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A series of multiple-pulse nuclear magnetic resonance (NMR) techniques have been applied to 
the study of the adsorbed state of formic acid on ammonium-Y (NH,-Y) and ultrastable hydrogen- 
Y (H-Y) zeolites. It is determined that the formic acid is adsorbed on the zeolites in two different 
forms: as unidentate and bidentate formate species, which can be distinguished by the symmetry of 
the 13C chemical shift powder patterns. Cross-polarization NMR techniques exploit differences in 
the W-‘H dipolar couplings to separate the two groups. The ratio of bidentate to unidentate 
species is about 52 : 48 on the NH,-Y zeolite and about 83 : 17 on the ultrastable H-Y zeolite at a 
coverage of 0.3 monolayer. The strength of the 13C-27A1 dipolar interaction suggests that the 
bidentate formate ions are bonded to the Al atoms of the zeolites. The ‘H NMR spectrum of the 
carbonyl hydrogen, isolated by a dipolar-difference technique, is shifted downfield from that of neat 
formic acid, indicating that the hydrogen has become more acidic. 

I. INTRODUCTION 

The adsorbed state of formic acid on 
metal oxides has been studied by various 
spectroscopic techniques, primarily trans- 
mission infrared (1-4). Other studies in- 
clude inelastic electron tunneling spectros- 
copy (5, 6) and high-resolution nuclear 
magnetic resonance (NMR) methods (I). 
We present here a multiple-pulse NMR 
study of the nature of formic acid adsorbed 
on two Y zeolites (Si/Al = 2.8): an ammo- 
nium-Y (NH,-Y) and an ultrastable hydro- 
gen-Y (H-Y) zeolite. 

Both zeolites have the faujasite-type 
structure containing nearly spherical cavi- 
ties 12 A in diameter interconnected by 8 
to 9-A openings (7). The ultrastable H-Y is 
the “deep-bed” calcination product of the 
NH,-Y zeolite at about 775 K (8). Al- 
though derived from the NH,-Y zeolite, 
the ultrastable H-Y zeolite is quite differ- 
ent, possessing increased catalytic proper- 
ties with respect to Bransted acid-catalyzed 
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reactions such as alkylation and hydrocar- 
bon cracking, increased thermal stability, 
and increased resistance to decomposition 
(9). It is proposed that the increased stabil- 
ity is in part the result of the removal of a 
portion of the tetrahedrally coordinated 
framework Al atoms, yielding cationic Al 
species with charges ranging from 1 to 3 
(10). Specifically, it is suggested that the 
decomposition of the NH,-Y to the ultrasta- 
ble H-Y zeolite creates 9 to 15 Al cations 
per unit cell (IO). This is consistent with 
ammonia adsorption studies on the ultrasta- 
ble H-Y zeolite which indicate the pres- 
ence of 12 new Bronsted acid sites per unit 
cell (IO). However, although it is generally 
accepted that the results of chemical anal- 
ysis and X-ray diffraction suggest an alumi- 
num-deficient structure, the nature of the 
nonframework aluminum and the defect 
site is still uncertain (II). 

Formic acid adsorbs irreversibly on both 
zeolites. Upon desorption, submonolayer 
coverages of formic acid decompose almost 
exclusively to CO and H,O. It is the general 
conclusion of the studies cited above that 
the formic acid chemisorbs onto metal ox- 
ides via the loss of the acidic hydrogen. The 
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formate ion is then bonded to the substrate scribed by any one, or a combination, of 
through one or both of the oxygen atoms. the species shown below. 
The state of the formate ion may be de- 
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The unidentate formate structure (species 
I) is bonded through a single oxygen atom, 
as in formic acid and formate esters. The 
bidentate and bridging bidentate structures 
(species II and III) may occur in both 
symmetrical and unsymmetrical forms, de- 
pending on the metal ion lattice spacings. 
Infrared studies on formate salts suggest 
that the formate bonding is determined by 
the ionic radius of the metal atom (22), the 
electronegativity of the metal (23), or both 
properties plus the mass of the metal atom 
(14). 

Because of the lack of periodicity and 
low concentrations of surface formate spe- 
cies on the polycrystalline zeolite samples, 
it is not feasible to determine directly the 
structure of the adsorbate by various dif- 
fraction methods (15). It is, therefore, nec- 
essary to examine other quantities which 
are sensitive to the molecular geometry and 
then, through analogy with known struc- 
tures, determine the state of the adsorbed 
species. In this paper we examine one such 
property, the chemical shift tensor of the 
adsorbed formic acid, with multiple-pulse 
NMR techniques. 

The application of NMR techniques to 
the study of adsorbed species has been 
discussed in several reviews (16-18). Al- 
though there have been numerous NMR 
studies of physically adsorbed hydrocar- 
bons, there have been relatively few appli- 
cations to the study of chemically adsorbed 
species. Examples of chemically adsorbed 

systems include the study of benzene on 
charcoal and silica gel (29), carbon dioxide 
on molecular sieves (20), and carbon mon- 
oxide on rhodium on alumina (21). One 
difficulty with NMR studies of chemisorbed 
molecules is the extremely weak NMR sig- 
nals of such dilute systems, which is further 
complicated by excessive broadening. To 
date, most studies on physically adsorbed 
molecules have concentrated on the spin- 
lattice relaxation times and the isotropic 
frequency of the resonance. This study will 
concentrate more on the anisotropic chemi- 
cal shift tensor and the dipolar interaction 
between the 13C nuclei and neighboring 
nuclei, two quantities which are averaged- 
out in physically adsorbed systems. These 
interactions will be used to determine the 
geometry of the adsorbed state, the degree 
of motion on the surface, and the nature of 
the adsorption site. 

This study will utilize several high-reso- 
lution NMR pulse sequences (22-24), in- 
cluding spin-decoupling (23, cross-polar- 
ization (25, 26), dipolar-modulation (27), 
and dipolar-difference (28) techniques to 
enhance the NMR signals and attenuate the 
extraneous broadening. The analysis will 
be based primarily on 13C NMR spectra. 
The 13C nuclei are a dilute spin system in 
the zeolite and interact almost exclusively 
through other spin systems or the lattice; 
thus, there is negligible broadening from 
homonuclear interactions. The 13C chemi- 
cal shifts are much larger than those of ‘H 
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nuclei, which allows an interpretation of 
the spectra even in the presence of sub- 
stantial broadening. The ‘H spectrum of 
the carbonyl hydrogen of formic acid will 
be measured also as a cross-reference on 
the environment of the adsorbed species. 

The NMR pulse techniques will be used 
to measure the chemical shift tensor, the 
dipolar interactions with ‘H and 27Al nuclei, 
and the various relaxation times of the 13C 
nuclei of the adsorbed formic acid. The 
center-of-mass of the chemical shift tensor 
(the isotropic value observed in physically 
adsorbed samples) reflects the general char- 
acter of the chemistry of the molecular 
species; that is, the isotropic chemical shift 
readily distinguishes between fundamen- 
tally different carbon compounds such as 
carbonyl, aliphatic, and aromatic groups. 
However, the isotropic value is not a good 
indicator of subtle chemical differences 
within a subgroup such as the formate 
compounds (29). Rather, the changes in 
bonding geometry are better reflected by 
the anisotropy of the chemical shift tensor. 
In general, within a subgroup the isotropic 
value indicates the average electron density 
at the 13C nucleus, whereas the full tensor is 
sensitive to changes in the angular distribu- 
tion and symmetry of the electron density. 

The interaction of the 13C nuclei with 
neighboring dipoles can be used to deter- 
mine average internuclear distances and the 
extent of motional averaging. The 13C nu- 
clei are most strongly coupled to the nuclei 
of the directly bonded hydrogen atoms. 
Thus, it is possible to apply cross-polariza- 
tion techniques to study the strength of the 
coupling (26) and to enhance the 13C NMR 
spectrum (25). The interaction may be used 
to isolate the ‘H NMR spectrum of the 
carbonyl proton from the broad, diffuse 
lineshape of the other protons of the sample 
(28). The extent of the ‘7Al broadening of 
the 13C NMR spectrum provides an esti- 
mate of the 13C-27Al internuclear distance 
and, thus, information on the adsorption 
site of the formic acid. 

The three time constants measured in 

this study are the spin-lattice relaxation 
time (T,), the transverse relaxation time 
(TJ, and the time constant for the coupling 
between the 13C and the ‘H spin baths (T,,). 
The T, is the time constant for the rate that 
the perturbed magnetization returns to 
equilibrium with the external magnetic 
field. In samples with relatively high para- 
magnetic impurity levels, as is the case with 
the two zeolites studied here, the T, of a 
chemisorbed species cannot be used to 
determine the nature of the motion on the 
surface or the cross-relaxation rate with 
neighboring spins. However, in some cases 
the T, may be used to differentiate between 
various adsorbed states by the nature of the 
coupling to the paramagnetic centers (21). 
T2 is essentially the lifetime of the spin 
state, which is often limited by motions of 
the molecule or motions of nearby unpaired 
electrons of paramagnetic centers. T,, is 
measured by the rate at which the magneti- 
zation is transferred between the 13C and 
the ‘H spin systems and may be used to 
calculate the strength of the dipolar interac- 
tion. 

II. EXPERIMENTAL PROCEDURE 

A. Sumple Description clnd Prepnrmtion 

The NH,-Y zeolite, unit cell formula 
Na,(NH,),,(A10,),,(Si02)1J2 . 267H20, was 
prepared by ion exchange with a sodium-Y 
zeolite. This NH,-Y zeolite was calcined at 
775 K to yield a “deep-bed” product, an 
ultrastable H-Y zeolite, with unit cell 
formula Na2H,,(A102)s,(Si02),,, . 26&O 
(8, IO). The zeolites contain 780 t 10 ppm 
Fe and 12 k 2 ppm Mn, as determined by 
atomic absorption. The electron paramag- 
netic spectra of the zeolites at 8 K and the 
microwave frequency at 9.25 GHz show a 
sharp transition at g = 4.4 and a multiplet of 
about six transitions ranging from g = 2.2 
to I .9. The sharp line at g= 4.4 is typical of 
Fe”+ in silica-aluminas, whereas the multi- 
plet at about g = 2.0 is indicative of Mn*+ 
(30). The sharpness of the transitions indi- 
cates that the paramagnetic centers are 
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atomically dispersed in the zeolites and not 
clustered in metallic particles. 

The zeolite samples were outgassed with 
a liquid-nitrogen-trapped diffusion pump to 
pressures of about 5 x 10-j Torr (1 Torr = 
133.3 N/m2) by heating for 3 hr: the NH,-Y 
zeolite at 385 K and the ultrastable H-Y at 
800 K. The nitrogen BET surface areas of 
the zeolites are 459 & 10 and 515 + 10 mz/g 
for the NH,-Y and the ultrastable H-Y, 
respectively, representing monolayers of 
about 63 and 84 nitrogen molecules per unit 
cell. The formic acid adsorption isotherms 
for both zeolites, shown in Fig. 1, reveal 
monolayer coverages of 75 and 56 formic 
acid molecules per unit cell, or 5.7 x 1Ol4 
and 5.5 x lOI molecules/cm*, for the 
NH4-Y and the ultrastable H-Y zeolites, 
respectively. The formic acid was ad- 
sorbed from the gas phase. The predeter- 
mined pressure of the vapor to be ad- 
sorbed was calculated from the 
monomer/dimer equilibrium data of 
Coolidge (31). The continuous uptake of 
formic acid by the NH4-Y zeolite for 
P/PO greater than 0.22 suggests that the 
zeolite is decomposing under acid attack. 
The ultrastable H-Y exhibits no such 
degradation in the pressures studied 
(P/PO < 0.5). For coverages less than 40 

molecules per unit cell, the equilibrium 
pressure of the formic acid was less than 
0.1 Tot-r, below the range of the Wallace 
and Tiernan gauge used in the adsorption 
studies. A mass spectrometric analysis of 
the formic acid desorption products from 
a submonolayer coverage on the ultrastra- 
ble H-Y at 525 K revealed that the car- 
bon was evolved as 98.5% CO and 1.5% 
CO, with no trace on any residual formic 
acid detected. 

This NMR study was performed on two 
samples of zeolites with submonolayer cov- 
erages of isotopically enriched (91.2% 13C) 
formic acid. Quantitatively, one sample 
consisted of 0.120 g of NH,-Y zeolite 
loaded with 1.81 x 10m4 mole (9.9 x 1Olg 13C 
nuclei) of formic acid, a coverage of 24.9 
molecules of formic acid per unit ceLl of 
zeolite. The second sample was 0.121 g of 
ultrastable H-Y zeolite dosed with 1.86 x 
10V4 mole (1.02 x 102O 13C nuclei) of formic 
acid, a coverage of 18.5 molecules of formic 
acid per unit cell. We are confident that the 
structural integrity of the NHI-Y zeolite is 
maintained under this light loading of the 
acid. The acid coverage is significantly be- 
low the point where the anomalies occur in 
the adsorption isotherm and the ratio of 
hydrogen ions to ammonium ions is low, an 

Formic Acid on the Zeolltes (24°C) 

q Ammonium -Y 

A Ultrastable - Y 

0.0 0.1 0.2 0.3 0.4 0.5 

FIG. 1. Adsorption isotherms for formic acid on the NH,-Y (El] and the ultrastable H-Y (A) zeolites 
at 297 K. 
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important criterion for zeolite stability (32). 
The 13C NMR spectra of the reference 

compounds were obtained from enriched 
samples of formic acid, ammonium for- 
mate, and calcium formate. The formic acid 
sample was 20% 13C-enriched, prepared by 
diluting the 91.2% stock with natural-abun- 
dance formic acid. The ammonium formate 
sample (12% *3C-emiched) was prepared by 
neutralizing the formic acid with ammo- 
nium hydroxide and then vacuum-desiccat- 
ing to remove the residual water and ammo- 
nia. The calcium formate reference, 
examined previously (27), contained 6% 
13C and was doped with Mn*+ to lower 
spin-lattice relaxation times. 

B. NMR Spectrometer and Pulse 
Sequences 

The Fourier transform 13C and ‘H NMR 
spectra were measured on a double-reso- 
nance multiple-pulse spectrometer (33, 34). 
The 1.32 Tesla Varian magnet is stabilized 
to about 1 ppm with an external lgF pulsed 
field-frequency lock. The data were taken 
with a single-coil (5mm diameter) double- 
resonance probe tuned for ‘H resonance at 
56.4 MHz and 13C resonance at 14.2 MHz 
(34). Temperatures were regulated by a 
dewared nitrogen flow system. 

The 13C NMR spectra in this study were 
obtained by Fourier transforming the sig- 
nals observed with three techniques: the 
180”-r-90” (35)) 13C-‘H cross-polarization 
(25), and 13C-*H dipolar-modulation (27) 
experiments. The ‘H spectrum of the car- 
bony1 proton was observed by the 13C-‘H 
dipolar-diIference experiment (28). These 
four pulse sequences are diagramed in Fig. 
2. The intensities and lineshapes of the 
NMR spectra as a function of the various 
parameters of each pulse sequence can be 
used to describe the adsorbed state and the 
local environment of the formic acid. The 
main features of each pulse scheme will be 
described briefly. More extensive discus- 
sions may be found in the reviews men- 
tioned earlier (22-24). 

The 180”-r-90” pulse sequence measures 

quantitatively the number of 13C nuclei in 
the sample; provided that T’ + T, the se- 
quence is repeated only after waiting a 
period of at least five T”s, and the proton 
irradiation is sufficiently intense to decou- 
ple the 13C-‘H spins. The criterion for 
heteronuclear decoupling is that the decou- 
pling field is greater than both the 13C-‘H 
heteronuclear coupling and the ’ H-‘H 
homonuclear spin coupling (23); that is, the 
Larmor frequency of the protons in the 
decoupling field must be comparable to the 
spin-flip rate of the protons caused by both 
the 13C nuclei and the other protons. The 
Larmor frequency of the protons in a hold- 
ing field of 16 G is 68 kHz. The 13C-‘H 
coupling for a bond length of 1.09 A is less 
than 45 kHz at the most intense orientation 
and averages less than I1 kHz. The square 
root of the second moment of the ‘H spec- 
trum of either the NH,-Y or the ultrastable 
H-Y zeolite is only about 5.2 kHz at 295 K. 
Thus, 16 G is sufficient to assure reliable 
13C spin counts for the adsorbed formic 
acid. The intensity of the observed magne- 
tization as a function of T, the delay be- 
tween the 180 and the 90” pulses, may be 
used to calculate the T’ of the 13C nuclei 
(3.5). The 180”-r-90” sequence is alternated 
with a single 90” pulse, and the successive 
free-induction decays are alternately added 
and subtracted. This add-subtract mode 
removes instrumental artifacts during the 
period immediately after the 90” pulse. 

The 13C-‘H cross-polarization experi- 
ment enhances the 13C spectra and 
quantifies the strength of the heteronuclear 
interaction by measuring the rate of trans- 
fer of magnetization between the two spin 
systems (25). In general, it is not possible 
to predict the intensity of the signal from 
the cross-polarization experiment for an 
inhomogeneous system, such as the formic 
acid adsorbed on the zeolites, without a 
knowledge of internuclear distances and 
the degree of motional averaging. The 
cross-polarization process will selectively 
emphasize the signal from 13C nuclei with 
the strongest couplings to the ‘H nuclei. 
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FIG. 2. Schematic representations of the NMR pulse schemes used in this study. The abscissa is time 

and the pulses are indicated by rectangular boxes of arbitrary height. The observed magnetization is 
indicated by the dashed lines. The 13C and ‘H pulse sequences are initiated simultaneously. In the 
180”~r-90” and dipolar-difference sequences, the A and B modes of the 13C sequences are applied 
alternately and the NMR signal is alternately added and subtracted. 

The strength of the couplings depends on ternal field), and the frequency and ampli- 
the number of ‘H spins in the immediate tude of molecular reorientations. For 13C- 
environment (within about 5 A), the orien- ‘H bonds at orientations where the 
tation of the 13C-lH vectors relative to the heteronuclear dipolar coupling is weak 
external magnetic field (the interaction is (i.e., near 55’), the 13C magnetization 
proportional to (3 co2 0 - l), where 19 is must be produced by transfer from extra- 
the angle between the vector and the ex- molecular protons, or 13C-13C homonu- 
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clear spin transfer. Both processes are 
slow and require prohibitively long 13C 
locking fields. Thus, it is not feasible to 
calculate a priori the intensity of the ‘Y 
cross-polarization spectra. It is, however, 
appropriate to compare relative signal in- 
tensities from one sample as a function of 
the experimental parameters. 

The Hartmann-Hahn condition (36) for 
cross-polarization (yHHH = y,H,, where y 
is the gyromagnetic ratio and H is the ap- 
plied magnetic field) was satisfied with 
fields of 8.6 G at the proton frequency and 
34 G at the carbon frequency. The proton 
decoupling was 8 G for the reference com- 
pounds and 16 G for the formic acid 
absorbed on the zeolites. To effect a 
maximum magnetization transfer, cross- 
polarization times ranged from 0.1 msec, 
for the ammonium formate at 295 K, to 
8.0 msec for calcium formate at 125 K. 

The better signal-to-noise ratios of the 
‘V spectra from the cross-polarization ex- 
periment made it feasible to perform more 
demanding experiments such as studying 
the shape and intensity as a function of the 
cross-polarization time, the echo time, or 
the dipolar evolution time (27). As de- 
scribed earlier, the intensity of the magneti- 
zation as a function of the cross-polariza- 
tion time is a measure of the strength of the 
coupling between the 13C and the ‘H spins. 
The signal intensity as a function of the 
echo time was used to calculate the trans- 
verse relaxation time, T2. 

The 13C-‘H dipolar-modulation experi- 
ment (27, 37) is a variation of the cross- 
polarization scheme. Immediately after the 
13C spin-locking pulse, a series of eight- 
pulse cycles (28) are applied to decouple 
the proton homonuclear interaction. How- 
ever, the ‘“C-‘H coupling remains although 
it is decreased by a factor of about 0.6. 
Immediately after the eight-pulse cycles, 
the ‘H decoupling pulse is turned on, which 
conversely decouples the 13C-‘H interac- 
tion but not the ‘H-‘H coupling. The 13C 
magnetization will oscillate during the 
eight-pulse sequence at a frequency propor- 

tional to the 13C-‘H coupling. Thus, the 
extent of the modulation of the 13C magneti- 
zation is determined by the strength of the 
13C-‘H coupling. With this technique it is 
possible in some cases to orient the chemi- 
cal shift principal-axis system in the molec- 
ular coordinate system by the rate of modu- 
lation of different portions of the 13C 
powder pattern (27. 37). Also, the area of 
the 13C spectrum will oscillate at a fre- 
quency proportional to the average 13C-‘H 
coupling in the sample, thus allowing one to 
calculate the average ‘“C-‘H bond lengths. 

The isolated ‘H chemical shift spectrum 
of the carbonyl hydrogen of the absorbed 
formic acid may be observed with the dipo- 
lar-difference experiment (28). In this ex- 
periment, the homonuclear-decoupled ‘H 
spectrum is observed alternately in two 
environments: first, using the eight-pulse 
cycle (38) to remove the ‘H-‘H interac- 
tions, and second, simultaneously irradiat- 
ing the proton spins with the eight-pulse 
cycle while irradiating the 13C nuclei to 
remove the heteronuclear dipolar coupling 
to the protons (39). Thus, the first cycle will 
yield chemical shift spectra from all protons 
except those bonded to 13C nuclei, which 
will be dipolar broadened into the baseline. 
In the second cycle, this heteronuclear di- 
polar broadening is removed and all the 
protons are observed. Alternate adding 
and subtracting of these two signals 
yields the spectrum of only those protons 
bonded to 13C nuclei. 

The ‘“C spin counts and resonance fre- 
quencies were calibrated with 13C-enriched 
samples of adamantane and calcium for- 
mate. The NMR spectra are plotted on the 
u scale (23) relative to tetramethylsilane 
(TMS) such that upfield is to the left. The 
centers-of-mass and linewidths are accu- 
rate to about k3.4 ppm (one channel). The 
lines through the spectra were obtained by 
a nonlinear least-squares fit of a theoretical 
chemical shift powder pattern (40). The 
spectra of the reference formates and the 
180”-~-90” spectra were convoluted with a 
Lorentzian broadening function, whereas 
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the cross-polarization spectra were convo- 
luted with a Gaussian broadening function. 
The theoretical fits to the 13C NMR spectra 
of the polycrystalline reference formates 
are accurate to +3.4 ppm. The spectra of 
the adsorbed formic acid are not as well 
resolved and the uncertainty in the fitted 
chemical shift parameters is &lo ppm 
(three channels). 

III. RESULTS 

A. 13C NMR SPECTRA OF FORMATE 
COMPOUNDS 

The anisotropy and resolution of the 
structure of the 13C NMR spectra of formic 
acid, ammonium formate, and calcium for- 
mate both increased as the temperature of 
the sample was lowered. This suggests that 
there are molecular motions in the crystals 
which are being quenched at lower temper- 
atures. The motions are probably small 
anisotropic librations which cause a local 
averaging in the 13C NMR powder patterns. 
In each case, the spectra were recorded at 
the lowest temperatures experimentally 
feasible, restricted by the limitations of the 
equipment and the temperature depen- 
dence of the spin-lattice relaxation times. 

The 13C NMR spectra of the reference 
formates shown in Fig. 3 were obtained by 
13C-lH cross-polarizing and then observing 
the free-induction decay immediately after 
the 13C spin-locking pulse, while decoupling 
the protons with 8 G. The principal compo- 
nents of the chemical shift tensors are re- 
ported in Table 1. The features in the 
spectrum for formic acid at 125 K, Fig. 3a, 
suggest three principal components of the 
chemical shift tensor, but the data do not fit 
a theoretical powder pattern lineshape. A 
least-squares fit, shown by the solid line, 
follows the upfield component at -92 ppm 
but clearly misses the downfield shoulder. 
If the three principal components are fixed 
at the approximate locations of the shoul- 
ders, the computed intensities at the center 
and downfield components are in error, as 
shown by the dashed line. The distortion 

IhIS 1,, I IN\ 1, II 1 I 
0 -I00 -200 -300 

r, (ppml. RELATIVE TO TMS 

FIG. 3. 13C NMR spectra of reference formates 
obtained by ‘YYH cross-polarization; (a) formic acid 
at 125 K, (b) ammonium formate at 185 K, and (c) 
calcium formate at 125 K. The abscissa scale is 3.44 
ppm per point in all spectra. Frequencies are relative 
to tetramethylsilane (TMS). 

from the theoretical lineshape is probably 
the result of motion as well as an angular 
dependence of the 13C-‘H cross-polariza- 
tion rate in a polycrystalline sample. The 
spectrum in Fig. 3a, obtained by cross- 
polarizing for 8 msec, is less distorted than 
the spectra that result with only 0.5 msec of 
13C-‘H spin contacting or at higher temper- 
atures. 

The spectrum for ammonium formate 
shown in Fig. 3b is the result of cross- 
polarizing for 0.1 msec at 185 K. At about 
195 K, the proton T1‘s lengthened from a 
few milliseconds to over 10 set, which 
indicates that the major relaxation process 
had halted, probably the rapid reorientation 
of the ammonium ion. The proton T1’s 
continue to increase at temperatures below 
185 K, which prohibited extended averag- 
ing. 

The 13C NMR spectrum of calcium for- 
mate exhibited the most pronounced mo- 
tional effects of the formates studied. The 
apparent chemical shift anisotropy in- 
creases from about 100 ppm at 295 K to 139 
ppm at 125 K. The spectrum shown in Fig. 
3c was obtained by cross-polarizing for 8.0 
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TABLE 1 

Reference Formates 

A. r3C chemical shift parameters 

Compound Temperature (K) Principal components” ri 

Ull u22 ~33 

HCOOCH3* 87 
HCOOH’ 125 
(NHJHCO, 185 
CaWC02h 125 

-107 -136 -253 -165 146 0.20 (41) 
-92 -162 -251 -168 159 0.44 this work 
-99 ~ 168 -225 -164 126 0.55 this work 
-96 -186 -235 -172 139 0.65 this work 

B. Structure 

Compound C-O bond lengths (A) &/RI Method Reference 

HCOOCH, 1.22 t 0.03 1.37 * 0.04 1.12 electron diffraction (42) 
HCOOH 1.245 ? 0.002 1.312 + 0.002 1.05 isotopic microwave (43) 
(NWHCOz 1.237 zt 0.007 1.246 + 0.007 1.01 X-ray diffraction (44) 
Ca(HCO,)e” 1.25 + 0.03 1.25 k 0.03 1.00 X-ray diffraction (45 ) 

1.24 + 0.03 1.25 L 0.03 1.01 

‘I In ppm, relative to tetramethylsilane (TMS). 
b Data converted from original reference using a(&H,) = - 128.7 ppm, relative to TMS (46). 
I’ Principal components estimated from data, rather than computed lineshape. 
d Two crystallographically distinct formate groups. 

msec at 125 K. A previous 13C NMR study 
of single-crystal calcium formate detected 
two distinct sets of chemical shift compo- 
nents for the crystallographically inequiva- 

&-- - 

lent formate ions (29). The resolution in the 
powder pattern of Fig. 3c is not sufficient to 

$ (\ 

resolve the two spectra, which are sepa- 
‘; 4i.S 

rated by only 5, 3, and 0 ppm at the three 
2 
,’ - 

--..-y+ 

principal components. : 
E : 
ii ‘__i - 

B. FORMIC ACID ADSORBED ON ZEOLITES 
+ 
z 

“0 

I. 13C T1 Measrrrements -1 

:y 

The logarithm of the calibrated amplitude 
of the observed 13C magnetization versus 

_~~~ 
1’ c Î  x -4 3’3 

the delay between the 180 and the 90 
T. ‘mid 

pulses is plotted in Fig. 4. If the recovery of FIG. 4. Amplitude of the observed ‘“C magnetization 

the longitudinal magnetization were de- versus T, the delay between the 180 and the 90” pulses, 

scribed by a single Tl. the data would lie on 
for formic acid adsorbed on the NH,-Y (m) and the 

a straight line when plotted as in Fig. 4. The 
ultrastable H-Y (8) zeolites at 295 K. Absolute counts 

for the l”C nuclei were calibrated with an enriched 
curves through these data, however, can be adamantane sample. The proton decoupling was 16 G. 
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fit with the sum of two exponentials which I’ ’ ” “‘I’ ’ ” I 
has the general form HCOOH on : 180”-T-900 

M(T) = Mo(aae”TIa + abe71Tlb), (1) 

where MO is the equilibrium magnetization 
and (Y, and (Ye are the proportions of spins 
with relaxation times T,, and T,b, respec- 
tively. A least-squares fit to the data for the 
NH,-Y sample yields M,, = 8.8 x lOI 
13C nuclei and 35% relax with an average T, 
of about 2.6 msec and 65% relax with an 
average T, of 82 msec. For the ultrastable 
H-Y sample, MO = 5.2 x lOI9 13C nuclei, of . 
which 25% relax with an average TI of 4.4 
msec and 75% with an average TI of 71 I I, 1, I, ( / / / I I 

0 -100 -200 -300 

msec. The centers-of-mass and the line- CT, (ppm). RELATIVE TO TMS 

widths did not change significantly as T  

was lengthened. However, the extremely 
weak signals for long values of T  caused 
large experimental error limits, as much 
as 20 ppm for delays longer than 10 msec. 

The lineshapes for two representative 13C 
NMR spectra resulting from the 180"-~-90" 
sequence for formic acid adsorbed on the 
NH,-Y and the ultrastable H-Y zeolites at 
295 K are shown in Fig. 5. These lineshapes 
are for short delays, T  = 0.5 msec; thus the 

FIG. 5. 13C NMR spectra of formic acid adsorbed on 
(a) the NH,-Y zeolite (130,000 averages) and (b) the 
ultrastable H-Y zeolite (66,000 averages), as mea- 
sured by the 180”-r-90” experiment at 295 K. In both 
spectra, T = 0.5 msec and proton decoupling was 16 G. 

two TI groups are overlapped in each spec- 
trum. The centers-of-mass of the 13C 
lineshapes of the adsorbed formic acid are 
- 164 and - 165 ppm, relative to TMS, for 
the NHI-Y and the ultrastable H-Y sub- 

TABLE 2 

13C Spectral Parameters of Adsorbed Formic Acid 

Spectrum Experiment Temperature Linewidth” 
W 

Principal com- 
ponentsb 

5a 
8a 
8b 

5b 
8c 
8d 

Cl1 u22 u33 

A. HCOOH on the NH,-Y zeolite 

1 W-T-90” 295 60 - 153 -168 - 172 -164 0.79 103e 
cross-polarization 295 75 -129 -151 - 161 -147 0.69 124 
cross-polarization 150 111 -95 -152 -233 -160 0.41 53 

B. HCOOH on the Ultrastable H-Y zeolite 

180”-r-90” 295 98 -112 -176 -206 -165 0.68 100’ 
cross-polarization 295 105 -95 - 155 -199 -150 0.58 142 
cross-polarization 115 144 -98 - 145 -240 -161 0.33 116 

a Full width at half-maximum, in ppm. 
* In ppm, relative to TMS. 
c Isotropic frequency of the lineshape, relative to TMS. 
d Linewidth of the Gaussian broadening function convoluted into the powder pattern, in ppm. 
e Spectrum convoluted with a Lorentzian broadening function. 
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strates, respectively. This is within experi- 
mental error of pure formic acid: - 163 ppm 
(46). The linewidths are comparable to 
those of the reference formates, but the 
spectral structures at the principal compo- 
nents of the chemical shift tensor are not as 
well resolved. Accordingly, the uncertainty 
in the fitted chemical shift parameters re- 
ported in Table 2 are greater; about ? 10 

pm. 
The 180”-r-50” experiment does not ob- 

serve all the 13C originally deposited on the 
zeolites. The equilibrium magnetization, 
M,, accounts for only 85 and 51% of the 
formic acid on the NH,-Y and the ultrasta- 
ble H-Y zeolites, respectively. MO re- 
mains unchanged when the interval be- 
tween successive pulse cycles (A and B in 
Fig. 2) is increased to 10 sec. Thus, the 
spin-count deficiency is not a saturation 
artifact. A small portion of the spins (less 
than about 4%) may be undetectable be- 
cause the formate molecules are adsorbed 
within a critical radius of a paramagnetic 
impurity (about 7 A). The NMR signals 

DECOUPLING 

NO DECOUPLING 

ii 

b 

. 

FIG. 6. ‘T NMR spectra of the ultrastable H-Y 
zeolite dosed with formic acid, after 8 months, with (a) 
16-G proton decoupling and (b) no decoupling. Both 
spectra are the result of about 66,000 averages of the 
180”+-90” sequence with T = 0.5 msec at 295 K. 

from these species would be extremely 
broad and thus not observed (47). 

Another contribution to the spin-count 
deficiency is suggested by the 13C NMR 
spectra of the aged samples. The T, data 
and the spectra in Fig. 5 were obtained after 
the zeolites had been loaded with the for- 
mic acid and stored at 273 K for 4 weeks. 
Figure 6 shows the spectra obtained for the 
ultrastable H-Y sample after an additional 
7 months at 273 K. The intensity of the 
broad line centered at - 165 ppm has de- 
creased significantly and there is a sharp 
feature at - 180 ppm. This sharp line re- 
mains even when proton decoupling is not 
applied, indicating that for this species, the 
coupling to the protons is less than its 
linewidth: 150 Hz. Since the isotropic 
chemical shift of pure CO is - 181 ppm (46) 
and CO is the principal reaction product for 
formic acid on these zeolites, we attribute 
the sharp peak to a mobile CO species. 
Therefore, the 13C NMR data indicate that 
the formic acid is decomposing to CO 
which desorbs into the dead volume above 
the NMR sample. This would cause some 
of the 13C nuclei to be undetected. How- 
ever, this cannot account for all the unob- 
served 13C nuclei since one would expect to 
observe a CO signal in spectrum 5b when 
almost half of the spins were not detected. 

2. Cross-Polurization Experiments 

The 13C NMR signal intensity of the 
adsorbed formic acid as a function of the 
cross-polarization time is shown in Fig. 7. 
The maximum magnetization for both zeo- 
lite samples was attained at approximately 
0.6 msec. These data were also measured 
when the samples were 4 weeks old, the 
same time as the T1 data in Fig. 4. How- 
ever, the signal from the ultrastable H-Y 
sample is greater than the signal from the 
NH,-Y sample, although it was a factor of 
1.7 less in the ISO”-~-90” experiment. In 
general, the maximum signal enhancement 
for the 13C-‘H cross-polarization is a factor 
of 4, provided that there is an infinite pro- 
ton spin bath relative to the 13C spins and 
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0 1.0 2.0 30 4.0 5.0 

FIG. 7. The amplitude of the observed 13C magneti- 
zation versus the length of the cross-polarization 
process for formic acid adsorbed on the NH,-Y (El) 
and the ultrastable H-Y (A) zeolites at 295 K. The 
proton decoupling was 16 G. 

the 13C and ‘H T,‘s are long compared to 
the time constant of the heteronuclear in- 
teraction, T,,. The ratios of the heat capaci- 
ties of the ‘H and 13C baths are 120: 1 and 
30: 1 for the NHI-Y and ultrastable H-Y 
zeolites, respectively, sufficient to approxi- 
mate an infinite bath of ‘H spins. The 
maximum enhancements measured for the 
adsorbed formic acid are factors of 1.9 and 
3.2 for the formic acid adsorbed on the 
NH,-Y and ultrastable H-Y samples, re- 
spectively. Thus, the ultrastable H-Y sam- 
ple has an effective 13C-lH magnetization 
transfer, but the NH,-Y sample is consid- 
erably below the theoretical maximum. 

The data in Fig. 7 may be interpreted 
with the following thermodynamic model. 
The 13C magnetization increases via trans- 
fer of magnetization from the ‘H spins. The 
rate of transfer is proportional to the differ- 
ence in the spin temperature between the 
two baths and is determined by the rate 
constant T,,-‘. The 13C magnetization de- 
cays by two processes: directly, by relaxa- 
tion with the lattice, and indirectly, by 
transfer of magnetization back to the pro- 
ton bath which, in turn, is directly relaxing 
with the lattice. Solving the coupled differ- 
ential equations for the rate of change of the 
magnetization of the two spin systems and 
taking the limit of an infinite ‘H bath rela- 

tive to the 13C bath yields 

~XP(hP) 

[ 
T,, T,H 

= axpMo: T,,T,, + T,,T,, - T,,T,, 1 
[em b/TLH - (e-"p'TlS)(e-txplTIC)]. (2) 

Thus, the observed 13C magnetization, MXp, 
a function of the cross-polarization time, 
t Xp, grows exponentially with rate constant 
(TIs-' + T,-') and then decreases exponen- 
tially with rate constant T,H-'. The values 
for MO have been determined previously 
with the 180”-r-90” experiment. The en- 
hancement of the magnetization is deter- 
mined by the product of three prefactors: a 
term containing the three rate constants 
(which is about l.O), the ratio of the gyro- 
magnetic ratios yH/yc (which is 4.0), and 
normalization factor, aXp. In general (Y,~ is 
the fraction of the 13C nuclei susceptible to 
the cross-polarization process before the 
magnetizations decay in the respective 
holding fields. The physical interpretation 
of the factor will be discussed later. TIC and 
TIH, the relaxation times in the respective 
holding fields, are determined experimen- 
tally. The data for formic acid on the NH,- 
Y zeolite in Fig. 7 are fit with T,, = 0.23 
msec, TIH = 5.6 msec, and T,, = 3.0 msec. 
The formic acid on the ultrastable H-Y 
sample is characterized by a shorter T,s, 
0.16 msec, indicating a stronger L3C-‘H 
coupling, T,H = 16 msec and T,, = 5.0 
msec. These values of T,, are similar to 
those of the reference formates. The lines 
are relatively insensitive to the value of T,c. 
The least-squares fitted values for CX,, are 
0.52 and 0.83 for the NH,-Y and ultrastable 
H-Y samples, respectively. 

Typical spectra obtained by observing 
the proton-decoupled free-induction decays 
immediately after the 13C holding pulses are 
shown in Fig. 8. Although the signal-to- 
noise ratio is considerably better than that 
of the 180”-~-90” experiment, the chemical 
shift components are again not well re- 
solved. The fitted components and 
lineshape parameters are given in Table 2. 
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HCOOH on: CRGSS - 
Y~LARIZATIO~ 
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FIG. 8. 13C NMR spectra of adsorbed formic acid as 
a function of temperature, measured by the cross- 
polarization scheme. The data were recorded immedi- 
ately after 1.0 msec of cross-polarization with 16 G of 
proton decoupling. The spectra are formic acid ad- 
sorbed on the NH,-Y zeolite at (a) 295 K and at (b) 150 
K; and on the ultrastable H-Y zeolite at (c) 295 K and 
at (d) I15 K. Each spectrum is the accumulation of 
about 66,000 averages. 

Compared to the spectra from the 180”-r- 
90” experiment, the lineshapes from the 
cross-polarization experiments are about 25 
and 7% broader for the NH,-Y and the 
ultrastable H-Y samples, respectively. The 
increased broadening in the spectra is the 
result of the cross-polarization process em- 
phasizing the signals from adsorbed species 
with broader lineshapes. In general, the 
more stationary formate species will have 
stronger 13C-‘H couplings and thus will be 
enhanced more. The internuclear cross- 
polarization process will be ineffective for 
rapidly reorienting 13C-‘H systems and 
these ‘“C nuclei will be polarized only 

through 13C--13C homonuclear transfers or 
intermolecular 13C-lH couplings. Such pro- 
cesses would require about 5 to 10 msec of 
cross-polarization, as is necessary for the 
rapidly tumbling molecules of adamantane 
at 295 K. For the adsorbed formic acid 
molecules, such long transfers are not pos- 
sible since the magnetization in the holding 
field decays before the process would be 
complete. Thus, the lineshapes in Fig. 8 are 
primarily due to adsorbed formic acid mole- 
cules with nearly rigid 13C-‘H bond sys- 
tems. 

The spectrum from the NH,-Y sample 
broadens the most compared to the 180”-r- 
90” spectrum, indicating that it contains a 
larger percentage of reorienting adsorbed 
species. The ultrastable H-Y sample has a 
much smaller change in linewidth. This is 
consistent with the enhancement factor of 
3.2 which suggests that a larger percentage 
of the formic acid on the ultrastable H-Y 
sample is rigidly bonded to the substrate. 

The center-of-mass frequencies of the 
cross-polarized spectra at 295 K are 17 and 
15 ppm upfield from the 180”-~-90” spectra 
for the NH,-Y and the ultrastable H-Y 
zeolites, respectively. This also indicates 
that the cross-polarization technique is em- 
phasizing a specific subgroup of the total 
lineshape. The isotropic frequencies on 
both samples at 295 K do not change as a 
function of the cross-polarization time for 
the range reported in Fig. 7. 

The cross-polarization spectra broaden 
and the isotropic frequencies move almost 
back to that of the 1 W-r-90” spectra as the 
temperature is lowered, as seen in Fig. 8 
and Table 2. In addition, the genera1 shapes 
of the spectra change, which is best visual- 
ized for the formic acid adsorbed on the 
NI&-Y zeolite. The frequency at which the 
maximum intensity occurs shifts from the 
downfield side (i.e., the more negative side) 
of the isotropic frequency to the upfield 
side as the temperature is decreased. Spec- 
tra were measured at several intermediate 
temperatures, and it was observed that this 
shift is a gradual process. 



/ I 1 I averaging (27). The spectral areas versus 
0 2.0 4.0 

TIME DELAY TO ECHO lmsec) 
the dipolar-modulation time are shown in 
Fig. 10. The spectral area of the adsorbed 

FIG. 9. The amplitude of the observed 13C magneti- 
zation versus the delay to the echo in the cross- 

formic acid initially decreases at a rate 

polarization sequence for formic acid adsorbed on the comparable to that of calcium formate. 

NH,-Y zeolite (Ei) and the ultrastable H-Y zeolite (A) Also note that the areas of the 13C NMR 
at 295 K. Proton-decoupling pulses of 16 G were spectra of calcium formate and benzene 
applied immediately after the 13C spin-locking pulses. exhibit a damped oscillation about zero as 

predicted, but the spectral areas of ad- 
The logarithm of the spectral area as a sorbed formic acid remain positive and do 

function of the delay from the end of the 13C not oscillate. 
cross-polarization holding pulse to the echo 
for the formic acid adsorbed on the zeolites 
at 295 K is plotted in Fig. 9. For each 4. Dipolar-Difference Experiment 

zeolite sample, the areas decay with a sin- The ultimate dehydration of formic acid 
gle transverse relaxation time, T2. The necessarily requires the cleavage of the 
values of T2 are 2.5 and 3.1 msec for the carbon-hydrogen bond. Thus, the ionic 
formic acid adsorbed on the NH,-Y and the character of the carbonyl hydrogen at- 
ultrastable H-Y zeolites, respectively. The tached to the adsorbed formate species, 
center-of-mass frequencies and the line- relative to formic acid, is of interest in the 
widths of the spectra do not vary, within decomposition reaction. The average elec- 
experimental limits, as a function of the tron distribution of the hydrogen atom may 
echo time. be determined by measuring its chemical 

3. Dipolar-Modulation Experiments 
shift properties. 

The linewidth of the homonuclear-decou- 
The heteronuclear dipolar-modulation pled ‘H NMR spectrum of the NH,-Y 

experiments were performed on the formic zeolite at 295 K is about 26 ppm, as mea- 
acid adsorbed on the NH,-Y zeolite at both sured by the eight-pulse cycle. This broad 
295 and 125 K. The 13C magnetization was Gaussian line is the sum of spectra from the 
first prepared by cross-polarizing for 1.0 hydrogens of the ammonium ions, the crys- 
msec. Recall from previous results that the talline water, and the hydrogen bonded to 
cross-polarization process will enhance se- the carbon of the adsorbed formic acid. The 
lectively the more rigidly adsorbed formic dipolar-difference experiment eliminates 
acid molecules. The NMR signal was ob- the extraneous hydrogen signals and ob- 
served as an echo 1.2 msec after the end of serves only the spectrum of the carbonyl 
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the 13C spin-locking pulse. Since the 13C 
NMR spectra from the previous experi- 
ments do not have a well-resolved structure 
at the principal chemical shift components, 
it is not possible to assign the modulations 
in the lineshapes to distinct molecular ori- 
entations as was previously done with ben- 
zene and calcium formate (27, 37). How- 
ever, the variation of the spectral area as a 
function of the number of ‘H eight-pulse 
cycles (the dipolar-modulation time, see 
Fig. 2) yields an average dipolar interaction 
and, thus, information on the average 13C- 
‘H bond length and the extent of motional 
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FIG. 10. Spectral areas versus the dipolar-modulation time for formic acid adsorbed on the NH,-Y 
zeolite at 295 K (II) and at 125 K (A). For comparison, the data for benzene at 185 K (0) and calcium 
formate at 295 K (0) reported by Stollrt ul. (27, 37) arc plotted. Theoretical curves are for a rigid ‘“C- 
‘H bond length of 1.09 A (dotted line), a rigid bond at 1.19 8, (dashed line), and a I .09-8, bond averaged 
by rotation in a plane (dashes and dots). 

hydrogen, approximately 3% of the total 
spectrum intensity. 

The ‘H NMR spectrum of the carbonyl 
hydrogen measured by the dipolar-differ- 
ence experiment at 295 K for the formic 
acid adsorbed on the NH,-Y zeolite is 
shown in Fig. 11. It is similar to the 13C 
NMR spectra in that it lacks any sharp 
structure but, in contrast, is much nar- 
rower, only 6.0 ppm wide at half-maximum 
intensity. The center-of-mass frequency for 
the spectrum is about - 12.3 ppm, relative 
to TMS. Though this experiment may not 
be calibrated a priori for an unknown sys- 
tem, the spectrum intensity indicates that 
the number of hydrogen species is on the 
order of the number of formate species. 

IV. DISCUSSION 

The adsorption isotherm indicates that 
submonolayer coverages of formic acid are 
chemically adsorbed on the zeolites. As 
will be discussed, the ‘JC NMR spectra 

indicate that the formate species are immo- 
bile on the surface, though there is some 
motion localized at a site. 

The ‘“C NMR linewidths of the adsorbed 
formic acid are comparable to that of the 
solid reference formates. In general, the 
linewidth of the NMR spectrum of an ad- 
sorbed species may be the result of a num- 
ber of interactions including paramagnetic 
broadening, heteronuclear dipolar broaden- 
ing (from nuclei other than ‘H), spatial 

CAPBONYL PROTON 

FIG. 1 I. ‘H NMR spectrum of the carbonyl hydro- 
gen of formic acid adsorbed on the NH.,-Y zeolite at 
295 K, obtained with about 8000 averages of the 
dipolar-difference experiment. 
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susceptibility inhomogeneities, and chemi- 
cal shift anisotropy. These interactions 
have been discussed at length elsewhere 
(16-18, 48). The dipolar interactions are 
the result of the molecular surroundings, 
such as the framework atoms of the zeolite 
supercage. The chemical shift broadening is 
an individual effect, determined by the elec- 
tron distribution localized at the nucleus of 
interest. 

Of the possible interactions, all but the 
chemical shift anisotropy can be eliminated 
by considering the ‘H spectrum of the car- 
bony1 proton. If the other effects were the 
major causes of the 13C NMR linewidth, the 
‘H NMR spectrum would also be subjected 
to these effects and thus would be compara- 
bly broadened. However, the linewidth of 
the ‘H line is only 6 ppm, which places an 
approximate upper limit on the residual 
broadening of the i3C NMR spectra. 

Thus, the widths of the 13C spectra are 
due primarily to chemical shift anisotropy. 
Such anisotropies are observed only for 
immobile adsorbed states, i.e., the resi- 
dence times are much longer than the recip- 
rocal linewidth; about 1 msec. (However, 
there may still exist local motions at a site, 
as will be discussed later.) If a portion of 
the formic acid was physically adsorbed on 
the zeolite, the i3C NMR line would contain 
an extremely narrowed component, as was 
observed for the CO decomposition prod- 
uct in Fig. 6. 

B. Spin-Lattice Relaxation Times of 
Adsorbed Formic Acid 

In many solids, particularly for iH spin 
systems, the homonuclear spin-spin cou- 
pling is much stronger than the spin-lattice 
coupling. Thus, the macroscopic magneti- 
zation decays uniformly and exponentially 
with time constant Tl. However, in dilute 
spin systems, the internuclear coupling is 
weak and each spin relaxes independently. 
For a dilute homogeneous system, the spins 
may still have a single T, since the spins are 
relaxing independently, but identically. 
However, if each spin should relax differ- 

ently because of different local environ- 
ments (e.g., paramagnetic impurities or 
nearby heteronuclear spins or different mo- 
tional properties), there would be a distri- 
bution of relaxation times in the sample. 
Such T, distributions are present in solid 
C,H5CF3 because of an angular dependence 
of the heteronuclear coupling (49) and in 
CO on Rh on A&O, due to adsorption site 
heterogeneity (21). 

The i3C T, data of the formic acid ad- 
sorbed on the zeolites may be interpreted 
by assuming that the formic acid has ad- 
sorbed in two states, each described by a 
different Tl. The relative proportions of the 
two states are given by the preexponential 
factors in Eq. (1). Both T,‘s on either 
zeolite are extremely short compared to 
neat organic compounds and are typical of 
relaxation by a paramagnetic center. This is 
consistent with the Fe*+ content of 780 ppm 
which yields an average internuclear dis- 
tance between the 13C and the Fe nuclei of 
about 20 ?L It is possible that the two Tl 
groups represent chemically different for- 
mate species on the surface or that the T, 
distribution is the result of an inhomoge- 
neous distribution of separations between 
the 13C nuclei and the paramagnetic cen- 
ters. The change in distributions between 
the short and long Tl’s from the NHI-Y 
to the ultrastable H-Y sample (35 : 65 to 
25: 75) is accompanied by an increase in 
the percentage of 13C spins that are en- 
hanced by the cross-polarization tech- 
nique. As will be discussed in the next 
section, this suggests a chemical basis for 
the different Tl’s. On the other hand, the 
transformation of the NH,-Y zeolite to 
the ultrastable H-Y zeolite may have re- 
distributed the paramagnetic centers 
which would also change the distribution 
of Tl’s. 

The spectra from the T, experiment asso- 
ciated with the data in Fig. 4 did not change 
in width or isotropic frequency as T was 
increased. However, the signal-to-noise ra- 
tios for the spectra with T  longer than about 
10 msec became quite poor. Thus, if subtle 
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changes in either quantity did occur, it 
would be difficult to detect. Recall that the 
isotropic chemical shifts for the entire 
range of formates do not vary more than 
about 8 ppm. Thus, although the Tl data 
suggest a heterogeneity of surface states, it 
cannot be determined that the sites with 
different Tl’s are chemically distinct. 

The nature of the undetected 13C nuclei is 
indeterminate with the present data. The 
decomposition to CO accounts for some of 
the loss. However, it is necessary to study 
the adsorption of CO on fresh zeolites and 
zeolites precovered with formic acid to 
determine why there was no evidence of 
CO in Fig. 5. 

C. Cross-Polurization Experiments 

The cross-polarization experiments also 
indicate that the formic acid is inhomoge- 
neously adsorbed on the zeolites although 
in this case the basis for the differences may 
be determined unambiguously. The mole- 
cules are differentiated by the rate in which 
they cross-polarize, that is, by the strength 
of the dipolar coupling. The spectra shown 
in Figs. 8a and 8c, observed after 1.0 msec 
of cross-polarization at 295 K, contain con- 
tributions from only those 13C-‘H systems 
with semirigid internuclear vectors. Those 
systems averaged by reorientations faster 
than the heteronuclear coupling (about 5 
kHz) would require more than 5 msec to 
complete an intermolecular cross-polariza- 
tion. 

On the ultrastable H-Y zeolite, the inten- 
sity of cross-polarized 13C NMR signal was 
a factor of 3.2 greater than the signal from 
the 180”~~-90” experiment. The NH,-Y 
sample was enhanced by only a factor of 
1.9. These data may be interpreted by as- 
summing that the zeolite contains at least 
two types of species: those that may be 
enhanced by the cross-polarization process 
to the theoretical maximum (a factor of 4) 
and those that are not cross-polarized in 1 .O 
msec. With this assumption, the intensities 
of the cross-polarization spectra indicate 
that the distribution between the two 

groups is 52 : 48 on the NH,-Y zeolite and 
83 : 17 on the ultrastable H-Y zeolite. In 
order to interpret the two types of species, 
the chemical shift data must be considered. 

D. The Relation of Chemical Shifi Duta 
to Formate Structures 

The formate group bonds in a range of 
configurations from the ester-like uniden- 
tate compounds (species I) covalently 
bonded through a single oxygen atom, to 
the bidentate structure where the formate 
ion is chelated about one or more metal 
ions (species II and III). The structural 
parameters of a few compounds are listed 
in Table 1B. One index of the bonding of 
the formate group is the ratio of the two 
carbon-oxygen bond lengths. This ratio 
ranges from 1.12 for methyl formate to 
about 1.00 for calcium formate. 

The chemical shift information for these 
formate compounds is presented in Table 
IA. The isotropic chemical shifts of the 
compounds, ti, do not correlate with the 
geometry of the formate group. This was 
first observed by Ackerman et al. in a study 
of the two crystallographically distinct 
forms of calcium formate (29). The overall 
anisotropy, 033 - o,,, tends to decrease as 
RJR, decreases, but the scatter in the 
correlation is extremely large. There is, 
however, a good correlation between the 
position of the central principal component, 
oz2, and the ratio of the carbon-oxygen 
bond lengths. As the bond lengths become 
more symmetric, rrz2 moves from the 
upfield side of the powder pattern to the 
downfield side. This is reflected in the ratio 
of the difference between the upfield com- 
ponent and the central component, oz2 - 
(TV,, to the overall anisotropy, 033 - oll. 
This ratio ranges from 0.20 for methyl for- 
mate (RJR, = 1.12) to 0.66 for calcium 
formate (RJR, = 1.00). Thus, in general, 
for bidentate formate ions ((Tag - (TJ/((T~~ 
- all) is on the order of 0.6, and for ester- 
like formate groups the ratio is closer to 
0.3. As this correlation is based on rela- 
tively few data points, the relation between 
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these two parameters does not permit a 
reliable calculation of RJR, from the chem- 
ical shift components, only the general 
trend. 

E. The Molecular Structure of the 
Adsorbed Formic Acid 

The relation between the chemical shift 
components of the 13C NMR spectra and 
the symmetry of the formate group may be 
used to determine the state of the adsorbed 
formic acid. The chemical shift components 
are meaningful only in 13C powder patterns 
without appreciable motional averaging. 
The spectra from the 180”-~-90” experi- 
ment at 295 K, which contain motionally 
averaged contributions, are not applicable. 
However, the cross-polarization experi- 
ment observes selectively the more rigid 
species for short cross-polarization times, 
i.e., about 1.0 msec. Thus, the rigid compo- 
nents of the 180“-r-90” spectra at 295 K in 
Fig. 5, isolated by the cross-polarization 
technique, are shown in Fig. 8. The values 
of the ratio (uZ2 - ~dl(~~~ - alI) for the 
cross polarized spectra at 295 K for the 
formic acid adsorbed on the NH,-Y and 
ultrastable H-Y zeolites are 0.69 and 0.58, 
respectively. These relatively high values 
of this ratio argue that this species is a 
semirigidly bonded formate ion, with ap- 
proximately symmetric carbon-oxygen 
bond lengths. Furthermore, the degree of 
enhancement of the cross-polarization 
technique, discussed earlier, indicates that 
this bidentate species comprises 52 and 
83% of the formic acid adsorbed on the 
NH,-Y and ultrastable H-Y zeolites, re- 
spectively. 

When the cross-polarization experiment 
is repeated at reduced temperatures, the 
central component of the powder patterns 
shifts from the downfield side to the upfield 
side, as mentioned earlier. Specifically, the 
ratio (oZ2 - oii)/((~~~ - olJ changes from 
0.69 to 0.41 on the NH,-Y sample and from 
0.58 to 0.33 on the ultrastable H-Y sample. 
These transitions may be attributed in part 
to a quenching of the motions responsible 

for the averaging of the other species at 
room temperature. If the motionally aver- 
aged grow had a (uz2 - ~11Vb33 - u,d 
ratio comparable to unidentate formate 
groups, about 0.20, the incorporation of 
this species into the powder pattern would 
lower the average ratio. However, on both 
samples the added contributions from this 
species do not account for the large de- 
creases in the ratios. For example, since 
83% of the formic acid on the ultrastable 
H-Y zeolite is adsorbed as formate ions, 
the contribution from the remaining 17% is 
not sufficient to cause (uZ2 - ul,)/(flBB - 
al,> to decrease from 0.58 to 0.33. One 
interpretation of the large change is that 
upon cooling to temperatures below 150 K, 
some of the surface formate structures con- 
vert from bidentate to unidentate struc- 
tures. This interpretation is supported by 
the fact that upon cooling, the isotropic 
chemical shift does not return to the value 
measured by the 180”-~-90” experiment. 
However, because of the lack of pro- 
nounced features in the powder patterns, 
the fitted chemical shift components may 
be somewhat arbitrary, that is, changing 
any of the components by 10 ppm will not 
cause a large change in the error of the 
fitted spectrum. Thus, there may be errors 
as large as 25% in the computed ratios and 
the incorporation of the unidentate species 
may actually be sufficient to explain the 
shifts. 

Regardless of the exact ratios, there is a 
definite change in the symmetries of the 
cross-polarization spectra upon cooling 
from 295 K to below 150 K. This transition 
is probably due to the addition of the uni- 
dentate groups which have become more 
rigidly adsorbed at the lower temperature. 
There may also be some conversion of 
bidentate ions to unidentate groups al- 
though this interpretation will require fur- 
ther study. 

F. The Nature of the Bidentate Formate 
Ion Surface Species 

As discussed in the Introduction, the 
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ultrastable H-Y zeolite is catalytically 
more active than the NH,-Y zeolite. Based 
on the 13C NMR data, the ultrastable H-Y 
zeolite also has a much higher percentage 
of the formic acid adsorbed as bidentate 
groups. This correlation implies that the 
bidentate group may decompose more 
readily than the unidentate group. Thus, 
the nature of this adsorbed state is of inter- 
est. By isolating the 13C NMR signal of the 
bidentate species with the cross-polariza- 
tion process at 295 K, it is possible to 
determine the adsorption site, the ‘“C-‘H 
characteristics, and the ionic character of 
the carbonyl hydrogen. 

In the presence of proton decoupling, the 
main sources of broadening of the 13C NMR 
spectra are chemical inhomogeneity of the 
species, librational motion, lifetime broad- 
ening, and dipolar broadening from the 
“Al. The full widths at half-maximum of 
the Gaussian broadening functions convo- 
luted with the chemical shift powder pat- 
tern of the cross-polarization spectra at 295 
K, spectra 8a and 8c, are 124 and 142 ppm 
for the NH,-Y and ultrastable H-Y sam- 
ples, respectively. The second moments of 
these broadening functions are 0.67 and 
0.88 G”, respectively. The contributions 
due to chemical inhomogeneities and libra- 
tional motions are estimated from the 
broadening in the reference formates, 
which is about 0.08 G’. The lifetime broad- 
enings, computed from the T2’s, are 0.14 G’ 
for the NH,-Y and 0.09 G’ for the ultra- 
stable H-Y samples. The remainder of the 
broadening is attributed to the ‘%-?‘A1 
dipolar interaction. The second moment of 
this interaction may be calculated from the 
Van Vleck equation for heteronuclear 
broadening (50): 

(Aw2& = f ys’)i’s(s + 1) 

In Eq. (3), the second moment of the 13C 
spectrum due to 27A1 is determined by the 

gyromagnetic ratio of ‘7Al, 6.97 x IO” rad 
G-l set-l; h, 1.05 x 10e3 G2 A3 set; the spin 
of the “‘Al nucleus, S = 3; and the ‘3C-zjAl 
internuclear vector of length r at an angle 0 
with the external magnetic field. The sum is 
over all 13C and ‘:A1 spins in the sample, 
normalized by N, the number of 13C spins. 
For a polycrystalline sample, the spherical 
average of the angular dependence is 3. It is 
assumed that for a formate ion bonded to an 
Al ion, the bidentate is similar to the Na, 
Ca, and Sr salts, and the ‘3C-9iAl internu- 
clear distance is 2.75 A. With this 
configuration, Eq. (3) yields a second mo- 
ment of 0.29 G’. The contribution from Al 
atoms in the surrounding zeolite frame- 
work, not directly bonded to the formate 
ion, is estimated to be about 0. I5 G’. Thus, 
the 13C-“Al broadening is calculated to be 
0.44 G’ for a formate ion directly bonded to 
an Al atom and 0.15 G2 when bonded to a 
Si atom. 

However, this interaction will increase if 
the “‘Al nuclei are in a non-Zeeman state. 
That is, it is possible that the orientation of 
the quadrupolar “Al nucleus is determined 
by large electrostatic field gradients at the 
surface of the zeolite rather than by the 
external magnetic field. It has been ob- 
served that for amorphous aluminas, the 
“Al + +J, -f transition vanishes in sam- 
ples with BET surface areas greater than 
about 100 m’/g, indicating that the “AI 
nuclear alignment is determined by local 
electrostatic fields (5/). In the case of spin- 
&-spin-$ systems if the spin $ is in a non- 
Zeeman state, the spin+ second moment 
may increase by as much as a factor of 1.8 
(52). Similarly, it has been shown that the 
non-Zeeman state of “Al (spin 3) may also 
increase the contribution to the spin-J sec- 
ond moment by a factor as large as 1.8 (53). 
Thus, the total second moment, including 
the librational contribution, is about 0.52 to 
0.87 G2 for the formate ion bonded directly 
to the Al atom and about 0.23 to 0.35 G’ for 
the formate ion bonded to an Si atom. The 
second moments of the observed broaden- 
ings of the chemical shift powder patterns, 
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minus the lifetime contributions are 0.53 G2 
for the NH,-Y sample and 0.79 GZ for the 
ultrastable H-Y sample. Thus, the residual 
dipolar broadening indicates that the for- 
mate ion is bonded to the Al ions. 

The dipolar-modulation data for the for- 
mate ion on the NH,-Y zeolite, shown in 
Fig. 10, indicate that the 13C-lH coupling is 
similar to that of calcium formate. The 
initial decrease of the spectral area for both 
calcium formate and the surface formate 
ion is less than predicted for a bond length 
of 1.09 A, shown by the dotted line in Fig. 
10. The bond length in calcium formate 
measured by X-ray diffraction is 1.09 A. 
The slower initial decrease in the spectral 
area compared to the theoretical rate has 
been attributed to librational motions of the 
calcium formate (27, 37). We propose that 
the 13C-lH bond length of the adsorbed 
formate ion is also 1.09 A and is undergoing 
motions similar to those in calcium for- 
mate. As the dipolar-modulation time is 
increased, the spectral area of the adsorbed 
formic acid does not decrease below zero, 
contrary to the data of calcium formate and 
solid benzene. It is suggested that although 
the direct ‘H-‘H coupling is suppressed by 
the eight-pulse cycles, the ‘H nuclei are still 
indirectly coupled through the *‘Al nuclei. 
Thus, after about 0.1 msec, the ‘H-*‘Al-‘H 
spin diffusion has destroyed some of the 
phase coherence in the experiment. 

Analogous to the cross-polarization ex- 
periments, the dipolar-difference tech- 
nique observes only those hydrogen nuclei 
with strong heteronuclear dipolar cou- 
plings. That is, the dipolar-difference method 
isolates the hydrogens bonded to 13C nuclei 
with little motional averaging. Thus, the ‘H 
spectrum in Fig. 11 is assigned to the car- 
bony1 proton of the bidentate formate ion 
on the NH,-Y zeolite at 295 K. As was 
discussed earlier, the ionic character of this 
proton is of importance to dehydration re- 
action mechanisms. The isotropic chemical 
shift of this spectrum, -12.3 ppm relative 
to TMS, is similar to that of formate salts. It 
has been reported previously that the corre- 

sponding protons in calcium formate and 
ammonium formate have isotropic chemi- 
cal shifts of - 10.9 and - 12.8 ppm, whereas 
formic acid is further upfield, at -9.2 ppm 
(28). The downfield shift of the chemical 
shift of the carbonyl hydrogen suggests 
that the hydrogen has acquired a more 
acidic nature. Thus, the hydrogen may be 
more susceptible to nucleophilic attack, or 
it may shift more readily to electron-rich 
centers. 

V. CONCLUSIONS 

Several multiple-pulse NMR techniques 
have been applied to measure the dipolar 
interactions, spin-relaxation rates, and 
chemical shift properties of formic acid 
adsorbed on an NH,-Y and an ultrastable 
H-Y zeolite. The results indicate that the 
formic acid is chemically adsorbed into two 
immobile states which are differentiated by 
the strength of the 13C-‘H dipolar coupling. 
The 13C chemical shift tensor of the more 
rigidly held species, observed selectively 
by cross-polarization techniques at 295 K, 
has a symmetry similar to the spectra of 
inorganic formate salts with bidentate 
structures. The other surface species is 
assigned to a unidentate structure. From 
the enhancements obtained by the cross- 
polarization technique, relative to the 180”- 
r-90” experiment, it is determined that the 
ratio of bidentate to unidentate groups is 
52: 48 on the NH,-Y zeolite and 83: 17 on 
the ultrastable H-Y zeolite. These values 
are for coverages of about 0.3 monolayer 
on both the NH,-Y and the ultrastable H- 
Y zeolites. 

The formate adsorbed in a bidentate 
form, which may be more reactive than the 
unidentate, was further quantified with the 
NMR techniques. The magnitude of the 
broadening in the 13C NMR spectra that can 
be attributed to 27A1 dipolar interactions 
indicates that the bidentate formate group 
is bonded to an Al atom. The dipolar- 
modulation spectra of the bidentate species 
suggest that the 13C-lH bonding is similar to 
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for-mate salts, such as calcium formate. The 
carbonyl hydrogen has become more acidic 
upon adsorption into the bidentate state, as 
reflected by the downfield shift of the cen- 
ter-of-mass of the ‘H NMR spectrum. This 
increased acidity is possibly related to the 
cleavage mechanism of the carbon-hydro- 
gen bond. Conversely, the 13C center-of- 
mass of the bidentate species is shifted 
upfield relative to neat formic acid and 
formate salts, by at least 15 ppm. However, 
because of the complex combination of the 
paramagnetic and diamagnetic contribu- 
tions to the chemical shift, it is not possible 
to interpret this shift in terms of the ionic 
state of the carbon atom. 

The motional averaging of the unidentate 
group is most likely a reorientation at the 
adsorption site, such as rotation about the 
bond between the oxygen and the adsorp- 
tion site or the carbon-oxygen bond. It is 
conceivable that the different bonding to 
the zeolite surface is the result of formic 
acid bonding to Si atoms. 

As discussed in the Introduction, it has 
been proposed that the thermal decomposi- 
tion of the NH,-Y zeolite to the ultrastable 
H-Y zeolite is accompanied by the extrac- 
tion of 9 to 15 Al cations from the zeolite 
framework (IO). This proposal is consistent 
with the increased proportion of bidentate 
formate groups on the ultrastable H-Y zeo- 
lite. In addition, the average ‘“C-“‘Al dipo- 
lar coupling for the bidentate groups is 
stronger on the ultrastable H-Y zeolite, as 
evidenced by a 50% increase in the second 
moment of the interaction. 

Multiple-pulse NMR techniques can iso- 
late and quantify the various interactions in 
the nuclear environment of adsorbed mole- 
cules. This information, considered with 
respect to the results of electronic and 
vibrational spectra, can differentiate and 
further quantify the adsorbed states. Addi- 
tional NMR techniques tailored to the anal- 
ysis of dilute catalytic systems, and the 
probing of other nuclei, such as “Al or ‘“Si, 
will increase the capabilities of this ap- 
proach to catalytic studies. 
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