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The adsorption of ammonia on porous silica glass and on boric oxide-silica has 
been investigated with infrared spectroscopy. The type of adsorbed species pro- 
duced by the ammonia is dependent on the temperature of evacuation of the 
samples prior to the adsorption process. 

A careful study of the desorption of ammonia from the porous silica glass and 
boric oxide-silica has permitted the reassignment of several of the bands due to 
ammonia adsorbed on these systems and the asymmetric N-H deformation fre- 
quencies of these adsorbed groups have been determined. 

Infrared studies of the adsorption of 
ammonia on porous silica glass and syn- 
thetic mixed oxides have been numerous 
(1, 2). Similar investigations have been 
concerned with the reactions of butenes 
over these systems (2, 4). In most cases, 
the samples were evacuated at tempera- 
tures of less than 500°C before gases were 
admitted. Such samples could chemisorb 
ammonia, only one type of species being 
detected by infrared spectroscopy (2), and 
they could isomerize and polymerize bu- 
tenes (2). The sites responsible for the 
reactions with butenes are not the principal 
sites for the adsorption of ammonia (4, 5). 

Low et al. (1) reported the adsorption 
of ammonia on porous glass samples which 
had been evacuated at 800°C for more 
than 24 hr. Using infrared spectroscopy, 
they found evidence to suggest that these 
samples could chemisorb ammonia to pro- 
duce -NH- and -NH, groups as well as 
-NH, groups. This increased activity was 
thought to be due to an increase in the 
surface boric oxide concentration of the 
porous glass, since high temperatures of 
evacuation can cause diffusion of B,Os to 
the surface of porous silica glass (6, 7). 
Similar ehemisorbed species are formed 

when ammonia is adsorbed on mixed boric 
oxide-silica samples (2). 

The adsorption of ammonia was studied 
on samples dehydrated at 450, 650, and 
at 800°C in order to obtain more informa- 
tion about the types of adsorption sites 
present. These studies led to a reinterpre- 
tation of some of the band assignments 
given by Low et al. (1) for the spectra 
of adsorbed ammonia species. Additional 
information was obtained from studies of 
the ammonia-boria-silica system. Weak 
intermolecular interaction between the 
chemisorbed ammonia and other adsorbate 
gases such as olefins was observed. Fre- 
quency changes resulting from this interac- 
tion were helpful in making band assign- 
ments for the chemisorbed ammonia. The 
asymmetric bending vibrations of the ad- 
sorbed ammonia species were determined 
and this has assisted in the assignment of 
bands due to chemisorbed -NH- and 
-NH, species. 

EXPERIMENTAL 

Samples of porous glass, Corning Code 
7930 were supplied by Corning Glass Co. 
and were cut into rectangles 10 X 5 X 
1 mm. Boric oxide-silica was prepared 
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from Cab-0-Sil HS-5 silica powder (sup- 
plied by Cabot Corp. Boston, Mass.) and 
laboratory grade boric acid as described 
elsewhere (4, 5). The resultant powder 
had a boric oxide concentration of approxi- 
mately 3%. This was compressed under a 
pressure of 10 t/in.2 to form self supporting 
rectangular pellets of IO-15 mg/cm”. An- 
hydrous ammonia (99.99% pure) and C.P. 
grade I-butene gases were obtained from 
Matheson Company Inc. 

Spectra were recorded on a Perkin Elmer 
521 spectrophot’ometer in the region 400% 
1300 cm-l. Spectral slit widths were 4 cm-l 
(3700 cm-l region) and 2 cm-l (1600 cm-’ 
region). One type of infrared cell was a 
modified windlass cell (S), having a Kan- 
thal wound silica furnace section. Samples 
were supported in a holder constructed 
from 2 mm silica rod and could be wound 
from the infrared beam into the furnace 
section and back, without changing the 
alignment of the cell. The greased joints 
were air cooled and evacuation tempera- 
tures up to 900°C could be maintained, 
although gross sintering of boric oxide- 
silica samples will occur above 700°C. A 
second cell consisting of a silica test tube 
(2) was used for the porous glass samples 
which absorb radiation below 2000 cm-l 
and for studies of physical adsorption so 
that the contribution from the gas phase 
to the infrared spectrum was a minimum. 

All samples were heated at 450°C in a 
stream of oxygen and then evacuated for 
8-10 hr at temperatures of 450, 650, or 
800°C to remove adsorbed water and hy- 
droxyl groups. The cell was aligned in the 
infrared beam while connected to the 
vacuum system so that gaq admission and 
,desorption could be achieved without 
change of alignnient. A silica test tube was 
placed in the reference beam for compen?a- 
tion. A silica pellet in the reference beam 
was necessary for compensation in the 
ammonia deformation region of tbe spec- 
trum, and spectra could be recorded down 
to 1450 cm-l before the boric oxide-silica 
samples absorbed all radiation. The ad- 
sorption of gases was carried out at 2O”C, 
and all spectra were recorded at this 

RESULTS AND DISCUSSION 

The spectrum of a typical sample of 
porous silica glass after evacuation at 
450°C shows a very strong and broad ab- 
sorption band at’ 3800-3500 cm-l (Fig. la), 
due to the stretching vibrations of surface 
and internal hydroxyl groups. 

The spectrum shown in Fig. lb was re- 
corded after the addition of 200 Torr of 
ammonia to the sample followed by de- 
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FIG. 1. Spectrum of porous silica glass after (a, 
evacuation for 8 hr at 450°C; (b) admission of 200 
Torr NHs followed by evacuat.ion for 2 hr at 100°C; 
(c) evacllation for 16 min at 300°C; (d) evacuation 
for 9 hr at 8OO”C, exposure to the atmosphere for 
6 days, and reevacuation for 8 hr at, 450°C; (e) ad- 
mission of 100 Torr NH, followed by evacuation for 
1s hr at 120°C; (f) admission of 25 Torr 1-butene, 
and (g) evacuation of adsorbed NH3 groups for 4 hr 
at 450°C. (The section of kpe’ctrum f tit 2965 cm-* 

temperature. was dotted to avoid confusion with other spectra). 
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sorption of physically adsorbed gas at 
100°C. The broad bands at 3368 and 
3285 cm-’ are due to ammonia chemi- 
sorbed to boron atoms in the porous glass 
(2). Evacuation of the sample for 15 min 
at 300°C considerably weakened the bands 
of the coordinated ammonia (Fig. lc). 

Figure Id shows the spectrum of a sam- 
ple of porous glass which had been evac- 
uated at 8OO”C, exposed to the atmosphere 
for 6 days, and reevacuated at 450°C. The 
concentration of surface hydroxyl groups 
was much less than before (Fig. la), and 
two sharp bands appeared in the spectrum 
(Fig. Id) at 3748 and 3704 cm-l, corre- 
sponding to the O-H stretching vibrations 
of SiOH and BOH groups, respectively 
(7). A weak band, not previously reported, 
appeared at 3795 cm-l. When ammonia, 
water vapor, or l-butene was added to this 
sample, all three bands decreased in in- 
tensity suggesting that, like SiOH and 
BOH groups, the species producing the 
3795 cm-l band is able to form hydrogen 
bonds with polar adsorbate molecules. Ex- 
change of surface hydroxyl groups with 
ND, caused the three bands to disappear 
from the spectrum, and two bands were 
observed at 2763 and 2731 cm-l corre- 
sponding to SiOD and BOD groups, respec- 
tively. No deuterium band corresponding 
to the 3795 cm-l band was found, although 
the three original bands reappeared in 
the spectrum after the sample was re- 
exchanged. Evacuation of samples at tem- 
peratures above 600°C removed the 3795 
cm-l band from the spectrum but it re- 
appeared after the sample had been exposed 
to the atmosphere and evacuated at 450°C. 

The O-H stretching vibrations of sur- 
face hydroxyl groups on v-alumina give 
three principal bands at 3795, 3737, and 
3698 cm-l (8). The infrared spectra of 
silica-alumina cracking catalysts usually 
show only one band at 3748 cm-l corre- 
sponding to a SiOH group (5-9). In the 
present study, it is possible that aluminium 
atoms in the porous glass were exposed 
by heating to 8OO’C and the subsequent 
rehydration produced a small concentration 
of AI-OH groups. Thus the band at 
3795 cm-’ observed in this study (Fig. Id) 

is perhaps due to the O-H stretching vi- 
bration of an Al-OH group and any 
accompanying bands at 3737 and 3698 cm-’ 
would be masked by the intense bands due 
to SiOH and BOH groups. 

Low et al. (1) reported the adsorption of 
ammonia on porous silica glass evacuated 
at 800°C. Two pairs of bands at 3409 and 
3320 cm-l, and 3350 and 3308 cm-l were 
assigned to ammonia physically adsorbed to 
surface SiOH and BOH groups, respectively. 
Bands at 3368 and 3282 cm-l were due to 
ammonia chemisorbed to surface boron 
atoms and had been previously assigned 
(2). Low et al. observed two pairs of bands 
at 3569 and 3479 cm-l, and 3543 and 
3459 cm-l, which they attributed to BNH, 
and SiNH, groups respectively, and they 
suggest that bands previously observed in 
the region 3600-3400 cm-l for ammonia 
adsorbed on fluorinated (10) and chlori- 
nated (11) porous glass were produced by 
these species. An additional band at 
3455 cm-’ was attributed to a secondary 
amine group, and Cant and Little (12) 
supported this assignment, although they 
suggest that evidence for SiNH, groups 
on porous glass surfaces is inconclusive. 

In the present investigation, the spectra 
obtained when ammonia was admitted to 
samples of porous silica glass evacuated 
at 800°C were similar in most aspects to 
those obtained by Low et al. (1)) although 
bands appearing at 3258, 3200, 3020, 2930, 
and 2700 cm-l in this study were not con- 
sidered previously. Our results suggest that 
the hydrogen bonded BOH ----NH, species 
produces different bands from those as- 
signed by Low et al. and that the co- 
ordinated B-NH3 species exists in two 
different environments. Additional evidence 
for the existence of SiNH, groups is dis- 
cussed, but the existence of secondary 
amine groups on ammonia treated porous 
glass is questioned. 

A comparison of band assignments made 
in the present investigation with those 
given by Low et al. (1) is shown in Table 
1. Several overlapping bands were not dis- 
tinguished in this previous work, whereas 
by careful desorption of the adsorbed am- 
monia, we have been able to differentiate 
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TABLE 1 
COMPARISON OF BAND ASSIGNMENTS FOR 

ADSORBED AMMONIA SPECIES 

Group 

SiOH---NH3 

BOH---NH, 

Perturbed B-NH, 

Isolated B-NH3 

B-NH, deformation 
(a) overtone 
(b) fundamental 

B-NH, 

B-NH, 

Low 
et al. (1) 

Present 
investigation 

3409 
3320 

3350 
3308 

3368 
3282 

3569 

3479 

3543 
3459 

3400 
3320 

[30‘20-2980 
Hydrogen- 

bonded VOH] 
3352 
3258 

[2930-2910 
Hydrogen- 

bonded V~H] 
3368 
3285 
3413 
3311 

3300 

1600 
3.568 
3480 
1600 
3543 
3459 
1550 

between partly overlapping bands to make 
the assignments shown. 

Spectra of a typical sample of porous 
glass recorded after the addition and sub- 
sequent evacuation of ammonia are shown 
in Fig. 2. Approximately 40 Torr of am- 
monia gas was admitted to a sample which 
had been evacuated for 11 hr at 800°C 
(Fig. 2a,b), and then the gas was removed 
by evacuation at 20°C (Fig. 2d,c). Bands 
at 3400, 3352, 3320, and 3258 cm-l (Fig. 
2b) are removed from the spectrum by 
this 20°C evacuation (Fig. 2e) and are 
therefore considered to be due to ammonia 
hydrogen-bonded to hydroxyl groups. The 
silanol hydroxyl band at 3748 cm-l de- 
creased from 1.7 to 1.3 units of optical 
density on adsorption of ammonia, while 
the 3020 cm-l band due to hydrogen- 
bonded hydroxyls grew to an optical den- 
sity of 1.0 (Fig. 2a,b). Integration of the 
bands due to the free and the hydrogen- 
bonded hydroxyl groups shows the same 
intensity ratio as those previously pub- 

AND LITTLE 

FIG. 2. Spectrum of porous silica glass after (a) 
evacuation for 11 hr at 800°C; (b) admission of 40 
Torr NH>; (c) spect,rllm of gas (1 cm path length); 
(d) sample after evacuat.ion for I hr at’ %O”C, and (e1 
sample after evacuation for :i hr flIrther at, 20°C. 

lished for these groups (13j. The broad 
bands at 3020 and 2930 cm’ (for vOH of 
t’hese hydrogen-bonded groups) shift to 
lower frequencies as the gas is desorbed 
and then disappear after prolonged room 
temperature evacuation (Fig. 2e). The 
band pair at 3400 and 3320 cm-l has been 
previously assigned respectively to the 
asymmetric and symmetric W-H stretch- 
ing vibrations of ammonia hydrogen- 
~~onded to Si-UH groul)y, and the broad 
band, initially centered at, 3020 cm-l (Fig. 
2b), is the O-H stretching vibration of 
this hydrogen-bonded hydroxyl group (14). 

We assign a second band pair at 3352 
and 3258 cm-l to the corresponding N-H 
vibrations of ammonia hydrogen-bonded 
to B-OH groups. Low et nl. assigned a pair 
at 3354 and 3308 cm-l to this species, but 
in our study, the band at 3311 cm-’ (ob- 
viollsly the 3308 cm-l band in the previous 
work) is still present in the spectrum after 
the 3352 cm-l band has disappeared (Fig. 
2e), and it is assigned to a chemisorbed 
species (see below). 

It can be seen (Fig. 2b,d) that the band 
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at 3352 cm1 is removed less quickly from 
the spectrum than the band at 3400 cm-’ 
(due to a &OH----NH, species) aod the 
broad band at 2930-2910 cm-l decreases 
in intensity less quickly than the band at 
3020-2990 cm-* (for these spectra, this 
band has an additional contribution from 
a hydrocarbon species which produced a 
weak band at 2980 cm-l, Fig. 2a). Thus 
the band at 2930-2910 cm-l is assigned 
to the O-H stretching vibration of 
BOH----NH, group. Both bands asso- 
ciated with the hydrogen-bonded hydroxyl 
groups shift to lower frequencies as the gas 
is evacuated (Fig. 2d), since the less 
strongly bound ammonia is desorbed first. 
A broad weak band at 2700 cm-’ disap- 
pears from the spectrum when all the 
physically adsorbed gas had been removed 
(Fig. Ze) . 

The bands at 3748 and 3704 cm-’ due 
to the O-H stretching vibrations of isolated 
SiOH and BOH groups, respectively (7), 
decrease after the addition of ammonia 
(Fig. 2b), indicating that the gas is hy- 
drogen-bonded to these groups as discussed 
above. This silanol band returns to its 
original intensity after evacuation of the 
ammonia at 20°C (Fig. 2d), but the B-OH 
band does not increase until all the ad- 
sorbed ammonia (NH, and NH, groups 
discussed below) has been removed from 
the sample. Similar results have been re- 
ported previously (I), and this effect is 
attributed to the perturbation of the B-OH 
vibrations by NH, and NH, groups chemi- 
sorbed to adjacent boron atoms. 

The broad bands at 3368 and 3285 cm-’ 
have been previously assigned to a chemi- 
sorbed B-NH, species (1, 2) , and Low 
et al. (1) assigned sharp bands at 3409 
and 3308 cm-l (which appear to be iden- 
tical to the bands at 3413 and 3311 cm-l, 
respectively, in the present study) to two 
different physically adsorbed ammonia 
species. For all porous glass and boric 
oxide-silica samples tested in our investiga- 
tion, these sharp bands at 3413 and 3311 
cm-1 have shown similar intensity changes, 
suggesting they are produced bv the same 
species, and they have exhibited similar 
behavior to the band pair at 3368 and 

3600 3200 

frequency (cm-‘) 

FIG. 3. Spectrum of porous glass after (a) evac- 
uation for 5 days at 800°C; (b) admission of less than 
5 Torr NHS, followed by evacuation at 2O”C, and 
CC) admission of 40 Torr NH8 followed by evacuation 
for 1 hr at 220°C. 

3285 cm-l due to chemisorbed ammonis. 
A porous glass sample was evacuated for 

5 days at 8OO”C, and its spectrum is shown 
in Fig. 3a. Such rigorous dehydration re- 
moved almost all the hydroxyl groups from 
the surface and reduced the surface area 
of the sample from 159 m”/g to 77 m”/g 
(measured by the BET method using 
nitrogen as the adsorbate). The broad band 
at 3600-3700 cm-l is due to internal hv- 
droxyl groups in the porous glass and in 
the silica test tube cell. After the addition 
of less than 5 Torr of ammonia gas, bands 
appear at 3413, 3368, 3311, 3285, and 
3200 cm-l (Fig. 3b). There is no band 
below 3100 cm-l corresponding to hydro- 
gen bonding of physically adsorbed gas 
to hydroxyl groups, and after evacuation 
for 24 hr at 2O”C, there was little change 
in the intensities of these bands. Thus it 
can be assumed they are all due to am- 
monia molecules chemisorbed to boron 
atoms. Increasing the pressure of ammonia 
to 40 Torr followed by evacuation at 220°C 
resulted in the spectrum shown in Fig. 3c. 
Even after evacuation at 22O”C, these 
bands are present in the infrared spectrum, 
although the bands at 3413 and 3311 cm-l 
are now less intense than those at 3368 
and 3285 cm-l, respectively. Thus the 
bands at 3413 and 3311 cm-l are produced 
by the same chemisorbed ammonia species 
which is probably coordinated to a sur- 
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face boron atom in the porous glass (or 
boric oxide-silica samples). 

As shown in Fig. lb, ammonia adsorbed 
to a sample of porous glass evacuated at 
450°C will have infrared bands at 3368 
and 3285 cm-’ (2). Ammonia adsorbed to 
a sample which has been evacuated at 
8OO”C, exposed to the atmosphere, and re- 
evacuated at 450°C will also have bands 
at 3413 and 3311 cm-l, due to the second 
type of chemisorbed B-NH, species (Fig. 
le). These latter bands are very sharp, 
suggesting that a specific adsorption site 
is involved. 

When 25 Torr of 1-butene is admitted to 
this sample, the sharp band pair at 3413 
and 3311 cm-l decrease in intensity, and 
the bands at 3368 and 3285 cm-l increase 
(Fig. If). The optical density of the 
3311 cm-l band decreased in proportion to 
that for the 3413 cm-l band. Although the 
peak height of the band was unchanged, 
the decrease can be appreciated when the 
change in background (Fig. le,f) is con- 
sidered. The B-NH, species producing the 
sharp bands at 3413 and 3311 cm-l form 
weak T-bonds with the l-butene, and these 
perturbed B-NH, groups have bands at 
approximately 3368 and 3285 cm-l. Re- 
moval of the I-butene gas restores the 
spectrum to that shown in Fig. le. 

It is probable that ammonia chemisorbed 
to an isolated boron atom and free from 
interaction with neighbouring groups pro- 
duces the sharp bands at 3413 and 3311 
cm-l. When this ammonia group is able to 
interact weakly with adsorbate molecules 
(such as 1-butene) or with neighbouring 
B-NH, or B-OH groups, the bands will 
broaden and shift slightly to frequencies 
of approximately 3368 and 3285 cm-‘. The 
frequency displacements (35-45 cm-l) 
from the nositions of the sharp nair of 
bands (3413 and 3311 cm-l) show that the 
interaction is weak, as between the hydro- 
pen of adsorbed ammonia and the rr-elec- 
trons of the olefin. and is not an example 
of stronq hvdroven-bonding. All the am- 
monia chemisorbed on porous glass evac- 
uated at 45O’C will be subject to this weak 
interaction with the high concentration of 
surface hydrovvl grouns, and hence only 
the broad perturbed band pair appears. 

After evacuation of samples at 8OO”C, it 
is possible for ammonia to be chemisorbed 
on boron atoms remote from hydroxyl 
groups and hence the sharp bands appear 
in the spectrum. These isolated groups 
will be less strongly adsorbed than the 
hydrogen-bonded groups, and hence they 
are more easily removed by evacuation at 
220°C (Fig. 3~). 

In conjunction with the bancl~ due to 
the chemisorbed B-NH, groups discussed 
above, a broad weak band invariably ap- 
pears at 3200 cm-l. Low et al. reported this 
band in t,heir study (I), but no assignment 
was given. It appears when only B-NH, 
groups are present on the sample (Fig. 3b) 
and disappears from the spectrum of the 
sample when the coordinated B-NH, 
groups are evacuated. Evidence to suggest 
it is an overtone of the N-H bending vibra- 
tion of the B-NH, groups will be discussed 
below. 

As well as being chemisorbed to form 
B-NH, groups, ammonia reacts with de- 
hydrated porous glass samples to product 
B-NH, and Si-NH, species (1-12) having 
infrared hands at 3569 and 3479 cm-l, and 
3543 and 3459 cm-l, respectively. BOW and 
SiOH groups are also formed by this re- 
action when ammonia is chemisorbed on 
fluorinated porous glass. In the present 
study, the formation of hydroxyl groups on 
porous glass by reaction with ammonia 
was observed directly. 

When 40 Torr of ammonia was added 
to a completely dehydrated sample of 
porous glass and then evacuated at 22O”C, 
the appearance of bands at 3568 and 
3480 cm-’ (due to B-NH, groups) is ac- 
companied by the appearance of a band 
at 3704 cm-* due to isolated BOH groups 
(Fig. 3~). A weak band at 3748 cm-l sug- 
gests that SiOH groups have been formed 
by reactions with ammonia, and it is pos- 
sible that the production of Si-NH, would 
accompany this reaction. However, the 
concentration of such groups is much less 
than that of B-NH, groups, and any bands 
dlle tn Si-NH., groups were present as 
shoulders to the more intense B-NH, 
bands. 

Verification for the purpose of Si-NH, 
groups for ammonia adsorbed on boric 
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oxide-silica could be found by observing 
the deformation region of the spectrum. 

stretching region, these spectra are similar 
to those obtained for ammonia adsorbed 

These samples will transmit infrared radia- 
tion above 1500 cm-‘, and asymmetric de- 

on porous glass, although the bands are 

formation bands of the adsorbed ammonia 
less intense since the synthetic mixed oxide 

species could be observed. Cant and Little 
samples are thinner. Changes in position 

(5) have studied the ammonia-boria-silica 
of the vOH bands of hydrogen-bonded hy- 
droxyls (below 3100 cm-‘) could be ob- 

system previously but the samples used in served more clearly than for porous glass 
their study were less extensively dehy- since there was no absorption from the 
droxylated and did not show the complex 
behavior reported here. Low et al. (1) 

sample in that region, but the overall re- 
sults were the same. The band at 2700 cm-l 

have also studied this system but did not 
observe the deformation region. 

was more distinct in these spectra and, as 
was observed for porous glass samples, the 

Adsorbed NH,. and NH, Species- 
band disappears from the spectrum of 

Deformation Vibrations 
sample plus gas when the physically ad- 

Infrared spectra resulting from the ad- 
sorbed gas is removed. It is unlikely that 

dition of ammonia to a sample of 3% boric 
a perturbed O-H or N-H stretching vibra- 
tion would appear at that low frequency, 

oxide-silica are shown in Fig. 4. In the but the band obviously results from the 

'46 

I 
4000 3600 3200 

frequency (cm-‘) 

1600 1700 1600 1500 

FIG. 4. Spectrum of a sample of boric oxide-silica after (a) evacuation for 8 hr at 600°C; (b) admission of 
less than 5 TOW NHI, followed by evacuation for 1 hr at 20°C; (c) admission of 100 Torr NHa, followed by 
evacuation for 1 hr at 20°C; (d) heating sample in 100 Torr NH, for 2 hr at 45O”C, followed by evacuation 
for 1 hr at 2O”C, and (e) evacuation of adsorbed NH, groups for 14 hr at 200°C. Spectra have been displaced, 
and percentage transmissions at 4000 cm-l and at 1800 cm-’ are shown at the left of each spectrum. For 
spectra in the region 1800 cm-‘-1500 cm-l, a compensating sample was placed in the reference beam. 
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physical adsorption of the ammonia. No 
conclusive assignment can be given for 
this band. 

In the study of Cant and Little (5), 
ammonia chemisorbed to boron atoms on 
boric oxide-silica had a deformation vi- 
bration at 1595 cm-l. In the present in- 
vestigation, after the addition of a small 
dose of gas to an evacuated sample (Fig. 
4b), only B-NH, groups are present and 
a weak band appears at 1600 cm-l. Since 
the interactions which differentiate the two 
types of B-NH, groups are very weak, it 
is probable that their deformation bands 
will overlap and the band at 1600 cm-l can 
be assigned to a composite of the asym- 
metric deformation vibrations of isolated 
and perturbed B-NH, groups. The sym- 
metric deformation vibrations will occur 
at lower frequencies, but boric oxide-silica 
samples absorb all infrared radiation below 
1500 cm-l, so they could not be observed. 

Cant and Little (12) felt that there was 
insufficient evidence to show that Si-NH, 
groups occur on the surface of ammonia 
treated porous glass, and they assign a 
band at 3450 cm-l for ammonia chemi- 
sorbed onto fluorinated porous glass to the 
N-H stretching vibration of a secondary 
amine group. If SiNH, groups were present 
on boric oxide-silica samples, they would 
have a deformation hand at 1550 cm-l 
(15, IS). After increasing the pressure of 
ammonia over a sample of boric oxide-silica 
to 100 Torr and then evacuating the gas 
at 20°C, the 1600 cm-l band in the spec- 
trum increased in intensity, and additional 
bands due to BNH, groups appeared at 
3568 and 3480 cm-l, but no bands were 
observed for SiNH, groups (Fig. 4~). 
When the sample was heated in 100 Torr 
of ammonia at 459°C a,nd the gas evac- 
uated at room temnerature, the spectrum 
of sample plus adsorbed species showed 
additional bands at 3543, 3459, and 1550 
cm-’ (Fig. 4d). These frequencies agree 
with those found for ammonia chemisorbed 
to pure silica (15, 16) and verify the as- 
signments made by Low et al. in the NH 
stretching region for Si-NH2 groups on 
porous glass. 

In the spectrum of ammonia chemisorbed 

to pure silica as Si-NH, groups, the high 
frequency band at 3540 cm-’ is broad and 
weak and is difficult to detect as the am- 
monia is desorbed (16)) and no evidence 
could be found for the formation of 

>T -. A-h groups. The 3543 cm-l band in 

the present investigation was similar to 
that for pure silica. For ammonia on 
porous glass, Low et al. (1) assigned an 
isolated band at 3455 cm -I to a -KH- 
group and similar bands have been re- 
ported in other studies (5, 10, 12). How- 
ever, in view of the difficulty in detecting 
the high frequency components for Si-NH, 
groups on pure silica (16)) it is possible 
that the bands at 34503455 cm-l reported 
in previous studies for ammonia on porous 
glass (1, 10, 12) or boric oxide-silica (5) 
are due to a SiNHz group and not a sec- 
ondary amine group. 

Ammonia coordinated to boric oxide- 
silica as B-NH, has a deformation vibra- 
tion at 1600 cm-l (Fig. 4b), and when both 
BNH, and BNHz groups are present, this 
band increases in intensity (Fig. 4~). When 
a sample which has been heated in am- 
monia gas at 450°C (Fig. 4d) is evacuated 
at 2OO”C, the spectrum of sample plus 
adsorbed species (Fig. 4e) showed that 
almost all the BNH, groups had been rc- 
moved, and apart from surface hydroxyl 
groups, only BNH, and SiNH, groups 
were detected. The deformation band at 
1550 cm-* arises from the SiNH, group, 
and the band at 1600 cm-l must corre- 
spond to the asymmetric N-H deformation 
vibration of t,he B-NH, group. This band 
is more intense than the N-H stretching 
bands of this group, whereas for the 
B-NH, group, the deformation band which 
also occurs at 1600 cm-l (Fig. 4b) is often 
less intense than the corresponding stretch- 
ing bands. 

By consideration of the infrared frc- 
quencies of the Lewis acid complex BF,- 
NH,, Cant and Little (2) suggested that 
ammonia will coordinate to the boron 
atoms in porous glass. Some of the vibra- 
tional frequencies for this and similar 
compounds are summarized in Table 2. It 
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TABLE 2 
N-H VIHKATTIONAL FREQUENCIES OF SOME AMMONIA AND HYDRAZINE COMPLEXES 

Compound 
UPS 

(N-H) 
hml 

W-H) 

Overtone 

(N>H) 
6,s 

(N-H) Reference 

FaB:NH, 3340 3285 (3170) 1596 (17) 
HaB:NH, 3315 3245 (3170) 1597 (18) 
(CHa;rB:NHa 3370 3280 (3190) 1595 (19) 
NH,(CCl, sol”) 3417 3315 3230 1615 bm 
NH3 solid 3378 3223 3297 1646 (21) 
Adsorbed NH3 (free) 3413 3311 3200 1600 a 
Absorbed NH, (perturbed] 3368 328.5 3200 1600 
FIB : NzHn u 
H,B : NzH4 3320 32:O (30:s) 

1620 (2il 
1596 (18) 

(C&)3 : NdL 3342 3277 (3110) 1602 (19) 

vas = asymmetric stretch a,, = asymmetric deformation pByrn = symmetric stretch 
u = unresolved a = present investigation 

Frequencies in parentheses were not assigned as such in the references shown. 
- 

can be seen that both the ammonia and 
hydrazine complexes have N-H deforma- 
tion vibrations in the region of 1600 cm-l, 
supporting the assignments we have made 
for the deformation band of both NH, 
and NH, groups adsorbed on boric oxide- 
silica. For the ammonia complexes, the 
first overtone of this asymmetric bending 
vibration occurs in the region 317% 
3190 cm-l and in some cases is equal to 
twice the frequency of the fundamental 
vibration. For ammonia adsorbed on 
porous glass and on boric oxide-silica, a 
broad band at 3200 cm-’ invariably ac- 
companies bands due to the stretching 
vibrations of B-NH, groups, and this fre- 
quency co -responds to twice the asym- 
metric deformation frequency of these 
groups. Thus it is possibly an overtone of 
this deformation vibration. However, no 
such overtone band accompanies the 
B-NH, groups (Fig. 4e). 
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