JOURNAL OF CATALYSIS 115, 194-204 (1989)

NMR Studies of 5Cu and '33Cs in Alkali-Metal-Promoted
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A series of unsupported alkali-promoted (Li. Na, K, Rb, Cs) copper catalysts that were found to
be active and selective for the conversion of syngas to methanol were investigated by NMR of “*Cu
and '*Cs. NMR of #Cu in the catalysts and in several model compounds, Cu,O, CuLiO, CuCl, and
the like, indicated a **Cu*-like’" species to be present in the catalysts. An identification of com-
pounds in the catalysts was made through NMR of '3*Cs in the Cs-promoted catalysts and in several
cesium salts. It is inferred from the present work that (i) approximately 10% of the total copperis in
the form of Cs,Cu,,_,,CO; in the mixed carbonate (most of cesium appears as cesium carbonate) and
(it) the catalytic activity for methanol production correlates with the Cu* content for different
alkali. This correlation leads to the conclusion that Cu* is the active center in the syngas conver-
sion. These observations are consistent with the fact that the lithium-promoted catalyst is the least

active because the Cu* phase is stabilized poorly in the mixed Li—-Cu carbonate structure.
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INTRODUCTION

Alkali—-metal-promoted copper has re-
cently been found to be an active catalyst
for methanol synthesis (1, 2). Simple chem-
ical analysis of X-ray structure analyses are
not always effective means of identifying
oxidation states of transition metals or
equilibrium phases present in such mate-
rials for several reasons, one being that the
catalysts may be nonstoichiometric with
the possibility of metal-metal bonding
present and another being that the active
phase may be present only in localized
structures too small for coherent X-ray
scattering. Nuclear magnetic resonance of-
fers a possibility of probing oxidation states
and possible local environments of atoms in
such systems, via interferences from relax-
ation times and from comparisons of chemi-
cal shifts with known compounds.
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The present study was initiated in an at-
tempt to identify the active agent in these
catalysts, utilizing solid-state nuclear mag-
netic resonance of the NMR active nuclei
13Cs and %Cu. The use of NMR for probing
heterogeneous catalysts has been recently
reviewed (3). The various interactions to
which nuclei in solids are sensitive make
solid-state NMR a powerful tool for such
studies (4).

Properties of the magnetic isotopes in-
vestigated in this study are given in Table 1
(5). Note that the 2+ oxidation state of cop-
per can be paramagnetic, resulting in rapid
longitudinal relaxation and, consequently,
the inability to observe it in our spectrome-
ter. Also, note that the large quadrupole
moments of the Cu nuclei yield quadrupolar
coupling constants, e’qQ, of the order of 50
MHz in normal clectric field gradients
(EFG) and that they produce a central (3,-3
transition of the order of a few hundred ki-
lohertz for this spin } species (5-7). The
resulting powder lineshapes obtained by
utilizing pulse NMR are, therefore, subject
to the distortions due to the flip angle varia-
tions across a spectral width large com-
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TABLE 1
Properties of the Magnetic Isotopes Studied
in this Work®
Nucleus { Abundance Absolute o Y< vo(MHz)
(%) sensitivity
63Cu 3 69.1 6.43x10°2  —0.16 1.1284 58.53
6Cu 3 30.9 3.52x1072  —0.15  1.2089  62.65
B3Cs § 100.0 4.74x10°2  -0.003 0.5585  28.97
2 From Ref. (4).

b Quadrupole moment in 10”2 m?.
¢ Gyromagnetic ratio in kHz/G.

pared to that of the pulse used and also to
distortions due to the evolution of the large
internal Hamiltonian during the radiofre-
quency (rf) pulse.

In addition, the existence of conduction
electrons in these systems creates broaden-
ing associated with the Knight shift (8). The
anisotropy of this interaction, which is pro-
portional to the magnetic susceptibility an-
isotropy, can be as large as a few percent
with resulting linewidths of 1-2 MHz.

Because of the relative insensitivity of
the copper nucleus to detection by NMR
and the broadening mechanisms mentioned
above, previous NMR studies of copper
measurements have been limited to copper
nuclei with high local symmetry where the
electric field gradient is minimized (9, 10)
or to the quadrupole regime where the
Zeeman interaction is a perturbation on the
quadrupole interaction (5, 6, /1). To study
the wide-line Cu NMR spectra the present
study utilizes fast signal digitization, an op-
timized probe quality factor versus rf
power, and a large number of scans to re-
duce the above-mentioned artifacts. It is
the intent of the present work to correlate
catalytic activity of the materials under
study with the presence and identities of
phases containing copper.

The other nucleus in the current study,
133Cs, has a natural abundance of 100%, a
nuclear spin / = %, and a relatively weak
quadrupole moment of —3.0 x 107%/10~*
m? (4, 12). The relatively low gyromagnetic
ratio and the low molar content of Cs in the
samples make this nucleus difficult to ob-
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serve. Under normal electric field gradi-
ents, the quadrupole coupling constant for
cesium is in the range of a few hundred kilo-
hertz (13). The central transition of cesium
under a weak quadrupole interaction is gov-
erned mainly by the shift anisotropy since
the first as well as higher order quadrupolar
perturbations can be neglected. Because of
both the high spin and the relatively low
quadrupolar coupling constant, the first sat-
ellite transitions, (3, 3) and (—3, 3), can usu-
ally be observed for most cesium solids.
However, if cesium is exposed to a suffi-
ciently large local electric field gradient, the
quadrupolar interactions increase and sec-
ond- and higher order perturbations be-
come important (/4, 15). A lineshape analy-
sis of the central transition under either
static (/6—18) or sample spinning (/9, 20)
conditions will then be required to give the
quadrupole coupling constant, the EFG
asymmetry parameter, and the isotropic
chemical shift. Satellite transitions in these
circumstances will be harder to observe be-
cause of both the broadening of the powder
spectrum and the inhomogeneous excita-
tion of the rf pulse.

A previous investigation of cesium in cat-
ion-exchanged mordenite has shown that
satisfactory signal-to-noise ratios can be
achieved after 10° scans under sample spin-
ning (27). From the large quadrupolar cou-
pling constant of the cesium observed in
that study it was concluded that the zeolite
framework exhibits strong electric field gra-
dients related to the partial charge imposed
on aluminum atoms. From the cesium
chemical shift it was inferred that the ce-
sium nucleus exhibited less ionic bonding
than other cesium salts. Haase et al. have
reported isotropic shift values for several
cesium salts (22). The present work is,
therefore, undertaken to use cesium NMR
as a probe of structures of alkali-promoted
copper catalysts by identification of distin-
guishable cesium sites.

EXPERIMENTAL

Catalysts were prepared by methods sim-
ilar to those outlined previously (/, 2). Cit-
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ric acid was added to aqueous solutions of
cupric nitrate and alkali nitrate to yield one
gram equivalent of acid per gram equivalent
of copper and alkali. The resulting solution
was evaporated under vacuum at room
temperature to form a thick slurry. The
slurry was dried overnight at 100°C. The
solid obtained was then calcined at 350°C in
air for 4 hr. It was observed that at approxi-
mately 200°C the catalyst precursor rapidly
decomposed with the release of large
amounts of heat and gas. The alkali-to-cop-
per molar ratio of the calcined catalysts was
determined by flame emission and atomic
absorption spectroscopies.

All catalysts were tested in a single-pass,
fixed-bed, flow microreactor system out-
lined previously (7, 2). Feed gases were
H, (>99.995%), Ar (>99.995%), and CO
(>99.3%), which were further purified with
molecular sieve 4A. Gases were metered by
use of Brooks mass flow controllers.

The reaction vessel consisted of a 0.25-
m, type 304 stainless-steel tube of 0.0092 m
i.d. The reactor temperature was main-
tained by an air-fluidized sand bath. The in-
ternal reactor temperature was measured
by a subminiature thermocouple moved
within a stainless-steel protection sheath
positioned axially in the reactor.

Reactor pressure was maintained by an
air-actuated pressure control valve down-
stream from the reactor. The controller for
the valve sensed the inlet reactor pressure.
To minimize reactor pressure drop and
avoid internal heat and mass transport limi-
tations, we loaded the reactor with catalyst
particles of 0.00013 to 0.00025 m in diame-
ter (60/100 mesh).

On-line product analyses were performed
by gas chromatography after 15 min on
stream and then at 1-hr intervals. Samples
were collected at elevated temperature and
atmospheric pressure by using two gas
sampling valves with 0.0005-liter sample
loops. All postreactor lines and valves were
heated to reaction temperature in order to
avoid product condensation. Organic prod-
ucts were separated with a 0.00025-m-i.d.,
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30-m Supelco SPB-1 capillary column oper-
ated with a split ratio of approximately
80: 1. Ar, CO, and CO; were separated on a
Supelco S-2 carbosieve column. H, and
H,O concentrations were not determined.
The various products were detected by use
of a flame ionization detector and a thermal
conductivity cell. Both columns were lo-
cated in a single oven, which was ramped
from 263 to 553 K at 10 K/min for maximum
product separation. Data were acquired
and analyzed with a Spectra-Physics 4000
lab station.

All reaction studies employed a H,/CO/
Ar synthesis gas of molar composition 2/1/
0.5 at a gas hourly space velocity of 4000
hr~'. Argon served as an internal standard
for calculation of activity. Temperature and
total pressure were maintained at 548 K and
S MPa.

NMR on *Cu was performed at 62.65
MHz in a 5.2-T superconducting magnet.
The spectrometer is similar to that de-
scribed previously (23). The quality factor
of the probe was optimized to O = 20,
which yielded the shortest pulse width plus
receiver dead time for fixed transmitter
power. A probe constructed with Qy = 20,
and with 1 kW peak-to-peak power, yielded
a 3.1-usec 90° pulse (w27 = 80 kHz) and a
probe ring-down-pulse-receiver dead time
of about 3.5 usec. 2’Na (58.23 MHz) in satu-
rated NaCl aqueous solution was used to
tune the rf pulses. The probe was returned
to the resonance frequency of ®Cu when
the experiments on copper were per-
formed. The pulse sequence used was a
free induction decay with phase inversion
of excitation pulse and subtraction of alter-
nate scans to attenuate ringing artifacts.

To eliminate the copper background from
the probe, silver wire was used to construct
the coil. The empty probe did not yield an
observable copper NMR signal after the
32,766 scans of data accumulation. The
spin—lattice relaxation time was found to be
a few milliseconds by observing the satura-
tion magnetization as a function of the
pulse delay after strings of 90° pulses. A
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recycle rate as short as 50 msec did not
saturate the initial magnetization. A recycle
time of 0.1 sec was used in accumulating
the copper spectra. The rf pulse flip angle
was kept at about 45° (1.6 usec) to obtain
copper spectra because this produced a
stronger transient signal for the central
transition of quadrupolar copper. Because
the spectral width increases as the pulse
width decreases, the application of a
shorter pulse produced spectra with less
distortion. The intensity of the sharp cop-
per metal peak, however, is reduced under
this condition.

The presence of *Na in the sealed glass
sample tubes interferes with the observa-
tion of ®*Cu resonance because of the close-
ness of the gyromagnetic ratio between
PNa and *Cu. Thus, quantitative study of
the Cu* spectra is difficult. The *Cu iso-
tope that resonates about S MHz upfield of
3Na and allows clearer observation of the
Cu™ resonance was, therefore, chosen in
this study. Although the sensitivity may be
reduced because of the lower natural abun-
dance, this alternative proved feasible be-
cause of the abundance of copper spin
present in the catalysts.

Cesium spectra, with '3Cs resonating at
28.87 MHz, were taken in the same super-
conducting magnet used for Cu NMR.
Most samples were spun at the magic angle
with a home-built variable temperature
probe equipped with an Andrew-Beams
type rotor (24). The spinning speed for the
5-mm-o.d. rotor was varied from 3.5 to 6
kHz to differentiate the rotational side
bands.

The signals of '3Cs is dried powders of
Cs,CO;, CsCHO, CsNO;, CsOH, CsCl,
CsBr, and Csl were measured at ambient
temperature. The inorganic samples and
the catalysts were transferred to the rotor
in a dry glovebox under helium gas and
sealed with epoxy glue. Longitudinal relax-
ation times for each sample were measured
approximately by progressive saturation
with a string of #/2 pulses. A 4-sec repeti-
tion time, Ty, satisfied the requirement that
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Tr be >5T, and avoided magnetization sat-
uration for all samples.

A 1-kW peak-to-peak pulse power was
used. This gave a 3.2-usec 7/2 pulse. A
quadrature receiver and a locally developed
Fourier transform routine was used to re-
ceive and manipulate time domain data.

Both the copper and the cesium spectra
were regularly checked with the resonance
frequency of ®Cu in CuCl or '¥Cs in aque-
ous CsCl solution to ensure that no folding
of the spectrum occurred across the carrier
frequency. A 16K (16,384 points) fast
Fourier transform was performed on the 2K
(2048) quadrature transient data. A dwell
time of 0.2 usec was used for all “Cu NMR
to prevent the truncation of the broad com-
ponents. The shift values are on the o scale
where upfield is positive and is referenced
to CuCl powder or to 0.5 M CsCI/H-O solu-
tion. By convention, all spectra are pre-
sented with higher magnetic field drawn to
the right.

RESULTS AND DISCUSSION
Copper NMR

The copper linewidth did not decrease
under magic sample spinning as would be
expected for inhomogeneously broadened
spectra, perhaps because of the presence of
a strong quadrupole interaction that does
not scale according to a 3cos? § — 1 spatial
dependence and the presence of the cou-
pling between conduction electrons and the
copper nucleus. Therefore, all copper spec-
tra were obtained under static conditions.
Typical NMR spectra of ®Cu in the cata-
lysts are shown in Fig. [ for samples
CuLigs, CuNays, CuK,s, CuRbys, and
CuCsgs. (The stoichiometry refers to the
relative amount of alkali and copper.) A
sharp component and much broader com-
ponents are observed for most of the spec-
tra. The sharp peak with linewidth of ap-
proximately 6 kHz resonates near the
frequency Cu metal. This resonance is at-
tributed to the presence of metallic Cu. The
first moment of this peak is about 12.5 ppm
upfield of the reference Cu powder, indicat-
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F1G. 1. %Cu NMR spectra for the alkali-promoted
copper catalysts studied. The inset shows an expanded
bottom portion of CuKy .

ing a skin depth shift effect because the par-
ticle size is larger than the skin depth,
which is estimated to be 23 um (9).
Unpromoted copper prepared in the
same way as the catalysts of this study
shows no broad features in the NMR spec-
trum, indicating only metallic copper. This
is consistent with the thermodynamic sta-
bility of copper in a reducing environment.
The presence of the alkali promoters in the
catalysts is correlated with the observed
broad feature, which poses this question: Is
this broad feature associated with some
form of metallic copper, Cu(l), or some
other oxidation state? It has been shown by
comparison of metal dispersion data and
NMR data for silica-supported copper that
surface copper atoms in metal particles are
invisible to NMR because of the magnitude
of the quadrupolar broadening (25). Sec-
ond-layer atoms appear as bulk copper.
Consequently, we exclude the possibility
that this broad feature is due to metallic
copper in a surface or near-surface region.
Previous studies of wide-line NMR of Cu in
CuyO revealed that the quadrupole coupling
constants are (¢*qQ) = 51.96 MHz and
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(e’qQ) = 48.06 MHz for ®*Cu and **Cu, re-
spectively (5, 6). Hence, the extremely
wide Cu NMR spectrum that spans a range
of ~400 kHz is reasonably attributed to the
Cu(l) phase since other copper oxidation
states are paramagnetic.

To confirm the idea that the wide-line
spectra observed in the catalysts corre-
spond to a phase containing Cu®, the spec-
tra of ®Cu in Cu;0 and CuLiO were mea-
sured and found to be similar to the spectra
of the catalysts as shown in Fig. 2. To bet-
ter observe the features corresponding to
Cu*, the relatively sharp metallic Cu peak,
approximated by a time domain Gaussian
function, was subtracted from the total ex-
perimental time decay, and the difference
decay was transformed to obtain the spec-
tra. A Gaussian function was used because
it gave the best fit to the data. The NMR
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FiG. 2. The ®*Cu NMR spectra (62.65 MHz) for the
various samples after subtraction of the Cu’ compo-
nent as fit by a Gaussian function. The spectrum of
Cu,0O is shown as a comparison of the Cu® phase
present in these samples. The lineshape shows clearly
some progressive change due to different alkali pro-
moters.
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TABLE 2

Copper(I) Content and the Methanol
Conversion Activity

Sample CuyO Culips CuNags CuKgs CuRbgs CuCsgs
Cu(I}%)* 95 3 1 13 21 17
Activity? 1.0 2.1 N 18 14

@ Atomic percentage of the Cu* phase is obtained (assuming e2qQ for
Cu* in all catalysts are the same and that the Cu?* phase is negligible).
b The steady-state activity is in (kg/m2hr) x 1075,

spectra of Cu(I) in these samples are shown
in Fig. 2. Not shown are the spectra of the
Li and Na promoted samples, for which the
intensities of the Cu™ portion in the %Cu
signal were relatively low. The “Cu NMR
of Cu,0 and CuL.iO powder are shown as a
comparison. An oscillating portion of the
spectra near metallic Cu resonance repre-
senting a small fraction of the signal inten-
sity is due to the slight mismatch in the
Gaussian lineshape fitting of the component
associated with Cu® in the time domain de-
cay and has been deleted from the results
shown in Fig. 2.

The integrated area corresponding to the
Cu(l) phase is larger than that of the Cu®
phase. The sharp copper metal intensity
was reduced about 40% by application of a
pulse with flip angle of 45°. Therefore, the
area ratio of the signals associated with
these two Cu species serves only to indi-
cate the relative trend of the amounts of the
two phases in different samples but not as a
quantitative measure of the mole ratios of
the two phases. If we assume that all Cu*
possess similar quadrupolar coupling con-
stants and note that the amount of Cu*’
present, as determined by X-ray photoelec-
tron spectroscopy, is negligible (2), the
Cu™-to-total copper ratio for the five sam-
ples may be calculated after correction for
the unequal magnetizations in Cu* and Cu"
associated with the =#/4 flip angle in the
NMR experiment. The results are tabulated
in Table 2 together with the reactivity of
these catalysts for comparison. The relative
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amounts of the Cu(l) phase correlate well
with the catalytic activity of methanol syn-
thesis (see Fig. 3).

As mentioned previously, the spin Ham-
iltonian governing the copper lineshape
contains a quadrupole interaction and a
Knight shift anisotropy of approximately
the same  strength. Detailed and
reliable lineshape analysis that yields the
interaction parameters of these interactions
can in principle be achieved through a vari-
able magnetic field study (7). This analysis,
however, depends upon a reliable
lineshape. Because of the limiting rf excita-
tion, this is impossible to achieve for such
wide-line spectra using pulse NMR without
recourse to spin-echo mapping. For the
present purposes, it is concluded from the
copper NMR that Cu* is present in the cat-
alysts and the relative concentrations of the
phase(s) containing Cu* can be roughly es-
timated and found to be correlated with the
catalytic activity toward syngas conversion
to methanol.

NMR of Cesium

In an attempt to characterize the possible
identities of the Cu(l) phase(s) believed to
be the active center for the syngas conver-
sion, the NMR of '**Cs was studied in the
Cs-promoted catalyst. From the extent to
which the spectrum of Cs in this catalyst

20
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F1G. 3. The catalytic activity (in kg/m¥hr X 10°) is
shown to correlate with the Cu* contents ratioed to
the highest Cu* concentration.
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FiG. 4. BCs MAS-NMR spectra for several selected cesium compounds. (The cesium formate
spectrum is for a static sample.) The rotor frequency is 4.2 kHz. All samples were properly dehydrated
and transferred to the rotor in dry box. The spinning sidebands are noted in *.

has been perturbed relative to that of **Cs
in model compounds, the factors that stabi-
lize the Cu* phase and the structure and the
mechanism of the catalytic reaction might
be inferred. The study was performed by
using MAS on '"Cs for the cesium-pro-
moted catalyst.

To establish a data base from which to
evaluate the cesium spectra for the cata-
lysts a series of measurements was first per-
formed on some stable cesium salts. Typi-
cal spectra for selected cesium salts under
MAS are shown in Fig. 4. The chemical
shift and the quadrupolar coupling con-
stants for these salts are tabulated in Table
3. Simple calculations according to Samo-
son (26) and Freude et al. (27) show that the
second-order quadrupole shift is no more
than 1 ppm for cesium, with ’qQ as large
as 500 kHz at vy = 28.78 MHz. Hence, the
second-order quadrupolar shift is ne-
glected.

A comparison of the cesium spectra of
the catalysts with those of the reference ce-
sium salts shows that the spectra of the cat-
alysts resemble most that of the cesium car-
bonate, with the caveat that a third peak

located somewhat downfield of Cs in CsOH
is also present. The cesium spectra of the
reduced catalyst and of Cs,CO; are super-
imposed in Fig. 5. A resemblance can be
seen between the '*Cs NMR of the cata-
lysts and that of Cs,CO; from both the rela-
tive intensities and the two resonance fre-
quencies. This presence of carbonate
species in these catalysts has been ob-
served by X-ray photoelectron spectros-
copy of the C Is peak (2). The linewidths,
however, are broader in both resonances of
the catalysts. Also, the longitudinal relax-
ation time of the 3*Cs contributing to the two
outer peaks observed in the catalyst was
reduced to 0.5 sec compared with a value of
2 sec observed for pure cesium carbonate.
The two resonances with a [ : | area ratio in
Cs,CO; correspond to two distinguishable
cesium sites (28). One cesium resides near
the carbonate and the other compensates
for the framework charge. On the basis of
the ionic character of the two cesium sites
and the data on chemical shifts shown in
Table 3, the cesium nucleus closer to the
carbonate is assigned to the downfield peak
(178.1 ppm), while the upfield peak (99.4
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TABLE 3

List of Center of Mass, oy, and the Quadrupolar
Constants for a Variety of Cesium-Containing

Materials
Salts Tem(ppm)© ¢*qQ (kHz)
CSlI 272.0 ~0
CsBr 259.0 ~0
CsCl 226.0 ~0
99.4 60.0
CsCN* 136.0 100.0
CsOH¢ i21.6 98.0
Cs.S0, 102.0
67.0 ~260.0
CsCHO 77.2 ~50.0
CsClOy 0.0 135.0
CsNO, —-12.5 148.0
CsCrOy —64.0 75.0
Cs/mordenite? —24.0(VI) 3.1 MHz
—157.0(11)
—186.0(1V)
Cs, molecule¢ —-130.0
Cs free atom* —350.0

“ Center of mass as referenced to 0.5 M CsCl aque-
ous solution was obtained by zeroing the first moment.
The second-order correction was performed only for
cesium-exchanged mordenite.

b Values from Ref. (/3).

¢ Consistent with values from Ref. (34).

< From Ref. (21).

¢ From Ref. (22).

ppm) is assigned to be the cesium pair
where bonding is relatively covalent.

The extra peak appearing between the
two previously discussed resonances in the
cesium spectrum of the reduced catalyst is
now discussed. To investigate the nature of
this peak the *Cs MAS experiments were
performed under various recycle rates and
different pulse flip angles. The spectra for
two chosen recycle rates and flip angles are
shown in Fig. 6. The intensity of the central
peak relative to the two outer transitions is
found to increase as the recycle times de-
creases. However, the relative intensity be-
tween the two outer transitions maintains a
constant 1:1 area ratio under different re-
cycle times. The shorter longitudinal relax-
ation time is associated with the central
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peak. From this measurement 7T, is esti-
mated to be about 250 msec for the cesium
species associated with the center peak.
The cesium nuclei in the phase that at this
point is identified as a carbonate-like phase
in the catalyst have a T, of 0.5 sec, shorter
than that found for pure cesium carbonate.
The faster longitudinal relaxation rate than
that of pure Cs,CO; and the other cesium
salts is taken to imply the presence of Cu
within the cesium carbonate phase of the
catalyst.

When the rf pulse flip angle is increased
from 22.5° to 45°, the intensity of the two
outer transitions decreases, indicating that
the (1 + %) rf scaling relation is satisfied for
this / = £ nucleus. This result implies that
the quadrupole coupling constant of these
cesium species is larger than that in the
model cesium salts measured in the present
work (see Table 3). This large quadrupolar
coupling constant gives rise to a broader
line for '**Cs in the carbonate-like phase of
the catalyst than in Cs,COs. In addition,
there is a slight shift of the first moment due

Cu/Cs Red|

Cs,C0,

Shift (kHz)

FiG. 5. Comparison of the cesium spectra of the
reduced catalyst and the cesium carbonate. The ap-
pearance of the third peak in the center is due to the
presence of Cu' phase in the catalyst which is stabi-
lized by the cesium carbonate structure, CsCuCO;.
The sealed samples were spun at 4.3 kHz.
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x 3 2.0 sec
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- 0.5 sec
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FiG. 6. The cesium spectra are shown for recycle
times of 2 and 0.5 sec with rf pulse flip angles of 22.5°
and 45°, respectively. Note that the two outer transi-
tions maintain about the same | : | area ratio under all
conditions. This study shows that the two outer transi-
tions correspond to cesium carbonate, which has a T,
of 0.5 sec, and the center peak corresponds to another
cesium compound that stabilizes Cu* and has a T, of
250 msec. See text for details.

to the second-order quadrupole effects of
the MAS spectra (24, 26). The central peak,
although broader than the two outer transi-
tions, does not follow this scaling relation,
implying that the quadrupolar coupling con-
stant for this cesium species must be
smaller than that for Cs in the model com-
pounds. The origin of the line broadening
may be due to the coupling with localized,
unpaired electrons or free electrons.

Structure of the Cut Phase

Without an alkali promoter, the copper
reduces to metallic copper. Similarly, un-
der the conditions used for catalyst prepa-
ration and reaction, the alkali salt precursor
without copper is transformed into alkali
carbonate (2). Just as the presence of the
alkali promoter gives rise to the broad peak
in the copper spectra, the presence of cop-
per in the cesium-promoted catalyst gives
rise to the third peak in the cesium spec-
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trum, suggesting an intimate relationship
between copper and cesium. Clearly, the
alkali stabilizes the Cu* via an interaction.
It is reasonable to assume that this same
interaction is responsible for the third peak
in the cesium spectrum of the Cu/Cs cata-
lyst.

From the NMR spectra of ®Cu and 3*Cs
in the Cs-promoted catalyst and the model
compounds, we can suggest that one possi-
bility for the copper and cesium interaction
is that Cu(l) in the catalysts is in solid solu-
tion in the alkali carbonate framework with
a structure similar to alkali silver carbonate
(28) or alkali-cuprate oxides (29-37). In a
previous study (28), it was found that under
favorable conditions silver carbonate and
alkaline carbonate mixtures react to pro-
duce several mixed carbonate salts such as
NaAgCO;, KAgCO;, and RbAgCO;. The
crystal structure of potassium silver car-
bonate has been determined (32). This
structure is not the same as the alkali car-
bonate structure. It is possible that Cu* in
the systems studied forms a mixed carbon-
ate structure such as MCuCO, (M = K, Rb,
Cs). This mix may be structurally similar to
CsAgCO;, with the latter exhibiting only
one cesium resonance instead of two reso-
nances as in cesium carbonate. In this con-
figuration, the neighboring Cu* nuclei re-
duce the charge on the cesium ion, resulting
in a downfield shift compared to that of ce-
sium carbonate. The reduced shielding
from the Cu* compared to another cesium
nucleus may also contribute to the down-
field shift. The appearance of the new ce-
sium species with a Cu* neighbor could
give rise to a single cesium resonance with
much shorter values of T, and T, than those
in the cesium carbonate. The fact that the
lithium-promoted copper catalyst is the
least active in the syngas reaction may be
related to the fact that the Cu® ion is much
larger than Li* and, therefore, cannot be
accommodated into the LiCO; structure.

The position of the third peak is slightly
downfield of the resonance for the CsOH
standard. For quadrupolar nuclei the peak
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position is a function of spinning speed,
which may have been different for the two
samples. The relaxation time constants and
the quadrupole coupling constant associ-
ated with the third peak infer that CsOH is
not responsible for that resonance. Still, it
is not possible to completely exclude the
assignment of the third peak to CsOH
strictly on the basis of the NMR data. The
alkali hydroxides, however, are not ther-
modynamically stable relative to the car-
bonates (/) and the presence of CsOH does
not explain the stabilization of Cu®.

Finally it is noted that during the MAS
experiments, the catalyst samples detune
the probe. This effect becomes more severe
as the spinning speed increases and reaches
an equilibrium after spinning for a time.
This behavior is accounted for by the pres-
ence of the metallic copper particles im-
mersed in the copper-substituted alkali car-
bonate like phases in the catalysts. Metal
particles with large magnetic susceptibili-
ties are known to detune the probe when
the sample is static (33). As the spinning
speed increases, the copper particles may
pack more tightly, resulting in a higher con-
ductivity. This factor necessitated crushing
the samples and repacking. After this treat-
ment, the detuning did not recur.

CONCLUSIONS

NMR of “Cu in the unsupported alkali-
promoted copper catalysts indicates the
presence of a Cu* phase in addition to the
Cu® metallic phase. The relative content of
the Cu* phase for various alkali-promoted
copper catalysts is found to correlate with
the reactivity of the catalyst toward conver-
sion of syngas to methanol.

NMR of *3Cs indicates that the catalysts
are predominantly carbonate. This conclu-
sion is drawn from a comparison of the
NMR spectra of several cesium powder
salts under magic angle spinning. The pro-
motional effect of the alkali metal is to sta-
bilize the Cu* phase.
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