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Using the example of formic acid adsorbed on TiO,, we point out the interest of NMR for 
studying chemisorption cm electron-donor sites. From the chemical shifts &‘H) and WSC) of the 
total adsorbate (physical and chemical adsorption) one can determine the shifts characteristic of the 
chemisorbed phase alone, then the corresponding electron-nucleus coupling constants aH and a,,,, 
and consequently the electron spin density transferred from the electron-donor site and the 
deformation of the adsorbed molecule. 

INTRODUCTION 

Titanium dioxide is essentially a dehy- 
dration catalyst for formic acid (I). The 
active centers in this reaction are the elec- 
tron-donor sites (abbreviated to EDS) the 
nature of which depends on the tempera- 
ture T, of thermal pretreatment of the ox- 
ide. At relatively low temperatures these 
sites are the oxygen atoms or the hydroxyls 
of 

OH 
I 

- 0 -Ti- 

groups arising from partial dehydration of 
the surface (I, 2). They are diamagnetic 
and consequently cannot be detected di- 
rectly by ESR. For high T, values these 
EDS are Ti3+ ions formed by reduction of 
the surface in the reaction 

2 Ti4+ + 02- --, V, + ) O2 + 2 Ti3+, (1) 

where V, is an anionic vacancy. 
In agreement with results of other au- 

thors (3), the ESR signal detected (g, = 
I .967, g,, = 1.948) is characteristic of Ti3+ 
ions subjected to an axially symmetrical 
crystal field with tetragonal distortion. The 
variation of this ESR signal with adsorption 

of formic acid (gL = 1.973, g,, = 1.948) 
clearly demonstrates that there is a bond 
between these Ti3+ ions and one or two 
HC02H molecules. However, because of 
the low natural abundance of the I70 and 
13C isotopes it is not possible to detect 
hyperfine coupling by ESR and to obtain 
thereby further information about the form 
of the chemisorbed complex. The final 
NMR result will reveal, moreover, that 
even with sufficiently high nuclear concen- 
trations the ESR components due to the 
electron-nucleus coupling could not be re- 
solved, the ESR signal of Ti3+ in the Ti3+- 
HCO,H complex being too broad. 

In contrast, with modern NMR spec- 
trometers it is possible to detect signals of 
nuclear spins even at very low concentra- 
tion. Moreover, in paramagnetic systems 
the NMR chemical shifts give not only the 
value of the coupling constant but also its 
sign, impossible to obtain with ESR. We 
shall show in the study of HC02H adsorbed 
on Ti02 that the electron spin density at 
each nucleus of the adsorbate can be deter- 
mined and, consequently, the mechanism 
of adsorbent-adsorbate bond formation. 
We should point out, however, that the in- 
terpretation of the spectra is much more 
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complex in the case of NMR than in that of 
ESR. 

EXPERIMENTAL 

Materials and Procedures 

The titanium dioxide used is the amor- 
phous microporous solid AM (I) prepared 
by the hydrolysis of TiCl, by NaOH follow- 
ing the method of Kennedy et al. (4). 

The NMR experiments were carried out 
mainly on samples designated AM-250 and 
AM-400, these being AM pretreated at 250 
and 4OOV, respectively, under vacuum. At 
these temperatures this catalyst has a maxi- 
mum in its catalytic activity and in the num- 
ber of EDS (1). The NMR spectra of formic 
acid adsorbed on the oxide were recorded 
on a Brucker CXP FT spectrometer at 90 
MHz. Chemical shifts were measured by 
the substitution method (5). The reference 
for the proton shifts of the adsorbed phase 
is the molecule in the gas phase; that of ‘3c 
is the position of the liquid acid. Proton 
shift corrections for the bulk magnetic sus- 
ceptibility of the samples were made fol- 

lowing the method proposed by Bonardet et 
al. (6, 7). Those for 19C shift are negligible. 

RESULTS 

Protons 

At high surface coverage the spectra con- 
sist of two lines: one is rather narrow, char- 
acteristic of ‘H-C, the other much broader, 
due to acid 0-‘H. When the coverage de- 
creases, the latter rapidly becomes so 
broad that it can no longer be detected. For 
this reason we have only studied the proton 
resonance of H-C. The number n of mole- 
cules adsorbed per square meter of surface 
is always much greater than the number n, 
of EDS estimated by ESR (I ). 

For sample AM-400, n is between 3 and 
11 x 1018 molecules/m*, whereas n, is 10.75 
x 1016/m2. Under these conditions, for 
each experimental temperature T, between 
25 and 90°C the spectrum has only one line 
characteristic of ‘H-C, the magnitude of 
whose upfield chemical shift 6(‘H) de- 
creases monotonically when n increases. 
Figures 1 and 2 show that 6(lH) is linearly 
dependent on l/n and l/T,. Analogous 

FIG. 1. Observed fJ(*H) against n- 1. Sample AM-400: solid line; sample AM-250: broken line; 
experimental temperature T, = (1) 300 K; (2) 320 K; (3) 340 K; (4) 358 K. 
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FIG. 2. Observed S(‘H) vs T,-‘. Sample AM-400 
(solid line), n x IO-l6 = (1) 380; (2) 490; (3) 662; (4) 817; 
(5) 980; (6) 1100. Sample AM-250 (broken line); n x 
IO-‘* = (1’) 290; (2’) 327; (3’) 385; (4’) 460; (5’) 522. 

results are obtained for sample AM-250 
(Figs. 1 and 2). 

Carbon 

The most interesting data provided by 
NMR come from the comparison of the 
chemical shifts observed for the different 
nuclei. This is why we have studied r3C 
resonance. However, owing to the low 
abundance of this isotope and to the rela- 
tively small amount of acid in the sample, it 
was sometimes necessary to accumulate 
several hundred thousand times for one 
spectrum. We have, therefore, only consid- 
ered the case of AM-400 at T, = 25°C. As in 
the case of protons, only one line is ob- 
served, and its downjie/d chemical shift 6 
(13C) decreases also with increase in n and 
depends linearly on l/n (Fig. 3). 

DISCUSSION 

Sample AM-400 

We shall firstly discuss sample AM-400 
because it was studied the most. The num- 
ber of adsorbed molecules n is much 

greater than the number of EDS, n,. On the 
surface, there are therefore molecules 
chemisorbed on these centers and others 
adsorbed elsewhere, physically for exam- 
ple. Now, for each experimental tempera- 
ture T, there is only one line in the ‘H and 
13C spectra. This proves that the physically 
and chemically adsorbed molecules ex- 
change rapidly (on the NMR time scale). In 
fact we chose a high surface coverage in 
order to narrow the spectral components by 
such a rapid exchange between the different 
adsorbed molecules. The chemical shift 6 of 
the total adsorbed phase depends on the 
theoretical shifts, 6, and S,, and the num- 
bers, nP and tic,,, of physically and chemi- 
cally adsorbed molecules, respectively: 

S= nP % + rich a,, 

no + %h 
(2) 

where n = nP + rich. 
For light atoms, the chemical shift due to 

physical adsorption is negligible; therefore, 
6, = &ference = 0 and 

6 = n!J Sch. 

When the surface coverage is very high, all 
the chemisorption sites (assuming they are 
sufficiently strong) are occupied; conse- 
quently, flch is independent of n, and S is a 
linear function of l/n. These rapid ex- 

3.0 3+ 40n-l.lo~ 

FIG. 3. Observed S(T) against n-*. Sample temper- 
ature T, = 300 K. 
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change properties have already been used 
in the study of diamagnetic (8, 9, 22) and 
paramagnetic (IO, II) adsorbents. 

The linear dependence of 6(‘H) on l/T, 
proves that the chemisorbed molecules in- 
teract with the paramagnetic centers which 
cannot be other than Ti3+. Assuming then 
that the only chemisorption centers are pre- 
cisely these TP ions analysed by ESR (Z), 
using Eq. (3) where n,h = n,, for each T, we 
can calculate the shift 6&H) of the chemi- 
sorbed phase alone. For example, at 25°C 

8,,(‘H) = -75 2 3 ppm 

In the same way we find 

(upfield). 

&h(‘q) = +3934 2 25 ppm (downfield). 

We have verified that 6&H) is also linear 
with l/T, (Fig. 4). 

The chemical shifts can be due to the 
anisotropic interaction Sati (“pseudo-con- 
tact” (22)) or (and) isotropic Fermi contact 
interaction a1 (23, 14) between the spin S of 
the unpaired electron of TP+ and the nu- 
clear spins I of lH and 19C of the HCOIH 
molecule adsorbed on this site. In the ex- 
ample considered it is impossible to deter- 
mine the share of these two interactions. 
We have therefore calculated the effect S,,,i 
on different plausible models of the struc- 

/ 

1:es ‘it!5 
-3 -1 -1 

w> T, K 

FIG. 4. Calculated S,, of chemisorbed molecules vs 
T,-‘. W, AM-400; 0, AM-250. 

ture of the chemisorbed HC02H-TP+ com- 
plex. For each of them, the structure factor 
(3 cos*@ - 1)/P (where B is the angle be- 
tween the axis of the complex and the vec- 
tor r which joins the electronic and nuclear 
spins) which occurs in a,,,, is small. More- 
over, the values of g, and g,, are not very 
different; we have therefore assumed that 
the pseudo-contact interaction is small if 
not completely negligible, and we have at- 
tributed the &h values to the Fermi contact 
interaction. The corresponding hyperfme 
coupling constants, deduced from the 
above S,, values are 

uH = -2.85 MHz or - 1.019 G, 

a 13c = +37.30 MHz or + 13.330 G. 

We shall now show how the electronic 
state and the structure of the chemisorbed 
complex can be determined on the basis of 
these coupling constants. 

Assume firstly that the HCOzH mofe- 
cules remain planar after adsorption. The 
above results can only be explained as fol- 
lows. Formation of a (TP-HCO*H) w- 
complex transfers positive electron spin 
density pV directly into the IP - MOs of the 
molecule. By polarisation of the spins along 
the u(C-H) bond, this density pat, near the 
carbon, induces a spin density which is pos- 
itive on lsC and consequently negative on 
‘H (Fig. 5). From the value of the coupling 
constant aH it is possible to calculate pnc in 
the V* - MO at the carbon atom by using 
McConnell and Chesnut’s relationship (IS) 

aH (gauss) = -25&‘, 

whence 

pnc = 4 x 10-Z. (4) 

We have shown by quantum mechanical 
study of (HC02H)- that the spin density 
p$(*) differs only a little from pwc, whereas 
pz(4) is very small (16). Consequently, a 
spin density of about 0.1 is transferred into 
the r* - MO of HC02H. Since TP is a 
d’ ion this spin density is equal to the elec- 
tronic charge density O.le. 
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a,(O) = (SC + 2QcoC + &If”) PIG 

+ QocC * ~2~’ + QocC * pf”, (6) 

where QU* are the 0-r spin polarisation con- 
stants . 

FIG. 5. Spin polarization in the (C-H) bond induced 
by the transferred spin density in the HCOpH T* - 
MO. 

We have confirmed that pz’2’ - pnc 9 ~0,‘~) 
(15). From literature values (17, 18), 

SC = -12.5 G, QcHC = 19.5 G, 
Qcoc = 17.2 G, QocC = -27.1 G, 

one finds 

However, when the carbon atom is sp2 
hybridised (planar configuration) and the 
positive and negative spin densities on C 
and H, respectively, are due uniquely to 
spin polarisation along the o(C-H) bond 
induced by the electron density p-c, the 
absolute values of the coupling constants 
]a,] and jalscJ are of the same order of mag- 
nitude (12, 26). To explain why la,,,] is ’ 
much greater than ]aHl we have to assume 
that a part of the electron spin density on 
the rr* - MO is directly transferred into the 
2s(C) orbital, and therefore, that the ad- 
sorbed species (HCO,H)‘- is no longer pla- 
nar. The deviation from planarity, (Y, can be 
calculated from the following equation (I 7): 

a&) (gauss) 
= [a&O) + 1190 * 2 tan2a]pnC, (5) 

where 

+(a) is the true coupling constant, 
a,(O) is the coupling constant corre- 

sponding to the theoretical planar 
structure, 

(Y is the angle between the bonds and 
the plane normal to the C3 symme- 
try axis, treating (HC02H)‘- as a 
CHB group. 

One could take for 1 a,-(O) I the value found 
for (a,], but in this case one would be ne- 
glecting the polarisation SC of the spins of 
the 1~‘~’ electrons and the spin density in 
the V* - MO at the oxygen atoms. The 
value of a,(O) for the planar structure must 
therefore be calculated from Karplus and 
Fraenkel’s relationship (I 7): 

u,(O) = 0.57 G. 

and, consequently, from Eq. (5), 

a = 6.5”. 

This distortion is of the same order of 
magnitude as those determined by ESR for 
the formation of carboxyl radical ions (R 
C02H)- by irradiation of acids below 150 K 
[(19), L-alanine: 8”; succinic acid: lo“] (20). 
Assuming that (HC02H)(- adopts C3 sym- 
metry the bond angles of this ion are then 
119”. This value is very close to that ob- 
tained by ab initio SCF study of (HC02H)- 
(16). 

Admittedly these calculations can only 
be approximate. In fact, while the spin po- 
larisation of the Is(C) electrons is fairly in- 
sensitive to variations in the structure of 
the complex because of the localisation of 
this orbital, that of the 2$(C) electrons 
(coefficients Qrrf in Eq. (6)) must be affected 
by the hybridisation type and by the bond 
lengths. However, these calculations give 
with sufficient precision the order of mag- 
nitude of the distortion of (HC02H)c- rela- 
tive to the theoretical plane. 

We have mentioned that the ‘H-NMR 
signal of the acidic OH cannot be detected 
when the surface coverage is not very high, 
because the characteristic signal is consid- 
erably broadened. This broadening could 
be due to the interaction between the acid 
and the surface which decreases the mobil- 
ity of the adsorbed species and therefore 
increases the dipolar interactions. How- 
ever, we do not have much faith in this 
hypothesis which should also lead to con- 
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siderable broadening of the other NMR 
components. 

This broadening could be due also to the 
fact that in such a nonplanar structure of 
(HCO,H)‘-, pnc and &$@’ must directly in- 
duce a spin density on the OH proton by 
hyperconjugation (12). (The spin density on 
the OH oxygen is negligible (16).) The in- 
teractions between Ht5’ and these spin den- 
sities on C and O(2) depend on the angle 
between the -COO plane and the C . . . 
Hc5) and O(2) . . . Hc5’ directions. The de- 
formation of (HCO,H)c- will not be uniform 
for all the chemisorption sites; there should 
be a distribution of Hc5’ chemical shifts, and 
consequently, broadening of the corre- 
sponding NMR signal. 

However, in our opinion the rather 
marked broadening of the Ht5’ signal must 
be primarily the consequence of a greater 
paramagnetic effect on the relaxation of 
Ht5’. Although it is partially transferred to 
HC02H, the odd electron is preferentially 
localised on Ti3+ (E - O.le). One can there- 
fore write for the chemisorbed phase alone 

AH&I(~)) T2,,,(H(5)) _ r(TP+-H(5)) ’ 
AHc,,(Ht5)) = TZ,ch( Hc3’) 1 r(Ti3+-H(3)) ’ 

where Y denotes the distance between Ht5’ 
or Hc3’ and Ti3+, AH,,, and TZ,ch the line- 
widths and the transverse relaxation times 
of each proton. 

Unfortunately, it is difficult, impossible 
even, to measure the widths of the two 
signals (Ht5’ and Hc9)) together, except at 
very high surface coverage. By studying 
the adsorption of DCOzH and HCOzD and 
the relaxation, it should be possible to elu- 
cidate this point. One can only say that at 
very low coverage, AH(H(5))/AH(H(3)) is at 
least about 10. If this is the case (which 
remains to be confirmed) one could then 
affirm that (TiS+-H(5)) < (Ti3+-H’9’), more 
precisely (Ti3+-H(3)) 2 1.5 (Ti3+-Ht5)). 
Taking into account firstly the NMR results 
(spin density on C and Ht9’, deformation of 
the adsorbed molecule, TiS+-HcS) > TP+- 
Ht5’) and, secondly those of quantum me- 
chanics (deformation of HC02H-, spin den- 

sity distribution, and particularly pz2’ % 
p,“‘“‘) one could suggest the form for the 
adsorbed complex shown in Fig. 6. 

Sample AM-250 

We have not studied the 13C-NMR of .this 
sample. We cannot therefore determine the 
exact geometry of the adsorbed complex. 
However, apart from this, the ‘H-NMR 
results are absolutely identical with those 
for AM-400. They prove that in this case 
also a charge transfer complex is formed 
when HCO,H is adsorbed on the oxygen or 
the OH’s of the 

OH 

- O-Ti- 

EDS (diamagnetic), and that this results in 
a dissymmetric distribution of the spin den- 
sities as is the case when electron acceptors 
such as TCNE or TNB are adsorbed on 
these EDS (I). 

The spin density transferred from these 
EDS into the P” - MO of HCOIH is much 
greater than that transferred from Ti3+. For 
example, at T, = 25°C 6&H) = 320 ppm 
against 75 ppm for AM-400. The electron 
density transferred is at least equal to the 
spin density. It is therefore greater than or 
equal to 0.4e. The difference between these 
two samples probably explains why the de- 
hydrating activity by EDS is much greater 
for AM-250. 

Kinetics studies of the dehydration of 
HCOILH on AM-250 indicate that the EDS 

OH 
I 

(-0-Ti-) 

are the active centers in this reaction (I). 
However, Munuera (21) has noticed that 

FIG. 6. HCO*H-TP chemisorbed complex. 
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the intensities of the ir bands characteristic 
of certain surface OH groups decrease 
markedly upon adsorption of HC02H on 
TiOz (rutile). He deduced that the active 
centers in this reaction could be the 
Bronsted acid sites. Now, we have shown 
that the OH groups on Ti are negative and 
must therefore be weakly acidic (2). But 
this acidity could very well be increased 
after electron transfer from 

OH 
I 

0 -Ti- 

to HC02H, and proton capture by the ad- 
sorbate would then be assisted both by the 
now positive character of 

OH 
I 

(0 -Ti-Y+ 

and the negative character of (HC02H)“-. 
These two types of result are therefore not 
necessarily incompatible. 

CONCLUSION 

Application of NMR to the study of the 
adsorption of formic acid on TiOz treated at 
400°C confirms the existence of the strong 
interaction between the surface Ti3+ cen- 
ters and HC02H, already demonstrated by 
ESR. However, we have been able to 
define the form of the chemisorbed com- 
plex better. In fact, from the chemical shifts 
6(lH) and 6(13C) of the total adsorbate 
(physical and chemical adsorption) we have 
determined the shifts characteristic of the 
chemisorbed phase alone (HCO,H-TP). 
Therefore we can calculate the correspond- 
ing electron-nucleus coupling constants uH 
and a13c, and consequently, deduce from 
them the spin density p, (and in this partic- 
ular case the electronic charge E) trans- 
ferred from TP+ into the ti - MO of 
HCOzH. Comparison of these two coupling 
constants has, moreover, shown that 
(HC02H)‘- no longer has a planar struc- 
ture; the mean value of the bond angles is 

The diamagnetic electron-donor centers 
(0 and OH) of the 

OH 
I 

- 0 -Ti- 

groups give similar results and indicate that 
in this case also there is electron transfer 
from the surface into the W* - MO of 
HCO,H. The electron transferred is actu- 
ally higher than in the case of Ti3+. This 
difference may explain why the dehydrating 
activity of these centers is greater than that 
of Ti3+. 

ACKNOWLEDGMENTS 

We are grateful to Professor H. Pfeifer for fruitful 
discussions. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

II. 

12. 

about 118“. 13. 

REFERENCES 

Enriquez, M. A., and Fraissard, .I. P., J. Catal. 
74, 77 (1982). 
Enriquez, M. A., Dortmieux-Morin. C., and 
Fraissard, J. P., Appl. Surf. Sci. 5, 180 (1980); 
J. Solid State Chem. 40, 233 (1981). 
Che, M., Naccache, C., Imelik, B., and Prettre, 
M., C.R. Acad. Sci. St% C 264, 1901 (1967); 
Meriaudeau, P., Che, M., Gravelle, P., and Teich- 
ner, S., Bull. Sac. Chim. Fr. 1, 13 (1970). 
Kennedy, D. R., Ritchie, M., and Mackenzie, .I., 
Trans. Faraday Sot. 54, 119 (1958). 
Emsley, J. W., Feeney, J., and Sutcliffe, L. H., 
“High Resolution NMR Spectroscopy.” Perga- 
mon, Oxford, 1960. 
Bonardet, J. L., Snobbert, A., and Fraissard, J. 
P., C.R. Acad. Sci. Ser. C 272, 1836 (,1970). 
Bonardet, J. L., and Fraissard, J. P., .I. Magn. 
Reson. 22, 1 (1976). 
Bonardet, J. L., and Fraissard, J. P., Ind. C&m. 
Belge 38, 370 (1973). 
Bonardet, J. L., de Menorval, L. C., and Frais- 
sard, J. P., in “Proceedings, 6th International 
Congress on Catalysis, London, 1976” (G. C. 
Bonds, P. B. Wells, and F. C. Tompkins, Ed%), p. 
633. The Chemical Society, London, 1977. 
Kazansky, V. B., Borovkov, V. Yu., and Zhi- 
domirov, G. M., J. Catal. 39, 205 (1975). 
Borovkov, V. Yu., Zhidomirov. G. M., and Ka- 
zansky, V. B., Magn. Reson. Colloid Interface 
Sci. Symp. 34, 233 (1976). 
La Mar, G. N., Horrocks, W. D., Jr., Holm, R. 
H., “NMR of Paramagnetic Molecules.” Aca- 
demic Press, New York/London, 1973. 
Fermi, E., 2. Phys. 60, 320 (1930). 



96 ENRIQUEZ AND FRAISSARD 

14. Carrington, A., and McLachlan, A. D., “Intro- 
duction to Magnetic Resonance,” Chap. 6. 
Harper, New York, 1967. 

15. McConnell, H. M., and Chesnut, D. B.,J. Chim. 
Phys. 34, 842 (1961). 

16. Bigot, B., Enriquez, M. A., and Fraissard, J. P., 
J. Curd. 73, 121 (1982). 

17. Karplus, M., and Fraenkel, G. K.,J. Chem. Phys. 
35, 1312 (1961). 

18. Das, M. R., and Fraenkel, G. K., J. Chem. Phys. 
42, 1350 (1965). 

19. Sinclair, J., and Hanna, M. W., J. Chem. Phys. 
50, 5 (1969). 

20. Reed, S. F. J., and Whiffen, D. H., Mol. Phys. 12, 
159 (1967). 

21. Munuera, G., J. Card. 18, 19 (1970). 
22. Rauscher, H. J., Michel, D., Deininger, D., and 

Geschke, D., J. Mol. Caral. 9, 369 (1980). 


