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Abstract: The surface preparation-dependent interactions of ammonia with 7-alumina were explored via solid-state 15N and 
2H NMR spectroscopies. 15N experiments demonstrated an unresolved distribution of ammonia surface species. Wide-line 
2H line shapes and Tx experiments indicate the presence of three motionally distinct deuteron resonances associated with the 
ammonia adsorbate. An ammonia resonance indicative of rapid motion about the threefold symmetry axis was isolated for 
the more sparsely hydrated surfaces and has been identified as the Lewis complex resonance. T1 experiments show for this 
site that motion about the threefold axis is diffusive. A second deuterium resonance has been identified as a surface hydroxyl 
species by comparison with D2O on 7-alumina experiments. This resonance shows a direct proportion of intensity with surface 
hydroxyl concentration, demonstrating the exchange of Bronsted hydrogens with ammonia hydrogen atoms. A third component 
of the deuterium line shapes has been associated with surface Bronsted ammonium species and appears to be comprised of 
a distribution of motionally averaged species. The experimental line shapes were simulated, and the relative Lewis and Bronsted 
site populations of ammonia were estimated. 

The properties of solid catalysts have been the subject of study 
for several years,1 especially in the petroleum industry where these 
catalysts are used for the processing of hydrocarbons on a large 
scale. These reactions include cracking,2 skeletal isomerization,3 

and polymerization.4 Surface acidity is a key factor of catalytic 
activity and much attention has been directed toward the char­
acterization of surface acid binding sites as to their type, quantity, 
and physical environment.5'6 Some of the techniques which have 
been developed and employed are pH indicator methods in so­
lution,7 gravimetric determination of the adsorption of gaseous 
bases,8 and characterization of surface-adsorbed gaseous bases 
by infrared spectroscopy.9 In recent years several reports have 
appeared involving the application of modern solid-state NMR 
methods to the area of surface chemistry.10 These applications 
have involved 1H,11 2H,1213C,1315N,14 and 31P15 NMR studies of 
a variety of materials adsorbed to surfaces. 

In the present investigation we have employed 2H and 15N 
NMR spectroscopies to study the chemisorption of ammonia on 
a 7-alumina surface. This system has been studied by previous 
authors such as Clark et al.8b who have determined the isosteric 
heats of adsorption. Those experiments demonstrated that am­
monia is bound relatively tightly to 7-alumina at low surface 
coverages. Infrared spectroscopic studies9 have yielded valuable 
information concerning the types and amounts of ammonia species 
which are present on alumina and modified alumina surfaces. 

The present study utilizes wide-line 2H NMR to investigate 
the details of molecular motion in the solid state. It is well-known 
that the 2H line shape is sensitive to motional processes occurring 
on the order of microseconds.18 With these methods we have 
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found that ammonia can exchange hydrogens with the surface, 
and we have been able to separate the contributions to the 2H line 

(1) (a) Tanabe, K. Solid Acids and Bases; Academic Press: New York, 
1970. (b) Goldstein, M. S. In Experiment Methods in Catalytic Research; 
Anderson, R. B., Ed.; Academic Press: New York, 1968. 

(2) Voge, H. H. Catalysis 1958, 6, 407. 
(3) Condon, F. E. Catalysis 1958, 6, 43. 
(4) Oblad, A. G.; Mills, G. A.; Heinemann, H. Catalysis 1958, 6, 341. 
(5) Benesi, H. A.; Winquist, B. H. C. Adv. Catal. 1978, 27, 97-182. 
(6) Knozinger, H.; Ratnasamy, P. Catal. Rev. Sci. Eng. 1978, 17, 31-70. 
(7) Benesi, H. A. J. Phys. Chem. 1957, 61, 970. (b) Johnson, O. J. Phys. 

Chem. 1955, 59, 827. 
(8) (a) Mills, G. A.; Boedeker, E. R.; Oblad, A. G. J. Am. Chem. Soc. 

1950, 72, 1554. (b) Clark, A.; Holm, V. C. F.; Blackburn, D. M. J. Catal. 
1962, 1, 244. (c) Clark, A.; Holm, V. C. F. Ibid. 1963, 2, 21-31. (d) Oblad, 
A. G.; Milliken, T. H.; Mills, G. A. Adv. Catal. 1951, 3, 206-209. 

(9) (a) Parry, E. P. J. Catal. 1963, 2, 371-379. (b) Mapes, J. E.; Eishens, 
R. P. J. Phys. Chem. 1954, 58, 1059. (c) Peri, J. B. Ibid. 1965, 69, 220-230. 
(d) Little, L. H. Infrared Spectra of Adsorbed Species; Academic Press: New 
York, 1966. (e) Basila, M. R. Appl. Spectrosc. Rev. 1968, 1, 289-378. 

(10) (a) Duncan, T. M.; Dybowski, C. Surf. Sci. Rep. 1981, 1, 157-250. 
(b) Howe, R. F. Springer Ser. Chem. Phys. 1984, 35, 39-64. (c) Pfeifer, H.; 
Freude, D.; Hunger, M. Zeolites 1985, 5, 274-286. (d) Tabony, J. Prog. 
NMR Spectrosc. 1980, 14, 1-26. 

(11) (a) Duncan, T. M.; Vaughan, R. W. J. Catal. 1981, 67, 49-70. (b) 
Tirendi, C. F.; Mills, G. A.; Dybowski, C. J. Phys. Chem. 1984, 88, 
5765-5767. (c) DeCanio, S. J.; Kirlin, P. S.; Foley, H. C; Dybowski, C; 
Gates, B. C. Langmuir 1985, /, 243-245. (d) Lozos, G. P.; Hoffman, B. M. 
J. Phys. Chem. 1974, 78, 2110. (e) Muha, G. M. J. Catal. 1979, 5«, 470. 
(d) Pfeifer, H.; Meiler, W.; Deininger, D. Annu. Rep. NMR Spectrosc. 1981, 
15, 291. (e) Apple, T. M.; Gajardo, P.; Dybowski, C. J. Catal. 1981, 68, 103. 
(0 Freude, D.; Hunger, M.; Pfeifer, H.; Scheler, G.; Hoffmann, J.; Schmitz, 
W. Chem. Phys. Lett. 1984, 105, 427-430. 

(12) (a) Eckman, R.; Vega, A. J. J. Am. Chem. Soc. 1983,105, 4841. (b) 
Meirovitch, E.; Belsky, I. J. Phys. Chem. 1984, 88, 4308-4315. (c) Gottlieb, 
H. E.; Luz, Z. J. Magn. Reson. 1983, 54, 257-271. 

© 1986 American Chemical Society 



8124 J. Am. Chem. Soc, Vol. 108, No. 26, 1986 Majors, Raidy, and Ellis 

shape arising from Bronsted and Lewis sites on the surface. We 
shall demonstrate that this separation of Bronsted and Lewis sites 
cannot be accomplished with either 15N or 31P N M R for 7-alumina 
surfaces. 2H N M R techniques represent a novel way to char­
acterize the nature of Bronsted and Lewis acid sites on a surface 
both with respect to their motion and their relative populations. 

Experimental Section 
Samples. The 7-alumina samples were prepared from carefully 

ground high-purity pellets (Norton catalyst support No. SA6173; 220 
m2/g). Samples (1.0 g) were added to glass break-seal tubes (Pyrex or 
quartz), dried under vacuum, and flame sealed under vacuum. Measured 
samples of purified 15NH3 or ND3 (Merck Sharp and Dohme gases dried 
over freshly cut sodium metal and vacuum distilled) were placed in the 
other chamber of the break-seal tube (370 ^mol corresponds to approx­
imately 25% of a monolayer where one monolayer is defined in this study 
as 4 molecules per 100 A2) and flame sealed under vacuum. The ad­
sorbent and adsorbate were united and equilibrated by shattering the seal 
and heating the tube at 120 0C for 1-3 h before slowly cooling to room 
temperature. Surface samples of P(CH3)3 and D2O were prepared in an 
analogous manner. 

Just prior to performing the NMR experiments the break-seal tubes 
were opened under dry nitrogen, and the sample was packed into a 
precision machined ceramic rotor fitted with KeI-F end caps. This sam­
ple handling was performed inside of a Vacuum Atmospheres drybox. 

Each of the samples was initially dried by evacuation at 25 0C for 8 
h, followed by the gradual elevation of the temperature to 150 0C (4 h; 
approximately 30 °C/h). This initial procedure resulted in the removal 
of the majority of the hydroxyl groups from the sample without sintering 
the alumina. Three individual methods for vacuum drying the 7-alumina 
samples were employed. Partially dehydroxylated alumina (PDA) sam­
ples were prepared by evacuating the sample for 8 h at 350 0C to a final 
pressure of 10~5 torr. Intermediately dehydroxylated alumina (IDA) 
samples were prepared by evacuating the starting material at 510-550 
0 C, calcining the sample under O2 for 30 min (three 10-min intervals 
with intermittent evacuation), and evacuating for 3 h at 610 °C. Ex­
tensively dehydroxylated alumina (EDA) samples were obtained by 
calcining the starting material under O2 for 1 h at 815 °C and evacuating 
for 5 h at the same temperature to an ultimate pressure of 10"* torr. 

NMR Measurements. '5N and 2H solid-state NMR spectra were 
acquired with a Bruker WH-400 spectrometer at resonance frequencies 
of 40.55 and 61.42 MHz, respectively. 15N NMR spectra for each 
surface containing 25% of a monolayer 15NH3 were obtained under a 
variety of conditions; magic angle spinning" and static powder resonances 
were each observed via cross-polarization20 and with Bloch decays with 
gated proton decoupling. 

In an attempt to gain a better understanding of the distribution of 
Lewis and Bronsted acid sites on 7-alumina, we also obtained solid-state 
31P spectra of P(CH3)3 chemisorbed on these surfaces. The results of 
these experiments are analogous to those already reported.15b The 31P 
spectra were obtained on a Varian XL-300 equipped with a broad-band 
tunable Doty Scientific MAS probe. The resonance frequency for 31P 
on this spectrometer is 121.4 MHz. 

The solid-state deuterium NMR spectra were obtained utilizing a 
home-built wide-band receiver21 capable of a 5-MHz simultaneous qua­
drature digitization rate. The probe employed in a single resonance 
horizontal coil 5-mm NMR powder probe purchased from Doty Scien-

(13) (a) Liang, S. H. C ; Gay, I. D. / . Catal. 1980, 66, 294-300. (b) 
Slotfeldt-Ellingson, D.; Resing, H. A. J. Phys. Chem. 1980, 84, 2204-2209. 
(c) Dawson, W. H.; Kaiser, S. W.; Ellis, P. D.; Inners, R. R. J. Am. Chem. 
Soc. 1981,103, 6780-6781. (d) Dawson, W. H.; Kaiser, S. W.; Ellis, P. D.; 
Inners, R. R. J. Phys. Chem. 1982, 86, 867-868. (e) Maciel, G. E.; Haw, 
J. F.; Chuang, I.-S.; Hawkins, B. L.; Early, T. A.; McKay, D. R.; Petrakis, 
L. J. Am. Chem. Soc. 1983, 105, 5529-5535. (f) Toscano, P. J.; Marks, T. 
J. Ibid. 1985, 107, 653-659. 

(14) (a) Michel, D.; Germanus, A.; Pfeifer, H. J. Chem. Soc, Faraday 
Trans. 1 1982, 78, 237-254. (b) Maciel, G. E.; Haw, J. F.; Chuang, I.; 
Hawkins, B. L.; Early, T. A.; McKay, D. R.; Petrakis, L. J. Am. Chem. Soc. 
1983, 105, 5529-5535. (c) Ripmeester, J. A. Ibid. 1983, 105, 2925-2927. 

(15) (a) Rothwell, W. P.; Shen, W. X.; Lunsford, J. H. J. Am. Chem. Soc. 
1984,106, 2452-2453. (b) Lunsford, J. H.; Rothwell, W. P.; Shen, W. Ibid. 
1985, 107, 1540-1547. 

(16) Reference deleted in press. 
(17) Reference deleted in press. 
(18) Spiess, H. W.; Sillescu, H. J. Magn. Reson. 1981, 42, 381-389. 
(19) (a) Lowe, I. J. Phys. Rev. Lett. 1959, 2, 285. (b) Andrew, E. R.; 

Bradbury, A.; Eades, R. G. Nature (London) 1958, 182, 1659. 
(20) Pines, A.; Gibby, M. G.; Waugh, J. S. / . Chem. Phys. 1973, 59, 

569-590. 
(21) Claiborne, T. C; Cheng, J. T.; Garber, A. R.; Ellis, P. D., submitted 

for publication. 

a. 

b. 

c. 

1 1 1 1 , 1 1 r 
- s e a - 3 5 2 - « a a 

p p.1 

Figure 1. 40.55-MHz 15N MAS spectra of l5N-enriched ammonia on 
7-alumina (25% monolayer; 1 molecule/100 A2): (a) PDA surface 
obtained with Bloch decays, 816 15-s repetitions; (b) IDA surface ob­
tained with cross-polarization, 6432 0.5-s repetitions, 2-ms contact time; 
(c) EDA surface obtained with cross-polarization, 9600 0.5-s repetitions, 
2-ms contact time; (d) non-15N-labeled NH3:A1C13 complex 15N MAS 
spectrum obtained with cross-polarization, 12 660 2-s repetitions, 2-ms 
contact time. Chemical shifts are relative to 0.1 M NH4NO3. 

tific Inc., whose impedance was carefully matched to a high-power du­
plexes Careful attention was given to impedance matching, bandwidth, 
and gain in all subsequent stages of amplification and filtering. 

Deuterium spectra were obtained using a quadrupole spin-echo22 pulse 
sequence. Ninety degree pulse widths of 1.9 MS were attained with 900-W 
pulse power at 61.424 MHz. The pulse sequence timing parameters and 
receiver phase were optimized by observing the line shapes for hexa-
methylbenzene-rf18 and perdeuterated polyethylene. Subsequently, only 
nominal zero-order spectral phasing was necessary to adjust the phase 
of the powder patterns. We define the separation between the perpen­
dicular edges (the "horns") as WQ/2X. This separation is three-fourths 
of the motionally averaged quadrupole coupling constant. 

Quadrupolar spin echo spectra were obtained for each of the ND3 / 
alumina samples. An ambient-temperature study of the dependence of 
the line shapes on the parameter r was performed in the range of 10-200 
MS. No line-shape distortion was observed, indicating that molecular 
motion is either very slow or in the limit of fast exchange. An inversion 
recovery quadrupole echo T1 experiment was performed on each ND3 

sample to resolve line-shape components and to characterize molecular 
motion. 

In order to investigate the consequences of exchange of deuterons 
between NH3 and the alumina surface, we obtained 2H spectra for sam­
ples of alumina exposed to D2O. We examined the 2H NMR of a PDA 
surface within 8 h of its preparation and after storage of the same sample 
for 30 days at -10 0C. 

Results and Discussion 
Solid-state 15N N M R experiments were performed to determine 

chemical states of the surface-associated ammonia and thus the 
chemical environment of the adsorption sites. The 15N spectra 
of Figure 1 depict a surface-preparation-dependent distribution 
of resonances which cover a chemical shift range of approximately 
30 ppm. 

The spectrum OfNH3 on PDA (Figure la) displays a resonance 
distribution centered at -362 ppm (relative to 0.1 M N H 4 N O 3 ) , 
similar to inorganic ammonium ions (-352 ppm).23 The observed 

(22) Davis, J. H.; Jeffrey, K. R.; Bloom, M.; Valic, M. I.; Higgs, T. P. 
Chem. Phys. Lett. 1976, 42, 390-394. 
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Figure 2. 121.4-MHz 31P CP/MAS spectrum of trimethylphosphine 
adsorbed to 7-alumina (PDA; 25% monolayer). 

line width at half-height is 9 ppm. This same resonance distri­
bution was observed both in the presence and the absence of magic 
angle spinning (MAS). The 15N MAS spectra of NH3 on IDA 
(Figure lb) and EDA (Figure Ic) surface samples exhibit broader, 
less symmetric, and slightly more deshielded resonances, their 
resonance distributions shifting toward the resonance of the model 
Lewis complex NH3:AlCl3 (Figure Id). The spectrum of NH3 

on EDA exhibits a line width of 15 ppm and a line-shape max­
imum at -358 ppm. The spectrum of NH3 on IDA exhibits a 
shielding maximum at -360 ppm and a line width of 28 ppm. The 
Lewis acid-base complex (NH3:A1C13) spectrum has a line width 
of 5 ppm and a isotropic shielding value of -342 ppm. 

The results of the 15N experiments suggest a model of a surface 
containing a distribution of Bronsted and Lewis acid adsorption 
sites. As the temperature for surface evacuation is raised, more 
hydroxyl protons are desorbed (as H2O), removing Bronsted sites 
and uncovering more Lewis acid sites. These experiments dem­
onstrate the utility of 15N-labeled ammonia as a probe of surfaces 
containing diverse acid sites. However, the results of these ex­
periments are disappointing, as the 15N chemical shifts are not 
sufficient to afford absolute resolution of the various species 
present. Hence it would be very difficult to quantify the number 
of Bronsted vs. Lewis sites on this surface utilizing 15N NMR. 

It is interesting to contrast our 15N experiments with the 31P 
experiments recently reported by Lunsford, Rothwell, and Shen.15b 

In their work they utilized P(CH3)3 (a relatively weak base 
compared to NH3) to probe the various acid sites on zeolites and 
a 7-alumina surface. In the case of 7-alumina, they only observed 
31P resonances associated with the Lewis acid species. We repeated 
their experiments on our surface preparations with both Bloch 
decays and cross-polarization methods and essentially observed 
the same results (Figure 2). This representative spectrum is 
composed of resonances at -50 and +67 ppm (both of which are 
flanked with first-order spinning sidebands) which the authors1511 

have identified as arising from a Lewis acid species and some 
oxidation products, respectively. The 31P NMR results have the 
advantage of a larger chemical shift range, so that one can obtain 
absolute resolution of the various species present. However, be­
cause of the lower basicity of P(CH3J3 and phosphines in general, 
misleading information about the relative numbers of Bronsted 
and Lewis sites on the surface may result from the 31P NMR 
method. For example, the 15N spectra clearly show a distribution 
of Bronsted and Lewis acid sites and that this distribution is 
sensitive to the sample preparation, whereas the 31P experiments 
on the same surfaces (data not shown) are insensitive to the 
presence of the Bronsted sites. Hence, one can only conclude from 
the 31P NMR results that the Bronsted acids on 7-alumina are 
too weak to protonate trimethylphosphine. 

Solid-state 2H NMR experiments offer the opportunity of 
characterizing the motional freedom of ammonia species at a 

(23) Gibby, M. G.; Griffin, R. G.; Pines, A.; Waugh, J. S. Chem. Phys. 
Lett. 1972, 17, 80. 

Figure 3. 61.4-MHz 2H quadrupolar spin echo spectrum of per-
deuterated ammonia on 7-alumina (EDA): 3800 0.5-s repetitions, 40-MS 
echo delay, 25% monolayer coverage. 

Figure 4. (a) Composite line-shape simulation of ND3/PDA; (b) 61.4-
MHz 2H quadrupolar spin-echo spectrum of perdeuterated ammonia on 
7-alumina (PDA), 37 800 0.5-s repetitions, 40-jxs echo delay, 25% mon­
olayer coverage. 

surface and the characteristics of its binding sites. By utilizing 
2H line-shape analysis and Tx experiments, and by comparing 2H 
spectra of water and ammonia bound to a 7-alumina surface, the 
2H spectra can be interpreted in terms of distributions of ammonia 
species. A few simple motional models serve to explain many of 
the features of the spectra. The 2H spectra obtained for ND3 

adsorbed on the various dehydroxylated 7-aluminas (Figures 3-5) 
indicate the presence of a deuterated surface and a variety of 
surface-associated ammonia species which are identified as Lewis 
acid adducts and one or more Bronsted acid species. 

The 2H spectrum for the sample of ND3 on EDA (Figure 3) 
shows an isolated resonance with icq/lir of 54 kHz and 7? = 0. 
This resonance is present in all of the spectra and is observed to 
increase in intensity with the surface drying temperature. This 
value of oiQJlit agrees with all previously observed values for 
ammonium residues24 and corresponds with the rapid reorientation 
of the residue about its threefold axis. 

The 2H line-shape spectrum (Figure 3) for ND3 on EDA in­
dicates motion about the threefold axis. However, the details of 

(24) (a) Hunt, M. J.; McKay, A. L. J. Magn. Reson. 1974, IS, 402-414. 
(b) Muller-Rowat, C; Haeberlen, TJ. Chem. Phys. 1985, 96, 327-332. (c) 
Barnes, R. G.; Bloom, M. MoI. Phys. 1973, 2S, 493. 
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Figure 5. (a) Composite line-shape simulation of ND3/IDA; (b) 61.4-
MHz 2H quadrupolar spin-echo spectrum of perdeuterated ammonia and 
y-alumina (IDA), 3800 0.5-s repetitions, 40-MS echo delay, 25% mono­
layer coverage. 

this motion are lost because a fast motion limit three site rotation 
jump process yields a line shape which is identical with that for 
rapid diffusion about that axis. This detailed motion may be 
recovered by determining the orientational dependence of the 
deuterium spin-lattice relaxation time T1. Torchia and Szabo25 

have shown that the relaxation rate of a deuteron which is attached 
to a tetrahedral center and performing rapid diffusion about a 
threefold axis (other than the axis the deuteron is aligned with) 
is given by 

1/T1 = 8o>o>/27 (D 

where T is the reciprocal of the diffusion rate. The expression 
for the relaxation rate of a deuteron undergoing rapid threefold 
site jumps is given as 

1/T1 = (4o)Q
2/27(c)(l + cos2 6) (2) 

where 6 is the angle between the laboratory z axis (the magnetic 
field direction) and the jumping axis, and K is the site exchange 
rate. The rate expression for the diffusion model does not depend 
upon the powder angle 6 and hence the relaxation is isotropic. In 
contrast to this dependence the relaxation rate for the jump model 
is anisotropic. The parallel components, 6 = 0°, of the line shape 
would relax twice as quickly as the discontinuities at 8 = 90°. 2H 
inversion recovery relaxation experiments for the ND3/EDA 
sample (Figure 6) demonstrate the isotropic relaxation of the Lewis 
site species. This clearly demonstrates that the reorientational 
process for ND3 at the Lewis site is diffusive. 

The 2H spectrum of ND3 on PDA (Figure 4b) displays a broad 
resonance with UQ/2TT = 210 kHz. This resonance is too broad 
to be an ammonium resonance.26 However, the 210-kHz splitting 
does correspond with O-D deuterons.27 A 2H NMR experiment 
with a PDA surface containing D2O (Figure 7a) (in equimolar 

(25) Torchia, D. A.; Szabo, A. / . Magn. Reson. 1982, 49, 107-121. 
(26) The observed quadrupolar splitting for the ammonium residue is only 

approximately 54 kHz, and even if all reorientational motion were to cease 
the static WQ/2IT is only approximately 160 kHz. 

(27) The exchange of ammonia hydrogen atoms with 7-alumina hydroxyl 
groups has been observed previously via infrared spectrophotometry. Alu­
minas are also known to catalyze the conversion of 0-H2 to P-H1, hydrogen 
gas isotopic exchange, methane isotopic scrambling, and the isotopic exchange 
of D2 with a variety of unsaturated hydrocarbons.6 

Figure 6. 61.4-MHz 2H inversion recovery quadrupolar spin-echo 
spectra of ND3/EDA: 1200 0.6-s repetitions per experiment, temp 19 
0 C, T1 = 200 ms. 

Figure 7. 61.4-MHz 2H quadrupolar spin-echo spectrum of per­
deuterated water on PDA 7-alumina, 25% monolayer coverage: (a) 
freshly prepared sample, 13 256 2-s repetitions; (b) reacted sample, 
88 000 0.5-s repetitions. 

surface concentration to the ND3 samples) revealed an i) = 1 line 
shape with UQ/2T: = 210 kHz which is the same as the broader 
resonance in the ND3/PDA 2H spectrum. To generate hydroxyl 
resonances, the sample was allowed to undergo hydrogen exchange. 
The same sample was stored at -10 0 C for 30 days and run at 
room temperature (Figure 7b) to reveal the 2H resonance evolving 
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Figure 8. The subtraction of identified 2H line-shape components from 
the spectrum of ND3/PDA: (a) ND3/PDA, (b) ND3/EDA, (c) reacted 
D20/PDA, (d) optimized difference spectrum displaying the approximate 
line shape of the Bronsted ammonium species. 

toward an r\ = 0 line shape with the same value of WQ/2TT. 
Computer simulations for the ND3/PDA spectra (Figure 4a) show 
that the 210-kHz component contributes approximately 27% of 
the spectral area. This broad component shows a rapidly di­
minishing contribution to the spectra of ND3 on IDA and EDA 
suggesting a direct correlation with surface hydroxyl concentra­
tion.28 These results clearly demonstrate that NH3 can exchange 
hydrogens with the surface hydroxyl groups on 7-alumina. 
However, these spectra do not point to a specific mechanism for 
this exchange process. The surface preparation dependence of 
both the 210- and the 54-kHz (n = 0) resonances supports the 
identification of the corresponding chemical species as deuteroxyl 
and Lewis-site-associated ammonia species, respectively. As the 
surface drying temperature is raised, Bronsted hydroxyl acid sites 
are removed as H2O, and Lewis acid sites are generated by the 
desorbing water molecules. The absence of the deuteroxyl reso­
nance in the ND3/EDA spectrum (Figure 3) shows that the Lewis 
site ammonia species is not responsible for the observed hydrogen 
exchange. 

Having identified two distinct 2H resonances, we now consider 
the resonance (or resonances) contributing to the center of the 
ND3/PDA line shape. Unlike the identifiable deuteroxyl reso­
nance (Figure 7) and the distinct Lewis site resonance (which is 
isolated in Figure 3), the component at the center of the ND3 / 
PDA and ND3/IDA spectra (Figures 4 and 5) is obscured by other 
resonances and must be isolated by a subtraction technique. By 
subtracting appropriately scaled spectra of the ND3/EDA and 
hydrogen-exchanged D20/PDA samples from the spectrum of 
the ND3/PDA sample, an approximate line shape is obtained 
(Figure 8d). This resonance is most intense at the center and 
broadens to a base-line width of 54 kHz. Subsequently this line 
shape shall be referred to as the "isotropic component" of the 

(28) Previous infrared spectroscopic studies of NH3 on 7-alumina5,: have 
revealed the formation of new hydroxyl groups via dissociation of ammonia 
to form an NH2" species, but this was estimated to account for an optimum 
of 1 in every 10 NH3 molecules'" and accordingly would contribute only 3% 
to the spectral area (this optimum value pertains only to the surfaces with the 
least hydroxyl sites whereas we are now considering the surface with a high 
concentration of hydroxyl sites present). 

XILOHERTZ 

Figure 9. 614-MHz 2H inversion recovery quadrupolar spin-echo spectra 
of ND3/PDA: 1200 0.6-s repetitions per experiment, temp 19 0C. 

Figure 10. 61.4-MHz 2H inversion recovery quadrupolar spin-echo 
spectra of ND3/IDA: 1200 0.6-s repetitions per experiment, temp 19 0C. 
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surface spectra. To resolve the resonances contributing to the line 
shapes, a series of inversion recovery experiments were performed 
on the PDA and IDA surfaces containing ND3 (Figures 9 and 
10, respectively). For these experiments the center component 
of the line shape was observed to relax at a rate significantly faster 
than the other components. This resonance resembles the isotropic 
line shape obtained by the difference spectra (Figure 8d). 

To account for this isotropic component, a highly mobile am­
monium surface species must exist. This species must, however, 
meet the condition of nonisotropic reorientation. The rapid and 
truly isotropic reorientation of the 2H quadrupolar tensors would 
result in the averaging of the quadrupolar interaction to zero (since 
the quadrupolar tensor is traceless), leaving only the Zeeman 
interaction. The quadrupolar echo experiment acts like a 
"quadrupolar filter" because the refocusing of magnetization relies 
upon the presence of a residual quadrupolar interaction, so any 
rapid isotropically reorienting species would be invisible to these 
experiments. The observed line shapes are insensitive to the 
variation of the quadrupolar echo delay (Tqe) in the range of 
10-200 /is. 

To quantify the relative contributions of the individual reso­
nances to the ND3/PDA (Figure 4b) and the ND3/IDA (Figure 
5b) spectra, composite line-shape simulations (Figures 4a and 5a) 
were generated and compared with the experimental line shapes. 
The elements of these composite line shapes are simulated 
quadrupolar echoes (time domain data) for the Lewis, Bronsted 
(approximated with an isotropic resonance), and deuteroxyl 
species. The deuteroxyl resonance was approximated by the 
combination of an OJQ/2TT = 210 kHz (77 = 0) resonance and an 
o>Q/2ir = 210 kHz (TJ = 1) resonance in the ratio of 2:1, re­
spectively, and treated as a single echo for the simulations. The 
Lewis and deuteroxyl resonances were each given an initial 
Lorentzian line broadening of 4 kHz. For the simulation of ND3 

on PDA, the Bronsted resonance was given an initial line width 
of 1 kHz and combined in varying ratios with the Lewis and the 
deuteroxyl resonances before the application of additional expo­
nential multiplication (9.4 kHz) and Fourier transformation. For 
the simulation of ND3 on IDA, the Lewis and deuteroxyl reso­
nances were combined and further Lorentzian line broadening 
(6.4 kHz) was applied. The Bronsted resonance (with a total line 
width of 4 kHz) was added and Fourier transformed with the other 
resonances. The optimization of fit to the experimental line shapes 
was facilitated with a simplex algorithm.29 

The composite simulation of the ND3/PDA spectrum (Figure 
4) indicates the contribution of approximately 56, 27, and 17% 
for the Lewis, deuteroxyl, and Bronsted components, respectively. 
The simulations of the ND3/IDA line shape (Figure 5) show that 
the relative contributions are 81, 15, and 4% for the same re­
spective resonances. These percentages can be used directly to 
estimate the relative populations of ammonia-occupied sites, if 
we assume that the ammonia species of the Lewis site does not 
participate in hydrogen exchange (i.e., it finds its Lewis site before 
significant exchange occurs). For the composite line-shape sim­
ulations, the total line width for the Bronsted resonance was 10.4 
kHz for the PDA sample, and 4.0 kHz for the IDA sample. The 
decrease in line width with higher surface preparation temperature 
indicates a decrease in the heterogeneity of motional averaging 
of the Bronsted species. 

An error analysis was performed on each composite simulation 
by determining the sensitivity of the relative intensities of the most 
accurately measurable features of the line shapes (i.e., the center, 
the 54-kHz splittings, and the 210-kHz separations). The results 
indicate the line shape is two or three times more sensitive to the 
relative contribution of the Bronsted resonance compared with 
the Lewis resonance, and between 6 and 20 times more sensitive 
as compared with the deuteroxyl resonance. Therefore, population 
of the deuteroxyl sites will be prone to the most error. 

Like the broad hydroxyl resonance, the isotropic component 
decreases with decreasing surface hydroxyl concentration (Figures 
4, 5, and 3). As an interesting comparison, variable-temperature 

(29) Deming, S. N.; Morgan, S. L. Anal. Chem. 1973, 45, 278a. 
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Figure 11. 61.4-MHz 2H variable-temperature quadrupolar spin-echo 
spectra of ND3/PDA: 4096 0.5-s repetitions per experiment, 40-^s echo 
delay. Experimental temperatures (in descending order) are 294, 275, 
250, 225, 200, 175, 150, 125, 97, 80 K. 

experiments performed on the ND3/PDA sample in the tem­
perature range from 295 to 80 K (Figure 11) indicate the same 
gradual decrease and finally the disappearance of the isotropic 
component at 80 K. The trend for diminishing intensity which 
is observed for the isotropic component in the variable-temperature 
experiments arises from the removal of thermal energy from the 
system, A simple motional model can explain this behavior. 

Envision a tetrahedral ND4
+ molecule which is electrostatically 

attracted to a anion site where the negative electrical charge is 
dispersed over a few neighboring oxygens on the surface. Assume 
thai the weakly attracted molecule is undergoing rapid diffusion 
about the threefold axis normal to the particular facet facing the 
surface. This motional model is similar to that of the Lewis site 
ammonia species except that the three diffusing "facial" deuterons 
are facing the surface (upside down relative to the Lewis site 
species). Additionally an "apical" hydrogen site (which is the 
fourth hydrogen site located on the threefold axis) is present. The 
reorientation of the ammonium ion may involve such a hypo­
thetical species where this motional axis is undergoing a random 
exchange with another of the three remaining tetrahedral threefold 
axes. This may be envisioned as a tumbling of the NH 4

+ tetra­
hedron onto another one of its four facets by a thermal process 
like translation over the surface. As the sample temperature is 
decreased, the thermal energy available to the hypothetical system 
will ultimately fall below the activation energy for this tumbling 
process (see Figure 11). 

To determine what line shapes would result from the hypo­
thetical motional model described above, 2H quadrupolar spin-
echo simulations were generated.30 These line-shape simulations 
calculate the observable magnetization of a nucleus (spin / = 1) 
after performing a quadrupolar spin-echo experiment and account 
for finite pulse power.22 These calculations include the effect of 
random reorientation (which is treated as a stationary Markov 
process31) during the time of the spin-echo and acquisition. The 

(30) Greenfield, M. S.; Ronemus, A. D.; Void, R. L.; Void, R. R.; Ellis, 
P. D.; Raidy, T. E., submitted for publication to J. Magn. Reson. 

(31) Abragam, A. The Principles of Nuclear Magnetism; Oxford Univ­
ersity Press, 1961. 
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Figure 12. 2H quadrupolar spin-echo simulation spectra for the motional 
model proposed for the Bronsted species, 40-̂ ts echo delay: (a) £af = 108 

Hz, (b) Kt = 5 x 10" Hz, (c) k,, = 104 Hz, (d) kit = 0 Hz. 

simulated time domain information is subsequently Fourier 
transformed yielding the line shape for the given model. 

The specification of the motional model requires the number 
and relative orientation of the jump sites, the a priori population 
probabilities for these jump sites, and the transfer rates between 
each of the sites. For the simulations, the four tetrahedral sites 
were given equal population probability as is dictated by the high 
symmetry of this system. The three motionally equivalent facial 
sites were allowed to undergo rapid exchange (k{[ = 108 Hz). A 
series of simulations were performed in which the exchange rate 
for a facet site going to the apical site (/caf) ranged from 0 to 108 

Hz. In the range of 5 X 105 Hz or greater, the line shape is 
observed to be isotropic (Figure 12a). Below 5 X 105 Hz, a 
54-kHz (TJ = 0) Lewis-like component begins to emerge (Figure 
12b) and ultimately dominates the resonance (Figure 12c). For 
a kaf value of 0 Hz, the apical site is disconnected from the facial 
sites and two independent resonances result: the 54-kHz (y -
0) resonance from the motionally averaged facial deuterons and 
a 162-kHz (?) = 0) resonance due to the unaveraged apical deu-
teron, with a spectral area ratio of 3:1, respectively (Figure 12d). 
The simulations indicate some dependence of the line shape upon 
the value of rqe for the intermediate kif value (5 X 105 Hz; figure 
not shown). Specifically the isotropic resonance undergoes some 
narrowing at the base for increasing values of rqe. However, this 
dependence is quite minor and would be obscured by the other 
resonances in experimental spectra. 

The preceding model for the motion of ammonium ions serves 
to explain the temperature dependence of ND3/PDA 2H NMR 
spectra. Some details of the mobility of the ammonium species 
remain uncertain. It may involve a localized surface species (such 
as an ammonium molecule which is associated with one or a few 
hydroxyl sites) and/or a highly mobile ammonium species which 

is free to undergo translation across the surface. The survival of 
the quadrupolar interaction suggests a localized surface species. 
The constrained mobility of ammonia on 7-alumina is also sup­
ported by previous experimental thermodynamic calculations.813 

The continuous transition of the isotropic component in the 
variable-temperature experiments (Figure 11) indicates a dis­
tribution of reorientational activation energies. 

The experimental spectra obtained for ammonia interacting with 
7-alumina in this study indicate the presence of a distribution of 
surface binding sites. This distribution is manifested in the 
broadening of the 15N resonances (Figure 1) and the rounded 
discontinuities of the 2H resonances (e.g., Figure 3), and also in 
the continuity of the line-shape transition in the variable-tem­
perature 2H experiments (Figure 11). 

For insight into the nature of this surface heterogeneity, consider 
some previous investigations of 7-alumina. Alumina surface 
structures have been modeled by several authors32 (a compre­
hensive discussion of these model surfaces was given by Knozinger 
and Ratnasamy6). The general approach was to a consider a 
polycrystalline 7-Al2O3 sample which is composed of one or a 
combination of low index oxygen lattice planes [(1,0,0), (1,1,0), 
(1,1,1)] which correspond to the defect-spinel morphology known 
for 7-alumina. Beginning with a hypothetical sample saturated 
with hydroxyl groups (100% monolayer), Monte Carlo calcula­
tions32 were performed to simulate the combination and desorption 
of hydroxyl groups in the form of water. These simulations show 
three major hydroxyl site classifications, corresponding directly 
to the number of Al3+ cations to which the hydroxyl oxygen atoms 
are attached. 

Type I hydroxyl sites are attached to only one Al3+ cation, type 
II to two, and type III to three subsurface aluminum ions. Type 
I hydroxyl oxygens share electron density with only one Al3+ atom 
and have a relatively significant electronic overlap with the hy­
drogen at that site, making this hydroxyl a relatively weak acid 
site. Type II hydroxyl sites have intermediate acidity and type 
III sites have the highest acidity. By the same rationale, type III 
oxygens are shown to be least likely to undergo desorption, whereas 
the type I hydroxyl groups are most labile. Further divisions of 
these three major groups arise according to the site symmetries 
of the coordinating Al3+ (Oh or Td environment) and also between 
the various index planes (variations in steric hindrance are invoked 
here). 

These simple arguments for idealized surfaces, when considered 
with the likelihood of surface defects and the contribution of higher 
order index planes, give some appreciation of how the spectral 
heterogeneities observed for the ammonia surface species arise. 
It is evident from the observed heterogeneities that the use of 
distribution functions in line-shape calculations may be appro­
priate, and is currently being investigated in our laboratory. 
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