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We propose a method for the determination of the number of active surface sites and of 
the absolute values of paramagnetic iH-nmr-line shifts of coordinated molecules of surfaces 
containing paramagnetic ions. As an example the number of active Cot+ ions in the complex 
formation of benzene molecules with Co 2+ ions on the Aerosil surface is determined. The 
paramagnetic ‘II-nmr shift of a benzene molecule in the coordination sphere of a Co2+ ion 
on Aerosil was found to be 150 ppm. Additional it was possible to det.ect the mechanism of 
exchange between coordinated and physically adsorbed molecules on the surface as a two 
particle substitution process. 

INTROI>UCTION 

Nuclear magnetic resonance is a power- 
ful tool for an investigation of complexes of 
organic molecules with paramagnetic metal 
ions in solutions. The method gives infor- 
mations about the structure of complexes, 
their strengths, about the nature of metnl- 
ligand bonds, about the reorientation time 
of complexes, the residence time of molc- 
cules in the solvation sphere a.o. (1-y). In 
(8) it was shown, that the nmr method 
together with adsorption measurements can 
be successful applied to study surface com- 
plexes of organic molecules with transition 
metal ions. Nuclear magnetic resonance 
spectra of adsorbed molecules on surfaces 
containing transition metal ions with short 
relaxation times show considerable para- 
magnetic shifts due to formation of surface 
complexes involving these ions. In the case 
of Co2+ and Ni2+ ions on SiO, surfaces this 
parnmagnetic shift of ‘H-nmr lines is mainly 

caused by contact interaction of unpaired 
electrons of the ions with protons of co- 
ordinated molecules (9). Surface com- 
plexes of olefins and saturated hydro- 
carbons with Ni”+ and Co2+ ions on Aerosil 
were studied by ‘H-nmr in (9) and the 
structure and strength of the complexes 
with paramagnctic ions were discussed. 
‘II-nmr studies of benzene adsorbed on 
Aerosil containing Co’+ ions were done in 
(8, 10, 11). l”C-nmr gives additional infor- 
mation for these complex formation, as it 
were shown in (11, 12) in the case of Co2+- 
benzene complexes on Aerosil and for ?;i2+- 
benzene complexes on Si02 surfaces in Ref. 
(1%. 

For understanding the nature of the 
bonds in such surface complexes the knowl- 
edge of the absolute parameters of nmr 
spectra of t’hc coordinated molecules is very 
important. The first at,tempt in this direc- 
tion was made by Hoffman (11) for surface 
complexes with Co2+ ions, which were 
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TABLE 1 

Temperature ljependence of the ‘H-nmr 
I<esonance Line of Adsorbed Benzene on Aerosil/ 
0.5% CO at the Coverage 4.6 X 10’” (molecules/g) 

Temp Line shift Linewidth 
t (“C) (Hz) VW 

$10 lW0 700 
-20 1540 000 
-30 1460 1100 
-4.7 1370 1400 

studied also in (8, 9). He estimated the 
absolute values of the paramagnetic nmr 
line shifts in coordinated benzene for the 
‘H and 13C nuclei. From these data it fol- 
lowed, that all cobalt was active in com- 
plex formation. This conclusion does not 
agree with results reported in (9), where 
the amount of active cobalt was smaller 
than the amount of cobalt ions supported. 

In this work we propose a method to 
determine the number of active surface 
sites in complex formation and the absolute 
values of paramagnetic ‘H-nmr line shifts 
of the coordinated molecules. We will use, 
for example, complexes of benzene with 
Co”+ ions on Aerosil. 

EXPERIMENTAL METHO 

The sample was prepared as described 
in (10). After drying in air at room tem- 
perature the samples were activated in 
vacua at 550°C for 1 h. The rate of heating 
to reach the final temperature was about 
100 K/hr. The lH-nmr spectra were re- 
corded using a Soviet made nmr spectrom- 
eter with an operating frequency at 60 
MHz. This spectrometer and the apparatus 
for the simultaneous measurements of nmr 
spectra of the adsorbate and isotherms of 
adsorption were described in detail else- 
where (9, 10). The nmr line shifts of the 
adsorbed benzene on the samples were 
measured with respect to the line position 
of adsorbed benzene on pure Aerosil with 
an accuracy of &0.5 ppm. The accuracy 

of the adsorption measurements at low 
equilibrium pressure (1.33 X 10’ . . . lo3 
Pa) was 5 X lOI molecules/g of the ad- 
sorbent. Before adsorbing the benzene was 
purified by the freeze-pump-thaw method. 

RESULTS AND DISCUSSION 

The ‘H-nmr spectra of benzene adsorbed 
on Aerosil containing Co2+ ions showed a 
symmetrical line shifted to higher magnetic 
fields in comparison with the line position 
of benzene on pure Acrosil. Figure 1 gives 
the dependence of the measured line shifts 
of benzene on the samples with different 
contents of cobalt as a function of the in- 
verse amount of adsorption. The curve is 
almost linear for the sample containing 
0.75 wt% of cobalt but deviates greatly 
from the straight line for the samples with 
0.25 and 1 wt% of cobalt. An analogous 
deviation was observed (14) for saturated 
hydrocarbons adsorbed on cobalt contain- 
ing Aerosil and was explained by the forma- 
tion of complexes of intermediate strength 
for these molecules with Co2+ ions. In our 
case this explanation cannot be applied, 
because the line shifts decrease and the 
linewidths increase with lowering the tem- 
perature for a constant amount of adsorbed 
benzene (cf. Table 1). It should be noticed, 
that in the case of “intermediate” com- 
plexes the increase of the number of surface 
complexes and the increasing paramagnetic 
shift due to Curie law lead to larger values 
of the observed shifts at lower temperatures 
(14). 

The measured dependence of the shifts 
on the coverage and on the temperature 
obtained in this work can be explained if 
one assumes, that in the systems the ex- 
change between benzene molecules in the 
coordination sphere of the Co2+ ions and 
physically adsorbed molecules is slightly 
restricted. Such a situation was observed 
earlier for cyclohexene adsorbed on cobalt 
containing Aerosil (10) and was theoreti- 
cally examined in (15). As was shown in 
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FIG. 1. ‘IT-nmr shift of adsorbed benzene on Aerosil containing Co2+ ions at, +lO”C (wit,h 
respect to benzene 011 pure Acrosil). 

(15) the shifts of the ohserved resonance 
line in comparison to the line position of 
physicslly udsorbcd molecules r:tn be de- 
scribed ;LS’ 

1 The derivation of Eq. (1) in (15) was based on 
the consideration of fast exchange of molecules be- 
tween sites of physical adsorption and chernisorp- 
tion. The mm spectral line shape of physisorbed 
molecules was considered to be Lorentzian with 
linewidth AHA. The spectrum of molecules in tbe 
chemisorbed st,ate was approximated as a super- 
position of Lorent,zian lines wit,h linewidths Afi~ and 
wit,h distribution furu%ion g(w)[~~“g(w)dw = I]. 
Assuming t,hat the mean lifetime of a molecule in 
any stat,e with a given w is equal to 70 the relaxation 
function X(T) for a system of particles wit,h spin 
f was calculated using the kinetic equations of a 
density matrix. I$. (1) 6hen follows directly from 
X( 7). The applicability of Eq. (1) to the system 
under study was also discussed in (15) where the 
complete derivation may be found. 

or fo1 “strong” complexes 

(‘1) 

where 

6 

~K,AHK 

pg = n,‘V 

is the measured line shift 
(in comparison to the line 
positions of the physicnlly 
adsorbed molecules) 
p:nam,zgnetic shift nnd line- 
midth of :I coordinnted 
molecule 
the mole fraction of coordi- 
nated molecules 

p.4 = 1- (n/V) the mole fraction of physi- 
cally adsorbed molecules 

11 the number of coordinated 
molecules (for a coordina- 
tion number 1 equals to the 
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TABLE 2 

Experimental Results for Benzene on Aerosil with Different Amount of Cobalta 

Sample ‘H-nmr results Adsorption isot,herms 
(10z2 molecules 

Cobalt No. of JWd ne (lOI molecules/g) ?zcO; amount of active 
(wt %I Co2+ ions Co2+ ions 

(10’9 g-1) 1 2 
( 1OLg ions/g) Relative 

amount 
(%I 

0.1 1 1.3 0.5 0.67 0.15 15 
0.25 2.5 5 0.9 1 0.55 22 
0.5 5 13 2 1.9 1.55 30 
0.75 7.5 18 2.5 2.4 2.05 27 
1 10 6 1.2 1.3 0.85 10 

a 1. values from the difference adsorption isotherms; 2. values from the adsorption isotherms. 

V 

70 

number of active cobalt 
ions) 
the total amount of ad- 
sorbed molecules 
the characteristic time for 
the exchange process. 

The characteristic time TO depends on the 
exchange mechanism. There are two ex- 
treme cases of exchange (15) : 

1. Dissociative decomposition of the 
complex 

[MA] g M + A. (A) 

2. Two particle substitution exchange, 

[MA] + A’ 5 [MA’] + A. (B) 

Here M denotes the adsorption center 
(co2+ ion), A, A’ the adsorbed molecules, 
and [MA] the surface complex. 

These two schemes of exchange lead to 
different dependences of the value 70 on 
the coverage, and using our data it is pos- 
sible to detect the real mechanism of ex- 
change between coordinated and physically 
adsorbed benzene molecules on cobalt con- 
taining Aerosil. Scheme (A) gives a value 
70, which does not depend on the coverage. 
So the curves represented in Fig. 1 should 
be of convex curvature [cf. Eq. (a)] in 

contrast to the experimental result. On 
contrary, if the exchange in the system can 
be described by the scheme (B), the char- 
acteristic exchange time is 

1 
70 = __ 

i&v’ 
(3) 

and the dependence of the shift on the in- 
verse coverage (for pi 2 pi) should have 
the same character as shown in Fig. 1. 
Thus our data are in agreement with the 
proposition, that benzene molecules form 
strong complexes with the surface Co2+ 
ions, whereby the fast exchange between 
the coordinated and physically adsorbed 
molecules is slightly restricted and the 
mechanism of exchange is a two particle 
substitution process [cf. scheme (B)]. Now 
we can estimate some parameters char- 
acterizing the surface complexes and the 
exchange process. 

Determination of the Absolute Value of the 
Paramagnetic Line Shift of the Benzene 
Molecules Coordinated with Co2+ Ions 

The measured shift of the NMR line is 
an averaged value due to the exchange 
process in the system. If the exchange be- 
tween coordinated and physically adsorbed 
molecules is fast, so the expression [Eq. 



(I), (a)] for the shift is 

Obviously fast exchange should occur at 
high coverage due to the decrease of the 
value 7. according to Eq. (3). Therefore 
the initial slopes of the curves in Fig. 1 
give values for the product n6K [according 
to Eg. (4)], which are listed in Table 2. 
To calculate the absolute paramngnetic 
shift SK, the number of Co2+ ions which are 
active in complex formation must be dcter- 
mined. This can be done by a measurement 
of the adsorption isotherms of benzene at 
low equilibrium pressures. Figure 2 shows 
the isotherms of benzene adsorption for the 
samples, which were measured up to equi- 
librium pressures of 1.33 X IO2 Pa. As can 
be seen from Fig. 2 the amount of benzene 
adsorbed on cobalt containing samples is 
significantly greater than that, on pure 
Aerosil. This obviously is due to strong 
complex formation of the benzene mole- 
cules with Co?+ ions. The number of active 
cobalt ions was estimated in two ways as- 
suming that only one benzene molecule 
interacts with a Co2+ ion and that this 
interaction is much stronger than the inter- 
‘action of the physically adsorbed molecules 
with the surface. 

i 

v (d9 moleculer) 
9 

In the first’ way the adsorption isotherm 
of benzene on pure Aerosil is subtracted 
from the isotherms of the cobalt containing 
samples. An example for this procedure is 
shown in Fig. 3. 

In the second way the number of strongly 
adsorbed bcnzenc molecules is determined 
directly from the isotherms assuming that 
the experimrntjal isotherms can be de- 
scribed by a sum of two Langmuir-type 
equations, where the adsorption constant 
for the physically adsorbed molecules dots 
not change after impregnation of cobalt 
on Aerosil. Both of these methods give 
similar results, which are listed in Table 2. 
From the data listed in Table 2 one can 
see, that only a part of impregnated cobalt 
on Aerosil is active in the complex formn- 
tion with benzene. 

Figure 4 shows the dependence of the 
product n6~ determined from KMR men- 
surements on the amount of the excess 
(12,) of the benzene adsorption on the 
different samples. The linear relation indi- 
catcs, that the shift of the coordinated 
benzene molecules does not depend on the 
amount of the cobalt on Aerosil and hence 
the Co*+ ions which are active in complex 
formation are identically. The slope of this 
line (cf. Fig. 4) gives a value 6~ = 150 ppm, 
which is by a factor of 2.5 larger than that 
reported by Hoffmann (11). The value 6R 

FIG. 2. Adsorption isotberrns of heneene on Aemsil wit,h various amount, of Cu2.+ ions (lit, + I O°C), 
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FIG. 3. Difference of the adsorbed amount of benzene on Aerosil with 0.5% of cobalt, and on 
pure Aerosil. 

given by Hoffmann (II) is too small, since 
our measurements on the 0.75 wt’% sample 
[which is similar to that in (lo)] show a 
monotonic increase of the shift down to the 
lowest measured coverage (3.8 X 10lg mole- 
cules/g), which is about 50% of the total 
amount of cobalt on this sample. The 
scheme proposed in (11) for the dependence 
of the shift from the inverse coverage does 
not agree with the observed dependence in 
this work and especially it does not explain 
the lowering of the shift for the lowest 
measured coverage on the sample with 
1 wt% of cobalt (cf. Fig. 1). In (II) the 

FIG. 4. Correlation between n6~ and the number 
me of coordinated benzene molecules on Aerosil with 
various amount of Co2+ ions : ( l ) from the differ- 
ence adsorption isotherms; (0) from the adsorption 
isotherms. 

linearity of the shift was observed down 
to a coverage of about + monolayer, which 
corresponds to 1.7 X 102” molecules/g in 
our case, and we found also a linear depen- 
dence of the shift in this range (cf. Fig. 1). 
The shift of the lowest measured coverage 
in (11) is in agreement with our values but 
the extrapolated curve in (II) does not 
agree with the observed monotonic in- 
crease of the shift on this sample in our 
measurements. 

The intercept on the abscissa of the 
straight line in Fig. 4 may be an indication 
for the existence of diamagnetic sites of 
strong benzene adsorption after impregna- 
tion of cobalt on Aerosil. In column 6 of 
Table 2 the numbers of active Co2+ ions 
are given. These values were obt)ained as 
the difference of the number of st,rong ad- 
sorbed benzene molecules (n,) and the 
number of diamagnetic sites (4 X lOI* 
molecules/g) on the surface. The last col- 
umn of Table 2 shows the relative amount 
of active cobalt (%). The maximum num- 
ber of active cobalt ions on Aerosil in the 
complex formation with benzene was found 
to be at the samples with 0.5 . . . 0.75 wt% 
of cobalt. It should be noticed, that the 
number of active cobalt ions on the surface 
depends on t)hc conditions of the sample 
pretreatment, which influence the state 
and the distribution of the impregnated 
Co2+ ions. 



In this work it was shown. that for ben- 4. Wayland, 13. B., and Drago, R. S., J. ~lr,~~. 

zenc adsorbed on Aerosil containing Co?+ Chm. Sot. 87, 2372 (1DO.i). 

ions exists a slightly restrict.ed fast exchange 
6. Keller, 1-I. J., “NPIIR Basic Prilbples and 

(at + 1092) bet’ween coordinated and phys- 
Progress,” Vol. 2, Springer-Verlag, Berlin, 
1970. 

icnlly adsorbed molecules by a two particle 
substitution process. Only a part of the 
impregnated cobalt is active in complex 
formation with benzene and the maximum 
number of active Co*+ ions was found on 
the samples with 0.5 . . . 0.75 wt% of cobalt. 
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