
JOURNAL OF CATALYSIS 13, 2&260 (1969) 

On the State of Ammonia in the Adsorbed Phase 

V. I. KVLIVIDZE,* R. A. BRANTS,t V. F. KISSELEV,” 
AND G. M. BLIZNAKOVt 

From the *State University of Moscow, Faculty of Physics, Moscow, U.S.S.R., and the tlnstitute of 
General and Znorganic Chemistry, Bulgarian Academy of Sciences, SoJia, Bulgaria 

Received March 19, 1968; revised September 10, 1968 

The NMR spectra of ammonia adsorbed on silica gel treated at 200” and 700°C and on 
zeolite (NaX) heated at 77-300°K have been studied. The dependence of the line width 
and the second moment on coverage has been measured. It has been shown that the sur- 
face of silica gel is inhomogeneous and ammonia adsorption proceeds on different types of 
centers. The phase transition with melting has been observed on NH8 adsorbed on zeolite 
at T = 145°K (i.e., below the melting point of ammonia). The causes for the decrease in 
the melting point are considered. - - 

In order to elucidate the mechanism of the 
elementary act of adsorption and catalysis, 
it is necessary to investigate the nature of 
the adsorption centers and the state of ad- 
sorbed substances in the adsorbed phase. In 
an earlier paper we investigated in detail 
the silica gel-water system. The data from 
NMR (1, 2) and IR (3, 4) studies as well as 
the isotherms and the differential heats of 
adsorption (1) have shown that within the 
range of lower coverages water adsorption 
takes place not on the OH groups but on 
more active centers. It has been shown (1,4) 
that the Si atoms on the surface which are 
coordinatively unsaturated can be such 
centers. This explanation has been given by 
Weyl (5). 

The problem has been discussed in ref. (1)) 
where it was pointed out that the larger is 
the number of OH groups connected with 
a given Si atom, the higher is its coordinative 
unsaturation. Dehydration of the sample 
produces a decrease in the coordinative un- 
saturation of the Si atoms on the surface, 
thus leading to a decrease in the adsorptive 
capacity of the specimen. At higher cover- 
ages, adsorption is for the most part due to 
the formation of hydrogen bonds. The mech- 
anism of filling the eeolite (NaX) pores with 
water has also been studied (6,12). Investiga- 

tions of the zeolite-water and silica gel- 
water systems within a wide temperature 
range (6,7) have shown that the phase tran- 
sition occurs at temperatures far below 0°C 
and has some peculiarities associated with 
the large adsorbate-vapor interface and the 
defects of the crystalline phase of the ad- 
sorbate. It was of interest to study the 
extent to which these peculiarities are pre- 
served with adsorption of other kinds of 
molecules. 

In the present work, ammonia was chosen 
as a suitable adsorbate since its molecules 
have an electronic structure which is close 
to that of water. In refs. (a-10), the heats 
of adsorption of ammonia on silica gel 
specimens differing in the hydration ex- 
tent of their surfaces have been studied. 
According to ref. (IO), the values of the 
differential heats of adsorption (q,J in the 
initial range of coverage are within the 
interval between 18 and 15 kcal/mole de- 
pending on the temperature of the prelimi- 
nary heating of the samples. These high 
values cannot be explained by the formation 
of hydrogen bonds between the NH3 mole- 
cules and the surface OH groups as had 
been assumed previousIy (14, 15). Studies 
of the IR spectra (3) have shown the exist- 
ence of more strongly bound ammonia mole- 
cules on the surface. The formation of a 
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FIG. 1. Isotherms obtained at 25°C for ammonia adsorption on silica gel (samples of series I and II). 

donor-acceptor bond between the nitrogen 
atom in the NH3 molecule and the free 
d- orbits of Si on the surface with the aid of 
a free electron couple is quite possible, as it 
is with water adsorption (1, 4). We studied 
the NMR spectra of ammonia adsorbed on 
silica gel treated at 200” and 700°C and on 
zeolite (NaX) heated at 77-300°K. 

EXPERIMENTAL 

Silica gel with large pores (Trade mark 
“Reanal”), purified by boiling with HCI and 
repeated treatment with twice-distilled wa- 
ter, was used for the experiments. The spe- 
cific surface area of the samples, determined 
by low-temperature adsorption of nitrogen, 
was 370 f 10 m2/g. Ammonia was purified 
by resublimation and carefully dried. The 
dosage of ammonia in the ampoules con- 
taining silica gel was carried out at 25°C 
using a McBain balance. Simultaneously, 
the adsorption isotherms were obtained. 
Two series of specimens were prepared. 
Series I contained silica gel samples heat- 
treated at 200°C in vacuum (lo+ mm Hg) to 
a constant weight. Series II consisted of 
specimens of silica gel dehydrated in air at 
700°C, then at 200°C in vacuum (10e6 mm 
Hg) for 12 hr. The water content determined 
[according to (zO)] by the decrease in weight 
of the specimens was 5.4 pmole/m2 Hz0 
(or 10.9 pmole/m2 OH) for series I and 0.72 
gmoIe/m2 H20 (or 1.44 rmoIe/m2 OH) for 

series II. After the dosage of ammonia at 
the given pressure had finished, the ampoules 
containing silica gel were filled with helium 
for ensuring a good heat exchange (6). We 
also investigated zeolite (NaX), whose 
adsorption properties had been studied 
earlier (la). The zeolite was dehydrated at 
350°C in vacuum. The amount of adsorbed 
ammonia was determined by means of a 
gas burette. 

The NMR spectra were taken using a 
spectrometer with low resolution (2). The 
low-temperature thermostat where the sam- 
ple was placed enabled us to reach tempera- 
tures in the range between 77” and 300°K 
with an accuracy of =tO.5”. On the basis of 
the spectra obtained, the line width, AH 
(the distance between the maxima of the 
derivative) and the second moment, S2, were 
determined. 

RESULTS AND DISCUSSION 

Figure 1 contains the adsorption isotherms 
of ammonia for the two series of specimens. 
On the basis of data from low-temperature 
physical adsorption of ammonia on graph- 
itized soot (IS), the area which corresponds 
to 1 molecule in the Brunauer monolayer 
was assumed to be o = 13.1 i2. Hence, the 
capacity of the monolayer will be a, = 
12.8 Ccmole/m2. This quantity will be differ- 
ent for the heterogeneous silica gel surface 
and will increase with dehydration of the 
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surface (I), but qualitatively it can be 
established that all of our adsorption mea- 
surements at 25°C correspond to coverages 
lower than 0.8. As was to be expected, the 
adsorption of ammonia decreased sharply 
with dehydration of the surface. 

Figure 2 shows the dependence of the 
linewidth, AH, of the NMR signal on cover- 
age for both series of silica gel samples at 
25°C. AH decreases sharply in the adsorption 
region around 0.8 pmole/m2 for the samples 
of series II. In series I, AH changes smoothly, 
but in the range of coverages of ~1 rmole/ 
m2, the rate of changing of AH again de- 
creases sharply with increasing coverage. At 
coverages above 4.0 clmo1e/m2, AH for 
series I is higher than AH for series II, due 
perhaps to the greater mobility of molecules 
on the dehydrated surface and their weaker 
interaction with the surface. This is in 
agreement with the decrease in the heats of 
adsorption with dehydration of the surface 
(10) * 

Study of the NMR spectra at low tem- 
peratures may give additional information 
concerning the state of the adsorbed sub- 
stance. Figure 3 shows the dependence of the 
second moment, S2, of NH, adsorbed on 
silica gel at 25°C (various degrees of cover- 
age) after a successive quick freezing of the 
ampoules at 90°K. As has been shown earlier 
(6, 7), when there is helium in the ampoules, 
the freezing of ammonia on the ampoule 
walls can be neglected. It is evident from 

Fig. 3 that S2 for both samples changes with 
increasing concentration of the adsorbed 
molecules, these changes being most pro- 
nounced in series I. For strongly bound NHs 
molecules, S2 is 38 Oe2, when the H-N-H 
angle is 107” and the H-N distance, 1.01 A. 
Rotation around a threefold axis causes a de- 
crease of S2 down to 9.3 Oe2. As follows from 
ref. (18), at 90°K the molecules of solid am- 
monia rotate around a threefold axis. The 
samples of series II (Fig. 3, curve 2) show 
that in the range of low coverages the Sz 
value is considerably lower than 9.3 Oe2. 
This means, probably, that the axis of ro- 
tation of the NH, molecules performs a pre- 
cession. With increasing coverage, the impor- 
tance of the intermolecular interaction, i.e., 
of the hydrogen bonds between the adsorbed 
NH3 molecules, increases, this producing (as 
in the case of solid ammonia) a decrease in 
the angle of precession and an increase in S2. 

When studying the data from the NMR 
spectra of the silica gel in series I, it must be 
taken into account that the signal is par- 
tially determined by the protons of the sur- 
face OH groups whose effect is especially 
strong with lower coverages. The character 
of the curve is determined by serveral fac- 
tors: the type of mobility of the ammonia 
molecules, the magnetic dipole-dipole inter- 
action of the adsorbed molecules with the 
protons of the surface OH groups, and the 
relative amount of protons of the NH3 mole- 
cules. It is impossible, however, to take into 
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FIG. 2. Dependence of the linewidth (AH) of the NMR signals of ammonia adsorbed on silica gel (series 
I and II) at 25”C, upon the concentration of the molecules. 
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FIG. 3. Dependence of the second moment (Sz) of NMR signals on the concentration of adsorbed ammonia 
molecules at 90°K (series I and II); III, 82 values for solid ammonia. 

account all these factors (except the latter 
one). On the basis of the data concerning the 
relative amount of protons in the adsorbed 
phase and the values for X2 of the OH groups 
and the NH3 molecules rotating around a 
threefold axis, the following conclusions 
can be made. When the effect of the dipole- 
dipole interaction (which can only cause an 
increase in S2) is not taken into consideration 
and when assuming that the adsorbed mole- 
cules rotate around a threefold axis, the S2 
values at low coverages are 1.8 Oe2 and 2.2 
Oe2, i.e., .they are higher than the experi- 
mental value9 (I.6 and j.65, respectively). 
Hence, it may be concluded that in the 
initial region of coverages at 90”K, the mo- 
bility of the NH8 molecules in the samples of 
series I is also higher than it is in solid am- 
monia at the same temperature. Withincreas- 
ing coverage, the mobility of the molecules 
decreases due to the formation of inter- 
molecular hydrogen bonds, while the dipole- 
dipole interaction increases. Both causes 
lead to an increase in X2. 

The data concerning the dependence of the 
linewidth (Fig. 2) and the second moment 
(Fig. 3) on coverage show that the character 
of the adsorption interaction changes upon 
increasing the amount of adsorbed ammonia 
up to 1 Mmole/m2. On this basis it may be 
maintained that the number of primary 
adsorption centers of ammonia on silica gel 
does not exceed 6 X 1013 cm2. This value is in 

good agreement with the data (.2,11) for the 
number of the primary centers of water ad- 
sorption on silica gel. The stepwise change of 
the second moment and the lineyidth 
(especially with samples of series II) shows 
that with increasing adsorption, the am- 
monia molecules form groups around the 
primary centers. Comparison with the previ- 
ously obtained data (1,Z) shows the existence 
of a great similarity between the mecha- 
nisms of water and ammonia adsorption. 
Recently, it has been shown (16) that in the 
range of very low coverages, ammonia is 
adsorbed on silica gel according to a co- 
ordination mechanism. The data concerning 
the positive charge of the surface of oxidized 
Si during ammonia adsorption indicate 
a coordination mechanism. According to the 
proposed mechanism (17), the positive 
charge corresponds to the formation of 
donor-acceptor bonds on the surface. At 
higher coverages, adsorption follows a hydro- 
gen bond mechanism (3, I.$-16). Thus on the 
heterogeneous silica gel surface there are 
several adsorption centers, which is in agree- 
ment with the results from investigations on 
ammonia desorption (9). 

Zeolite NaX was used for investigations 
of the phase transitions in adsorbed am- 
monia. The ampoules with zeolite containing 
6 mmole/g and 8 mmole/g of ammonia 
(which corresponds to 10 or 14, ammonia 
molecules per large cavity of zeolite) were 
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FIG. 4. Dependence of the linewidth (AH) and the 
second moment (S2) of the NMR signals of adsorbed 
ammonia on temperature. For eeolite (NaX): 1, S2 
for ammonia adsorption a = 6 mmole/g; 2, S2 for a 
= 8 mmole; 3, AH, a = 8 mmole/g. For silica gel, 
series I: 4, S2, a = 10.3 rmole/m2; 5, AH, a = 10.3 
pmole/m2; 6, 52 for solid ammonia. 

cooled down to 77°K. Figure 4 shows the 
dependencies of AH and X2 on temperature 
for various samples. The chamcter of the 
change in the linewidth for adsorbed am- 
monia essentially differs from the corre- 
sponding curve for solid ammonia obtained 
by us in preliminary experiments. Within the 
range of 77-90”K, X2 for adsorbed ammonia 
is close to the value for solid ammonia (18). 
The rise in temperature from 90” to 130°K 
produces a considerable decrease in AH and 
S2 for ammonia adsorbed on zeolite due to 
the appearance of an additional degree of 
freedom in rotation. At -145”K, a sharp 
decrease in S2 occurs which indicates the 
appearance of a diffusion movement, i.e., 
the transition of ammonia into the liquid 
state. The region of sharp decrease of AH 
and S2 depends on the extent of filling of the 
zeolite pores with ammonia. When adsorp- 
tion increases up to 8 mmole/g, this tem- 
perature range is shifted to the region of 
higher temperatures. 

Figure 4 shows that for ammonia adsorbed 
on silica gel, S2 depends very little on tem- 
perature up to 130”K, then begins to de- 
crease. The decrease of AH is observed above 
150°K. The lower temperature of the am- 

OF AMMONIA 259 

monia phase transition on zeolite and silica 
gel with respect, to that of no;mal ationia 
(melting point, 195°K) may be due to the 
structure change of the adsorbed substance. 
On account of the large adsorbate-vapor 
interface, a large- number of molecules will 
be more weakly bound to each other than 
in the bulk of the adsorbate (19). On the 
other hand, the crystalline phase will have 
a great, number of defects due to the crystal- 
lization taking place in a limited pore volume 
and in the presence of an active surface. 
Both factors will further melting at lower 
temperatures. According to Volmer- 
Tamman, the phase transition temperature 
depends on the size of the particles, i.e., in 
our care, on the highly dispersed crystalline 
phase of adsorbate. Note that the molecules 
of solid ammonia form two hydrogen bonds 
while the water molecules in the solid state 
form four bonds. The stretching of hydrogen 
bonds in adsorbed water should reach a 
higher extent. than in ammonia. The de- 
crease in temperature of the phase transition 
of ammonia is really smaller (T = 50”) than 
that of water (T = 90-100’) (?‘). 
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