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Proton resonance data exist to date for
hydrogen adsorbed on Pt with various sup-
ports (/) and for Rh supported on TiO,
(5). We report here data for all of the plati-
num metals, Ru, Rh, Pd, Os, Ir, and Pt,
supported on SiO,.

Experimental techniques for adsorption
and NMR measurements were the same as
previously described (4). All catalyst sam-
ples were prepared by impregnation of
Davison 923 silica gel with sufficient metal
chloride or chloro acid to give 5% by
weight of the metal after reduction. After
drying, the catalysts were reduced in flow-
ing hydrogen, and stored. Before use, cata-
lysts were further reduced in static hydro-
gen, evacuated at the reduction tempera-
ture, and used for adsorption or NMR ex-
periments. Table 1 gives the final reduction/
pumping temperatures for the catalysts,
together with the metal dispersion as esti-
mated from hydrogen adsorption, assuming
one H atom per surface metal atom. Iso-
therms were extrapolated to P = 0 as in (4).
In the case of Pd, only the part of the iso-
therm below 1 Torr was used, to avoid bulk
incorporation of hydrogen (6). The large
disperson value found for Ir by this calcula-
tion is in accord with previous observations
(7) that highly dispersed Ir can adsorb up to
two H atoms per surface Ir atom.

Proton NMR measurements show for all
samples a resonance arising from support
SiOH groups, together with a high field res-
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onance due to adsorbed H. The position of
the latter resonance is in general coverage
dependent. The positions of the resonances
are plotted in Fig. 1, against fractional sur-
face coverage. In no case do we observe
more than one resonance line arising from
adsorbed hydrogen. In the case of Pd,
equilibration in H, at pressures above |
Torr results in the appearance of a new res-
onance at 28 ppm to low field of tetramethyl
silane (TMS). We attribute this to dissolved
H which would be expected with Pd at
higher pressures (6). As pressure is further
increased, the intensity of the low field peak
grows, but little change occurs in the shift,
which reaches 30 ppm at 100 Torr. There is
no condition under which we see both a
high field and a low field peak from H on
Pd. This suggests rapid exchange on the
NMR timescale (milliseconds) with a shift
that is a weighted average of those for ad-
sorbed and dissolved hydrogen popula-
tions.

As we pointed out previously (4), it is
difficult to make intensity measurements for
the metal-H peak in the presence of the
large SiOH peak. Such measurements can
only be attempted when the M—H reso-
nance at high coverage is relatively well
separated from the SiOH resonance. For
the present data, this is only possible for
Ru, Rh, and Pt. Our previous intensity mea-
surements-(4) showed that essentially all of
the H adsorbed on Pt resonates in the high
field peak. The present measurements for
Ru and Rh show 70 and 30%, respectively,
of the expected intensity in the high field
peak. Since the uncertainty of our measure-
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TABLE 1
Metal Reduction temperature Dispersion

0

Ru 450 0.2

Rh 450 0.5

Pd 400 0.6

Os 350 0.2

Ir 350 1.7

Pt 400 0.3

ments is probably +20%, the Ru result is
perhaps ambiguous, but it is clear in the
case of Rh that there is substantial missing
intensity. We have searched for this, using a
frequency synthesizer to cover the shift
range +2 X 10* ppm. We have also looked
for a peak under the SiOH peak, using a
180°-T-90° pulse sequence, with T ad-
justed to null the resonance from the SiOH
peak. Neither of these expedients reveals
any further intensity. This indicates that
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FiG. 1. Shift of hydrogen adsorbed on various metals
as a function of fractional surface coverage. Shifts are
in parts per million upfield of TMS. O, Ru; O, Rh; A,
Pd; W, Os; @, Ir; A, Pt.

some of the adsorbed H or Rh resonates in
a line which is either too wide (>20 kHz)
to observe on our instrument, or which
lies under the SiOH peak and has either
the same T, or T, as the latter, in which
case our two pulse experiment will not
detect it.

As with platinum (4), it is found that ad-
sorbed D, exchanges with support SiOH
groups, to give a high field M—H peak that
grows in time. It is also found that adsorp-
tion of H reduces the spin-lattice relaxation
time of the support OH protons. Although
all of the metals studied are similar in these
respects, there are quantitative differences.
We report representative data in Table 2,
which gives the half time for deuterium ex-
change, and the SiOH T, value at a frac-
tional coverage of 0.5.

As can be seen in Fig. 1, all metals show
a substantial upfield shift for adsorbed hy-
drogen. There are, however, quite distinct
differences among the metals. For Ru and
Os, the shift is independent of coverage,
within experimental error (=2 to 5 ppm).
Pt, Pd, and Ir show a decrease in shift with
increasing coverage, whereas Rh shows an
anomalously large shift (note the inter-
rupted scale in Fig. 1) and an increase of
shift with coverage. Our lowest coverage
points for Rh have a larger experimental
error, 10 to 15 ppm, but the results of re-
peated measurements on the same, and on
different samples show a definite increase,

TABLE 2
Metal Exchange time® T,®
Ru 5 days 7.6
Rh 10 min 7.0
Pd 6 days 2.8
Os c 6.7
Ir S5Shr 1.9
Pt 2 hr 2.5

% Time for 509 exchange of adsorbed D, at 8
= 1 with support SiOH groups.

b Spin-lattice relaxation time of support SiOH
groups in seconds, for 84 = 0.5.

¢Not measured.
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which could, however, be somewhat
smaller than suggested by the average
results plotted in the figure.

An explanation of these shifts could be
given in the same terms as previously sug-
gested for Pt (2, 4). A covalent contribution
to the M—H bond could cause an interac-
tion between the proton and unpaired metal
d electrons. The decrease in shift with in-
creasing coverage on Pt was previously ex-
plained as due to a pairing of electron spins
in the metal, due to bonding of H. To retain
this explanation, one would have to suggest
that in the case of Ru and Os, where the
shift is independent of coverage, the larger
number of d vacancies in the metal leads to
a smaller perturbation of the metal elec-
tromic structure by adsorption. In this case,
one would expect the behavior of Rh and Ir
to be intermediate. This is indeed the case
for Ir—the shift is coverage dependent, and
the slope smaller than for Pd and Pt. Rh,
however, is anomalous.

There are several anomalies in the case
of Rh. These are, notablv. the much larger

of Rh. These are, notably, the much large
shift, the increase of shift with coverage,
and the substantial missing intensity, men-
tioned above. All of these suggest that Rh is
in some way a special case, and worthy of
further study. Apple ef al. (5) observed a
line for H on RW/TiO, at very high field,
similar to that found by us. These authors
explained the large shift as due to interac-
tion with paramagnetic Ti** created by hy-
drogen spillover.

It might be asked whether the present

chifte conld he accounted for by interaction
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with paramagnetic species, which might be
present due to incomplete reduction of the
catalyst precursor compounds. The proton
NMR properties of molecules interacting
with paramagnetic ions deposited on silica
have been well studied, notably by
Borovkov and collaborators (8-/0). It is
found that hydrogen, olefins, and benzene
undergo large shifts, typically tens of ppm
due to interaction with such ions. The more
weakly interacting paraffins undergo some-
what smaller shifts, typically about half as
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large. For all of the present catalysts, we
have measured the spectrum of physically
adsorbed TMS as a chemical shift refer-
ence. In the cases of Pt and Rh we have also
measured the spectrum of adsorbed meth-
ane and ¢ culylcuc in none of these cases do
we observe a shift which deviates from the
free molecule shift by more than | ppm.
The small observed shifts agree within 0.2
ppm with what would be expected for a sus-
ceptibility correction based on the gross
composition of the catalyst. We do not
therefore think that paramagnetic contami-
nants are the cause of the present shifts
with hydrogen. This conciusion is rein-
forced in the case of Pt by the fact that H,
adsorbed on unsupported metal particles
glvca similar shifts U}

An alternate interpretation of the results
of Apple et al. would be that the high field
line arises from H on Rh, and that this is the
H which can spill over to create Ti%*. Thus
the latter ion could be an effect, rather than

a cause. The absence of the high field line
which these authors find after high temper-
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ature reduction could simply be due to the
inhibition of H, adsorption by metal-sup-
port interaction, as found by Tauster ¢f al.
(11) for the Rh/TiO, system. The present
results do not, of course, definitely estab-
lish this, but it would appear that the alter-
nate explanation is consistent with existing
data.

Since Rh is an odd-electron element, it is
possible to have small particles with an odd
number of metal electrons, and hence, nec-

eccarily an unnaired enin. It might be nos-
gssarty, an unpared spin, it might 9¢ pos

tulated that some of the above anomalies
are caused by this. In this case, it is difficult
to understand why Ir should not behave
similarly to Rh.

As noted in Tabie 2, there are substantial
variations in the rate of metal-support hy-
drogen exchange, and in the effect of ad-
sorbed H on the SiOH spin-lattice relaxa-
tion time. If the latter effect is attributed to
spillover (4), the lack of correlation be-
tween the two sets of data in Table 2 sug-
gests that the exchange proceeds by a
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mechanism which has little to do with the 3.

spillover process.
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