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Vanadium-Doped Acid-Prepared Mesoporous Silica: Synthesis,
Characterization, and Catalytic Studies on the Oxidation of a
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The room temperature, liquid-phase oxidation of 2-chloroethyl ethyl sulfide (CEES), an analogue of
mustard gas, was investigated using vanadium-doped acid-prepared mesoporous sHBBNIS") as
a solid catalyst. The VAPMS samples were prepared by wet impregnation withy\®%, followed by
calcination. XRD, N physisorption, SEM, and EPR were used to characterize the solid products. Samples
with lower V contents (0.£10 wt %) were found to contain isolated vanadyl species and were highly
effective for oxidation of CEES to the corresponding sulfoxide and sulfone tesitlgutyl hydroperoxide
(TBHP) as the oxidant. Surface area and pore volume decreased significantly at higher loadings of V
due to formation of YOs within the pores of the solid. The mechanistic route involvéd/V4* redox
cycles during the catalysis process, as revealed by EPR studies.

Introduction Scheme 1. Examples of Oxidation and Hydrolysis Products
of Mustards Gas, Bis(2-chloroethyl) Sulfide, and Two
Bis(2-chloroethyl) sulfide, commonly called mustard gas, Commonly Used Mustard Gas Simulants
is a highly toxic chemical warfare agent, due to its high o oxidation
reactivity toward proteins and DNA, and it acts by inducing C,/\,ﬁ\/\ol
(e]

biochemical and morphological changes in tissugkemical
reactions to convert mustard gas to more benign compounds

HD sulfone

are currently of much interest, since international treaties not HOS~on SN
only prohibit further production of this compound but also thiodiglycol HD sulfoxide
require the destruction of current military stockpiles of it in s
NI

the next few year3. The usual method of large-scale
destruction is incineration; however, generation of secondary e ted o, D
pollutants such as CO and the fully oxidized oxidation
product bis(2-chloroethyl) sulfone (Scheme 1) is also a / \
problem due to their toxic nature. Interestingly, the partially S~
oxidized product bis(2-chloroethyl) sulfoxide and the hy- NS O
drolysis product thiodiglycol are relatively harmless, and 2-chloroethyl ethylsulfide 2-hloroethyl phenylsulfide

CEES, "half mustard" CEPS

formation of these compounds is usually the goal in the

chemical detoxification of mustard.
simulants

Since mustard gas is so toxic, research studies are usually

carried out with less toxic structural analogues such as talysis, and redox catalysis reactiéné.Among these, the
2-chloroethyl ethyl sulfide (CEES), 2-chloroethyl phenyl  oyiqation of thioethers with oxidants such agli, tert-butyl
sulfide, dimethyl sulfide, or other related compounds. Notable hydroperoxide (TBHP), and even,®as been extensively
research progress has been made in the past few years tgyyestigated using a variety of catalysts, including hetero-

study the destruction and decontamination of mustqrd polyacids® Ru-based systenis!! Ce* compounds? benzyl
analogues. There are reports on oxidation and decontamina-

tion of thioether systems based on microemulsion processes, (3) (a) Menger, F. M.; Elrington, A. RJ. Am. Chem. Sod99q 112,
catalytic dehalogenation, phase transfer catalysis, photoca- ﬁOl. (b) Menger, F. M.; Elrington A. RI. Am. Chem. Sod 991,

3 9621.
(4) Ramsden, J. H.; Drago, R. S.; Riley, RAm. Chem. So4989 111,
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E-mail: christopher.landry@uvm.edu. Internet: http://www.uvm.edhem/ (5) Sattari, D.; Hill C. L.J. Am. Chem. S0d.993 115 4649.
landry.html. (6) (a) Vorontsov, A. V.; Lion, C.; Savinov, E. N.; Smirniotis, P. &.
(1) (a) Somani, S. MChemical Warfare AgentAcadmic Press: San Catal.2003 220, 414. (b) Thompson, T. L.; Panayotov, D. A.; Yates,
Diego, CA, 1992; pp 1350. (b) Yang, Y.-C.; Baker, J. A.; Ward, J. J. T.; Martyanov, |.; Klabunde, Kl. Phys. Chem. B004 108 17857.
R. Chem. Re. 1992 92, 1729. (7) Gall, R. D.; Hill, C. L.; Walker, J. EChem. Mater.1996 8, 2523.
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Reduction of thioethers can also be used as a model for
the conversion of mustard gas to less harmful compounds.
Recently, our research group reported on the reduction of
thiophene and CEES by hydrodesulfurization wit}) tsing

Solids containing transition metals (“metal-doped” solids) Mo-doped mesoporous Si@s the solid catalyse:** Me-
have also been studied for thioether oxidation. Of the metal- SOPorous solids have particular promise as substrates in solid-
based oxidation catalysts, vanadium-doped solids have beefPhase catalysis because they have unusually large surface
extensively tested and studied for a number of oxidation areas (routinely in excess of 1006/g), large internal pore
reactions. The interest in vanadium chemistry has beenVolumes, and narrow pore size distributions. Our studies have

promoted in part by its ability to catalyze oxidations and Mainly focused on acid-prepared mesoporous silica (APMS),

trimethylammonium tribromidé3 and complexes of Cr, Au,
Fe, Mn, and Cud# 17 Several types of polyoxometalatés
have shown good catalytic activity and selectivity for
formation of sulfoxides.

oxo transfer reactions in biological systetisvanadium

which has several additional advantages, since they have a

oxides and mixed oxides, heteropolyvanadates, vanadiumsPherical particle morphology vyith acontrollab]e partic_lg size
alkoxides, vanadium acetylacetonate, and V complexes haveP€tween 1 and 1@m, depending on synthesis conditions,

been tested and employed as effective catalysts in dehydro
genation/oxidation of organic substraf€s’® where the

and they may be synthesized in lessrt#ah by asimple

procedure. Spherical particle morphologies often play an

vanadate and/or vanadyl species acts as an active center dfnPortant role in catalytic processes, helping to control the

catalysis.

V-exchanged, -substituted, -doped, and -grafted zeolites,
mesoporous molecular sieves, and other supports, such a;

TiO,, SnQ, Al,O; and SiQ, are particularly attractive
materials for use as catalysts for emission abatement an
oxidation reactions. It is known that the activity and

selectivity of supported vanadium oxide catalysts is depend-

ent on the V content of the suppoftsDepending upon the
loading, the V species can be present as (i) isolated
monovanadate species containing terminal vanadyQy
groups with the V atom in tetrahedral coordination with
oxygen ligands and (ii) as polyvanadate polymeric species,
formed at higher loading of vanadium in the catalyst. The
presence of the latter species has been found to affect th
selectivity of the reaction and also has a negative effect on
the catalyst due to creation of bulk, inaccessible V atoms.
In addition, the coordination environment and the oxidation
state of V were found to be influenced by the method of

overall mass transfer kinetics and thus the rate and selectivity
of heterogeneous reactions. This lends APMS an advantage
over ordinary powders as a catalyst support. In addition, as

With many mesoporous materials, the pore sizes of APMS

O[‘nay also be controlled either through modification of

synthesis conditions or by postsynthetic treatméhtfs.
Although Mo—APMS is an effective hydrodesulfurization
catalyst (indeed, more effective than MBICM-41 or Mo—
MCM-48), reduction of thioethers requires moderately high
temperatures (at least 20G), making reduction of mustard
gas impractical for military field use. Therefore, we have
shifted our focus to oxidative catalysis using-¥XPMS. In

this report, we describe the synthesis and characterization
of V-doped APMS materials. We also continue our studies

8n this field by reporting on the oxidation of CEES with

TBHP using VVAPMS as a catalyst.

Experimental Section

preparation and the nature of the solid support. Thus, studies Materials and Methods. Powder X-ray diffraction experiments

have been performed on V-doped samples using EPR, NMR,

and absorption techniques to find the effect of loading and
local electronic and ligand environment on the coordination
of V species and their catalytic behaviér2®

(9) Riley, D. P.Inorg. Chem.1983 22, 1965.

(10) Riley, D. P.; Shumate, R. B. Am. Chem. S0d.984 106, 3179.

(11) Roecker, L.; Dobson, J. C.; Vining, W. J.; Meyer, Tlnbrg. Chem.
1987, 26, 779.

(12) Riley, D. P.; Smith, M. R.; Correa, P. H. Am. Chem. Sod 988
110 177.

(13) Kajigaeshi, S.; Murakawa, K.; Fujisaki, S.; Kakinami,Bull. Chem.
Soc. Jpn1989 62, 3376.

(14) Chellamani, A.; Shyla, W. G. F.; Hezia, I. E. V.; Harikengaram, S.
Asian J. Chem1999 11, 499.

(15) Boring, E.; Geletii, Y. V.; Hill. C. L.J. Mol. Catal. A: Chem2001,
176, 49.

(16) Marques, A.; Marin, M.; Ruasse, M.-F.Org. Chem2001, 66, 7588.

(17) Okun, N. M.; Anderson, T. M.; Hill, C. LJ. Mol. Catal. A: Chem.
2003 197, 283.

(18) Gall, R. D.; Faraj, M.; Hill, C. LInorg. Chem.1994 33, 5015.

(19) (a) Nielsen, F. H. IrMetal lons in Biological Systems: Vanadium
and Its Role in LifeSigel, H., Sigel, A., Eds.; Marcel Dekker: New
York, 1995; Vol. 31, p 543. (b) Hirao, TThem. Re. 1997, 97, 2707.

(20) Bulushev, D. A.; Kiwi-Minsker, L.; Zaikovskii, V. I.; Renken, Al.
Catal. 200Q 193 145.

(21) Maeda, Y.; Kakiuchi, N.; Matsumura, S.; Nishimura, T.; Kawamura,
T.; Uemura, SJ. Org. Chem2002 67, 6718.

(22) Lattanzi, A.; Senatore, A.; Massa, A.; Scettri,JAOrg. Chem2003
68, 3691.

(23) Dai, H.; Bell, A. T.; Iglesia, EJ. Catal.2004 221, 491.

were performed using a Scintagl 6—6 diffractometer equipped
with a Peltier (solid-state thermoelectrically cooled) detector using
Cu Ka radiation. N adsorption and desorption isotherms were
obtained on a Micrometrics ASAP 2010 instrument. Samples were
degassed at 473 K under vacuum overnight prior to measurement.
Surface areas and pore size distributions were calculated from the
BET and the BJH methods, respectively. Elemental analyses (Si
and V) were performed by Robertson Microlit (Madison, NJ) using
ICP-AES for detection of V concentrations and ICP-microwave
acid digestion for identification of Si concentrations. A Bruker ESP
300E EPR spectrometer was used for obtaining EPR spectra. All

(24) Khodakov, A.; Olthof, B.; Bell, A. T.; Iglesia, B. Catal.1999 177,
205.

(25) Van Doorslaer, S.; Segura, Y.; Cool,PPhys. Chem. B004 108
19404.

(26) Woodworth, J.; Bowman, M. K.; Larsen, S.ZL Phys. Chem. B004
108 16128.

(27) Shiju, N. R.; Anilkumar, M.; Mirajkar, S. P.; Gopinath, C. S.; Rao,
B. S.; Satyanarayana, C. V. Catal.2005 230, 484.

(28) Lee, C.-H.; Lin, T.-S.; Mou, C.-YJ. Phys. Chem. BR003 107, 2543.

(29) Solsona, B.; Blasco, T.; lpez Nieto, J.; Pem M. L.; Rey, F.; Vidal-
Moya, A. J. Catal.2001, 203 443.

(30) Sorensen, A. C.; Fuller, B. L.; Eklund, A. G.; Landry, C.Chem.
Mater. 2004 16, 2157.

(31) Sorensen, A. C.; Landry, C. Catal. Lett 2005 100, 135.

(32) Lin, H.-P.; Mou, C.-Y.; Liu, S.-BChem. Lett1999 1341.

(33) Sayari, A.; Yang, Y.; Kruk, M.; Jaroniec, M. Phys. Chem. B999
103 3651.

(34) Sayari, A.Angew. Chem. Int. EQR00Q 39, 2920.
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chemicals were obtained from Sigma-Aldrich and were used as Table 1. N, Physisorption Properties and V Contents of V-Doped

received. APMS Samples

Synthesis of APMS. This procedure was modified from a surface  pore pore
previously published synthesis of APMSCetyltrimethylammo- wt% VvV area  volume diameter
nium bromide (1.8 g, 4.9 mmol) was suspended in a solution of sample added  actual (m#g)  (cm¥g) Q)
EtOH (100%, 11.1 g, 0.24 mol) and,& (39.7 g) in a 125-mL APMS (no V) - - 870 0.75 36
Teflon bottle. Concentrated HCI (36.9%, 4.4 g, 44.5 mmol) was S%V—-APMS 5 4.93 565 0.47 35
added and the mixture was stirred until the surfactant was fully igzﬁ‘; x:ﬁﬁmg g 1'19; 23421 ggi gg
dissolved and the solution was clear. Tetraethoxysilane (TEOS) (4.0 200, v—APMS 20 16.4 300 0.29 33
g, 19.2 mmol) was then added, and the resulting solution was stirred 30% V—APMS 30 23.1 223 0.26 33
for 10 s. At this point, NaF (4.76 g of a 0.5 M solution, 2.38 mmol)  40%V—-APMS 40 23.7 109 0.22 33

was added. After 90 s, the solution turned opaque. This mixture  aweight percent of V from doping solution.

was then heated at 373 K for 40 min. The resulting white precipitate

was captured by filtration, washed five times with distilleddH fiiter. The filtrate was then analyzed by G®IS on an Agilent
and once with 99.9% EtOH, dried, and then calcined in air. The model 6890 gas Chromatogra-pmass Spectrometer using a HP-
following calcination profile was followed: from 298 to 723 K,  5MS column (J&W Scientific, 15 nx 0.32 cm). CEES conversions

the sample was heated at a rate of 2 K/min, followed by a 240 min \yere calculated based upon the total consumption of TBHP to
hold at 723 K and then a 10 K/min ramp to 823 K and a hold time produce 38.5:mol of the oxidized products.

of 480 min at 823 K before cooling to room temperature.
Synthesis of VAPMS. In a typical synthesis, APMS (3.0 g)
was suspended in 10 mL of an aqueous solution of\Xd4 (0.294

M, 2.94 mmol). The mixture was stired to dryness at room  pgwder X-ray Diffraction (XRD) and N ; Physisorption.
temperature and_ then calcined. cher V-doped samples were|, previous work, we prepared Mo-doped APMS by adding
prepared by varying the concgntratlon of V and by using V(O)- a Mo source, (NH)sMo,O,4, directly to the APMS synthesis
(acac) or VOSQ; as the vanadium source. mixture3® This method took advantage of the fact that Mo

Functionalization of APMS with Amino Groups (APMS — f L ide clust ¢ | H val |
NH,). APMS (3.0 g) and (3-aminopropyl)trimethoxysilane (3.5 g, orms anionic oxide clusters even at very low pH values (less

19.5 mmol) was added to toluene (100 mL) and the mixture was than 2). In strongly acidic solutions, mesoporous silica such
refluxed for 24 h. After cooling to room temperature, the solid was s APMS forms through the self-assembly of cationic silicate
filtered, washed with toluene and acetone, and dried at 373 K in colloids in the presence of surfactafitsThe repulsive
air. interaction between the cationic colloids and cationic sur-
Synthesis of V-MAPMS—NH,. In a typical synthesis, APMS factants such as cetyltrimethylammonium bromide (CTAB)
NH: (1.50 g) was vacuum-dried at 373 K and then added to a is mediated by chloride ions from HCI. Polyoxomolybdate
solution of VOSQ (0.048 g, 29.4 mmol) in EtOH (100%, 10 mL).  anjons are easily incorporated into the growing APMS
The solutic_;n was then stirre_d for 3 h, anq the_n the solid was filtered, strycture through electrostatic interactions, in essentially
washed with EtOH, and dried at 373 K in air. VO(agagps also  anitative yield. Unfortunately, although polyoxovanadates
USE? as thivanad'um _Soérce' EPR) studieEPR are well-known in aqueous solution, the dominant V species
ectron Paramagnetic esonance( )stu e spectra below pH 2 is VQ+. Therefore, we used a wet doping

were obtained either at room temperature or at 77 K, using the hni di Vi | In thi hod. th
X-band frequency of 9.46 GHz at a power of 1.00 mW. The center technique to disperse V in our samples. In this method, the

field used was 3500.00 G with a sweep width of 1800.00 G. Al c@lcined mesoporous silica, APMS was suspended in a
spectra were reported as first derivatives of absorption. EPR tubessolution of NHVOs;, which was then evaporated to dryness.
were either 5 mm (for room temperature experiments) or 4 mm A variety of V loadings were attempted by this method. The
(for experiments at 77 K). To study changes in the oxidation state V-doped material was then recalcined to ensure that the metal
of V upon contact with CEES, 2-chloroethyl ethyl sulfide (0.100 was fully oxidized. The N physisorption data for these
mL, 0.107 g, 0.859 mmol) was added to a vial containingAPMS samples are presented in Table 1. All samples showed type
(0.25 g). This mixture was then stirred and dried overnight. The |v isotherms (Figure 1), which are characteristic of meso-
percentage of V in each sample was variable; details are included orous materials. At higher loadings, a region of hysteresis
in the text. Zeeman and hyperfine coupling constants were measurec{?vaS observed at higher partial pressures, which corresponds
directly from the spectra; several spectra were also simulated to . s

to the presence of textural porosity within the pores. It may

ensure consistency. Iso indicate that tructural breakd h d
Catalytic Activity Studies. The oxidation of CEES was carried aiso Indicate that some structural breakdown has occurre

out in the liquid phase and at atmospheric pressure, using variousin the materials, consistent With_ our previous results for
V-doped APMS samples. In a typical experiment, a mixture Samples exposed to postsynthetic treatm&nsdecrease

Results and Discussion

containing 2-chloroethyl ethyl sulfide (0.0054 g, 4Z®o0l) in 3 in the surface area and pore volume as a function of loading
mL of CH,Cl, was placed in a vial and stirred AAPMS (20 mg) was observed for all samples. One source of such changes
andtert-butyl hydroperoxide (5.5 M in decane 4L, 38.5umol) in the physical properties of the porous materials is the

were then added and the resulting mixture was then stirred preaking of S+O—Si bonds and re-forming of SIOH

constantly for time periods varying between 30 s and 24 h. At groups at the pore surfaces upon exposure to agueous
various time intervals, aliquots from the reaction mixture were

removed and filtered through a syringe with a 0:28 Millipore

(36) (a) Huo, Q.; Margolese, D. I.; Ciesla, U.; Demuth, D. G.; Feng, P.
Y.; Gier, T. E.; Sieger, P.; Firouzi, A.; Chmelka, B. F.; SthuF.;

(35) (a) Gallis, K. W.; Araujo, J. T.; Duff, K. J.; Moore, J. G.; Landry, C. Stucky, G. D.Chem. Mater.1994 6, 1176. (b) Zhao, D.; Huo, Q.;
C. Adv. Mater.1999 11, 1452. (b) Gallis, K. W.; Landry, C. C. U.S. Feng, J.; Chmelka, B. F. Stucky, G. D.Am. Chem. S0d998 120,
Patent 6,334, 988, 2002. 6024.
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. . . L Figure 3. EPR spectra of ¥ APMS samples (540 wt % V) after exposure
Figure 1. Nitrogen physisorption isotherms of APMS and-¥PMS to CEES. Weight percent V in the doping solution: (a) 5%, (b) 10%, (c)

samples with several V loadings. The isotherm of pure APMS is shown in 1504 (d) 20%, (e) 30%, (f) 40%.
part a. VVAPMS samples were identified by the weight percent of V in
their doping solutions: (b) 5%, (c) 10%, and (d) 30%. . . .

ping ®) © @ increased. It appears that the material reaches a level at which

no further \LOs can be formed within the pores; beyond this
point, any additional V is removed during calcination, which
l I ' was evident from the presence of increasing amounts©§ vV
| on the inside of the box furnace as the amount of V increased.
L l I Electron Paramagnetic Resonance (EPRBeveral sets
of EPR experiments were performed in order to determine
LLJI o the effect of contacting VAPMS samples with CEES.
....,J These samples did not show any EPR signal prior to contact

Py | I A Ao Nttt with CEES, indicating the presence of V in a fully oxidized
p : +5, ® state (EPR silent), regardless of the doping level. As
erinatbintet

9

MM

Intensity (a.u.)

expected, EPR of “blank” (undoped) APMS and also bulk
V,0s exposed to CEES showed no signal. However, after
contact with CEES, the YAPMS samples showed strong
and prominent EPR signals with eight-line hyperfine patterns
20/degree observed in the EPR spectrum (Figure 3). These spectra are
@%‘iﬂﬁtzer)c(sn? Osfp\i/e?rt]f?hgfd\;ﬁp'Vs'ilusti)mnf"?;) ff(goso/i(\;zf?t'))VM')gfdi(fg?S- characteristic of a ¥ species, indicating that upon exposure
30%, (d? 20%, (e) 15%, (f) 15%,g(g) 5%. ’ " to CEES, the V" species in V-APMS are reduced to /.-
These reduced 4 species were in an anisotropic axial

solutions, as previously reported in our earlier w¥tkiore environment, as shown by the presence of two sets of EPR
importantly, such features are indicative of filling of the pores Parameters in the spectrg, @ndgp). The similarity between
of the host APMS material with vanadium oxide species, as these spectra and those found for related V-doped silica
confirmed by XRD (see below). materials leads to the conclusion that the bonding geometry
Powder X-ray diffraction patterns of these samples for Of the V ion isCs, or pseudoSs,, with a vanadyl (¥=0O)
various loading levels are presented in Figure 2. The group bound to the silica surface through silanol link-
existence of broad XRD features at approximatel§ 25 ages>?%:37
samples with loadings of 0.1 to 10 wt % V are indicative of ~ The EPR spectra of ¥APMS samples with varying V
well-dispersed V, either as isolated, monomeric vanadyl loadings (5-25 wt %) after exposure to CEES are remark-
species or as small clusters below the resolution of the XRD ably similar, regardless of the amount of V present (Figure
experiment® With increasing V loading, however, strong 3). Zeeman and hyperfine constants did not change as the
and prominent XRD peaks corresponding tgO¥ species  concentration of V was increased, although some broadening
were observed. This indicates that at higher loadings, thein the peak width and decrease in intensity of the EPR signals
isolated vanadyl species agglomerate together to formwas observed as the concentration increased. The absence
polymeric \,Os species. Such behavior has been reported of any additional splittings or new features in the EPR spectra
earlier by other researchers, where the extent of V loading of V—APMS samples can be used to draw conclusions about
was found to affect the nature of the vanadium species,the proximity of the V ions to each other. In related
changing from isolated, monomeric VOspecies to poly-  experiments by other researchers, bond distances for vana-
meric V,0s.2° It is also important to note the difference dium—oxygen bonds in {[Cu(phen)}.V4017-H.O were
between the amount of V present in the impregnation solution found to be, on average, 1.80 A for single bonds and 1.65 A
and the amount that ended up in the solid. This difference
increased as the amount of V in the impregnation solution (37) Whittington, B. I.; Anderson, J. Rl Phys. Chem1993 97, 1032.
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for double bonds, with a ¥O—V angle of approximately Table 2. EPR Parameters of \#*-Doped APMS (compared to free
110°.38 This led to a calculated separation of approximately electron, g = 2.0023}°

2.95 A between vanadium centers bridged by an oxygen sample ai 9o ay ag
atom. Similar V species could be expected to form as 1% VO(acag) APMS-NH ~ 1.945 2,015 1730 735
precursors to YOs within APMS materials. However, to have é‘o’fg \JSZ?ASTPSMNSW 11-_%1% 22-_%11% 1122-_% %_‘é
neighboring nucleus interactions, the separation between V v+ interactions 1.965

ions must be between 6 and $ALine broadening becomes 5% NHVO3, APMS 1941 2014 1683  66.9
too severe when interactions occur at a distance-of A (V=*, for comparison)

and there are no detectable interactions when separation a and ag are in units of 104 cm*. ® Measurements taken on
increases above 10 &.Thus, the vanadyl species in Unevacuated, hydrated sampleor Figure 4a only.

V—APMS must either be isolated on the pore surfaceR)

A) or involved in the formation of YOs clusters ¢3 A). c

Since the data show that,¥s exposed to CEES is EPR
silent, and XRD spectra show no evidence ofOVY in
V—APMS with V loading of 5% or less, it can be concluded
that the active species for this reaction are likely %O
species. Also, the decrease in the intensity of the EPR signal
with increasing vanadium concentration in-APMS can

be attributed to an increase in®s as the isolated vanadyl

species polymerize. a
For comparison, ¥-doped APMS was prepared directly
by wet impregnation with V(O)(acacyather than through

reduction of \#*. The concentration of V was kept at 5 wt 2700 3000 3300 3600 3900 4200
% in the impregnation solution, and the samples were not

Icined in order to avoid V oxidation. EPR of this sample Gauss
?a . . N . Figure 4. EPR spectra of VAPMS prepared with ¥ sources. Samples
is shown in Figure 4a. The characteristic eight-line vanady! were not calcined prior to catalysis, to prevent oxidation £.\(a) VO-
spectrum is somewhat similar to the-YAPMS samples that  (acac) source, unmodified APMS surface; (b) VO(agaspurce, amine-
had been reduced with CEES. However. the peaks aremodified APMS surface; and (c) VOSGource, amine-modified APMS

. N ’ . surface.

comparatively broad, indicating the presence of a wider

variety of V environments in the material. Similar features \,o2+ species in these samples in a well dispersed form

were also observed by Van Doorslaer et al. for a V(O)- ponded to the amino groups, forming a distorted octahedral

(acac)—SBA-15 system, where they were attributed 10 complex, as reported by Lee et?&lTable 2 lists the Zeeman
interaction of VG* with the framework of the host material 5 hyperfine constants for the spectra shown in Figure 4.

as well as to the possibility of formation of VO-hydrated The hyperfine constants for the amine-bridged vanadyl
speC|es,2|5n which the acetylacetonate ligands were replgcedgroups are higher than the vanady! groups bound directly to
by water:>The spectrum also shows a very broad underlying the silica, indicating that the paramagnetic electron is more
single line with no hyperfine splitting and a Zeeman constant ;q5ciated with the ligands for the amine-bridged vanadyl

of 1.965. As explained above, this can be attributed 10 or5yps due to the stronger electron density withdrawing
vanadium centers separated by distances between 6 and gharacteristics of the amines as opposed to the silica.

A . . ) _ Catalytic Oxidation of 2-Chloroethyl Ethyl Sulfide. The
In catalytic reactions (see below), leaching of V species yigation of thioethers to sulfoxides and sulfones is a

was observed from the VO(acagjoped APMS solid, 8 hermodynamically favored reaction in the presence of

indicated by the growth in intensity of a blue color in the .,y iqants such as oxygen, hydrogen peroxide, and organic
reaction solution. We therefore attempted to increase theperoxides, but in most cases the reaction rates are slow and
retention of V within the solid by immobilizing it on an e process does not reach completion, even after long
amine-terminated surface. Figure 4b,c shows EPR spectiggaction times. However, this reaction is easily catalyzed.
of APMS samples that were treated with (aminopropyl)-  Among the various catalysts used for oxidation of sulfides,

triethoxysilane (APTES) to afford an amine-termina:c)ed the V-based catalysts, particularly the vanadium Schiff bases,
surface (APMS-NH;) and then wet impregnated (1 Wt % paye heen found to be efficient catalysts for oxidation of

V) with V(O)(acac) or VOSQ. Both V** doping sources  g_s_R compounds, where R can be an alkyl or an aryl
show spectra that are very similar to the CEES—reducedgroupquz

samples, without the broad features observed when unmodi- Oxidation of CEES to its oxidized products, the sulfoxide

fied APMS was used for V(O)(acacpading. These well- (CEESO) and sulfone (CEESDwas performed using the

resolved hyperfine EPR patterns indicate the presence Ofvanadium-doped APMS materials described above as cata-

lysts. Figure 5 presents the results of oxidation of CEES with

Intensity (a.u.)
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Figure 5. Percent conversion of CEES as a function of time during the
oxidation of CEES by TBHP. Weight percent of V that was present in the
doping solution of each sample: (d) 0.1%, (e) 0.5%, (f) 1.0%, (g) 5.0%,
(h) 10%, (i) 15%, (j) 20%. Results for the uncatalyzed process (TBHP only)
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Figure 6. Percent conversion of CEES as a function of time during the
oxidation of CEES by TBHP: (a) uncatalyzed reaction, (byAPMS—
NH; (V source= VO(acac), 5 wt % V) added to the reaction, (c)
V—APMS—NH; (V source= VOSQ4, amine-modified APMS surface, 5
wt % V) added to the reaction, (d)-VAPMS (V source= VO(acac); 5

wt % V) added to the reaction, and (e) VO(acatissolved in the reaction
solution.

polymeric V,Os species are formed (Figure 2) which are less
efficient as catalysts for oxidation of CEES, and this leads
to the overall decrease in the activity o\ APMS samples

(a) and the reaction in the presence of undoped APMS (b) a4 ¥¢)
are also shown.

Table 3. Comparison of Total CEES Conversion and Selectivity for
V—APMS Samples

% [ CEESO/ o )

catalyst °§§2¥T§'°” CEESQ with higher V loading ¢ 10 wt %). Table 3 also shows the
o solid 32 43 selectivity of various V-doped APMS samples. All catalysts
APMS only 32 5.9 show a selectivity for the sulfoxide over the sulfone, although
?)/21(3/5€V*APMS ‘éﬁé i-j the selectivity varies somewhat with the V content of the
0.5% V—APMS o1 35 materials. The trend in selectivity is opposite to that of V
1% V—APMS 94 3.2 content between 0.1 and 5 wt %. However, the selectivity
5% V—APMS 95 2.8 begins to increase again as the V content increases between
POV o 31 5 and 20 wt %. The selectivity is i ly related to th
15% V_APMS 90 15 an wt %. The selectivity is inversely related to the
20% V—APMS 91 4.3 CEES conversion, indicating that the strongest oxidation
V(O)(acac) (soln) 67 11

catalysts are those with intermediate V loadings. These trends
are likely related to the V species present in the samples. At
the lower V concentrations, the isolated vanadyl species in
various V-APMS samples as a function of time, and a direct \V—APMS samples are quite active for oxidation and more
comparison of the results is found in Table 3. Also shown of the fully oxidized product is formed as the V content
in the figure are activity plots for the “blank” APMS (no V)  increases. Above 10 wt %,,®s clusters are observable by
and \,Os. The rate of reaction is significantly slower when XRD. These clusters are less active but more selective for
undoped APMS is present or in the absence of APMS thanthe partially oxidized product, and the selectivity begins to
when the V-APMS is present, indicating the catalytic effect approach the values given for bulk®s.

of V doping. On blank APMS, the reaction reaches a In addition to the above experiments ofivloped APMS,
saturation stage after about-105 min and a maximum  catalytic studies of the oxidation of CEES were also carried
conversion of about only 29% of sulfide was achieved. On out using \**-doped APMS. For comparison, homogeneous
V05, the reaction rate was only slightly higher than that of catalysis was also performed in solutions df\éomplexes

the blank APMS. In the presence of\APMS catalysts, or salts, such as vanadyl bis(acetylacetonate) [VO(glcac)
the reaction proceeds at faster initial rates and shows higherand VOSQ. The total conversion and selectivity results for
conversions (6997%), even for catalysts with V loadings oxidation of CEES with TBHP in VO(acag)olution are

as low as 0.1 and 0.5 wt %. The rate and the total conversiongiven in Table 3. The catalyst shows a conversion of about
for the process was found to increase as a function of metal67%, which is lower than the conversion observed for the
content in the VVAPMS samples for a loading of V from  V>*-doped samples, but the selectivity for formation of
0.1 to 10 wt %. As the loading of V increased above 10 wt sulfoxide was much higher. Encouraged by the high selectiv-
%, total conversions of CEES were found to decrease slightly ity for the sulfoxide, attempts were made to immobiliz&€V
with increased loadings. The decrease in catalyst activity on calcined APMS using the method of wet impregnation
coincides with the formation of ¥0s agglomerates in APMS  (Figure 6). However, a problem with this method was that a
samples, as observed in the XRD spectra. On the basis ofsubstantial amount of V leached from the solid into the
these results, the higher activity oA\ APMS samples with  solution, as determined by the appearance of a blue color in
low V content (0.£10 wt %) can be attributed to the the reaction solution. The fact that this sample shows a total
presence of monomeric isolated vanadyl groups acting asconversion similar to the homogeneous system (Figure 6d,e)
active sites for the reaction. With increasing V loadings, is further indirect evidence that catalysis is taking place in

aWeight percent of V from doping solution.
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solution, not at the surface of the solid. In an effort to trap monomeric vanadyl groups. The loading of V in the APMS
the V" on the surface more effectively, the APMS surface sample was found to affect both the total conversion and
was modified with (MeO3Si(CH,)sNH, prior to wet im- selectivity for CEESO versus CEESCEPR studies per-
pregnation. It was hoped that the amine-terminated surfaceformed on V-doped samples before and after exposure to
would be able to bind the vanadyl species more effectively, CEES showed the reduction of¥Vto V4" upon contact with
and indeed, there was less leaching of V from this material CEES, indicating the role of a%/V** redox cycle in sulfide
into the reaction solution. However, the total conversion of catalysis. Studies with4/ complexes and salts showed them
CEES was much lower than for free VO(acadlthough to be active for CEES oxidation in homogeneous reactions,
the reasons for this low conversion are unclear, it may with higher selectivity for formation of CEESO than was
indicate that the ¥"/V>' redox cycle is less efficient when found for the \** species. However, the 4V species
the V** is immobilized on the surface. Further studies to introduced by wet impregnation onto APMS leached into
probe the oxidation state and local environment of the metal the reaction solution. ¥ species could be immobilized onto
in the V*"—APMS samples are currently being performed. an amine-modified APMS surface, but these species were
not found to be active for catalysis. These studies highlight
Conclusions. the role of \P* in APMS samples to act as efficient catalysts

V**-doped APMS solids with low concentrations of V can for oxidation of CEES,

effectively be used as active catalysts for oxidation of CEES

with TBHP to give the sulfoxide, CEESO, as the major _ Acknowledgment. This work was funded by the Army
product. The sulfone, CEESQs also observed to a certain  Research Office under grant number DAAD19-03-1-0093.
extent. At these low loadings, V is present mainly as isolated, CM051372F



