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SYNTHESIS OF METAL ORGANIC FRAMEWORKS
AND THEIR APPLICATION AS PHOTOCATALYSTS

This article investigates the synthesis and catalytic applications of
metal-organic frameworks (MOFs), with a detailed focus on their role
in alcohol oxidation to carbonyl compounds, especially in converting
isopropanol to acetone. MOF's like [Cux(1,4-chdc):] offer high surface area,
tunable pore structures, and reusability, making them ideal for various
catalytic applications. This study explores the properties, synthesis, and
catalytic mechanisms of MOFs, addressing challenges in conventional
acetone production methods such as the cumene process. It highlights the
use of hydrogen peroxide as an oxidizing agent, combined with titanium
dioxide to enhance MOFs’ oxidative capacity, demonstrating improved
efficiency in UV-catalyzed reactions. Experimental findings indicate that
titanium dioxide-modified MOF's achieve optimal performance with high
catalytic activity and stability, providing an eco-friendly and economically
viable solution for acetone production.

Keywords: metal-organic frameworks, alcohol oxidation, catalysis,
acetone production, hydrogen peroxide.

Introduction

Metal-organic frameworks (MOFs) are an emerging class of materials with a
crystalline structure, high surface area (up to 10,400 m?/g), large pore sizes, and low
density. Typically synthesized by combining hydrophilic metal and hydrophobic
organic linkers through hydrothermal methods, MOFs offer customizable shape
and size, making them valuable in industry and research. They act as effective
heterogeneous catalysts with reusability and minimal leaching, suited for liquid-
phase organic reactions [1]. Despite barriers like temperature limits (80-90 °C) and
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competition with established materials, MOFs are promising for low-temperature
oxidation reactions and applications in the oil industry, especially for reactions
like alcohol oxidation to aldehydes or ketones.

Methods for producing acetone in industry:

- acetone-butyl fermentation of carbohydrates (starch, sugars, molasses),
caused by bacteria - clostridia, in particular Clostridium acetobutylicum by
reaction scheme (1). During fermentation, acetone and butyl or ethyl alcohols are
formed [1]. Acetone and butyl alcohol are obtained in a molar ratio from 2:1
to 3:1. The method is characterized by low yields [2].

Clostridia o
OH OH acetobutyiicum
HO Y )k t A OH t0=cz0 * H,
H OH propan-2-one butan-1-o  ¢arbon dioxide
2,3,4,5,6-pentahydroxyhexanal (1)

- cumene method - the main part of acetone is obtained as a co-product when
producing phenol from benzene using the cumene method by reaction scheme (2).
The process occurs in 3 stages [3]. At the first stage, benzene is alkylated with
propene to produce isopropylbenzene (cumene), at the second and third (Udris-
Sergeev reaction), the resulting cumene is oxidized with atmospheric oxygen to
hydroperoxide, which, under the action of sulfuric acid, decomposes into phenol

and acetone.
O ——
prop-1-ene

benzene cumene

o e — &

cumene
(2-hydroperoxypropan-2-yl)benzene

(0]
> + )k
propan-2-one
phenol
(2-hydroperoxypropan-2-yl)benzene (2)
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- from isopropanol — catalytic oxidation of isopropanol with air by reaction
scheme (3). The thermal effect of the reaction is significant, which, along with the
presence of a number of highly selective catalysts for this process (silver, copper,
etc.), makes it more acceptable for industrial implementation. According to this
method, isopropanol is oxidized in the vapor phase at temperatures of 450—650 °C
on a catalyst (metallic copper, silver, nickel, platinum). Acetone with a high yield
(up to 90 %) is obtained on a «silver on pumice» catalyst or on a silver mesh [4].

OH 0
P G
2
propan-2-ol propan-2-one  hydrogen peroxide 3)

- method of direct oxidation of propene in the liquid phase in the presence
of PdCI, in solutions of Pd, Cu, Fe salts by reaction scheme (4) at a temperature
of 50-120 °C and a pressure of 50—-100 atm [5].

o
M+ pg + HC

propan-2-one

— + PdCl, + H,O
prop-1-ene

Pd * HCl * O, Pdcl, * H,0

“4)

In the laboratory, acetone is obtained by oxidizing isopropyl alcohol
with potassium dichromate in an aqueous solution of sulfuric acid by reaction
scheme (5) [6].

OH o
+
AN + Kero, * Hso, ———— M Cray(s0ms * K250, H,0
propan-2-ol propan-2-one ( 5)

The reaction is carried out in a round-bottomed flask with a reflux condenser
while heating (figure 1).
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Reaction flask
with reaction
mass

Cold water

Figure 1 — Installation for acetone synthesis

Then the reflux condenser is replaced with a direct one and the fraction boiling
in the range of 55-58 °C is distilled off in a water bath (figure 2).

1 — heating device, 2 — round-bottomed flask, 3 — nozzle, 4 — thermometer,
5 — direct refrigerator, 6 — long, 7 — receiver
Figure 2 — Installation for distilling acetone from the reaction mass

The authors used MOF [Cuz(1,4-chdc):] as a heterogeneous catalyst for
alcohol oxidation (e.g., 2-propanol, cyclohexanol) with H-O-. Unlike other copper
carboxylates, this MOF remains stable in H>O2. Copper leaching was ruled out,
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confirming its role as a solid catalyst [7]. A green intermediate, identified as copper
peroxide H:[Cuz(1,4-chdc)2(02)], was isolated and found catalytically active,
converting 2-propanol to acetone even without H.O- [8].

a) axe a b) axe b c)axec

Figure 3 — Unit-cell packing of complex [Cu2(1,4-chdc)2]

R, H Catalyst R4

* HyO, O * H,0,
R2><OH in CH;CN R2)=

R =aryll, alkyl; R, = H, alkyl

)

Materials and methods

Reagents used in the synthesis: 4-azido-1H-pyrazole, 3-azido-5-methyl-
1H-pyrazole, 1-(5-methyl-1H-pyrazol-3-yl)-1H-1,2,3-triazole-4-carboxylic
acid, 1-(1H-pyrazol-4-yl)-1H-1,2,3-triazole-4-carboxylic acid, cadmium nitrate
tetrahydrate, cuprum nitrate dihydrate purchased from Sigma-Aldrich.

Solvents: dimethylformamide, diethylformamide, dioxane, dimethyl
sulfoxide, ethanol, sodium hydroxide, hexane, propan-2-ol were classified as
chemically pure and were used without further purification.

The progress of the reactions was monitored by TLC. To detect fluorescent
traces on TLC plates, a BL-Black-Light UV lamp (365 nm), Vilber, France was
used.

The solvent was distilled off using a PE-8920 rotary evaporator
(OO0 EKROSKHIM, St. Petersburg).

The melting point was measured with a device for determining the melting
point PTP(M), V ~ 220 V, W = 500 VA, TU 92-891.001-90, 2006.
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The thermosolvate synthesis of MOFs was carried out in an LF-25/350-VS2
oven with a power of 1200 W (AO LOIP, St. Petersburg).

Solids were dispersed using a GA008G ultrasonic bath (GRANBO, China).

NMR spectra were recorded using a Bruker Advance III instrument
(500 MHz).

IR spectra in KBr granules were recorded in the range 4000-400 cm—1 on a
Bruker Scimitar FTS 2000 spectrometer.

Thermogravimetric analysis was performed on a NETZSCH TG 209F3
TGA209F3A-0646-L instrument in an He atmosphere in the range from 30
to 850 °C, heating rate 10°C/min.

Powder X-ray diffraction (PXRD) analysis was performed at room
temperature on a Shimadzu XRD-7000 diffractometer (Shimadzu Corporation,
Kyoto, Japan, Cu-K a radiation, A= 1.54178 A).

Elemental analysis was performed on a Vario Microcube analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany).

The possible formation of acetone from isopropanol was monitored using
a gas chromatograph Kristallux-4000M (Meta-Chrome, Republic of Mari El,
Yoshkar-Ola).

Methods for the synthesis: thermosolvation method for the synthesis of
MOFs using various solvents, metals and temperatures; modification of MOFs
with titanium dioxide (TiO2) nanoparticles; isopropanol oxidation in the presence
of a catalyst (MOF) and hydrogen peroxide under the influence of ultraviolet
radiation with constant stirring.

Results and discussion

After a series of thermosolvate syntheses, selecting a solvent, metal and
temperature, a cadmium-containing frameworks C.H,CdN,O, (MOF-1) (Mr =
289 g/mol) was obtained, which is based on the ligand 1-(1H-pyrazol-4-yl)-1H-1,2,
3-triazole-4-carboxylic acid and C.H,CdN,O, (MOF-2) (M = 304 g/mol), which
is based on the ligand 5-methyl-1H-pyrazol-3-yl-1H-1,2,3-triazole-4-carboxylic
acid (figure 4).

It is known that titanium dioxide nanoparticles are widely used in organic
synthesis in the processes of complete oxidation of organic substances. Selective
oxidation of isopropanol was carried out in the presence of:

a) MOF-1 (5 mol %) and titanium dioxide nanoparticles (10 mg);

b) MOF-1 (5 mol %) and 43,8 % hydrogen peroxide (5 mol %);

¢) MOF-2 (5 mol %) and 43,8 % hydrogen peroxide (5 mol %);

d) MOF-2 (5 mol %) and titanium dioxide nanoparticles (10 mg).

In a previously presented article, the authors described the oxidation of
alcohols catalyzed by copper-containing MOFs in the presence of hydrogen
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peroxide [9]. The oxidation reaction of isopropanol (3 ml) with obtained
frameworks (5 mol %) and hydrogen peroxide (5 mol %) was carried out under
the influence of ultraviolet radiation of 24 W and during constant stirring. Then,
we performed flash chromatography for (c) and (d) on the resulting mixture of
isopropanol and acetone to separate the water contained in the added hydrogen
peroxide solution and recorded a gas chromatogram.

Figure 4 — MOF-1 and MOF-2 structure obtained after X-ray diffraction

Alcohol oxidation to carbonyl compounds is key in organic chemistry,
especially for eco-friendly processes and material production. Acetone, essential
in labs and industries, serves as a solvent and precursor for various products
like adhesives and coatings. Industrial acetone production is primarily via
cumene hydroperoxide oxidation, producing both acetone and phenol. However,
alternatives to this method are needed to balance the phenol market.

Titanium dioxide nanoparticles are known for catalyzing complete organic
oxidation. Using this, the authors modified a previously synthesized MOF (with
cadmium and 1-(1H-pyrazol-4-yl)-1H-1,2,3-triazole-4-carboxylic acid ligand) by
adding titanium oxide nanoparticles through solvothermal synthesis. The modified
MOF showed distinct absorption properties and was tested for isopropanol
oxidation to acetone as a model reaction (10).

11
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H 0
I /
CH3—C|:—OH CHS—C\
CHs CHg
2-propanol propanone

(acetone) (10)

The oxidation reaction of isopropanol (3 ml) in the presence of modified
MOF (5 mol %) and hydrogen peroxide (5 mol %) was carried out under the
influence of ultraviolet radiation of 24 W and during constant stirring [10].

We tested different catalytic systems for the oxidation of isopropanol,

under which conditions we obtained different results of the reaction, presented
in table 1.

Table 1 — results of the isopropanol oxidation reaction

Products of the reactions
Catalytic system Initial Content, Obtained Conversion,
substance % %
substance
MOEF-1 (5 mol %) and
titanium dioxide nanoparticles Isopropanol 100 Acetone 61,8
(10 mg)
MOF-1 (5 mol %) and
hydrogen peroxide (5 mol %) Isopropanol 100 Acetone 0
MOEF-2 (5 mol %) and
hydrogen peroxide (5 mol %) Isopropanol 100 Acetone 0
MOE-2 (5 mol %) and titanium
dioxide nanoparticles (10 mg) Isopropanol 100 Acetone 0

Then, we performed flash chromatography on the resulting mixture of
isopropanol and acetone to separate the water contained in the added hydrogen
peroxide solution and recorded a gas chromatogram.

To monitor the progress of the reaction, we used a Kristallux-4000M gas
chromatograph.

First, pure isopropanol was analyzed to determine its retention time. The
chromatogram of pure isopropanol is shown in Figure 5.

12
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Figure 5 — Chromatogram of the starting substance — isopropanol

Chromatograms of samples of the resulting substance taken from catalytic
systems are presented in figure 6.
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Figure 6 — Chromatograms of resulting product in different catalytic systems

Conclusion
During this thesis, the following practical results with industrial potential
were achieved:
a) A cadmium-based MOF with 1-(1H-pyrazol-4-yl)-1H-1,2,3-triazole-
4-carboxylic acid as the linker was synthesized. Characterized by IR, X-ray
13
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diffraction, and TGA-DSC, the MOF has a near-cubic cell structure with 49 % free
volume (1286.55 A%), offering strong sorption capabilities. Its porous, tetragonal
tunnel structure makes it suitable for storing, separating, and transporting liquids
and gases. However, it is catalytically useful only in low-temperature reactions
due to mass loss above 400 °C.

b) Modifying this MOF with titanium dioxide may enhance its oxidative
ability, enabling its use as a catalyst for alcohol-to-ketone oxidation.

This study was carried out with the financial support of Ministry of Science
and Higher Education of the Republic of Kazakhstan, project AP 08856049
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METAJIABIK OPTAHUKAJIBIK IOJIMMEPJIEPAIH CUHTE3I
KOHE OJIAPABI ®POTOKATAJIU3ATOP PETIHJAE KOJJJAHY

Bynmaxanada cnupmmin kapoonundi Kocolivicmapeaa momsi2ybiHOAzbl,
acipece U30NPONAHONObIY AYEMOHRA AUHALYbIHOARLL POiHe baca Ha3ap
ayoapa omuipuln, MEmaui-op2aHuUKaiIblK KOOPOUHAYUANBIK ROTUMEPLEPOil
(MOKII) cunme3si mer KamaiumuKaniwvlk KOJLOAHbLIYbl KAPACBIPbLIAOb.
[Cuz(1,4-chdc):] cuasxkmer MOKII-mepOiy yaxken 6eminiy ayoaHul,
pemmeinemin KeyeKmi KYpoLIbLMbl JCoHe Kauma eHoey MyMKiHOi2i bap, Oyn
011apObl APMYPIT KAMATUMUKATBIK KOLOAHOANAP YUWiiH ome KOalibl emeoi.
byn sepmmey MOKII xacuemmepin, cunmesin JHcoHe KAMAIUMUKALBIK
MexarHusmoepin 3epmmetioi, KyMeH npoyeci cUskmol 0aCmypii ayemoH
6HOIpy 20icmepindeci macenenepdi wewedi. On YVK-kamanuzoencen
pearyusnapoazel muimoinikmi sco2apwiiamoin, MOKII momui2y Kabinemin
apmmulpy YuwiiH cymeei ACKblH MOMbIblH MUMAaH OUOKCUoimer bipee
MOMbIKMbIPEbIUL peminoe Naudaianyovl Kepcemeoi. DKcnepumeHmmix
Homudcenep muman Ouokcuoi moougurayuanranean MOKII scozapul
KamanumuKanvlk 0eiceHOLiK nen mypakmoliblKneH OHMailivl OHIMOLIIKKe
KOJL JicemKi3in, ayemon eHOIPICi YiliH IKOI0SUANBIK MA3a HCIHe YHeMOI
wemimoi Kammamacols ememinin Kopcemeoi.
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CUHTE3 METAJVIOOPTAHNYECKHUX KOOPIUHAIIMOHHBIX
NOJIMMEPOB 1 UX IPUMEHEHUE B KAYECTBE
DOOTOKATAJ/IN3ATOPOB

B smou cmamve uccredyemcsa cunmes u Kamaiumuyeckoe
npumMeHeHue Memaiioopeaniuieckux KoOOpOUHAYUOHHBLX NOIUMEDOS
(MOKTI) ¢ akyenmom Ha ux poau 8 OKUCIEHUY CAUPMA 00 KAPOOHUTbHBIX
coeOuHeHull, 0cCOOEeHHO 8 NpespaujeHul U30NPONAHOId 8 AYeNnOH.
MOKII, maxue xax [Cuz(1,4-chdc):], obnadarom 6oavuiou niowaovio
NOBEPXHOCIU, HACMPAUBAEMOT NOPUCTOL CIPYKIMYPOU U BO3MONCHOCTIBIO
NOBMOPHO2O UCHOIbIOBAHUS, YO 0eNdem UX UOealbHbIMU O PA3TUUHBIX
Kamanumudeckux npumenenuil. B smom ucciedosanuu u3zyuaromcs
ceoticmea, cunmes u xamaiumuueckue mexanuzmol MOKII, pewas
npoobiemvl 8 MpAOUYUOHHBIX MemoOax NPou3go0Cmsea ayemoHd, maxKux
KaK KYMOJbHbBILL npoyecc. B Hem nooueprusaemcs ucnoib308anue nepekuc
68000p0o0a 8 Kawecmee OKUCIUMENs 8 COYeManul ¢ OUOKCUOOM MUMAHA
01 nosviuenus oxucaumensroil cnocoornocmu MOKII, demoncmpupys
NnoBbIUWEHHYIO I pexmusHocms 6 peakyusx, Kamaiusupyemvix Y-
uznyveHuem. DKcnepumenmaibHble pe3yibmanmsl NOKA3bl8AOM,
umo moougpuyupogantvie ouokcuoom mumana MOKII oocmuearom
ONMUMANLHOU NPOU3BOOUMEbHOCMIU C 8bICOKOU KAMAIUMUYECKOU
AKMUBHOCMBIO U CMADUTLHOCTBIO, 00eCNeyusas IKON0UYECKU YUCTOe U
9KOHOMUYECKU 8bI2OOHOE peuieHue OJis NPOU3800CH8d Ayemond.

Knwuesvie crosa: memaniopeanuueckue KOOpOUHAYUOHHbIE
noauMepsl, OKUCIeHUe CRUPmMos, Kamaius, npou3soo0cmeo ayemond,
nepoxcuo 8000pooa.
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Tepyre 11.12.2024 x. xi6epinmi. bacyra 17.12.2024 5x. Ko KOWBUIIHI.
DneKTpoH B! Oacta
4,46 Mb RAM
[HapTTe! 6acna Tabarst 9,50.
Tapanbever 300 mana. barackr kemiciM OOWBIHIIIA.
Kommsrotepne 6erreren A. K. Temupranunosa
Koppexkropnap: A. P. Omaposa, JI. A. Koxac
Tanceipsic Ne 4319

Cnano B Habop 11.12.2024 . [Tognucano B neyats 17.12.2024 1.
DIIEKTPOHHOE U3AaHUE

4,46 Mb RAM
Ve . i 9,50. Tupax 300 3x3. Llena goroBopHast.
Kommnsrotepnas Bepctka A. K. Temupranunosa
Koppextopsi: A. P. Omaposa, /1. A. Koxac
3aka3 Ne 4319
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