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New mesoporous niobium oxides with 5, 10, and 15 mol % vanadium(V) doped into the walls of the structure were
synthesized by the ligand-assisted templating method with an octadecylamine template. These materials were
characterized by XRD, XPS, EPR, elemental analysis, and nitrogen adsorption before being treated with excess
bis(benzene)chromium to give new composites with an organometallic phase in the walls. All materials were also
characterized by EPR, XRD, nitrogen adsorption, XPS, SQUID magnetometry, and elemental analysis. The materials
with higher percentages of vanadium absorbed more his(benzene)chromium, because this process depends largely
on the electron transfer between the organometallic and the walls of the mesostructure and vanadium(V) is a
stronger oxidant than niohium(V). Conductivity studies on these materials revealed that the ratio of Cr(0) to Cr(l)
in the pores was more important than the absolute Cr loading level in governing electron transport properties but
that increasing the V content led to more insulating behavior regardless of the Cr concentration. Solid-state H
NMR studies on perdeuteriobenzene analogues of these composites showed the presence of the neutral and
cationic Cr species in different ratios depending on the loading. Tumbling of these species was also slow on the
NMR time scale, indicating that the charge-carrying Cr species are not rapidly moving through the pore channels
of the mesostructure. This suggests that the walls of the structure may play a key role in charge transfer in these
composites, contrary to what was previously believed.

Introduction A pore sizes allow encapsulation of species too large to be
The study of the synthesis and physical properties of mftrﬁ_ducied m:co the polrefcawtles'of zeolWeﬂ:je extensmp.
nanoporous materials is one of the fastest growing areas in0! tNis class of materials irom main group oxides to transition

materials science. By exploiting structure property relations metals is of Part'CUIar |mportance beca_use tran§|tlon meta_ls
in nanostructured inorganic composites, it is possible to possess variable oxidation states which are important in

fabricate materials in which the local composition, grain size, magn_et;;L l;)ptlcal, Iand erl]ectr%mﬁ properties of rk?any
and porosity can be tuned to give the desired macroscopicmaterla - Recently we showed that mesoporous Nb, Ta,

properties. Mesoporous materfafsare important as hosts and Ti oxides can act as potent electron acceptors in-host
for organic and inorganic guest phases because th&Q0 (3) Chen, C.-Y.: Burkette, S. L.; Li, H.-X.; Davis, M. Bvlicroporous
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guest inclusion reactions involving alkali met&ts' alkali eV, and the data were obtained using a Physical Electronics PHI-
metal fullerides and a wide range of bis(arene) and bis- 5500 using charge neutralization. The conductivity measurements
(cyclopentadienyl) complexé&:22 The controlled porosity ~ Were recorded on a Jandel 4-point universal probe head combined
and electrochemical activity of these mesoporous oxides With a Jandel resistivity unit. The equations used for calculating
allow us to couple quantum confinement and the introduction € reS'Stl'IV'ty V‘ge as follor\]/yslé
of hole defects into the guest species in a single step. The 0" Pellets of<0.5 mm thickness,
reaction of mesoporous niobium oxide with bis(benzene)- r V
—t
(Iog n? |)

chromium leads to semiconducting materials with a mixed p=

oxidation state organometallic phase in the pététowever,
only small amounts €1 wt %) of bis(benzene)chromium

are oxidized by the mesoporous niobium oxide due to the

limited availability of low-lying acceptor states in the

niobium oxide phase strong enough to oxidize the organo-
metallic. To conduct a study of the variation of electronic

For pellets of>0.5 mm thickness, the following equation is used:

p=21(9

properties with the bis(benzene)chromium loading level, it Herep = resistivity, z/log n? = sheet resistivityV = volts, | =
is therefore necessary to increase the oxidizing ability of the current,t = thickness of the pellet, an8 = the spacing of the

mesostructure by doping it with a more highly oxidizing

probes (0.1 cm). For variable-temperature resistivity measurements

species. Herein, we report the synthesis of a new family of pressed pellets with four copper wires affixed by conducting silver

V-doped mesoporous niobium oxide materials in which the
V content in the walls controls the level of bis(benzene)-

chromium in the structure by tuning the ability of the
structure to function as an oxidizing agent. Solid-stide

NMR experiments were also conducted on the perdeutero

adhesive (Alfa Aesar) were coated in epoxy resin in a glovebox.
Samples were cooled from room temperature to liquid-nitrogen
temperature while transport measurements were made using a
Keithly programmable current source and voltmeter.

The powder electron paramagnetic resonance (EPR) samples
were prepared under vacuum and the data collected or'leBru

analogues of these composites to probe into the dynamicy_pand ESP 300E EPR spectrometer. Magnetic measurements were

behavior of the Cr species in the pores.

Experimental Section

Materials and Equipment. All chemicals unless otherwise stated

conducted on a Quantum Design SQUID magnetometer MPMS
system wih a 5 Tmagnet. Solid-state variable-temperature (VT)
°H NMR experiments were conducted on a Varian Infinity Plus
9.4 T wide-bore NMR spectrometeraf= 61.4 MHz using Varian/

were obtained from Aldrich. Bis(benzene)chromium was obtained Cheémagnetics 5 mm wide-line and 5 mm HXY MAS (in single-

from Strem Chemicals. Trimethylsilyl chloride was distilled over

resonance?H mode) probes. For both stationary and spin-

calcium hydride. Bis(hexadeuteriobenzene)chromium was synthe-NiNg samples, a quadrupolar echo pulse sequence of the form

sized according to the literatuf&put perdeuteriobenzene was in

(7/2),—t—(n/2),—7—acquire was applie#f. A single set of rotor-

place of benzene as starting reagent. Bis(benzene)chromium iodideSynchronized quadrupolar echo magic-angle spinning (MAS) NMR
and bis(hexadeuteriobenzene)chromium iodide were made accord€XPeriments with spinning frequencies of 9.1 and 11.0 kHz were

ing to the literatur@> Mesoporous niobium oxide was made
according to the method of Antonelli and Yifig.

Nitrogen adsorption and desorption data were collected on a

Micromeritics ASAP 2010. X-ray diffraction (XRD) patterns (Cu

conducted on the mesoporous niobium oxide loaded with 0.1 equiv
of bis(benzene)chromium(0). Sample temperatures were varied from
—150 to+100 °C. Samples were carefully powdered and packed

into 5 mm o.d. Teflon tubes or 5 mm o0.d. zirconium oxide rotors

Ka) were recorded in a sealed glass capillary on a Siemens D-500@nd sealed with airtight caps. AH NMR spectra were referenced

0—26 diffractometer. All X-ray photoelectron spectroscopy (XPS)
emissions were referenced to the carbon(C, H) peak at 284.8
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2774.
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2001, 11, 1.
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(24) Fischer, E. Olnorg. Synth196Q 6, 132. Fischer, E. O.; Hafner, W.
Z. Anorg. Allg. Chem1956 286, 146.

(25) FischerE. O.Inorg. Synth.196Q 6, 136.
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with respect to TMS = 0.0 ppm, by using benzertz-as a
secondary reference with = 7.27 ppm. The 90pulses ranged
from 2.5 to 3.1us for experiments with the 5 mm wide-line probe
and 4.6us for MAS experiments, corresponding to rf fields ranging
from v; = 54.3 to 80.7 kHz. The interpulse delays in the
quadrupolar echo sequenag,were 200 or 52Q:s in the static
experiments and &/, in the MAS experiments. The static NMR
experiments on pure samples of bis(benzene)chromium(0) and the
bis(benzene)chromium(l) cation required the acquisition of ca. 200
to 2000 transients with pulse delays of 1 and 0.5 s, respectively.
Static experiments on the loaded mesoporous niobium oxides
required acquisition of ca. 4000 transients with a pulse delay of
0.5 s, while the MAS experiments required 368 scans. Solid-state
IH MAS NMR experiments were conducted on the bis(benzene)-
chromium cation ato, = 400.1 MHz, using a Varian/Chemagnetics
2.5 mm HX MAS probe, with a spinning frequency of 25 kHz.
This sample was packed into a 2.5 mm o.d. zirconium oxide rotor
and was referenced with respect to dichloromethare 5.3 ppm).

The 90 pulse width was 2.7s, andv; = 92.6 kHz. The acquisition
required 16 scans wit4 s recycle delay. The quadrupolar coupling

(26) Chandrakumar, NSpin-1 NMR Springer-Verlag: New York, 1996.
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constants €q), the asymmetry parametergg], and the isotropic
chemical shifts djso) of most of the?lH NMR spectra were obtained
from spectral simulations using the WSOLIDS software package,
which was developed by Dr. Klaus Eichele in Prof. Wasylishen'’s
laboratory at Dalhousie University. WSOLIDS incorporates the
space-tiling method of Alderman et al. for the generation of
frequency domain solid-state NMR powder pattefhghe effect

of dynamic motion of the benzene rings on the solid-stdtepectra

of bis(benzene)chromium(0) was simulated using the program
MXQET28 on a Dell Precision 420 workstation with dual 733 MHz

Volume Adsorbed (cm®g™ STP)

50 - —O—8%VNb, Desorption  —@—8%VNb, Adsorption

pentium 1l processor running Red Hat Linux 6.2. All elemental

analysis data (conducted under an inert atmosphere) were obtained 0 T R—m— .
from Galbraith Laboratories, 2323 Sycamore Drive, Knoxville, TN 0 0.2 0.4 0.6 0.8 1
37921-1700. Relative Pressure (P/P)

Synthesis.Mesoporous ¥-Nb mixed oxides were prepared by  Figure 1. Nitrogen adsorption and desorption isotherms of pure meso-
the ligand-assisted templating metHoelcept 5, 10, or 15 mol % porous niobium oxide (NBTMS) and vanadium-doped niobium oxide
of vanadium(V) triisopropoxy oxide with respect to Nb was added 1-3.
to the Nb(V) ethoxide prior to addition of the octadecylamine
template and subsequent hydrolysis/condensation steps. Elemental
analysis gave the following results respectively for the three as-
synthesized samples (%}, Nb, 45.31; V, 1.30; C, 0.50; H, 2.09;

N, less than 0.03; O, 50.7@, Nb, 40.41; V, 1.80; C, 2.01; H,
2.29; N, less than 0.03; O, 53.39; Nb, 42.80; V, 3.45; C, 0.51;

H, 2.40; N, less than 0.03; O, 50.79. The elemental formula of
these materials can be calculated asi M 0:0s.5CoodH47,

Nb1 0V 0.0607.7Co.4H5.3, and N .oV 0.1506.6Co.0dHs.2 respectively for
1-3.
Bis(benzene)chromium-reduced mesoporoud\¥ oxide com- ¢
posites {—9) were synthesized by addition to a suspension of the
trimethylsilyl chloride treated mesoporous—Wb oxide @, 5, or 4

6) in dry benzene an excess of bis(benzene)chromium calculated
on the basis of sample weight and percentage of Nb. The 15 65 15 165
mesoporous solid immediately turns from light yellow to gray- Two Theta ()
yellow. After several days of additional stirring to ensure complete _. - .

. . . Figure 2. XRD patterns of (a) mesoporous niobium oxide, h)c) 2,
absorption of the organometallic, the reduced material is collected , - (d)3.
by suction filtration and washed several times with benzene. Once
synthesized, the material is dried in vacuo at3Dorr on a Schlenk Table 1. BET Surface Area, Pore Size, and Pore Volume of the
line until all the condensed volatiles had been removed. All reduced As-Synthesized Vanadium-Doped Mesoporous Niobium Oxides

Intensity (cps)
o 1 iy

oxides in this study were prepared in an analogous fashion. The C BET surface HK pore pore vol
and H elemental analysis is summarized in Table 3. samples area (Mg size (A) (cm3g™h
Nb—TMS 861 23.1 0.531

Results and Discussion meso-5% VNb {) 832 25.7 0.511
meso-8% VNb 2) 761 24.0 0.436

Characterization of V-Doped Mesoporous Niobium meso-15% VNbE) 538 232 0.341

Oxides. The nitrogen adsor_ption and desorption isgtherms diffraction (XRD) patterns show a broad peak centered at
of the mesoporous ¥Nb oxides1—3 are shown in Figure d(100) spacing= 40 A for these materials (Figure 2),

1. The BET surface area, HK pore size, and pore volume of ., sistent with a wormhole pore structure typical of other
these samples are summarized in Table 1 and compared t‘?nesoporous transition metal oxides.

a sample of mesoporous niobium oxide prepared without Figure 3 shows electron paramagnetic resonance (EPR)
addition of the V dopant. The type IV isotherm exhibited in spectra of material. The three vanadium-doped samples
all cases is indicative of mesoporosity, while the lack of ¢po\ similar hyperfine splittings originating from tf&/
hysteresis demonstrates that the template was removed, cieys [ = 7/2). These splittings are the combination of
successfully without significant loss of structure. double eight lines as vanadium nucleus is parallel (eight
Plots of incremental pore volume versus average porelines) and perpendicular (eight lines) to the magnetic field.
diameter for materiald—3 indicate that these materials The simulation of this spectrum gave the hyperfine splitting
possess a narrow pore size distribution. (€a width at Hamiltonian parameteA andg valuesA(x, x) = 76.50 G,
half-height) upon removal of the template. The powder X-ray A(y, y) = 76.50 G,A(z, 2) = 191.50 G,g(X) = 1.979,9(y)
= 1.979, andy(2) = 1.929, indicative of vanadium(IV) in
(27) Alderman, D. W.; Solum, M. S.; Grant, D. Nl. Chem. Phys1986 the samplé? The clear hyperfine splitting indicates that the
(28) 8G4r’e?(’e7n]f-iZeI(i7|3I.5'S.; Ronemus, A. D.; Vold, R. L.; Vold, R. R,; Ellis, P. vapadium(IV) species is Wel! dispersed thr.OUQhOUI the Nb
D.; Raidy, T. E.J. Magn. Reson1987, 72, 89—107. oxide bulk structure, otherwise the vanadium nuclei with
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Figure 3. Powder EPR spectrum &fand the simulation of this spectrum.

unpaired electrons would interact with each other resulting

in hyperfine splitting disappearance. The presence of V(IV)
in the sample can be accounted for by reduction of the V(V)

during the synthesis process, possibly by 2-propanol formed

by hydrolysis of the V precursor. Since V(V) is not spin
active, it is not possible to determine by this method the
ratio between V(IV) and V(V) in the material. When the
sample was heated at 10CQ for 4 h, the EPR signal from

vanadium(IV) disappeared, indicating that the V species had

been completely oxidized into vanadium(V). The nitrogen

He et al.

adsorption and desorption data showed the mesostructure was

completely retained after oxidation of V(IV), suggesting that
this method is an effective way to produce single-valent
vanadium(V)-doped mesoporous niobium oxides.

The X-ray photoelectron (XPS) spectralof3 are shown
in Figure 4: Figure 4a shows the V 2p 1/2, 3/2 regions with

a series of asymmetric emissions which can be assigned to

a mixture of V(V) (516.5, 524.1 eV) and V(IV) (515.0, 522.2

eV) according to the literature values for the corresponding
oxides3® As expected, the intensity of the peaks increases
monotonically with the increase in V content. Since XPS is
a surface technique, it is difficult to determine the degree of
V dispersion through the material; however since the V
dopant was introduced as a mixture with the Nb ethoxide
precursor and not later in the preparation after a significant

degree of condesation of the Nb structure had ensued, it is

likely that the V is evenly dispersed throughout and not only
on the surface. In related work we have found that elemental

a)
15%VNb
w o
) 8%VNb
=
5%VNb
NbTMS
NN AN NN NI A N
526 524 522 520 518 516 514 512 510 508
Binding Energy (eV)
b)
u
w
z
NbTMS
5%VNb
8%VNb
15%VNb
218 216 214 212 210 208 206 204 202 200
Binding Energy (ev)
c)
NbTMS
w
)
3 5%VNb
8%VNb
16%VNb
14 12 10 8 6 4 2 0

Binding Energy (ev)

Figure 4. XPS spectra of all materials from Figure 1 showing the (a) V
2p 1/2 and 3/2 region, (b) Nb 3d 3/2 and 5/2 region, and (c) region near
Fermi level.

percentages of dopants at the surface as determined by XPS

are generally reflective of percentages obtained by ¥CP.
Individual crystallites of V oxide are ruled out because of
lack of higher angle XRD reflections. Figure 4b shows the
Nb 3d region with the 5/2 and 3/2 emissions located at 207.6

(29) Bogomolova, L. D.; Stefanovsky, S. V.; Troole, A. Y.; Vance, E. R.
J. Mater. Sci.2001, 36, 1213.

(30) (a) Biener, J.; Bamer, M.; Wang, J.; Madix, RSurf. Sci 200Q 450,
12. (b) Mendialdua, J.; Casanova, R.; Barbaux, JY.Electron
Spectrosc. Relat. Phenoi995 71, 249.
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and 210.4 eV, consistent with Nb(¥)The valence regions
near the Fermi level are shown in Figure 4c, yielding an
approximate distance to the Fermi level of 3.0 eV for oxygen
2p valence emission. There are no other emissions near the
Fermi level which may indicate the presence of metallic
states or impurities in the sample. Examination of emissions
in this region are important in rationalizing electronic
behavior of solid-state materials.
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Figure 5. Nitrogen adsorption and desorption isotherms of (a) trimethylsilated mesoporous niobium oxide before (top) and after (bottom) treatment with
excess bis(benzene)chromium, (b) trimethylsilatéd) before (top) and after7] (bottom) treatment with excess bis(benzene)chromium, (c) trimethylsilated

2 (5) before (top) and after8j (bottom) treatment with excess bis(benzene)chromium, and (d) trimethylsBat@dbefore (top) and afterdj (bottom)
treatment with excess bis(benzene)chromium.

Synthesis and Characterization of Bis(benzene)chro- Pb'etﬁ-lﬁ'ﬁTtS;f\f/ace Qrea’DPOfedS:\ﬁev and POfeN\_/%'Pme C())f'd §
. . . P rimetnyisilylate anadium-bope esoporous Niobium Oxides an
mium Mesoporous VINb Oxide Composn.esln a prehrr_n- the Corresponding Bis(benzene) chromium Compdsites
nary step, samples df—3 were treated with excess trime-

. . . . . . BET surf HK pore pore vol
thylsilyl chloride to give materlalﬂ—IB. This procedure is samples area (hg-Y) size (A) (g
necessary to preserving the integrity of the mesostructure— ——— p— 231 0.434
after reduction, because it removes water or caps surface meso-59% VNb4) 721 25.7 0.412
hydroxyl groups which form nucleophilic oxygen species, meso-8% VNb¥) 691 24.0 0.388
. . . - 0,
detrimental to the structure, upon reduction. Materiai$ meso-15% Vb @ P 232 0331
were then treated with excess bis(benzene)chromium over 5o, vNbCr (7) 557 23.2 0.332
several days to ensure complete reaction to give reduced 8% VNbCr @®) 487 23.0 0.286
. . 0,
composite—9. The BET surface area, HK pore size, and ~ 15% VNbCr 6) 296 222 0.182

pore volume for all reduced samples are shown in Table 2. 2The data for pure trimethylsilylated mesoporous niobium oxide

The nitrogen adsorption and desorption isotherms of thesesynthgsized with an oct_adecylamine template before and after treatment
. . . . with bis(benzene)chromium are also shown.

materials before and after reduction with bis(benzene)-

chromium are shown in Figure 5. The loss of surface area

exhibited in these isotherms is a consequence of surfaceconfirming that the organometallic was absorbed into the

coating and pore blockage by the organic and organometallicPore structure. The results are summarized in the Table 3.

species and has been commented on previdadlge XRD The weight percentage of Cr can be estimated from the

patterns of all new materials exhibited the saghgpacing increase in carbon on intercalation and the Cr/C weight ratio

as the starting material (Figure 6), indicating retention of in the organometallic as 0.97%, 1.27%, and 2.18%fe®,

the mesostructure on reduction by the organometallic. Therespectively. In previous studies on bis(arene) and bis-

elemental analysis of these new materials shows an increasécyclopentadienyl) composites of mesoporous Nb oxide, the

of carbon and hydrogen percentage on intercalation, furthermetal percentage from inductively coupled plasma analysis

Inorganic Chemistry, Vol. 42, No. 2, 2003 339
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Figure 6. XRD patterns of mesoporous transition metal oxides from Figure . .
1 after treatment with excess bis(benzene)chromium: (a) mesoporous Magnetic Field (Gauss)

niobium oxide; (b)7; (c) 8; (d) 9. ) . )
Figure 7. EPR spectra of all materials from Figure 6.

Table 3. Carbon and Hydrogen Elemental Analysis Results of the
Mesoporous Transition Metal Oxides before and after Reduction with

Bis(benzene)chromium
samples carbon hydrogen  samples  carbon hydrogen NJ
beforeredn  (wt %) (wt %) afterredn  (wt %) (wt %) 3

a
Nb—TMS1 573  1.43 NbCr 724  1.75 -J/\/\NM/—
ﬁ ¢

meso-5% VNb4) 5.30 1.49 5% VNDbCrY) 7.98 2.05
Magnetic Field (Gauss)

meso-8% VNb%) 4.65 1.77 8%VNbCrg§ 818 2.39
meso-15% VNb§) 6.72 1.37 15% VNbCrq) 12.76 2.77

Intensity (a. u.)

of the organometallic was consistently within 3% of that
value estimated from the increase in carbon.
Inspection of Table 3 reveals that the carbon content after
treatment with bis(benzene)chromium, and hence the Cr _ o _ _
loading level. increases monotonically with increased per- Flgqre 8. _Samples of (a) mesoporous niobium OX|d_e treated Wlth 0.001
g v ) _y . . p equiv of bis(benzene)chromium, (b) sampléreated with 0.001 equiv of
centage of V in the samples. This is consistent with the bis(benzene)chromium, and (c) sampléreated with 0.003 equiv of bis-
increased oxidizing ability of the materials with a higher vV (benzene)chromium.
content and demonstrates that the oxidizing ability of the o . .
walls can be adjusted by the addition of this dopant to the porous niobium oxide samples is due to the strong eleetron
structure electron interaction in this system because the V(V) in the
Figure 7 shows the electron paramagnetic resonance (EPR§!ArING materials had been reduce_d into V(IV) by bis-
spectra of NB-TMS1 and the mesoporous VNb oxide (Penzenejchromium. The peak gt= 2.00 from free
composites reduced by bis(benzene)chromium. All samples€lectrons in the mesostructure, observed in many reduced
show a large resonance gt= 1.98 originating from the mesoporous niobium oxides studied in our group, was not

bis(benzene)chromium cation. The broadened nature of the'©S0lved in this case, most likely because it is obscured by
resonances suggests that there may be other spin activdhe strong signal for the bis(benzene)chromium cation. These
species present. Figure 8 shows EPR spectra of the sampld@ta indicate that the mesoporous structure was reduced by
which was made from mesoporous niobium oxide and 0.001 Pis(benzene)chromium to give a new material with V(IV)
equiv of bis(benzene)chromium (a) and sampleafter in the walls and the bis(benzene)chromium cation in the pore
treatment with 0.001 or 0.003 equiv of bis(benzene) chro- channels. _

mium (b, ¢). The V(IV) hyperfine splittings in the unreduced ~ XPS studies of the mesoporous—¥b oxides after
starting materials are obscured by the bis(benzene)chromiunf€action with bis(benzene)chromium-9) provide further
cation resonance & = 1.98, which increases in intensity evidence of the reduction of the mesostructure. Figure 9a

with higher loading levels. The clear proton hyperfine Shows the V 2p (1/2, 3/2) region, exhibiting asymmetric
splittings (s = 3.43 G,g = 1.98), characteristic of the bis- emissions centered at 515.0 and 522.0 eV. These emissions

(benzene)chromium catidh,were obtained in the sample &€ broader and centered at much lower binding energy than

of mesoporous niobium oxide reduced with 0.001 equiv of those for the unreduced material at ca. 516 eV shown in

bis(benzene)chromium. The disappearance of the V (IV) Figure 4a, indicating a greater degree of reduction to V(IV)
hyperfine splitting in the reduced vanadium-doped meso- by the organometallic in the former materials. The broadness
of the emissions suggests that there is still V(V) remaining

(31) Prins, R.; Reinders, F. Chem. Phys. Lettl969 3, 45. in the reduced materials and that there are V sites in the
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Figure 9. XPS spectra of all materials from Figure 6 after treatment with excess bis(benzene)chromium showing the (a) V 2p 1/2 and 3/2 regions, (b) Nb
3d 3/2 and 5/2 regions, (c) Cr 2p 1/2 and 3/2 regions with bis(benzene)chromium iodide for reference, and (d) region near Fermi level.

Table 4. Effects of Vanadium Contents on the Conductivity of Bis(benzene)chromium-Reduced MesoperbilssQkide Composites

samples 0.7 wt equi(Q2~1cm™1) 0.1 wt equiv (2~ 1cm™) 0.05 wt equi® (Q 1 cm™1) 0.01 wt equi® (Q 1cm™1)
Nb—TMS1+ (CgHe)2Cr 1.36x 10°° 6.88x 10°6 2.26x 1076 4.24x 1077
4 + (CgHe)2Cr 452x 1076 1.70x 1076 2.20x 1077 insulating
5+ (CgHe)2Cr 1.13x 10°® 5.24x 1077 insulating insulating
6 + (CsHe)2Cr insulating insulating? insulating? insulating?

aThe numbers are the weight ratio ofgffs).Cr added to the mesoporous transition metals oxides added to the mesoporous transition metal oxides with
0.7 equiv representing an exce&#nsulating indicates the conductivity is lower than 2@~ cm™L
walls that are perhaps too isolated for reduction by a reagentintensity as the vanadium component increases in the
introduced on the surface of the pore channels. As expectedmaterials. There is also a small emission at lower binding
the intensity of the emissions increases with increased energy which may be due to Cr metal from minor decom-
percentage of V. Figure 9b shows the Nb 3d (5/2, 3/2) region. position pathways. Figure 9d shows the region near the Fermi
The emissions appear at lower binding energy (207.1 andlevel with a rough distance to the Fermi level of 3.0 eV for
209.9 eV) as compared to the starting materials at 207.6 andthe metat-oxygen sp valence emission.
210.4 eV. These data indicate that some surface Nb sites Tgple 4 shows the effects of vanadium content in the

have also been reduced by the organometallic. Figure 9¢materials on the room-temperature four point dc conductivity
shows the Cr 2p (3/2, 1/2) region of the reduced materials, bis(benzene)chromium-reduced mesoporoad\s oxide

with emissions at 57_5.5 and 585.1 eV, consist_ent with neutral composites. For each mesoporous oxide composition, samples
bis(benzene)chromiuf. The spectrum for bis(benzene)- with 0.01, 0.05, 0.1, and 0.7 (excess) weight equiv of bis-

chromium iodide is shovyn for compar_ison. The emis.sion for (benzene)chromium were prepared to gauge the effect on
the bis(benzene)chromium(l) cation in the composites was ¢qnqyctivity of increasing the Cr while holding the V level

weak and not clearly resolved, indicating the Cr(0)/Cr(l) ratio ¢qngtant. Variable-temperature conductivity studies on these

ISI n favolr of The. neutral Ispemehs. As predicted from the . ierials showed that the conductivity dropped sharply with
elemental analysis in Table 3, these emissions increase e gecrease of the temperature, indicating that these materi-
(32) Binder, H.; Elschenbroich, @ngew. Chem. Int. Ed. Engl973 12, als are semiconductors. Mater_la}s6 were msulatmg before

659. reduction by the organometallic. Previous work in our group
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showed that increasing the loading level of bis(benzene)- 2.50E-03 -
chromium in mesoporous niobium oxide from Cr:Nb ratios a) L e nber
of 0.01:1 to 0.07:1 led to an increase of conductivity and ~o-ZFC, NbCr
that the electron transport mechanism appeared to involve a —#-FC, 5%VNbCr

. . . . o -+2ZFC, 5%VNbCr
mixed oxidation state bis(benzene)chromitibis(benzene)- ~e—FC, 8%VNbCr
chromocenium phase in the pore chani&Bstimations of ~0~ZFC, 8%VNbCr

. . : —+—FC, 15%VNbCr

the bandwidths and Hubbard potentlals of these materials - ZFC, 15%VNbCr
do not preclude such a mechanism where the electron moves
by a hopping process between the Cr(0) and Cr(l) centers.
The insulating nature of mesoporous niobium oxide reduced
with varying amounts of alkali metal or cobaltocene suggests
that the walls do not participate in the electron transport 0.00E400
mechanism. Close inspection of Table 4 shows that materials ‘ 0 20 40 60 80 100
at a given V loading level show an increase in conductivity
with increased bis(benzene)chromium, similar to other

2.00E-03 A

1.50E-03 -

1.00E-03 -

5.00E-04 -

Magnetic Susceptibility (emu/g)

Temperature (K)

reduced mesoporous niobium oxides with alkali metal 10000 -

fulleride!” or organometallit® 23in the pores, which display Z :;3LbCr b)
an increase in conductivity with increased dopant level. 8000 1 o 8%VNbOr
While XPS cannot resolve the Cr species in the samples with A 15%VNbCr

0.1, 0.05, and 0.01 equiv of bis(benzene)chromium, solid-
state NMR studies presented later in this paper indicate that
these materials have an excess of the Cr(l) over Cr(0),
contrasting to the materials with 0.7 equiv of organometallic
which all have an excess of Cr(0). This, in conjunction with
the results in Table 4, strongly suggests that an excess of
Cr(0) favors higher conductivity. Materials with alkali metal
fullerides in the pores also show a strong dependence of
conductivity on the mean oxidation state of the fulleride in
addition to the absoluteggloading level. Molecular conduc-
tors in general show a strong relationship between conduc-Figure 10. SQUID magnetometer plots of () magnetic susceptibility

.. . . versus temperature and (b) variation of inverse magnetic susceptibility with
tivity and the electron population the conduction band and, temperaturg for all mate(rig.ls from Figure 6. 9 PERIY

hence, the mean oxidation state of the charge carrying
Table 5. Curie Constants, Weiss Constants, and Effective Magnetic

spec!es. Thus, composites Wlth a hlgh Cr(O) to _Cr(l) ratio Moments of the Samples Made from Mesoporous Transition Metal
are likely to be more conducting than those with a low oxide and Excess Bis(benzene)chromium

Cr(0) to Cr(l) ratio, because of the higher number of Cr 3d

1lyq (glemu)

0 20 40 60 80 100
Temperature (K)

) | " he f el samples C(emuglK) O (K) Ueft
conduction electrons in the ormer system._Pargdo_xwa Y: “Nbor 0.0127 —18.869 0.1008
Table 4 also reveals a decrease in conductivity with increas- 59, vNbCr (7) 0.0197 —14.089 0.1255
ing V at a given bis(benzene)chromium loading level. This 8% VNbCr @) 0.0291 —13.71 0.1525

15% VNbCr Q) 0.0354 —8.6086 0.1682

was unexpected as the samples with more V have a higher

absolute Cr content as well as a high Cr(0)/Cr(]) ratio. This 5 the Boltzman constadt. The results are summarized in
trend could be related to a different conductivity mechanism Tgpje 5. The sample with the highest V and Cr loadiflg (
in these materials as compared to the V-free starting has the highest number of unpaired electrons of these
materials, in which the V in the walls acts as an electron sgmples, while the sample made from V-free-NIMS1 and
trap, hindering electron transport through the system. bis(benzene)chromium has the lowest number of unpaired
Figure 10a shows the superconducting quantum inter- electrons and the lowest Cr loading level. This result is also
ference device (SQUID) magnetometer plots of the magnetic fully consistent with the data from XPS studies. The negative
susceptibility versus temperature for the composite$. Weiss constant is consistent with spin glass behavior, also
The hysteresis and slight transition at 10 K in the ZFC branch observed in other bis(benzene) and bis(cyclopentadienyl)
of the plots indicates some degree of spin glass behavior.transition metal doped materials studied in our gréif.
Figure 10b shows the variation of inverse magnetic suscep- Solid-State?’H NMR Studies on Encapsulate Bis(ben-
tibility with temperature over the temperature range from 6 Zene)chromium Species. (a) BackgroundTo gain more

to 100 K, indicating that these materials obeys the Gtrie insight into the nature of the Cr species at loading levels
Weiss law,ym = C/(T — ©), whereC is the Curie constant lower than the XPS detection limit and investigate the

and® is the Weiss constant. The effective magnetic moment dynamic behavior of the charge carrying species in the pores,

i 2 2
Iueff can calculated from the equauﬁ?nz Nutg et /3«c, where (33) Chen, C.-WMagnetism and Metallurgy of Soft Magnetic Materials
N is the Avogadro numbeyg is the Bohr magneton, and Dover Publications: New York, 1986.
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Figure 11. Static?H NMR spectra of (A) bis(benzene)chromium(0) and (B) bis(benzene)chromium(l) cations acquired at 9.4 T.

solid-state?H NMR studies were conducted upon pure -+1<-0 and 0~ —1 NMR transitions are observed in solid-
samples of bis(benzene)chromium(0) and bis(benzene)chrostate?H NMR spectra which have overlapping anisotropic
mium(l) iodide, as well as mesoporous metal oxides loaded first-order patterns and usually span a range on the order of
with 0.1 and 0.7 equiv of bis(benzene)chromium(0). Solid- hundreds of kHz, depending upon the magnitude of the
state’H NMR has been applied in many instances to study quadrupolar interaction. TH# NMR powder patterns can
organic, inorganic, organometallic, biological, and composite be easily measured with modern pulsed NMR experiments,
materials’* Deuterium is a quadrupolar nucleus with a due to the relatively small quadrupolar interactions. The great
nuclear spin of 1 and has a very small nuclear quadrupole benefit of solid-stat¢H NMR is that dynamic motion of
moment Q = 2.86 x 103 m?).35 Solid-state NMR deuterium atoms (and therefore the EFG tensors at the
experiments on this integer spin typically yield Pake-like deuterium nuclei) can have a dramatic effect on the appear-
powder patterns and are influenced by the first-order qua- ance of the statiéH NMR spectrum. Dynamic simulations
drupolar interaction. can be carried out to extract information on the quadrupolar
The quadrupolar interaction is a measure of the interaction interaction, molecular motion, and activation energies for a
of the nuclear electric quadrupole moment and surrounding variety of rotational, translational, and diffusion proce$8és.
electric field gradients. The electric field gradient (EFG) at  (b) Characterization of Organometallic Samples Solid-
a quadrupolar nucleus can be described by a tracelessstate stati®H NMR spectra of pure bis(benzene)chromium-
symmetric second-rank tensaf, which has three principal  (0) and the bis(benzene)chromium(l) cation acquired at room
components which are defined such that| < [V23| < Va3l temperature are shown in Figure 11. Powder patterns
Since the EFG tensor is traceless, the quadrupolar interactiorcorresponding to two distinct deuterium species are visible
can be described by two parameters: the quadrupolarin Figure 11A: a large Pake doublet centered at 5.77 ppm;
coupling constant,Co, and the quadrupolar asymmetry a sharp resonance centered at 7.27 ppm. The former
parameteryqo. The former describes the magnitude of the corresponds té8H atoms on a rapidly rotating®-benzene
qguadrupolar interaction and is defined @s = eQedh = rings in the bis(benzene)chromium(0) complex, and the latter,
eQ\sy/h, whereeQ is the nuclear electric quadrupole mo- to free benzene molecules (this peak is set to 7.27 ppm and
ment. The latter describes the axial symmetry of the EFG is useful as an intern@H chemical shift reference). The
tensor and is defined ag = (V11 — V22)/Vs3, Where 0= 79 presence of free benzene molecules likely results from
< 1. decomposition of the bis(benzene)chromium(0) species.
The quadrupolar interaction at the deuterium nucleus is Similar 2H NMR spectra identifying residual benzene have
dependent upon the degree of electronic symmetry. Generpreviously been observed for the analogous H4G§Ds).
ally, a nucleus in a spherical site will have a negligible value complex3® In Figure 11B, only a singléH Pake pattern is
of Cqo, while a site in an increasingly asymmetric electronic observed, which corresponds to tfte atoms of the bis-
environment may have a large value @ and a nonzero  (benzene)chromium(l) cation. The chemical shift of this
value ofq (indicating a decrease in axial symmetry). The pattern is measured to be 288 ppm. No benzene peak is
observed, likely due to the fact that bis(benzene)chromium-

(34) Duer, M. J. InAnnual Reports on NMR Spectroscppdnnual
Reviews: Palo Alto, CA, 2001; Vol. 43, pp-58. (36) O'Hare, D.; Heyes, S. J.; Barlow, S.; MasonJSChem. Soc., Dalton
(35) Pyykko, PMol. Phys.2001, 99, 1617-1629. Trans 1996 2989-2993.
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Figure 12. Variable-temperature statiti NMR spectra and dynamic simulations of bls(benzene)chromlum(O) acquired at 9.4 T.

() is an air-stable compound and does not undergo decom- Variable-temperature statiel NMR can be used to probe
position as readily as bis(benzene)chromiuni{Bg isotropic the rotational dynamics and temperature dependence of
chemical shift difference between the Cr(0) and Cr(l) chemical shift of the various species identified in the room-
complexes is attributed to the fact that the latter compound temperature spectra. Statld NMR spectra for a sample of

is paramagnetic and some unpaired electron spin density ispure bis(benzene)chromium(0) with residual benzeyare
delocalized over the coordinategé benzene rings, resulting  shown in Figure 12. At room temperature and higher, the
in large high-frequency chemical shifts® Similar chemical Pake doublet for the bis(benzene)chromium(0) and a sharp
shift differences were measured By MAS NMR experi- resonance for isotropically reorienting benzeheare ob-
ments conducted upon nondeuterated and partially deuteratederved (isotropic reorientation averages @gto zero, just
samples (not shown). Simple analytical simulations of the like in the liquid phase). As the temperature is decreased to
°H Pake doublets of bis(benzene)chromium(0) and bis- —70 °C, the sharp benzene resonance seems to disappear;
(benzene)chromium(l) yield values G = 96 kHz andiyq however, what is actually occurring is that the benzene is
= 0 andCq = 90 kHz andyq = 0O, respectively. The values  no longer isotropically reorienting but, rather, behaving like
of Cq obtained from analytical simulations are effective a rigid rotor making rapid rotational jumps about tBgaxis.
quadrupolar coupling constariswhich result from the This phenomenon is well documented for benzene loaded
averaging of quadrupolar interaction by dynamic motions, into microporous and mesoporous soliéi$? As the tem-

i.e., the rotation of the coordinated benzene ring about the perature is further decreased belew0 °C, the benzenéH

Ce axis. It should be noted that the effecti@ values of powder pattern undergoes further dramatic changes, while
aromatic deuterons are very similar in many bis(benzene)the bis(benzene)chromium(0) powder pattern changes at a
and metallocene complexes. For example, Overweg et al.much slower rate.

studied the molecular motion of deuterated ferrocene and A good estimate of the unaveraged “re&y of bis-
cobalt half-sandwich complexes in zeolites and found that (benzene)chromium(0) used in the dynamic simulations is
values ofCq(?H) are around 97 kHZ

(40) Overweg, A. R.; Koller, H.; de Haan, J. W.; van de Ven, L. J. M;

(37) Blumel, J.; Herker, M.; Hiller, W.; Kohler, F. HOrganometallics van der Kraan, A. M.; van Santen, R. A.Phys. Chem. B999 103
1996 15, 3474-3476. 4298-4308.

(38) Heise, H.; Kohler, F. H.; Xie, X. LJ. Magn. Resor2001, 150, 198— (41) Gedat, E.; Schreiber, A.; Albrecht, J.; Emmler, T.; Shenderovich, I.;
206. Findenegg, G. H.; Limbach, H. H.; Buntkowsky, &.Phys. Chem. B

(39) Penner, G. H.; Chang, Y. C. P.; Grandin, H. @an. J. Chem1999 2002 106, 19771984.
77, 1813-1820. (42) Xiong, J. C.; Maciel, G. EJ. Phys. Chem. B999 103 5543-5549.
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approximately double the effectiv€q obtained from the
analytical simulationét“*whereas unaveragét, of benzene-

ds molecule has been determined from low-temperattire
NMR studies on solid benzert&:*¢ With Co = 191-195

kHz and#nq = 0 for bis(benzene)chromium(0) areh =
185-195 kHz andnq = 0 for benzenads, the MXQET
program was applied to simulate all of the dynamic effects
of rotational jumps about & axis on the first-ordefH
quadrupolar powder patterns and to extract the relevant rate
constants describing the reorientation of the rings. To perform
such simulations, the orientation of tfi¢ EFG tensor with
respect to the molecular frame must be known and the
exchange matrix and angles describing the reorientation of
the?H EFG tensors must be described. It is well known for
many aromatiéH species that the largest component of the
EFG tensor V33 points directly along the aromatic«D
bond, with the remaining componenté, andV;;, directed
perpendicular and parallel to the plane of the aromatic ring,
respectivel\’®4? In the case of an axially symmetric EFG
tensor (i.e.y7q ~ 0), the relative orientation o¥;1 andVa,

is not crucial, and the only factors determining the appearance
of the static’H powder pattern are the magnitude\a, the

rate at whichVsz reorients, and the Euler angles determining
the relative orientation o¥/s3 at different sites. In the case

of rotational jumps about th€s axis of benzene or benzene ——— — ‘ S
coordinated to chromium, the Euler angles can be set as 4000 2000 0 2000 PPM
=0, 60, 120, 180, 240, or 3009 = 90", andp =90°. The Figure_13. \(ari_able-tem_perature statdel NMR spectra of bis(benzene)-
final result of applying these Euler angles is shown sche- Shomium() iodide acquired at 9.4 T.

100°C

22°C

-70°C

-90°C

-110°C

-125°C

TTTTCor

-140°C

matically in Figure 12, where the variable angleensures

Variable-temperature statfH powder patterns for bis-

that six different sites about an ideal hexagon are sampled,(benzene)chromium(l) (Figure 13) change less dramatically

while 0 tips V33 into the plane of the ring anpl orientsV,;

perpendicular to the ring plane. An Arrhenius plot, i.e., for

k = A exp(~E4RT), of In k vs 1T, yields an activation
energy for rotation o, = 10.0 kJ mot! and an activation
parameteA = 2.3 x 10'9s* for bis(benzene)chromium(0)
andE, = 30.5 kJ mot! andA = 4.0 x 10'® s™* for “free”

benzeneds trapped in the solid bis(benzene)chromium(O0).

than those for bis(benzene)chromium(0), since there is much
less residual benzene due to the relatively higher stability
of the bis(benzene)chromium(l) cation. Only in the spectrum
acquired at+100°C is a small benzendsresonance detected

at ca. 7.3 ppm. Since the bis(benzene)chromium(l) cation is
paramagnetic, there is a large temperature-dependent chemi-
cal shift: the’H resonance shifts to higher frequency as the

The values for bis(benzene)chromium(0) are in reasonablytemperature is lowered. The Pake doublet of bis(ben-

good agreement with previously measured resultEof
19.6 kJ mot? for (#5-CsDg)Cr(COX,*> 15.5 kJ mot? for bis-
(benzene)chromium(l) iodid€,and 18.8 kJ motl* in bis-
(benzene)chromium(@¥. The E, of the “free” benzenelk

molecule is higher than what was found in Buntkowsky et

al. (16.8 kJ moil)*and Vold et al. (16.5 kJ mot),** though

zene)chromium(l) shifts from 243 ppm &t1l00 °C to 590
ppm at—140 °C. Graphingdiso as a function of I yields
a linear plot consistent with CurigNeiss 11T chemical shift
dependence for paramagnetic ions (Figure 14).

(c) Characterization of Composite SamplesFigure 15
shows the experimental variable-temperatdi¢ NMR

our measurements were made upon residual benzene resulgpectra of a mesoporous metal oxide loaded with 0.1 equiv
ing from decomposition of bis(benzene)chromium(0) and of bis(benzene)chromium(0), along with the corresponding
their measurements were made upon pure solid bendgne- analytical simulations. At room temperature, there appear

over a larger temperature range.

(43) O'Brien, S.; Tudor, J.; O’'Hare, Ol. Mater. Chem1999 9, 1819-
1824.

(44) Ok, J. H.; Vold, R. R.; Vold, R. L.; Etter, M. A. Phys. Chenil989
93, 7618-7624.

(45) Aliev, A. E.; Harris, K. D. M.; Guillaume, FJ. Phys. Chem1995
99, 1156-1165.

(46) Mantsch, H. H.; Saito, H.; Smith, I. C. Prog. Nucl. Magn. Reson.
Spectrosc1977 11, 211-271.

(47) Howard, J.; Robson, K.; Waddington, T. &.Chem. Soc., Dalton
Trans.1982 977-984.

(48) Campbell, A. J.; Fyfe, C. A.; Haroldsmith, D.; Jeffrey, K. Rol.
Cryst. Lig. Cryst.1976 36, 1—23.

to be two distinct powder patterns: a Pake doublet and a
narrow powder pattern. The narrow pattern corresponds to
the isotropically reorienting benzemkg-molecules at ca. 7.3
ppm. The intensity of this sharp benzene powder pattern
decreases at lower temperatures, and any contribution to the
overall powder pattern intensity seems to disappeari

°C and lower. The absence of broad powder patterns for
benzeneds at lower temperatures likely indicates its low
abundance in the loaded sample and suggests that much of
the bis(benzene)chromium(0) is rapidly converted to bis-
(benzene)chromium(l) upon loading. The Pake doublet
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700 temperature plot obis, of the loaded bis(benzene)chromium-
() cation as a function of I/ shows the same temperature
dependence as for the pure bis(benzene)chromium(l) cation
(Figure 14).

For a higher loading level of bis(benzene)chromium(0) (0.7

g equiv),’H NMR experiments reveal that the amount of bis-
‘°jésoo ] (benzene)chromium(0) present in the metal oxide is much
© o higher than the bis(benzene)chromium(l) cation, in contrast
200 to the low loading sample. However, there is still evidence
100 | of the bis(benzene)chromium(l) cation resulting from oxida-
tion of bis(benzene)chromium(0) (Figure 16). Three different
000 a0 o oo o0 100 °H species are resolved. The narrow resonance is assigned
' ' ' ' ‘ ' to benzeneads with a chemical shift of ca. 7.3 ppm. The
10007 (K) intense Pake doublet centered at ca. 6 pp®p € 96—97
Figure 14. Temperature dependence of the paramagriticNMR kHz andyq = 0) corresponds to the bis(benzene)chromium-
chemical shift of bis(benzene)chromium(l) iodid® @nd mesoporous metal . ol
oxides loaded with 0.1 equiv of bis(benzene)chromium) (0) species, and the smaller Pake doublet exhibiting the same
temperature-dependent chemical shifts as the aforementioned
examples has chemical shifts ranging from 240 to 591 ppm
from 4100 to—140°C (Co = 90—-91 kHz andyo = 0—0.06)
and corresponds to the bis(benzene)chromium(l) cations. The
narrow resonance again seems to disappear at lower tem-
peratures, though benzedgis considerably more abundant
2900 than in the low loading species (notably apparent in the low-
temperature spectra). Around70 °C and lower, evidence
-30°C of a small amount of the bis(benzene)chromium(l) cations
-60°C can be detected shifting over a 350 ppm range from 100 to
—140°C. Though not strictly quantitative, the deconvolution
M of the low-temperature simulations reveal that the ratio of
:120°C benzeneds:bis(benzene)chromium(0):bis(benzene)chromium-
-150°C (I) can be roughly estimated to be about 8:30:1.
2000 1000 0 1000 ppm 200 1000 0 1000 ppm This set of experiments indicates that loading with low

Figure 15. Variable-temperature statiéH NMR spectra (left) and  and high levels of bis(benzene)chromium(0) into the meso-
E}Z}Eg'fgﬁeggﬂ?gm?;g(%iofggﬁzdm;tg'_ xides loaded with 0.1 equiv of orous metal oxides produces a mixed-oxidation state

composite material. In both cases, bis(benzene)chromium-
corresponds to the bis(benzene)chromium(l) cation, and it (I) cations are produced and both Cr(0) and Cr(l) species
shifts in the high-frequency direction with decreasing tem- coexist. Low loading levels result in almost complete
perature, from 285 ppm at room temperature to 645 ppm atconversion of bis(benzene)chromium(0) to bis(benzene)-
—150°C (Cq varies from 92 to 95 kHz, angl, varies from chromium(l), whereas high loading levels contain a fair
0.1 to 0.15). This shift of the Pake doublet as the temperatureamount of unreacted bis(benzene)chromium(0) and residual
decreases confirms the presence of bis(benzene)chromiumbenzeneds, possibly arising from the small amount of
(1) cation. At —30 °C and lower, the presence of a new decomposition of the organometallic to Cr metal detected
powder pattern is detected, centered at approximately 5 ppmin the XPS. The constancy of tfiel Pake doublet patterns
and with the shape of a Pake doublet that can be simulatedindicates that the bis(benzene)chromium species are not
with Co = 94 kHz andyo = 0.01. This powder pattern can  isotropically reorienting in this composite material; rather,
be assigned to the bis(benzene)chromium(0) species whictthe coordinated benzene rings undergo rapid reorientation
has not been oxidized to bis(benzene)chromium(l), since theabout theCs axes and the molecules are fixed in position in
powder pattern has NMR parameters identical to those of @ manner comparable to the pure compounds. The lack of
pure bis(benzene)chromium(0) and does not display the low-translational mobility and isotropic tumbling in the Cr species
temperature powder patterns associated with bendgridre on the NMR time scale suggests that for outer-sphere electron
2H powder pattern of bis(benzene)chromium(0) is not ap- transfer to occur the organometallic charge carriers must be
parent in the room-temperature spectrum due to overlap ofin close proximity to one another or that the walls may be
the Pake doublets of the Cr(0) and Cr(l) species and the factinvolved in mediating local electron-hopping processes.
that the ratio of bis(benzene)chromium(0) to bis(benzene)- Many mixed oxidation state semiconductors, such aS£8
chromium(l) is about 1:1C*H MAS NMR experiments on ~ show a time averaging of the species present which is
this sample were relatively unsuccessful at resolving the consistent with electron transfer occurring rapidly between
individual species, though it is clear from the simulations of the sites. The involvement of the walls in electron hopping
the static spectra shown in Figure 15 that the bis(benzene)-(49) Cox, P. AThe Electronic Structure and Chemistry of Sqli@xford
chromium(0) species is present in low abundance. A variable- Science Publications: Oxford, Great Britain, 1987.
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Experimental S Experimental Simulations

100°C
-110°C
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780 100 50 0 80 -100 -150kHz 150 100 50 0 50 -100 -150 kHz
22°C
186 100 50 0 80 -100 -150 kHz 86 100 50 0 50 --100 -150 kHz
-125°C
156 100 50 6 50 -100 -150 kHz 80 100 50 0 50 -160 -150 kHz
-70°C

_r

150 100 50 0 -50 -100 -150 kHz 150 100 50 0 -50 - -100 -150 kHz

-140°C
-90°C
150 100 50 0 -50 -100 -150 kHz 150 100 50 0 -50 -100 -150 kHz

150 100 50 0 -50 -100 -150 kHz 150 100 50 0 -50 -100 -150 kHz

Figure 16. Variable-temperature statdel NMR spectra and simulations of mesoporous niobium oxides loaded with 0.7 equiv of bis(benzene)chromium(0)
acquired at 9.4 T.

is contrary to our previous model in which the reduced walls conductivity and magnetic properties of these composites.
were considered to be too insulating because of AndersonThe conductivity depended more on the ratio between bis-
localization to observe long-range conductivity. However, (benzene)chromium and the corresponding cation than on
it may be possible that short-range electron transfer in the absolute loading level, suggesting that the mean oxidation
walls can occur, mediating local electron hopping through state of the Cr species was the crucial parameter in governing
the walls over a long enough range to bridge the physical conductivity. High levels of V, however, were found to lead

distance between the Cr centers to allow electron transferyg insulating behavior regardless of the amount and nature

through the network of organometallic species in the pores. f the Cr species present. Solid-stteNMR studies showed
This is certainly consistent with the observation that increased o\igence for both Cr species at all loading levels studied

levels ?fx h|nd”er condybcltlwt_y,has this necessitates !nvolvg- and demonstrated that these species were largely static within
ment of the wa S, POSSI y wit V.(IV) acting asaspin rap; the pore structure of the material.
however, to clarify this hypothesis more studies are neces-
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