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Energy-dispersive EXAFS (EDE), combined with mass spectrometry and a flow microreactor system, has
been used to investigate the reaction of agO3dsupported R{CO), species with NO. This combined in situ
approach uniquely permits a priori analysis of the structures of the species involved (on a time scale of ca.
2 s) and simultaneous determination of reaction mechanism and kinetic parameters. In the current case, it is
found that the AlI(O)RHCO)CI species reacts to form an intermediate Al(O)Rh(MD)CI species { ~

0.3574 0.125 s, Ext ~ 11 + 1.25 kJ mot?), which subsequently forms an (AlgRh(NO) Cl species and

N2Og (¥ ~ 2 £ 0.5 x 10¢ 574, B ® 40+ 3.5 kJ mot™) showing a bent (134 RhNO bond. This combination

of rapid and complementary techniques should be applicable to a wide range of disciplines where quantitative
structural and kinetic determinations are of importance.

Delineating the relationships between structure and the determination of the species involved. We determine the
reactivity is a common goal in many areas of science. In structure of the surface bound nitrosyl species formed from the
catalysis, such determinations are pivotal to understanding ofinteraction of NO with a supported REO), species. Further,
how a given catalyst works and, therefore, how one may designwe show how this approach yields information regarding the
or modify a catalyst for a specific purpose. A true understanding mechanism of reaction and the kinetic parameters that character-
of such relationships may only be gained through the application ize individual steps in a reaction sequence.
of experimental probes that allow in situ determination of  Time-resolved EXAFS methodologies have begun to allow
molecular structure with simultaneous exploration of how EXAFS to be applied in determining local order change during
particular species interact with their environment. By combining chemical reaction’:° Quick EXAFS (QEXAFS).58 wherein
energy-dispersive EXAFS (EDE) with a flow microreactor and the stepwise progression of the monochromator through a
mass spectrometry, we show that reactions between surfaceparticular energy window is optimized, has been widely
bound, catalytically relevant species can be followed on a time developed and commonly allows EXAFS spectra to be taken
scale of seconds in a way that allows a priori structural in ~30—60 s. Though faster experiments have been repérted,
the range of data obtained only permits analysis of changes in
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Figure 1. (a) Rhk-edge EDE spectra obtained during the reaction of Rh§CIDAI,O; with 5 mL min~* NO (5%) in He at 338 K. Each spectrum

has a total acquisition time 0f1.95 s (100 scans/spectrum, 1.3 ms/scan, 15 “stripes”). For clarity, alternate spectra only are shown. (b) Normalized
mass spectrometer traces obtained during the reaction of REQZAIO0; with 5 mL min~t NO (5%) in He at 308 K. The masses corresponding

to each trace are indicated.

and the potential for extremely fast data collection; it is, of the nitrosyl adduct; a more detailed discussion of the reverse
however, demanding in terms of sample presentation. This hasreaction will be given elsewhefé.
meant that since the first applications of EDE to heterogeneous Al,0; was heated in Ar at 493 K for 6 h. [Rh(C&D)I], was
systems; 4 subsequent studi#¥’ have been limited to pressed  subsequently sublimed under vacuum onto dried, hydroxylated
disk samples, which may pose problems with sample degrada-Al,O; to a loading of~5 wt % Rh. The resulting yellow powder
tion and gas permeabiliy. In general, detailed structural was kept under an inert atmosphere before use. Ten milligrams
information has not been forthcoming, though correlations of supported sample was packed in a quartz tub@ fim i.d,
between catalytic activity and changes in catalyst phase have0.2 mm wall thickness;-5 mm bed length) and loaded into a
been amply demonstrated cell described previoush? CO was passed over the sample,
We have recently shown that EDE of the quality required Which was then flushed with He before switching feed to 2.5%
for detailed structural analysis can be derived from powder NO/He (5 mL/min).
samples, maintained in a tube reactor, on a time scale of EDE measurements were made on beamline 1D24 at the
secondg? This approach has now been extended to simultaneousESRF, using an asymmetrically cuf}&i(111) monochromator
mass spectrometric determination of reactant uptake and productn Laue configuratiorf.A masked, peltier-cooled CCD detector
evolution during the course of a reaction (that between a (Princeton) was used to collect the EDEXAFS data, with 18
supported RHCO), and NO). Here we discuss the formation spectra (of which 10 were summed to a single aquisition) being
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Figure 2. k®-weighted EDE spectra for the Rh(CQ)/Al,O; sample (a) and that derived after exposure to NO (data collection times as Figure 1a).
In each case, the solid line is the experimental data, and the dashed line is the best fit derived from EXAFS analysis in EXCURVE 98.

TABLE 1: Best Fit Structural and Statistical Parameters Derived from Explicit Analysis (in EXCURVE 9814 of the EXAFS
Data Shown in Figure 2

geminal dicarbonyl Rh nitrosyl

scatterer distance from Rh (A) 282 scatterer distance from Rh (A) o3A2?
C1 (carbonyl) 1.850 (1.85& 0.026) 0.003 N 2.007 (1.98 0.069) 0.003
C2 (carbonyl) 1.925 (1.89% 0.030) 0.001 01 (nitrosyl) 2.842 (2.850.054) 0.013
Cl 2.383 (2.366+ 0.029) 0.001 Cl 2.417 (2.48 0.052) 0.001
01 (carbonyl) 2.968 (2.98% 0.033) 0.01 02(Al) 2.106 (2.10& 0.049) 0.008
02 (carbonyl) 3.075 (3.03% 0.035) 0.014 03(Al) 2.008 (1.985 0.040) 0.002
03 (Al) 2.155 (2.165t 0.040) 0.014 Al 3.604 (3.52 0.061) 0.002
Al 3.691 (3.662+ 0.040) 0.031 Al2 3.707 (3.72 0.034) 0.010

Rfactor 33.72 R factor 45.26

a Also shown (in parentheses) are average parameters and standard deviations obtained from 15 independent measurements and analyses.

collected prior to readout. Data reduction was carried out using difference in bond lengths falls just outside the error associated
PAXAS aand spherical wave analysis using EXCURVE8.  with our measurements.

The reactor was connected to a Balzers mass spectrometer The final product of the reaction is best modeled as a
allowing16 masses to be followed simultaneously. Effluent gas monodisperse, square planar species containing a single NO
from the cell passed through a packed silica capillary before ligand in a bent £134°) configuration, the reduction in the
entering the turbo molecular pumped mass spectrometer via amultiple scattering contribution to the RR shell indicating
differentially pumped flange. a strongly bent nitrosyl ligand. This assignment is confirmed

Figure 1la shows Rh K-edge EDE data for the exposure of py diffuse reflectance infrared spectroscopy, with the chracter-
RH(CO)/AI;Os; Figure 1b shows the corresponding mass istic carbonyl spectrum due to the geminal dicarbonyl species
spectrometer traces for NO, CO, and mass 44. Each spectrun(ys,(CO) ~ 2110 cnTl, v,s5(CO) & 2030 cntl) being
has a total acquisition time 0¥1.95 s, but the repetition rate is  replaced by a nitrosyl band at1750 cnt?,13 consistent with
limited by detector readout: in this case, one spectrum is takenthe “bent” nature of the Rh(NO) bond in the reaction prodfct.
every 7.2 s. As NO passes through the bed, CO is evolved The nitrosyl shows two distinct (in terms of errors) R@
followed by the slower appearance of mass 44. At the same 4 attributed to a trans influence, the longerRhdistance
time, the chargcterlstlc EXAFS signature of thé(RID), species being derived from the RRO bond opposite the NO ligand.
is replaced with a new spectrum. , The obtained bond lengths (RIN and Rh-CI) are in close

Figure 2 showsc*-weighted EDE (and the corresponding agreement with crystallographic determinations of the structures
theoretical EXAFS) derived from (a) the starting '®&&0), of bent Rr-NO species such as RiCCF)»(NO)(PPh)152and

system and (b) the final NO adduct; the corresponding structural RhCL(NO)(PPh}),.15P The net conversion is therefore
and statistical parameters derived from the fitting of the data

are shown in Table 1, and the numbers in parentheses are 15
derived independent measurements and are presented as an
estimate of the errors associated with each determinétion.

Analysis shows that the RHCI coordination is retained and It can be shown that each of the spectra in Figure 1a can be
that no RR-Rh coordination is apparent. An inequivalence of expressed as an appropriately weighted combination of the
the CO groups in the geminal species (due to a trans influencestarting and end spectra. Figure 3 shows a plot of the normalized
of the CI vs the O(Al) linkage) is also suggested, though the intensities of an EXAFS 23375 eV, present only in the

Al(0)-Rh(CO)CI = [AI(O)] ,Rh(NOY CI (1)
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Figure 3. Temporal variation in the intensity of XANES (open circles) and EXAFS (filled circles) features and CO evolution during exposure of
Rh(CO}CI/AIO; to NO at 308 K. The EXAFS intensities have been normalized to a starting concentration of 1. The CO data is shown in the
following form: [(1 — (integral CO vs time))/(total CO evolved)].

starting spectra) and an XANES feature23260 eV, indicative Where (*) represents a free site for NO coordination and step
of the product), alongside CO evolution data, as a function of 4 is extremely fast.
time. Within the above scheme, CO evolution observed in the mass

It is clear that the release of CO from the sample and the SPectrometer yields information regarding eq 2, and the temporal

changes in the EXAFS spectra occur on differing time scales, variation of the EDE features reflects the facility of eq 3; it is
indicating two discrete reaction stages. in this stage that the local coordination sphere changes radically.

Figure 4a,b shows mass spectrometric (mass 28) and EDE data
; P : (vis a vis Figure 3) for the reaction in the temperature range
change in the observed EXAFS. The initial reaction of the 293-328 K. Also shown in Figure 4 are the results of applying

RH(CO)CI therefore results in a species that, in terms of the 2 simole two-step reaction model for two consecutive first-order
local Rh coordination sphere, is very similar. By inference, the 2 S'MP e P : ) utive first
reaction88l and assumindss > k; or k, i.e.

reaction proceeds via an intermediate species that is either Rh-
(CO)(NO)CI or Rh(NO)CI. The only previous determination Kk
of structure for an inorganic Rh species of either type ([JRhgNO) A=B=C
(PPh),][CIO4]Y") displays RR-N bond lengths only 0.03 A

shorter than that indicated for the Rh(GO) species from our  where

analysis with an RhNO bond angle ofLl5%. A priori, as this

The first stage involves the release of CO with little or no

intermediate species will be present in relatively low transient [A] =[A] Oe—klt
concentrations coexisting with remaining Rh(GOl) species,
EDE alone will not allow us to determine which species [A] k
. _ ol —kqt —kot
predominates. [B] = ﬁ(e —e
R

However, comparison of the total amount of CO released in

this mass spectral trace with CO consumed by the reverse

reactiort® shows that all the CO ligands present in thé(RD),- [Cc] = [Alo [k,(1 — okl (1- e_kz‘)]

Cl adlayer are released to the gas phase in this single (mass k, — k- 2 1

spectral) event. It therefore seems that the initial product of this

reaction is Al(O)Rh(NOXI. [A] is the Rh(CO)CI species, [B] is the intermediate Rh-
The implied reaction mechanism is therefore (NO),; adduct, and [C] is the Rh(NO)species. The derived

activation energiesH,) and pre-exponentialg’) for steps 2
ke and 3 of the reaction mechanism are

2NQ; + Al(O)-Rh(CO)LCI = Al(O)-Rh(NO)LCI +2CQ,

() v~0357+£0.1255s" E..~ 114 1.25kImol* (2)
k2
Al(0)-Rh(NO),Cl = AI(0)-Rh(O)(*)CI + N,O, (3)  and

k:
NO -+ AI(O)-Rh(0)*Cl = [AI(O)] ,—~Rh(NO) CI (4) v~2+05x 10°s? E, ~ 40+ 3.5kImol! (3)
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Figure 4. (a) Temporal variation in observed CO evolution during the reaction of RTI®@) ,0; with NO at three temperatures (293, 308, and

328K). The CO evolution is shown in the same integrated form as that in Figure 3. Alongside the experimental data (hatched lines), fits due to a
two-step kinetic model (solid lines; see text) are also shown. The parameters used to describe the CO evolutioh 38&+ 0.125 s and Eact

~ 11+ 1.25 kJ mot?. (b) Temporal variation of the EXAFS feature (at 23375 eV) observed to disappear during the reaction of ,RHAT{)

with NO at three temperatures (open circles, 293 K; filled circles, 308 K; crosses, 328 K). Also shown (solid line) are fits derived from a two-step
reaction model (see text). The kinetic parameters pertaining to this step=ar2 x 10* st andEat ~ 40 & 3.5 kJ mot? (filled circles).

The parameters derived for step 2 indicate that either the support of this notion, reaction of Rh(C£) supported upon
activation energy is due to diffusion of the reactant/product vacuum-reduced Ti©shows the same charactéras these
through the bed to the mass spectroniéter this reaction is experiments were made in an ultrahigh vacuum environment
subject to an extreme steric requirement. The latter would imply diffusion limitations would seem unlikely.
that the NO molecules impinging on the surface must do so in  The values obtained for step 3 imply that the rate-determining
a highly specific manner in order to initiate reaction. The step for synthesis of the Rh(NO}¥pecies is an intramolecular
magnitude o, for reaction 2 is consistent with that recently reaction. The low pre-exponential most likely indicates that a
derived for CO exchange processes occurring in [Rh§CI[y)2° bond rotation/scissors motion within the geminal is required to
Step 2 can be regarded as analogous to these associative liganachieve the transition state for formation of@ Once formed,
substitution reactions in square planar complexes. In further the NO desorbs, leaving a coordinatively unsaturated Rh center.
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