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The effects of cesium promoters on silver catalysts, supported
by γ -alumina, were studied by adsorbing mono- or dilabeled
[13C]ethylene onto the catalysts and performing low-temperature
(70 K) solid-state 13C NMR measurements on the ethylene. Selective
isotopic enrichment was used to investigate the electronic environ-
ment present in and around the ethylene molecule as a function of
promoter concentration. Changes in the spectroscopic parameters
describing the ethylene lineshapes were extracted using a nonlinear
least-squares procedure. These parameters were then used to de-
termine the structure of the ethylene molecule on the surface and
to probe the changes induced by adding cesium promoters. Sim-
ilarly, the state of cesium in the catalyst system was investigated
by spin-echo double-resonance spectroscopy and scanning electron
microscopy X-ray fluorescence methods. The results imply that the
form of cesium is not that of an oxide but, in all probability, reflect
those of a cation–anion pair. c© 1999 Academic Press
INTRODUCTION

Ethylene oxide (EO) has been prepared commercially
for more than 50 years by the reaction of oxygen or oxy-
genated gases with ethylene in the presence of silver cata-
lysts (1, 2). As early as 1936 it was realized that by incor-
porating small amounts of alkali salts into impregnation
solutions for silver catalyst preparation (often referred to as
“alkali salt promotion” or “promotion”) and enhancement
in the rate of ethylene oxide production could be achieved
(3, 4). Since that time a significant amount of research has
been focused on determining the role of the alkali metal in
the epoxidation reaction to improve the catalyst’s efficiency
in producing ethylene oxide (5–9). In contrast less thought
has been given to nature of the anion on the surface and its
potential role in promotion (10).
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As with most supported metal catalyst systems, much of
the insight into the effects of promoters in the EO pro-
cess have been obtained by analogy with the ultrahigh vac-
uum (UHV), 10−7–10−9 Torr, experiments (11–14). These
experiments have been used to investigate the interactions
between a single crystal of the transition metal surface and
coadsorbed (i) alkali metals and (ii) certain reactive gases.
From such studies, it has been shown that the workfunction
of the substrate metal decreases linearly for small coverage
of alkali metal. Subsequently a minimum is reached and
then the workfunction starts to increase on further cover-
age to a characteristic value due to an overlayer (15). Fur-
thermore, it has been observed that neutral small molecules
coadsorbed with the alkali show an increased binding affin-
ity to the transition metal substrate (16). This increased
affinity of the neutral molecules has been explained by the
action of the alkali atoms in lowering the workfunction of
the substrate metal and it has been postulated that this ac-
tion can be used to explain the alkali promoter effect in
catalysts.

This characteristic of alkali metal adsorption onto a tran-
sition metal surface can be explained by using the model
of Lang (17) for chemisorption to metal surfaces by neu-
tral adatoms. This model depicts the metal surface as being
continuous, with a dipole existing above and below the sur-
face. Below the surface there exists a positive charge, and
above, a negative charge that extends into space. In the
process of removing an electron from the Fermi level of
the surface [the highest (extended) molecular orbital of the
surface metal atoms] work must be performed against the
dipole. The amount of work required to accomplish this de-
fines the workfunction in its simplest form. Assuming this
model, consider an ethylene molecule chemisorbed to the
surface through its π electrons. For backbonding (from the
metal surface to the olefin) to take place the metal con-
duction electrons have to overcome the surface dipole and
transfer from silver to ethylene π∗ orbitals. The addition
of an electropositive polarizable alkali atom will reduce
the local dipole and thereby decrease the workfunction
and increase the affinity for the silver to backbond to the
π∗ orbitals of ethylene. As a result of this backbonding,
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there should be a corresponding increase in the value
of rCC.

Under oxidizing conditions that produce ethylene oxide,
Campbell found that cesium atoms formed an oxide species
(Cs+O−

3 was proposed) on the surface of the Ag(111) crys-
tal (18). Campbell attributed the role of this cesium oxide
as a site blocker, via an ensemble effect, stopping isomer-
ization of the ethylene oxide and the subsequent secondary
combustion. Since the cesium is added to the real catalyst
as a salt, it is reasonable to propose that it is present as
a cation. Moreover, site blockers in the form of organic
chlorides were one of the first recognized promoters of this
reaction (1, 2). Carter and Goddard (22), after performing
ab initio studies, have proposed that the cesium oxide clus-
ter observed experimentally sits on top of the 4-coordinate
trough sites of the Ag(110) surface with the oxygen between
the cesium and silver. They propose that the action of this
species is to direct the ethylene to the silver.

What is required is experimental evidence from systems
that more closely resemble the industrial process in terms
of promoter speciation. This would allow one to link the
important results and models of the UHV work more di-
rectly to the catalytic process. To this end, we have used
solid-state NMR techniques to investigate catalysts that
more closely resemble industrial materials (in both het-
erogeneity and promoter characteristics) than the single-
crystal surfaces used in the UHV experiments (13–16, 18).
Recently, solid-state NMR experiments have been reported
that show that investigations of catalyst surfaces are possi-
ble and that detailed structural information about changes
in the electronic structure of adsorbates can be obtained.
In particular, Chin and Ellis (20) have shown that ethylene
adsorbed on a high-surface-area γ -alumina-supported sil-
ver catalyst can be studied by 13C solid-state NMR. Their
results indicated a symmetric bonding of the ethylene with
respect to the silver surface (as seen by a single resonance
at room temperature for both carbons under magic-angle
spinning conditions). Furthermore, they showed that the
isotropic chemical shift changed from 123 ppm for ethy-
lene to 108 ppm for ethylene adsorbed to a silver cata-
lyst at room temperature. They concluded that this change
was indicative of an olefin ligand bound to a metal surface
via a π -bond interaction given that the isotropic chemical
shift for CH2 in [Ag(CH2==CHCH3)2]+ is 109 ppm, which is
known to have a π -bond interaction with silver (21). In
addition, Chin and Ellis saw no evidence of a chemical
shift anisotropy (CSA) powder pattern lineshape for ethy-
lene at room temperature, indicating a fast, nearly isotropic
molecular motion for the surface-adsorbed ethylene. This
result was predicted by Carter and Goddard who, based
on ab initio calculations, suggested that there should be

no barrier to rotation (or translation) at room temper-
ature (22). However, on decreasing the temperature to
100 K, a CSA powder pattern was observed, having the
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following principal elements: δ11 = 192 ppm, δ22 = 117 ppm,
δ33 = 12 ppm. This result manifested a marked deviation
in the δ11 element relative to the measurements made by
Zilm and Grant for ethylene diluted in an argon matrix
(23). Parallel to the efforts of Zilm and Grant, Chin and
Ellis, in their studies involving dilabeled ethylene at 100 K,
demonstrated that it was possible to extract the orientation
of the chemical shift tensor and the bond distance from
the ethylene adsorbed to the silver surface. They found,
within the limitations of their analysis, that the orienta-
tion of the chemical shift tensor relative to the molecu-
lar frame was the same as in Zilm and Grant’s work, with
the δ33 element perpendicular to the plane of the molecule,
the δ22 element parallel to the carbon–carbon bond vector,
and the δ11 element perpendicular to both. Therefore, the
marked change in the δ11 element was assigned to an inter-
action between the silver 4d orbitals and a virtual antibond-
ing π∗ orbital on ethylene. The change in the δ11 element
for this system indicated a perturbation in the electron
density in the π orbitals above and below the plane of
ethylene.

Wang and Ellis (24) have expanded this work to include a
study of promoter effects by incorporating alkali salts into
the silver catalyst by the method of Nielsen and La Rochelle
(25). Although they studied rubidium, potassium, and ce-
sium, most of the detailed investigations were performed
on catalysts prepared with CsNO3. The first observation
they made was that the ethylene was bound more tightly
to the silver surface as the amount of cesium promoter was
increased. This was evident in the broadening of the single
resonance in the room temperature magic-angle spinning
experiments performed on promoted silver catalysts con-
sisting of 0, 5, 10, 14, 17, and 30% by weight Cs+ relative
to the weight of silver on the catalyst. In addition, by fol-
lowing the changes in static CSA lineshape as a function
of temperature, a model for the motion of ethylene on the
catalyst surface was derived. The experiments supported a
motional model that consisted of rotation of the ethylene
about the axis perpendicular to the plane of the molecule.
Further studies of monolabeled [13C]ethylene reflected a
change in the isotropic chemical shift from 107 to 100 ppm;
i.e., the carbons were becoming more shielded as a function
of increasing cesium concentration. This, again, indicated
increasing strength in the interaction between the π sys-
tem of the ethylene and the silver metal. In addition, they
observed a systematic change in the δ22 and δ33 elements
of the chemical shift tensor as a function of increasing ce-
sium concentration. They tentatively attributed these dif-
ferences to changes in the electron density in the plane of
the ethylene molecule. Although this assumed the orienta-
tion of the chemical shift in the molecular frame did not

change on going from the argon matrix to the silver cata-
lyst, preliminary dipolar spectra showed relatively small
changes in the orientation of the shift tensor along with
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an increase in the bond distance as a function of cesium
loading. To date, these three aspects of the [13C]ethylene
data—the broadening of the room temperature spectra,
the change in the isotropic shift to higher shielding, and
the apparent increase in carbon–carbon bond length in the
low-temperature studies—would suggest that the cesium
promoter, even in the form of a cation, is decreasing the
workfunction of the silver surface, increasing the affinity of
the ethylene toward it. Indeed, one could envisage cesium
ions still being able to lower the workfunction of the silver
if it were present on the surface as a polarizable cation–
anion pair which could reduce the electrostatic potential
near the adsorption site in a manner similar to that of
the cesium adatoms on a metal surface in the UHV ex-
periments. One would assume that the properties of this
cation–anion pair and its ability to affect the workfunction
of the surface metal, would be highly dependent on the
anion.

In the present work we have attempted a more detailed
quantitative study of the effects of increasing amounts of
cesium promoter on the electronic structure of ethylene
via NMR lineshape analysis. Through suppression of the
chemical shift interaction we have measured directly the
13C homonuclear dipolar coupling in dilabeled ethylene as
a function of cesium loading. This has allowed complete
analysis of the magnitude of the chemical shift tensor and its
orientation with respect to the molecular frame of ethylene
as a function of cesium loading.

Of major importance to understanding the promotion
effects of alkali metals would be obtaining experimental
evidence about the location of the alkali promoter on the
catalyst and its chemical speciation. Since the systems used
in this study are comparable to industrial catalysts, such
direct experimental evidence would help unify the UHV
experimental work and the models put forward with real-
world systems. To this end we have measured the chem-
ical shift of the cesium, prepared from various salts, to
determine the anion present after the calcination process.
Also, the solid-state NMR experiment is adept at deter-
mining local structure in disordered systems by using the
direct dipolar interaction between like and unlike nuclear
spins. We have attempted to probe the local environment of
the ethylene molecules for evidence of cesium. Spin-echo
double-resonance (SEDOR) NMR experiments (26) be-
tween 133Cs cesium and the protons on the ethylene have
been performed to observe evidence of through-space het-
eronuclear dipolar couplings. Such an interaction would
be observed if the cesium is on the surface of the sil-
ver and close to the binding site of the ethylene. With
such positive experimental evidence, one would be able
to put forward an “equilibrium” model for the interac-

tion of the cesium with the ethylene on a silver catalyst
built on the foundations of the UHV studies and proposed
models.
ET AL.

EXPERIMENTAL

Catalyst Preparation

Silver nitrate (99.99%), potassium oxalate monohydrate
(99%), ethanolamine (99%), and ethylenediamine (99%)
were purchased from the Aldrich Chemical Company.
γ -Alumina (No. SA 6173, 220 m2/g) was obtained from
Norton Chemical Products Division. 13CH2CH2 (ca. 99.0%
atom) was purchased from Isotec (Miamiburg, OH) and
13CH2

13CH2 (ca. 99.3% atom) was obtained from MSD Iso-
topes (Rahway, NJ). D2O (ca. 99.9% atom) was also pur-
chased from Isotec.

Preparation of the γ -alumina/silver catalysts used in this
work was similar to the method of Nielsen and La Rochelle
(25). A 2.55-g sample of γ -alumina pellets was placed in a
10-ml pear-shaped flask fitted with a stopcock and rubber
syringe input septum. The system was evacuated down to
0.1 Torr for 1 h prior to adding the silver solution. Silver
oxalate was produced by mixing 25 ml of 0.01 M AgNO3

solution and 25 ml of 0.02 M K2C2O4. This composition rep-
resents a fourfold excess of silver with respect to a 10 wt%
coverage. The white precipitate was washed until the UV–
vis absorbance of KNO3 (302.5–305 nm) was not detectable
in the filtrate (27). KNO3 was not detectable after the pre-
cipitate was washed with 250 ml of deionized water. The
precipitate was subsequently dried in a 100◦C oven until the
silver oxalate flaked from the filter paper. For non-alkali-
promoted silver catalysts, the silver oxalate was added to
a solubilizing solution containing 3.0 ml deionized water
and 700 µl ethylenediamine. Otherwise, the desired cesium
salt was added to the solubilizing solution prior to the ad-
dition of silver oxalate. The cesium salt was not added in
excess and was based on the weight percentage of silver
metal deposited, e.g., 10%. The amount of cesium nitrate
used was 0.0738 and 0.1387 g for the 14 and 26% cesium
samples, respectively. In all cases, the solution was stirred
with a glass stirring rod for several minutes; when the pre-
cipitate dissolved, the solution color was light amber. After
dissolution, 400 µl of ethanolamine was added and the solu-
tion usually turned light brown. The silver/(cesium) solution
was aspirated into a syringe through a 20-gauge hypodermic
needle and injected through the rubber septum. The stop-
cock was then closed and the system was left for 2 h. After
reaction, the impregnated alumina was separated from the
liquid by decantation and filtration and was allowed to dry
in the hood for 1–2 days. Within several hours of drying,
the impregnated alumina pellets appeared light purple. Af-
ter the drying period, the alumina-supported silver catalyst
was subsequently ground into a fine powder and placed in
a Pyrex tube and heated at 160◦C for at least 12 h. Com-
pressed air was continuously flowing during this heating

cycle. After the 160◦C heating step, the powder went from
a light yellow color to black. The next step consisted of re-
ducing the supported silver by a 4-h heating step at 360◦C.
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The catalyst changed from black to a whitish gray, indicating
some metallic silver was produced.

When deuterated surfaces were required, labile protons
were exchanged for deuterium at the last step of the cata-
lyst preparation. In all cases, approximately 1 g of the cata-
lyst was taken after the 360◦C heating step and placed in a
round-bottom flask fitted with a ground-glass stopcock and
a vacuum connection. D2O 5–10 ml was added to the flask
and the system was evacuated. The catalyst was refluxed
in D2O until dryness (usually about 8 h). The catalyst did
not undergo any visible color change during this process.
After the reaction was completed, the evacuated flask was
transferred to an inert N2 atmosphere glove box (Vacuum
Atmospheres, Hawthorne CA) where the sample was re-
moved from the reaction vessel and transferred into a glass
heating tube used for further catalyst treatment and ethy-
lene adsorption.

Scanning Electron Microscopy X-ray Fluorescence

Elemental analysis of selected air-activated silver cata-
lysts was performed by Robertson Microlit (New Jersey)
by digesting the catalyst sample and determining the com-
position by atomic adsorption. Routine detection of silver
and cesium was performed at Pacific Northwest National
Laboratory (PNNL) by using a JEOL JSM-25S III scanning
electron microscope equipped with a Tracor Northern
TN 2000 X-ray fluorescence accessory (SEM-XF). In this
method, silver catalyst powder was deposited on a stainless-
steel die with double-sided tape. A palladium–gold alloy
was sputtered onto the surface by means of an evacuated
Technics Hummer V sputterer. The sample was then
examined by scanning electron microscopy at a potential
difference of 20 kV. In all cases, the electron beam was
focused on a globular silver deposit. X-ray fluorescence
spectra were accumulated for 100 s and analyzed by Tracor
Northern’s Standardless Semi-Quantitative Analysis
software FlexTran. A total of five measurements on the
surface were made and the average value was taken to be
representative. We found the results of the X-ray fluores-
cence to agree with the atomic adsorption determination
for silver and cesium within 5% in most cases.

Diffuse Reflectance FTIR

Catalyst samples were also characterized using diffuse
reflectance infrared spectroscopy. In these experiments,
1.0 mg of catalyst was taken at various stages of deuter-
ation, and was diluted with 1.0 mg of KBr and pulverized.
A Nicolet Magna 750 FTIR spectrometer (Nicolet Analyt-
ical Instruments) purged with dry nitrogen and equipped
with a wide-band liquid nitrogen-cooled mercury–cadmium
telluride detector and a “praying mantis”-type diffuse re-

flectance accessory (Harrick Scientific Corp.) were used to
make all measurements. Infrared spectra were acquired at
a mirror velocity of 1.626 cm/s and signal averaging was
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performed for 100 scans. Measurements are reported in
Kubelka–Munk (KM) units which express the reflectance
(R) of the sample divided by the reflectance of the standard
according to KM = (1 − R)2/2R.

Sample Preparation for NMR Experiments

Prior to the adsorption of ethylene, a 500- to 800-mg cata-
lyst sample was placed in a Pyrex glass vacuum tube and
heated at 270◦C at 5 × 10−6 to 10−5 Torr for 4 h. After heat-
ing, the sample changed from whitish gray to gray. The sam-
ple was typically left to cool on the vacuum line at 5 × 10−6

to 10−5 Torr for 2 to 8 h. After that, a measured amount of
ethylene was allowed to enter the tube containing the cata-
lyst sample. A dewar containing liquid nitrogen was raised
to surround the glass sample tube and was left in place for
approximately 5 min. Next, the stopcock inline with the
sample tube and the vacuum manifold was closed and the
liquid nitrogen was removed. The sample was allowed to
return to room temperature and the stopcock was opened
30 min later. Excess ethylene, which was not adsorbed, was
pumped from the sample and the tube was flame sealed un-
der vacuum. After sealing, the samples were either stored
in liquid nitrogen or used immediately.

NMR Experiments

All NMR experiments were performed on an Oxford In-
struments wide-bore 9.4-T magnet using a home-built con-
sole interfaced to a TecMAG unit. At this field strength, the
corresponding resonance frequency for 13C and 133Cs are
100.58 and 52.49 MHz, respectively. All carbon chemical
shifts are reported with respect to the most shielded res-
onance of adamantane being 29.50 ppm. Cesium chemical
shifts are reported relative to 1.0 M CsNO3. All measure-
ments were made either at room temperature or at 70 K us-
ing a Doty Scientific (Columbia, SC) liquid helium probe.
This probe was capable of running at 70 K for a period
longer than 1 week; thus most long-term experiments were
performed on a single sample. Surface samples were packed
into a 7-mm zirconia rotor with Kel-F endcaps (Doty Sci-
entific) in an inert N2 atmosphere glove box (Vacuum At-
mospheres).

The solid-state 13C “powder” lineshapes were collected
corresponding to mono- and dilabeled ethylene. All room-
temperature spectra were collected using cross-polarization
with proton decoupling. The optimal contact time was de-
termined to be 250 µs with a 4-s recycle delay. Mono- and
dilabeled spectra obtained at 70 K were obtained by using
a multiple-contact cross-polarization pulse sequence with
proton decoupling (28). In the case of monolabeled ethy-
lene, eight contacts could be achieved with a contact time
250 µs and 60-s recycle delay, whereas dilabeled spectra

were obtained using four contacts with all other parameters
being held constant. In all cases, the 13C 90◦ pulse width was
7.0 µs.
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We used a Hahn echo to measure the dipolar couplings
in 13CH2\13CH2. In this experiment, an echo sequence with
cross-polarization is used to create the initial magnetization
and proton decoupling was applied during the evolution
and refocusing periods. The two rf pulses are separated by
a time interval τ and a spin echo is observed at a time τ after
the second pulse. In the present case 99.3% of the carbon
signal comes from 13C–13C spin pairs; thus, measuring the
decay of the echo amplitude as a function of the pulse sepa-
ration, τ , yields an exponentially damped oscillating signal.
From the frequency of the oscillations, the C–C bond dis-
tance can be determined directly. Measurements were made
by accumulating 1 K transients utilizing a 45-s recycle delay
and 7.0 and 13.9 µs for the 90◦ and 180◦ pulses, respectively.

The structure of cesium-promoted silver catalysts was
further determined by SEDOR spectroscopy. The tech-
nique is similar to using the spin echo to measure the C–C
bond distance, but in this case the coupling arises between
two unlike spins. The experimental constants were 512 tran-
sients, 45-s recycle delay, and 2.4- and 4.8-µs cesium selec-
tive 90◦ and 180◦ pulses. The proton 180◦ pulse width was
14.0 µs. The fixed time period between cesium pulses was
750 µs. SEDOR experiments were performed on deuter-
ated catalyst surfaces in the presence and absence of ethy-
lene; the SEDOR fraction used in the fitting procedure was
the difference between these two measurements.

We also performed combined rotation and multiple pulse
spectroscopy (CRAMPS) experiments to determine the
extent of the catalyst deuteration using the experimental
method previously discussed. Experiments were performed
on a Varian Unity+ 300-MHz spectrometer, using a Varian
high-power CRAMPS probe. We employed the 24-pulse se-
quence BR24 (29) with a cycle time of 108 µs, corresponding
to a basic pulse spacing of 3 µs. The π /2 pulse was 1.5 µs
with a 5-s recycle delay. MAS speeds were in the range of
2–2.5 kHz in all cases. All shifts are referenced to TMS us-
ing tetrahit(trimethylsilyl)silane (TTMSS) as a secondary
internal standard.

Data Processing and Calculations

All data processing and calculations were performed
using a solid-state analysis package developed within the
group (30). The theoretical spectra were generated by cal-
culating an FID of the same length that was acquired exper-
imentally. Furthermore, the calculated FID was zero filled
and exponentially multiplied in the same manner as that
of the experimental spectrum. Baseline correction on both
theoretical and experimental data was performed in the fre-
quency domain by taking the average of the last 10% of the
data and repeatedly subtracting this value from the entire
spectrum until the difference between iterations was 10−6.

Minimization of the residual sum of squares between simu-
lated and experimental data to obtain the NMR parameters
was achieved through use of the Levenberg–Marquadt (31)
ET AL.

search algorithm obtained from the MINPACK implemen-
tation (32). All calculations were performed using either a
4xR4400/150 Silicon Graphics Onyx, a VAX Station 3540,
or an IBM RISC 6000/580.

RESULTS AND DISCUSSION

NMR Lineshape Analysis

The system of dilabeled [13C]ethylene supported on a sil-
ver catalyst at low temperature constitutes an example of a
rigid isolated homonuclear dipolar coupled spin pair. This
system is only slightly more complicated by the significant
chemical shift anisotropy of the 13C nucleus. In principle,
from the static powder lineshape one should be able to
obtain the magnitude of the principal components of the
chemical shift tensor and the magnitude of the dipolar ten-
sor, i.e., the carbon–carbon bond distance. Since the dipolar
tensor is directed along the internuclear vector the mutual
orientation of the two tensor interactions can be resolved
with respect to the molecular frame. This information may
be obtained by nonlinear least-squares analysis of the ex-
perimental powder pattern using a function that depends
on the following six parameters: δ0, the isotropic chemical
shift; 1δcs, the chemical shift anisotropy; η, the asymme-
try parameter; rcc, the carbon–carbon bond distance; and
the two Euler angles α and β, which relate the principal
axis system of the chemical shift tensor with respect to the
dipolar tensor.

Due to signal-to-noise considerations we have followed a
strategy outlined by Koons et al. (30) where the number of
parameters in the fit is reduced by performing separate ex-
periments on monolabeled [13C]ethylene to determine the
chemical shift parameters separately. In this paper we fur-
ther reduced the number of parameters used to fit the di-
labeled data by performing a “slow-beat” Hahn echo exper-
iment (33) to isolate the dipolar coupling. In this experiment
the chemical shift is removed by refocusing the interaction
by using a π pulse. The amplitude of the resulting stimu-
lated echo is, to first order, modulated solely by the dipolar
interaction. The dipolar coupling constant is obtained by
fitting the amplitude of the echo as a function of echo pulse
separation while allowing for T2 relaxation.

The monolabeled [13C]ethylene spectra are shown in
Fig. 1 together with the simulated spectra obtained by non-
linear least-squares analysis. The three experimental spec-
tra represent cesium loadings of 0, 14, and 26% by weight
relative to silver. The principal components derived from
the fits are given in Table 1 together with values for ethy-
lene diluted in an argon matrix (23). Again we observe the
characteristic movement of the isotropic shift to increased
shielding, indicative of the silver interacting with the ethy-

lene in a π -bonding fashion. On addition of the cesium
promoter the isotropic shift decreases further by 7 ppm for
the 26% Cs case. When the tensor elements are analyzed,
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FIG. 1. Overlap of the experimental and simulated lineshapes
of monolabeled [13C]ethylene corresponding to (a) 0%, (b) 14%, and
(c) 25% (wt) cesium.

the largest changes on the addition of cesium are observed
in the δ22 and δ33 elements where they steadily decrease.
This would indicate that the cesium affects the ethylene in
a different manner than the action of the silver where the
δ11 element was most affected. We shall see later that this
difference is significant in terms of discriminating different
equilibrium models and in the light of the SEDOR results
to be discussed later.

In previous studies Wang and Ellis (24) explained the
changes observed in static dipolar coupled ethylene spec-
tra as a function of cesium loading to an increase in the
carbon–carbon bond distance. This analysis kept the rela-
tive orientation of the chemical shift and dipolar tensors
constant. In this study we have measured the internuclear

TABLE 1

Chemical Shift Parameters Obtained from Least-Squares Anal-
ysis of the Lineshapes Corresponding to Monolabeled Ethylene
Adsorbed on Promoted and Nonpromoted Silver Catalysts

0% Cs 14% Cs 26% Cs
Ref. (18)

value Value Error Value Error Value Error

δ0 (ppm) 132 107.0 0.2 100.5 0.3 99.4 0.2
δ11 (ppm) 239 191.5 0.3 188.2 0.4 189.3 0.3
δ22 (ppm) 129 117.7 1.5 107.5 1.9 105.4 1.5

δ33 (ppm) 29 11.8 0.3 5.8 0.4 3.5 0.3
1σ (ppm) −155 −142.8 0.8 −142.1 0.9 −143.9 0.8
η 1 0.78 0.05 0.85 0.05 0.87 0.05
N Ag/Al2O3 187

carbon distance separately. This experiment used a Hahn
echo sequence, π/2–τ–π–τ–acquire, where τ is a variable
time delay that is incremented in a series of separate experi-
ments. The dephasing of the net magnetization after the π/2
pulse due to the chemical shift interaction during period τ is
refocused by the π pulse after the second τ period. Dephas-
ing due to the homonuclear interaction is unaffected by the
refocusing pulse, causing the spins to accumulate a phase
error. This phase error follows a ±k1(3 cos2 θ − 1), with
k1 = (3/2)γ 2 h/2πµ0/(4π)(rcc)−3 as a function of τ , which
leads to a modulation in the echo amplitude as

G(τ ) = cos(k1(3 cos2 θ − 1)τ ), [1]

where θ ranges over all possible orientations. This result
indicates that the echo amplitude oscillates with τ at a fre-
quency dictated by the dipolar coupling k1. This was first
noted by Hahn, who called it a “slow beat” (33).

Slichter and Wang used this technique to study acetylene
and ethylene adsorbed on supported platinum catalysts
(34–36). They showed that the analysis of the slow-beat os-
cillations requires a knowledge of the dynamics and chem-
ical shift tensors of the two homonuclear coupled spins. By
working at 77 K, the ethylene is assumed to be static. In all
previous work with ethylene adsorbed to silver, only a single
chemical shift principal axis system was required to describe
the shielding for both carbon nuclei. Thus, we have assumed
in this study that the two carbons share the same chemical
environment and have similar resonance frequencies for all
catalyst systems studied. A discussion of the consequences
of having dissimilar principal axis systems relating to the
results to be outlined is given in the Appendix.

In the analysis of the slow-beat oscillations, we have cal-
culated the echo amplitude G(τ ) as a function of τ accord-
ing to the equation

G(τ ) = exp
[−2τ

T2

] ∫ 2π

0
cos(k(3 cos2 θ − 1)τ ) dθ, [2]

where T2 is the relaxation time and k = k1, assuming both
carbons share the same chemical shift and principal axis
system, e.g., the carbons are “like” nuclei, and k = ku =
γ 2h/2πµ0/(4π)(rcc)−3 if the carbon nuclei are “unlike” in
terms of the magnitude or orientation of their CSAs. A
function comprising Eq. [2] was written and approximated
by standard numerical integration.

We first analyzed the spin-echo measurements corre-
sponding to dilabeled ethylene adsorbed on a nonpromoted
silver surface for both like and unlike chemical shift princi-
pal axis systems. For the unlike model, rCC was determined
to be less than an Ångstrom, whereas by fitting the data
assuming a single principal axis system for both carbon nu-

clei, we obtained rCC = 1.342 ± 0.009 Å, a value much closer
to the gas-phase bond distance for ethylene of 1.340 Å (37)
(value extracted for T2 was 200 ± 6 ms). From the results
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TABLE 2

Summary of the Dilabeled Ethylene Lineshape Analysisa

Best fit to Part A Best fit to Part B

% Cs rCC (Å) Error T2 (ms) Error α◦ Error β◦ Error

0 1.342 0.009 204 5 99 3 96 1
14 1.355 0.008 203 6 104 3 94 1
26 1.368 0.009 203 5 110 3 95 1

a Part A was obtained by analyzing the slow beat of the spin echo,
whereas Part B was determined from the least-squares fitting of the static
dilabeled ethylene lineshapes by the method described in the text.

of this fit, we concluded that the two carbons shared the
same principal axis system and all subsequent analyses of
the slow-beat experiments on the promoted catalyst sys-
tems were performed in this manner. Table 2A summarizes
the spin-echo measurements made on 10 wt% silver cata-
lysts promoted with 0, 14, and 26% by weight Cs/Ag. The
results indicate a systematic change in the bond distance as
a function of added promoter, namely a change of 0.026 Å
going from the nonpromoted catalyst to one that contains
26 wt% cesium. Figure 2 summarizes the integrated inten-
FIG. 2. Slow-beat data obtained from dilabeled ethylene on pro-
moted silver catalysts with (circle) 0% (square) 14%, and (triangle) 26%
cesium along with the respective best fits to the data at 1.342, 1.355, and
1.368 Å.
ET AL.

sity versus the τ values used in the spin echo and the best
fit to the data.

Based on this independent determination of the bond
distance from the spin-echo experiment and the chemi-
cal shift information from the analysis of the monolabeled
data the relative orientations of the two tensor interactions
with respect to the molecular frame could be derived from
dilabeled ethylene lineshapes via nonlinear least-squares
analysis. In all three cases, the uncertainty predicted by the
MINPACK routine COVARD for the β angle was smaller
than the uncertainty predicted for the α angle. However,
there appeared to be two minima with almost the same
residual sum-of-squares value associated with the β angle.
This gave rise to a family of solutions with values centered
around 95◦ ± 1◦ and 85◦ ± 1◦ depending on the choice of
the initial estimate, with the former being marginally more
preferred in all three lineshapes that were analyzed. Thus,
we accepted the value for β obtained for the solution near
95◦ ± 1◦. However, there was no trend in this angle beyond
experimental error, which indicated it did not change sub-
stantially in the presence or absence of cesium. On the other
hand, the α angle changed in a systematic fashion from
96◦ to 110◦ ± 3◦ as a function of added cesium, indicating
that the orientation of the δ22 element deviated from the
carbon–carbon internuclear vector with increasing loading.
This result indicated that the effect of the cesium was to in-
crease the strength of the ethylene–silver interaction to the
point where symmetry constraints of the ethylene molecule
were no longer applicable. This loss of symmetry does
not affect the analysis of the “slow-beat” experiments (see
Appendix). The final results from the dilabeled fits are given
in Fig. 3, which shows the comparison of experimental line-
shapes and simulated spectra using this fitting strategy; the
parameters extracted are given in Table 2B.

SEDOR Determination of Cesium–Ethylene Distance

To determine the nature of the ethylene–cesium interac-
tion, i.e., whether the cesium was close to or far away from
the ethylene, the 1H–133Cs heteronuclear dipolar interac-
tion between the surface cesium and the ethylene protons
using a fully deuterated catalyst was investigated. We used
the SEDOR experiment to measure 1H–133Cs dipolar cou-
plings. In this experiment, the π pulse of the Hahn spin
echo is replaced by two π pulses, one for 1H and the other
for 133Cs. In the original SEDOR pulse sequence given
by Emshwiller et al. (26), (133Cs)–π/2–τ–π–τ–acquire and
(1H)–τ–π–, the simultaneous π pulses on the cesium and
proton channel effectively cause, after the second evolu-
tion period τ , the chemical shift to be refocused and the
heteronuclear dipolar coupling to remain (26). In this way,
the cesium spins continue to dephase during the second τ
interval due to any heteronuclear dipolar coupling present
and a reduction in the echo amplitude is observed relative
to the measurement without the proton π pulse. From the
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FIG. 3. Overlap of the experimental (solid line) and simulated
(dashed line) static lineshapes of dilabeled [13C]ethylene on supported
silver γ -alumina catalyst for (a) 0%, (b) 14%, and (c) 26% cesium (wt).

difference of these two measurements, the interaction be-
tween the two neighboring nuclei can be determined.

We used the SEDOR experiment discussed by Slichter
and Wang (34–36) where the time between the cesium π/2
and π degree pulses is constant and the 1H pulses are ap-
plied at different times relative to the first 133Cs pulse, e.g.,
(133Cs)–π/2–τ f–π–τ f–acquire and (1H)–τ v–π–. In Slichter’s
modified SEDOR experiment, the echo amplitude is mea-
sured as a function of τ v, i.e., the separation between the first
cesium π/2 degree pulse and the proton π degree pulse. Be-
cause τ f is kept constant, only one spin-echo measurement
in the absence of the π -degree proton pulse is required to
observe the difference in echo amplitude; this difference
is called the SEDOR signal. The SEDOR fraction (SF) is
given by

SF = S− S′

S
= 1 − S′

S
, [3]

where S is the spin-echo amplitude in the absence of the
proton pulse whereas S′ is the echo amplitude when the
proton π pulse is applied. According to these definitions,
cesium nuclei not coupled to protons will not be affected
by the additional proton pulse during the evolution period
and no change in the echo amplitude will be observed and
hence the SEDOR fraction will be zero.
From the analysis of both the slow-beat data and the
chemical shift tensors of monolabeled ethylene, we have
determined that the results are consistent with ethylene
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weakly interacting with silver through its π electrons: e.g.,
the ethylene remains intact in the presence of silver and
promoted silver catalysts at or below room temperature.
Thus, to model the SEDOR fraction we obtained experi-
mentally, we must consider that the protons originate from
one or more molecules of ethylene. We have considered
the following ways in which cesium may interact with one
or more molecules of ethylene:

1. Cs along the twofold axis perpendicular to the plane
of ethylene

2. Cs in the plane and along the side of ethylene
3. Cs in the plane and nearest the end of ethylene
4. Two ethylene molecules in the configuration given by

Model 2
5. Two ethylene molecules in the arrangement of Model 3

Figure 4a illustrates schematically the models we have used
to describe the cesium–ethylene interaction.

To compute the SEDOR fraction, in Models 1–3, a total
of four cesium–proton internuclear vectors must be con-
sidered, whereas Models 4 and 5 require the treatment of
eight vectors. To simplify the “Wignerology” required to
resolve the relationship between the internuclear vectors
and the external magnetic field, we defined a coordinate
system fixed with respect to the mutual orientation of ce-
sium and the ethylene molecule for each model. In this way,
each of the protons can be given an (x, y, z) coordinate and
the normalized vector connecting a given cesium and pro-
ton can then be constructed. By incrementing the magnetic
field vector through all orientations θ and φ, all possible in-
ternuclear vector projections can be determined. Figure 4b
shows a representative coordinate system defined for each
model and Table 3 summarizes the coordinates used to

TABLE 3

Summary of the Coordinates Used to Locate the Protons
in the SEDOR Models Given in the Text

1 1 rCH sin γ a + c b tan β a = 0.5 rCC

2 rCH sin γ a + c b tan β b = (a2 + (rCH)2)1/2

− (2arCH cos α)1/2

3 rCH sin γ −(a + c) b tan β c = rCH tan γ

4 rCH sin γ −(a + c) b tan β d = rCH sin γ

α = (180 − 0.5θHCH)
β = sin−1b/r 01

γ = 90 − 0.5θHCH

2 1 0 a + b d a = rCH sin(90 − 0.5θHCH)
2 0 a + b 2c + d b = 0.5rCC

3 0 −(a + b) 2c + d c = rCH cos(90 − 0.5θHCH)
4 0 −(a + b) d d = r01 cos β

α = (180 − 0.5θHCH)
β = sin−1((a + b)/r01)

3 1 0 a c a = rCH sin(90 − 0.5θHCH)

2 0 a rCC + 2b + c b = rCH cos(90 − 0.5θHCH)
3 0 −a rCC + 2b + c c = ((r01)2 − a2)1/2

4 0 −a c
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FIG. 4. (a) Summary of the various models employed to fit the proton–cesium SEDOR fraction. The small open circles denote either protons or
del 3 with cesium along the twofold axis perpendicular to the plane of the
carbon atoms and the larger circles denote cesium atoms. (b) SEDOR mo

ethylene molecule.

locate the protons. Using this scheme, the evaluation of
the SEDOR fraction reduces to

SF =
∫ 2π

0

∫ 2π

0
(1 − cos(kuτv)) sin θ dθ dφ, [4]

with

k′
u = γ1γ2h–

n∑
i =1

r −3
0,i (3 cos2 θ − 1), [5]

where cos θ = B0Ri with B0 = (sin θ cos φ, sin θ sin φ, cos θ)
and Ri is given by the vector containing the normalized
(x, y, z) coordinates of the protons in ethylene for each

of the respective models given in Table 3. The integral in
Eq. [4] is approximated using Conroy–Wolfsberg (38) inte-
gration and the SEDOR fraction is subsequently scaled by
the number of points sampled on the sphere. Each mod-
eling function was incorporated into a MINPACK non-
linear least-squares optimization routine. One indepen-
dent cesium– proton bond distance was optimized by the
MINPACK routine in all five models.

The catalyst used for the SEDOR measurements was
14 wt% cesium which was deuterated as described. We
characterized the extent of proton exchange as a function
of time by diffuse reflectance FTIR. The results shown in
Fig. 5 clearly indicate the exchange of labile protons for
deuterium. In addition, we have further characterized the
support by proton CRAMPS experiments. Figure 6 shows
the CRAMPS spectrum obtained for (a) the starting cata-

lyst material, (b) after the vacuum heating step at 270◦C
described, and (c) after the deuterium exchange and vac-
uum, heating step (Fig. 6c corresponds to the IR spectrum
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a
FIG. 5. Diffuse reflectance FTIR spectra obtained from 1.0 mg silver c
time was (a) 0, (b) 1, (c) 4, and (d) 8 h.

obtained under the same conditions given in Fig. 5d). Fur-
thermore, the SEDOR experiment was repeated in the
presence and absence of monolabeled ethylene and the sub-
traction of the two measurements was used to determine the
SEDOR signal. Measurements of the spin-echo amplitude
in the absence of the proton π pulse for τ f = 750 µs were
also performed in the presence and absence of ethylene;
there was effectively no difference in the values obtained.

We analyzed the SEDOR fraction first with the model
proposed by Carter and Goddard, Model 1 (22). The best
fit to the data with this model produced a SEDOR frac-
tion of 0.6 for the longest values of τ v. We then manually
incremented the bond distance from 1.0 to 10.0 Å in steps
of 0.5 Å and found no value for rHCs that gave a SEDOR
fraction that approached 0.8 and matched the shape of the

curve seen experimentally. Furthermore, we were not able
to obtain a satisfactory fit to the SEDOR data with any of
the models that used one ethylene and one cesium center
talyst diluted in 1.0 mg KBr as a function of deuteration time. The reaction

(Models 1–3). However, when considering Models 4 and 5,
each assuming that two ethylene molecules are associated
with a single cesium center, we were able to fit the exper-
imental result (indicating that the protons from ethylene
can be considered to be close to cesium, specifically with
four close and four are further away). Model 4 produced
the best fit in terms of the residual sum of squares; however,
Model 5 could not be eliminated as a possibility because of
the large uncertainty in the measurements. Figure 7 shows
the results of the SEDOR experiment compared with pre-
dictions from the various models. The best fits to the indi-
cated models were for Model 1 with r01 = 4.38 Å, Model 4
with r01 = 4.40 Å (r02 = 6.25 Å implicitly), and Model 5 with
r01 = 4.52 Å (r02 = 7.78 Å).

The results of the SEDOR experiment clearly suggest the

cesium is associated with the ethylene protons (implying
that the cesium is on the surface of the silver). However,
this measurement does not imply that cesium is associated
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)

FIG. 6. Proton CRAMPS NMR spectra of silver catalyst samples that

an additional 4-h heating step at 270◦C and 10−5 Torr, and (c) same as in (b
scale.

only with the silver surface. There is a substantial excess
of cesium present and, surely, the cesium is associated with
the support as well. The SEDOR experiment provides a
selective means to visualize the cesium associated with the
silver surface.

To further understand the nature of the cesium–anion in-
teraction we performed 133Cs NMR experiments on CsCl
on an alumina support in the presence and absence of silver.
As one might expect from elementary chemistry consider-
ations, the NMR data indicated that the chloride anion was
not associated with the cesium in the presence of silver. The
chemical shift (data not shown) was consistent with an oxy-
gen anion, presumably as a result of picking up carbonate
from the atmosphere. The resulting 35Cl NMR signal is con-
sistent with the presence of AgCl on the surface. Although
from these examples it is difficult to ascertain the exact na-
ture of the interaction between the chloride anion and the
silver, they clearly suggest that neither the anion nor the
cation of the cesium salt participates in a chemical process

that leads to an association with surface sites of γ -alumina.

From all of the NMR measurements, it is clear that the
cesium has a profound effect on the ethylene molecule.
ere treated as follows: (a) 370 C calcination in air, (b) same as in (a) with
after 8-h deuteration reaction. All spectra are plotted on the same vertical

However, from these results alone the chemical state of
the cesium is not clear. SEDOR and SEM-XF measure-
ments have indicated that the cesium is associated with the
silver and is present in the form of a salt. We do not know
the structural details associated with the salt, i.e., whether
it is solvated, etc., but we do know that the anion must be
proximal to the cesium to preserve charge balance. Thus,
because of the size of the cation–anion pair relative to the
size of a silver atom, it is unlikely that the cesium salt will
be distributed throughout the silver metal. Rather, it will
be preferentially found on the surface. Analysis of both the
monolabeled lineshapes and the SEDOR data support this
argument as they indicate that cesium is “near” the actual
site where ethylene adsorbs onto the silver surface. Specif-
ically, analysis of the SEDOR fraction indicates that the
ethylene protons were approximately 4.5 Å from the ce-
sium and the monolabeled data indicate that the cesium
salt is close enough to the ethylene to induce a change in
the electron density (or, more properly, the current den-

sity) around the carbon atoms. It is important to remember
that the structural results were obtained at low tempera-
tures and in the absence of reactant oxygen. Hence, the
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FIG. 7. SEDOR fraction in the presence (square) and absence (circle)
compared with predictions from models: Model 1 (dashed line), Model 4
(solid line), Model 5 (dotted line).

structural data represent a framework for discussion of
catalytic events, but do not reflect the dynamics nor poten-
tial structural changes that may arise due to the increased
temperature associated with real catalysis.

The problem that remains to be solved, however, is how
the cesium affects the ethylene. It is well known that the
magnitude of the anisotropic chemical shift depends on the
current density perpendicular to the directions specified by
the three principal axes of the interaction (39). Thus when
the orientation of the CSA in the molecular frame is well
characterized, then this information is indicative of the elec-
tronic characteristics of the molecule. As was mentioned
before, Zilm and Grant (23) showed that the orientation of
the chemical shift tensor in the molecular frame of ethylene
follows the principal elements parallel to the three C2 ro-
tation axes of the molecule. From this work, δ33 was found
to be normal to the molecular plane, δ22 to lie along the
C–C bond, and δ11 to lie in the molecular plane, but per-
pendicular to the C–C bond. Thus, the tensor information
can be shown to indicate the following characteristics for
the ethylene molecule:

1. δ11 component: depends on the carbon–carbon π and
σ electrons.
2. δ22 component: involved in double-bond mixing of the
π electrons with the carbon’s σ electrons external to the
double bond.
N Ag/Al2O3 193

3. δ33 component: involves electrons from sp2 hybrid or-
bitals appearing in the σ component of the double bond
and in the external σ bonds.

From this set of rules, we can interpret the changes in the
CSA of ethylene in terms of electron density in the molec-
ular frame. First, consider CSA changes observed when go-
ing from ethylene in an argon matrix to ethylene adsorbed
to a nonpromoted silver catalyst. Although all elements of
the chemical shift tensor changed to a certain degree, the
change in the δ11 element was the most significant. This can
be understood because the δ11 element is affected princi-
pally by the carbon π electrons. In addition, this is consis-
tent with the proposed π -bond interaction expected classi-
cally and with the previous results given by Chin and Ellis
(20). Next, consider the monolabeled ethylene lineshapes
observed in the presence of 14 and 26 wt% cesium. It can
be seen from Table 1 that there is a 7-ppm change in the
isotropic chemical shift comparing the nonpromoted cata-
lyst with one that contains 26 wt% silver. Furthermore, the
largest change in the chemical shift tensor (measured rela-
tive to the 0 and 26% samples) occurred in the δ22 and δ33

elements. This would suggest that, on “average,” the cesium
interacts in the plane of the ethylene molecule. Use of the
word “average” here does not imply a dynamic process;
rather, it is meant to point out that we do not know any
details of how much the Cs+ deviates from the plane of the
ethylene molecules. We only considered simple models that
could illustrate how the cesium could potentially inter-
act with the surface adsorbed ethylene. These observa-
tions, however, are inconsistent with the proposed mech-
anism where cesium sits on top of the oxygens present
in the 4-coordinate trough as proposed by Carter and
Goddard (22).

From the monolabeled, SEM-XF, and SEDOR measure-
ments, we have determined that the state of the cesium is
consistent with it being present on the surface of the silver
in the form of a salt, a cation–anion pair. However, the ques-
tion remains as to how the cesium induces an increase in
the C–C bond length in the ethylene molecule. As we have
previously mentioned, ultrahigh vacuum investigations in-
volving transition and alkali metals indicated a change in
the binding affinity and reactivity of coadsorbed gases due
to the lowering of the workfunction of the metal substrate.
Because we have also observed this property in the cur-
rent system, exemplified by the measured increase in the
carbon–carbon bond distance, we propose that this is also
occurring with the cesium present as a salt.

In the promoted surfaces, we propose that the presence
of a polarizable cation–anion pair reduces the electrostatic
potential near the adsorption site and the “local” workfunc-
tion of the surface is lowered. The reduction in the work-

function facilitates electron backdonation from the Fermi
level of the silver to antibonding π∗ orbitals of the ethy-
lene and the carbon–carbon bond distance increases. The
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view described here is exactly what would be expected if the
experiments were performed under ultrahigh vacuum con-
ditions and if the cesium atoms were sputtered onto a silver
surface. It is, however, clear that these conditions do not
correspond to the conditions under which the NMR exper-
iments were performed, with the most obvious difference
being between cesium atoms and cesium ions. However, we
believe the same rationale applies where the cesium atom
can be replaced by a polarizable ion pair. In this model, the
polarizability of the cation–anion pair determines how well
(or how poorly) a given cesium salt can mitigate the surface
dipole and lead to the observed promoter effects. Likewise
with the Lang model, for this scheme to explain the ob-
served results, the cesium salt must make direct contact
with the silver surface and not go through an intervening
oxide anion as previously suspected.

If this assertion that a polarizable cation–anion pair can
assume the role of the cesium metal in the description of
the reduction of the workfunction, our current observations
should represent the first connection between the UHV
catalytic results and solid-state NMR. Furthermore, this
connection, when combined with the SEDOR distance in-
formation, demonstrates a novel measure of the reduction
in the surface dipole. In the current case, the surface dipole
is reduced over several silver atoms in the vicinity of the
cesium salt.

CONCLUSIONS

The effects of cesium promoters on silver catalysts, sup-
ported on γ -alumina, were studied by adsorbing either
13CH2CH2 or 13C2H2

13CH2 onto the surface and perform-
ing low-temperature (70 K) solid-state 13C NMR measure-
ments on the ethylene. Selective isotopic enrichment was
used to investigate the electronic environment present in
and around the ethylene molecule as a function of pro-
moter concentration. Changes in the spectroscopic param-
eters describing the ethylene lineshapes were then used to
determine the structure of the ethylene molecule on the sur-
face and to probe the changes induced by the added cesium
promoters.

The complete chemical shift tensor of ethylene was de-
duced through a nonlinear least-squares analysis of the
monolabeled ethylene lineshapes; the results indicate that
the ethylene binds to the silver surface through a weak
π -bond interaction which increases in strength as a func-
tion of cesium loading. Furthermore, these results indicated
that both the δ22 and the δ33 elements of the chemical shift
tensor change as a function of cesium loading, implying that
the cesium interacts with the ethylene in the plane of the

molecule. The changes in the tensor elements have been
attributed to steric effects between the C–H σ bonds and
the cesium salts.
ET AL.

The carbon–carbon bond distance, rCC, was measured
directly using the Hahn echo sequence which eliminated
the chemical shift tensor. From these measurements, it was
found that the bonding between the silver and the ethylene
is symmetric with respect to each carbon atom and that
the ethylene carbon–carbon bond distance increased as a
function of increasing concentration of cesium promoter.
The increase observed in rCC has been ascribed to a reduc-
tion in the workfunction of the silver around the adsorbed
alkali—this is thought to facilitate electron backdonation
from the Fermi level of the silver to antibonding π∗ or-
bitals. Furthermore, the independent determination of the
carbon–carbon bond distance from the spin-echo experi-
ment was fixed in the least-squares analysis of the dilabeled
ethylene lineshapes to determine the Euler angles. The re-
sult of this fitting indicated that the orientation of the δ22

element of the chemical shift tensor was rotating away from
the rCC internuclear vector with increasing cesium loading,
demonstrating that the effect of the cesium was to increase
the strength of the ethylene–silver interaction to the point
where symmetry constraints of the ethylene molecule were
potentially no longer applicable. By this we mean that the
surface interaction in combination with the added promo-
tor and the lack of motion could potentially make the car-
bons nonequivalent.

In an effort to understand the state of the cesium in the
catalyst system, a SEDOR experiment was devised to mea-
sure the distance between the ethylene protons and the
cesium centers. The results, from modeling the experimen-
tal observations, demonstrate that two ethylene molecules
were associated with a single cesium.

Finally, we proposed that the experimental trends ob-
served in the present study were similar to the experimental
results obtained from the ultrahigh vacuum surface tech-
niques, and we suggested that these assertions represent
the first connection between the UHV catalytic results and
solid-state NMR.

APPENDIX

Because the inversion symmetry of the ethylene molecule
is lost at higher promoter concentrations, we generalized
our simulation to consider this possibility. As outlined in
Ref. (30), our original simulation was derived by express-
ing the dipolar interaction in the PAS frame of the chemical
shift tensor and then relating this frame to the laboratory
axis system. In the current case, the PAS frames of the two
chemical shift tensors are allowed to be distinguishable. We
begin by relating the individual chemical shift tensor axis
systems to the PAS frame of the dipolar tensor and sub-
sequently rotating the dipolar axis system into the LAB

frame of reference. The complete Hamiltonian is given as
H = HCS (A) + HCS (B) + HDI, where A and B label the in-
dividual nuclei. Further, HCS and HDI denote the chemical
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shift and dipolar Hamiltonians, respectively, in their respec-
tive PAS frames. The relevant Wignerology follows:

H = cCSTCS
0,0

(
ρCS

0,0(A) + ρCS
0,0(B)

)
+ cCS

∑
i =A,B

∑
n

TCS
2,n

∑
m

D2
m,0(−φ, −θ, 0) ·D2

m,n(−γ (i),

−β(i), −α(i))ρCS
2,m(i) + cDITDI

2,0

∑
n

D2
n,0(−φ, −θ, 0)ρDI

2,n

[A1]

with constants cCS = γ and cDI = −2γ 2(h/2π) [µ0/4π ]. The
spin terms are defined as

TCS
2,0 = IZ BZ, TCS

2,0 =
√

2
3

IZ BZ, TCS
2,±2 = 0,

[A2]

TDI
2,0 = 1√

6
(2IZ1 IZ2 − 1

2
(I +

1 I −
2 + I −

1 I +
2 )),

and the spatial tensors have the following definitions:

ρ0,0 = δCS
0 , ρCS

2,0 =
√

2
3
δCS, ρCS

2,±1 = 0,

[A3]

ρCS
2,±2 = −1

2
δCS, ρDI

2,0 =
√

3
2

r −3
12

We implemented this methodology and performed simu-
lations with the parameters in Tables 1 and 2 for 0, 14, and
26% cesium samples. For the 26% cesium sample, the two
sets of Euler angles used were α1 = 110◦, β1 = 95◦, γ 1 = 0,
α2 = −α1, β2 = −β1, and γ 2 = 0. We determined from the
results of all three simulations that there is essentially no
difference (after the powder average) between the spectra
calculated by this manner or and those calculated by the
method given in Ref. (30). Furthermore, we found from sim-
ilar calculations that the maximum separation of individual
crystallites was less than 500 Hz by allowing the chemical
shift reference frames to be noncongruent. Thus we used the
original simulation function for all nonlinear least-squares
optimizations.
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