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ABSTRACT
Thg results of nuclear magnetic resonance (NMR) spectroscopy have
been ana]yzed.ﬁith respect to previous infrared studies of CO adsorbed on Rh
dispersed on A1,0, to quantify the site distribution and to describe tﬁe
adsorbed state; The 13C NMR spectra account for all the 13CO adsorbed
on a 2.2% Rh on A1203 substrate. Although the spectra from the different
adsorbed states of CO overlap, the lineshapes may be separated into two

136 spin-lattice relaxation times. These

components based on differences in the
two components have been assigned to the 13CO dicarbonyl formed on single Rh

atoms and to 13CO adsorbed on Rh rafts. The comporent attributed to the

CO adsorbed on the raft sites is further separated into linear and bridged

CO state contributions based on chemical shift information, yielding a

quantitative distribution of the three adsorbed states of CO on Rh. The 13C0
distribution is used to estimate the molar integrated intensities of the infrared
spectrum of 13CO on Rh at high coverage and to determine the degree of dispersion of

13
Rh on the A1203. The

C NMR lineshapes of CO adsorbed on Rh are different

from the powder pattern of Rh2C12(C0)4. The lineshape of the dicarbonyl surface specie
is narrowed to a Lorentzian curve by reorientation at the site and the lineshapé

of CO on the Rh rafts is modulated by exchange between sites on a single raft.

The 13C relaxation time distribution provides further evidence for the existence

of isolated Rh atoms on the A1203 surface.
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I.  INTRODUCTION

The adsorption of molecules on transition metals dispersed on oxide suppor
has been studied extensively by transmission infrared spectroscopy (1,2). More
recently, inelastic electron tunneling spectroscopy has improved the sensitivit
and extended the spectral range of the vibrational studies (3). High resolutio
solid state nuclear magnetic resonance (NMR) spectroscopy (4-6) has been applie
to the study of molecules adsorbed on high area surfaces (7,8). NMR spectra ar
sensitive to molecular motions on the order of the linewidth, which is typicall
10 to 104 Hz for chemisorbed molecules. Motions such as surface diffusion
or hindered rotation are usually in this frequency range. Since the integrated
intensity of the NMR spectrum is linearly proportional to the concentration, it
is possible to calculate absolute site populations. The synergistic combinatic
of vibrational and NMR spectroscopies provides a2 unique tool for the characteriz
of the nature of the adsorbed molecule. The 13C NMR study of CO adsorbed on
supported Rh has only recently been reported (9) and represents the first
example of the use of this technique to study chemisorption on dispersed metals
Such systems are difficult to study mainly because the dilute spins yield
an extremely weak resonance signal. We report here a more detailed 13C NMR
study of the adsorbed states of CO on Rh dispersed on A1203.

13C spin systems, the homonuclear dipolar broadening is weak;

In dilute
thus, the major effects observed in the NMR spectra are the chemical shift
interaction and the heteronufﬂear broadening. Two features of the chemical
shift interaction are most Useful in characterizing the 13C electronic environ-.
ment. The average resonant frequency, or the center of mass, of the lineshape :

can be compared with the chemical shifts of known compounds for identification é

ok

in a fingerprinting fashion. The center of mass.of a specie is independent

of the motional properties of the molecule; thus, the broad line of a solid has
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the same center of mass as a rapidly reorienting liquid, provided there are no
chemical changes in the phase transition. Second, the principal components of the
second rank chemical shift tensor are good indicators of the molecular symmetry
and the degree_of anisotropy of the electron distribution. Various molecular
motions, such as wagging, rotation, or diffusion, will uniquely modulate the
rigid chemical shift powder pattern. Although there exist reasonable
calculations to predict trends in isotropic chemical shifts within a group, such
as alkanes, alkenes, or carbonyls, there is at present no general theory to
cover the entire range of carbon compounds (10-12). Thus, to date the chemical
shift data has been analyzed in a correlative fashion. To investigate the nature
of an unknown surface specie, it is necessary to study the chemical shift powder
pattern of a number of related, well-defined compounds. In addition, the
specific modulation of the characteristic chemical shift tensor by molecular
reorientation provides information on the frequency and the nature of the

motion (5). The major heteronuclear dipolar interactions for the 13C nuclei in
the Rh on A1,0, system are with the 27A1 of the support, the 1H of the hydroxyls

2°3
and adsorbed water, and the 103Rh.

13 2

However, because of large internuclear

distances between "“C and 7A1 or 1H and the low gyromagnetic ratio of 103Rh,

each of these interactions is predicted to be much less than the chemical
\

o

shift anisotropy. °
The spin-lattice relaxation time, Tl’ of surface adsorbed‘mo1ecu1es may .

also be used to characterize the local environment on the substrate (7,8).

In general, the relaxation is determined by local magnetic fields fluctuating

at rates near the Larmor frequency of the nucleus of interest. Thus, the T1

of the nucleus of interest is affected by dipolar interactions with neighboring

unpaired electrons or other nuclei with magnetic moments, exchange between

adsorption sites with different anisotropic shieldings,or librations through

PR .
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chemical shift orientational anisotropy. Under certain conditions (8), a

measurement of the T, as a function of temperature can be used to determine the

1
correlation time for molecular reorientation or diffusion, average internuclear
distances, and the heterogeneity of the distribution of adsorption sites on
the surface, i.e., isolated or clustered. In some dilute spin systems, less

20

than ~10 spins/cm3, there may exist a nonuniform distribution of Tl's,

resulting from an angular distribution of axes of reorientation or local concentra-

tion of adsorbates and paramagnetic centers. In these cases, it may be possible

to use the T1 distribution to differentiate between dissimilar adsorbed species.
The adsorption of CO on Rh dispersed on A'lzo3 has been studied extensively

by infrared spectroscopy (13-17) combined with electron microscopy (18), and

by inelastic electron tunneling spectroscopy (19). The infrared results were

reviewed briefly in previous papers (14,15). The three generally accepted states

of CO on Rh dispersed on A1,0, originally proposed by Yang and Garland (13),

are a dicarbonyl site (specie I), a linearly bonded CO (specie II), and a

multi-bonded bridging CO (specie III).

0 0 0 0
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Species II and III are believed to form on Rh atoms congregated into small rafts

or islands on the A1203 support (13,14,17,18). There is some controversy as to the




nature of specie I. It is maintained by some workers (18) that the dicarbonyl

specie forms on the edge atoms of Rh rafts, while others (13,14,17) suggest
that these Rh sites exist as isolated atoms on the surface. This topic will
be addressed later in this work. It has been found that the rate of isotopic exchange w
(15) and the chemical reactivity and selectivity of the Rh responsible for sites {
IT and 111 are different from the Rh in specie I (16,20,21). Thus, it would be

useful to know the absolute populations of the two states.

IT. EXPERIMENTAL PROCEDURES

The samples of Rh dispersed on A1203 were treated and analyzed in a combined
infrared/NMR cell. The infrared cell, a stainless steel body with single-crystal

CaF, windows, as well as the all-metal 10"8

Torr vacuum system have been described
previously (14). The infrared cell was modified to accommodate NMR samples by
welding a % in. I.D. stainless steel fitting to a port drilled in a central section
of the cell. The NMR sample tubes attached to this port consist of a stainless
steel Cajon VCR fitting welded to a copper tube fused to 10 mm 0.D. pyrex glass.
The NMR tube may be permanently detached from the cell by pinching off the

copper section to form an ultrahigh-vacuum cold-welded seal. This separation

does not perturb the vacuum integrity in either section. The total dead

volume of the cell is ~50 cme.

The infrared scans were recorded in the absorbance mode on a Perkin-Elmer
180 grating spectrometer operated in the double beam option. Calibration pro-
cedures using CO(g) and H2C0(g) were described previously (14). The spectral

1 1

resolution in the 2000 cm™" region was set at 2.6 cm .

The NMR spectra were taken on a 1.32 Tesla spectrometer described previously

(22), stabilized with an external pulsed lock system to drifts of less than




1 ppm over an 8-hour period. The single resonance probe is tuned to 14.175 MHz
with a 10 mm 1.D., 14 mm long coil. The coil is enclosed in a glass dewar,

and the sample temperature is lowered by drawing LN2 past the coil with a

small roughing pump. The NMR spectra were obtained by Fourier tranforming

the free inducfion decay after a 90° pulse. A 180° prepulse was applied at
time t before the 90° pulse to every other decay, and the transients were
a1ternatejy added and subtracted to eliminate instrumental artifacts. Also,
the longiiudinal re]axationtime,Tl, of the sample may be determined by the
intensity of the magnetization as a function of t (23). The field strengths
for the 90° and 180° pulses are 78 and 70 gauss, or 84 and 75 KHz for 13C
nuclei, respectively, sufficient to satisfy the criterion for nonselective
pulses (24). The 13

accumulation of at Teast 400 000 averages at 300 K and 100 000 at 80K. The
13

C NMR spectra of the adsorbed CO reported here are the

chemical shift scale was calibrated by the “~C resonance in tetramethylsilane

(TMS, O ppm), adamantane (-34.4 ppm) (10) and sodium formate dissolved in

water (-168.7 ppm). Note that all features are reported on the g scale for

chemical shifts relative to TMS (5). The 13

3

C spin counts were calibrated at

300 K with natural abundance 1 C adamantane and at 80 K with 70% 13C-enriched

barium carbonate. With the number of averages taken, the error limits of the NMR

spectra are +2% of the 13

C spin count and +7 ppm (one channel) on the frequency scale.
The 2.2% by weight Rh on A1203 substrate was prepared as described .

previously (14). Briefly, Rhc13-3H20 is dissolved in a water: acetone (1:10)

suspension of A1203 and then sprayed onto a Can window and simultaneously

onto a pyrex glass plate, both at 355 K. The Can window, covered with

~11 mg/cmz of sample, is mounted in the infrared cell. The deposit on the

pyrex plate is scraped off and tamped into the bottom of the NMR tube. The

NMR sample is ~0.50 g (5.9 x 1019 Rh atoms) with a void fraction of 75%,

calculated from the bulk A1203 density. The cell is assembled and both the
|




infrared and NMR samples are outgassed, heated to 425 K at 15 K/hr, and reduced in
H, as before (14). For each of the three charges of H, (Matheson grade 99.9995%
pure) to the sample, the ratio of H2 to Rh was ~100:1. The A1203-supported

Rh substrate is outgassed at 450 K for 12 hours to a background pressure of

6

~10"" Torr, then slowly cooled (25 K/hr) to room temperature. A background |

infrared scan from 4000 to 1200 em™!

is taken to assure that the sample is ; 1
free of impurities observable by IR. The typical H/Rh ratio measured on freshly

prepared substrates at 300 K was 0.90.

The A1203, "Alon-C," was prepared by Cabot, Inc., Boston, Massachusetts. ; A
The powder has a specific surface area of 90 m2/g and contains 0.21 + 0.01 % Fe
and 0.38 + 0.05% C1 by weight, as determined by atomic absorption and selective
ion electrode analysis, respectively. The A1203 was commercially prepared

by fuming A]C'l3 in a hydrogen/oxygen flame at ~2100 K; thus, one would expect
that the Fe is incorporated into the A1203 framework during the oxidation by
substituting for Al atoms. The electron paramagnetic spectrum of the Alon-C
powder at 8 K and the microwave frequancy at 9.25 GHz shows a sharp transition

at g = 4.25. Thus, the iron is atomically dispersed throughout the sample

and is not clustered in small particles. Also, the g value is typical of Fett

in oxides, rather than Fet** which has a g value of 2.0 at levels of 0.02% in
natural sapphire (A1,05) (25). After reduction and outgassing, the Al1,0;-
supported Rh samples contained 1.36 to 1.56% C1 by weight. Thus, 48 to 57% of
the C1 introduced as RhC13'3H20 was retained by the sample. The HC1 formed
during the reduction of RhC]3-3H20 is most likely reactihg with the A1203 surface.

At room temperature, HC) reacts with A1203 to produce new hydroxyl groups and

H20, as observed by infrared studies (26). The HCl is chemisorbed by inserting
into an A1-0-Al1 bond to form A1-C1 and A1-OH or by exchanging with an A1-OH
site to form A1-Cl and HZO‘

A e poun e e
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The 13CO (90% enriched) obtained from Merck Isotopes and spectroscopic
grade CO, both in glass breakseal bulbs, were used without further purification.
The Rh2C12(CO)4, prepared by Alfa-Ventron, was enriched to ~20% 13¢ in an all-g’
closed vessel by exposing the crystals to 13CO(g) for 7 days at 370 K, which is

below the decoﬁposition temperature (27). f

II1. RESULTS
13

13

A.

C NMR Spectrum of thglé(co

The “°C T, of hamz(CO)4 is ~30 minutes at 300 K, which prohibited

1
extended averaging. The sum of 328 transients taken once every 45 minutes is

shown in Figure 1. The center of mass, or average spectral frequency, of the
spectrum is -186 + 7 ppm, in close agreement with the observed isotropic chemice

shift of the compound in soTution, -180.4 ppm (28). The lineshape is fit with

a nonlinear ieast-squares theoretical chemical shift powder pattern, convoluted
with a Lorentzian broadening function (29). The principal components of the 4
computed fit are 9 = 99 ppm, 0,, = -299 ppm, and 033 = -306 ppm, yielding

an isotropic chemical shift of -169 ppm. The discrepancy between the isotropic
value of the fit and fhe computed center of the line indicates that the data ;
are not a fully developed powder paticrn. The most probable cause is that the {
spin-lattice relaxation process, which is principally the result of librations }
through different chemical shift shieldings, has a pronounced a;gular dependence ‘
as observed in other transition metal carbonyls (30,31). Thus, portions of the ‘
spectrum have relatively longer Tl's, resulting in a Tower intensity at these

orientations and causing a slightly distorted pattern.

B. 13C NMR Spectrum of 13C Adsorbed on Rh

13

A 2.2% Rh on A'lzo3 substrate was exposed to ~50 Torr of ““CO at 300 K.

The integrated intensities of the infrared spectrum, calibrated against the

ELY
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CO uptake of previous samples (14), indicate that the ratio of adsorbed CQ

to Rh is ~0.9. The integrated intensity of the NMR spectrum, shown in

Figure 2(a), yields a CC-to-Rh ratio of 0.87 = 0.02. When the sample is
cooled to 80 K, after pumping out the excess CO(g) to 0.02 Torr to prevent the
formation of any physisorbed CO at low temperatures, the NMR spectrum broadens,

as illustrated in Figure 2(b), but the temperature-compensated integrated

13

intensity remains constant. The center of mass of the ““C NMR spectrum is

constant with temperature change, at -191 + 7 ppm.

13 6

When the pressure of the ~~C0 is reduced from 50 Torr -> 10™° Torr, the

13C NMR lineshape intensity at 300 K decreased uniformly by 15%, with no change
in the Tinewidth or the center of mass. A sample of A1203, with no Rh, dosed
with 50 Torr of 13CO gave no NMR signal, indicating no adsorption (chemical or
physical) of CO on the support, consistent with adsorption isotherm measurements

at 300 K.

13

C. C Relaxation Times of CQ Adsorbed on Rh

A second 2.2% Rh on A1203 sample was prepared and progressively charged

13

with “°C0 to a pressure of ~50 Torr at 300 K. The infrared spectra for precisely

this sample were reported in Figure 5 of Reference 14. The NMR tube was

13

separated from the infrared cell under ~50 Torr of ~“CO and stored at 300 K

for 13 months.
The observed 13C magnetization of this aged sample versus t, the delay

between the 180° prepulse and the 90° pulse, is plotted in Figure 3. If the

13C nuclei had a single, spatially uniform T;, the magnetization as a function

of T would form a straight line when plotted as in Figure 3, The data in

13

Figure 3 can be fit within experimental error limits by assuming that the "~C

nuclei are separated into two types, with two distinct Tl's. The theoretical




equation describing the magnetization as a function of T and the cycle time

for this two~group model is:

M =" Mo °ae l-e + abe

where M is the magnetization observed with a delay 1 for measurements repeated

after time ts o and ap are the fractions of 13C nuclei with spin-lattice

a
13c

relaxation times T,. and T b? respectively; and M0 is the equilibrium

la 1
magnetization. A least-squares fit of this equation to the data in Figure 3

indicates that, for this sample at 300 K, 42 + 1% of the 13C nuclei have a T1

of 5.6 + 0.4 msec, 58 + 1% have a T, of 64 + 4 msec, and M_ = 4.44 + 0.0 x 1019

13C nuclei, yielding a CO-to-Rh ratio of 1.04. When the experiment is repeated

at 80 K, a least-squares fit of the data to the two-group model indicates that

43 + 1% of the 13C nuclei have a T, of 33 + 3 wsec and 57 + 1% have a T, of

0.78 + 0.08 sec. T1 measurements on other 2.2% Rhon A1203 samples show that the

relaxation times and site distributions are independent of the equilibrium

13 3

€O, in the range 50 to 10™~ Torr.

13

pressure of
The lineshapes of the ~“C NMR spectra vary'as T increases, illustrated by
representative spectra in Figure 4. One observes that the peak at ~-165 ppm
disappears relatively quickly, while the shoulder at ~-280 ppm ;;mains intact
Tonger. With the relative prozortions calculated from the T1 data, the ten
spectra associated with the data points in Figure 3 may bz decomposed into the
two basis spectra corresponding to the two different Tl's. A least-squares

deconvolution yields the two spectra shown in Figure 5. Although this aged

sample is composed of a greater percentage of short T1 13C nuclei than fresh

samples, the spectrum for the specie with T1 = 5.6 msec, Figure 5(a), still
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contains a relatively high noise level because the signal decays rapidly with
T, and thus the computed spectrum is determined by relatively fewer experimental

spectra. The data of Figure 5(a) are fit with a Lorentzian function with 1.85 KHz

full width at half maximum. The centers of mass of the two generated spectra t 1

are -177 + 7 ppm and -199 + 7 ppm for the species with Ty's of 5.6 msec and

~—

64 msec, respectively. The signal-to-noise ratios for the spectra at 80 K

prohibited a meanjngful decomposition into the basis spectra at that temperature.

D. Exchange of 12CO(g)'with 13CO(aQ§1

PR

Previous infrared studies have shown that adsorbed 13CO exchanges readily

and extensively with 12CO(g) at 300 K (14). In addition, it is possible to

exchange selectively only the Rh(13

C0)2 specie by cooling the substrate to |
temperatures lower than 200 K and then exposing to 12C0 (15,32). Further studies
on CO adsorbed on Rh on A]ZO3 reveal that upon warming the selectively exchanged
sample from 200 K to 300 K, complete isotopic mixing between CO adsorbed on all
sites on the surface occurs on the order of hours, even at CO pressures below
~1073 Torr (33).

‘ By studying these exchange phenomena with 13C NMR, it is possible to
determine quantitatively the site distribution of adsorbed CO. A freshly
prepared sample of 2.2% Rh on A1,0; was exposed to ~50 Torr of 130 at 300 K and

2 Torr,

allowed to equilibrate for two days. After reducing the CO pressure to 10~
the infrared scan of the sample was similar to spectra previously reported, e.g.,
Figure 5 of Reference 14. The integrated intensity of the NMR spectrum

indicates a CO-to-Rh ratio of 0.82 * 0,02, The 13

c Tl's of this sample were
measured as before and, assuming a two-group model, were found to be distributed
as 34 + 1% with T1 equal to 4.0 £ 0.2 msec and 66 * 1% with T1 equal to

34 + 2 msec. The ratio of short to long Tl's in the freshly prepared smple

(34:66) was less than that of the 13-month-old sample (42:58). Concurrently, ;

F}
.
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the overall CO-to-Rh ratio as measured by the NMR varied from 0.82 for the
fresh sample to 1.04 for the aged sample.
The freshly prepared NMR sample was cooled to 195 K in a dry ice/acetone

12CO, such that the ratio of 12

bath and then exposed to ~50 Torr c0(g) to
exchangable (af 195 K) 13Co(ads) was ~45. (The present configuration of the
equipment does not afford simultaneous low temperature experiments on the NMR
and infrared samples.) After one hour, the CO pressure was reduced to

1073 Torr'over a 20 minute period; then the sample was allowed to warm while
constantly pumping with a 20 liter/sec jon pump. After warming to 300 K,

3 Torr,

the sample was stored under an equilibrium CO pressure of 5 x 10~
After the Tow temperature exchange, the equilibrium magnetization of

this sample had decreased by 33 + 1%. Thus, 33% of the 1360 adsorbed on the

Rh on A’|203 exchanged with the 12CO(g) at 200 K and was evacuated from the

sample. After the exchange the 13C Tl's were distributed as 31 + 1% with a

T1 of 2.4 + 0.2 msec and 69 + 1% with a T1 of 43 + 4 msec. Thus, decreasing

the 130450topic enrichment of the adsorbed CO from 90% to 70% causes the

rapidly relaxing group to relax more quickly and the retatively slower relaxing

group to relax more slowly. In addition, the new distribution (31:69) fs almost

the same as the original distribution (34:66). This distribution was measured

after the system had sufficient time to isotopically scramble from ~100%

12CO on the dicarbonyl site and 10% 12C0 on the Rh rafts to a uﬁ}form 13C0/12C0

ratio on both the dicarbonyl and raft sites, as observed by infrared spectroscopy.

Because of the extended period of time required to measure the T1 distribution,

it was not possible to complete the NMR measurements at 300 K immediately

after the exchange, nor was it feasible to maintain temperatures

of 200 K for the duration of the experiment. Consequently, it was not possible

to determine with NMR spectroscopy if the exchange selectively removed 13CO




13

from one T1 group (i.e., almost all the 13C0 of the short T1 group or about
half the longer T1 group) which subsequently redistributed upon warming, or

if the exchange was equally distributed among the two T1 groups.

IV. DISCUSSION

A. 13C Relaxation Mechanism for 13CO‘Adsorbed on Rh

13

The 13C T,'s of the ““CO adsorbed on Rh disp;rsed on A1203 are between

1
2 and 64 msec in the two samples examined. These extremely short Tl's are

typical of relaxation from paramagnetic centers. Otherrelaxation processes,

such as fluctuating dipolar interactions from nmeighboring 27A1 or 1

13

H spins of
the substrate typically yield ~°C Tl's of many seconds or more. The A1203
contains a relatively high level of Fe impurities, 0.2% by weight. The
electron paramagentic resonance spectrum indicates that the Fe is distributed
throughout the sampie, rather than clustered in metallic particles,and is
present as Fe™*. The rapidly fluctuating magnetic fields from the unpaired
electrons of these Fe ions can relax nuclei in the sample by three mechanisms,
depending on the mobility of the unpaired electrons and the nuclei of interest.

First, if the unpaired electron is confined to the metal atom and the13C

2
1"C nuclei very close to the metal atoms will

13, 13,

nuclei are spatially fixed, the
relax rapidly and then equilibrate with the other 13C nuclei via
mutual spin flips. Second, if the molecules containing the 13¢ gdiffuse rapidly

through the sample, each 13C nucleus may be individually relaxed by contacting the

13c

paramagnetic center. Third, the unpaired electrons may interact directly with each
nucleus if the electrons are free tomove through the lattice to the 13C adsorption sites.

Although it is not possible at present to determine which mechanism or

combination of mechanisms is causing the 13C spin-lattice relaxation, one can
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eliminate some possibilities due to the nature of the sample or the consequences

of the models invoked. For example, it is inconceivable that the unpairedelectrons are
able to translate freely through an insulator such as A1203. Also, the desorption'
studies have shown that the CO does not diffuse through the sample by desorbing

into the gas phase and then readsorbing onto a different site. (However, this

does not rule out exchange between sites on a single raft.) Homonuclear

13, 13

C-""C spin flips are too slow to account for the rapid dissemination of

relaxation through the sample because of long internuclear distances between
different rafts or carbonyl sites.

A random distribution of Fett in the A'|203 lattice yields an average

13C-Fe++ separation of ~35 R, which is sufficient to allow direct relaxation

between fixed sites. Such a random distribution of lengths and orientations

relative to the external magnetic field of the 13C-Fe++ internuclear vector

13

could result in an inhomogeneous T1 for the 130 nuclei. If both the ““C

13

nuclei and the Fe'" paramagnetic centers are fixed, the “°C T1 is given by the

following equation (34):

2 2.2
. vy, T
1 ¢ e  in cosle [——18
T 6 72 - 2
r +wc Tle

for an internuclear vector of length r at an angle 6 to the external magnetic

field, Y; is the respective gyromagnetic ratio, T,_  is the eleCtron spin-lattice

le
relaxation time, typically 10'6 to 10'7 s at 300 K, and W, is the carbon

Larmor frequency. One can derive an expression for the number of spins as a
function of Tl’ i.e., N(Tl), from the above equation. The magnetization as
a function of 1, the delay between the 180° and 90° pulses, is given by the

following equation:

—t - c— - -




3.

M(z) = J e

This model for N(Tl) yields an M(t) that decreases approximately exponentially
with 1, yielding a straight line with a slight concave downward shape when
plotted as in Figure 3. Although not shown, this results in a very poor fit to
the experimental data. In addition, the isotropic chemical shifts of the two
Tl-reso1veq spectra differ by 22 ppm. In an amorphous sample, the unpaired
electron of one atom may cause the broadening of the NMR lineshape of the nucleus
of a different atom but not a shift in the overall frequency (35). Thus, the
difference in chemical shifts between rapidly and slowly relaxing nuclei indicates

that the two T, types are chemically distinct and not the results of a random site

1
formation near the Fe'' paramagnetic centers. This does not rule out the
possibility that the Rh preferentially congregates at the paramagnetic sites.
Although it is possible to postulate a nonrandom distribution of paramagnetic
impurities to fit the T1 data, we believe it is very unlikely that the Rh would
selectively distinguish between the Fe0 and A1203 sites of the substrate when the
Rh is deposited as Rhc13 or when later reduced since there are only 2 atoms of Fe
per 1000 Al atoms.

The current data do not allow one to deduce fhe principal NMR relaxation
process and, more specifically,why there is a distribution of 13§ Tl's. However,
as introduced earlier in this paper, the T1 data can be fit with a model that
assumes there are two types of adsorbed 13C0, each with distinct Tl‘s. The
interpretation and justificationof this two-group model will be discussed in
the next section. This model assumes that N(T;) is the sum of two delta
functions at T,, and T, , with relative areas a, and.ub. which yields an M(1)
that is the sum of two exponentials (for adequately slow pulse rates). For

negligible cross-relaxation andmolecular exchange between groups, which is the
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case for this dilute 13C system, a. and ay represent the relative populations of

a
the two T1 groups. The fit of this model is not improved within error limits by

increasing the number of T1 types to three or more. Also, this simple model

assumes that 13

C nuclei have Tl's of precisely Tia Or le. which is probably not
the case with this amorphous, inhomogeneous sample. Rather, there is more likely
two distributions of Tl‘s centered at T1a and le which would more accurately

be modeled by two finite width Gaussian peaks rather than two delta functions.

13

B. Interpretation of the T,-resolved "“C NMR Spectra

As discussed in the introduction, previous infrared studies have established
three states of CO adsorbed on dispersed Rh. Of these three states, the linear
and bridged bonded CO (species II and III) would be expected to have the same
13C Tl's because of rapid interconversion and diffusion of CO states on the raft
and the same exposure to nearby paramagnetic centers in the substrate lattice.
Thus, in terms of the infrared-identified states, the two 13C T, types would be
assignéd to CO on a single Rh (specie 1) and CO on the Rh rafts (species II
and 111). This interpretation of the two T1 types as well as the assignment of
the two Tl-reso1ved NMR spectra in Figure 5 is supported by the chemical shift
information, the results of the quantitative selective 12(:0‘(9)/13(20(ads) exchange, !

and the T, distribution as a function of the overall ratio of CO(ads) to Rh.

1
The isotropic chemical shifts of the two Tl-reso1ved spectra-are -177 ppm o

for the 5.6 msec T, spectrum (Figure 5(a)) and -199 ppm for the 64 msec T, ;

spectrum (Figure 5(b)). Recall that the difference of 22 ppm between the two :

T1 types indicates that the two T1 types are chemically distinct. The chemical

shifts of various rhodium carbonyl compounds are given in Table I, The isotropic !

chemical shift of CO is -181.3 ppm. The model compound for the surface dicarbonyl

specie, Rh2C12(C0)4, has a chemical shift anisotropy comparable to the computed static
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value for CO (36) and a very slightshift in the center of mass to -180 ppm. The isotropic
chemical shifts of CO bonded as a terminal group on various rhodium complexes

range from -176 to -192 ppm, with an average at about -184 ppm. The bridged

bonded state of CO has the largest change in chemical shift, fanging from -212

to -236 ppm, with an average at about -228 ppm.

The 13

C NMR lineshape of CO adsorbed on the Rh rafts will contain
contributions from the 1inear and bridged sites. The isotropic chemical shift
of the 1on§er T1 specie, -199 ppm, lies in the range of shifts between the
linear and bridged values. The isotropic chemical shift of the specie with the
5.6 msec T1 is 22 ppm upfield at -177 ppm, which is closer to that of the
dicarbonyl state. Thus, based on the isotropic chemical shifts, we assign the
lineshape with the T1 of 5.6 msec to l3C0 adsorbed in the dicarbonyl state
(specie I) and the lineshape with the T1 of 64 msec, Figure 5(b), to the 13C0
adsorbed on the Rh rafts (species II and III).

The isotropic chemical shift of the 13¢ spectrum of CO on the rafts is
a linear combination of the isotropic shifts of the linear and bridged states,

Assuming that the chemical shifts of the linear and bridged species are similar

to those of the model compounds, -184 and -228 ppm, respectively, the observed isotropic|

shift of Figure 5(b), -199 ppm, yields an estimated CO distribution of 66% linear
states and 34% bridged states. Thus, based on the chem{ca1 shift data, the CO
is distributed on this aged sample as 42% dicarbonyls (specie I), 38% linear
bonded (specie 11), and 20% bridged bonded (specie III).

The results of the 12CO(g)/13C0(ads) exchange at 200 K support the
assignment of the two T1 types to CO adsorbed as a dicarbonyl and CO adsorbed on
the Rh rafts. Recall that infrared studies have demonstrated that the Rh(l3CO)2
specie exclusively and extensively exchanges with 12CO(g) at temperatures below

200 K (15). The NMR revealed that for a sample in which 34% of the 1°C0 was

— s o e ma e
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adsorbed in the short T, state and 66% was adsorbed in the longer T, state,

the low temperature 12CO exchange removed 33% of the adsorbed 13CO. The NMR
also found that the remaining 13C0 was proportionately distributed among the
two T1 types. Recall that infrared results predict that the surface sites
would isotopically scramble within hours upon warming. Thus, it could not be
demonstrated experimentally that the specie with the shorter T1 was exc]uéive1y
removed during the exchange. However, the agreement between the amount of 13CO
removed a;d the amount of 13CO originally in the shorter T1 group strongly
suggests that the CO adsorbed as dicarbonyls has the shorter Tl‘s. A fresh
sample was chosen for the exchange study because the ratio of species with
different Tl's was more pronounced than in the aged samples and thus made it
easier to assign the amount exchanged to a specific group.

Finally, consider the distribution between the T1 groups as a function of

the overall CO-to-Rh ratio. A freshly prepared sample with an overall CO-to-Rh

ratio of 0.82 had 34% of the 13¢ in a short T, state and 66% in the longer T

1 1

state. The aged sample had a higher ratio of CO-to-Rh at 1.04, and the T1
distribution changed from 34:66 to 42:58. Since the aged sample actually has
more CO on the surface and not just a redistribution of CO, it is not bossible
to calculate individual CO/Rh ratios for the two T1 groups. However, assuming
that the two T1 groups are Rh dicarbonyls and CO on Rh rafts, it is possible
to calculate the consequences of pairing these species to the t;o T1 groups.
Assigning the longer T1 species to the dicarbonyl requires that at least 36%
of the Rh on the fresh sample and at least 12% of the Rh on the aged sample be
inactive. Assigning the shorter T1 specie to the dicarbonyl requires that

at least 14% of the Rh on the fresh sample be inactive, but all of the Rh on

the aged sample may be active. The hydrogen uptake and the degree of dispersion

of Rh measured in other studies (16,18), indicates that the latter assignment

— . —— .

e




19

is correct, consistent with previous arguments.

C. Molecular Motions of CO Adsorbed on Rh
13

The two ~“C NMR lineshapes of adsorbed CO in Figure 5 are radically

different from the rigid chemical shift powder patterns of the model compounds,

such as the Rh2C12(CO)4 spectrum in Figure 1 or the RhG(CO)16 spectrum of

Reference 31. The spectra of the adsorbed CO broaden when the sample is

cooled from 300 K to 80 K, as shown in Figures2(a) and 2(b), indicating that

at 300 K the spectrum is narrowed by molecular motions at frequencies greater than or
equal to the NMR linewidth, i.e., a few KHz. The residual broadening at 80 K

1

is probably the result of heteronuclear interactions with 27A1 and “H and

13C NMR spectrum does

6

the heterogeneity of the adsorbed states. Since the
not broaden when the CO pressure is reduced from 50 to 10~ Torr, the major
averaging mechanism is not rapid exchange with the gas phase, i.e.,
C0(g) 2z CO(ads). Rather, the narrowing of the spectra in Figure 5 is due
to motion localized at the individual adsorption sites,

The possible localized motions of adsorbed CO are different on the Rh
dicarbonyl site compared to the Rh raft sites. The motions predicted .to be
in the frequency range of interest are reorientation about the axis bisecting
the 0C-Rh-CO anéle of the dicarbonyl and surface diffusion of CO from site to
site within the Rh raft boundaries. The characteristic effects-on the chemical
shift powder pattern of rotations and site exchange have been studied previously
(40,41). Spiess (40) has shown that when molecules exchange between equivalent
sites at correlation times on the order of the chemical shift anisotropy,

the axisymmetric powder pattern retains the full anisotropy but decreases in

intensity at the extreme frequencies of the tensor and increases in the frequency

range between the prependicular tensor component and the isotropic frequency.
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For an illustration of the effects of site exchange on a rigid NMR lineshape,
see Figure 4 of Reference 40. Reorientation about a rotation axis has a
distinctly different effect on the NMR lineshape. For intermediate correlation
times, Sillescu (41) has shown that random reorientation about a rotation
axis causes the observed anisotropy of the NMR lineshape to collapse as the
correlation time decreases. As opposed to exchange between sites, this
rotation causes no new structure to develop in the lineshape. This is the
case i11u;trated in Figures 1 to 3 of Reference 41. For rapid molecular
reorientation, both rotation and site exchange cause the line to collapse to
a Lorentzian curve; thus, in this limit it is not possible to identify the type
of motion present in the sample.

The 3¢ R spectrum assigned to the dicarbonyl surface specie, Figure 5(a)
has been fit with a Lorentizan curve with a Tinewidth of 1.85 KHz. Fitting
a Gaussian curve to these data results in a mean square deviation three times
that of the Lorentzian fit. The noise level in the spectrum does not permit
an accurate determination of the ratio of the fourth moment to the second
moment squared, which is usually used to differentiate between the two
characteristic lineshapes (42). The Lorentzian shape of the-spectrum.in
Figure 5(a) indicates that the narrowing of the spectrum is principally the
result of motional averaging, as opposed to homogeneous broadening responsible for
Gaussian curves (42). The ratio of the Lorentzian linewidth to'the anisotropy
of the 13C NMR spectrum of the model compound Rh2C12(C0)4 is about 0.3. For
this narrowing there still exist subtle differences in the lineshapes caused
by the effects of the rotation and site exchange models; however, the high
noise level prohibits any such differentiation. The most probable motion for

the dicarbonyl specie is reorientation of the two CO molecules about an axis

perpendicular to the A1203 surface. The correlation time of the rotation

LA e e




21

computed from the linewidth is approximately 0.5 msec at 300 K.

Thus, the 13C NMR spectrum indicates that the single Rh atom is present
on the A1203 surface such that the CO groups and the Rh atom itself are
relatively free to rotate tonew orientations. In the rhodium carbonyl compounds
where the Rh atom forms multiple bonds with the complex, e.g., two Rh-C1 bonds

13C NMR powder pattern

in Rh2C12(CO)4 and four Rh-Rh bonds in Rhs(CO)ls, the
shows no evidence of motions on the order of a few KHz. As the carbonyls

of the Rh(CO)2 site are relatively unrestricted to reorient, it implies

A

that the bonding of the Rh atom to the A1203 is more axially symmetric than
in the model compounds. Possible models for this situation would be a Rh
atom bonded to the support through a single bond, such as to an oxygen atom,
or an Rh atom physisorbed on the Alzos such that the weak bonding does not
orient the Rh-CO bonds.

13(‘. NMR Tineshape assigned to the CO adsorbed on the Rh rafts, Figure 5(b),

The
is the superposition of a powder pattern for the linear specie (three components
near 80, -305 and -315 ppm) and a powder pattern for the bridged specie (two
components at about -102 and -296 ppm) which would result in five structural
features, assuming that none are coincident. Figure 5(b) has definife features
at about -190, -250, and -300 ppm. The structure at -250 qnd -300 ppm may be
assigned to the perpendicular componentsof the two overlapping chemical shift
tensors, but the peak at -190 ppm is too far upfield to be a ;rincipa1
component of either of the tensors. Rather, the peak at about -190 ppm, close
to the isotropic frequency of the linearly adsorbed C0, is characteristic of the
effects of CO exchanging between sites on the Rh raft. Also, there is
observable intensity over the entire range of the predicted anisotropy, - 4

100 to -300 ppm, as expected by the site-exchange motional model. The features

L RV
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at 80, 4, and -385 ppm are probably not real since they are comparable to the
noise level and are accompanied by negative peaks in the other complimentary
computed lineshape of Figure 5(a). Spectrum 5(b) does not allow a calculation
of the rate of diffusion and activation energy for surface diffusion of CO

on the Rh raft. The diffusion rate may be accurately computed only after a
separation of the individual 13C NMR spectra of the linear and bridged states

and after ;the scurces of the other broadening are quantified.

D. Distributionof Rh Atoms on Al,0, J

The T, results for the aged 2.2% Rh on A1203 sample indicate that the CO

1

is distributed on the surface as 42% bonded as dicarbonyls (specie I) and 58%

13 NMR spectrum

adsorbed on the Rh rafts. The isotropic chemical shift of the
of the CO on the Rh rafts indicates that for this sample the ratio of linear

to bridged states is 66 to 34. The overall CO-to-Rh ratio of 1.04 requires that

for every 104 adsorbed CO molecules, there are 100 Rh atoms. The 44 CO molecules

adsorbed as dicarbonyls are bonded to 22 Rh atoms, or 22% of the Rh on the

A1203. The configuration of the Rh rafts may be determined by assuming a

stoichiometry for the Rh-CO bonding on the rafts. If one assumes that a Rh

atom linearly bonded to a CO makes no other bonds to CO molecules, the 60 COmolecules

on the raft‘(40 Tinear and 20 bridged) will require 80 Rh atoms (40 + 40).

The local ratio of CO to Rh atoms on the raft for this model is~60/80 = 0.75.

It has been shown recently by low energy electron diffraction (43) that at full

CO coverage on Rh(111) at temperatures of about 180 K, the ratio of CO to surface

Rh atoms is 0.75. This model for the CO on the raft yields an overall CO-to-Rh

ratio of 1.03, which is very close to the observed ratio of 1.04. However, the -
CO-to-Rh ratio of Reference 43 was measured at pressures less than 10'6 Torr. It

is possible that the CO coverage on the Rh(111) would increase at pressures on ‘ )

-~

the order of 50 Torr. | K
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1)

It is possible that some of the raft Rh atoms make multiple bonds to

the adsorbed CO. The extreme case is to assume that the raft has only 40 Rh

atoms involved in the bonding to the adsorbed CO, and the bridged CO simply
fills the voids between the linear Rh-(C0) sites as is observed in mosf rhodium
carbony]l comp]éxes (28,37-39). In this case, to satisfy the CO-to-Rh ratio

of 1.04, 38 of the 100 Rh atoms (38%) must be unavailable for CO adsorption.
The H2 up}ake on a freshly reduced 2.2 % Rh on A1203 sample is only about 0.9, |
compared to values as high as 1.16 reported for Rh on A1203 samples (18),
indicating that some of the Rh is inactive. The uninvolved Rh atoms may be 4
the result of incomplete reductionof the Rhc13, Rh atoms buried under the

surface Rh atoms in the rafts, or Rh atoms trapped in pores rendered inaccessible

during the reduction/outgassing procedure. D. J. C. Yates, et al. (18) donot report any

infrared absorption in the 1870 em!

range for the adsorption of CO on a

1% Rh on A1203 sample where the Rh rafts are entire}y two-dimensional, or
"ultradispersed," as determined by hydrogen uptake and electron microscopy.
This suggests that the presence of a bridged bonded state of CO indicates that
the Rh raft is three-dimensional, thus covering a percentage of the Rh atoms.
Thus, the actual structure of the Rh rafts on the 2.2% Rh on A'|203 5amp1es

studied here is probably partially two-dimensional with some three-dimensional

portions.

-

13

E. Estimation of Infared Absorption Coefficients for "“CO on Rh

The absolute populations of the three adsorbed states of CO on 2.2% Rh

on A]ZO3 as determined by 13

C NMR may be used to calibrate the infrared
absorption intensities. Using the analysis based on the chemical shift data <
described earlier, the CO adsorbed on the freshly prepared 2.2% Rh on A1203

sample with an overall CO-to-Rh ratio of 0.82 was distributed as 34% dicarbonyls,

- st e
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44% linear states, and 22% bridged states. Unfortunately, it was not possible
to obtain an infrared spectrum of the 13-month-old sample after aging. Although
the peaks of the infrared spectrum overlap slightly, as shown in Figure 5 of
Reference 14, the individual intensities may be obtained by assuming that the
large peaks at-2056 and 1987 cm'1 (the symmetric and antisymmetric stretches

of Rh(13C0)2) are symmetric about their respective maxima so that the valley
between these peaks may be artificially created and subtracted from the peak

12CO impurity

at 2024 cm™! (the Tinear specie). The background due to the
was estimated from other studies. The molar -integrated intensity of each

peak, A, is given by the following equation (1):

3¢ \R

where c is the molar concentration of the substrate computed from the
data, £ is the path length through the sample, and the integration is over the
full width of the infrared peak. For this particular sample at 300 K under

1360 pressure of 50 Torr, the molar integrated infrared

an equilibrium 90%
intensities are 74, 128, 26, and 85 (cm) (mole™}) (10%) + 10% for the symmetric
and antisymmetric stretches of the dicarbonyl, the linear state, and the bridged
state, respectively. The molar intensity for CO(g) is only 5.4‘x 106 (44).

This dramatic increase in the infrared absorption by CO upon bonding to the
surface has been reported previously by Seanor and Amberg (44). By measuring
the amount of CO adsorbed with a quartz spring microbalance, they calculated
molar integrated intensities of 60 and 27 (cm) (mo]e'l) (106) for CO chemisorbed

1

on Pt on SiO2 at 2100 and 2095 cm -, respectively. These infrared intensities

chemisorbed CO are also very comparable to those of many metal carbonyls (45),
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The molar integrated intensities reported here are for only one loading of
Rh on A1203 at one coverage of CO. Recent infrared studies indicate that these
values change as a function of loading in the range 0.2% to 10% Rh by weight on
A]ZO3 (46). UPS studies have shown that as the loading of Pd on a carbon substrate
increases, the Pd cluster properties change from atomic to metallic behavior, which
results in changes in the CO bonding to the Pd rafts (47). It is conceivable that
the Rh rafts on A1203 may vary similarly with increased metal loading. In addition,
preliminary 13C NMR results suggest that at constant Rh Toading, the molar integrated !
intensities of the adsorbed CO are inhomogeneous, varying as much as a factor of
five for the dicarbonyl sites (48).

f 13C0 coverage

Further combined infrared and NMR studies as a function ©
and Rh loading are needed. it will also be possible to calculate the molar
intensities for 1200 adsorbed on Rh by measuring the site distributions of 13C0
by NMR and then measuring the infrared spectrum of lzCO adsorbed on an identical
sample. Calibration over the complete adsorption isotherm would be extremely
useful in future sample characterization since the infrared spectra are relatively

easier and faster to obtain than are NMR spectra.

F. Evidence for Isolated Rh Atoms on A1293

The doublet in the infrared spectrum of CO adsorbed on Rh at 2101 cm'1

1 12CO molecules adsorbed to a single Rh

and 2032 cm © has been assigned to two
atom, based on analogies to the infrared spectra of Rh2C12(C0); and haBrz(CO)4
(13,27,49). This dicarbonyl specie is believed to form on either Rh atoms

at the edge of the Rh rafts on the'A1203 (18) or at single Rh atoms isolated.
from the Rh rafts (13,14,17). The cumulative evidence to date in support of
the isolated Rh atoms is the following:

(1) The absorption at 2101 em ! and 2032 em™} do not shift to higher wave-

numbers as the coverage of CO increases, as do the bands due to the linear
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and bridged CO species adsorbed on Rh rafts (13,14). Thus, intermolecular
C0-CO interactions at the dicarbonyl sites,through metal and through space,
do not increase with CO coverage, indicating that these - ites are isolated,
- {(2) The catalytic decomposition of H2C0 on Rh dispersed on A1203 forms

primarily Rh(CO)H2 and not Rh(CO)2 (20). However, the Rh(CO)zH specie
forms from Rh(CO)H2 readily upon subsequent exposure to CO(g). If the
dicarbon_y] sitewere on the edge of a raft, surface diffusion would allow
the &icarbonyl to form from the migration of CO(ads) from the decomposition
of H2C0 on other Rh sites of tﬁe raft. Since it does not, it suggests that
the Rh atoms are isolated from the rafts.

(3) The exchange of 12CO(g) with 13c0 adsorbed onthe Rh dicarbonyl sites at

13

200 K without the exchange of the ““CO on the rafts suggests spatial

isolation of the Rh atoms (15).

13 13

} (4) The “°C spin-lattice relaxation times of the adsorbed ““CO are an order
of magnitude different for the 13CO on the Rh dicarbonyl sites compared
to the 13CO on the rafts. Such a difference in Tl‘s is possible only

13CO on the Rh rafts.

for 13C0 on Rh atoms isolated from the

Thus, the results from infrared spectroscopy, HZCO adsorption,.se1ect1‘ve
exchange and 13C NMR support the conclusion that isolated Rh atoms exist on
the A1,0, surface. Kndzinger, et al. have made an isotopic infrared study of
the adsorption of Rh6(C0)16 onto ligand-modified silica substraéés (50). The
RhG(CO)IG decomposes upon adsorption to form Rh(CO)2 groups as evidenced by only
a doublet in the initial infrared spectrum. Based on the results of partial
isotopic exchange of 13CO(g) and 12CO(ads) and the absence of linear and

bridged species at high CO coverages, Kndzinger et al. concluded that the

dicarbonyl groups are isolated from each other.
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V.  CONCLUSIONS

13C NMR has been combined with infrared spectroscopy to characterize the

adsorbed states of CO on Rh dispersed on A1203. The 13co is adsorbed on the

13

‘dispersed Rh in two groups, characterized by “~C Tl‘s an order of magnitude

different. With respect to the states of adsorbed 13co jdentified by previous

13co

infrared studies (13-18), the two T1 groups are interpreted to be
adsorbe« or: isolated Rh atoms as a dicarbonyl and 1360 adsorbed on Rh rafts,
Combining the T1 data with the isotropic chemical shifts of the lineshapes,
the 13C0 site distributions (dicarbonyl: linear: bridged) were found to be
42:38:20 for an aged 2.2% Rh on A1203 sample and 34:44:22 on a freshly prepared
2.2% Rh on A1203 sample. These site distributions may then be used to calculate
the molar integrated intensities of the infrared spectra. The 13C NMR may now
be used directly to observe changes in the CO distribution caused by various
~ surface treatments or indirectly by ca1ibrating'the infrared spectra of model
samples.

The mobility of the adsorbed CO may also be obtained through NMR studies.
This study has suggested two distinct motions of CO adsorbed on thg surface.
The CO adsorbed as a dicarbonyl is reorienting at the rate of a few KHz at
300 K, probably rotating about an axis bisecting the OC-Rh-CO angle. The CO
on the Rh raft is exchanging between sites within the raft also ata rate on
the order of a few KHz. Further quantification of these rates can provide
information on the bonding of the Rh to the support and the degree of surface
diffusion involved in the various reaction mechanisms of adsorbed CO. For
example, Campbell and White have proposed that at temperature near 330 K, CO

may react with 02 over polycrystalline Rh via either Langmuir-Hinshelwood or

Eley-Rideal mechanisms, where the later involves a mobile two-dimensional

gaseous CO state (51).
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The interpretation of the 13

C NMR results is being examined further by
NMR studies such as magic-angle sample-spinning techniques (52) to resolve

the isotropic chemical shifts of the three species and isolation of the spectra
as a function of temperature to determine accurately the activation energies
for local motions. In addition, the substrate may be modified to produce
predictable changes in the relative amounts of isolated and raft Rh atoms, such
as increa§ing the Rh 1oading on the A1203.

The introductory 13¢ MR investigation of the CO adsorbed on the Rh on
A1203 system has provided the necessary background to understand the more
complicated changes observed at elevated temperatures and in the presence
of other molecules such as 02 or H2. We are currently undertaking the combined

infrared and NMR studies of such systems.

VI. ACKNOWLEDGMENTS

While this study was in progress, Professor Robert W. Vaughan perished in
a commercial airline crash in May of 1979. Bob's many contributions to the field
of high-resolution solid state NMR include the development of improved multiple
pulse schemes, dipole modulation techniques, double resonance interferometry,
and NMR instrumentation. Bob applied these techniques to the study of a diverse
group of materials including metal hydrides, metal carbonyls, hydrogen-bonded
solids, superionic conductors, catalytic oxide surfaces, and molecules adsorbed
on surfaces.

Bob Vaughan's generosity of spirit and intellect was beyond comparison,
He gave unselfishly of his time and of himself to all worthwhile endeavors,

In his personal 1ife and his professional 1ife, he constantly set high standards

for himself and his co-workers, while always maintaining a refreshing modesty.




29

His enthusiasm was as boundless as it was contagious, and it was always fun
to savor a new idea with Bob. We can only guess what the end result of his
full career might have been, but we know that scores of intelligent young men
and women will not have the benefit of his wisdom, his kindness, and his
counsel. We h&ve walked only a short distance with him, but our 1ives have
each received that enrichment which can only come through knowing a truly good
and kind friend.

The ;uthors gratefully acknowledge support from the Office of Naval
Research under contracts N00014-77-F-0008 and N00014-75-C-0960. We thank
Professor G. R. Rossman for his generosity in allowing us to use his infrared
spectrometer and G. W. Brudvig for measuring the electron paramagnetic

resonance spectrum. Helpful comments and discussions were offered by

S. 1. Chan, W. H. Weinberg, and R. R. Cavanagh.




10.
11.

12.

13.

14.

15.

30

References

L. H. Little, Infrared Spectra of Adsorbed Species (Academic Press, London,

1966) .

M. L. Hair, Infrared Spectroscopy in Surface Chemistry (Marcel Dekker,

e .
RGO FRFUAT SR Ly S

IR+ I

New York, 1967).

W. H. Weinberg, Ann. Rev. Phys. Chem. 29, 115 (1978).
R. W. Vaughan, Ann. Rev. Phys. Chem. 29, 397 (1978).
M. Mehring, High Resolution NMR Spectroscopy in Solids, Vol. 11 of NMR:

Basic Principles and Progress (Springer-Verlag, New York, 1976).

U. Haeberlen, High Reso1qtion NMR in Solids: Selective Averaging} Adv. Mag.

Resonance Suppl. 1 (Academic Press, New York, 1976).
E. G. Derouane, J. Fraissard, J. J. Fripiat, and W. E. E. Stone, Catalysis
Reviews 7, 121 (1972).

H. Pfeifer, NMR: Basic Principles and Progress 7 (Springer-Verlag, New

York, 1972), p. 53.

T. M. Duncan, J. T. Yates, Jr., and R. W. Vaughan, J. Chem. Phys. 71,

3129 (1979). |

J. B. Stothers, Carbon-13 NMR Spectroscopy (Academic Press, New York, 1972).

G. C. Levy, ed. Topics in Carbon-13 NMR Spectroscopy, Vol. 1 (Wiley, New

York, 1974). -
K. F. Lau and R. W. Vaughan, Chem. Phys. Lett. 33, 550 (1975).
A. C. Yang and C. W. Garland, J. Phys. Chem. 61, 1504 (1957).

J. T. Yates, Jr., T. M. Duncan, S. D. Worley, and R. W. Vaughan, J. Chem.
Phys. 70, 1219 (1979).

J. T. Yates, Jr., T. M. Duncan, and R. W. Vaughan, J. Chem. Phys. 71, 3908
(1979).




16.
17.
18.
19.
20.

21.
22.

23.

24.
25.

26.

27.

28.

29.

31.

31

Primet, J. Chem. Soc. Far. Trans. 1, 74, 2570 (1978).

C. Yao and W. G. Rothschild, J. Chem. Phys. 68, 4774 (1978).

J. C. Yates, L. L. Murrell, and E. B. Prestridge, J. Catal. 57, 41 (1979).
M. Kroeker, W. C. Kaska, and P. K Hansma, J. Catal. 57, 72 (1979).

“« ® 2 = =

. T. Yates, Jr., S. D. Worley, T. M. Duncan, and R. W. Vaughan, J. Chem.

Phys. 70, 1225 (1979).

H. Ara? and H. Tominaga, J. Catal. 43, 131 (1976).

R. W. Vaughan, D. D. Elleman, L. M. Stacy, W. K. Rhim, and J. W. Lee,

Rev. Sci. Instrum. 43, 1356 (1972).

(a) H. Y. Carr and E. M. Purcell, Phys. Rev. 94, 630 (1954),

(b) R. L. Vold, J. S. Waugh, M. P. Klein, and D. E. Phelps, J. Chem. Phys.
48, 3831 (1968).

H. S. Gutowsky, R. L. Vold, and E. J. Weld, J. Chem. Phys. 43, 4107 (1965).

S. A. Al'tshuler and B. M. Kozyrev, Electron Paramagnetic Resonance in

Compounds of Transition Elements, 2nd ed., Eng. Trans. from Russian (John

Wiley and Sons, New York, 1974), pp. 336-34/

J. B. Peri, J. Phys. Chem. 70, 1482 (1966).

C. W. Garland and J. R. Wilt, J. Chem. Phys. 36, 1094 (1962)..

P. Chini, S. Martinengo, D. J. A. McCaffrey, and B. T. Heaton, J. C. S.
Chem. Comm. 310 (1974).

N. Bloembergen and J. A. Rowland, Acta Metall. }, 731 (1953):

H. W. Spiess, R. Grosescu, U. Haeberien, Chem. Phys. 6, 226 (1974).

J. W. Gleeson and R. W. Vaughan, to be published.

The authors had previously reported low temperature 12(:0/13(:0 exchange
data with ambiguous results in the 1900 cm'1 region, suggesting a possible

exchange of the bridged specie. Further infrared studies have confirmed

that the effect was due to a shift in the background spectrum and not exchange. :




33.
34.

35.
36.
37.

38.

39.

40.
41.
42.
43.

a4,
45.
46.
a7.
a8
49,
50.

51.
52.

32

T. M. Duncan, J. T. Yates, Jr., R. W. Vaughan (unpublished).

A. Abragam, The Principles of Nuclear Magnetism (Oxford University Press,

London, 1961) Chapter IX.

Reference 34, Chapter VI.

A. A V. Gib§on and T. A. Scott, J. Mag. Resonance 27, 29 (1977).

B. T. Heaton, A. D. C. Towl, P. Chini, A. Fumagalli, D. J. A. McCaffrey, and
S. Martjnengo, J. C. S. Chem. Comm. 523 (1975).

J. Evans, B. F. G. Johnson, J. Léwis, J. R. Norton, and F. A. Cotton, J. C. S.
Chem. Comm. 807 (1973).

J. Evans, B. F. G. Johnson, J. Lewis, and J. R. Norton, J. C. S. Chem.

Comn. 79 (1973).

H. W. Spiess, Chem. Phys. 6, 217 (1974).

H. Sillescu, J. Chem. Phys. 54, 2110 (1971).

Reference 34, Chapter 1V.

P. A. Thiel, E. D. Williams, J: T. Yates, Jr. and W. H. Weinberg, Surf. Sci.
84, 54 (1979).

D. A. Seanor and C. H. Amberg, J. Chem. Phys. 42, 2967 (1965).

T. L. Brown and D. J. Darensbourg, Inorg. Chem. 6, 971 (1967).'

R. R. Cavanagh and J. T. Yates, Jr., to be published.
M. Grunze, Chem. Phys. Lett. 58, 409 (1978)..

T. M. Duncan, PhD Thesis, California Institute of Techno]ogy,-1980.

L. F. Dahl, C. Martell, D. L. Wampler, J. Am. Chem. Soc. 83, 1761 (1961).

H. Knbzinger, E. W. Thornton, and M, No]f,’J. Chem. Soc. Far. Trans. I 75,
1888 (1979).

C. T. Campbell and J. M. White, J. Catal. 54, 289 (1978).

J. Schaefer and E. D. Stejskal, J. Am. Chem. Soc. 98, 1031 (1976),




Tm—— vy, - - N A e e M e

"33 adeysaul| 3yl wody BnieA 1d0.3OS| Y] UBYI JIYIRd SSBW JO UBIUAD Panduod ay3 sy sasayjuaued uy angep (r)

‘wdd ¢ ¥ 90p sL Adoujosiue spye3s PaINdwod 3y °y 2't e sapow Leuoijeuaqy| pydea £q
pabeuaare aq 03 panajiaq si Adoajosyue ozhm .sam €181~ 40 341ys oidoazosy ue bupunsse Aq pajndwod auam
sanjeA juauodwod [ediouiud ay) ‘gog = € - I ‘Adoajosiue 3151ys {ediwayd 3yl Ajuo pajuodas op *jay (3)

(SWL) ‘aue(isiAyjaweasal o3 aAlle(aua ‘wdd (q)

"S21835 pabpiaq ayl ul pan|oAuy swoIR Yy jo Jaqunu
343 40 ‘s{euiud) 3y} 40y woje yy 316uls e e sayndalow Oy Jo 43qunu 3yl aje sasayjuaded ui saaquny (e)

6€ 8’161~ - - - (1) (eupuua)
&8 8°1€2- - - - (2) pabprag  E(09)%(%ua- u)Puy
o€ FRTA R - - - (2) Leujpwaay
Mmm 8°181- - - - MN Leutwuay
Ammw v-€81- - - - £) Leuiuud) a1 v
( 8¢ 8'822- - - - (2) pabpyug (02)"yy
(82) teegtr- - - - (2) 1euwuaay
82) 1°981- - - - MN Leuiuaay
82) £°981- - - - 2) leupuaa)
82) ¥elE2- - - - me pabpiug 0c, 21
82) S 112- - - - 2) pabpiag -z[(02)% )
Maw 1°081- - - -
1€ 0°081- "STE-  ‘50¢- ‘08 (2) Leutuuay
th G 1€2- - - - 9T, .9
(1€ ©oge1ge- "962- ‘962~ "201- (€) pebpirag (09)“uy
(82) " pro81- - - - , ¥y nnron?
A0M Sty (p){ 981-)"691- "90€-  "662- "66 (2) Leuiwagy (02)“12%uy
(9€) (0)€ 181~ "€0E-  "goE- *29 ¥ 2°b 3e pilos
(o1) L egr- - - - seb 0
| ERITENETEHY ) €€,y (22 I, Amvasogw {Auogue) punodwo?)
Aavmucmcamsou 40sudj buiplatys |edioutag
: saxa|dwo) [Auoque) wnipoyy uy sbULP(3LYS YWN Jy 1 3M8VL




Figure 1.

Figure 2. .

Figure 3.

Figure 4.

Figure 5.

FIGURE CAPTIONS

13c NMR spectrum at 300 K of Rh,C1,(C0), enriched to 20% 13¢.

6.89 ppm per data point. See Table I for the fitted chemical shift
tensor components.

13C NMR spectra of (a) a 2.2 Rh on A1203 sample with ~50 Torr of 3¢y
at 300 K§ (b) same sample, cooled to 80 K after reducing the CO
pressure to 0.02 Torr; and (c) model carbonyl compound Rh2C12(00)4,
from Figure 1, added for comparison. All spectra taken with

T = 0.5 msec, 6.89 ppm per point.

Observed magnetization versus t, the delay between the 180° and
90° pulses,of 13C0 on 2.2% Rh on A1203. The .C0(ads)-to-Rh ratio
for this sample was 1.04. Pulse sequences repeated were every
0.4 sec. |

13¢ MR spectra of 13¢0 adsorbed on 2.2 Rh on A1,0, (CO/Rh = 1.04),
with v at (a) 0.5 msec, (b) 8.0 msec, (c) 30.0 msec, and (d) 50 msec,

13¢ wr spectra of 13¢0 adsorbed on 2.2% R on A1,0; generated by
decomposing the spectra taken as a function of 1, based on relative
proportions computed from the T1 distribution. The spin-lattice

relaxation times of the two basis spectra are (a) 5.6 msec and~

(b) 64 msec.
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