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Introduction

The importance of supports in supported metal catalysts is
becoming increasingly evident, especially when the metal
particles become so small that they are in the nano-size
region—because the metal–support interactions are then
maximized.[1] Although properties such as the support sur-
face area influence catalyst performance, it is the nature and
extent of the interactions between the metal and the support

that are crucial to determine the role of the support in catal-
ysis by supported metal nanoclusters.[2]

In the development of this subject, titania as a support
has played a central role, because the metal–support interac-
tions have been among the strongest observed—this support
even migrates after high-temperature treatments to enve-
lope metal particles on it.[3,4] Much of the recent research on
titania has been focused on its photocatalytic properties and
its potential for use in catalytic photo-splitting of water and
oxidation of organic compounds. Numerous investigations
have focused on photo-generation of defect sites[5] and radi-
cal species[6,7] on titania surfaces, because they have been
implicated in catalysis by titania subjected to UV radiation.
Although much of the current understanding of titania sur-
face chemistry has emerged from investigations of clean, de-
hydroxylated, single-crystal surfaces,[5] this understanding is
not always sufficient for some applications (such as cataly-
sis), because, on the industrial scale, the titania is used in
the form of high-area hydroxylated powders, which are
structurally more complex that the single crystals.

It has been established broadly that the degree of surface
hydroxylation of metal oxides such as titania can markedly
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affect the nature of the surface sites and their catalytic prop-
erties and the properties of the metal sites that are dispersed
on the metal oxide.[8] Titania surfaces incorporate various
types of hydroxyl groups, differentiated by the type and
number of Ti atoms to which they are bonded (e.g., OH
groups bonded to Ti3+ or Ti4+ atoms).[9] An important tool
to differentiate these groups and understand their chemistry
is infrared (IR) spectroscopy. Characterization of surface
OH groups on high-area titania can provide insight into the
reactivity of partially reduced surface sites (Ti3+), because
the OH groups that are bonded to the surface at these sites
are characterized by IR bands with frequencies significantly
different from those of OH groups bonded to fully oxidized
surface Ti atoms (Ti4+).[9]

Much of the understanding of the reactivity of surfaces
has emerged from their characterization with adsorbed
probe molecules, which are often interrogated with IR spec-
troscopy. Characteristics of an adsorbed probe may provide
insights into the properties of the surface sites to which they
are bonded, such as their acidity and the coordinative unsa-
turation of the metal atoms.[10]

Typical probe molecules are small, such as H2, CO,[10]

CO2,
[11] NH3,

[12] and organics, including CH4
[13] and pyri-

dine.[12] These probes are characterized by some limitations:
1) they may be noninnocent, changing the surface site by in-
teracting with it,[14] and 2) they fail to provide any informa-
tion about metal–support interactions.

In contrast to these commonly used probes, organometal-
lic compounds, which are less well explored as surface
probes, offer advantages that may overcome some of the
limitations of the commonly used probes. For example, or-
ganometallic probes may provide direct information about
metal–support interactions. Furthermore, the prospect of
changing both the metal in the probe and the ligands
bonded to it confers flexibility in terms of the reactivity of
the probe and its bonding to the support; a subtle tunability
may be provided by a family of probes characterized by
small variations from one member to another. Moreover, a
heavy-metal atom in an organometallic probe enables the
use of characterization tools such as transmission electron
microscopy and X-ray absorption spectroscopy that are lim-
ited in applicability when the probe molecules contain only
light atoms.

Families of metal carbonyl complexes are potentially
good complementary probes, because the CO vibrations can
be easily measured by IR spectroscopy and are sensitive to
the environment of the metal to which the CO groups are
bonded, determined by the other ligands bonded to the
metal, often including the support.[15] Furthermore, when re-
moved from the metal, the CO ligands can form a variety of
surface or gas-phase species that are readily characterized
and may provide insights into the surface reactivity.

Complexes of the oxophilic metal rhenium are appealing
as probes of sites on metal oxides, because rhenium can
form strong Re�O bonds with the surface, stronger than the
metal�oxygen bonds formed by group 8 metals. Rhenium
complexes are also attractive because they are available in a

family with the composition [LRe(CO)5] (where L can be
one of several ligands, including H� and CH3

�).[16,17]

We now report the use of [HRe(CO)5] and [CH3Re(CO)5]
to probe the surfaces of titania (anatase) treated under dif-
ferent conditions to vary the density of the surface sites
(Ti3+�OH and Ti4+�OH).[9] We have characterized our tita-
nia samples, with and without the probes, by IR spectrosco-
py to provide information about the hydroxyl groups on the
titania and the carbonyl ligands on the rhenium, and to dif-
ferentiate the various titania surface sites to which the hy-
droxyl groups might be bonded. We have also interrogated
the immediate surroundings of the surface-bound rhenium
(including the titania anchoring sites) with extended X-ray
absorption fine structure (EXAFS) spectroscopy measured
at the rhenium LIII edge.

Results

Characterization of titania after various treatments and
identification of surface OH groups

Treatments in O2 and under vacuum : Titania prepared by a
sol-gel synthesis was calcined at 723 K in flowing O2. Then it
was treated at various temperatures under vacuum or in
flowing O2, to provide samples containing various densities
of surface Ti+3 sites.[18] In the following, the titania samples
are labeled according to their treatments. When the treat-
ments took place in flowing O2, the samples are labeled
with the subscript “ox” and when the treatment was under
vacuum, the samples are labeled with the subscript “vac”.
These are followed by subscripts denoting the treatment
temperature in Kelvin. Thus, for example, TiO2vac673 indi-
cates anatase treated under vacuum at 673 K.

IR spectra characterizing TiO2vac723 include five main
peaks in the 3400–3800 cm�1 region (Figure 1 and Table 1),

Figure 1. Normalized IR spectra in the nOH region characterizing titania
samples treated under various conditions: A) Under vacuum at 723 K for
4 h, B) in flowing O2 at 723 K for 4 h, and C) under vacuum at 723 K for
4 h, followed by exposure to air for 5 min. Spectra are normalized so that
the peak at ñ =3672 cm�1 has an absorbance of 1.0. The spectra are offset
for clarity.
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located at ñ=3717, 3689, 3672, 3642, and 3465 cm�1. Table 1
shows the peak positions characterizing the groups on the ti-
tania samples, along with literature assignments. The litera-
ture reports were used as a basis for assigning these IR
bands; the bands listed in the preceding sentence are as-
signed respectively to OH groups that are part of Ti3+�OH,
Ti4+�OH, Ti4+�OH, and (Ti4+)2�OH species and to OH
groups in adsorbed water.[9,18–20] Although bands at ñ= 3689
and 3672 cm�1 have both been assigned to Ti4+�OH
groups,[9,19] it is clear from the spectra that each corresponds
to separate modes, suggesting that the coordination of the
Ti atoms to OH is different, corresponding to the different
frequencies.[21] We lack sufficient information to determine
the differences between these two sites.

Exposure of TiO2vac723 to moisture-containing air resulted
in the complete disappearance of the band at ñ=3717 cm�1

and an increase in the intensity of the band associated with
adsorbed water (Figure 1 C). Smaller changes in the bands
at ñ= 3672 and 3642 cm�1 were also observed.

IR spectra characterizing the sample treated in flowing O2

(TiO2ox723, Figure 1 B) indicate the presence of the same OH
bands observed in the spectra of TiO2vac723; however, consis-
tent with previous observations, the intensity of the band at
ñ=3717 cm�1 relative to that of the Ti+4�OH bands was sig-
nificantly reduced,[18,20] which is in line with the assignment
of the band at ñ=3717 cm�1 to Ti+3�OH groups that we
would expect to have been almost completely removed by
the treatment in O2.

[9,22] In summary, the assignment of the
band at ñ= 3717 cm�1 to Ti+3�OH is based on the intensity
changes after treatments of the titania in O2 or under
vacuum and its position in the IR spectra.

Effects of treatment temperature
on density of surface Ti3+�OH
and Ti4+�OH sites : The nor-
malized IR spectra characteriz-
ing titania samples treated
under vacuum at various tem-
peratures (Figure 2) show that
the intensity of the peak as-
signed to OH groups on Ti3+

sites increased monotonically
with increasing temperature,
relative to the peaks character-
izing Ti+4�OH. Thus, the
number of Ti3+�OH sites rela-
tive to the total number of OH
sites was greater at higher tem-
peratures. Because these spec-
tra are normalized, the results
suggest that either the number
of Ti3+ sites increased with in-
creasing treatment temperature,
or that the number of OH
groups bonded to Ti4+ sites de-
creased, or a combination of

the two effects. To resolve this issue, it was helpful to titrate
the various surface sites on the support, as described below.

Adsorption of [HRe(CO)5] on titania

To form titania-supported rhenium species, the complexes
[HRe(CO)5] and, separately, [CH3Re(CO)5] were brought in
contact with the titania powder through the gas phase, as
the powder was stirred. The resulting samples were evacuat-
ed and subjected to characterization (all procedures were

Table 1. IR peaks in the OH-stretching region characterizing titania.

Titania form and
phase of sample

Treatment Scan
conditions

Band
locations
[cm�1]

Assignment Ref.

titania powder
(anatase)

4 h vacuum treatment at
723 K

vacuum 3717
3689
3672
3642

this
work

titania powder
(anatase)

4 h O2 treatment at
723 K

vacuum 3717
3689
3672
3642

this
work

titania powder dried in N2 N2 3693 Ti4+�OH
(on rutile)

[19]

3674 Ti4+�OH
vicinal (on anatase)

3655 Ti4+�OH
(on rutile)

3636 ACHTUNGTRENNUNG(Ti4+)2�OH
(on anatase)

P-25 (a mixture
of rutile
and anatase)

UV irradiation
in vacuum

vacuum or
O2

3716 Ti3+�OH [9]
3647 Ti4+�OH

UV irradiation
in O2

O2 3682 Ti4+�OH +

3416

Figure 2. Normalized IR spectra in the nOH region characterizing titania
samples treated under vacuum for 4 h at various temperatures: A) 723,
B) 673, C) 623, D) 573, and C) 523 K. Spectra are normalized so that the
peak at ñ =3672 cm�1 has a height of 1.0. The spectra are offset for clari-
ty.
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performed with exclusion of air and moisture; see the Ex-
perimental Section).

IR spectra demonstrate adsorption and decarbonylation of
[HRe(CO)5] on titania : IR data characterizing the samples
TiO2vac723 and TiO2ox723, after exposure to [HRe(CO)5]
(Figure 3), show that, after adsorption, each sample incorpo-
rated carbonyl species and each was characterized by three
major peaks, at ñ=2022, 1905, and 1873 cm�1. These peaks
indicate the presence of metal carbonyls.[15]

The IR spectra of rhenium pentacarbonyls in solution
often only show three CO bands (as a consequence of the
symmetry of the molecule and/or of the weak absorption of
some of the vibrational modes).[23,24] When [HRe(CO)5] is
adsorbed on MgO it forms species identified as rhenium
pentacarbonyls that are characterized by only two (broad)
nCO bands in the IR spectrum.[25] The nCO peaks characteriz-
ing such species are typically in a frequency range of about
ñ=1970–2150 cm�1 (Table 2).[26–28]

Thus, the presence of peaks at ñ=1905 and 1873 cm�1 in
the spectrum of our TiO2vac723 sample after exposure to

[HRe(CO)5] is strong evidence that the surface species
formed are not rhenium pentacarbonyls. Moreover, the posi-
tions and relative intensities of these peaks are in excellent
agreement with those characterizing rhenium tricarbonyls
on MgO (formed by treatment of the species formed on the
TiO2 surface by adsorption of [HRe(CO)5] or
[H3Re3(CO)12]),[25] on other supports,[29,30] and in solu-
tion[31,32] (Table 2). Thus, we infer that our titania-supported
species formed from [HRe(CO)5] were rhenium tricarbon-
yls. Furthermore, the strong intensity of each of the three
peaks in each of the spectra suggests that the rhenium tricar-
bonyls were likely characterized by Cs symmetry.[32]

However, because IR spectroscopy is typically not suffi-
cient to identify specific metal carbonyl species or to deter-
mine whether they are bonded to the support, we have ob-
tained complementary information by EXAFS spectroscopy.

EXAFS data demonstrate chemisorption of [HRe(CO)5] on
TiO2vac723 : Analysis of the EXAFS data characterizing
TiO2vac723 after exposure to [HRe(CO)5] led to two structural
models that fit the data well (Table 3) and include physically
appropriate fit parameters. Plots for each of the models are
presented in the Supporting Information.

The first of these models (Table 3, model 1) includes a
Re–C contribution at 1.99 � and a multiple-scattering Re–O
contribution at 3.13 �, with coordination numbers of 5.4
and 5.7, respectively, which match each other within error.
The data also show the presence of Re–O contributions at
2.22 � and 2.50 �.

The second model (Table 3, model 2) also includes a Re–
C contribution and a multiple-scattering Re–O contribution,
at distances similar to those observed for model 1 (1.82 and
3.09 �, respectively). However, in model 2 the correspond-
ing coordination numbers are 2.8 and 3.4, which match each
other within error but are significantly different from those
calculated for model 1. Two Re–O contributions are also ob-
served for model 2, at 1.92 and 3.29 �.

Each of the models is characterized by a Re–C contribu-
tion and a multiple-scattering Re�O contribution, character-
istic of carbonyl ligands attached to the rhenium; these Re–

Figure 3. Normalized IR spectra in the ñ=2200–1300 cm�1 region charac-
terizing titania samples that were first exposed to [HRe(CO)5] vapor and
then evacuated: A) TiO2vac723 and B) TiO2ox723. Spectra are normalized so
that the height of the peak at ñ=1905 cm�1 is equal to 1.0. The spectra
are offset for clarity.

Table 2. IR peaks in the nCO stretching region characterizing titania exposed to [HRe(CO)5] or [CH3Re(CO)5] and of reference compounds.

Metal carbonyl species Solvent or support Peak positions [cm�1] Ref.

sample formed from [HRe(CO)5] on TiO2vac723 titania 2022, 1905, 1873 this work
sample formed from [CH3Re(CO)5] on TiO2vac723

[a] titania 2102, 1999, 1986, 1959, 1912 this work
sample formed from [CH3Re(CO)5] on TiO2ox723 titania 2100, 2026, 1996, 1958, 1912, 1875 this work
[Re(CO)3 ACHTUNGTRENNUNG{O�Al} ACHTUNGTRENNUNG{HO�Al}2]

[a] Al2O3 2028,1915, 1887 [29]
[Re(CO)3 ACHTUNGTRENNUNG{O�Mg} ACHTUNGTRENNUNG{HO�Mg}2]

[a] MgO 2028, 1905, 1862 [29]
[Re(CO)3 ACHTUNGTRENNUNG{O2�}2ACHTUNGTRENNUNG{O2�}] zeolite Y 2133, 2056, 2036, 2021, 1984, 1944 [53]
[Re(CO)3 ACHTUNGTRENNUNG(2,2-bpy)(py)][b] AlMCM-41 2045,[f] 1940,[f] 1925[f] [30]
[Re(CO)4OiPr]I[c] benzene 2105, 2022, 2001, 1964, 1960 [30]
[Re(CO)4 ACHTUNGTRENNUNG{PL3}]I

[d] benzene 2111–2099, 2030–2007, 2001–2008, 1968–1945, 1960–1951[g] [42]ACHTUNGTRENNUNG[L’Re(CO)5]
[e] CCl4 2148–2143, 2075–2065, 2040–2029, 2014–1998 [26]

[CnH2n+1Re(CO)5] (n=1–12) hexane 2131–2129, 2060–2058, 2026–2014, 1999–1998 [27]ACHTUNGTRENNUNG[XRe(CO)5] (X=Cl, Br, I) – 2156–2145, 2082–2076, 2045–2042, 1987–1982 [28]

[a] The brackets represent surface groups. [b] Bpy=bipyridine, py= pyridine. [c] OiPr= isopropoxide. [d] L=CH3, phenyl, O-o-toluene, OCH3, OC2H5.
[e] L’=one of many fluorinated ligands (e.g., C3F7

�, C2F3
�, C5F4N, or CF3CH=CH�). [f] Values estimated from graphical data in reference [30]. [g] Peak

not present in spectra of all complexes.
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CO coordination numbers in model 2 (roughly three) indi-
cate that the species formed upon adsorption were, on aver-
age, rhenium tricarbonyls, consistent with the IR results and
indicating that the adsorption of [HRe(CO)5] on TiO2vac723

led to decarbonylation of the rhenium complex. The agree-
ment between model 2 and the IR data suggests that this
model better approximates the rhenium species on the TiO2

surface than model 1. Furthermore, although both models
led to satisfactory fits with physically appropriate parame-
ters, the value of (Dc)2[33] (Table 3) indicates that the data
are better approximated by model 2 than model 1, which
bolsters our selection of model 2.

The distance of the shortest Re–O contribution in
model 2 (1.92 �) is in good agreement with similar contribu-
tions characterizing rhenium complexes bonded to other
metal oxides, in which the oxygen atom is part of the sup-
port surface.[25,34,35] Thus, this result suggest that each rheni-
um carbonyl species was bonded to the titania surface; also,
the Re–O coordination number of 2.5 (with an uncertainty
of about �20 %) indicates that it was bonded through ap-
proximately three Re�O bonds. The distance characterizing
the other Re–O contribution (3.29 �) indicates that the
oxygen atoms in that contribution were not bonded to the
Re atoms, consistent with the inference that the average
number of Re�O bonds was approximately three.

EXAFS data demonstrate chemisorption of [HRe(CO)5] on
TiO2ox723: As for the sample mentioned previously, fitting of
the EXAFS data led to two models (Table 4) that approxi-
mate the data well and include physically appropriate pa-
rameters (plots for each of the models are given in the Sup-
porting Information).

Each model incorporates a Re–C contribution (at a dis-
tance of 1.98 � for model 3 and 1.79 � for model 4) and a

multiple-scattering Re–O contribution (at 3.12 � for
model 3 and at 3.08 � for model 4), with Re–C and multi-
ple-scattering Re–O coordination numbers that match each
other within error; the value is approximately five for
model 3 and approximately three for model 4 (Table 4).
Each of these models also includes a short Re–O contribu-
tion, at 2.14 � for model 3 and 1.87 � for model 4, and a
Re–O contribution at a longer distance—the distances are
markedly different for the two models (2.41 � for model 3
and 3.18 � for model 4).

Each of the two models led to a good fit of the data with
physically appropriate parameters. The value of (Dc)2 indi-
cates that model 4 provides the better representation of the
data, thus, model 4 is preferred.

The corresponding coordination numbers characterizing
the Re–C (2.8) and multiple-scattering Re–O contributions
(3.6) indicate the presence of rhenium tricarbonyls, and this
result implies that [HRe(CO)5] was decarbonylated upon
adsorption on TiO2ox723, a result similar to that determined
for the sample formed from [HRe(CO)5] and TiO2vac723. The
IR data are in good agreement with this result and thus, fur-
ther validate the selection of model 4. The Re–O contribu-
tion at 1.87 � with a coordination number of 3.2 suggests
that each Re atom was bonded to approximately three
oxygen atoms of the titania surface. The result essentially
matches that characterizing the sample formed from
[HRe(CO)5] and TiO2vac723.

Formation of water and carbonates as a result of adsorption/
decarbonylation of [HRe(CO)5]: When [HRe(CO)5] was ad-
sorbed on TiO2vac723 and on TiO2ox723, several bands appeared
in the 1700–1300 cm�1 region of the IR spectra (Figure 3).
Table 5 provides a summary of these bands and shows, for

Table 4. EXAFS fit parameters for models characterizing samples pre-
pared from [HRe(CO)5] and TiO2ox723.

[a]

Absorber–
backscatterer
pair

N[b] R
[�][b]

103 � Ds2

[�2][b]
DE0

[eV][b]
(Dc)2[c]

model 3
Re–C 5.0�1.2 1.98�0.05 1.2�0.9 �8.2�1.2 49.5
Re–O 1.7�0.5 2.41�0.06 1.8�1.9 �1.0�1.8
Re–O (MS)[d] 5.4�1.1 3.12�0.04 2.7�0.8 �0.1�0.2
Re–O 2.2�0.7 2.14�0.05 0.4�1.4 �1.0�1.8
model 4
Re–C 2.8�0.6 1.79�0.06 6.0�2.4 �9.7�1.0 29.5
Re–O 3.2�0.7 1.87�0.05 1.0�0.8 7.9�2.2
Re–O (MS)[d] 3.6�1.0 3.08�0.05 4.5�3.6 �9.7�1.0
Re–O 4.7�1.4 3.18�0.05 0.5�1.7 7.9�2.2

[a] k range: 2.63–12.00 ��1, R range: 1.00–3.50 �, error in data deter-
mined by Fourier filtering: 0.0033. Maximum number of justifiable fit pa-
rameters determined by the Nyquist theorem is 16. [b] The error bounds
correspond to the total error in the parameter estimate, including preci-
sion and accuracy. The estimated accuracies are as follows: : N=�20%,
R= �0.04 �, Ds2 =�20%, DE0 =�20 %. [c] (Dc)2 is a measure of the
quality of the fit, as defined in reference [33]. [d] Multiple-scattering con-
tribution incorporating Re-C-O atom arrangement.

Table 3. EXAFS fit parameters for the best fir model characterizing sam-
ples prepared from [HRe(CO)5] and TiO2vac723.

[a]

Absorber–
backscatterer
pair

N[b] R
[�][b]

103 � Ds2

[�2][b]
DE0

[eV][b]
(Dc)2[c]

model 1
Re–C 5.4�1.3 1.99�0.04 7.5�1.8 �9.1�1.7 49.5
Re–O 1.1�0.4 2.50�0.05 1.8�2.2 0.0�0.5
Re–O (MS)[d] 5.7�1.2 3.13�0.04 3.2�0.9 �0.4�0.0
Re–O 1.1�0.5 2.22�0.04 0.4�1.3 0.0�0.5
model 2
Re–C 2.8�0.6 1.82�0.04 3.3�1.1 �9.4�1.6 47.5
Re-O 2.5�0.5 1.92�0.04 0.4�0.4 0.1�0.2
Re–O (MS)[d] 3.4�0.8 3.09�0.04 1.8�1.1 �9.4�1.6
Re–O 5.7�1.3 3.29�0.04 1.8�0.9 0.1�0.2

[a] k range: 2.58–12.09 ��1, R range: 1.00–3.50 �, error in data deter-
mined by Fourier filtering: 0.0019. Maximum number of justifiable fit pa-
rameters determined by the Nyquist theorem is 17. [b] The error bounds
correspond to the total error in the parameter estimate, including preci-
sion and accuracy. The estimated accuracies are as follows: N=�20%,
R= �0.04 �, Ds2 =�20%, DE0 =�20%; N, coordination number, R,
absorber–backscatter distance, Ds2, Debye–Weller factor. [c] (Dc)2 is a
measure of the quality of the fit, as defined in reference [33]. [d] Mul-
tiple-scattering contribution incorporating linear Re-C-O moiety.
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comparison, the positions of IR bands characterizing differ-
ent metal oxides after various treatments. On the basis of a
comparison with the values reported in these references, we
assign the band at approximately ñ=1623 cm�1 characteriz-
ing our samples made from [HRe(CO)5] and either
TiO2vac723 or TiO2ox723 to water adsorbed on titania. This
result indicates that water is formed as a result of the ad-
sorption of [HRe(CO)5]; we suggest that it resulted from
the reaction of [HRe(CO)5] with surface-bonded hydroxyl
groups of titania.

Adsorption of [HRe(CO)5] also led to the appearance of
peaks at ñ= 1382 and 1453 cm�1, which are associated with
monodentate carbonates on titania (Table 5).[36,37] We infer
that the presence of formates and other species that contain
C�H bonds is unlikely, because no bands were observed in
the 3200–2800 cm�1 region characteristic of C�H stretching
vibrations.

The presence of additional bands in the 1700–1300 cm�1

region indicates that other species were formed as well, but
we lack sufficient information to assign them unambiguous-
ly; however, on the basis of their positions, we suggest that
they might indicate carbonates and/or bicarbonates.[36–40]

Removal of Ti3+�OH sites and formation of water on titania
as a result of adsorption of [HRe(CO)5]: The OH stretching

region of the IR spectra characterizing TiO2vac723 after expo-
sure to [HRe(CO)5] (Figure 4) includes no evidence of Ti3+

�OH bands (ñ=3717 cm�1), indicating that the Ti3+�OH
sites were removed during the adsorption of the rhenium
carbonyl complex. This behavior suggests a removal of Ti3+

�OH sites from anatase parallel to that reported for the re-
action with [H3Re3(CO)12],[18] which presumably resulted

Table 5. IR peaks in the ñ =1700–1300 cm�1 region characterizing the samples of titania and other metal oxides after various treatments.

Sample Treatment Scan conditions Band locations [cm�1] Assignment Ref.

sample formed fromACHTUNGTRENNUNG[HRe(CO)5] on titania
none vacuum 1383, 1453 monodentate carbonate this work

1362, 1443, 1623 bicarbonates, CO2
�, etc.

1557

sample formed fromACHTUNGTRENNUNG[CH3Re(CO)5] on titania
none vacuum 1382, 1453 monodentate carbonate this work

1349, 1407, 1619 bicarbonate
1508

titania CO2 adsorption – 1319, 1579 bidentate carbonate [36]
1376, 1462 monodentate carbonate
1445 free carbonate
1532
1725 bridging carbonate

titania (anatase) CO2 adsorption vacuum 1320, 1580 CO2
� [37]

1500 carbonate-like

MCO3
[a] – mulls or dry powder 1410–1450 carbonates [40]

M’CO3H
[b] – mulls or dry powder 1370–1300

bicarbonates

[40]
1400–1410
1620–1630

magnesia calcination at 673 K in flowing CO2 1340, 1520 monodentate carbonate [38]
1385, 1500 monodentate carbonate
1413, 1540 monodentate carbonate
1375, 1668 bicarbonates
1645, 1400 bidentate carbonates

titania powder[c] dried in N2 N2 1511, 1391 monodentate carbonate [19]
1421 noncoordinated carbonate

[a] Range shown for bands present in all carbonates that are discussed in ref. [30]. M=Li2, Na2, K2, Mg, Ca, Ba, Co, or Pb. [b] Range shown for bands
present in all bicarbonates that are discussed in this article. M’=NH4, K, or Na. [c] Inferred from IR to contain rutile and anatase phases.

Figure 4. Normalized IR spectra in the 3800–3400 cm�1 region character-
izing titania samples exposed to HRe(CO)5 vapor and then evacuated.
(A) TiO2vac723, (B) TiO2ox723. Spectra are normalized so that the peak at
3672 cm�1 has a height of 1.0. The spectra are offset for clarity.
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from deprotonation of the [H3Re3(CO)12]; however, in that
case there was no evidence of decarbonylation of the rheni-
um species, in contrast to the decarbonylation of
[HRe(CO)5] reported here.

Simultaneously with the decrease in intensity of the band
at ñ=3717 cm�1 when [HRe(CO)5] was adsorbed, the very
broad feature at approximately ñ=3465 cm�1, associated
with adsorbed water, grew significantly as a result of adsorp-
tion of [HRe(CO)5]. This result is in agreement with the ap-
pearance of the band at ñ=1623 cm�1, which is also associat-
ed with water adsorbed on titania.

To better understand the conversion of OH sites, IR spec-
tra characterizing TiO2vac723 were recorded while
[HRe(CO)5] passed over the sample in a stream of helium
(Figures 5 and 6). During the initial part of the experiment

(when the [HRe(CO)5] was at 196 K), the rhenium carbonyl
adsorbed slowly on the titania, as shown by a slow increase
in the intensities of the bands in the nCO region, ñ= 2200–
1800 cm�1 (Figure 5). Concomitant with this increase, the
bands associated with Ti4+�OH groups and adsorbed water
(at ñ=3642 and 3465 cm�1, respectively) slowly increased.

During the second part of the experiment (with the
[HRe(CO)5] at room temperature), the spectra (Figure 6)
show that the intensities of the carbonyl bands increased
rapidly (until the absorbance of any such band was so high
that the peak was truncated). Concomitantly, the band char-
acteristic of the Ti3+�OH groups (at ñ= 3717 cm�1) began to
disappear, as did the Ti4+�OH band at ñ=3689 cm�1, sug-
gesting that only terminal hydroxyl groups were removed
during the adsorption process. Simultaneously, the band as-
signed to (Ti4+)2�OH (at ñ=3642 cm�1) grew in as the
bands in the CO stretching region increased in intensity.

The spectra recorded during this part of the experiment
are characterized by an isosbestic point at approximately
ñ=3665 cm�1, which is clearly evident in the difference
spectra (Figure 6 B).

Adsorption of [CH3Re(CO)5] on titania

IR spectroscopic evidence of decarbonylation and the pres-
ence of several species on titania : Various amounts of
[CH3Re(CO)5] were adsorbed on samples of TiO2vac723, cor-
responding to loadings of 0.4, 1.0, and 1.5 wt % Re. IR spec-
tra characterizing the resulting samples (Figure 7) show that
this process led to the formation of surface carbonyl species,
with peaks at ñ=2102, 1999, 1986, 1959, and 1912 cm�1.
These bands are the only ones present in the 2200–
1800 cm�1 region representing the samples containing 0.4
and 1.0 wt % Re. The Spectrum of the sample containing
the highest rhenium loading (1.5 wt % Re) includes addi-
tional bands, at ñ=2026 and 1875 cm�1 (Figure 7). As these
bands do not appear in the spectra characterizing the

Figure 5. Non-normalized IR spectra characterizing TiO2vac723 during ad-
sorption of [HRe(CO)5], while the [HRe(CO)5] was held in a cold bath
at 196 K. A) Raw spectra recorded at various times during [HRe(CO)5]
adsorption and B) difference spectra: spectra in A) minus spectra of
sample before helium flow.

Figure 6. Non-normalized IR spectra characterizing TiO2vac723 during ad-
sorption of [HRe(CO)5], while the [HRe(CO)5] was warmed up from
196 K to 298 K. A) Raw spectra recorded at various times during
[HRe(CO)5] adsorption and B) difference spectra: spectra in A) minus
spectra of sample before helium flow.

Figure 7. Normalized IR spectra of the ñ=2200–1300 cm�1 region charac-
terizing titania samples after adsorption of various amounts of
[CH3Re(CO)5]: A) 0.4, B) 1.0, C) 1.5 wt % Re on TiO2vac723, and
D) 1.0 wt % Re on TiO2ox723. Spectra are normalized so that the IR peak
at ñ =3673 cm�1 is characterized by an absorbance of 1.0. The spectra are
offset for clarity.
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sample with the lowest loading (0.4 wt % Re), and appear
only as weak shoulders in the spectra of the sample contain-
ing 1.0 % Re, we infer that the species responsible for these
bands was present only at higher rhenium loadings. It fol-
lows that the samples with these higher loadings are less
uniform than those with low loadings.

The band at ñ�2102 cm�1, present in the spectra of each
of the samples formed from CH3Re(CO)5, is characterized
by a significantly higher frequency than any of those ob-
served for [HRe(CO)5] in solution,[41] or for the species
formed from [HRe(CO)5] adsorbed on MgO (inferred to be
deprotonated rhenium pentacarbonyl),[25] or for
[CH3Re(CO)5] in solution,[17] or for rhenium tricarbon-
yls.[25, 29,31] Peaks at frequencies similar to those observed
with our samples have been observed for rhenium tetracar-
bonyls in solution,[42] a result that suggests that similar spe-
cies formed on our samples.

To determine the effect of treatment temperature on the
properties of the titania, [CH3Re(CO)5] was also adsorbed
on TiO2vac573, resulting in a sample with a 1.0 wt % Re load-
ing. The IR spectra characterizing the sample in the 1700–
2200 cm�1 region (see the Supporting Information) include
the same peaks observed for the sample containing 0.4 wt %
Re on TiO2vac723. The relative intensities of these bands are
somewhat different for these two samples, but the additional
bands that were observed at ñ=2026 and 1875 cm�1 in the
spectra characterizing TiO2vac723 incorporating 1.5 wt % Re
are not present in the spectra characterizing TiO2vac573 incor-
porating 1.0 wt % Re. This comparison suggests that the spe-
cies responsible for these bands were not formed in the
sample prepared from TiO2vac573, notwithstanding the high
rhenium loading in the sample.

The IR spectrum characterizing TiO2ox723 after exposure to
[CH3Re(CO)5] in an amount that led to a loading of
1.0 wt % Re (Figure 7 D) includes the same five peaks ob-
served in the spectrum characterizing the TiO2vac723 sample
containing 1.5 wt % Re—including the peaks at ñ= 2026 and
1875 cm�1, observed only at the higher rhenium loadings in
the spectra of TiO2vac723. This comparison suggests that the
species responsible for these peaks in the sample prepared
from TiO2ox723 and containing 1.0 wt % Re were also present
in the sample containing 1.5 wt % Re—and were not present
in the samples containing only 0.4 and 1.0 wt % Re prepared
from TiO2vac723.

IR spectra showing titration of OH sites by [CH3Re(CO)5]:
The IR spectra of the three samples differ significantly from
each other in the ñ=3200–3800 cm�1 (Figure 8). The spectra
characterizing the sample containing the highest loading of
rhenium show no evidence of bands at ñ= 3717 and
3689 cm�1, which are characteristic of Ti3+�OH and Ti4+�
OH species, respectively, which were present on the titania
before the adsorption. Furthermore, the only peak clearly
present in the 3200–3800 cm�1 region of the spectrum char-
acterizing the sample containing 1.5 wt % Re is at ñ=

3465 cm�1. This result is contrasted with that obtained for
the sample containing 1.0 wt % Re, for which the bands as-

signed to Ti4+�OH species were still present along with a
small shoulder at ñ�3700 cm�1 (likely evidence of residual
amounts of Ti3+ species). Moreover, the spectra of the
sample with the lowest Re loading (0.4 wt % Re) include all
the peaks present in the spectrum of titania before adsorp-
tion of [CH3Re(CO)5]; however, the relative intensity of the
band at ñ=3717 cm�1 was significantly decreased relative to
that characterizing the spectrum of the sample before ad-
sorption, a comparison that suggests that some of Ti3+ sites
were consumed during the adsorption of [CH3Re(CO)5].
This decrease in intensity of the peak associated with Ti3+�
OH groups was tracked by an increase in the broad band at
ñ=3460 cm�1 (Figure 8), similar to what was observed
during the adsorption of [HRe(CO)5].

EXAFS data demonstrate chemisorption of [CH3Re(CO)5]
on titania still containing Ti3+�OH groups : EXAFS data
characterizing the sample containing 1.0 wt % Re on
TiO2vac573 (Table 6, Figure 9) indicate the presence of a Re–C
and a multiple-scattering Re–O contribution, at 1.90 and

Figure 8. Normalized IR spectra showing the nOH region that characteriz-
es titania samples after adsorption of various amounts of [CH3Re(CO)5]:
A) 0.4, B) 1.0, and C) 1.5 wt % Re on TiO2vac723. Spectra are normalized
so that the IR peak at ñ= 3673 cm�1 has an absorbance of 1.0. The spec-
tra are offset for clarity.

Table 6. EXAFS fit parameters for a model characterizing sample pre-
pared from [CH3Re(CO)5] and TiO2vac573 (1.0 wt % Re loading).[a]

Absorber–
backscatterer
pair

N[b] R
[�][b]

103 � Ds2

[�2][b]
DE0

[eV][b]
(Dc)2[c]

Re–C 3.5�0.8 1.90�0.05 7.7�2.2 �6.0�0.7 54.7
Re–O (MS)[d] 3.8�0.8 3.10�0.04 3.1�0.9 1.3�0.5
Re–O 3.1�0.8 2.14�0.05 9.8�3.0 �2.2�0.2
Re–Ti 2.3�0.6 2.53�0.05 8.2�2.9 �2.2�0.2

[a] k range: 2.70–13.7 ��1, R range: 1.00–3.50 �, error in data determined
by Fourier filtering: 0.0023. Maximum number of justifiable fit parame-
ters determined by the Nyquist theorem is 16. [b] The error bounds cor-
respond to the total error in the parameter estimate, including precision
and accuracy; the estimated accuracies are as follows: N =�20%, R=

�0.04 �, Ds2 =�20%, DE0 =�20%. [c] (Dc)2 is a measure of the quali-
ty of the fit, as defined in reference [33]. [d] Multiple-scattering contribu-
tion incorporating Re-C-O atom arrangement.
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3.10 �, respectively, characteristic of carbonyl ligands coor-
dinated to the Re atoms. The coordination numbers of these
contributions are 3.5 and 3.8, respectively, suggesting that
[CH3Re(CO)5] was decarbonylated as a result of the adsorp-
tion. The larger coordination numbers, relative to those in
samples formed from [HRe(CO)5], are consistent with the
inference that at least some of the species present on the
surface were rhenium tetracarbonyls (possibly present with
rhenium tricarbonyls).

The data also include a Re–O contribution at a typical
bonding distance of 2.14 �, with a coordination number of
3.1. The distance is significantly longer than that observed
for the samples prepared from [HRe(CO)5], and the com-
parison suggests that the interaction of the species formed
from [CH3Re(CO)5] with the support was significantly
weaker than those observed for the samples formed from
[HRe(CO)5], and consistent with a lower degree of decar-
bonylation.

EXAFS data demonstrate chemisorption of [CH3Re(CO)5]
on titania not containing Ti3+�OH groups : The sample re-
sulting from loading 1.5 wt % Re on TiO2vac723 is character-
ized by a Re–C contribution at 1.93 � and a multiple-scat-
tering Re–O contribution at 3.08 �, with coordination num-
bers of 4.1 and 4.2, respectively (Table 7). These values are

consistent with Re atoms surrounded by approximately four
carbonyl ligands each, on average. These coordination num-
bers are, within error, indistinguishable from those of the
sample mentioned in the preceding section. However, be-
cause EXAFS spectroscopy is an averaging technique, this
result does not rule out the presence of a mixture of species
in the sample with the higher rhenium loading (as was indi-
cated by IR spectroscopy).

The sample is also characterized by the presence of Re–O
contributions, at 2.14 and at 2.46 �, with coordination num-
bers of 3.1 and 2.9, respectively. As before, the former con-
tribution is at a distance indicative of bonding of rhenium to
oxygen atoms of the support. The latter (nonbonding) con-
tribution is represented by a shorter distance than that ob-
served for the sample prepared from [HRe(CO)5] and tita-
nia treated at 573 K.

IR spectra demonstrate carbonate formation upon adsorption
of [CH3Re(CO)5] on titania : The IR spectra show that after
[CH3Re(CO)5] was adsorbed on any of the titania samples,
peaks appeared at ñ�1385 and 1453 cm�1 (Figure 7), corre-
sponding to adsorbed carbonate species (Table 5). The be-

Figure 9. EXAFS data characterizing rhenium carbonyl complexes
formed from TiO2vac573 and [CH3Re(CO)5], (c : data, a : best-fit
model): A) k1-weighted EXAFS function in k space, B) imaginary part
and magnitude of k1-weighted EXAFS function in R space, and C) imagi-
nary part and magnitude of k3-weighted EXAFS function in R space.

Table 7. EXAFS fit parameters for a model characterizing a sample pre-
pared from [CH3Re(CO)5] and TiO2vac723 (1.5 wt % Re loading).

[a]

Absorber–
backscatterer
pair

N[b] R
[�][b]

10�3 � Ds2

[�2][c]
DE0

[eV][b]
(Dc)2[c]

Re–C 4.1�1.1 1.93�0.05 7.7�2.6 �8.4�1.0 20.1
Re–O (MS)[d] 4.2�0.9 3.08�0.05 4.5�1.4 2.3�0.8
Re–O 3.1�1.0 2.14�0.05 5.0�2.3 �3.9�0.1
Re–O 2.9�0.9 2.46�0.05 10.9�4.1 �3.9�0.1

[a] k range: 2.59–11.92 ��1, R range: 1.00–3.50 �, error in data deter-
mined by Fourier filtering: 0.0033. Maximum number of justifiable fit pa-
rameters determined by the Nyquist theorem is 16. [b] The error bounds
correspond to the total error in the parameter estimate, including preci-
sion and accuracy; the estimated accuracies are as follows: N N=�20 %,
R= �0.04 �, Ds2 =�20%, DE0 =�20 %. [c] (Dc)2 is a measure of the
quality of the fit, as defined in reference [33]. [d] Multiple-scattering con-
tribution incorporating Re-C-O atom arrangement.
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havior is similar to what was observed when [HRe(CO)5]
was adsorbed on our titania samples. Furthermore, the ap-
pearance of new peaks (not observed when [HRe(CO)5]
was adsorbed) at ñ�1407 and 1507 cm�1 was also observed
for this sample.

Discussion

Effect of titania treatment conditions on Ti3+ site formation:
consistency with the literature : In agreement with earlier re-
ports,[9,18] our data show how the treatment conditions affect
the titania surface-OH species. For example, when the tita-
nia was treated in flowing O2, the bands associated with OH
groups on Ti3+ sites were markedly reduced in intensity, rel-
ative to the same bands characterizing the titania that had
been treated under vacuum (the reduction in band intensity
is relative to the intensity of the band characteristic of the
OH groups on Ti4+ sites).

The data also show that the number of Ti3+�OH groups
on titania relative to the total number of surface OH groups
(determined by the relative peak areas) could be tuned by
changing the temperature of the calcined titania during
evacuation. When the evacuation temperature was in-
creased, the intensity of the IR band associated with Ti3+�
OH groups (ñ= 3717 cm�1) increased relative to the intensi-
ties of the bands associated with Ti4+�OH and (Ti4+)2�OH
groups (ñ= 3689, 3672, and 3642 cm�1).

IR spectra characterizing TiO2vac723 and TiO2vac573 after ad-
sorption of [CH3Re(CO)5] (1 wt % Re loading) show that al-
though the amount of rhenium was the same, the spectrum
characterizing TiO2vac573 still indicated the presence of Ti3+�
OH, whereas the spectrum of TiO2vac723 did not. Thus, we
infer that there were more Ti3+�OH sites on TiO2vac573 than
on TiO2vac723 and, therefore, that the increase in treatment
temperature led to the removal of Ti3+�OH sites. Conse-
quently, we infer that the increase in the number of Ti3+�
OH groups relative to Ti4+�OH groups resulting from an in-
creased treatment temperature shows that the OH groups
on Ti3+ are more difficult to remove by heating than the
OH groups on Ti4+ sites.

Decarbonylation of rhenium carbonyls and formation of sur-
face carbonates and water : The EXAFS data characterizing
TiO2vac723 and TiO2ox723 after exposure to [HRe(CO)5] give
no evidence of Re–Re contributions, indicating that the spe-
cies formed during the adsorption were site-isolated rheni-
um complexes and not clusters. Moreover, the EXAFS data
demonstrate the presence of supported rhenium species in-
corporating approximately three carbonyl groups per Re
atom, indicating that decarbonylation of the rhenium as a
result of the adsorption took place. Consistent with this in-
ference, the IR spectra indicate rhenium tricarbonyls, as the
nCO peaks were observed at positions matching those of rhe-
nium tricarbonyls in solution[31,32] and on various metal
oxide surfaces.[25,29, 30]

Data characterizing the samples prepared from
[CH3Re(CO)5] show that this rhenium complex also was de-
carbonylated upon adsorption. However, the decarbonyla-
tion was less complete than that of [HRe(CO)5], as indicat-
ed by the EXAFS data, which demonstrate the presence of
more carbonyl ligands per Re atom (approximately four)
than on the supported rhenium made from [HRe(CO)5].
This result was confirmed by the IR spectra, which suggest
the presence of rhenium tetracarbonyls[42] (as well as other
rhenium carbonyls).

The comparison of the surface species formed from
[HRe(CO)5] and from [CH3Re(CO)5] shows that these com-
plexes have different reactivity towards titania—with
[HRe(CO)5] being the more reactive in terms of the decar-
bonylation.

The decarbonylation of each of the rhenium complexes
on titania was accompanied by the formation of surface spe-
cies inferred to be carbonates and water. The possibility that
carbonates were formed from the CH3 groups of
[CH3Re(CO)5] is discounted, because carbonates were also
formed from [HRe(CO)5]. Thus, we infer that a source of
carbon atoms in carbonates formed from [HRe(CO)5] were
the carbonyl ligands on the rhenium, and the data do not
rule out this possibility for [CH3Re(CO)5] either.

Thus, we infer that a carbon atom and one of the oxygen
atoms of each carbonate originated from the carbonyl
groups on either [HRe(CO)5] or [CH3Re(CO)5]. We suggest
that the other carbonate oxygen atoms originated from the
titania surface, from at least one of the following sources:
OH groups, oxygen radicals, and bridging oxygen groups on
the titania surface. The participation of oxygen radicals
cannot be probed with our methods and is not ruled out,
but the results clearly demonstrate the removal of terminal
OH groups from the titania surface when either of the rhe-
nium complexes was adsorbed, and the concomitant forma-
tion of adsorbed water demonstrates that OH groups were a
source of oxygen atoms in carbonate. Moreover, the pres-
ence of an isosbestic point in the spectra characterizing the
sample during the adsorption of [HRe(CO)5] (Figure 6) is
related to the decrease in the number of Ti3+�OH and Ti4+

�OH groups and an increase in the number of (Ti4+)2�OH
groups and water molecules observed during the adsorption
of [HRe(CO)5] and shows that the stoichiometry of the re-
action of these groups was fixed—that they all participate in
the same reaction.[43]

Thus, we hypothesize that the formation of carbonates on
the titania involves the reaction of either of the rhenium car-
bonyls with terminal OH groups (removing these groups),
leading to the release of hydrogen atoms that combine
a) with titania OH groups (forming water) and/or b) with
Ti4+-O-Ti4+ groups (forming bridging hydroxyl groups).

Beyond this, we might speculate, on the basis of the re-
sults indicating the selective reaction of each of the rhenium
complexes with terminal hydroxyl groups of titania, and in
particular with OH groups associated with Ti3+ sites, that
the surface species resulting from the adsorption of each of
the rhenium complexes were bound at (or close to) the sites
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initially containing Ti3+ atoms—thus, we would expect the
latter sites to have been converted during the adsorption
process, as was observed earlier[18] in samples in which
[H3Re3(CO)12] was adsorbed on titania under vacuum.

Reactivity of titania with rhenium complexes: characterizing
the relative reactivities of the various surface OH sites : IR
spectra characterizing the OH region of TiO2vac723 during the
adsorption of [HRe(CO)5] show that the complex reacted
selectively with the two kinds of terminal hydroxyl groups
on the surface, Ti3+�OH and Ti4+�OH. Further evidence of
the differences in reactivity of the two kinds of surface OH
groups can be found in the results observed after adsorption
of various amounts of [CH3Re(CO)5] on TiO2vac723. When a
small amount of [CH3Re(CO)5] was adsorbed (0.4 wt %
Re), the Ti3+�OH band decreased significantly in intensity,
accompanied by an increase in intensity of the water peak.
Addition of more [CH3Re(CO)5] (1.0 wt % Re) led to
almost complete removal of the Ti3+�OH bands and signifi-
cant reduction of one of the Ti4+�OH bands (ñ=

3689 cm�1). Addition of still more [CH3Re(CO)5] led to the
complete removal of all terminal hydroxyl OH bands and a
continued increase in the intensity of the water peak, which
became very strong.

The pattern whereby the initial adsorption of
[CH3Re(CO)5] led to preferential removal of Ti3+�OH
groups but not Ti4+�OH groups, whereas increased amounts
of [CH3Re(CO)5] adsorbed led increasingly to removal of
Ti4+�OH groups, leads us to propose that the reactivity of
the surface hydroxyl groups with [CH3Re(CO)5] is depen-
dent on the O�H bond strength, which is related to the O�
H stretching frequency—the OH groups with stronger O�H
bonds (and weaker Ti�O bonds), react more readily with
[CH3Re(CO)5].[44]

Value of [HRe(CO)5] as a probe of oxide surface sites : The
results presented here demonstrate the value of
[HRe(CO)5] and [CH3Re(CO)5] as probes of titania surface
sites. We suggest that these compounds could be used simi-
larly to characterize the reactivities of sites on other metal
oxides as well, but we emphasize the need for handling of
the oxide to ensure that the surface sites interact exclusively
with the metal carbonyl and not with contaminants such as
those present in air.

These probe molecules include metal atoms, and they pro-
vide information regarding the reactivities of the titania sur-
face with metal complexes incorporating cationic species. In
contrast to supported metal complexes, which are typically
cationic,[2] the metal atoms in supported metal particles are
usually essentially zero valent, at least when the metals are
of groups 7 and 8.[45] However, when the metals, even
group 8 metals, are present in clusters of only a few atoms
on a metal-oxide support, the metal atoms at the metal–sup-
port interface may, with some generality, be cationic, as indi-
cated by the metal–oxygen distances determined by EXAFS
spectroscopy and by theoretical calculations at the level of
density functional theory.[46] Thus, we might anticipate that

the evidence of the metal–support interface determined in
experiments such as ours might pertain to supported metals
with some generality, especially when the metals are most
highly dispersed.

In summary, families of organometallic complexes are
well suited as probes of reactive metal-oxide surfaces be-
cause they are tunable and allow the variation of both the li-
gands and the metal in the probe. Specifically, the compari-
son of results obtained with our pair of probe molecules,
[HRe(CO)5] and [CH3Re(CO)5], provided information re-
garding the sources of carbon and hydrogen for the forma-
tion of the products observed in addition to the supported
metal complexes. These products were surface carbonate
species, bridging hydroxyl groups, and water. Thus, this pair
of probe molecules provided substantially more insight into
the surface chemistry than would have been obtained from
the use of either of them alone.

Conclusion

The use of two rhenium complexes of the type [LRe(CO)5]
(with L being CH3

� and H�) as probes of the titania surface,
in conjunction with complementary spectroscopic methods,
enabled the resolution of the effect of various treatment
conditions on the concentrations of various surface OH
groups. It also permitted us to gain insight into the reactivity
of the surface OH groups, with the Ti3+�OH sites being the
more reactive with the probe molecules, but the less reactive
in simple thermal dehydroxylation of the titania surface.

Identification of species formed and consumed during the
adsorption of each of the two rhenium complexes provided
insight into the chemistry of adsorption of the complexes on
titania, information that would have been unavailable if
only one of the complexes was used. Thus, the results dem-
onstrate the value of using a family of similar probes as op-
posed to a single probe.

Experimental Section

Synthesis

Titania (anatase): Preparation of high-area porous anatase was carried
out by the method of Wang et al.[47] The details are crucial, and so we
present them here. A mixture of water (104 mL) and ethanol (50 mL,
gold shield, 200 proof) was stirred for 5 min in a 600 mL beaker, and a
solution of ethanol (50 mL) and titanium isopropoxide (10 g, Sigma–Al-
drich, >97%) was added dropwise over a period of 5 min. The mixture
was allowed to react for 2 h, and the resultant white solid was separated
from the liquid by centrifugation and then washed by redispersing in eth-
anol (5 � 160 mL) and then centrifuging. The washed solid, a powder, was
dried in a Petri dish at room temperature for a minimum of two days.
For calcination, the dried powder was placed in a tubular quartz reactor
and held in place by a quartz frit ; the reactor was fitted with a thermo-
couple well extending to approximately 1 cm below the frit. The reactor
was sealed with glass caps fitted with high-vacuum fittings and sealed
with high-temperature vacuum grease (Apiezon H), and the solid was
treated for 4 h at 723 K in flowing O2 (Airgas, 99.8 %).

To prepare titania incorporating a high density of surface Ti3+ sites, the
calcination was immediately followed by a vacuum treatment at tempera-
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tures in the range of 523–723 K.[18] After the treatment, the reactor was
allowed to cool and, in the absence of air and moisture, the sample was
transferred to an N2-filled glovebox (the O2 and H2O concentrations
were each <1 ppm) and stored until further use.

When a low density of surface Ti3+ sites was desired, the calcination was
followed by a treatment in flowing O2 at 723 K for 4 h.[18] Thereafter, the
sample was cooled to a temperature <353 K, the reactor was evacuated
for a minimum of 10 min and, in the absence of air and moisture, the
sample was transferred to the glovebox until further use.

Rhenium carbonyl compounds

Caution : Metal carbonyls are extremely toxic. [HRe(CO)5] and
[CH3Re(CO)5] pose a high risk because of their relatively high vapor
pressures. Any handling should be performed in a well-ventilated space
and with appropriate protective equipment.ACHTUNGTRENNUNG[HRe(CO)5]: The synthesis of [HRe(CO)5] was carried out by the
method of Urbancic and Shapley.[16] Tetraethylene glycol dimethyl ether
(Sigma, 99%), phosphoric acid (EMD Science, 85%), phosphorus pent-
oxide (Sigma–Aldrich, 97%), zinc dust (Fisher, 99%), and rhenium car-
bonyl bromide (Strem, 98%) were used as received. All sample handling
was done with the exclusion of air and moisture by the use of an N2-
filled glovebox, Schlenk techniques, and an argon-filled glovebag. In the
final stage of the synthesis, the flask containing [HRe(CO)5] was exposed
to air for a period of about 5 s as the flask was removed from the Schlenk
line and capped. The [HRe(CO)5] was then purified by vacuum distilla-
tion through a bed of P2O5. The flask containing the [HRe(CO)5] was
wrapped in aluminum foil (to avoid exposure to light) and stored at
273 K. The purity of the product in a solution of CH2Cl2 and in the gas
phase was confirmed by IR spectroscopy.[41]ACHTUNGTRENNUNG[CH3Re(CO)5]: The synthesis of [CH3Re(CO)5] was carried out by a re-
ported method.[17] Tetrahydrofuran (Acros Organics, 99.9 %), [Re2(CO)10]
(Pressure Chemicals), mercury (Quicksilver Products), sodium (Sigma–
Aldrich, 99 %), and methyl iodide (Acros Organics, 99%) were used as
received. The [CH3Re(CO)5] was purified by vacuum distillation. Its
identity was confirmed by IR spectroscopy.[17]

Adsorption of [CH3Re(CO)5] and of [HRe(CO)5] on titania : The adsorp-
tion was carried out with strict exclusion of air and moisture by use of
the inert-atmosphere gloveboxes and Schlenk techniques. The rhenium
carbonyl in a sealed flask was briefly evacuated to remove any traces of
moisture, and then it was placed in a cold bath (196 K for [HRe(CO)5]
and 248 K for [CH3Re(CO)5]) and evacuated for a minimum of 20 min to
remove any traces of O2. The sealed flask was then placed in the glove-
box and connected through a U-shaped glass tube fitted with a high-
vacuum valve to a 15 mL two-neck flask containing the treated titania.
The assembly contained the titania in one chamber and the rhenium car-
bonyl in the other (the sections were isolated from each other by a high-
vacuum valve). The assembly was removed from the glovebox, and the
section containing the rhenium carbonyl was placed in the cold bath so
that the rhenium carbonyl vapor pressure was reduced. Next, the assem-
bly was evacuated, and then, under static vacuum, the rhenium carbonyl
was allowed to warm to room temperature and come in contact with the
titania by transport through the gas phase. During this process, the titania
powder was stirred with a magnetic stirrer. After 16 h of contact, the as-
sembly was transferred to the glovebox, the section that initially con-
tained the rhenium carbonyl was removed, and the solid sample was
evacuated for at least 12 h.

The method described above pertains to both [HRe(CO)5] and
[CH3Re(CO)5] and their adsorption on titania. There were differences in
detail, however, between the methods used for the two rhenium com-
pounds, as summarized below: When [CH3Re(CO)5] was used, this com-
plex, a solid, was weighed in air and placed in a pear-shaped flask before
the synthesis was carried out as described in the preceding paragraph. In
contrast, when [HRe(CO)5] was used, its mass was not determined (be-
cause of its high volatility and toxicity). Instead, an excess of
[HRe(CO)5] was allowed to come in contact with the titania, as described
in the preceding paragraph.

Characterization by IR spectroscopy

IR spectra were collected with a Bruker 90v/s instrument equipped with
an HgCdTe detector. The samples were scanned with a spectral resolu-
tion of 2 cm�1; each spectrum reported here is the average of a minimum
of 512 scans (total collection time was ca. 90 s).

When spectra were obtained with samples in the IR cell without gas
flowing through it, the samples were in the form of wafers pressed be-
tween two KBr windows. These samples, in the glovebox, were mounted
in a gas-tight cell (International Crystal Laboratories). The cell was re-
moved from the glovebox and transferred to the spectrometer. Each
sample was scanned under vacuum (the pressure was 1 mbar).

When spectra were obtained with samples in the presence of a flowing
gas, each sample in the glovebox was pressed into a self-supporting wafer
and placed in a gas-tight cell that was also a flow reactor (In-Situ Re-
search Instruments); then the cell was transferred to the spectrometer
without contacting of the sample with the atmosphere. Spectra were re-
corded as [HRe(CO)5] was being adsorbed on the anatase wafer. The
rhenium carbonyl was brought in contact with the anatase sample in a
stream of helium; the helium flowed over the [HRe(CO)5] in a pear-
shaped flask, and the vaporized rhenium carbonyl was carried continu-
ously to the IR cell, and spectra were recorded periodically.

In the initial stage of an experiment, the flask containing the metal car-
bonyl was placed in a cold bath (196 K for [HRe(CO)5]) to minimize the
amount of metal carbonyl in the gas phase. In the second stage of the ex-
periment, the precursor was removed from the cold bath and allowed to
warm to room temperature, so that the vapor pressure of the rhenium
carbonyl compound increased and its partial pressure in the helium
stream increased.

X-ray absorption spectroscopy

Data collection : X-ray absorption spectra were collected at beam line X-
18B at the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. The beam energy was selected by means of a Si-ACHTUNGTRENNUNG(111) double-crystal monochromator, with a minimum step size of 0.40 eV.

Approximately 0.08 g of each sample (the mass required for an absorb-
ance of 2.5) in the glovebox was mixed with boron nitride (0.22 g, Sigma–
Aldrich, 98 %) and packed into a stainless-steel plate with a 26� 8 mm2

opening and then sealed with Kapton tape.

Each sample was scanned in transmission mode with gas-filled ion cham-
bers used to measure the intensity of the X-rays entering and exiting the
sample cell. A 13-element germanium detector was used to detect fluo-
rescence from the sample; an energy window around the Re La lines was
used to obtain the rhenium fluorescence. However, as a consequence of
the position of the germanium K edge (11 103 eV), the data range of the
EXAFS was limited to 12 k (where k is the photo-electron wave vector).
Thus, the use of transmission data was preferred whenever possible. Fur-
thermore, a hafnium reference foil was scanned simultaneously with the
sample to allow calibration of the energy scale.

Extended X-ray absorption fine structure data analysis : Data reduction
and analysis were performed with the aid of the software package
XDAP.[48] First, at least four scans were aligned and then averaged to
extend the range of data that could be analyzed. Analysis of the data was
performed by using a “difference file” technique;[49] the functions used to
construct the structural models and to minimize the error are shown else-
where.[50] Fitting was done in k space and in R space (R is the interatomic
distance) by using three k weightings (k0, k1, and k2). In the fitting, the
number of fitted parameters (4 per shell) did not exceed the number of
statistically independent data points, as determined by the Nyquist theo-
rem.[51]

The fit quality of each candidate model was evaluated by the value of
(Dc)2, as defined by the International XAFS Society.[33] Details of the
analysis of the EXAFS data are essentially the same as those reported.[52]

Details are presented in the Supporting Information, including criteria
for selecting appropriate models, discrimination between models that
provide good fits, and information about reference compounds.
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