palladium are expected to lead to the 

first order reaction, however, the effect of experimental error with small amount would have 

much stronger impact. In all the cases it was elucidated that lower loading is beneficial for 

improving the catalyst stability because relatively high Pd to halide ratio can lead to catalyst 

deactivation through the nanoparticles growth and agglomeration [20]. 

For the heterogenous catalysts main criteria for evaluation of the materials is their reusability. 

In studies disclosed here all of the catalysts showed relatively good level of reusability, 
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however, some better than the others. SiO2-Im/Br-Nic.Ac/TMG-PdCl2 catalysts displayed good 

stability in five to six cycles. It was assumed that drop of activity can be consequence of the 

catalysts poisoning which can eventually lead to the metal leaching (detected by ICP-OES). 

Agglomeration was not considered the primary reason for deactivation, because the catalyst 

preserved its activity even after the agglomeration was detected for the first time, i.e. after the 

first reaction cycle. For supported SBA-15/Pr-NH-CH2-Melamine-Pd(0) activity of the catalyst 

was preserved five cycles, afterwards slight decrease in activity started to appear. Structural 

analysis of the spent catalyst implied the stability of auxiliaries and presence of Pd 

nanoparticles. Drop of activity could be associated with palladium leaching that occurred beside 

the detected agglomeration. Studying the stability of supported IRMOF-3-Pd it was noticed a 

drop in reusability as compared with other catalysts. Palladium leaching and agglomeration was 

detected which can be related to material lack of stability. Best reusability was found with 

Fe3O4–NH2@MIL-101-NH2–Pd(OAc)2 catalysts (Table 5, entry 4) showing that material can 

be reused at least seven times without significant losses of catalytic activity. Easiness in 

separation by an external magnetic field, and therefore, efficient catalyst recovery could be a 

reason for prolonged life span of this catalyst. Nevertheless, all of the catalyst deactivation 

mechanisms are speculative and require extensive investigations or even separate studies, which 

were not conducted at this moment.  

For further investigations, it was necessary to align results of catalysts activity and stability 

with a final goal to develop efficient catalyst for Mizoroki-Heck reaction in continuous 

operational mode. Main requirement of efficient continuous flow operations are short residence 

time, good conversion and catalysts stability. In case of the release-and-catch reaction 

mechanism, it is obvious that the catalysts must be sufficiently active, and residence time should 

be long enough so that for time being in the rector all the halides are consumed and palladium 

is redeposited. If this does not happen, all the metal would shortly be leached and carried away 

with the stream from continuous flow reactor.  

Short residence time is conditioned by the geometry of the reactor and flow rates, meaning that 

for nominally slow reactions (long residence time) flow rate should be low, cross section of the 

catalyst bed should be big or catalyst amount should be high. Leading to conclusion that 

catalysts with high activity should be used in order to shorten residence time and decrease 

capital investment related to the size of the reactor and amount of used catalysts. Therefore, 

discussed SILCA catalysts appeared to be most promising material possessing great activity 

and good stability in Mizoroki-Heck reaction.  
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3.2.2 Butyl acrylate reaction  

The obtained results in the reaction of methyl acrylate and iodobenzene with SiO2-Im/Br-

Nic.Ac/TMG-PdCl2 justified the efforts in designing new kind of SILCAs. Based on this initial 

founding set of new bis-layered catalysts was investigated (SILCAs 1-15, Publication V), in 

order to gain a higher activity and better stability in the reaction. Smart adjusting of the ionic 

liquid layers was commenced for making a heterogenized ligand system capable of stabilizing 

the palladium nanoparticles. Prepared catalysts were used in Mizoroki-Heck reaction of butyl 

acrylate and iodobenzene at 100 ⁰C displayed in Figure 32. Triethanolamine was used as the 

base, methyl-2-pyrrolidone as a solvent and catalyst loading was 0.09 mol % of Pd. Different 

from the first SILCA study, in this case less reactive compound and lower reaction temperature 

was used in order to access improvements in catalysts activity more easily. Otherwise, if the 

activity is improved and reaction time would be less than five minutes, quenching and precise 

reaction sampling would be much harder. 

The activities of the fresh catalyst in the first reaction cycle were calculated (showed as a 

turnover frequency) and plotted together with the stabilities (Figure 33). Stability is displayed 

as the numbers of the reaction cycles that the catalysts were capable to catalyze until 

completion, with no need for prolonged reaction time compared to that for the fresh catalyst.  
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Figure 31. Mizoroki-Heck reaction of butyl acrylate and iodobenzene in presence of triethanolamine. 
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Figure 33. Catalytic performances of the SILCAs with different auxiliaries and palladium sources. 

Activity presented as a turnover frequency (TOF, h-1) calculated at full conversion. Recyclability 

presented as rounded average numbers of obtained reaction cycles. 

In first batch of experiments, catalysts with various acidic auxiliaries were compared (SILCAs 

1-3, Table 1). Among them SILCA 2 gave the best results in terms of activity and stability, 

leading to full conversion in 40 min and allowing the reuse of the catalyst in four cycles under 

the same reaction conditions. On the other hand, SILCA 1 and SILCA 3 required prolonged 

reaction time (90 and 50 min) and the stability of the catalyst decreased to two and three reaction 

cycles, respectively. Potential reason for this result can be stability of the C=N bond in SILCA 

2 disclosed by FTIR analysis (Figure 14), since peak denoted to this bond was most prominent 

for this catalyst. In addition, by the XPS analysis of SILCA 3 it was found absence of the peaks 

assigned to amino group and quaternary ammonium cation of imidazole and/or 

tetramethylguanidine species, instead amide C=O group was observed (Figure 15a). It was 

assumed that deterioration of imidazole ring by bromosuccinate happens during the catalyst 

synthesis, which results in the absence of TMG species, and mostly leaching of the nitrogen 

compounds. Therefore, the synthesis of SILCA 3 was considered unsuccessful. The most 

important difference between SILCA 1 and more active and stable SILCA 2 was the amount of 

acidic groups (O−C=O), letter one having more than double (5 % vs. 2 %). It was considered 

that the main role of acidic heads was in coordinating and keeping the TMG cations with their 

important function in stabilizing and recapturing palladium nanoparticles. To back up this 

observation, zeta-potential measurements were made (Figure 16). For SILCA 2 the isoelectric 

point was approximately 6.9 pH, which was the highest value recorded, and potentially meaning 
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the strongest basicity and capability to stabilize palladium. In the case of the other catalysts, 

which appeared more active in the reaction, lower values of IEP’s were detected (probably due 

to the faster Pd leaching). 

Set of the catalysts (SILCA 4-6) in which imidazole moiety was exchanged with 

aminoethylamino group did not appear to be drastically more active and stability even declined 

in comparison with SILCA 2. The main reason for this was considered to be formation of amide 

in IL layer (detected by FTIR and XPS) without coordination ability toward TMG and 

stabilizing effect on Pd nanoparticles. It appeared that aminoethylamino group cannot form 

ionic liquid layer under the given conditions. 

The work was continued with SILCA 2-like structures being the most stable and recyclable. In 

the SILCAs 7 and 8 influence of the chain length was tested. It was found that shortening 

(SILCA 7) and prolonging (SILCA 8) the carbon chain length of SILCA 2 affected negatively 

the catalyst stability and did not bring any significant improvement in the catalyst activity. 

Additionally, it was not possible to record isoelectric points for these materials, for no obvious 

reason at that moment.  

In the next study, catalysts utilizing different superbases, such as bicyclic amidines and 

guanidines were used (SILCAs 9-12). This changes did not bring any improvement in terms of 

the catalyst stability. However, the achieved TOFs were higher than for SILCA 2, in the range 

of 2200–2700 h-1, this activity was preserved only in two consecutive cycles. Main reason for 

this was considered inefficient proton migration from acidic group to the superbase and ionic 

liquid formation in upper layer, weak Pd stabilization, but also potential deterioration of the 

anchored modification by triazabicyclodecene superbase in case of SILCA 11. 

With optimized SILCA moiety, different sources of palladium were investigated in SILCAs 13-

15. Instead of PdCl2 the Pd(AcAc)2, Pd(OAc)2, and Pd(NO3)2 were utilized. Analyzing these 

materials, the main difference was found for the palladium amount in SILCA 13. This was 

firstly observed by the XPS analysis and then the ICP-OES confirmed almost three times lower 

amount of Pd (Table 2). Therefore, it was considered as an unsuccessful impregnation. Changes 

in the Pd source did not improve the stability in the Mizoroki-Heck reaction. The activity was 

enhanced for the SILCAs 14 and 15, probably as a result from a more rapid leaching. 

After the careful optimization of all the segments of ionic liquid layer, SILCA 2 was adopted 

as the most suitable material for further work being the most recyclable. To confirm potential 

release-and-catch mechanisms reaction was conducted with periodical sampling (5 min). 
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Reaction progress was followed as well as palladium content in the samples. The relative 

amount of leached Pd in slurry was monitored with ICP-OES during the course of the reaction 

and results are over-layered with conversion curves in Figure 34. In first 25 min of the reaction 

initial induction time was observed without conversion. This period corresponds to the start of 

slow emission of Pd from the surface, whereas the reaction completion corresponds to the 

highest amount of palladium in the mixture. It was found that after the 40 min and reaction 

completion it takes additional 10 min more for all the metal to redeposit back. Based on this 

insight, it is clear that for the efficient use of catalyst, the reaction plus re-deposition time should 

be no less than 50 min, after what the catalyst can be safely separated and reused. Nevertheless, 

it was not possible to completely recover leached metal and approx. 6 ppm of palladium was 

detected in the slurry (10 % of initially loaded Pd). This was assumed to be one of the reasons 

for the decline of the catalyst activity. 

 

Figure 34. Progress of the reaction catalyzed by SILCA 2 correlated with palladium leaching. 

Presented investigations showed that correlating the catalyst structure, activity and stability is 

a challenging task. Catalyst performance is hardly predictable and mainly depends on the ability 

to successfully graft various functional groups and obtain a durable layer that can stabilize Pd 

nanoparticles. It was found out that material containing propyl imidazolium bromide-

tetramethylguanidinium pentanoate modification (SILCA 2) possesses this ability and can 

catalyze the reaction of iodobenzene and butylacrylate at 100 ⁰C in four consecutive cycles. 

Moreover, each of the appended functionalities have a significant role. In general, the imidazole 

ring next to its Pd stabilizing effect provides a rigidity to the ionic liquid layer, contrary to the 
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aminoethylamino linker. Carboxylic groups helps the coordination of tetramethylguanidine, 

which, on the other hand is capable of stabilizing Pd. TMG efficiently coordinates with the 

acidic head of the auxiliary layer more than the other superbases. The source of the metal 

influences the catalysts performance, with PdCl2 being the best as compared to other common 

Pd sources. 

In summary, study of the SILCAs used in the Mizoroki-Heck reaction with butyl acrylate at 

100 ⁰C yielded the catalyst with good chemical and thermal stability, with good metal 

distribution and with controlled nanoparticle size. Like discussed above, this catalyst also 

operates through the release-and-catch mechanism and, therefore, the use of it requires 

additional time for the metal re-deposition upon the end of the reaction. This characteristic is 

very important if considering using it in continuous flow reactor. 
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3.3  Mizoroki-Heck reaction in continuous mode 

3.3.1 Butyl acrylate reaction (SILCA) 

One of the biggest obstacles for adopting continuous reactors as a standard equipment for 

Mizoroki-Heck reaction lies in its very specific reaction mechanism. Therefore, efforts were 

put in meeting these challenges. The packed bed reactor shown in Figure 10 was designed for 

this purpose and used to investigate the catalyst performance in the reaction of iodobenzene and 

butyl acrylate in the presence of triethanolamine base under continuous flow conditions 

(Publication VI). The reactor had 0.7 cm internal dimeter and 15 cm length equipped with an 

HPLC pump. It was heated by heating block, and the temperature was monitored with four 

thermocouples to control the temperature in the bottom, middle and top segments of the catalyst 

bed. The total length of the heated part was 11 cm out of which catalyst bed length was 9 cm. 

The small volume of the catalyst bed in comparison with the heating block guaranteed efficient 

heating. The previously optimized SILCA containing propyl imidazolium bromide-

tetramethylguanidinium pentanoate modification loaded with Pd was used as the catalyst, 

because it had shown the best performance in batch mode [103]. On-line UV-VIS spectrometry 

analysis of the reactor outlet was used to detect palladium leaching related to the different 

reaction conditions.  

Getting insight on the catalyst lifecycle in a simple and rapid way is often difficult. Quantitative 

information on palladium leaching and the oxidation state of the metal under continuous flow 

can require various in operando analyses [104]. In some cases, the UV-VIS spectroscopy can 

be indirectly used for this. The problems appear due to the fact that many transition metals do 

not absorb within the UV-VIS spectrum, while for some other the presence of different metal 

species (ions, nanoparticles and clusters) can result with overlapping bands in spectra which 

are difficult to deconvolute. Advanced UV-VIS data processing is required, consisting of the 

combined net analyte signal and principal component analysis [105–107]. Alternatively, ICP 

analysis could be used to determine the total amount of leached metal. Both of these 

methodologies are somewhat time consuming and technically cumbersome. Therefore, for the 

metals sufficiently visible in UV-VIS spectra, an on-line UV-VIS analysis at the reactor outlet 

was used as a straightforward methodology which could confirm, whether metal leaching 

occurs or not. With this approach the cumbersome quantification of leached metal is avoided 

and rapid as well as inexpensive analytics is implemented.  
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To confirm the relevance of the method and to attain the information on the palladium 

appearance in the UV-VIS spectra, PdCl2 samples diluted in different commonly used solvents 

were analyzed as shown in Figure 35a. It was found that DMF, DMA and NMP are displaying 

distinguishable broad peaks in the area of 420 nm while other ones that are less evident at 320 

nm. Additionally, for verifying the relation of the peak sizes and palladium amounts in the 

solution, samples with different Pd concentrations in solvents of interest were analyzed (Figure 

35b, DMF example), proving that the peak size is related to the Pd amount. Based on the 

knowledge that these solvents cause Pd leaching from the catalyst surface and binds with the 

soluble palladium species [108,109], it was adopted that at the peak in the wavelength area of 

420 nm (and 320 nm) was predominantly contributed by Pd2+ ions [105,106]. It was also found 

that the Pd0 nanoparticles do not give so pronounced peak, even though it is known that they 

do absorbs photons in the range of 350-390 nm, due to the oscillations of the conducting band 

electrons (surface plasmons) [107]. 

 

Figure 35. UV-VIS spectra of PdCl2 diluted in different solvents (a) and different concentrations of PdCl2 in DMF 

(b). 

Studying the influence of each compound on the metal leaching from the catalyst surface in the 

continuous packed bed reactor reveled the catalyst stability. In case when just DMF solvent was 

passing the catalyst bed, only in the initial slurry fraction the presence of metallic Pd0 was 

detected with a peak at 360 nm in the UV-VIS spectra that was assigned to the metal 

nanoparticles loosely deposited on the supports surface. In case when individual reactants in 

the solvent were passed through the catalyst bed under similar conditions, a small amount of 

leaching of Pd was observed for iodobenzene and acrylate. Pd2+ was observed at 420 nm (and 
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320 nm) originating from oxidized palladium leached from the nanoparticle surfaces [110]. 

However, when all the reactants were passed together, the leaching was decreased. 

To perform the experiments after the catalyst bed was loaded, the reactor was heated to the 

desirable temperature and then the feed of the reactants was started. In determined time 

intervals, GC samples were collected and UV-VIS spectra were recorded. As compared to the 

Mizoroki-Heck reaction in batch systems, the temperature has a more detrimental impact in 

continuous operation. Usually the required reaction temperatures reach 220 °C [111]. Because 

only at the higher temperatures, at which aryl halides are activated, the reaction can be 

conducted with complete conversion in a single pass through the reactor [99,108]. Experiments 

conducted at different temperatures (Figure 36) revealed that in the case when the reaction was 

conducted at 100 and 120 °C, high yields were maintained at the initial stage only, most 

probably because the concentration of active catalyst was at the highest. In order to preserve 

the catalyst stability and to maintain a high conversion of iodobenzene, the reaction temperature 

had to be increased to 150 °C. The conversion exceeding 90 % was observed as the maximal 

conversion of iodobenzene under the given reaction conditions, because of the catalyst bed 

design i.e. lack of backmixing. 

Alongside with conversions, leaching of the Pd was followed by UV-VIS. It was found out that 

a wide absorption peak assigned to produced butyl cinnamate appeared in the area of less than 

360 nm [112]. Therefore, due to the peaks overlapping the wavelengths in that area of 320 nm 

could not be used for identification of Pd2+ implying that the absorbance at 420 nm was most 

suitable for monitoring the presence of oxidized metal. Next to this, for the Mizoroki-Heck 

reaction with iodobenzene it was presumed that the olefin insertion is most likely the rate-

determining step [20,113]. As a consequence of this, the most of the metal should be found in 

the state in which it was before the olefin insertion took place, namely arranged in the Pd2+ 

formations. The existence of unreacted reactants capable to oxidize Pd0 supports the choice of 

420 nm as a reference value for the presence of metal at the reactor outlet, since anyhow 

predominantly Pd2+ species could be identified. By plotting the values obtained at 420 nm in 

UV-VIS spectrum with conversions it was confirmed that the Pd leaching was not the main 

reason for the catalyst deactivation, but the deactivation was due to catalyst poisoning and 

formation of Pd black. At 150 °C the reaction dominated over the catalyst deactivation and 

metal agglomeration. 
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Figure 36. Temperature influence on the conversion of the Mizoroki-Heck reaction in the continuous 

reactor plotted with UV-VIS absorbance values at 420 nm. Reaction conditions: flow rate 0.1 ml min-1, 

DMF as a solvent, catalyst loading 0.2 g (0.096 mmol g-1), 0.25 M iodobenzene, 0.5 M butyl acrylate 

and 0.5 M triethanolamine. 

At 150 °C different volumetric flow rates were studied and the optimal flow rate was found to 

be 0.1 ml min-1, corresponding to the residence time of 23.5 min. Even though lower flow rates 

gave slightly higher conversions (95 vs. 90 %) they were rejected due to the practicality and 

duration of experiments. Higher rates (up to 1.0 ml min-1) gave lower yields of the products 

probably due to shorter residence times in the bed. This result might also be due to the fact that 

at higher flow rates, the reaction solution was not heated in time and the actual temperature in 

the reactor did not reach the preset temperature. Another attempt to increase the yields was 

made by changing the reactant ratios by increasing the iodobenzene concentration in the 

reaction slurry from 0.25 M to 0.4, 0.45 and 0.5 M. Experiments with prolonged time on stream 

indicated on catalyst deactivation when more than 0.25 M of iodobenzebe was used in reaction 

with 0.5 M of butyl acrylate, most probably due to faster catalyst poisoning. Therefore, two 

molar equivalents of the acrylate and base with respect to halide were regarded as the optimal 

ratio. 

The main goal was to maintain the high catalyst activity and prevent Pd0 agglomeration to 

palladium black. The existence of Pd0 in the slurry can resulted in the Pd agglomeration, 

deposition of the metallic Pd in the system and to leaching [110,114]. As for the case of batch 

reactor systems, an excessive concentration of palladium can result in slow deactivation of the 
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catalyst through the growth of the Pd nanoparticles nucleated on the metal that does not 

participate in the reaction (Figure 37). This implies that Pd in the reactor can undergo two 

competing parallel processes: self-catalyzed aggregation or Mizoroki-Heck catalytic reaction 

cycle. Previously it was found that the reaction rate is of lower order with respect to the catalyst 

concentration while agglomeration is of higher order [115], meaning that for the case in which 

olefin insertion is the rate-determining step the catalyst-to substrate ratio should be decreased 

to the value at which the olefin insertion surpasses the aggregation [20]. In practice this can be 

achieved by increasing the ratio of reactants towards the catalyst loading as shown in Table 6 

(entry 1) and keeping the same ratio of the reactants (2 eq. of acrylate and base). This action 

gave good results and lead to long-lasting catalyst stability of more than 94 h time-on-stream. 

A further increase of the reactant concentration resulted in an increased viscosity of the reaction 

mixture, increase of pressure and catalyst leaching. Therefore, decreasing of the catalyst-to-

substrate ratio had to be carried out differently, by decreasing the catalyst loading and 

preserving reactant concentration same, i.e. 0.5 M of iodobenzene (entries 2-4). These 

experiments disclosed the real catalyst activity and showed that even drastically smaller 

amounts such as 0.02 g of catalyst loading (one-tenth of the initial catalyst loading) gave 

sufficient local catalyst concentration to achieve a high conversion for 8 h on stream. Nearly a 

linear dependence of the catalyst specific activity on the catalyst loading illustrated that the 

small local catalyst concentration actually catalyzes the reaction at the time. The rest of the 

catalysts loading is in the standby mode, waiting for the moment when the initial fraction of the 

catalysts losses activity to enter the catalytic cycle and overtakes its catalyzing role. The loss of 

activity of the primarily active catalyst is related to the total poisoning of the ionic liquid layer 

by the reaction side producing salts and consequently by the loss of ability to stabilize palladium 

and prevent its agglomeration. 

The fact that turnover numbers were similar in experiments 1 to 4 confirms the catalyst stability 

and that only the small fraction of the catalyst participates in the catalytic cycle at time. This is 

in contrary to what was expected based on the experience from the batch reactor, that an 

increase of the palladium amount would lead to the formation of Pd black thus decreasing the 

catalyst stability. As previously discussed, good catalyst activity is believed to be associated 

with ionic liquid layer nature [103]. The structure of ionic liquid layer with carboxylates capable 

to coordinate Pd+2 complexes, together with nitrogen derived ions enable coordinating the Pd0 

species formed from the Pd2+ precursors, leading to hypothesize that the reaction is actually 

conducted in the ionic liquid layer of the catalyst and not in the voids of the catalyst bed. In 
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large scale, the catalytic cycle would resemble classical heterogeneous catalytic cycle, and 

locally, within the ionic liquid layer, release-and-catch mechanism would take place.  

 

Figure 37. Expected palladium lifecycle. 

Table 6. Catalyst activity for the Mizoroki-Heck reaction with different catalysts loadings. 

Entrya Catalyst  Mass (g) TOS (h)b SA (molArI 
molPd

-1
 h-1)c 

TON (molArI 
molPd

-1)d 
1 100 % 0.2 94 146.6 13780 
2 100 % 0.1 50 295.2 14758 
3 100 % 0.05 20 588.5 11770 
4 100 % 0.02 8 1473.7 11790 
5 50 % 0.2 7 243.0 1701 
6 25 % 0.2 7 432.0 3024 
7 10 % 0.2 4 1079.2 4317 
8[e] 100 % 0.05 28 583.8 16347 
9 SiliaCat® Pd0 0.02 8 596.7 4773 
10 SiliaCat® DPP-Pd 0.016 20 604.2 12083 
a Reaction parameters: 0.1 ml min-1 flow rate, temperature 150 °C, 0.5 M iodobenzene. b Time on 
stream at which conversion was maintained above 90 %. c Specific activity calculated as amount of 
converted iodobenzene per amount of used catalyst and time on stream. d Turnover number calculated 
as specific activity x time on stream. e Flushing with DMF after every 10 h on stream. 

 

With the objective to improve the catalyst ability to stabilize Pd, SILCAs with higher amounts 

of the ligand like moieties to the Pd ratio were synthesized. Materials with approx. 50, 25 and 

10 % of the reference Pd loading (marked as 100 %) were investigated (entries 5-7). The results 
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from the experiments with lower loadings of the reference catalysts (0.1, 0.05 and 0.02 g) were 

compared and plotted in Figure 38 along with the results from the experiments carried out with 

equivalent Pd loadings of deprived catalysts (50, 25 and 10 % of Pd), i.e. experiment 2 vs. 5, 3 

vs. 6 and 4 vs. 7. In parallel results of UV-VIS measurements are displayed in the same figures 

confirming that it is possible to relate the Pd content in the flow with the catalyst activity. In 

experiments 2 to 4 the lack of metal leaching indicated that the initial stability of the catalyst 

corresponds to slow catalyst poisoning and Pd nanoparticle agglomeration, followed with a 

rapid leaching of ripe Pd agglomerates and deactivation. From the experiments with lower Pd 

loadings in catalysts it was observed that an increased amount of the moieties affected 

negatively on the catalyst activity and stability. These SILCAs used in experiments 5-7 

displayed a significant decline in conversions and almost constant palladium leaching which 

was associated with catalyst poisoning and loss of the stabilizing ability. 

More detailed considerations of the experiments made with the similar Pd loadings (experiment 

3 and 6, Figure 38b) confirmed the previous assumptions about the deactivation. The ICP-OES 

analysis of samples collected in experiment 3 revealed that during the first 10 h on stream no 

Pd was detected at the reactor outlet, from 10 to 20 h on stream 25.6 ppb were found and in 20 

to 30 h 15.7 ppb, meaning that even though the yield was high in 20 h on stream, the catalyst 

was stable and non-leached only for the 10 h. The TEM analysis confirmed nanoparticles 

growth from 4 nm in the fresh sample to the up to 45 nm in the samples having been 10 h on 

stream. After 30 h on stream, most of the nanoparticles agglomerated into formations of 34 nm 

average diameters which are presumably more prone to leaching.  

Insights on the catalyst deactivation gives the possible solutions for suppressing it. Poisoning 

was accepted as a major cause for the catalyst deactivation. To test this assumption, consecutive 

washing of the catalysts used in experiment 3 was performed. After each 10 h on stream, reactor 

was cooled and reaction quenched and flow was switched to a pure DMF stream. This is how 

flushing of the deposited salts which poisoned catalysts and blocked the sites that could stabilize 

the metal was done before the leaching started to occur. Repeating the reaction after these 

actions resulted in a prolonged overall catalyst activity with turnover number improvement for 

up to 40 % compared to non-treated catalysts (Figure 39 and Table 6, entry 8). This can be 

regarded as a direct confirmation of poisoning as the major cause for the catalyst deactivation. 

It is anticipated that by optimizing the catalyst flushing procedure by varying the temperature, 

flow-rates, solvent type and volume can lead to a much better performance. 
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Figure 38. Impact of catalyst and Pd loadings in SILCAs on the conversion in continuous packed bed 

reactor. The conversion in the Mizoroki-Heck reaction plotted with UV-VIS absorbance values at 420 

nm wavelength. Reaction conditions: flow rate 0.1 ml min-1, temperature 150 °C, 0.5 M iodobenzene, 1 

M butyl acrylate and 1 M triethanolamine. 
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Figure 39. Catalytic performance of the flushed catalyst and commercial catalysts in the continuous 

packed bed reactor for the Mizoroki-Heck reaction. Reaction conditions: flow rate 0.1 ml min-1, 

temperature 150 °C, Pd loading 0.0048 mmol, 0.5 M iodobenzene, 1 M butyl acrylate and 1 M 

triethanolamine. 

An ultimate benchmarking of disclosed catalytic system was done by comparing the obtained 

results with commercial catalysts. For this, standard palladium based SiliCycle® heterogeneous 

catalysts SiliaCat® Pd0 2.51 wt % and SiliaCat® DPP-Pd 3.2 wt % were used (Table 6, entry 9 

and 10), with the usage of corresponding amounts of catalysts as in experiment 3. It was 

evidenced that SILCA prepared in this work outperformed SiliaCat® Pd0 which appeared to 

preserve the activity in 8 h on stream and compared to SiliaCat® DPP-Pd it performed similarly. 

However, as shown in Figure 39, the catalysts treated with DMF certainly outperformed both 

commercial catalysts. Flushing of the commercial catalyst was not made, because its 

deactivation mechanism is unknown, and the identification of the deactivation mechanism 

would require a very extensive study. This important comparison demonstrates the excellent 

performance of studied materials and the continuous reactor system, making it competitive with 

commercially available technological solutions. Moreover, from all the stated above it can be 

concluded that such an efficient continuous process with low Pd loading and leaching is a 

potential approach for the utilization of other SILCAs for continuous C-C coupling reactions.  
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4 Conclusions 

Essence of this work was the enhancement of the Mizoroki-Heck reaction, often used for 

production of fine chemicals. The main motivation was the shifting the production of the 

valuable molecules using this C-C coupling reaction from batch technology to continuous 

operations. To be able to make such a big leap, suitable catalysts had to be developed and used 

under optimal conditions. Naturally, a sufficient catalyst activity and stability is prerequisite for 

implementing a continuous operation mode, for which a product yield and good product purity 

is expected. To achieve this, several catalysts were synthesized, characterized and tested in with 

Mizoroki-Heck reaction of methyl and butyl acrylate with iodobenzene as benchmark. The 

tested catalysts were based on grafted ordered mesoporous silica, metal-organic frameworks 

and supported ionic liquids deposited with palladium. Each catalyst was studied under optimal 

conditions to give the balanced activity and reusability. In general, the catalysts were mostly 

active in polar aprotic solvents. Use of a tertiary amine as a base is beneficial and the conversion 

was improved with an increase of the reaction temperature. An excess of acrylate is necessary 

due to its low boiling point leading to vaporization. In addition, an excess of base is beneficial 

for the reaction rate, while a lack of it can result in a faster catalyst deactivation. 

In the first sequence of investigation, the reaction with methyl acrylate was used to determine 

the most suitable type of catalyst. The bis-layered supported ionic liquid catalysts (SILCA) 

comprising of covalently anchored imidazolium bromide and pyridine-carboxylate with 

tetramethylguanidinium showed an extremely high activity at 120 ⁰C reaching turnover 

frequencies (TOFs) of 16000-22000 h-1 and a good stability in five-six cycles under optimized 

conditions. The high activity was assigned to the presence of Pd ligating species such as N-

heterocyclic carbenes, CO and nitrogen rich tetramethylguanidine. The role of 

tetramethylguanidine was found to be most important because it is capable to stabilize the Pd 

nanoparticles and to suppress overgrowth. For the first time, it was noticed a negative effect of 

an excessive amount of catalyst on its activity, due to the potential Pd dimerization. 

Agglomeration of non-active Pd took place as a competitive process to catalyzing release-and-

catch mechanism. 

Seeking for even better catalytic solution, SBA-15 silicate enriched with melamine ligands 

SBA-15/Pr-NH-CH2-Melamin-Pd(0) was tested, showing a good activity for a broad scope of 

reactants. However, in the reaction of methyl acrylate at 120 ⁰C, the activity was lower 
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(TOF=1400 h-1), while the stability was slightly better due to the melamine ability to stabilize 

Pd0. 

Next to the grafted catalysts, metal-organic frameworks were prepared and used for palladium 

deposition. The same approach was adopted, i.e. imbedding the functionalities of interest in the 

structure of the solid framework. Highly crystalline IRMOF-3 having amino-functionalized 

pores was easily synthesized and deposited with Pd. As for the other materials, deviation from 

first order kinetics was observed due to the formation of inactive palladium when the excess of 

metal is present. The reaction order in the catalyst was estimated to 0.70 implying that using 

the smaller amounts of palladium would probably lead to first order kinetics. The main 

drawback of this material is the poor chemical stability, resulting in the deterioration of the 

framework even after single reaction cycle and formation of a palladium-zinc alloy. 

Magnetized MOF catalysts Fe3O4-NH2@MIL-101-NH2-Pd(OAc)2 showed to be reusable at 

least in seven to eight cycles, however their activities even though the reaction temperature was 

increased to 140 ⁰C, was drastically lower compared to SILCA (TOFs 2400 vs. 16000-22000 

h-1). A good magnetization of this materials in the range 24.70-71.80 emu g-1 and easy 

separation by external magnetic field made them suitable for the use in batch reactors. On the 

other hand, for continuous flow processes, a high activity that could allow good conversion at 

a relatively short residence time is crucial.  

Optimization of bis-layered SILCA indicated the difficulties in correlating the catalyst 

structure, activity and stability. Namely, the activity depends on the success of the catalyst 

synthesis and the stability of attached functionalities. The structure of the ionic liquid layer is 

the most important factor. The imidazole ring in the structure provides a rigidity to the ionic 

liquid layer next to its Pd stabilizing effect, different from the aminoethylamino appendix. The 

carboxylic group in the layer has the main function of coordinating and keeping the TMG 

cations, increasing the basicity of the material and the ability to stabilize palladium 

nanoparticles. Instead of TMG, other superbase such as bicyclic amidines and guanidines are 

not so efficient in stabilizing the metal, probably because they are not so efficiently forming an 

ionic liquid in the vicinity of the acid group and in some cases they can even deteriorate the 

grafted molecules. Comparing to other Pd sources that can be used, PdCl2 appeared most 

suitable in terms of the catalyst stability. Finally, the SILCA consisting of propyl imidazolium 

bromide-tetramethylguanidinium pentanoate modification and loaded with PdCl2 showed to be 

the most stable and sufficiently active in the reaction of iodobenzene and butylacrylate at 100 

⁰C catalyzing it in four successive cycles. This catalyst operated via release-and-catch 
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mechanism, meaning that an additional post reaction time for the metal re-deposition is 

required.  

Finally, the optimized SILCA was successfully utilized in a simple and long-lasting process 

with a continuous packed bed reactor for the Mizoroki-Heck reaction. It was found out that the 

reaction temperature is the most important and comparing to the batch system it should be 

higher. Namely, 150 ⁰C was high enough to activate the halides so that the reaction could be 

conducted with complete conversion in a single pass through the reactor. At this temperature, 

required residence time was about 24 min. The best results were achieved with two molar 

equivalents of the acrylate and base with respect to halide. It was found that the catalyst-to-

reactants ratio should be decreased to the value at which the olefin insertion of the reaction 

mechanism (rate-determining step) surpasses the aggregation. Even low Pd amounts are 

sufficient, since actually just a local catalysts amount takes part in the reaction at the time. If a 

bigger amount of the catalyst is used, an excessive fraction of the Pd would be in standby mode 

and the overall stability would be almost the same. In contrary to what is noticed for the batch 

system, where an excess of Pd almost exclusively results with deactivation.  

This observation supported the claim that the reaction is actually proceeding in the ionic liquid 

layer of the catalyst. In general, it is presumed that the catalytic cycle would follow a classical 

heterogeneous catalytic cycle, however, locally a release-and-catch mechanism would prevail 

within the ionic liquid layer. The main stake here is the existence of carboxylates coordinating 

the Pd+2 complexes and TMG coordinating Pd0. Nevertheless, the amounts of these moieties 

should be optimal because they are prone to poisoning. Indeed, the main cause of catalyst 

deactivation was poisoning by the side products. Simple flushing procedures prolonged the 

lifecycle of the catalysts up to 40 %. 

The catalyst used in continuous reactor was competitive and even outperforming commercially 

available materials. Such an efficient continuous process with a low Pd loading and leaching 

can be upgraded to a system of parallel reactors and eventually scaled up to commercial 

capacities. Finally, disclosed study can be an important step toward adopting SILCAs and 

continuous operation mode in the production of fine chemicals. Certainly, it is an inspiring 

approach for the investigation of other catalysts and their application in continuous C-C 

coupling reactions. 
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