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Single wall carbon nanotubes (SWNTSs) that are found as close-packed arrays in crys-
talline ropes have been studied by using Raman scattering techniques with laser exci-
tation wavelengths in the range from 514.5 to 1320 nanometers. Numerous Raman peaks
were observed and identified with vibrational modes of armchair symmetry (n, n) SWNTs.
The Raman spectra are in good agreement with lattice dynamics calculations based on
C-C force constants used to fit the two-dimensional, experimental phonon dispersion
of a single graphene sheet. Calculated intensities from a nonresonant, bond polarizability
model optimized for sp? carbon are also in qualitative agreement with the Raman data,
although a resonant Raman scattering process is also taking place. This resonance
results from the one-dimensional quantum confinement of the electrons in the nanotube.

Since their discovery in 1993 (1, 2), single
wall carbon nanotubes (SWNT) have pro-
vided the opportunity to study the physical
properties of an ordered, one-dimensional
(1D) system. Theoretical calculations have
shown that, depending on the nanotube
symmetry and diameter, these carbon nano-
tubes can be metallic or semiconducting
(3). The electronic and magnetic properties
of the metallic tubules have been shown
theoretically to be diameter-dependent, and
therefore these all-carbon filaments should
represent ideal 1D “quantum wires” (3). As
we show below, these quantum size effects
also manifest themselves in the Raman
scattering signal from the nanotube vibra-
tional modes.

Until recently, experimental progress on
studying the physical properties of these
novel atomic fibers has been slowed because
only a minor fraction of the carbons gener-
ated in the synthesis process were actually

SWNTs [typically, 1 to 4% (1, 2)]. Recent-
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ly, a pulsed laser vaporization process was
reported that had >70% yield of SWNTs
(4), and further improvements in yield have
been made (5). We have used a microfiltra-
tion technique to remove most of the car-
bon nanospheres also produced in the pro-
cess and have isolated nearly pure SWNT
samples. In this report, we present results of
Raman scattering studies on SWNTs that
not only reveal many of the characteristic
normal vibrational modes of a carbon nano-
tube but also show that the Raman excita-
tion frequency can be chosen to excite pref-
erentially nanotubes of a particular diame-
ter for study. Theoretical results are present-
ed in support of the experimental data.
Several Raman (3, 6-9) and infrared
(10) studies of multiwall carbon nanotubes
(MWNT) (11) have appeared. The larger
nanotube diameters and wider diameter dis-
tributions inherently present in the
MWNTs make it unlikely to observe the
nanoscale phenomena that we report. As
we show below, the present samples exhibit
a very narrow diameter distribution that is
populated by only a few distinct tube diam-
eters with the same achiral symmetry. One
Raman study on SWNTs has appeared pre-
viously (7), in which a spectral subtraction
technique was used to remove the contri-
bution from carbon nanospheres, present at
~98 weight % in their sample. In this prior
work, a high-frequency Raman doublet was
reported that is in good agreement with the
present study. However, many new low-
and mid-frequency Raman peaks are report-
ed here and their origin is also explained.
Details of the laser-assisted process used
to synthesize our SWNTs have appeared
elsewhere (4). Briefly, a carbon target con-
taining 1 to 2% Ni/Co catalyst is main-
tained at 1200°C in a tube furnace and
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vaporized by a repetitive sequence of two
laser pulses (532 nm, 250 mJ in a 5-mm
diameter spot, 10 Hz; and 1064 nm, 300 m]
in a 7-mm diameter Gaussian spot coaxial
with the 532-nm laser). SWNTs and, to a
much lesser extent, carbon nanospheres are
primarily formed in this plasma, and both
are swept downstream by flowing argon gas
where they are collected on a cold finger
before they pass completely out of the fur-
nace. This carbon material (4) was removed
and the sample was then soaked in CS, to
remove fullerenes and other soluble organ-
ics. The CS,-insoluble matter was then dis-
persed into distilled H,O with 0.1 weight %
cationic surfactant (benzalkonium chlo-
ride) under ultrasonic agitation to separate
carbon nanospheres and catalytic Ni-Co
particles from the SWNTs. Microfiltration
techniques were then used to isolate the
SWNTs from these other solid forms (12).
The resultant SWNT carbon material ap-
pears in scanning electron microscopy im-
ages as a mat of carbon fibers. Under higher
magnification in a transmission electron
microscope (TEM), a fiber is seen to be a
bundle or crystalline “rope” (13) of SWNTs
10 to 20 nm in diameter and ~10 to 100
pm in length.

The SWNT diameter distribution for
the samples studied was determined from
direct measurement of numerous tube
widths by using the TEM contrast image
when the nanotube or rope bundle was in
the focal plane of the microscope. The
mean diameter was also determined in this
work by x-ray diffraction (XRD). The XRD
and TEM (14) probes yielded slightly dif-
ferent values for the mean diameter <d,>.
Values for <d,> consistent with a (10,10)
tube were determined by XRD, in good
agreement with a previous XRD study on
similar samples (4). However, TEM vyielded
a <d,> closer to that of a (9,9) diameter
tube. The reasons for this difference are not
yet clear. The width of the diameter distri-
bution observed in TEM is consistent with
the range of armchair tubes (8,8), (9,9),
(10,10), and (11,11).

The notation (n, m) defines the atomic
coordinates for the 1D unit cell of the
nanotube (3). For n # m # 0, the tube has
chiral symmetry. Achiral tubes exist if m =
0 or n = m. The former and the latter
subclasses of achiral tubes are referred to as
“zigzag” (n, 0) and “armchair” (n, n) tubules.
The diameter d, for the armchair subclass
of SWNTs is linearly proportional to n
and is given by d,(A) = 1.357n, where the
value a = 1.421 A has been used for the
C-C bond length.

In Fig. 1 we show the Raman spectrum
(top) of SWNTs dispersed in a KBr pellet
(80 weight % SWNT). All Raman spectra
displayed in this report were taken on the
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same sample that contained microfiltered,
randomly oriented SWNTs. The spectra
were collected in a backscattering geometry
at room temperature with the laser incident
at ~45° with respect to the plane of the
pellet (15). The spectrum in Fig. 1 was
collected by using 514.5-nm excitation and

a spectral slitwidth of ~2 cm™!; the spec-

trum contains light scattered with the elec-
tric vector both parallel and perpendicular
to the horizontal plane of incidence. Indi-
vidual intensity scaling (indicated in paren-
theses), together with a constant baseline
shift, have been carried out for the low-,

g
<
|
; (x2)
g (11,11)
2 ” L i s fa Ui
; (10,10)
2 ey (T T
(9,9)
| L e el
(8,8)
|| SUN U B e IR T
0 500 1000 1500 1600 1700

Frequency (cm™)

Fig. 1. Raman spectrum (top) of SWNT samples taken with 514.5-nm excitation at ~2 W/cm?. The * in the
spectrum indicates features that are tentatively assigned to second-order Raman scattering. The four
bottom panels are the calculated Raman spectra for aimchair (n, n) nanotubes, n = 8to 11. The downward
pointing arrows in the lower panels indicate the positions of the remaining weak, Raman-active modes.

Fig. 2. Raman-active normal mode eigenvectors and frequencies for a (10,10) nanotube. The red
arrows indicate the magnitude and direction of the appropriate C-atom displacements, and the eigen-
vectors shown correspond to the seven most intense modes (see Fig. 1). The unit cell (blue atoms) is
shown schematically in the upper right-hand comer.
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mid-, and high-frequency regions of the
spectrum to best display all of the Raman
features. For clarity, the frequency axis has
been expanded in the highest frequency
range. Individual Lorentz oscillators are
shown below the data superimposed on a
flat background and the Lorentzians are
intentionally displaced downward for clari-
ty. The bottom of Fig. 1 shows the results of
a calculation for the frequency and scatter-
ing intensity of the seven strongest Raman-
active normal modes of armchair (n, n)
carbon nanotubes, with n = 8 to 11. This
range of n is consistent with the nanotube
diameter distribution observed by TEM. Ra-
man-allowed (q¢ = 0) phonons were calcu-
lated by using C—C force constants opti-
mized (16, 17) to fit the experimental pho-
non dispersion for a flat graphene sheet. In
the present calculations, these same force
constants were used to construct the dy-
namical matrices for each of then =8 to 11
armchair nanotubes which were then diago-
nalized to obtain {q = 0) eigenfrequencies
and eigenvectors (see Fig. 2) for the Ra-
man-active modes. Theoretical intensities
for the SWNT Raman-active vibrational
modes were then calculated by using these
eigenvectors and a bond polarizability model
(18) optimized for other sp? carbon materi-
als. The downward-pointing arrows in Fig. 1
indicate the calculated frequencies of the
much weaker Raman modes. The calculated
frequencies are in good agreement with
those obtained previously by a “zone fold-
ing” (ZF) model for a flat graphene sheet in
which the same force constants were used
(17).-The predicted diameter dependence of
the SWNT mode frequencies can be easily
observed in Fig. 1, particularly in the low-
frequency region (w = 500 cm™!).

The Raman data have been analyzed in
terms of armchair symmetry nanotubes for
several reasons. First, previous calcula-
tions (17) have shown that chiral (n, m)
tubes (n # m # 0) in the diameter region of
interest exhibit very few Raman-active
modes in the region 400 to 1500 cm™!,
which is inconsistent with the present ob-
servations. If chiral tubes are indeed
present, we conclude that they are present
in very low concentrations. A similar con-
clusion was also reached recently in elec-
tron diffraction studies of SWNT samples
prepared in the same way (19). Of the two
remaining symmetry types, zigzag (n, 0)
nanotubes have been found in the ZF model
not to exhibit Raman-active modes in the
regions from 650 to 770 cm™! and from
1400 to 1540 cm™!, and experimental lines
were observed at 673, 755, and 1526 cm™!.
Although this observation in itself cannot
rule out the presence of zigzag tubes in our
samples, theoretical calculations of forma-
tion energies (20, 21), indicate that (n, n)



armchair tubes forn = 8 to 12 are the most
stable SWNT species in this diameter range.
As we demonstrate below, the Raman scat-
tering data presented here are completely
consistent with armchair tubules.

We next discuss the assignment of the
peaks in the Raman spectrum at the top of
Fig. 1 to specific vibrational modes of (n, n)
SWNTs. The assignments are listed in Ta-
ble 1 together with the calculated frequen-
cies and symmetry labels for n = 8 to 11
armchair tubes. The assignments are based
on the theoretical mode frequencies and
intensities shown schematically in Fig. 1.
Polarized Raman scattering studies on ori-
ented nanotubes would be needed to further
verify the symmetry assignments. At this
time, the assignments given here should be
considered tentative. In order to simulate
the experimental conditions, the calculated
intensities shown in Fig. 1 are made for
randomly oriented tubes and the appropri-
ate temperature prefactor has been used.
Bond polarizability theory (18) predicts sev-
en intense modes, as shown in Fig. 1, and
six of these modes were observed. The low-
est frequency E,, symmetry mode, predicted
to lie in the range from 18 to 34 cm™!
(Table 1), was not observed because of the
large signal from the elastically scattered
(Rayleigh) light not rejected by the mono-
chromator. However, the other six modes
were detected, although the strongest ex-
perimental band centered at 1592 cm™! is
identified with a triplet (A, Eip Eyp) of
unresolved, intense modes whose frequen-
cies exhibit a weak diameter dependence
(Fig. 1 and Table 1). According to theory,
there are altogether three possible strong
modes in the range from 1581 to 1590 cm™!
associated with each of the fourn = 8 to 11
armchair tubes.

Other experimental bands that are pre-
dicted by the model to be very weak are
nevertheless observed. For the most part,
they are indeed observed to be weak, except
for the broad feature at 1347 cm™! which is
moderate in intensity (22). It should be
pointed out that we expect qualitative, not
quantitative, agreement between theory
and experiment for the Raman intensities
because the bond polarizability model is not
expected to perform well at near-resonant
scattering conditions.

If we keep in mind that the TEM results
indicate that tube diameters in our sample
are consistent with an ensemble of (8,8),
(9,9), (10,10), and (11,11) tubes, and that
the mode frequencies v(d,) are diameter-
dependent, both narrow and broad first-
order Raman lines are anticipated on the
basis of our calculations. Another example
of a broad line is the A}, symmetry “breath-
ing mode” in which all of the C atoms
undergo an equal radial displacement (see

Fig. 2). A strong, broad line is observed
with 514.5-nm excitation at 186 cm™! (Fig.
1). Theory predicts a strong line with a
frequency that is strongly diameter-depen-
dent, ranging from 206 cm™! (8,8) to 150
cm~! (11,11).

Other mode frequencies exhibit a very
weak theoretical d-dependence, and this
effect can lead to a narrow first-order band
in the experimental spectrum. For example,
the feature observed at 855 em™! (Fig. 1) is
narrow and is identified with the E, sym-
metry vibration that is calculated to be at
866 ecm™! (Table 1) and to be essentially
independent of diameter for SWNTs in the
range n = 8 to 11. Although inhomoge-
neous broadening can occur in this ensem-
ble of armchair tubes, the amount of broad-
ening for a specific Raman band depends on
the magnitude of the d,-dependence of the
mode frequency (23). As can be seen from
the assignments in Table 1 and inspection
of Fig. 1, our phenomenological force con-
stant model is quite successful in predicting
mode frequencies for the SWNTs. Clearly
the model can be improved, because the
force constants used here do not include the
effects of the curvature of the tube wall or
the redistribution of electrons into 1D band
states. Both effects are expected to be most
important for the smaller diameter tubes.
Our current calculations do demonstrate,
however, that force constants appropriate

to a flat graphene sheet can provide a rea-
sonably quantitative phonon model for a
SWNT.

We next turn to the dramatic effect of
the Raman excitation frequency (wave-
length) on the distribution of the intensity
and peak positions in the Raman spectrum.
In Fig. 3, we display room-temperature Ra-
man spectra for the same sample as a func-
tion of laser excitation frequency. The spec-
tra are stacked with the longest wavelength
(lowest energy) excitation spectrum on top.
From top to bottom, the spectra are collect-
ed with the following lasers: Nd:YAG (neo-
dynium  yttrium-aluminum-garnet, 1320
nm, 0.94 ¢V; 1064 nm, 1.17 V), AlGaAs
diode (780 nm, 1.58 ¢V), krypton (647.1
nm, 1.92 eV), and argon (514.5 nm, 2.41
eV). This excitation range spans the near
infrared to the visible. Even a small change
in excitation frequency between the 2.41-
and 2.54-eV Ar ion laser lines produces
dramatic effects on the spectral distribution
of the line intensities. Except for the 1.58-
eV excited Raman spectrum, there is a shift
of intensity toward the lowest frequency
modes with increasing laser wavelength un-
til the 1320-nm excitation data, in which
scattering from the A, breathing mode is
also almost extinguished. For example, if we
examine the peak intensity of this ~186-

cm™ ! Ay, band measured relative to that of
the 1592-cm™! band, it is observed to be

Table 1. First-order Raman-active vibrational mode frequencies in wave numbers for SWNTs. Experi-
mental (514.5-nm excitation; intensity / is weak, w; moderate, m; or strong, s) and calculated (empirical
force constant model). The experimental frequencies vary with laser excitation wavelength (see text and
Fig. 8). The SWNT sample is thought tc be an ensemble of n = 8 to 11 armchair (n, n) nanotubes. The
mode symmetry (Sym) was determined by model calculations.

Experimental Theory
n
g / Sym (8,8) 9,9 (10,10) (11,11)

Eyg 34 27 22 18
116 W 10 Eig 146 130 117 106
186 S 8,9,10 Aig 206 183 165 150

377 (s) m 10 Epg 333 368
377 (b)* m 9,10 Epg 458 408 371 335
Eig 420 431

673 W 8,10 Asg 671 670
Eig 690 683
Epg 732 746

Eog 742 722

755 W 8,10 Eyg 762 766
855 W 8,9,10,11 Eog 866 866 866 866

Eyg 1106 1152
Eig 1216 1229

Aig 1247 : 1252
9,11 A, 1369 1369

1847 m { 510 E. 1377 1374
1526 w 9,11 Eqg 1513 1510

1550 m 10 Exg 1543

1567 S 8 Eog 1647 1531
1593 s 8,9,10,11 1g 1583 1584 1585 1586
1609 m} 8,9,10,11 g 1581 1682 1584 1585
8,9,10,11 29 1589 1589 1590 1590

*This line at 377 cm~ s a superposition of a broad (o) and a sharp (s) peak.
SCIENCE e« VOL. 275 e 10JANUARY 1997 189



~1:2.3 at 514.5-nm (2.41 eV) excitation
and ~2:1 at 1064-nm (1.17 eV) excitation.
At the longest wavelength excitation (1320
nm, 0.94 eV), the intensity ratio is ~1:20.
This redistribution in spectral intensity is a
clear signal for an unusual resonant Raman
scattering process.

Resonant Raman scattering occurs when
the energy of the incident photon matches
the energy of strong optical absorption elec-
tronic transitions (24). We now provide a
simple argument that the optical absorption
is between electronic states whose character
is determined primarily by 1D quantum
confinement phenomena. For large enough
tube diameter, the character of the elec-
tronic states should be essentially indepen-
dent of tube diameter (d,) or n, and should
therefore closely resemble that of a gra-
phene sheet (3). These larger d, tubes would
thus not exhibit electronic quantum con-
finement effects, and a change in the laser
frequency would probe nearly identical gra-
phene optical resonances. Therefore, the
Raman features for an ensemble of larger
diameter nanotubes would be found at the
same Raman frequency, independent of the
laser excitation frequency, although the rel-
ative intensities of these Raman lines might
change because of a resonant-scattering
process involving graphene-like electronic
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Fig. 3. Room-temperature Raman spectra for pu-
rified SWNTs excited at five different laser fre-
quencies. The laser frequency and power density
for each spectrum is indicated, as are the vibra-
tional frequencies.

190

states. However, what is observed experi-
mentally for the small diameter nanotubes
in our sample are, in many cases, large
apparent shifts in the positions of the Ra-
man bands upon variation of the laser ex-
citation frequency. This result indicates
that different diameter tubes with different
mode frequencies couple with different ef-
ficiencies to the laser field. From Table 1, it
can be seen that because of the tube diam-
eter dependence, the calculated frequency
of the Aj, breathing mode spans the range
206 cm~1 (8,8) to 150 em™! (11,11). The
peak position of the band identified with
the A;, modes is observed to be 186 cm™!
for 514.5-nm excitation, a few wave num-
bers greater than the 183-cm™! value pre-
dicted for the (9,9) nanotube. However, at
1064-nm excitation, the A, band peak has
shifted to 180 cm™!, a value midway be-
tween the Aj, mode frequencies expected
for (9,9) and (10,10) nanotubes. At 780-nm
excitation, the A, band is centered at 169
cm™, slightly greater than the value 165
cm ™! predicted for a (10,10) tube, and fur-
thermore, clear shoulders are observed at
184 cm~! and 205 cm™!, which are near
the breathing mode frequencies predicted
for (9,9) and (8,8) nanotubes, respectively
(see Table 1). These shifts in position of the
experimental Raman features are interpret-
ed as clear evidence for diameter selective
coupling of the SWNTs to the exciting
radiation field that stems from the d -depen-
dence of the electronic density of states

. .
(11,11).

Density of states

Energy (eV)

Fig. 4. Electronic density of states (DOS) calculat-
ed with a tight binding model for (8,8) (9,9),
(10,10), and (11,11) armchair nanotubes. The
Fermi energy is located at O eV. Wave vector—
conserving optical transitions can occur between
mirror image spikes, that is, v, — ¢, and v, — ¢,.
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(DOS) induced by quantum confinement
(3). In contrast to this response, although
consistent with the explanation given
above, is that of the Raman feature at ~855
cm ™! which is experimentally found to be
fixed in frequency, independent of the ex-
citation wavelength. As can be seen in
Table 1 and Fig. 1, this mode has little or no
d-dependence, and is therefore expected to
exhibit no frequency shift with excitation
wavelength.

In Fig. 4, we show our results for tight
binding calculations (25) of the electronic
DOS for the n = 8 to 11 armchair tubes
under consideration here (Fermi energy Eg
= 0 eV). As can be seen in Fig. 4, the DOS
for a particular (n, n) armchair nanotube is
the sum of the DOS of 1D electronic bands.
As the nanotube diameter increases, the
singularities move closer together. For larg-
er diameter tubes whose DOS is not shown
in Fig. 4, the singularities merge, become
smeared out, and the DOS approaches that
of a graphene layer. On the other hand, for
small diameter nanotubes as found in the
present study, the 1D “spikes” in the elec-
tronic DOS are well separated (Fig. 4),
especially near Ep, and can provide initial
or final states or both for a highly resonant
Raman scattering process.

A near mirror image set of DOS spikes
can be observed in Fig. 4; each spike is
associated with an E~ 1% singularity charac-
teristic of the dispersion in a 1D electronic
energy band (3). Examination of the band
structures associated with the DOS indi-
cates that the vertical (momentum conserv-
ing) optical transitions that dominate the
resonant Raman scattering process occur
between mirror image spikes from the va-
lence to conduction band, that is, v; — ¢,
and v, — ¢, (Fig. 4). As shown in Fig. 4, the
characteristic photon energies for these
transitions are within the range of most of
the laser excitation energies used here [0.94
eV (1320 nm) to 2.41 eV (514.5 nm)]. The
observed frcqucncy shifts of the Raman
bands with laser wavelength are therefore
consistent with the diameter dependence of
the DOS peaks of Fig. 4 for an ensemble of
n = 8 to 11 armchair nanotubes. As can be
appreciated from Fig. 4, resonant scattering
from particular diameter (n, n) tubes will
dominate the Raman spectrum when the
laser photon energy matches the energy
difference between spikes for that (n, n)
DOS. The cénter of gravity of each Raman
band then shifts to the frequency of the (n,
n) vibrational mode being resonantly driv-
en by the laser field. Thus, our observations
provide strong evidence for a diameter-se-
lective resonant Raman scattering process
that is a direct consequence of the 1D elec-
tronic quantum-confinement in small di-

ameter SWNTs.
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The Kinetic Significance of V°* in n-Butane
Oxidation Catalyzed by Vanadium Phosphates
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Norman Herron, Peter L. Lee

Maleic anhydride, a precursor to polyester resins, is made by oxidation of n-butane over
vanadium phosphate catalysts. This system is of general interest because it is the only
heterogeneously catalyzed, alkane-selective oxidation reaction in commercial use. Time-
resolved in situ x-ray absorption spectroscopy shows that when either «-VOPO,/SiO,
or (VO),P,0,/SiO, catalysts are exposed to n-butane, the rate of maleic anhydride
formation is proportional to the rate of decay of V" species in the catalyst. Thus V5+
species are kinetically significant for the production of maleic anhydride and not just for
the production of by-products. The results also suggest that V®* species may play a role
in the initial hydrogen abstraction from n-butane, the rate-determining step in the reaction
sequence. V4 sites appear to be responsible for by-product formation.

Conversion of n-butane to maleic anhy-
dride, an important raw material used in
polyester resin production (1), is the only
heterogeneously catalyzed, alkane-selective
oxidation reaction in commercial use. This
oxide system has generated widespread in-
terest because better understanding of the
structure-property relations in the vanadi-
um phosphate (VPO) family of materials
could promote development of other selec-
tive oxidation processes. Selective oxida-
tion reactions on reducible metal oxides are
generally believed to follow the Mars and
van Krevelen (2) mechanism. The metal
oxide participates in a series of redox steps:
Oxidation of an adsorbed organic molecule
first reduces the metal cation, which is sub-
sequently reoxidized either directly by gas-
phase oxygen or by oxygen that has diffused
through the lattice of the catalyst. At steady
state, the oxide typically contains metal
cations in different oxidation states, and
each state plays a different role in the reac-
tion mechanism. For the case of n-butane
oxidation over VPOs, Bej and Rao (3) pro-
posed a mechanism based on the following
set of reaction steps:

C4H10 + 14V5+ —

CH,O; + 4H,0 + 14V4
C4H10 + 26V4+ i

4CO, + 5H,0 + 26V
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CH,0; + 12V# —
4CO, + H,0 +12V**

O, + 4V — 4V
O2 + 4\/4+ s 4V5+

The above mechanism is grossly oversimpli-
fied not only because it ignores many of the
intermediates produced during n-butane
partial oxidation to maleic anhydride (4—
6), but also because it is not formulated
with elementary reaction steps. In any case,
inferring structure-performance relations
based on gas-phase kinetics alone is prob-
lematic because the catalyst kinetics have
not been determined.

The only detectable crystalline phase in
aged industrial catalysts is vanadyl pyro-
phosphate, (VO),P,0; (7), which contains
V4" cations. Nevertheless, VOPO, (V>*)
phases have been observed in working cat-
alysts through in situ laser Raman studies
(8, 9). Several authors (3, 10-12) have
speculated on the role of V>" centers in
maleic anhydride production. Others have
attributed significance to shear steps formed
at the surface of (VO),P,0; upon exposure
of the catalyst to n-butane (13). However,
in situ catalyst characterization under
steady-state conditions, even when com-
bined with reaction product analyses, is in-
sufficient to establish the kinetic signifi-
cance of an observed species. To claim a
species is kinetically significant, it must at
least be shown to react with a rate sufficient
to suppott the overall rate of reaction (14).
Such experiments require in situ monitor-
ing of the oxide catalyst with a technique
that is both fast (~1 s) and quantitative. In
situ, dispersive time-resolved x-ray absorp-
tion spectroscopy (TRXAS) meets both
of these criteria. In this report, we describe
our approach, which combines dispersive
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