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Equations for the dependence of observed line shifts in NMR spectra of adsorbates on surface 
coverage under conditions of fast exchange between physisorbed and chemisorbed molecules are 
derived. These equations were used to explain W-NMR data for adsorption of acetone on the 
surface of the silica gel. The real chemical shifts of rSC=O in spectra from acetone when 
coordinated by OH groups, the equilibrium constants for complex formation, and the concentra- 
tions of surface hydroxyl groups were determined experimentally. 

INTRODUCTION 

NMR data for the interaction of adsorbed 
molecules with the surfaces of solids sug- 
gest that in adsorbate-adsorbent systems 
fast exchange between physisorbed and 
chemisorbed molecules occurs (I) in a way 
analogous to ligand exchange into the coor- 
dination spheres of complexes in solution. 
The analogy of phenomena taking place in 
complex formation on solid surfaces and in 
solutions suggests the possibility, in princi- 
ple, for the use of experimental approaches 
for the determination of chemical shifts in 
the NMR spectra of coordinated molecules, 
equilibrium constants, and heats of com- 
plex formation for heterogeneous systems. 
The fruitfulness of such an approach in the 
extreme case where the number of surface 
active sites was considerably less than the 
number of adsorbed molecules was demon- 
strated earlier by us using, for example, the 
interaciton of saturated hydrocarbons with 
surface bivalent cobalt ions supported on 
aerosil(2). In particular, it was shown that 

the dependencies of the line shifts in the 
NMR spectra of adsorbates on surface cov- 
erage and temperature provided a means to 
determine equilibrium constants and heats 
of surface complex formation. 

Interaction of adsorbed molecules with 
diamagnetic surface sites gives rise to 
rather small line shifts in NMR spectra. For 
protons their values range within 1 to 2 
ppm; (3); for ‘3C-NMR they do not usually 
exceed 10 ppm (4). That is why for the 
study of such interactions, adsorbents with 
high concentrations of uniform active cen- 
ters for complex formation are commonly 
used, e.g., the surface hydroxyls of silica 
(5) and silica-alumina (6), or various base- 
exchange cations in zeolites (7). In this 
connection it is worthwhile to consider the- 
oretically the problem of the dependence of 
the observed line shifts in NMR spectra of 
adsorbed molecules on surface coverage in 
order to evaluate from experimental data 
the parameters characterizing the complex 
formation on the solid surface at arbitrary 
concentrations of active sites. 
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In the present work the equations for the 
dependence of observed line shifts in NMR 
spectra on surface coverage under the con- 
ditions of fast exchange between physi- 
sorbed and coordinated molecules are de- 
rived. Using as an example the interaction 
of acetone molecules with hydroxyl groups 
of silica gel, the real values of the chemical 
shifts in the NMR spectra of coordinated 
molecules, equilibrium constants for com- 
plex formation, and concentrations of sur- 
face OH groups were determined experi- 
mentally. 

THEORY 

The averaged values of the shifts in NMR 
spectra of adsorbates (6) for the fast ex- 
change between physisorbed and coordi- 
nated molecules can be written as (8) 

6 = PC% (1) 

where 6, is the line shift in the spectrum of 
coordinated molecules relative to the posi- 
tion of the corresponding line in the spec- 
trum of physisorbed molecules and pc is the 
mole fraction of coordinated molecules. As 
follows from (8) 6, should be considered as 
a mean quantity from three principal values 
of chemical shift tensor, i.e., 6, = j(&., + 
6,, + a,,). pc can be evaluated by consider- 
ing the thermodynamic equilibrium of for- 
mation and decomposition of surface com- 
plexes without taking into account the gas 
phase (2). 

Two models’ can be used for the descrip- 
tion of this equilibrium: 

Model 1. The probability of decomposi- 
tion of the surface complex is determined 
by its stability constant only: 

1 These models describe the thermodynamics of the 
equilibrium between coordinated and physisorbed 
molecules and do not necessarily reflect, completely, 
the exchange processes between adsorbed molecules. 
Besides the thermal decomposition of the surface com- 
plexes, exchange may occur by substitution of coordi- 
nated molecules by physisorbed molecules in a way 
which does not influence the thermodynamic equihb- 
rium in the adsorbate-adsorbent system (8). 

M + A&[MA], (3 

where M is an unoccupied active center on 
the surface, A is a physisorbed molecule, 
and [MA] is a surface complex, KB is the 
equilibrium constant for complex forma- 
tion. 

Model 2. The decomposition of the sur- 
face complex will proceed only if there is 
next to it an empty site for physical adsorp- 
tion. In such a case the equilibrium in the 
system can be written in the form 

KL 
M + Ae[MA] + L-I, (3) 

where u denotes a neighboring empty site 
for physical adsorption and KL is the equi- 
librium constant for this process. 

Let us take into consideration the folIow- 
ing parameters: let V be the total number of 
adsorbed molecules, n the number of sur- 
face sites active in complex formation, and 
N the number of centers for physical ad- 
sorption. 

Expressing the concentration of the 
quantities in (2) and (3) in terms of the pa- 
rameters introduced we can write (see Ap- 
pendix, part (a)) 

A 
1-A 

+ &VA = K,n 

for Model 1, (4) 

for Model 2. (5) 

The value A, introduced in (4) and (5) is 
equal to the ratio of observed chemical shift 
to-that for the coordinated molecules (A = 
6/I&). Equations (4) and (5) describe the 
dependence of the experimentally observed 
shifts of the lines over the full range of 
surface coverages for arbitrary concentra- 
tions of active surface centers. From these 
expressions it follows that a decrease of 
surface coverage does not lead to the value 
of observed shift being equal to the real 
shift for coordinated molecules, but to 
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some maximum value: 

for Model 1 (6) 

and 

hll KdnIN) 
Am = x = 1 + K,(n/N) 

for Model 2. (7) 

The significant disadvantage of Eqs. (4) 
and (5) is the presence of the value A which 
cannot be determined experimentally as the 
real line shifts in NMR spectra of coordi- 
nated molecules usually are not known. In 
order to transform them into forms suitable 
for treatment of experimental data we take 
into consideration a new value A’, deter- 
mined as the ratio of the observed shift to 
the shift &,, which can be found by extrapo- 
lation of the measured shift to infinitely 
small surface coverage 

A’ +. 03) 
m 

Using the obvious correlation A = A’A, 
and taking into account (6) and (7) the ex- 
pressions (4) and (5) are easily transformed 
to the forms (Appendix, part (b)) 

VAt2 1 (VA’) 
-=-*---& 1 - A’ A,,, 1 - A’ 

for Model 1, (9) 

Vk2 1 (VA’) KL 
--=,(1-*f)-m-& 1-A 

for Model 2. (10) 

As is seen from Eqs. (9) and (10) (or 
Fig. 2 where VAfz/(l - A’) is plotted vs 
VA’/(l - A’)) it is possible to determine 
from the slope the value Am = &,,/a, and 
hence the real shift of the line in the NMR 
spectra of coordinated molecules. It is im- 
portant to note that the value i3,, deter- 
mined from this plot does not depend on the 
model used for characterization of the equi- 
librium on the surface. Obviously the crite- 
rion for the choice of one of these two 

models for the description of the equilib- 
rium on the surface of solids is the devia- 
tion of the value K,l( K, - 1) [Eq. ( lo>] from 
unity. This value, generally speaking, can 
be evaluated from the experimental data. 
We will illustrate this possibility using, as 
an example, the results of an investigation 
by means of 13C-NMR of the adsorption of 
acetone on the surface of silica gel. 

EXPERIMENTAL 

In our work “Davison” silica gel was 
used which had a specific surface area of 
750 m*/g and a mean pore diameter of 22 A. 
Samples of silica gel (about 1 g) were placed 
into glass ampoules with an o.d. of 10 mm 
and then heated in vucuo at 500°C and pres- 
sure of 10e4 Tot-r for about 6 (sample S-6) 
and 50 (sample S-50) h before cooling. 

Acetone vapor was adsorbed at room 
temperature using a conventional vacuum 
system. The acetone was purified from 
traces of oxygen by the pump-freeze-thaw 
method. The adsorption, V, was measured 
by a pressure decrease in a calibrated vol- 
ume joined with the sample. In the first 
experiments, acetone having the carbonyl 
carbon enriched to 95% r3C was used. 
Later ones were performed using ordinary 
acetone. 

13C-NMR spectra were recorded at room 
temperature using a CFT-20 “Varian” 
spectrometer with an operating frequency 
of 22 MHz. The shifts of the line for the 
C=O group of adsorbed acetone were 
measured relative to the position of this line 
in the spectrum of liquid acetone. Correc- 
tions for the bulk magnetic susceptibility of 
the samples were made. The accuracy of 
shift determination in all runs was better 
than +-0.2 ppm. 

RESULTS AND DISCUSSION 

The line of the carbonyl group in the 13C- 
NMR spectra of acetone adsorbed on silica 
gel was shifted to lower fields relative to the 
position of this line in the spectrum of liq- 
uid. Moreover, the value of observed shift 
depended upon the amount adsorbed. 
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In Fig. 1 the dependencies of the experi- 
mentally detected shifts on the amount of 
adsorbed acetone for the samples S-6 (up- 
per curve) and S-50 (lower curve) are 
shown. From this plot it was possible, with 
rather high accuracy, to define the value 6, 
corresponding to the largest value of the 
observed shift which is achieved at 
infinitely small surface coverages. For the 
samples S-6 and S-50, 6, is equal to about 
10.0 and 8.5 ppm, respectively. 

In Fig. 2 the same experimental data are 
plotted in coordinates VA’2/(l - A’) vs 
VA/(1 - A) where (A’ = 6/&J. The linear 
character of these dependencies evidences 
the validity of application of Eq. (9) or (10) 
for the description of acetone complex for- 
mation on the silica gel surface. The slopes 
of the straight lines which are equal to 1.15 
for sample S-6 and 1.25 for S-50 correspond 
to the values of the shift for the C=O line 
in the NMR spectra of coordinated acetone 
of 11.5 and 10.5 ppm. The mean value of 
the shift is 11 ppm and is close to the value 
of 11.9 ppm, found in Ref. (4). 

The centers active in complex formation 
of acetone on silica gel surfaces resulting in 
the chemical shift in the NMR spectra of 

6- 

4. 

FIG. 1. The dependence of Y-NMR line shifts of 
the carbonyl carbon to lower fields upon the amount 
adsorbed for acetone on silica gel surface. The upper 
curve is for Davison S-4 and the lower for S-50 silica 
gel. 
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FIG. 2. The dependence of the “C-NMR carbonyl 
line shifts upon amount of adsorbed acetone plotted in 
the coordinates VA’z/(l - A’) vs VA’/(l - A’). 

adsorbed molecules are known to be hy- 
droxyl groups (4). It was natural to assume 
that the different times of thermovacuum 
treatment of the samples S-6 and S-50 
influenced only the concentration of OH 
groups but did not change the total number 
of adsorption sites (centers active in com- 
plex formation, i.e., surface OH groups 
plus centers for physisorption). This as- 
sumption allowed us to evaluate the param- 
eter KL/(KL - 1), and therefore to make a 
choice of which equation, either (9) or (lo), 
is best suited to fit the data. 

It is easy to show that 

-45-X afe2 - a2a12 

KL - 1 w2bw2 - a24’ 
(11) 

where al, a2 are quantitatively equal to the 
slopes of the straight lines in Fig. 2; a,, a2 

are the intercepts of these lines with the 
ordinate axis; the indices 1 and 2 corre- 
spond to the data obtained for the samples 
S-6 and S-50, respectively. A calculation 
using Eq. (11) gave the value of KL/(KL - 1) 
= 1 f 0.05. This result suggested that to 
determine the constants for complex forrna- 
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tion between acetone and surface hy- 
droxyls, Eq. (9) should be used. 

The concentrations of OH groups for the 
samples S-6 and S-50 calculated from NMR 
data were 1.3 + 0.1 OH/100 Ai2 and 0.8 ? 
0.1 OH/100 AZ, respectively. The constant 
for complex formation, within the limits of 
errors, is the same for both samples and 
equal to K, = (6.5 t 1 .O) x 10e21 g/particle. 
The concentrations of OH groups deter- 
mined in this work, are in agreement with 
literature data for silica gel samples under- 
going thermovacuum treatment at 500°C 
(9). This fact demonstrates the validity of 
the approach for the description of the de- 
pendencies of line shifts in NMR spectra of 
adsorbed molecules on surface coverage in 
complex formation. 

As was mentioned above, if Eq. (9) fits 
the experimental data, the implication is 
that the parameter KL/(KL - 1) is approxi- 
mately equal to one or that KL B 1. 

The correlation between the constants KB 
and KL, introduced in (2) and (3), can be 
approximately written in the form 

KL = (Kg. n) ; = K,N. (12) 

From (12) it follows, that Eq. (9) can gener- 
ally be used for the description of the shift 
dependencies on the amount of adsorbed 
substrate for rather strong complexes (K,n 
> 1) or when the concentrations of active 
chemisorption sites are relatively small 
(n/N 4 1). This is the situation for the com- 
plex formation of acetone with OH groups 
of the samples S-6 and S-50. Indeed, for 
such complexes K,n = 5 and assuming the 
area of the adsorption site is equal to the 
landing area for the molecule of acetone 
(-30 A7 we find N/n 1: 3 and consequently 
the parameter KJ(K, - 1) = 1.07, is very 
close to 1. 

At higher concentration of surface cen- 
ters participating in formation of “weak” 
complexes, it seems reasonable to use Eq. 
(10) for the treatment of experimental data. 
This takes into account the influence of the 
surface coverage on the thermodynamic 

equilibrium between physisorbed and coor- 
dinated molecules. 

The results obtained in the present work 
show that NMR studies coupled with ad- 
sorption measurements can be applied to 
the determination of the real line shifts in 
NMR spectra of chemisorbed molecules 
and to the thermodynamics of the forma- 
tion of the surface complexes. The equa- 
tions derived for the dependence of the ob- 
served shifts on the numbers of molecules 
adsorbed indicate that the determination of 
the real shift in NMR spectra of coordi- 
nated molecules based on the extrapolation 
of the values of observed shift to the 
infinitely small coverages, as suggested in 
the literature (4, 6), can lead to incorrect 
quantitative conclusions on the character of 
interaction of adsorbed molecules with the 
active surface sites. 

APPENDIX 

(a) To derive Eqs. (4) and (5) let us repre- 
sent the equilibrium constants of the com- 
plex formation in the form 

N 
Kg = N,;, for Model 1, (13) 

K 
L 

= NhlANU 
NANM 

for Model 2, (14) 

where NhlA and NA are, respectively, the 
number of complexes and the number of 
physisorbed molecules on the surface of the 
sample. N, and N, denote the number of 
empty centers active in complex formation, 
and the number of empty sites for physi- 
sorption, respectively. 

Using the parameters introduced in the 
text one can write 

Nm = VA, 

NA = V(1 - A), 

NM = n - VA, 

N, = N - V(l - A). (15) 

Introduction of (15) in (13) and (14) leads to 
Eqs. (4) and (5). 



224 BOROV KOV ET AL. 

For example, for Model 2 we have K,,an = N+ K,n 

K J’4N-W-A)1 = (N + n) + n(K, - 1). (23) 
L V(l - A)(n - VA) (16) 

Combination of Eqs. (22) and (23) gives 

or N+n 
SC - fx - 1) = KL _ 1 (24) 

For two samples having an equal number 

from which Eq. (5) follows. 
(b) Equation (4) is easily converted into 

Eq. (9) by a substitution A = A’A,. 

A’ A, 
1 _ AlA + K,VA’A, = K,n (18) 

m 

or 

K VA’A a m - K Af2A 2 B m 
= K,n - A’A,(l + K,n). 

Taking into account (see Eq. (6)) 

A,(1 + K,n) = K,n (19) 

of adsorption centers (N + n = Const) and 
the same equilibrium constant of the com- 
plex formation KL one finds 

-$ (K% - 1) = 3 (/LX, - 1). (25) 

we obtain 
1. 

VA’ A,,, - V(A’A,,J2 = n(1 - A’) (20) 

and hence Eq. (9). The procedure for gener- 
ating Eq. (10) is similar. 

(c) To derive Eq. (11) let us consider the 2. 
expressions for the slope (Q) and intercep- 
tion with the ordinate exis (a) of a straight 3, 
line, built in coordinates VA’“/(l - A) vs 
VA’/(l - A’), which are given by Eq. (10). 4. 

Introducing 5. 
6. 

KL 
K=m (21) 7. 

8. 

one can write 

a = Knd. (22) 9. 

On the other hand (see Eq. (7)) (I! = (1 + 
K,n/N)/(K,n/N) and hence 

Equation (11) immediately follows from 
this equation. 
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