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There is a growing interest in the preparation of catalysts with | [CuOSi(0'Bu), ]
well-defined and isolated sites, as such systems are ideally suited for Y WW

structure-function investigation$ Recent studies indicate that atom- CuOSiSBA(3.5) - fresh
ically dispersed metals on high surface area silica materials are CuOSilSBA(3.5) - 373 K
effective catalyst§-* Thus, an important goal in catalysis research

is the development of synthetic methods that provide atomic-level CuOBHSBAE.5)- 473K

control over the nature of catalytic sites, with formation of isolated

single sites or homogeneously distributed and more complicated /_’sw

structures (bimetallic sites, clusters, nanoparticles, etc.) providing

new and improved catalysts? It is believed that low-temperature

approaches will be most effective for generating tailored structures

because of the metastable nature of many of the desired struttures.Figure 1. IR spectra ofCUOSI/SBA(3.5) uncalcined and after thermal
Supported Cu-containing catalysts have been studied for g treatments fol h under N. IR spectra ofl and SBA-15 are also shown.

number of industrially relevant reactiohrs but little effort has The arrows indicate bands from theDSi(OBu)s ligands.
been devoted to the generation of tailored sites. The introduction Scheme 1
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of isolated species onto mesoporous silica using molecular precur- ; i " i PoOA
sors of the form M[OSi(@u)s], (M = Ti%@ and F&Y under on N ey OO O n
nonaqueous conditions has recently been reported. The WOrke—m— + +—d >o_Rﬂ‘.R—o< >H_. o da db Lo
presented herein provides direct evidence for atomic-level control et '°”\O,-'°” °”\i/°” 1
over the nature of sites that result from graffir@u-containing P * . . - B
molecular precursors onto the mesoporous silica SBA?15. o Sy, oHs So o
Reaction of the molecular precursors [CUOSE®)]4!! (1) or A Wi 7°_§..°H° O
on s I L oL YN
[CuOBU]4*2 (2) (as solutions in gHg) with the surface hydroxyl e,

CHg

groups of SBA-15 under inert conditions provided grafted materials, o jcuosiogu., 1) o icudsul, @)

isolated as light yellow powders after extensive washing wigisC

and drying in vacuo at 323 K. Quantities of the molecular precursors 3 5 and 5.0 wt % materials, respectivéfyThe reaction ofl with
were used such that the final grafted materials contained ca. 3.5%the hydroxyl groups of the SBA-15 proceeds via loss of only 1
(CuOSI/SBA(3.5) and CUO'BU/SBA(3.5) from 1 and 2, respec-  equiv of HOSI(CBU); per [CUOSI(CBU)y, tetramer (with ndBUOH
tively) and ca. 5.0%QuOSi/SBA(5.0)andCuO'Bu/SBA(5.0)from observed), as shown Bi# NMR studies (GDe) of the reaction in

1 and2, respectively) Cu by weigH€ It is known that M[OSi- situ and of the soluble reaction products obtained after isolation and
(O'Bu)q] species cleanly evolven@H,C(CHs), and3/>nH>0 upon washing of the materials. Further, thermogravimetric analysis (TGA)
mild thermolysis (373 to 473 K) to give MD, materialsi®'4 of CUOSI/SBA(3.5)reveals a mass loss of 7.77% below 673 K,
Previous studies of indicate that it also exhibits loss of GB- corresponding closely to that predicted for loss of the appropriate
(CHs), and HO upon heating, although some reduction of Cu (to quantities of CHC(CHs), and HO from three Ct+-O—Si(O'Bu)s

Cu metal) is evident under an inert atmospHhéiewas anticipated linkages per molecule of (7.91%). Additionally, IR studies of

that graftingl onto SBA-15 would provide species that could CuOSi/SBA(3.5)reveal bands due te OSi(OBu); groupd* that
eliminate CHC(CH;s), and HO upon thermolysis to form SiO are lost upon heating underldt 473 K (Figure 1). Grafting reac-
surface linkages while maintaining some of the origina-Qu- tions using? are also clean, and evolve 1 equivBEOH per graf-
Si linkages to provide stabilized Cu(l) species (in the form of (a4 molecule, as shown B NMR studies. Also, an observed
isolated tetramers or as single sites). Us@ afi similar grafting mass loss of 3.70% upon heati@yO'Bu/SBA(5.0) (by TGA) is
reactions may also provide isolated sites; however, no additional j, ¢jose agreement with the loss predicted for evolution 0bGH
Si—O surface linkages (and hence extra site stabilization) are provi- (CHs), and HO (4.14%) from three Bu groups per molecule &
ded by this precursor. Scheme 1 illustrates a possible grafting path-  aq expected, the grafted materials have surface areas and pore
way and potential structure types for the resulting surface species.,,qjumes that are reduced relative to that of the SBA-15 support
The molecular precursors are presumably well-separated on the(894 n?g-Land 1.13 crig-1); however, the mesostructured nature
surface, as the “OH” site-to-precursor ratios are 12:1 and 8:1 for the \y 535 maintained. The reduction in surface area and pore volume

was proportional to the amount and size of the molecular precursor

; epartment ;ngi"ﬁ:}%hgnﬂ‘;%ﬁg Oc;;Callfornla. used, with CuOSI/SBA(5.0) exhibiting the most dramatic de-
§ Department of Chemical Engineering, University of California. creasé’ The surface areas and pore volumes of the grafted materials
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Table 1. XANES Edge Energies and EXAFS FEFF Fitting Results sl a ——CuoBuSBAGO) | b —CuosisBAG.O) 18

~~~~~~~~ CuO'BWSBA3.5) - CUOSI/SBA(3.5)

Material XANES  Shell CN°  R@A° F(AY EoeV¥ K- 6 6

Eo (eV)* factor” 4 " '\/\/\jw 4

CuO'Bu/SBA(3.5) 89823  CwO  36() 19284) 0.0041(5) -14(7) 0.0047 ) : )
Cu-Cu  21Q2) 287(1) 0.013 NN

CuO'Bu/SBAG.0) 89817 CwO  34(2) 1925@) 0.0055(6) 22(8)  0.0056 0 0

Cu-Cu  18(2) 286(1) 0013
CuOSi/SBAG3.5) 89821  CuwO  24(2) 1877(8) 0.004(1) 15(1.5) 0.0262
CuSi  07(7)  3.11(4) 0.006(9) 4

'
v

CuO'Bu/SBA(5.0)
11---=IMz(r) CuO'BUISBA(5.0)
i1 o FEFFFit

CuOSI/SBA(5.0) i
- IM %(r) CuOSIISBA(5.0)
FEFF Fit -4

CuOSi/SBA(5.0)  8980.7 Cuw-O 2.9(1) 1.895(4) 0.0051(5) 1.9(7)  0.0061

CuSi 1550  3.12(1) 0.009(4) < ° i § °
) A e hn 250 oo O 00 Eale Goisabs | 4 o |
- o of . ! . lodel . lodel
MSI®  22(16) 3.792)  0.0F s
CuOBu/SBAG.0) 8979.5 Cu-Cu 7.6(3) 2.52(1) 0.00723) 1.5(6)  0.0021
(heated) Cu-Cu 4229) 3.581) 0.013(5) 4
MSiz  18(14) 3.80(1)  0.01 s
CuOSi/SBA(.5) 89817 CwO  19(3) 1851) 0.003(1) 03Q24) 0.0261 )
(heated) Ccu-Cd'  07(6) 2.552) 0.007(5)
CuOSiSBAG.0) 89807  Cu0  L7(1) 1851(6) 0.0029(7) 14(13) 0.0249 1
(heated) Cu-Ctt  12(3) 2.541) 0.007(1) I S e

5Radilg)s(A)1

2 Edge energy defined as the first inflection point on the rising absorption Figure 2. Nonphase-corrected APy (k) spectra and the fitting results for
edge.E, for standards: Cu foil, 8980.0 eV; @0, 8980.8 eV;1, 8982.1 (@) uncalcinedCuO'Bu/SBA(5.0)and (b) uncalcine€uOSi/SBA(5.0) with
eV; 2, 8981.5 eV; CuO, 8984.5 eV.Coordination number: Fitted radial the k3(k) spectra for the respective 3.5 and 5.0% Cu-containing materials
distance Debye-Waller factor.® Energy reference shift relative to the  (inset). Nonphase-corrected Kdy(K) spectra and model comparisons for
XANES edge energy.The o factor gives a sum-of-square measurement () heatedCuO'Bu/SBA(3.5) and (d) heatecCuOSI/SBA(3.5) For (c),
of the fractional misfit9 The first significant multiscattering path, wif comparison is with a 55-atom Cu particle, with the FEFF calculated
= half the total scattering distanc&Cu—Si scattering could not be separated. assuming&? = 0.86 ando? = 0.0072 & for aII, scattering paths. For (d)
'Large errors are due to the amorphous support and a wide variation in comparison is with a linear combination of uncalcir@dOSi/SéA(S 5) ’
Cu—0O-—Si(OBu)s bond angles. Fixed value. and heateCuO'BU/SBA(3.5) '
increased (all to similar valugs) upon heating at 673 K under N o4 rest neighbors in uncalcin€lO'Bu/SBA(3.5) and CuOBu/
because of loss of the organic groups. _ SBA(5.0)is longer than that found fc (2.716(5) A), indicating a

The local environment of Cu in the grafted materials was char- qaxation of the Ct+O—Cu bond angles (Table 1). Thus, uncalcin-
acterized by X-ray abS(_)rpti_on near-edge structure (XANES) and o4 CuO'BU/SBA(3.5) and CuO'BU/SBA(5.0) have primarily
extendgd X-ray absorption fme structure (EXAFS) analysgs before Cu(l)—Cu(l) next-nearest-neighbor interactions, with-€Si(support)
(uncalcined) and after heating (He, 573 K, 1 h). The signal-to- ;ontipytions. Given entropic considerations, the low-@u CNs
noise ratios and overall quality of the spectra were good for all sam- (Table 1), and the relatively high GO CNs, we propose a struc-
ples and standard$.Analyses of EXAFS data were carried out o involving a “relaxed” straight chain of GUO'Bu—Cu linkages
using information obtained from a series of well-defined standards, i \which the ring structure o2 has been disrupted (Scheme 1A).
including the molecular precursotsand 2. The XANES spectra The magnitude and imaginary parts of the forward (k)
of the standards (Cu foil, GO, 1, 2, and CuO) and the grafted  ghacira for uncalcineBUOSI/SBA(3.5)and CUOSI/SBA(S.0)are
materials are provided in the Supporting Information. The XANES 5|54 essentially identical. The dominant next-nearest-neighbor
edge energies observed for all of the uncalcined materials lie in the ¢ hribytions for these materials are due to-Gi backscattering
range characteristic for Cu(l) species (89868982.5; Table 1) as determined using the method described above, Mdtha model

The molecular precursdrproved to be an excellent model for ¢4 ¢ —sj interactions (Figure 2b). There was no evidence forCu
Cu species on silica materials, providing clear identification ofCu next-nearest-neighbor interactions, despite several fitting at-
Siand Cu-Cu next-nearest neighbor interactions by analysis of the (g mnts. Hence, the EXAFS data for uncalcir@dOSi/SBA(3.5)
imaginary part of the FK’ (k) spectrumt” Use of2 as a model 5,4 cuOSi/SBA(5.0)indicate that the central GtOSI(OBU);—
compound provided additional data for the assignment of Cu Cu linkages ofl are disrupted upon grafting, presumably due to
next-nearest-neighbor interactions. The EXAFS fitting results for 1 extreme bulk of the-OSi(OBu); ligands, to give an isolated
the uncalcined materials are presented in Table 1. Th&*{k) structure. Two different types of isolated Cu(l) species are
spectra f_or the uncalcmed mate_rlals are shown in Figure 2a,b to- proposed: a Cu(l) center with a direct Si(surfac®)-Cu linkage
gether with representative best fit spectra. Each spectrum has a proy 4 three Cu(l) centers with EO—Si(OBu)s; linkages still intact
minent Fourier component centered between 1.47 and 1.53 A, from their precursor origin (Scheme 1B).
attributed to Ce+O backscattering. The average-80 coordination The XANES spectra of heated (He, 573 K, 1B)OSi/SBA-
numbers (CNS) for UnC&lClndﬂUOSI/SBA(S5)andCUOS|/SBA- (35)’ CUOSI/SBA(50) CUOtBU/SBA(&S) andCuOtBu/SBA(S.O)
(5.0) were lower than those for uncalcin€iO'Bu/SBA(3.5)and exhibit distinct difference®] with the edge energies f@uOSi/
CuO‘Bu/SBA(S.O) suggesting increased €0 interactions for the SBA(3.5) and CUOSI/SBA(5.0)in the range expected for Cu(l)
latter materials (Table 1). _ o specie® and those foCuO'BU/SBA(3.5)and CuO'BU/SBA(5.0)

The interpretation of the Fourier components in Figure 2a,b ap- i,gicative of reduction to Cu(0) (Table 1).
pearing at 2.5 A wasgalded by examination of the imaginary part  the EXAFS analyses provided further evidence of reduction in
of their respective FK%(K) spectra. The magnitude and imaginary  peatedcuOtBu/SBA(3.5)andCuOBU/SBA(5.0), in that their FT

3 i .

parts of the forward FTk%(k) spectra for uncalcine@uO'BU/ s, (1) spectra have the same shape as that of Cu metal (Figure 2c),
SBA(3.5)andCuO'BU/SBA(5.0)are essentially identical. The simi- ity the peaks at 2.23, 3.4, 4.1, and 4.7 A (nonphase corrected) being
larity in the shapes and positions of the maxima and minima for 4yibuted to the first four coordination shells in Cu metal. This,
the observed and simulated imaginary components (Uiag a coupled with the absence of any significant Fourier component that
model) indicates that the peak at 2.5 A'is due to-Qu back- can be assigned to €D backscattering, suggests that all detectable
scattering (Figure 2a). However, this does not preclude @3Iu ¢, has heen reduced to Cu metal. A procedure that is similar to one

backscattering contribution of small (undetectable) magnitude from | ,co4 for analysis of EXAFS data for carbon-supported Pt nanoparti-
Cu—O-—Si(support) interactions. The radial separation of-Qu
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cles®was used to determine that the ratio of average-Cu CNs

the U.S. Department of Energy under Contract No. DE-AC02-

for the first and second shell is consistent with that reported for a 98CH10886. This work was supported by the Methane Conversion

55-atom fcc cluste?? Hence, the Cu atoms iBuO'Bu/SBA(3.5)

Cooperative, funded by BP, and by the Department of Energy, under

andCuO'Bu/SBA(5.0)are reduced upon heating and undergo sinter- Contract No. DE-AC03-76SF00098.

ing to form Cu nanoparticles with an average diameter of ca. 7 A.
In contrast, the FTk3(k) spectra of heated (He, 573 K, 1h)
CuOSi/SBA(3.5)andCuOSi/SBA(5.0)exhibit a dominant Fourier

Supporting Information Available: Experimental details and

additional XAS data. This material is available free of charge via the
Internet at http://pubs.acs.org.

component at 1.47 A assigned to-60 backscattering, suggesting
that the majority of the sites are still Cu(l) species associated with
O (Figure 2d). Although the spectra of these heated materials exhibit
peaks at 2.11, 3.34, 4.1, and 4.7 A (associated with Cu metal),
they are of small magnitude, suggesting the presence of only minor
amounts of Cu metal particles (caA in diameter). To determine
the ratio of isolated Cu(l) species versus metallic Cu in heated
CuOSi/SBA(3.5) and CuOSIi/SBA(5.0) a linear combination of

the experimentak®y(k) and FTk3(k) data for heatedCuO'Bu/
SBA(3.5) and uncalcinedCuOSi/SBA(3.5) or CuOSi/SBA(5.0)

was used as a model for theity(k) and FTk3 (k) spectra. The
fraction of Cu present as isolated Cu(l) centers was determined to
be ca. 88% forCuOSI/SBA(3.5)and ca. 79% foICuOSIi/SBA-
(5.0). The Cu metal in these samples likely arises from the sintering
of Cu atoms not associated with-8D (surface) linkages formed
upon decomposition of the OSi(OBu); ligands (Scheme 1B).

The Cu-O CNs for heate@€uOSIi/SBA(3.5)andCuOSi/SBA(5.0)
decreased by ca. 1 from those of their uncalcined counterparts, pre-
sumably from the decreased average weighting due to minor agglo-
meration of locally distributed Cu atoms (Table 1). When the contri-
bution of Cu metal is removed for these heated materials, theGCu
CNs (both 2.2(3)) are close to those of their uncalcined counterparts,
suggesting similar local environments for the isolated Cu(l) species.

Itis clear that, for the materials prepared via the grafting approach
using [CuOSI(CBu)3]4 (1), significant stabilization of isolated Cu-

(I) species is provided after loss of the organic groups from the
—OSi(0OBu); ligands and the subsequent anchoring of Si to the
support via Si(surface)O—Si linkages. It has been proposed that
such extra stabilization may occur for grafted M[OSEQ);]x
species; however, direct evidence of such an effect has not been
previously observedél.Use of 1 as a Cu precursor provides only
isolated Cu(l) sites (100% of the Cu detected) for the uncalcined
materials and maintains isolated Cu(l) sites after heating at 673 K
(up to 88% of the detected Cu). In contrast, use @f identical
grafting and heating procedures provides isolated tetrameric Cu
species (with CtO—Cu linkages) in the uncalcined materials
(100% of detected Cu) and Cu metal nanoparticles after heating
(100% of detected Cu). Thus, proper selection of the metal source
and treatment conditions can give sites with tailored structures and
properties, allowing for atomic-level control. Future reports will
compare the materials reported here with those obtained via
previously reported methods. Additional studies will describe results
pertaining to the catalytic partial oxidation of methanol.
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