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Introduction

Modern homogeneous catalysts for metathesis reactions are based on stable carbene complexes
especially of Ru, Mo, and W [1]. For large-scale industrial applications, heterogeneous catalysts
remain the preferable choice because of low cost, high stability, easy catalyst regeneration and the
possibility of easier separation of the catalyst from the reaction mixture. Typical examples are
Mo0Os/Si0,, WO5/Si0, and Re,07/Al,03;, without or with cocatalyst (usually tetraalkyltin).
Tungsten and molybdenum oxide catalysts require higher reaction temperatures, where side
reactions decreasing metathesis selectivity can occur. Only rhenium oxide catalysts exhibit a high
activity and selectivity at reaction temperatures below 100 °C. Supported molybdenum oxide
catalysts have received much attention because they are widely used in industrial petrochemical
processes, including metathesis (e.g. Phillips triolefin process, Shell higher olefin process,
neohexene process) [2].

In 1992, successful synthesis of M41S molecular sieves opened a new area in heterogeneous
catalysis. Silicate structures with tunable pore size and high surface area with narrow pore size
distribution make the mesoporous molecular sieves ideal for catalysts supporting [3].

The aim of my PhD project was to develop new types of heterogeneous catalysts for metathesis
of alkenes based on molybdenum oxide supported on siliceous mesoporous molecular sieves. This
approach should improve the activity of molybdenum oxide catalyst in this reaction utilizing the
high surface area of the support material.

Preparation and characterization of the catalysts

Three types of mesoporous silica were employed in this study: hexagonal MCM-41 with one-
dimensional array of channels and pore size about 3 nm, SBA-15 with the same geometry but
approximately two times larger pores, and cubic MCM-48 with three-dimensional array of
intersecting channels and roughly the same pore diameter as MCM-41. As the reference support,
conventional silica with high surface area (Silica gel 40, Merck) was used. The most common
method for the preparation of supported molybdenum catalysts is the impregnation from aqueous
solution of ammonium heptamolybdate [4]. However, the necessary treatment of wastewater is a
serious drawback. Moreover, the impregnation of MCM-41 was reported to cause the destruction of
mesoporous structure [5]. Therefore, the thermal spreading method was utilized for the modification
of mesoporous molecular sieves with molybdenum oxide in this study.

Support and molybdenum oxide were carefully mixed together by hand grinding in the
following weight ratios: 4, 6, 8, 12, and 16 wt. % of molybdenum. The physical mixtures were then
thermally treated in air at 500 °C for 8 h in a temperature-programmed furnace. For comparison
with MoOs based catalyst, direct synthesis of Mo-MCM-41 was performed either by adding
ammonium heptamolybdate to the synthesis gel during the preparation of MCM-41 or according to
Higashimoto et al. [6]. In addition, MCM-41 supported catalysts were also prepared by
impregnation of MCM-41 with aqueous solution of ammonium heptamolybdate or
dimethylformamide solution of molybdenum acetylacetonate. Finally, thermal spreading of
molybdenum acetylacetonate over MCM-41 was employed as well.

The catalysts and the supports were characterized by X-ray diffraction, nitrogen adsorption
measurement and chemical analysis. By X-ray powder diffraction at low angles it was shown that
the mesoporous structure of the supports was preserved during the preparation of the catalysts.
After the modification of mesoporous sieves with MoOj the intensity of individual X-ray diffraction
lines of mesoporous silica decreased, however, the character of the diffractogram was not changed.
The structural integrity of the catalysts remained unchanged also in the course of metathesis
reaction. Mo-MCM-41 prepared according to Higashimoto et al. [6] showed only a low degree of
ordering of the mesoporous structure.

The X-ray powder diffraction at higher angles confirmed that MoO; disperses over the surface
of mesoporous silicas MCM-41, MCM-48 and SBA-15. Crystalline molybdenum oxide was
observed only at the highest loadings (12 and 16 wt. % Mo). The average particle size of



molybdenum oxide crystallites estimated according to the Scherrer equation was from 3 to 5 nm for
catalysts with 16 wt. % Mo.

Textural properties of the supports and catalysts were examined using nitrogen adsorption at
-196 °C. It was verified that prepared mesoporous molecular sieves exhibit adsorption isotherms
typical for mesoporous materials possessing high surface areas and narrow pore size distributions.
By the method of comparative plots, the presence of micropores was excluded for all mesoporous
silicas. Decreasing surface area and pore volume of the catalysts was observed with increasing
molybdenum oxide loading. Only a small reduction in pore size suggests that MoOs is inside the
channels in a dispersed state. Slight differences in corrected surface area expressed in m” per g SiO,
indicate that the dispersion of molybdenum oxide did not cause the structural collapse of the
supports. On the other hand, when MCM-41 was modified with MoO;(acac), via both thermal
spreading and impregnation from dimethylformamide solution, significant decrease in both surface
area and pore volume was detected, as well as in the case of impregnation of MCM-41 with
ammonium heptamolybdate water solution.

Catalyst loadings calculated from the amount of MoOj; used for their preparation via thermal
spreading were in accordance with that based on X-ray fluorescence analysis. On the other hand,
the Mo content in MCM-41 supported catalysts prepared by impregnation was lower than Mo
loading calculated from the amount of Mo used for catalysts preparation (4.7 and 2.3 wt. % Mo for
impregnation with MoO;(acac), and (NH4)sMo070,4 solution, respectively; desired loading was
6 wt. % Mo). In the case of direct synthesis of Mo-MCM-41 the difference was even larger (e.g. Mo
content 0.8 wt. % Mo when amount of (NH4)sM070,4 used for synthesis corresponded to 6 wt. %
Mo).

Catalytic testing — metathesis of alkenes

Metathesis of 1-octene was carried out in a liquid phase using a stirred glass batch reactor. The
substrate was purified with activated alumina and metallic sodium. The catalyst was activated under
the stream of air at 500 °C, whereas the catalytic reaction was conducted under the inert atmosphere
(Ar). The reaction proceeded under mild conditions (ambient or slightly elevated temperature)
without solvent. The samples of the reaction mixture were analyzed by a high-resolution gas
chromatography. Metathesis of 1-octene proceeded according to Eq. 1.

2 CH;(CH,)sCH=CH, S CH,=CH, + CH3(CH,)sCH=CH(CH,)sCHj (1)

Due to the liberation of ethene from the reaction mixture, higher conversion than the equilibrium 50
% can be achieved. Except the main metathesis reaction (Eq. 1), a double-bond shift isomerization
of starting alkene followed by subsequent cross-metathesis with the substrate molecule can proceed.
The isomerization reactions are catalyzed by Brensted acid sites and/or metallohydride centers on
the surface of the catalyst [7].

The highest catalytic activity in terms of initial turn-over frequency (TOF) exhibited
MoO3/MCM-41 with 6 wt. % Mo (0.014 s™), with selectivity to 7-tetradecene being 84 % (Fig. 1).
The activity of MoO; based catalysts loaded with 8 wt. % Mo decreased in the order
MoO;/MCM-41 > MoO3;/MCM-48 > MoO3/SBA-15 > Mo0O5;/SiO; (Fig. 1), while the selectivity
was slightly increasing (from 82 to 95 %). Catalysts of lower loadings (from 4 to 8 wt. % Mo)
exhibited higher specific activity than the catalysts with the highest loading (16 wt. % Mo).

Among different types of MCM-41 supported catalysts, only that prepared from MoO,(acac),
by impregnation or by thermal spreading exhibited as high conversion of 1-octene as MoO3;/MCM-
41 catalyst with 6 wt. % Mo (75 % after 360 min of the reaction at 40 °C when initial substrate-to-
catalyst molar ratio was 350), despite lower Mo content in the impregnated catalyst (4.7 wt. % Mo).
The selectivity to 7-tetradecene was the highest in the case of the catalyst prepared by thermal
spreading of MoO; (85 % after 360 min of the reaction), but substantially lower in the case of
MoO;(acac), catalysts (62 % and 58 % for the catalysts prepared via thermal spreading and via
impregnation, respectively).
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Fig. 1. Dependence of the catalytic activity on Mo loading and type of the support for MoOs based
catalysts prepared via thermal spreading. Metathesis of 1-octene at 40 °C.

As for MCM-41 supported catalyst prepared by impregnation from ammonium heptamolybdate
water solution and by direct syntheses of Mo-MCM-41, significantly lower conversions were
reached in comparison with MoO3/MCM-41 catalyst prepared by thermal spreading.

With MoO3;/MCM-41, no leaching of molybdenum species was observed and the concentration
of Mo in the products was lower than 0.005 ppm. If the spent catalyst was washed with hexane and
re-activated at 500 °C for 0.5 h under the stream of dry air, the same activity and selectivity was
achieved as with fresh catalyst.

Structure — activity relationships

The differences in catalytic activity in metathesis of 1-octene were correlated with the structure
of the most active MoOs based catalysts using Raman spectroscopy. The Raman spectra of
MoO;/MCM-41 with different Mo loadings are displayed in Fig. 2.

While isolated monomeric molybdenum species (981 cm™) were prevailing for low loadings,
with higher Mo content the amount of polymolybdates at 959 cm™ increased and finally for the
highest loaded catalyst the bulk molybdenum oxide (995 cm™) was dominating. The monomeric
Mo species are supposed to give rise to the most catalytically active centers, whereas the active
species generated from polymolybdates possess lower catalytic activity. Bulk MoQOj is practically
inactive as a catalyst in the metathesis reaction. Thus, the enhanced specific activity in the loading
region from 4 to 8 wt. % Mo can be elucidated as a result of a relatively high amount of isolated
monomeric molybdenum species on the surface of the catalysts [8].

For MoO3;/MCM-48 catalysts, molybdenum was present prevailingly in the form of dispersed
surface polymolybdates, whereas in the case of MoO3;/SBA-15 catalysts much larger part of Mo
content was in MoOs bulk phase as compared with MCM-41 and MCM-48 supported catalysts.
Therefore, lower catalytic activity of MCM-48 and SBA-15 supported catalysts (Fig. 1) is not
surprising.

Using FTIR spectroscopy, it was estimated that the concentration of surface OH groups
decreased in the order MCM-41 > MCM-48 > SBA-15, i.e. in the same order as the dispersion of
Mo species as determined by Raman spectroscopy. Thus, the differences in the dispersion of Mo
among MoO3;/MCM-41, MoO3/MCM-48, and MoOs/SBA-15 catalysts may be assigned to different
concentrations of OH groups per gram of the individual supports.
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Fig. 2. Laser Raman spectra of MoO3;/MCM-41 with 4 (A), 8 (B), 12 (C) and 16 (D) wt. % Mo and
MoOs (E).

Catalytic testing - metathesis of unsaturated ethers and esters

Metathesis of unsaturated ethers and esters was carried out in the same way as metathesis of 1-
octene. However, the catalysts exhibited much lower activity even if tetramethyltin was employed
as a cocatalalyst. The highest conversion was achieved in metathesis of 4-allylanisole (33 %
conversion after 360 min of the reaction over MoO3;/MCM-41 catalyst with 8 wt. % Mo at 40 °C;
toluene was used as a solvent, the tin-to-molybdenum molar ratio was 0.9 and initial substrate-to-
catalyst molar ratio was 24).

Catalytic testing — polymerization of alkynes

Good results were achieved in polymerization of aliphatic 1-alkynes under mild conditions. In
the case of 1-hexyne, 64 % yield of the polymer (M,, = 30 000, M,/M, = 2.3) together with 22 %
yield of higher oligomers (M,, = 2 700) and cyclotrimers was achieved after 180 min of the reaction
over MoO3s/MCM-41 with 6 wt. % Mo at 40 °C under inert atmosphere [9]. For catalysts with 6 wt.
% Mo, poly(1-hexyne) yield after 180 min of the reaction increased in the order MoO3/SiO; <
MoO3;/MCM-48 < MoO3/MCM-41 < MoOs/SBA-15 (4, 22, 38, and 64 %, respectively) together
with M,, of the polymers (6 800, 8 800, 23 000, and 30 000, respectively). On the other hand, with
tert-butylacetylene, 2-hexyne, and phenylacetylene, only low yields of corresponding polymers
were obtained under the same conditions (11, 1, and 1 %, respectively).

Poly(1-alkynes) easy separable from the catalysts and free of catalyst residues were provided.
The polyacetylene-like structure of the polymers (conjugated main chain with alkyl pendant groups)
was confirmed by '"H NMR. It was shown that 1-octene acted as a chain transfer agent, which
supported the assumption that the polymerization of 1-hexyne over MoOs;/MCM-41 catalyst
proceeded via metal carbene mechanism.

In comparison with corresponding MoO; based catalysts, Schrock carbene complex
Mo(=CHCMe,Ph)(=N-2,6-i-Pr,CsH3)[OCMe(CF3),], grafted on MCM-41 and SBA-15 exhibited
slightly lower polymer yields (34 and 59 %, respectively) and significantly lower molecular weights
of poly(1-hexyne)s (M,, 7 500 and 4 900, respectively).
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Conclusions

New highly efficient catalysts for metathesis of alkenes and polymerization of aliphatic
1-alkynes were developed.

In metathesis of 1-octene, MoOs supported on MCM-41 with optimum 6 wt. % Mo loading
exhibited more than four times higher activity than corresponding catalyst supported on
conventional SiO; and high selectivity to 7-tetradecene (84 %). This new type of catalyst can be
easily and with low costs prepared via environmentally friendly thermal spreading method and in
contrast to commercial catalysts works under mild conditions. After reactivation, the catalyst fully
recovers to its original activity and selectivity. The Raman spectra showed that molybdenum oxide
dispersion over the surface of mesoporous siliceous supports depends on Mo loading and kind of
support used and correlates with catalytic activity in alkene metathesis.

In polymerization of alkynes, poly(1-hexyne) with M,, = 30 000 was obtained in 64 % yield
after 180 min of the reaction at 40 °C over the most active MoO3;/SBA-15 catalyst with 6 wt. % Mo.
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Uvod

Moderni homogenni katalyzatory pro metathese alkenii jsou zaloZzeny na stabilnich
karbenovych komplexech zejména ruthenia, molybdenu a wolframu [1]. Pro velké pramyslové
aplikace vSak ziistdvaji upfednostiiovanou volbou heterogenni katalyzétory, a to diky jejich nizké
cené, vysoké stabilité, snadné regeneraci a moznosti 1épe separovat katalyzator z reakéni smési.
Typickymi ptiklady jsou MoO;/Si0,, WO3/SiO, a Re,O07/Al,05; s kokatalyzatorem (vétSinou
tetraalkylcin) nebo bez n¢j. Katalyzatory zaloZzené na oxidech wolframu a molybdenu vyzaduji
vyssi reakéni teploty, pfi kterych mohou probihat vedlejsi reakce snizujici selektivitu. Pouze
katalyzatory s drahym oxidem rhenia vykazuji vysokou aktivitu a selektivitu za teplot niz§ich nez
100 °C. Nosicové katalyzatory na bazi oxidu molybdenového pfitahuji velkou pozornost, protoze
jsou Siroce uzivany v pramyslovych petrochemickych procesech zahrnujicich metathesi (napf.
Phillips triolefin process, Shell higher olefin process, neohexene process) [2].

Vroce 1992 se diky syntéze molekulovych sit typu M41S oteviela nova éra v oblasti
heterogenni katalyzy. Diky kifemicitanové struktufe s volitelnou velikosti porti a vysokym
specifickym povrchem s uzkou distribuci velikosti port jsou mesoporesni molekulova sita idealnimi
nosici katalyticky aktivnich fazi [3].

Cilem mého doktorského projektu bylo vyvinout novy typ heterogenniho katalyzatoru pro
metathesi alkend, zalozeny na oxidu molybdenovém naneseném na kiemicitanovych mesoporesnich
molekulovych sitech. Tento ptistup by mél diky vyuziti vysokého specifického povrchu nosice vést
ke zvyseni aktivity molybdenového katalyzatoru ve zkoumané reakci.

Piiprava a charakterizace katalyzatoru

Vtéto praci byly pouzity tii typy mesoporesni siliky: hexagonalni MCM-41
s jednodimenzionalnim systémem pord o priméru cca 3 nm, SBA-15 se stejnou geometrii, ale
zhruba dvakrat vétSimi pory, a kubickd MCM-48 s tfidimenziondlnim systémem protinajicich se
portt o velikosti srovnatelné s MCM-41. Jako srovnavaci nosi¢ byla pouZita konvencni silika
s vysokym specifickym povrchem (Silica gel 40, Merck).

Nejbéznéjsi metodou piipravy nosicovych molybdenovych katalyzatorii je impregnace nosice
vodnym roztokem molybdenanu amonného [4]. Nicméné, nezbytné zpracovani odpadnich vod
muze byt vaznou nevyhodou tohoto procesu. Kromé toho bylo publikovéano, Ze impregnace MCM-
41 zplsobuje destrukci mesoporesni struktury [5]. Proto byla v této préci pro pifipravu katalyzatora
zvolena modifikace mesoporesnich molekulovych sit oxidem molybdenovym metodou ,,thermal
spreading*.

Nosi¢ byl ve tfeci misce peclivé smichan s MoOs v pomérech odpovidajicich 4, 6, 8, 12 a 16
hmotnostnim procentim molybdenu. Tyto smési byly poté kalcinovany na vzduchu pfi teploté
500 °C po dobu osmi hodin. Pro srovnani s katalyzatory zaloZenymi na oxidu molybdenovém byla
provedena piima syntéza Mo-MCM-41, at’ uz pfidanim molybdenanu amonného do syntezni smési
pii ptipravé MCM-41 nebo podle Higashimota a kol. [6]. Krom¢ toho bylo MCM-41 impregnovano
vodnym roztokem molybdenanu amonného nebo dimethylformamidovym roztokem acetylacetonatu
molybdenového. Navic byl katalyzator na bazi MCM-41 piipraven metodou ,,thermal spreading*
z acetylacetondtu molybdenového.

Nosice a katalyzatory byly charakterizovany pomoci difrakce rentgenovych paprski, adsorpce
dusiku a chemické analyzy. Pomoci difrakce rentgenovych paprski za nizkych uhli bylo ukazéano,
ze mesoporesni struktura nosi¢e nebyla béhem piipravy katalyzatoru porusena. Po modifikaci
mesoporesnich molekulovych sit oxidem molybdenovym intenzita jednotlivych difrakénich linif
mesoporesniho kiemicitanu poklesla, avSak charakter difraktogramu ziistal nezménén. Strukturni
integrita katalyzatoru byla zachovéana i v pribéhu metathetické reakce. Katalyzator Mo-MCM-41
piipraveny podle Higashimota a kol. [6] vykazal pouze nizky stupen uspofadani mesoporesni
struktury.

Difrakce rentgenovych paprska za vyssich Ghla potvrdila, Ze se oxid molybdenovy disperguje
na povrchu mesoporesnich kiemicitani MCM-41, MCM-48 a SBA-15. Krystalicky MoO; byl
pozorovan pouze pii nejvyS§im obsahu oxidu molybdenového (12 a 16 hm. % Mo). Primérna



velikost krystalith oxidu molybdenového odhadnutd pomoci Scherrerovy rovnice byla pro
katalyzatory se 16 hm. % Mo v rozmezi 3 — 5 nm.

Texturni vlastnosti nosict a katalyzatori byly vysetfovany pomoci adsorpce dusiku pii teploté
-196 °C. Bylo ovéfeno, Ze pfipravend mesoporesni molekulova sita vykazuji adsorpéni isothermy
typické pro mesoporesni materidly s velkym specifickym povrchem a uzkou distribuci velikosti
porti. Metodou ,,comparative plots* byla vylou¢ena pfitomnost mikroport pro v§echny mesoporesni
kfemicitany. S rostoucim obsahem oxidu molybdenového se snizoval specificky povrch a objem
porl. Jen malé sniZeni velikosti porti implikuje, Ze oxid molybdenovy je uvnitf port
v dispergovaném stavu. Pouze malé rozdily v hodnoté specifického povrchu vyjadieného v m® na g
Si0, mezi jednotlivymi katalyzatory ukazuji, Ze disperze oxidu molybdenového nezpusobila kolaps
struktury nosi¢li. Na druhou stranu, pokud byl pro pfipravu katalyzatoru pouzit acetylacetonat
molybdenovy, at uz pomoci metody ,thermal spreading“ nebo impregnaci
z dimethylformamidového roztoku, byl zjistén znacny pokles specifického povrchu i objemu port,
stejné jako v pfipad¢ impregnace MCM-41 vodnym roztokem molybdenanu amonného.

Obsah molybdenu v katalyzatorech vypocitany z mnozstvi MoOs pouzitého pro pripravu
katalyzatori metodou ,thermal spreading“ byl vsouladu s obsahem Mo zjisténym
rentgenofluorescen¢ni analyzou. Naproti tomu obsah Mo v katalyzatorech zalozenych na MCM-41
a pripravenych impregnaci byl nizsi, nez by odpovidalo mnozstvi molybdenu uzit¢ho pii jejich
pripraveé (4,7 a 2,3 hm. % Mo pro katalyzatory pfipravené z roztoku MoO;(acac), a (NH4)sM07024;
pozadovany obsah Mo byl 6 hm. %). V ptipad¢ ptimé syntézy Mo-MCM-41 byl tento rozdil jeste
vy$si (napt. obsah Mo 0,8 hm. %, kdyz mnozstvi (NH4)sM070,4 pouzitého pro syntézu odpovidalo
obsahu Mo 6 hm. %).

Katalytické testovani — metathese alkeni

Metathese 1-oktenu byla provadéna v kapalné fazi za pouziti michaného vsadkového reaktoru.
Substrat byl ¢istén aktivovanou aluminou a kovovym sodikem. Katalyzator byl aktivovan v proudu
vzduchu pfi teploté 500 °C, zatimco reakce byla vedena v inertni atmosféte (Ar). Reakce probihala
za mirnych podminek (laboratorni nebo mirné zvysSena teplota) a bez ptitomnosti rozpoustédla.
Vzorky reakéni smési byly analyzovany pomoci vysokorozliSovaci plynové chromatografie.
Metathese 1-oktenu probihé podle rovnice 1.

2 CH;(CH,)sCH=CH, S CH,=CH, + CH3(CH,)sCH=CH(CH,)sCHs (1)

Diky uvolnovani ethenu z reak¢éni smeési je mozno dosdhnout vyssSich konverzi nez je rovnovaznych
50 %. Krom¢ hlavni metathetické reakce (rov. 1) mlize na molekuldch substratu probihat také
izomerizace s posunem dvojné vazby, ndsledovana cross-metathesi s jinou molekulou substratu.
[zomerizaéni  reakce jsou katalyzovany  Brenstedovskymi  kyselymi misty a/nebo
metalohydridovymi centry na povrchu katalyzatoru [7].

Nejvyssi pocatecni katalytickou aktivitu (vyjadienou jako pocet reakcnich obratli na jednom
aktivnim centru za jednotku ¢asu, TOF) vykazal katalyzator MoO3;/MCM-41 s obsahem 6 hm. %
Mo (0,014 s™), pii selektivité na 7-tetradecen 84 % (obr. 1). Aktivita katalyzatora zaloZzenych na
oxidu molybdenovém s obsahem 8 hm. % Mo klesala v pofadi MoO3;/MCM-41 > MoO3;/MCM-48 >
MoO3/SBA-15 > MoOs3/SiO; (obr. 1), zatimco selektivita stoupala (z 82 na 95 %). Katalyzatory
s niz§im obsahem Mo (od 4 do 8 hm. %) vykazaly vyssi specifickou aktivitu nez katalyzatory
s nejvyssim obsahem Mo (16 hm. %).

Pti srovnani raznych katalyzatorti vychazejicich z molekulového sita MCM-41, pouze ty
pripravené¢ z MoOs(acac),, at’ uz impregnaci nebo metodou ,.thermal spreading®, vykazaly stejné
vysokou konverzi 1-oktenu jako katalyzator MoO3/MCM-41 se Sesti hm. % Mo (75 % po 360
minutach reakce pfi teploté¢ 40 °C), prestoze katalyzator pfipraveny impregnaci mé¢l nizsi obsah
molybdenu (4,7 hm. % Mo).
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Obr. 1. Zavislost katalytické aktivity na obsahu Mo a typu nosi¢e pro katalyzatory zalozené na
MoO; ptipravené metodou ,.thermal spreading”. Metathese 1-oktenu pfi teploté 40 °C.

U katalyzatoru MoO3/MCM-41 nebylo pozorovano vymyvani molybdenu a koncentrace Mo v
produktech byla niz§i nez 0,005 ppm. Pokud byl katalyzitor po reakci promyt hexanem a
reaktivovan v proudu vzduchu pii teplote¢ 500 °C po dobu 0,5 h, bylo dosazeno stejné konverze a
selektivity jako s nepouzitym katalyzatorem.

Vztahy mezi strukturou a aktivitou

Rozdily v katalytické aktivité v metathesi 1-oktenu byly u nejaktivnéjSich katalyzatort typu
MoO;3;/MCM-41 korelovany s jejich strukturou pomoci Ramanovy spektroskopie. Ramanova
spektra katalyzatori MoO3;/MCM-41 s riznym obsahem molybdenu jsou na obr. 2.

Zatimco pti nizkém obsahu Mo ptevladaji izolovana monomericka Mo species (pas s vinoctem
981 cm™), s vy3$sim obsahem molybdenu se zvySuje obsah polymolybdati (959 cm™), a koneéné
pro katalyzatory s nejvy$$im obsahem Mo prevlada krystalicky oxid molybdenovy (995 cm™).
Predpoklada se, Ze monomerickd Mo species davaji vzniknout katalyticky nejaktivnéj§im mistim,
zatimco aktivni mista vznikla z polymolybdati vykazuji nizsi katalytickou aktivitu. Krystalicky
oxid molybdenovy je jako katalyzator v metathetické reakci prakticky neaktivni. ZvySena
katalyticka aktivita katalyzatord s obsahem molybdenu v rozmezi od 4 do 8 hm. % Mo mize byt
tudiz vysvétlena relativné velkym mnozstvim izolovanych monomerickych Mo species na povrchu
katalyzatoru [8].

V ptipad¢ katalyzatori MoOs;/MCM-48 byl molybden pfitomen pievazné ve formé
polymolybdatii, zatimco v ptipad¢ katalyzatort MoOs/SBA-15 byla ve srovnani s MoOs/MCM-41 a
MoO3;/MCM-48 mnohem vétsi ¢ast pritomného molybdenu ve formé krystalického MoOs. Proto
neni prekvapujici nizsi katalyticka aktivita katalyzatorti zalozenych na MCM-48 a SBA-15 (viz
obr. 1).

Pomoci infracervené spektroskopie s Fourierovou transformaci bylo ukézéno, ze odhadovana
koncentrace povrchovych OH skupin klesd v poradi MCM-41 > MCM-48 > SBA-15, tedy ve
stejném poradi, jako klesa disperzita Mo urcena pomoci Ramanovy spektroskopie. Rozdily
v disperzit¢ Mo mezi katalyzatory MoOs/MCM-41, MoO3;/MCM-48 a MoOs/SBA-15 by tedy
mohly byt pfipsany rizné koncentraci povrchovych OH skupin na gram nosice.
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Obr. 2. Ramanova spektra MoO3/MCM-41 se 4 (A), 8 (B), 12 (C) a 16 (D) hm. % Mo a MoOs (E).

Katalytické testovani — metathese nenasycenych etheri a esteri

Metathese nenasycenych etherti a esterti byla provedena podobné jako metathese 1-oktenu.
Nicméné, katalyzatory vykazaly mnohem mensi aktivitu dokonce i pii pouziti tetramethylcinu jako
kokatalyzatoru. Nejvyssi konverze byla dosazena v metathesi 4-allylanisolu (konverze 33 % po 360
minutach reakce za uziti katalyzatoru MoOs/MCM-41 s obsahem 8 hm. % Mo pii teploté 40 °C;
jako rozpoustédlo byl pouzit toluen, pocate¢ni molarni pomér Sn:Mo byl 0,9 a pocate¢ni molarni
pomer substrat:katalyzator byl 24).

Katalytické testovani — polymerizace alkini

Dobrych vysledkti bylo dosazeno v polymerizaci alifatickych 1-alkini za mirnych reakénich
podminek. V ptipad¢ 1-hexinu byl po 180 minutach reakce v inertni atmosféte pii 40 °C za uziti
katalyzatoru MoO3;/MCM-41 s obsahem 6 hm. % Mo ziskan vytézek polymeru 64 % (M,, = 30 000,
M, /M, = 2.3) spolu s vytéZkem vysSich oligomert (M, = 2 700) a cyklotrimert 22 % [9].
Pro katalyzatory s obsahem 6 hm. % Mo rostl vytézek poly(1-hexinu) po 180 minutach reakce
v poradi MoO3/Si0; < MoO3/MCM-48 < MoO3/MCM-41 < MoOs/SBA-15 (4, 22, 38 a 64 %),
stejn¢ jako jeho molekulovd hmotnost M, (6 800, 8 800, 23 000 a 30 000). Na druhou stranu,
v ptipad¢ terc-butylacetylenu, 2-hexinu a fenylacetylenu byly za stejnych podminek vytézky
ptislusnych polymert nizké (11, 1 a 1 %).

Ptipravené poly(1-alkiny) byly snadno separovatelné od katalyzatoru a neobsahovaly jeho
residua. Polyacetylenova struktura polymert (konjugované vazby v hlavnim fetézci s postrannimi
alkylovymi skupinami) byla potvrzena pomoci 'H nuklearni magnetické rezonance. Bylo ukazano,
ze l-okten pisobil jako prenaSe¢, coz podporuje hypotézu, ze polymerizace 1-hexinu
na katalyzatoru MoOs;/MCM-41 probiha metalokarbenovym mechanismem.

Ve srovnani s odpovidajicimi katalyzatory zaloZzenymi na oxidu molybdenovém, Schrocklv
karbenovy komplex Mo(=CHCMe,Ph)(=N-2,6-i-Pr,CsH3)[OCMe(CF3),], zakotveny na MCM-41 a
SBA-15 vykazal ponékud nizsi vytézky polymert (34 a 59 %) a znacné nizsi molekulové hmotnosti
poly(1-hexinu) M,, (7 500 a 4 900).

10



Zavér

Byly vyvinuty nové, vysoce efektivni katalyzitory pro metathesi alkeni a polymerizaci
alifatickych I-alkint.

V metathesi 1-oktenu vykazal katalyzator zalozeny na oxidu molybdenovém naneseném na
MCM-41 s optimalnim obsahem molybdenu (6 hm. % Mo) vice nez ¢tytikrat vyssi aktivitu nez
odpovidajici katalyzator uZivajici jako nosice SiO; a vysokou selektivitu na 7-tetradecen (84 %).
Tento novy typ katalyzatoru miize byt snadno a s nizkymi néklady ptipraven metodou ,,thermal
spreading®, kterd je Setrnd k zivotnimu prostiedi, a v protikladu ke komerénim katalyzatorim
pracuje za mirnych reak¢énich podminek. Po reaktivaci ziskava katalyzator zpét svoji ptivodni
aktivitu a selektivitu. Ramanova spektra katalyzatort ukéazala, ze disperze oxidu molybdenového na
povrchu mesoporesni siliky zavisi na obsahu oxidu molybdenového a druhu nosice. Disperzita Mo
koreluje s katalytickou aktivitou v metathesi alkent.

V polymerizaci alkind byl za uziti nejaktivnéjsiho katalyzadtoru MoOs/SBA-15 s obsahem
6 hm. % Mo po 180 minutach reakce pii 40 °C ziskan vytézek 64 % poly(1-hexinu) s M,, = 30 000.
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