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NMR spin-labeling and isotopic labeling have been used to characterize exchange between 
physisorbed and chemisorbed formic acid and within chemisorbed formic acid adsorbed on TiOz. 
Contrary to behavior assumed in earlier studies, the exchange between physisorbed and chemi- 
sorbed formic acid has a relatively long time constant, between 2 and 400 s at 298 K. Reorientation 
occurs within the chemisorbed adlayer with a broad distribution of time constants centered at -20 
ms. A possible interpretation of this reorientation is rotation about the surface-formate bond, 
hindered by hydrogen bonding to neighboring hydroxyl groups. The application of NMR spin- 
labeling to the characterization of dynamics at interfaces is discussed. 

I. INTRODUCTION 

Formic acid decomposition is a simple 
reaction, and as such has received much 
attention as a prototypical unimolecular 
catalytic reaction. The reaction products 
over titania are usually CO and Hz0 (I ). 
Active site densities are typically lOI cm-‘, 
a small fraction of the saturation coverage 
of 4 x lOI cmP2, and the majority of sur- 
face sites are unreactive. Two possible 
mechanisms for the rapid decomposition 
rate are: (1) desorption, rcadsorption, and 
reaction of formic acid initially adsorbed in 
unreactive sites or (2) surface diffusion re- 
sulting in migration from unreactive to re- 
active sites. This study considers both pos- 
sibilities, which require that formic acid 
migrates from an active site without react- 
ing. 

Formic acid dehydration over titania has 
been the subject of many studies (I). From 
transition state theory, Maatman (2) con- 
cluded that the active site concentration 
must be on the rough order of lOI cm-l to 
prevent the entropy of activation from 
reaching unreasonably large negative val- 
ues. Using electron spin resonance, Enri- 
quez and Fraissard (3) found the electron- 
donating site density and reaction rate had 

the same dependence on sample prepara- 
tion, and concluded that these were the ac- 
tive sites. The densities of electron-donat- 
ing sites ranged from 1 x lOI to 1.2 x 10” 
cmM2, consistent with the number predicted 
by analysis of reaction prefactors. In an ac- 
companying study (#), ‘H and 13C NMR 
spectra for multilayers of adsorbed formic 
acid were reported. From the observed 
shift in the physisorbed formic acid peak, 
Enriquez and Fraissard proposed the exis- 
tence of a paramagnetically shifted chemi- 
sorbed adsorption site based on an assump- 
tion of rapid exchange between the 
physisorbed and chemisorbed species. 

In a previous paper (5), we directly ob- 
served formic acid chemisorbed on the sur- 
face in majority sites. The NMR spectrum 
for chemisorbed formic acid had a homoge- 
neous linewidth of 0.49 kHz, demonstrating 
that the lower limit for the residence time in 
this site is 0.3 ms. This paper demonstrates 
the application of NMR techniques to the 
study of exchange between chemisorbed 
and physisorbed phases of formic acid on 
Ti02. 

II. EXPERIMENTAL PROCEDURES 

Sample preparation and details of the 
NMR techniques have been described in a 

109 
0021-9517/X6 $3.00 



previous paper (5). Both the 90% 13C-en- 
riched (KOR Isotopes) and natural-abun- M 

z 
= M 

0 
1 _ ’ - cos(e(l + t2)“2) 1 (1) 

dance formic acids (Aldrich) were purified 
1 + 52 

with several freeze-pump-thaw cycles be- where 
fore use. Titania samples, maintained at 77 
K during adsorption, were warmed to 290 5= 

%f - 00 

K between sequential exposures to pro- YHI 

mote uniform distribution of the formic and 
acid. 

We use here two labeling techniques to HI=+ (2b) 
monitor the dynamics of multilayer adsorp- P 

tion of formic acid on titania. In a generic In the above equations, y is the gyromag- 
labeling experiment a species is tagged and netic ratio and 13 is the angle of rotation 
the tag is tracked along a reaction pathway. caused exactly on resonance by a t-f pulse 
Conventional labeling involves stable iso- of length tr, and strength HI. Thus, for a spin 
topes of common elements introduced on resonance (elf = WO), a 180” pulse (0 = 7~) 
through the gas phase: here we monitor the will invert the magnetization by causing a 
exchange between chemisorbed H13COOH rotation about the x axis. For a spin far off 
and physisorbed Ht2COOH. However, iso- resonance relative to the strength of the 
topic labeling is limited by its speed: mass weak t-f pulse (151 + l), the pulse has little 
transport in porous media requires at least effect because the rotation is about an axis 
Is, whereas typical processes at surfaces almost parallel to the z axis. Pulses with HI 
(e.g., desorption, diffusion, reaction) have = 55 G were used to excite uniformly 
time constants ranging from 10m8 to lo2 s. across the 150 ppm wide frequency range 
Spin-labeling with NMR spectroscopy, like spanned by the powder pattern of chemi- 
isotopic substitution, labels the nuclei of a sorbed formic acid. Attenuated pulses with 
particular species, but it rapidly does so via H, = 0.29 or 0.58 G were used to excite 
the spin states of the nuclear magnetic di- only a frequency range with a full width at 
poles. Selective saturation (6) or inversion half maximum of 1000 or 500 Hz (20 or 10 
(7) of nuclear spins in a narrow frequency ppm in this study), respectively. The pulse 
range labels only that subset of the sample sequence used to collect the NMR spectra 
creating a nonequilibrium magnetization. in this paper is illustrated in Fig. 1. Varying 
The evolution of this state can then be used the delay T between the selective inversion 
to detect chemical exchange (8) or molecu- and the observed pulse allows effects of 
lar motion (9) within the sample. exchange between spin baths to be deter- 

The r3C nuclear magnetic dipoles in a mined. The range from 50 ps to 1.0 s was 
chosen fraction of the formic acid were se- examined here. Including a nonselective 
lectively labeled with weak rf pulses in the 180” pulse at the beginning of alternate 
following manner. During an rf pulse, a nu- scans and accumulating the difference be- 
clear dipole will precess about an axis tween pairs of scans caused the spectra for 
which is the sum of two vectors: the reso- long delays to decay to zero rather than to 
nance-offset vector which lies along the z the spectra reported previously (5), thereby 
axis, and the t-f pulse vector which, in this simplifying the corrections necessary when 
case, lies along the x axis in the rotating 7 = Ti, the spin-lattice relaxation time. 
frame. For a spin which resonates at wo in a 
magnetic field of strength Ho, the z compo- 
nent of its magnetization, M,, after a r-f III. RESULTS 

pulse at frequency off and strength HI, is A variety of techniques are necessary to 
given by measure rates where may span a wide time 
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FIG. I. Pulse sequence for selective-inversion 
recovery used in the NMR spin-labeling study. Se- 
quences A and B are alternated and the resulting free 
induction decays are added and subtracted as indi- 
cated. The time allowed for exchange to occur is con- 
trolled by varying the delay 7. Note that the durations 
for each event are not drawn to scale. 

range. Using sequential dosing of labeled 
and unlabeled formic acid, exchange be- 
tween physisorbed and chemisorbed formic 
acid can be monitored for processes with 
time constants of 100 s or longer. The 
isotopic labeling is ineffective for measur- 
ing time constants shorter than either the 
time required for diffusion into the sample 
pore structure or that needed to collect 13C 
NMR spectra with adequate signal to noise. 
We used here the technique of NMR spin- 
labeling to probe processes on shorter time 
scales, ranging from the time required to 
label the system (0.1 to 2 ms) to the lifetime 
of the label (Ti = 0.6 s for this system). 
Results from both techniques are described 
below. 

A. Isotopic Labeling 

To detect exchange between the physi- 
sorbed and chemisorbed formic acid, a 
sample was prepared by sequentially ad- 
sorbing 0.7 monolayers 13C-enriched formic 
acid and 2.0 monolayers natural-abundance 
formic acid on titania. The possible ex- 
tremes of no exchange and complete ex- 
change are illustrated in spectra (A) and (B) 
of Fig. 2. If there is no exchange (case A), 
the i3C-labeled formic acid will remain in 
the chemisorbed layer and therefore give 

the powder pattern seen for submonolayer 
coverages (5). However, if there is com- 
plete exchange (case B), the 13C-labeled 
molecules will be statistically distributed 
throughout both chemisorbed and physi- 
sorbed phases, and the spectrum will show 
both chemisorbed and physisorbed formic 
acid. Although the quantitative analysis 
based on integrated areas will indicate sub- 
monolayer coverage, the chemisorbed peak 
will account for only l/2.7 of the total peak 
area. 

In the observed spectrum (Fig. 2C), sub- 
stantial exchange has occurred at 298 K in 
the 30 min between adsorption of the sec- 
ond formic acid layer and collection of the 
NMR spectrum. Further NMR spectra ob- 
tained after 2 and I2 h gave similar ratios of 
physisorbed to chemisorbed formic acid, 
indicating that exchange was essentially 
complete in less than 30 min. From this 
data, an upper limit of 400 s may be placed 
on the characteristic time for exchange. 

The relative areas of physisorbed and 
chemisorbed peaks are consistent with a to- 
tal coverage of 2.7. This explains the in- 
crease in width for the observed physi- 
sorbed spectrum over that shown in the 
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FIG. 2. Upper SpeCtrd show the predicted results for 
(A) no exchange and (B) complete equilibration be- 
tween chemisorbed and physisorbed adlayers for a 
sample of TiOz dosed with 0.7 monolayers “C-en- 
riched formic acid, followed by the equivalent of 2.0 
monolayers of natural-abundance formic acid. The ob- 
served spectrum is (C). 
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FIG. 3. Selective inversion of physisorbed formic 
acid nuclear spins. The weak pulse at 168 ppm has an 
excitation width at half maximum of IO ppm. The peak 
at 128 ppm is due to a small (~1%) CO* impurity. 

theoretical spectrum, which used parame- 
ters from the fitted spectrum at 5 mono- 
layers. In the earlier study, it was noted 
that the physisorbed formic acid lineshape 
narrowed towards liquid-like behavior only 
at large multilayer coverages, where sur- 
face heterogeneities had little effect on the 
adsorbed phase. 

B. Nuclear Spin-Labeling 

Techniques using spin dynamics to selec- 
tively label specific adsorbate molecules 
may also be used to quantify rates. To mea- 
sure exchange between physisorbed and 
chemisorbed formic acid, weak pulses were 
used to invert the magnetization of the 
physisorbed species. While this also gen- 
erated a “hole” in the powder pattern due 
to chemisorbed formic acid at the same fre- 
quency, it did not affect the remainder of 
the chemisorbed peak. Figure 3 shows a se- 
ries of selective-inversion spectra for 5 
monolayers of formic acid adsorbed on tita- 
nia. Because both physisorbed and chemi- 
sorbed formic acid have relaxation times of 
approximately 0.6 s, in the absence of ex- 
change all spectral features will relax to- 
wards zero at the same rate. Consequently, 
T1 effects are compensated by resealing the 
spectra for long delay times to the initial 
intensity. These spectra show that at mix- 
ing times up to 0.5 s, there is little evidence 

of transport between the two adsorbed lay- 
ers. Although the net magnetization in the 
sample is negative, due to the much larger 
quantity of physisorbed molecules, the 
magnetization observed in the chemisorbed 
powder pattern remains positive and de- 
cays only with Ti. As will be seen below, 
changes in the shape of the chemisorbed 
spectra can be attributed to processes oc- 
curring wholly within the chemisorbed ad- 
layer. 

Although there is little exchange between 
the adlayers, there is mixing within each 
adlayer. It is apparent from the narrow liq- 
uid-like character of the physisorbed formic 
acid peak that these species are undergoing 
rapid translational and orientational mo- 
tion. Transport within the chemisorbed ad- 
layer may be seen by using the selective 
inversion sequence to invert the magnetiza- 
tion in a small frequency range arbitrarily 
placed in the powder pattern of a sample 
with submonolayer coverage. The resonant 
frequency depends on the molecular orien- 
tation relative to the magnetic field (10). 

w = ull sin2 8 cos2 4 + 022 sin2 0 sin2 4 
+ CT33 cos2 8. (3) 

Here 0 and 4 are Euler angles of the princi- 
pal axis system relative to Ho and oII, (~22, 
and 033 are the principal components of the 
chemical shielding tensor. Therefore, in- 
verting spins in a defined frequency range 
labels only molecules with certain orienta- 
tions. Selectively-inverted NMR spectra 
for 0.6 monolayers of formic acid on titania 
on the left half of Fig. 4 show that the inten- 
sity of the “hole” produced this way does 
not persist, but decreases as the delay r in- 
creases. 

The experimental spectra can be fitted 
qualitatively with a model which assumes 
random reorientation upon exchange. For a 
single exchange rate, TV, the evolution of 
the z component of the magnetization at a 
given orientation, n(0, 4, t), will be given 
by 

an n --- 
dt= T, $ (n - (4) (4) 



DYNAMICS OF FORMIC ACID ON Ti02 113 

OBSERVED CALCULATED 

I I I In I I I I 
300 200 loo 0” 300 200 100 0 

FREQUENCY RELATIVE TO TMS, IN PPM 

FIG. 4. Selective inversion of a fraction of the 
chemisorbed formic acid nuclear spins. The weak 
pulse at 168 ppm has an excitation width at half maxi- 
mum of 20 ppm. Calculated spectra are computed us- 
ing the hole profile described in the text. 

where 

(4 = I,, n cm and di(2 = sin &i&i+, (5) 

and so 

44 (4 -=--. 
dt TI (6) 

Integrating over all orientations gives the T, 
behavior of the unperturbed spectrum, and 
so relaxation effects are confined to the fac- 
tor e-t’TI. The solution for Eq. (4) is 

n(0, 4, t) = e-“Tl[(n()) 

IV. DISCUSSION 

with 

+ (40, 4, 0) - (no)b-“‘el (7) 

(no> = I, 40, 4, OW. (8) 

To accommodate a distribution of exchange 
times, the second exponential may be re- 
placed with a weighted of exponentials. 
The spectra have been simulated, on the 
right side of Fig. 4, by fitting them to a pow- 
der pattern with partially inverted magneti- 
zation and constant total area. 

The evolution of the lineshape in the in- 
verted region for the chemisorbed formic 
acid contains additional information about 
the type of process which is occurring. As 
the inverted spins diffuse throughout the 
spectrum, the width of the perturbed fre- 
quency range remains constant, indicating 
that the redistribution process is not one 
involving small angle reorientations. In- 
stead, the reorientations appear to involve 
large random changes. The motion in the 
chemisorbed layer, plotted as (n - (n)lno - 
(~o)W 7 is shown in Fig. 5. The nonex- 
ponential behavior of this recovery shows 
that there is a very broad range of exchange 
times in the sample, which is not unex- 
pected for a powder sample such as this. 

For the sample with 5 monolayers, in- Within the chemisorbed formic acid, the 

verting the physisorbed formic acid peak 
results in a sample with a negative magneti- 
zation. Complete exchange would return 
the spectrum to its original shape but with 
the same negative area as the initial (no ex- 
change) spectrum. This change would be 
most visible in the chemisorbed formic acid 
powder pattern, which would be inverted. 
With a low coverage multilayer sample, 
these same considerations indicate that ef- 
fects of exchange would be most easily ob- 
served in the recovery of the physisorbed 
formic acid peak as it recovered magnetiza- 
tion from the chemisorbed adlayer. Selec- 
tive inversion applied to samples with 1.4 
monolayers of formic acid show that, while 
the hole in the chemisorbed formic acid 
powder pattern recovers as described in the 
preceding paragraph, there is no indication 
of any recovery in the small physisorbed 
formic acid peak. Any magnetization trans- 
fer into the physisorbed adlayer should be 
readily observable in this sample, where all 
of the physisorbed formic acid is adjacent 
to chemisorbed species. These spectra then 
are consistent with the earlier observations 
of motion within the chemisorbed adlayer, 
but not between chemisorbed and physi- 
sorbed species. 
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FIG. 5. Decay of hole intensity for chemisorbed for- 
mic acid. Hole intensity is determined from fits to cal- 
culated spectra similar to those in Fig. 4. Tempera- 
tures are as indicated. 

time to 50% exchange equilibration is 20 ms 
at 293 K and 4 ms at 343 K, suggesting that 
this process has an activation energy of ap- 
proximately 6 kcal/mole. Among the possi- 
ble explanations for the observed transport 
of magnetization through the adsorbate are 
desorption/readsorption, migration (diffu- 
sion), reorientation, and spin diffusion. De- 
sorption and readsorption would involve 
transport of molecules through the fluid 
phase in the pore voids. This is not a likely 
mechanism, because diffusing molecules 
would be indistinguishable from physi- 
sorbed molecules and this exchange has 
been shown above to be much slower than 
exchange with the chemisorbed adlayer. 
Diffusion on the surface would have a much 
lower activation energy than desorption, 
and reorientation a yet lower energy barrier 
to break and reform a hydrogen bond to 
neighboring surface hydroxyl groups. Spin 
diffusion, which involves not motion of nu- 
clei but rather exchange of nuclear magne- 
tism, is always a possibility in systems with 
small distances between neighboring spins 
such as monolayers. However, spin diffu- 
sion rates generally are insensitive to tem- 
perature and spin-diffusion is inefficient 
when diffusion is between states with 
widely separated frequencies, so this does 
not appear to be the cause. Therefore, the 
spectral changes shown in Fig. 4 are proba- 
bly due to translational or orientational dif- 
fusion on the surface, and distinguishing 

between the two is not possible with this 
technique. Most models envisioned for 
translation would also allow exchange with 
physisorbed species at a comparable rate, 
but the spectra measured here show no evi- 
dence of exchange at such a rate. Hindered 
or stepwise rotation is a more plausible ex- 
planation for these data. 

A unidentate formate anion structure 
with hydrogen bonding between the car- 
bony1 oxygen and neighboring surface hy- 
droxyl groups, as depicted below, best sat- 
isfies the data reported here. The rotation 
of this species between different OH groups 
will allow reorientation within 

H 
\ 

H CEO . . . . . . H 

the chemisorbed adlayer but not exchange 
between the chemisorbed and physisorbed 
species. At typical Ti02 surface OH densi- 
ties, between 3 and 6 hydroxyl groups will 
be present near the adsorption site. 
Stepwise rotation between these will re- 
quire complete rupture of one hydrogen 
bond before formation of the next, resulting 
in an activation energy comparable to the 5 
kcal/mole of a fully developed hydrogen 
bond. Redistribution of the labeled mole- 
cules among a limited number n of alterna- 
tive orientations would cause the intensity 
of the selective inversion to decay to l/n 
rather than zero at long times. The data in 
Fig. 5 do appear to approach asymptoti- 
cally -0.20 and are thus consistent with an 
average of five possible orientations, al- 
though a semilog plot of the approach to 
this final state does retain some curvature. 
This is a lower limit for IZ, because there 
may exist some orientations which have 
resonant frequencies within the inversion 
bandwidth. The curvature may indicate ei- 
ther a distribution of rates or the presence 
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of another exchange process much slower 
than the stepwise rotation of the hydrogen- 
bonded formate anion. 

Throughout the course of this study, we 
have been alert for any sign of formic acid 
adsorbed in sites which are active for the 
dehydration reaction, but have not seen 
any. Direct observation of a signal from 
-1% of the surface is not practical with 
current instrumental sensitivity. Indirect 
observation through the effect on an observ- 
able species with which the unobservable 
moiety is exchanging is possible when the 
two species have differing magnetic reso- 
nance characteristics and the exchange is 
rapid enough that the observable signal re- 
flects an average between the sites avail- 
able. In this fashion, Enriquez and Frais- 
sard (4) interpreted a small shift in 
physisorbed peak position with coverage as 
being caused by exchange with a small 
quantity of chemisorbed active sites para- 
magnetically shifted to +3934 ppm. In the 
present study, we have determined that ex- 
change between physisorbed formic acid 
and inactive chemisorbed formic acid is too 
slow to have any effect on the lineshape of 
the physisorbed formic acid. As active sites 
also appear to involve strong chemisorption 
forces, it is to be expected that exchange to 
these sites from the physisorbed adlayer 
would be similarly slow. Therefore, it ap- 
pears unlikely that active sites and the phys- 
isorbed adlayer are equilibrating with each 
other on the submillisecond time scale re- 
quired for the physisorbed formic acid line 
to show averaging effects. In addition, in 
this study the physisorbed formic acid peak 
was always detected at 166 2 4 ppm and 
showed no definite coverage dependence, 
while the work of Enriquez and Fraissard 
described a definite frequency shift with 
coverage and predicted physisorbed formic 
acid peak positions of 177 to 240 ppm for 
coverages in the range used in this work. 
We have no explanation which reconciles 
these disparate results. 

V. SUMMARY 

The application of selective spin-labeling 
using NMR to characterize chemical ex- 
change in chemisorption systems is demon- 
strated. For formic acid on TiOz, isotopic 
labeling shows that exchange between 
chemisorbed and physisorbed adlayers oc- 
curs at 298 K with a time constant of less 
than 400 s. NMR spin-labeling experiments 
place a lower limit of 2 s on this exchange. 
This is much slower than the millisecond 
time scale hypothesized in other investiga- 
tions of this system. From the slow rate for 
this exchange, we conclude that character- 
ization of physisorbed formic acid cannot 
be used to characterize chemisorbed formic 
acid, and that direct observation of the 
chemisorbed adlayer as reported in a pre- 
ceding paper (5) is necessary. In the che- 
misorbed adsorbate, we observed reorienta- 
tion of the formate species proceeding at 
298 K and concluded that this is most likely 
due to rotation, perhaps as the carbonyl ox- 
ygen breaks and reforms hydrogen bonds to 
surface hydroxyl groups. Consistent with 
the absence of rapid exchange between var- 
ious forms of adsorbed formic acid, no evi- 
dence of adsites active for the dehydration 
reaction was observed. 
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