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BC Nuclear magnetic resonance (NMR) spectroscopy has been applied to the study of carbon
species deposited on supported and unsupported ruthenium catalysts during CO hydrogenation.
Four forms of nonoxygenated carbon on the substrate have been identified, designated C., Cg,, Cg,,
and unreactive carbon. Correlation of isotropic shifts, nuclear dipolar interactions, and anisotropy
of chemical shielding leads to a description of each carbon species. C, is interpreted as carbidic
carbon atoms distributed in a variety of sites located on or below the metal surface. Cy, and Cy, are
alkyl groups attached to the catalyst and are differentiated by their relative mobilities and intercon-
version to other forms. Cg, reorients at room temperature but the motion is quenched at 100 K. Cy,
is motionally averaged at 110 K and is selectively depleted by purging the catalyst with an inert gas.
The unreactive carbon has a *C NMR spectrum similar to that of turbostratic graphite. The

relationships of the different carbon species to each other are discussed.

I. INTRODUCTION

Recent transient-response studies have
shown that during CO hydrogenation two
forms of nonoxygenated carbon exist on sil-
ica-supported ruthenium (Ru/SiO;) (/) and
ruthenium powder (2) catalysts. The BC
nuclear magnetic resonance (NMR) spectra
of these two reactive forms of carbon ad-
sorbed on Ru/Si0;, as well as the spectra of
unreactive deposits have been described re-
cently (3). We report here a detailed char-
acterization with 3C NMR spectroscopy of
carbon adsorbed on Ru/SiO; and Ru pow-
der. Specifically, we present evidence for
two types of alkyl species on the catalyst
and discuss the chemical structure, mobil-
ity, and spatial distribution of each species.

The presence of two forms of carbon ad-
sorbed on Ru/SiO; were identified by tran-
sient-response method through differences
in their reactivity with hydrogen to form
methane (7). It was determined that the
highly reactive species, C,, is formed by
the dissociation of CO independent of the
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presence of hydrogen and is the principal
precursor to methane. The steady-state
coverage of C,, which is readily achieved
after the reaction is begun, determines the
rate of methanation. It was concluded that
the less-reactive form, Cg, is formed from
C, in the presence of hydrogen and accu-
mulates to amounts many times that of C,,.
It was also shown that Cgz can be recon-
verted to C, by purging the reactor with an
inert gas at reaction temperatures. The C,
and Cg forms of carbon have also been iden-
tified on Ru powder (2). Here again, C, was
observed to reach a steady-state level
shortly after onset of the reaction, whereas
Cp accumulated progressively on the cata-
lyst. From H,-D, tracer experiments, it
was determined that the Cg species on Ru
powder resembles alkyl groups, in that its
H-to-C ratio lies between 1.8 and 2.4.

The inherent features of NMR spectros-
copy make it well suited for the character-
ization of nonoxygenated carbon (4). For
example, the amount of carbon in a sample
is directly proportional to the spectral in-
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tensity. Second, shifts of the NMR absorp-
tions reflect the character of local electrons
(5, 6); conduction electrons shift NMR
peaks to higher energies via the s-state hy-
perfine interaction between the electron
spin and the nuclear spin, known as the
Knight shift. The induced angular momen-
tum of paired electrons in bonding orbitals
creates a magnetic field that also shifts the
NMR peak; this interaction is termed
chemical shielding. The isotropic shifts of
13C NMR peaks allow one to interpret the
species in terms of general chemical classes
(i.e., paraffinic, carbonyl), by comparison
with compilations of organic (7) and or-
ganometallic (8-10) compounds. Third, the
NMR absorption is broadened by disper-
sion in magnetic fields at corresponding nu-
clei of different species, caused by orienta-
tional anisotropy of the interactions with
electrons and by nuclear dipolar couplings.
The anisotropy of the chemical shielding
provides a distinctive fingerprint to identify
specific chemical structures within a chemi-
cal class. The nuclear dipole—dipole inter-
action is determined by local densities and
mobilities of nuclear spins. However, anal-
ysis of the spectral broadening is contingent
on the resolution of these two interactions.
Fortunately, the contributions from each
effect can be separated because the phe-
nomena are inherently different; the chemi-
cal shift anisotropy is inhomogeneous and
the nuclear dipolar coupling is homoge-
neous. Herein lies a useful feature of NMR
spectroscopy; the resonators (nuclear
spins) are more strongly coupled to the ex-
citation (radio-frequency electromagnetic
pulses) than to the environment (71). That
is, for 3C NMR, the rf excitations last only
a few microseconds, whereas it typically
requires milliseconds for the energy to dis-
tribute among the spins (via homogeneous
interactions) and it requires seconds for the
spins to equilibrate with the lattice. The
time constant for the thermal equilibration
of the spins with the lattice is Ty, the spin—
lattice time. The redistribution of energy
among nuclear spins is described by the

time constant T, the spin~spin relaxation
time.

The applicability and potential of 3C
NMR spectroscopy has been demonstrated
by the report of the spectra of C,, Cg, and
unreactive carbon on Ru/SiO, (3). The
spectral features were assigned on the basis
of changes in the spectra that accompanied
changes in relative amounts of C, and Cg,
as observed in transient-response studies.
In the present investigation we have ex-
tended our initial studies of Ru/SiO, and
have characterized the forms of carbon on
Ru powder. The results reported here sup-
port the spectral assignments for C, and un-
reactive carbon proposed previously (3),
but an alternate description of Cg is pro-
posed.

II. EXPERIMENTAL PROCEDURES
A. Materials

Two types of ruthenium catalysts were
studied: ruthenium dispersed on silica at a
loading of 4.3 wt% and Ru powder. Ru/SiO,
catalysts were prepared by incipient-wet-
ness impregnation of silica (Cab-O-Sil HS-
5) with an aqueous solution of RuCl; - 3H,0
(I). Freshly prepared catalysts were re-
duced in flowing D, (or H,) at 673 K for 2
hr, which typically resulted in a dispersion
of 27%, determined by H, chemisorption at
373 K. Ru powder (99.9%) was obtained
from MacKay A.D., Inc. Following reduc-
tion for 12 hr at 463 K in flowing D, (or H,),
the dispersion of Ru powder was 0.35 +
0.05% (2).

To interpret the BC relaxation times (7}
and T), it was necessary to know the
amount of paramagnetic impurities in the
catalysts. Thus, iron contents of catalysts
at various stages of preparation were deter-
mined by spark-source mass spectrometry.
The silica contained only 10 ppm Fe by
weight. However, the iron content in-
creased markedly with the addition of ru-
thenium; the dried particles of RuCl; on sil-
ica, prior to reduction in H;, contained 100
ppm Fe. The Fe content of another Ru/SiO,
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sample after reduction was 500 ppm, al-
though this high level may have been an
anomaly since a third sample was found to
contain 100 ppm of Fe after reduction and
methanation. The Ru powder as-received
contained 200 ppm Fe; the Fe level re-
mained unchanged after reduction and
methanation. The Fe contents are subject
to errors of +30%. It is important to note
that while the level of Fe impurities seems
high, the influence of Fe on the NMR spec-
tra is negligible. The measured values of *C
T,’s were routinely between 1 and 3 sec,
much longer than the few milliseconds that
would have been expected if paramagnetic
impurities were present at level of over 100
ppm. This suggests that most impurity Fe
present in the samples is nonparamagnetic.
Also consistent with this conclusion is the
observation that the T; of 2Si in a Ru/SiO,
sample was 51 * 5 sec.

For reference, a sample of *C-enriched
(91%) turbostratic graphite (12, 13) was ob-
tained from Prochem. Although marketed
as ‘‘amorphous carbon,”’ X-ray diffraction
revealed that the compound is ordered, in
agreement with studies of similar samples
(14). That is, the planar hexagonal layers
are clearly defined but lack long-range
(greater than 100 A) stacking registry. The
turbostratic graphite was outgassed to a
pressure of 1073 Torr at 673 K over a period
of 4 days.

H;, D,, and 2CO were purified with tech-
niques described in Refs. (7, 2). 13CO (99%
3C) was obtained from Liquid Carbonic
and was used without further purification.

B. Apparatus

The reactor used for NMR samples is a
10-mm-o.d. Pyrex tube in the shape of a U
with ends fused to copper tubes. The cata-
lysts are contained in the base of the U,
which is a straight section approximately 25
mm in length. The gas handling and analy-
sis systems are identical to those used pre-
viously (1, 2, 15). The gas-handling mani-
fold is designed to produce step-function
changes in isotopic (or overall) composition

of the gas mixture fed to the reactor. Thus,
for example, the composition of the feed
gas can be switched from H, (or D,) and
BCO to a composition of H, (or D;) and
12CO. The response of the reactor is moni-
tored by analysis of the effluent with a
quadrupole mass spectrometer. A micro-
computer is used to switch the composition
of the feed gas and to control the mass
spectrometer.

C. Preparation of Samples for NMR
Studies

The preparation of samples for analysis
by 3C NMR spectroscopy was carried out
using the gas delivery sequence shown in
Fig. 1. The catalyst was first reduced in D,
(or H,) and then exposed to a mixture of D,
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F1G. 1. Sequence of events with corresponding
curves for the rate of production of 3CD, in the tran-
sient-response experiment used to prepare catalyst
samples for analysis with NMR spectroscopy. As dis-
cussed in detail elsewhere (1), at steady-state metha-
nation the carbon on the catalyst is predominantly Cg.
Steady-state samples are obtained by quenching the
reaction at time ¢,, after exchanging *CO for 2CO.
Purging the reactor with an inert gas converts a portion
of the Cg to C,. Quenching the reactor after the purge
in He or Ar (time 1,) yields converted samples. Finally,
titrating the catalyst with D, for extended periods de-
pletes the reactive forms of carbon. Samples sealed
after extended reaction with hydrogen are termed ¢i-
trated. Some samples were prepared using the above
scheme, but with H, substituted for D,. For reference,
the steady-state rates of methanation for the two tran-
sients shown above are 7.8 x 1078 (g mol *CD,) (sec)™!
(g cat)~! for the Ru powder (top) and 1.9 x 10-7 (g mol
BCD,) (sec)™! (g cat)~! for the Ru/SiO,.
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and CO. After the rate of 3CD, formation
has reached steady state, *CO was re-
placed with 2CO for a short period of time
(30 to 120 sec), to rapidly displace all the
adsorbed 1BCO with 2CQ, leaving only non-
oxygenated >C on the catalyst (/). Termi-
nation of the reaction after exchange (time
t, in Fig. 1) produces a steady-state sample
in which the distribution of nonoxygenated
carbon is representative of that occurring at
the end of the period of steady-state reac-
tion. For the Ru/SiO, catalyst this distribu-
tion consists mainly of Cyz with relatively
small amounts of C, (1). To enhance the C,,
signal for NMR studies, as well as to
study the interconversion of surface spe-
cies, converted samples are prepared by
purging with an inert gas (He or Ar) after
the BCO/M2CO exchange. That is, converted
samples are quenched at time ¢, in the se-
quence diagramed in Fig. 1. Finally, flow-
ing hydrogen through the reactor after
methanation, exchange, and purge removes
the reactive carbon from the surface and

yields samples referred to as titrated. Note
that the *CD, transient observed during ti-
tration of the Ru/SiO; shown in Fig. 1 pro-
vides a measure of the relative amounts of
C, and Cg on the catalyst after conversion;
the first peak is due to the direct reaction of
C., whereas the second peak is the result of
Cs converting to species which subse-
quently react with hydrogen to form me-
than (/). The *CD, transient observed dur-
ing titration of Ru powder catalysts is
fundamentally different in two respects: the
peak is over an order of magnitude larger
and there is less resolution between the C,
and Cg peaks. Table 1 lists the specific con-
ditions used to prepare each of the eight
samples examined during this study.

To permit analysis of the samples with
BC NMR spectroscopy it was necessary to
quench the reaction occurring on the cata-
lyst surface. This was done in the following
manner: the reactor was raised from the flu-
idized sand bath, cooled to room tempera-
ture with forced-air convection, and then

TABLE 1

Description of Ruthenium Catalyst Samples

Sample? Sample Catalyst Sample preparation conditions
wt. activity”
{g) Reaction Methanation period Exchange period Purge Titration
temp. duration duration
K) Reactants® Duration  Reactants  Duration (sec) (min)
{Torr) (sec) (Torr) (sec)

A. Ru/SiOy; 0.28 2.9 x 1077 443 D, (580} 300 12CO (90) 120 Quench —
Steady state; D, 3COo 90 in 12CO

B. Ru/SiO; 0.34 ~6 x 1077 463 D, (360 300 D (360} 30 Quench —
Steady state; D» 1o 00 12CO (200 in 12CO

C. Ru/SiOs: 0.26 1.5 x 1077 443 Ha (580) 900 2CO 9m 120 Quench —
Steady state; Ha BCo 90 in °CO

D. Ru/SiOx; 0.36 ~3 % 1077 463 Da (360) 300 D> (360 30 120 Quench
Converted: D» BCO (200) 12CO (200 in Ar

E. Ru/SiOs; 0.31 — 463 H» (360) 300 Ha (364)) 30 120 Quench
Converted; Hy¢ B3CO (200) 2CO (200) in Ar

F. Ru/SiOy; 0.34 ~5%x 1077 463 D, (360) 300 D; (360) 30 0 120; Quench
Titrated; D, BCO (200 2C0O (200) in Da

G. Ru; Steady 1.70 7.8 x 1078 443 D; (150) 300 12C0O (50) 120 Quench —
state; D, BCo (50 in 12CO

H. Ru; Steady 0.94 2.4 x 1078 443 Ha (150) 900 2CO (50 120 Quench —
state: H» 13CO (50 in 1’CO

L. Ru/SiO; CO 0.33 — ¢ — — — — —

J. Ru/SiOs1: CO» 0.33 — ¢ — — — — — —

¢ Silica-supported ruthenium catalysts contain 4.3 wt% Ru; see Experimental Procedures and Fig. 1 for a description of the nomenclature.
 Defined as the rate of production of methane after 300 sec of methanation (g mol methane) (sec) (g cat) .

¢ He (or Ar) used as carrier gas to bring total pressure to 760 Torr: total flow rate = 152 std cm?® min~!,

4 Sample E was prepared from a Ru/SiO» catalyst previously used for methanation, then reduced at 673 K.

¢ Gases adsorbed at room temperature.
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flow through the reactor was stopped. We
observed that quenching in this manner
does not cause irreversible changes in the
adsorbed species. That is, if the experiment
is resumed with a quenched sample by re-
heating the sample and restarting the flow,
the observed transient is indistinguishable
from those of unquenched, uninterrupted
samples. We also observed that quenched
samples are stable at room temperature,
with respect to the C NMR spectra. The
BC NMR spectra of a steady-state sample
(A) and a converted sample (E) were un-
changed when measured 1 day after prepa-
ration and 6 weeks later.

After quenching the reaction, the final
step is to disconnect the reactor from the
gas manifold, as follows. The inlet and out-
let copper tubes are pinched closed and the
flattened sections are coated with UHV ep-
oxy. Before the epoxy hardens, the flat-
tened sections of the tubes are severed
from the gas manifold by fatigue-stressing.
Any leaks through the mechanical seals are
automatically plugged with the epoxy.

The catalyst samples prepared with 1*C-
enriched reactive intermediates are satu-
rated with natural-abundance CO and,
perhaps, some CO, formed by dis-
proportionation. To complement the "C
NMR studies of nonoxygenated carbon, it
was useful to measure the spectra of two
adsorbed oxygenated forms: CO and CO,.
Two samples of Ru/SiO, were reduced in
D, at 673 K for 2 hr, cooled to room temper-
ature and outgassed. Sample [ was exposed
to 200 Torr of *CO for 5 min, purged with
Ar for 5 min, then sealed. Sample J was
exposed to 1*CO,, allowed to equilibrate for
14 hr, and was sealed under a pressure of
6.1 Torr of 3CO,. Pressure-volume mea-
surements indicated that sample J adsorbed
24 pumol of 3CO..

D. Measurement of *C NMR Spectra

The 1BC NMR experiments were per-
formed on a Bruker CXP-200 spectrometer,
operating at 50.34 MHz. The procedure for
inserting a sample tube into the NMR probe

is unorthodox and warrants discussion.
One end of a U-shaped reaction tube is in-
serted through the NMR coil (desoldered
from the circuitry at one end) until the cata-
lyst section is centered in the coil. After the
coil is reconnected, the electrical impe-
dance, disrupted by deformation during in-
sertion, is restored by compressing or ex-
panding the coil, without adjusting the
tunable components of the probe. The
lengths of the 90° pulses were rechecked
with 3C-enriched reference samples after
inserting and removing each catalyst sam-
ple and were found to require corrections of
less than 10%, which contributes less than
1% error to the integrated areas of the spec-
tra. The resolution in the spectra is deter-
mined only by the stability and homogene-
ity of the static magnetic field and was
therefore unaffected by deformation of the
sample coil.

Spectra were measured by Fourier-trans-
forming the nuclear precession observed
immediately after a 90° pulse (free-induc-
tion decay) and observed as echoes stimu-
lated by a 180° pulse (spin-echo). The
broad, weak C nuclear signal from the
submonolayer coverages of carbon species
required prolonged accumulation of decays
(10,000 to 64,000 scans). Consequently, it is
critical to eliminate spurious signals from
the excitation pulses; an add-subtract
method was used here. The free-induction
decays were successively acquired from
(90;—observe) and (1809-7—905—observe)
sequences, with alternate adding and sub-
tracting of signals. Similarly, the spin-echo
experiment was composed of alternate
(907—7-1805—7—observe) and (90%——180%-
7—observe) pulse sequences.

The spin-lattice (7}) and spin—-spin (73)
relaxation times were determined from the
results of saturation-recovery and spin-
echo pulse sequences, respectively (4, 5).
Because the PC NMR spectra typically re-
quire about 8 hr each, T and T, were calcu-
lated from the results of three to five spec-
tra. Consequently, the values reported for
the relaxation times are estimates, which is
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usually sufficient for the information re-
quired in this study. That is, 7, was mea-
sured primarily to assure the accuracy of
the 13C spin counts based on the spectral
intensities. Also, the saturation-recovery
and spin-echo experiments were performed
to check for nonuniform values of 7, and
T,, as revealed by a nonlinear plot of the
spectral intensities versus the delay times
or as revealed by changes in the spectral
width and position. As will be demon-
strated, the observation of nonuniform val-
ues of T, or T, can suggest the presence of
multiple, overlapping components.
Different procedures were required to
measure the 3C NMR spectra on the Ru/
SiO, and Ru-powder catalysts because the
samples have different electrical conductiv-
ities. Since ruthenium dispersed on silica is
present as particles approximately 30-100
A in diameter (16) the sample behaves as an
insulator. The length of a 90° pulse for Ru/
SiO, samples is 2.6 usec which provides
uniform excitation over a range of 200 kHz
(4000 ppm). Ruthenium particles in the un-
supported powder are about 50 um in diam-
eter and although the particles are smaller
than the skin depth of the rf radiation, the
bulk conductivity of the powder markedly
changes the impedance of the NMR probe.
With Ru powder samples in the probe, ap-
proximately 80% of the incident rf voltage
is reflected and accordingly the length of a
90° pulse increases to 13 usec. The re-
flected power requires about 100 usec after
a pulse to dissipate which precludes the ob-
servation of free-induction decays immedi-
ately after a 90° pulse. As a consequence,
the NMR spectra of Ru-powder catalysts
were obtained from spin—echoes.
Although the bulk conductivity of Ru-
powder catalysts perturb the probe impe-
dance, the bulk susceptibility does not de-
tectably shift the positions or broaden the
BC NMR peaks. For example, the *C
NMR spectrum of a sample of Ru powder
saturated with tetramethylsilane (TMS) is
indistinguishable from that of the neat lig-
uid; the TMS in the interparticle voids reso-

nates at 1.1 = 1.0 ppm relative to the neat
liquid.

The 3C NMR spectra are plotted on the &
scale for chemical shifts, relative to TMS,
such that downfield lies to the left (i.e, C¢Hg
is at 128.7 ppm and CS, is at 192.8 ppm).
For each sample, the frequency range be-
tween 1600 and -800 ppm was examined,
although only the portion between 800 and
-400 ppm are reported here. The spectral
intensities were calibrated with samples of
SiC and ZrC.

III. EXPERIMENTAL RESULTS

A. Carbon Coverages Measured by
Transient-Response Titrations

Before sealing the catalyst samples for
study with NMR, the amounts of C, and Cg
on each catalyst, given in Table 2, were de-
termined by observing the *CD, (or CHy)
mass signal caused by titrating the sample
with D, (or H,), as described previously (7,
2). Each catalyst was titrated at a point in
the gas-delivery sequence (see Fig. 1) that
corresponded with the point at which the
sample was later quenched for NMR study.
For example, the steady-state samples (A-
C, G-H) were titrated with hydrogen after
methanation and BCO/!2CO exchange (time
t, in Fig. 1). The experimental parameters
given in Table 1, were the same during the
initial measurement of the transients and
during the preparation of the NMR sam-
ples. The total amount of reactive carbon
on a sample was determined by integrating
the amount of *CD, (or '*CH,) observed
during the titration period as shown in Fig.
1. The distribution of carbon between C,
and Cg was determined by separating peaks
with a tangential-baseline method. The ac-
curacy in the total amount of reactive car-
bon is £15%. Since Cg accounts for most of
the transient, it can also be determined to
+15%. Resolving the smaller C, transient is
difficult, particularly for Ru powder, and
the accuracies of the C, amounts are
+30%.
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TABLE 2

Coverages of Carbon Species on Ruthenium Catalysts

Sample Surface Ru¢ Titration with *C NMR integrated areas”
(10" ¢ g mol) hydrogen”~
o C. Cy + Cy  Unreactive Total
C. Cs  Total

A. Ru/SiO,; 32 2.0 8.3 10.3 3.5 18.5 0 22.
Steady state; D,

B. Ru/SiO»; 39 2.4 46. 48. 1.5 27. 0.5 29.
Steady state; D

C. Ru/Si0-; 30 2.1 13. 1S. 6 29. 0 3s.
Steady state; H,

D. Ru/SiO»; 43 ~7. ~7. 14. 8 12. 10. 30.
Converted; D,

E. Ru/Si0y; 36 — —_ — 8. 3 5.5 16.5
Converted; H,

F. Ru/SiO,; 39 2.4 40. 42.4 0 0 7. 7.
Titrated; D,

G. Ru; Steady 59 ~4.3  264. 268. 18 3 1 22.¢f
state; D

H. Ru; Steady 33 <4. 230. 234. 19.5 2 0.5 22,44
state; H,

1. Ru/SiO,; CO 38 — — — — — — 32/

J. Ru/SiO,; CO, 38 — — — — — — 2:

2 Approximate values estimated from typical dispersions of 27% for silica-supported Ru (/) and 0.35% for

particulate Ru (2).
4 In 107° g mol of *C.

¢ Relative amounts of C,; and C, are approximate; see Refs. (1, 2).
4 Titrated after steady-state methanation; quantities do not correspond to state of sample when measured by

NMR.

¢ Minimum value; metallic character of samples may have attenuated NMR signal.

f Minimum value; T, not measured.
B. BC NMR Spectra

1. Steady-state RulSiO, samples. The *C
NMR spectra of Ru/SiO; samples quenched
with steady-state coverages of nonoxy-
genated carbon (samples A-C) are shown
in Figs. 2-5. These spectra contain two dis-
tinct features: an intense, relatively nar-
row, Lorentzian peak at about 20 ppm and
a weaker, broader peak positioned down-
field at about 400 ppm. In this section, we
describe the subtle changes in these two
spectral features that accompany variations
in the specifics of the NMR experiment and
the isotopic composition of the sample.

The two features in the 3C NMR spectra
of samples A, B, and C did not change in
width or center of mass as in the interval

between successive scans was varied. For
example, Fig. 2 shows three *C NMR spec-
tra of sample A measured with the satura-
tion—recovery experiment. The width and
center of the intense upfield peak are calcu-
lated by fitting to a Lorentzian lineshape;
the peak has a half-width of 1.16 = 0.03
kHz and is centered at 19 = 1 ppm relative
to TMS. The downfield peak in the spectra
of Fig. 2, as well as the downfield peaks in
all the spectra in this study, are generally
better fit by Gaussian lineshapes. The half-
width of the Gaussian fit to the downfield
peak is 3.1 * 0.3 kHz; the peak is centered
at 390 * 15 ppm.

The two features in the *C NMR spectra
of sample A (Fig. 2) have different T;’s; the
T, of the intense upfield peak is 3.3 sec and
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F1G. 2. Saturation-recovery study of a Ru/SiO, cat-
alyst quenched after steady-state methanation (in D,)
and ¥CO/2CO exchange (Sample A). The *C NMR
spectra were measured at 295 K with delays of 15 sec
(A), § sec (B), and 2 sec (C) between scans and are the
accumulation of 10,000 scans (15 sec) to 40,000 scans
(2 sec).

the T, of the weaker downfield peak is 1.1

sec. Moreover, the upfield peak has a uni-

form value of T1, the semilogarithmic plot
of the integrated area versus the repetition
time is linear. The weak intensity and short
T, of the downfield peak do not afford a
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calibrated integrated area of spectrum A in
Fig. 2 indicates the sample contains 2.2 X
10-5 g mol of 3C nuclei and the upfield peak
accounts for 84% of the spectral intensity.

The upfieid peak in Fig. Z has a Lorent-
zian shape, which suggests this species may
be in motion, with a correlation time on the
order of the inverse of the linewidth (1
msec). Indeed, the low-temperature study
of sample A in Fig. 3 confirms that the

lineshape is motionally narrowed at room
temnerature. That is. the line broadens as
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the temperature of the catalyst is lowered.
Below 165 K, the increase in width as a
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function of temperature is more gradual and
at 110 K the spectrum has broadened to a
half-width of 3.1 = 0.1 kHz. Although the
spectra through 165 K are well represented
by Lorentzian lineshapes, the spectra at
........
tlons. Specnﬁcally, at 110 K the observed
peak is too broad at the base and too nar-
row at the center, as compared to the best-
fit Lorentzian function. Also, the upﬁeld
peaﬁ shifts ‘upumu as the temperature is de-
creased; the peak is at 19 = 1 ppm at 295 K,
14 = 2 ppmat 165K, and 10 = 3 ppm at 110
K. Finally, the sharp feature that appears at
~180 ppm in the spectra at 130 and 110 K is
interpreted as physically adsorbed 13CO,
which condenses from the gas phase in the

sealed reactor.
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F1G. 3. Temperature dependence of *C NMR spec-
tra of a Ru/SiO; catalyst quenched after steady-state
methanation (in D,) and BCO/2CO exchange (Sample
A). All spectra were acquired with a repetition time of
5 sec and represent about 3000 scans each.
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similar to sample A, with two changes: the
D, : 3CO ratio was decreased from 6.4: 1 to
1.8:1 and the reaction temperature was in-
creased from 443 to 463 K. The 3C NMR
spectra of sample B are presented in Fig. 4;
spectrum A may be compared directly with
spectrum 2C. The upfield peak has a 7| of
4.7 sec, a half-width of 1.10 + 0.03 kHz,
and is centered at 14 = 1 ppm. The area of
this peak accounts for about 95% of the to-
tal integrated area. The upfield peak repre-
sents 2.7 X 10~% g mol of 13C, as determined
from the saturation-corrected intensity of a
spectrum measured with a repetition time
of 8 sec (not shown). Because the downfield
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C 0.3 msec
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Fi1G. 4. Spin-echo study at 295 K of a Ru/SiO, cata-
lyst quenched after steady-state methanation (in D,)
and BCO/?CO exchange (Sample B). The C NMR
spectra were obtained from a free-induction decay (A)
and from the echoes stimulated by a 180° pulse 0.1,
0.3, 0.6, and 1.0 msec after the 90° excitation. All spec-
tra were acquired with a repetition time of 3 sec; the
free-induction decay represents the accumulation of
52,800 scans and the echoes are the result of about
10,000 scans each.

peak is barely detectable in sample B, its
spectral parameters could not be deter-
mined.

For the spectra in Fig. 4, the logarithm of
the spectral intensity decreases linearly as
the delay to the echo (27) is increased,
yielding a T, of 0.80 msec. Within experi-
mental error (=3 ppm) the position of the
peak does not shift as the echo delay is in-
creased. However, the peak narrows
slightly as the echo delay increases; the
half-widths are 1.09, 0.92, 0.86, 0.83, and
0.73 kHz for the spectra observed with the
echo delays of 0.0 (FID), 0.1, 0.3, 0.6, and
1.0 msec, respectively.

The third steady-state sample, C, is also
similar to sample A, but with two changes:
the catalyst was prepared with H, rather
than D, and the methanation period was ex-
tended from 300 to 900 sec. The methana-
tion period was lengthened to compensate
for the depressed rate of formation of Cg in
H; compared to D,, caused by an isotope
effect (2). Although the spectrum obtained
from the FID (Fig. 5A), is similar to the
corresponding spectrum 2A, there is a dis-
tinct difference in the shape of the upfield
peak. Specifically, the base of the upfield
peak has broadened to extend into the
downfield peak. However, the upfield peak
has not broadened uniformly, which is ap-
parent in two ways. First, the upfield peak
is no longer adequately represented by a
Lorentzian lineshape. Rather, the simula-
tion of the peak is improved by considering
the sum of two Lorentzians. In contrast,
the simulation of the upfield peaks of sam-
ples A and B were only marginally improved
by considering a sum of two Lorentzians. A
least-squares fit to the upfield peak yields
the following results; a narrow component
centered at 18 = 2 ppm with a half-width of
1.23 *= 0.03 kHz and a broader component
centered at 10 = 4 ppm with a half-width of
3.9 £ 0.3 kHz. The fit was less sensitive to
the relative areas of the two components,
but a best fit was obtained at a 50 : 50 ratio
of each. The second evidence that the up-
field peak is composite is the variation in
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FIG. 5. Spin—echo study at 295 K of a Ru/SiO, cata-
lyst quenched after steady-state methanation (in H;)
and BCO/2CO exchange (Sample C). The *C NMR
spectra were obtained from a free-induction decay (A)
and from the echoes stimulated by a 180° pulse 0.1,
0.3, and 1.0 msec after the 90° excitation. All spectra
were acquired with a repetition time of 5 sec and repre-
sent about 32,000 scans each.

linewidth with the spin-echo delay, shown
in Fig. 5. For example, the spectrum that
remains after a delay of 0.3 msec has a half-
width of 0.85 kHz. The portion of the
lineshape that decayed during the 0.3-msec
delay, obtained by subtracting spectrum C
from A, is a Lorentzian of half-width 2.9
kHz centered at 12 ppm. The average T, of
the upfield peak of sample C is 0.26 msec.
Decomposing each spectrum into a sum of
two Lorentzian components yields a T, of
0.34 msec for the narrow component and a
T, of 0.20 msec for the broader component;
both components decay exponentially with
echo time.

Sample C contains 3.5 X 107> g mol of
3C, as calculated from the integrated area

of spectrum A. Because the peaks in Fig. 5
are partially overlapped, it is more difficuit
to separate the relative contributions. We
estimate that the downfield peak is centered
at 380 = 25 ppm and has a half-width of 4.4
+ 0.4 kHz. The intensity of the downfield
peak decreases exponentially with time and
has a 7, of 2.3 msec, which is considerably
longer than that of the upfield peak. As a
result, the downfield feature in Fig. 5 re-
tains over half its intensity even when ob-
served as an echo at 1.0 msec.

2. Converted Rul/SiO, samples. Figures
6-8 contain the *C NMR spectra of Ru/
Si0, catalysts quenched following the con-
version of the steady-state coverage by
purging with Ar or He to enhance the
amount of C,. Relative to the 3C NMR
spectra of samples with steady-state cover-
ages (Figs. 2-5), the downfield peak at ~350
increases in intensity and there is consider-
able absorption in the region in the range
200 to 50 ppm. The upfield peak in the D,-
prepared sample, D, is positioned on a
broad base, but is approximately the same
position and width as the upfield peak in the
steady-state samples (A-C).

As shown in Fig. 6, the saturation—-recov-
ery study of sample D reveals that different
regions of the spectrum relax at different
rates. The integrated intensity in the down-
field region declines by about 30% when the
delay between scans is decreased from 5 to
1 sec, whereas the upfield feature near 20
ppm decreases by over 70%. The integrated
intensity of spectrum A corresponds to 3.0
x 107° g mol of 13C.

The saturation-recovery study reveals
variations in the T,’s of the different spec-
tral features of sample D. The spin-echo
spectra of this D;-prepared, converted, Ru/
SiO, sample, shown in Fig. 7, reveal that
the different spectral features also have dif-
ferent 7,’s. The downfield portion (~400
ppm) persists longer than other portions of
the spectrum, indicating a longer 7,. The
rate of decline of the upfield peak as a func-
tion of the delay to the echo is comparable
to that of the steady-state samples in Fig. 4.
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FiG. 6. Saturation-recovery study of a Ru/SiO, cat-
alyst prepared by CO hydrogenation in D,, then
quenched after a He purge, to convert the adsorbed
forms of carbon (Sample D). The '3C NMR spectra
were acquired at 295 K with intervals between succes-
sive scans of 5.0 sec (A), 2.5 sec (B), and 1.0 sec (C).
Each spectrum is the summation of about 32,000
scans.

The absorption in the mid-range of the
spectrum (200 to 50 ppm) decreases the
most rapidly, such that the upfield and
downfield peaks are nearly resolved to the
baseline with a spin—echo delay of 0.3
msec.

The 3C NMR spectra of the Ru/SiO,
samples with converted carbon coverages
exhibit a pronounced dependence on the
hydrogen isotope. As shown in Fig. 8, re-
placing D, with H, causes the narrow up-
field component to vanish into the broad
base. The rate of decline of the spectral in-
tensity as a function of the delay between
scans (not shown) is comparable to that of
the previous samples and indicates that the
longest T, does not exceed about 3 sec. The
integrated intensity of the spectrum repre-
sents 1.65 X 10~% g mol of 1C.

The spin—echo spectra in Fig. 8 are con-
sistent with the trends observed in the spec-
tra in Fig. 7. As before, the downfield por-
tion does not decrease in intensity as

rapidly as the other portions of the spec-
trum. In contrast, the intensity in the mid-
range (200 to 50 ppm) decreases so as to
reveal a separation between the downfield
and upfield peaks in the echo at 0.2 msec.
The upfield peak that appears in the echo at
0.2 msec is broader than the upfield peak in
the Ru/SiO; sample prepared with D,.

The relative areas and relaxation times of
each overlapping feature in the *C NMR
spectra of converted samples can be deter-
mined after each component is identified.
This is presented under Discussion.

3. Titrated Ru/SiO, sample. The titrated
Ruw/SiO, sample contains only carbon that is
resistant to reaction with D, after 2 hr at 463
K. The C NMR spectrum of this sample,
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F1G. 7. Spin—echo study at 295 K of a Ru/SiO, cata-
lyst prepared by CO hydrogenation in D,, then
quenched after a He purge, to convert the adsorbed
forms of carbon (Sample D). The BC NMR spectra
were obtained from a free-induction decay (A) and
from the echoes stimulated by a 180° pulse 0.1, 0.3,
and 1.0 msec after the 90° excitation. All spectra were
acquired with a repetition time of 3 sec and represent
about 20,000 scans each.
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F1G. 8. Spin—echo study at 295 K of a Ru/SiO, cata-
lyst with converted coverage, prepared as follows;
methanation (in H,), *CO/2CO exchange, He purge,
then quenched (Sample E). The 3C NMR spectra were
obtained from a free-induction decay (A) and from the
echoes stimulated by a 180° pulse 0.2 and 1.0 msec
after the 90° excitation. All spectra were acquired with
a repetition time of 5 sec and represent about 64,000
scans each.

F, in Fig. 9 has a center of mass of 89 + 15
ppm and has an integrated intensity that in-
dicates 7.0 X 1076 g mol of 13C remain on
the catalyst. Because the 1*C NMR signal is
weak, the spectra require long measure-
ment times; the spectrum in Fig. 9 is the
result of 72 hr of acquisition. Consequently,
the T, and T, of the lineshape were only
estimated. The relative intensity of the
spectrum measured with repetition times of
4 and 1 sec suggest T, is about 3 sec. The
signal observed as an echo detected after a
delay of 0.6 msec is about 10-20% that of
the FID, which implies 7, is approximately
0.3 msec.

Also shown in Fig. 9 is the *C NMR
spectrum of 90% !3C-enriched turbostratic
graphite, obtained from an echo refocussed
0.010 msec after the 90° pulse. The C

NMR spectrum of graphite resembles that
expected for axially symmetric shielding,
since the carbon site has threefold symme-
try (17, 18). It is unusual that the broaden-
ing varies across the spectrum. That is, the
o, component at about 20 ppm is distinct,
but there is considerable tailing in the up-
field (more positive) direction. We believe
that the variation in broadening is due, in
part, to the orientational dependence of the
magnetic susceptibility of the bulk sample.
The principal components of the shielding,
obtained by fitting a broadened powder pat-
tern, are oy = 251 ppm and o, = 20 ppm.
4. Powdered ruthenium samples. The 1’C
NMR spectra of Ru-powder catalysts with
steady-state coverages (samples G and H)
are shown in Fig. 10. The conditions used
to prepare samples G and H were compara-
ble to the conditions used for samples A
and C, respectively, except the concentra-
tion of hydrogen and 3CO were lowered
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FiG. 9. BC NMR spectrum (top) at 295 K of a Ru/
SiO, catalyst after methanation, followed by titration
in D, for 2 hr (Sample F). A least-squares fit of a
theoretical chemical shift powder pattern to the *C
NMR spectrum of unreactive carbon is shown by the
solid line through the upper spectrum. The spectrum is
the accumulation of 65,000 scans at a repetition time of
4 sec. Shown below for comparison is the *C NMR
spectrum of 3C-enriched (91%) turbostratic graphite.
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FiG. 10. Spin—echo study at 295 K of Ru-powder
catalyst quenched after methanation and “CO/2CO
exchange (steady-state samples). Sampie G (left) was
prepared in D, and sample H (right) was prepared in
H,. These spectra were acquired with a repetition time
of 5 sec; the spectra for sample G represent about
16,000 scans each and those for sample H represent
about 32,000 scans each.

and the hydrogen: PCO ratio was reduced
to 3.0. Although the 3C NMR spectra of
the Ru-powder samples comprise the two
basic features shown in Figs. 2 and 5, there
is a marked change in the relative intensi-
ties; the downfield peak is much larger and
the upfield peak is smaller.

Although the spectral features in Fig. 10
are similar in shape to those of the Ru/SiO,
samples in Figs. 2 and 5, there are subtle
changes. The upfield peak in the D,-pre-
pared sample, G, is shifted by about 8 ppm
to 28 = 1 ppm and the line is about 40%
more narrow; the Lorentzian half-width is
0.74 = 0.05 kHz. The upfield peak in the
H,-prepared sample, H, is rather weak and
thus does not offer an accurate description.
However, it appears that the upfield peak is
broader (half-width is 1.3 = 0.2 kHz); it is
not possible to determine if it too has
shifted. Recall that the upfield peak in the
spectra of the H,-prepared, steady-state
Ru/SiO, catalyst (sample C, Fig. 5) is the
superposition of narrow and broad Lorent-
zian lineshapes. It is not possible to deter-
mine whether the upfield peak in spectrum
C of Fig. 10 is a similar superposition.

Within experimental error, the lineshape
of the downfield peaks in Fig. 10 are the
same in the C NMR spectra of the D,-
prepared and H,-prepared Ru-powder cata-
lysts. Furthermore, the shapes of the down-
field peaks in Fig. 10 are similar to the
downfield peaks of the Ru/SiO, samples;
both peaks have a half-width of 4.4 = 0.1
kHz and are centered at 375 = 15 and 390 =
15 ppm, for samples G and H, respectively.

The T,’s of the two peaks in the Ru-pow-
der samples are independent of the hydro-
gen isotope and are longer than the T3’s
measured with the Ru/SiO; samples. The T,
of the downfield and upfield peaks are 1.5
and 1.3 msec on the H)-prepared sample,
respectively, and are both 1.4 msec on the
D,-prepared sample. Again, the intensity of
each peak decreases exponentially with
echo delay. Within experimental error, the
linewidths and centers of mass do not
change as the echo time is increased, as
shown in Fig. 10.

The saturation—recovery experiment was
not performed to measure the 7;’s of the
carbon species on the Ru-powder catalysts.
However, if the T,’s are comparable to
those of the Ru/SiO, samples, the spectra in
Fig. 10 are not attenuated by saturation.
The amount of 3C on the Ru-powder cata-
lysts is calculated from the intensities in
spectra A and D (Fig. 10), corrected for the
decay that occurred during the 0.3-msec de-
lay to the echo. Both the D;- and H,-pre-
pared steady-state Ru-powder samples
contain 2.2 X 107% g mol of 1*C. The quanti-
tative separation of the peaks is postponed
until a discussion of the absorption in the
range 200 to 50 ppm. However, the down-
field peak at ~380 ppm constitutes about
80% of the D,-prepared catalyst and about
90% of the H,-prepared catalyst.

5. CO and CO, adsorbed on Rul/SiO>.
The C NMR spectra of Ru/SiO, catalyst
saturated with *CO and 3CO, at room tem-
perature are shown in Fig. 11. Each spec-
trum contains a sharp peak at 124 ppm,
which is interpreted as physically adsorbed
and gas-phase CO; (7). The CO, in the sam-
ple of adsorbed CO was probably formed
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FiG. 11. BC NMR spectra 295 K of Ru/SiO; catalysts
reduced in D,, cooled to room temperature, and ex-
posed to saturation coverages of BCO (Sample 1, top)
and CO, (Sample J, bottom). The spectrum of ad-
sorbed BCO is the accumulation of 40,800 scans mea-
sured at intervals of 3 sec and the spectrum of ad-
sorbed BCO; is the sum of 28,500 scans acquired with
a repetition time of 4 sec.

by the reaction with hydroxyl groups or re-
sidual oxygen on the catalyst. The width of
the CO;, peak, 200 Hz, is due to the expo-
nential function applied to the free-induc-
tion decay to reduce the noise; the unper-
turbed linewidth is about 20 Hz. Thus, the
presence of the CO; line demonstrates that
the Ru/SiO, catalysts do not have inherent
inhomogeneities, such as bulk magnetic
susceptibility, which could contribute to
the broadening in the spectra in Figs. 2-9.

The integrated intensity of the spectrum
of adsorbed CO corresponds to 3.2 X 1075 g
mol of BC, which yields an estimated
CO:surface Ru ratio of 0.84. Since this
value is close to 1.0, we conclude that al-
though T, was not measured, the 3C signal
is not significantly saturated by a repetition
time of 3.0 sec. The center of mass of the
spectrum of adsorbed CO is 221 += 5 ppm.
The magnitude of the broadening in the

chemical shift powder pattern in Fig. 11 is
similar to that of CO adsorbed on AlL,O:-
supported Rh (79). Also, the variation of
the broadening across the powder pattern is
typical of linear molecules such as termi-
nally bonded carbonyls (20) or inorganic
acetylides (21). That is, the inhomogeneity
in shielding is larger for species oriented
with symmetry axes nearly parallel to the
field than for those species oriented perpen-
dicular to the field. Thus, the upfield shoul-
der of the powder pattern of adsorbed CO,
which is inherently small, is further
smeared into the baseline by the strongest
inhomogeneity-induced broadening. The
principal components of the powder pattern
of adsorbed CO, obtained from a least-
squares fit to an inhomogeneity-compen-
sated axially symmetric shielding, yield val-
ues of o, = 317 + 15 ppm and oy = 31 £ 30
ppm.

The integrated intensity of the spectrum
of adsorbed CO, in Fig. 11 indicates the
sample contains 2.3 X 10~° g mol of 3C,
which is the same as the amount deter-
mined by volumetric uptake during the
preparation of the sample. Thus, the *C
NMR signal is not saturated by a repetition
time of 4.0 sec. The center of mass of the
chemically adsorbed CO, is 240 = 10 ppm.
A least-squares fit to a chemical shielding
powder pattern yields oy = 380 * 20 ppm,
oy = 250 = 15 ppm, and o33 = 75 = 20
ppm.

1V. DISCUSSION OF RESULTS

A. BC NMR Spectra of Adsorbed
CO and CO,

The isotropic shift of adsorbed CO is 221
+ 5 ppm, which suggests that CO is bonded
terminally to a Ru atom (8-10, 20). The an-
isotropy of the chemical shielding is about
350 ppm, which is typical of the anisotropy
of terminal groups in transition metal car-
bonyls (380 = 60 ppm) in the absence of
intramolecular rearrangement (20). Thus,
at room temperature CO is fixed at an on-
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top site, relative to the time scale of the
NMR measurement, about 0.1 msec.

The amount of CO, adsorbed on the Ru/
Si0, sample J, determined from pressure—
volume measurements, is 1.7 X 1073 g mol
COy/g Ru, which corresponds to 15% of a
Ru monolayer. This is roughly 10-fold
higher than the coverage reported previ-
ously for CO, adsorption at room tempera-
ture on a Ru/SiO, catalyst (22). Since CO,
adsorption was found to be an activated
process (22), the higher coverage reported
here is probably a result of the long equili-
bration time used (14 hr). All the CO, on the
catalyst surface at room temperature is as-
sumed to be molecular CO,, based on the
observation that temperatures above 350 K
are required for dissociative adsorption on
Ruw/SiO, (22).

The C NMR spectrum of adsorbed CO,
is unlike that reported previously for CO,
on oxide surfaces. For example, CO, ad-
sorbed on a zeolite has a spectrum with an
isotropic shift similar to that of the gas-
phase CO, (23). For submonolayer cover-
ages, the shape of the powder pattern sug-
gests that the CO, molecules are rigidly
adsorbed and have axial symmetry; the up-
field components are degenerate, like that
of CO. The observed spectrum of CO, on
Ru/Si0; is different in two respects. The
isotropic shift has moved downfield by over
115 ppm to 240 ppm, typical of bonding to
metals, and the powder pattern has three
distinct components, indicating nonaxial
symmetry at the carbon atom. These obser-
vations are consistent with the structure
proposed for CO, ligands on Ni and Rh
(24):
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A bidentate species bonded to Ru through
the two oxygen atoms, such as reported for
the reaction of ruthenium hydride with CO,
(25), is consistent with the lack of axial

symmetry, but would be predicted to have
an isotropic shift similar to that of esters;
170 ppm.

B. Interpretation of Unreactive Carbon

The lineshape of the unreactive carbon is
well fit by a broadened, chemical shift pow-
der pattern, as shown in Fig. 9. The theo-
retical fit, restricted to an axially symmetric
shielding (o5, = 033) yields values of o =
245 = 30 ppm and ¢, = 16 + 20 ppm, witha
homogeneous broadening of 2.6 kHz (51
ppm). Note that the isotropic shift and prin-
cipal shielding parameters of unreactive
carbon are consistent with those of graphite
(o = 251 and o, = 20 ppm). Furthermore,
both powder patterns have the uncommon
feature that oy lies downfield of o,. To our
knowledge, this has been observed for 13C
in only two other cases. The BC NMR
spectrum of WC, which is composed of al-
ternate hexagonal layers of W and C, has
principal components at o = 348 ppm and
o, = 286 ppm (21). The other case is that of
some esters (e.g., dimethyl oxalate, acetic
anhydride, and dimethyl carbonate) for
which o, is about 230 to 280 ppm and o, is
110 to 115 ppm (26). Finally, the T, of the
unreactive carbon is estimated to be less
than 0.3 msec. The calculated second mo-
ment of the *C-3C dipolar coupling for a
two-dimensional graphitic plane, averaged
over all orientations, is 9.5 kHz?, which
corresponds to a 7; of 0.05 msec. Thus,
from the anisotropy and orientation of its
3C NMR powder pattern and its estimated
T,, we interpret the unreactive carbon as a
graphitic overlayer.

Unfortunately, nothing can be stated
about the thickness of the graphitic over-
layer or its interactions with the catalyst.
The coupling between layers of turbostratic
graphite is weaker than that of highly ori-
ented pyrolytic graphite; the interplanar
separation is typically 3.44 A compared to
3.35 A (12, 13). Theoretical models suggest
that the electron energy bands near the
Fermi level for turbostratic graphite can be
represented by a two-dimensional lattice
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(12). Consequently, we expect that the 1>C
NMR spectrum of turbostratic graphite is
determined primarily by in-plane interac-
tions and is insensitive to the iayers above
and below. Therefore, the similarity be-
tween the spectrum of turbostratic graphite
and unreactive carbon cannot be inter-
preted as evidence that the unreactive car-
bon exists as three-dimensional structures.

C. Interpretation of the Downfield *C
NMR Peak

The downfield peak represents from 10 to
20% of the integrated area in the Ru/SiO,
sampies with steady-staie coverages and its
relative intensity increases in the spectra of
samples with converted coverages. These
results parallel the surface population of the
C,, species, as determined by transient re-
sponse methods (/). Based on this, the
downfield peak was assigned to C, (3). We
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cies, based on the center of mass, line-
width, and T; of its 13C NMR peak.

The centers of mass of the downfield
peaks in the Ru/SiO, and Ru-powder sam-
pies with steady-state coverages are ap-
proximately 380 ppm. This is considerably
downfield of the normal range of isotropic
shifts of organic compounds (225 to 0 ppm)
(7), but lies within the range of organome-
tallic compounds (8-10) and transition
metal carbides (21, 27). The only organo-

metallic species reported \xnﬂ-\ 13F isotronic
metaiic spe €po OopIC

shifts that correspond to the C, peak are the
terminal carbenes, which range from about
375 to 275 ppm (28). The range of 13C iso-
tropic shifts of carbides in carbidocarbonyl
compiexes exiend further downfieid, from
about 485 to 265 ppm (27). In particular, the
carbide resonances in two ruthenium com-
plexes, [RllﬁC(CO)lG]Z_ and (CH3CN)2CU2
Ru,C(CO)s are reported at about 459
ppm (27). The carbides in interstitial transi-
tion-metal compounds exhibit a similarly
large range of isotropic shifts. The 3C reso-

nances of Group IVB, VB, and VIB metal
carbides span the range from 580 to 200

ppm (21). Unfortunately, although a stable
form of RuC has been reported (29), no 3C
NMR data are available. In summary, the
center of mass of the C, peak is consistent
with the isotropic shifts of terminal car-
benes and transition-metal carbides. To re-
solve the interpretation, it is necessary to
consider differences in nuclear dipolar cou-
plings.

A terminal carbene and a carbide have

different nuclear dinole—dingle counlinos
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by virtue of their proximity to other nuclei.
The carbene carbon is bonded to a Ru atom
and to two other atoms each of which may
be a carbon or hydrogen atom. Because of
the low gyromagnetic ratios and fow iso-
topic abundances of the magnetically active
isotopes of ruthenium, *¥Ru and !™Ru, the
Ru atom would contribute very little (0.02
G?) to the second moment of the *C spec-
trum of a carbene. The major contribution

would be from carbon and hydrogen
bondad to the carhene
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Some representa-
tive second moments, calculated from the
Van Vleck equation (5, 6) are: Ru=—C*H,,
(190 G?»; Ru=C*D,, (12.0 G?; Ru=
C*H(C,Hy.+1), (9.7 G?); Ru=C*D(C,
Dant1), (7.7 GY; and Ru=C*(C,Hj,+1)2,
(3.4 G?). Only the first coordination shell
need be considered in this estimate, since
the second moment drops off as r 6, and
because the free ends of species such as
Ru=C*(C,H,,.); probably librate freely
which decreases the couplings. The first co-

r\rdlnahnn chp" of a carbide snecies
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sists exclusively of Ru atoms. The principal
nuclear dipolar couplings are to species at
neighboring sites on the Ru surface or
within the Ru particle BC nuclei at adja-
cent lﬂrCCIUlU blleb on me SUI'ldLC lel(] a
second moment of 1.6 G? and *C nuclei in
adjacent interstitial voids in RuC yield a
second moment of about 0.5 G2.

The 3C NMR spectra of C, have half-
widths that range from 3.1 to 4.4 kHz (2.7
to 3.8 G). Many phenomena contribute to
the width of the peak. To estimate the con-

tribution from nuclear dipolar interactions,
we consider the magnitude of T,. In gen-

ocnon_
U
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eral, homonuclear *C-"3C coupling will
result in a T, equal to the reciprocal of the
square root of its contribution to the second
moment. Thus the predicted T, for the car-
bene carbon in Ru=C*(C,H,,.); is 0.08

msec. The relation between heteronuclear

couplings (e.g., 'C—'H) and T, is more
complex and depends in part on the rate of
fluctuation of the second spin (i.e., 'H) as
the result of other 'H nuclei (30) Using the

remtinnl gemeae o b PRI Iy fen sanfnsenaa

lllCUl Cllbdl dppiudacii qubllUCU lll ICICICIIVC
(30), we estimate the T,’s of the Ru=C*Hj,,
Ru=C*D,, Ru=C*H(C,H3,+1), and Ru=
C*D(C,D,,+1) species to be less than 0.12
msec. To calculate these values of T, it
was assumed that the time constant for ro-

tation or diffusion between sites for a termi-
nal carbhene ic loncer than the echo delav

1A LQRIULCIT 18 aUNEpTE UG b SR Bl 8)

(about 1 msec). Since there has been no re-
port of fluxional motion of bridging car-
benes in organometallic clusters (28), it is
expected that terminal carbenes would be
fixed.

The T,’s of the C, peaks (see Table 3) are
considerably longer than the 7>’s predicted
for nonreorienting, terminal carbene spe-
cies. In other words, the C, species has
considerably less nuclear dipolar coupling
than carbene species. Moreover, the T,’s

N Ru 17
are not correlated with the choice of hydro-
gen isotope. This leads us to conclude that
the C, species cannot be attributed to a ter-
minal carbene, and must therefore be inter-
preted as a carbidic carbon coordinated to

Ru atomsg,

L3203 1

With only the isotropic shifts and 7,’s,
we cannot determine if the carbon atom is
located on the surface of Ru particles or in
interstitial voids. This point is supported by
noting that the isotropic shifts of carbon at-
oms in carbidocarbonyl clusters are insensi-
tive to the coordination of the carbide car-
bon. For example, the relatively exposed
carbon atom in [Fe,C(CO),)*~ resonates at
478 ppm, while the encapsulated carbon
atom in [FesC(CO)s)?~ resonates at 485
ppm (27).

The BC NMR spectra of C, species have
half-widths of about 3.1 to 4.4 kHz, of
which only about 0.10 to 0.16 kHz can be
attributed to nuclear dipolar interactions.
The prmupal vroauemng is not 1 lll&Cly to be
orientational anisotropy of the chemical
shielding; the C, peaks do not resemble a
generalized powder pattern and the width is
greater than the anisotropy observed in
similar environments. For example, the *C

chemical shift powder pattern for WC,

TABLE 3
Summary of *C NMR Parameters
Sample Downfield peak (C,) Upfield peak (Cg, and Cp,)
Center of  Linewidth” T, T, Center of mass* Lindwidthe T T,
mass® (kHz) (msec)  (sec) (kHz) (msec)  (sec)
A. RuU/SiO»; 390 + 15 30203 — i.1 19 + 1 1.16 t‘0.03 — 33
Steady state: D
B. Ruw/SiO;; — — — —_ 14 =1 1.10 = 0.03 0.80 4.7
Steady state; D,
C. Ru/SiO;; 380 + 25 4.4 + 04 23 — Cg,; 10 = 4 (50%) 3.9 £0.3 0.20 —
Steady state; H, Cgy; 18 £2(50%) 1.23 = 0.03 0.34
D. Ru/SiO,; 320 = 20 5903 1.0 1.0 15+3 1.26 £ 0.05 0.58 3.2
Converted; D,
E. Ru/SiO,; 310 = 20 62 > 0.4 1.1 ~1.0 10 =10 35202 0.25 ~1.0
Converted; H-
G. Ru; Steady 375 £ 15 44 = 0.1 1.4 — 21 0.74 £ 0.05 1.4 —
state; D»
H. Ru; Steady 390 + 1S 4.4+ 0.1 1.5 — 23+ 5 1.3 +0.2 1.3 —
state; H-

«In ppm, relative to TMS.

» Half width at maximum slope of a# Gaussian function fit to the peak.
© Half width at half-height of a Lorentzian function fit to the peak.
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which is isomorphous with the structure re-
ported for RuC (29), has principal compo-
nents of o = 348 ppm and o, = 286 ppm,
for an overali anisotropy of 62 ppm (21).
Although the isotropic shift of the 3C NMR
spectrum of carbides of Ru may be shifted
from that of WC, the spectrum of RuC
would probably have a comparable shield-
ing anisotropy. Such a peak width is much

less than that observed for the C, peaks (cf.
Fie 1M

Fig. 10).

We propose, therefore, that the width of
the C, peak is caused by a distribution of
isotropic shifts due to variation in the ge-
ometry of the carbide sites. If the variation
in each site is the net result of many de-
fects, the central limit theorem applies and
one predicts a Gaussian lineshape, as is ob-
served. Similar lineshapes are obtained for
the ¥C NMR spectra of interstitial transi-
tion-metal carbides, where the source of in-
homogeneity is the lattice distortions

cancad hyv vacanciae Far evamnle Ti(C hag
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a Gaussian lineshape of half-width 3.6 kHz,
although the contribution from heteronu-
clear dipolar coupling is only 0.27 kHz (21).

D. Interpretation of the Upfield 3C NMR

Peak
In the spectra of steady-state Ru/SiO,

samples, the upfield peak represents 80 to
90% of the total integrated area. When a
steady-state sample is purged with an inert
gas prior to quenching, the intensity of the

nnfiald nonl dasrranceac nd thara ic -
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current growth in the intensity of the down-
field peak. This pattern closely parallels the
changes in the coverages of C, and Cg de-
termined from transient-response experi-
ments (7), and leads to the assignment of
the upfield peak to Cg (3).

Comparison of the upfield peaks of simi-
lar Hy- and D,-prepared steady-state sam-
ples suggests that the peak is composed of
two components and that each component
corresponds to a hydrogenated carbon.
That is, it was noted that the upfield peak in

Fig. 5 (sample C; Hz-prepared, steady-
state) is best described as the sum of two

Lorentzian lines: a narrow component cen-
tered at 18 = 2 ppm with a half-width of
1.23 + 0.03 kHz and a broader component
centered at 10 = 4 ppm with a half-width of
3.9 = 0.3 kHz. Since the two components
are separated by ~8 ppm (0.4 kHz) it is not
possible to determine the individual widths
in the spectra of the D,-prepared samples,
and thus one cannot precisely determine
the contribution of *C-2D (or 3C-"H) dipo-

lnr onninling ta tha linawidthe aftha sndivid_
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val components. However, the broad com-
ponent of the upfield peak in Fig. 5,
designated hereafter as Cy,, is at least a fac-
tor of 3.4 broader than that of Dy-prepared
sampies. Since repiacing D with 'H in-
creases 13C-hydrogen dipolar broaden-
ing by a factor of 4.0, one concludes that
the broadening in the Cg, component of the
upfield peak is due mostly to nuclear dipo-
lar coupling to hydrogen. The “C-hydro-
gen coupling in the narrow component, des-

tha
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decrease in its 7,. The composite T, of the
upfield peak in a D,-prepared catalyst (sam-
ple B) is 0.8 msec. The T; of the Cg, compo-
nent decreases to 0.34 msec for the H,-pre-
pared sampie. Therefore, both components
of the upfield peak correspond to hydroge-
nated carbon. This is consistent with the
observation of C-H stretching vibrations in
the infrared spectra of Ru/SiO, catalysts af-
ter sustained CO hydrogenation (31).
The centers of mass of the components of

fho unfiald nanlk are congictent with hydrao
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genated carbon and furthermore restrict the
assignment to paraffinic species. The cen-
ters of mass lie in the range 28 to 10 ppm,
which is the range observed for carbon with
sp® hybridization, e.g., saturated hydrocar-
bons (7). Also, the a-carbon of an alkyl li-
gand resonates within this range (8-10).
Carbons with sp? hybridization bonded to
oxygen (alcohols, esters) generally lie up-
field in the range 90 to 60 ppm and thus are
not candidates for the upfield peak.

The low-temperature spectra of sample A
(D,-prepared, steady-state) further show
that the upfield peak is composite. The
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peak measured at 110 K is best represented
by the superposition of a Gaussian
lineshape and a Lorentzian lineshape.
From a least-squares fit, it is determined
that the Gaussian peak has a center of mass
of 26 ppm and a half-width of 5.3 kHz. The
Lorentzian lineshape is centered at 9 ppm
and has a half-width of 2.0 kHz. The ratio
of the two components is approximately
50: 50, which agrees with the relative inten-
sities of the components of the Hy-prepared
sample (B). The Lorentzian shape of the
narrow component of the upfield peak, in-
terpreted as Cg,, suggests that although the
motional averaging has decreased, it is not
arrested. Conversely, the Gaussian
lineshape of the broad component, inter-
preted as Cg, suggests that at 110 K the
motional averaging is quenched. However,
the half-width exceeds that predicted for a
methylene carbon in a deuterated linear al-
kyl group, 4.3 kHz. The cause of the excess
broadening is not known. It is expected that
there is little contribution from orienta-
tional anisotropy of the chemical shift since
this is only 25 to 30 ppm for methylene car-
bons (17). The result of convoluting a
Gaussian peak of half-width 4.3 kHz with a
powder pattern with an anisotropy of 30
ppm is indistinguishable from a Gaussian
lineshape of halfwidth 4.3 kHz.

A rough estimate of the activation energy
of the motion of the Cg species can be ob-
tained from the increase in linewidth that
accompanies the decrease in temperature.
From the Arrenhius plot in Fig. 12, the
slope of the high-temperature segment indi-
cates that the activation energy is 0.6 =
0.04 kcal/mol. This is a rough estimate for
two reasons. First, this is an average acti-
vation energy of two species shown to have
different motional properties. Second, the
linewidths contain contributions from dif-
ferences in isotropic shifts, which may be
significant at near room temperature. The
individual activation energies could be ob-
tained by performing spin-echo experi-
ments on a H,-prepared sample at each
temperature, decomposing the spectra into

o8+ \ -
LOW TEMPERATURE STUDY
OF PEAK AT 20ppm T

//,//’

{msec)
—~

o4k

(LINEWIDTH)™

I\
T~ — 4
1 | 1 1 1
024 2 7 6 8 10 12
7T 1073k

FiG. 12. The Lorentzian linewidths of the spectra of
a Ru/SiO, catalyst in Fig. 3 as a function of tempera-
ture.

Cg, and Cg,, and then plotting the T,’s ver-
sus the inverse temperature.

It is noted that the interpretation of the
upfield peak differs from that proposed in
our initial ¥C NMR study (3). It was sug-
gested there that the upfield peak be as-
signed to C4, which was interpreted as a
nonhydrogenated carbon bonded to silicon
atoms in the silica support. The present ob-
servation of an upfield peak for both Ru/
SiO, and Ru powder indicates that at least
one of the species giving rise to the upfield
peak must be associated with the Ru metal.

E. Distribution of Carbonaceous Species

Using the proposed interpretations for
the four forms of nonoxygenated carbon on
the catalysts, we can now resolve the peaks
in the 3C NMR spectra that were severely
overlapped, such as the spectra of the con-
verted samples (Figs. 6-8). The following
functional forms were shown earlier to de-
scribe the 3C NMR spectrum of each com-
ponent: C, is a Gaussian, the unreactive
carbon is a broadened chemical shift pow-
der pattern (see Fig. 9), and the upfield
peak is a Lorentzian. Although the upfield
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peak is the superposition of two compo-
nents, it is not possible to resolve the indi-
vidual peaks, except in samples prepared
with H; or in spectra measured at tempera-
tures below 165 K. Thus, we decompose all
the spectra with a seven-parameter least-
squares fit. The seven parameters are the
center of mass, linewidth, and intensity of
the Gaussian C, peak, the center of mass,
linewidth, and intensity of the Lorentzian
upfield peak, and the intensity of the pow-
der pattern for the unreactive carbon. An
illustration of the result of this procedure is
shown in Fig. 13 for the converted Ru/SiO,
samples D and E.

The quantities of each species on the Ru/
SiO, catalysts (samples A-F) were deter-
mined from the 3C NMR spectra measured
as FID’s and with the longest delays be-
tween scans. The BC NMR spectra of Ru
powders (samples G and H) could not be
measured as FID’s, so the echoes at 27 =
0.3 msec were analyzed and the quantities

L L L L L
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Fic. 13. Separation of the 3C NMR spectra of the
converted Ru/SiO, samples D, prepared in D, (top),
and E, prepared in H, (bottom), by a least-squares fit
to three components: a Gaussian downfield peak, a
chemical shift powder pattern for the unreactive car-
bon, and a Lorentzian upfield peak.

were extrapolated to 27 = 0 (i.e., a FID),
by the 7,’s. The surface populations are
summarized in Table 2 and the 13C NMR
parameters of the downfield and upfield
peaks are in Table 3. For samples A, B, C,
and D, all of which were prepared on Ru/
Si0,, the ratios of C,/(C, + Cp) determined
by titration are 0.19, 0.05, 0.14, and 0.50,
respectively. The corresponding values ob-
tained from NMR spectra are 0.16, 0.05,
0.17, and 0.40. The close agreement be-
tween the values obtained by titration and
NMR supports the assignment of the down-
field and upfield peaks to C, and Cg, respec-
tively.

While the agreement in the values of C,/
(Cy + Cp) determined by titration and NMR
is quite good, the agreement in the mea-
surements of total carbon on the catalysts is
not good. The amount of carbon detected
by NMR is consistently greater than that
detected by titration. The exact reasons for
this are not known.

In contrast to the good agreement be-
tween the ratios of C,/(C, + Cp) on Ru/SiO,
determined by titration and NMR spectros-
copy, ratios for Ru powder are poorly cor-
related. For steady-state Ru powder sam-
ples (G and H), the ratio C,/(C, + Cp) is
0.015 and less than 0.017 determined by ti-
tration, and 0.86 and 0.91 determined from
NMR. The reasons for the discrepancy may
be twofold. First, the resolution of C, and
Cg by titration is quite difficult and as a con-
sequence a part of the total carbon identi-
fied as Cy may be C,. Second, the C, and Cy
peaks in the NMR spectra may be artifi-
cially attenuated, since the 7)'s were not
measured. To correct for the incomplete
approach to equilibrium, T,’s measured for
carbon species on Ru/SiO, were used. If the
T,’s for carbon on Ru powder are signifi-
cantly different, the determinations of C,
and Cg from the saturation-recovery spec-
tra will be in error.

We also note that the total amount of car-
bon on Ru powder determined from titra-
tion is an order of magnitude higher than
that observed by NMR. This is likely due to
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F1G. 14. Proposed scheme for the interconversion of
species adsorbed on the ruthenium catalyst during
steady-state methanation.

the attenuation of the NMR signal caused
by the impedance mismatch to the probe
and the attention of the rf signal caused by
the bulk conductivity of the Ru powder.
The different adspecies observed by 3C

NMR can bhe related to one another in the
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manner illustrated in Fig. 14. The network
presented here is similar to that proposed
earlier by Winslow and Bell (I). Adsorbed
CO dissociates to produce C,, the primary

lIllcrIﬂCUldlC l[ OII1 Wlllbll d.ll plilua;y‘ llyUlU'
carbons are formed (/, 2). The Cg, and Cg,
species are shown to derive from C,. The
formation of unreactive, graphitic carbon
from Cyg, is speculative and is proposed pri-
marily on the basis of the resuits shown in
Fig. 13, which demonstrate that purging

with an inert oas prlmarllv denletes the Cg,
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peak, concomitant with the increase of C,
and unreactive carbon. In the previous dis-
cussion, the Cg, and Cj, species were dif-
ferentiated primarily by motional proper-
ties. The selective depletion of Cg, with
regard to Cg, suggests that the species are
distinct. That is, Cg, and Cyg, are not simply
the opposite ends of an alkyl chain attached
to the catalyst, with Cg, as the freely reori-
enting ends.

V. SUMMARY

BC NMR spectroscopy has been used to
characterize the forms of adsorbed carbon
present on ruthenium catalysts following
CO hydrogenation. Three distinct forms
wara idantifinad Aagionatad 7 and 11n
Wolo lUCllLlllCu, u5315uatuu Cas \/B, Aliul UL~

reactive carbon. Furthermore, it is shown
that the Cg species can be separated into

(o8]
—

species Cg, and Cg,. The structure and mo-
tional properties of these species were es-
tablished from the characteristics of the
NMR peaks, i.e., position, linewidth, and
lineshape. The reactivity of the individual
with h\/drngpn were established
through independent experiments.

C, reacts rapidly with hydrogen and is
the principal form of carbon responsible for
the synthesis of hydrocarbons from CO and
H,. It is characterized by a Gaussian NMR
peak centered at 380 ppm with a half-width
of 3.1 to 4.4 kHz. Based on its isotropic
shift, spin—spin relaxation time, and line-
width, C, is interpreted as carbidic carbon
atoms distributed in a variety of sites on or
below the metal surface.

The C; species react less rapidly
rapigi
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drogen than does C,. The NMR spectra of
C at room temperature have centers of
mass that range from 10 to 28 ppm and are
the superposition of two components, des-
ignated Cg, and Cg,. For the Ru/Si0; sam-
ples studied here, the ratio of Cs, to Cg,
after steady-state methanation is about
50:50. The center of mass and line broad-
ening caused by replacing D, with H; in the
preparation suggest that both components
are paraffinic species. Cg, and Cg, have dif-

ferent motional properties. Cg

less and its motion is quenched at 110 K.
Cg, is more motionally averaged and is not
quenched at 110 K. Purging a Ru/SiO; cata-
lyst with an inert gas selectively removes
the Cg, component of the g peak.

An unreactive carbon species remained
on the catalyst surface following the reac-
tion of CO and H,, and subsequent H, re-
duction to remove all reactive forms of car-
bon. The unreactive carbon exhibits a
broadened chemical shift powder pattern

similar to that of turbostratic nrqnhitp

imilar ¢ graphite.

Based on the results of transwnt-re-
sponse studies and C NMR, it is con-
cluded that C, is formed via the dissocia-
tion of adsorbed CO. Cg, and Cg, derive
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The available evidence SUggesis
the Cg, may be the precursor to unreactive
carbon.
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