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Infrared spectra of adsorbed aniline on alumina showed bands at 1605, 1575. 
1495 and 1470 cm-’ in the region of ring stretching vibration. Among these wave 
numbers, 1605 and 1575 cm-’ were attributed to the benzene ring stretching (YNN) 
and NH2 deformation, respectively. The intensity of both bands was decreased 
in comparison with the band of 1495 cm-’ (Y,,. ) as the adsorption temperature in- 
creased. These results could be understood if both benzene ring and amino groul) 
had some interaction with the catalyst surface followed by the decrease of reso- 
nance effect of the molecule. In the spectra of adsorbed aniline on HCl-treated 
alumina, the intensity of I’,;~ decreased more th:an on pure alumina. It was also 
found that HCl-treated alumina had exclusively Lewis acidity which was revealed 
in ir measurement. From these results, the adsorbed state of aniline has bern 
discussed. 

It ir known that diphenylamine is pro- 
duced from aniline eliminating ammonia 
on alumina catalyst at higher temperature 
(1). On the other hand, it was found that 
the HCI-treated alumina was a good cata- 
lyst for this reaction (2) and a kinetic 
st,udy was carried out on the same catalyst 
(3). 

To study the mechanism of this reaction, 
it is valuable to obtain some information 
on the adsorption state of aniline on alu- 
mina and HCl-treated alumina by infrared 
spectroscopy. Spect,roscopic studies of ad- 
sorbed aniline on the catalyst surface have 
been carried out by Terenin et al. (4) (on 
SiO,, Al,O, and SiO,-A1,03) and Hirota 
et al. (5) (on AlCl,) by uv spectroscopy. 
However, infrared studies by other than 
Russian workers (6) are very few. 

On the other hand, infrared spectra of 
ring stretching vibrations on aromatic com- 
pounds has been investigated with respect 
to the substituent effect (7). Recently, the 
linear relationship between the substituent 
constant, of resonance effect, uRO, and the 

in.cn<ity of the 1500 cm-’ and 1600 cm-’ 
bands in monosubstituted benzene has been 
observed by Katritzky et al. (8). This 
fact means that the ring stretching vibra- 
tion is influenced by the electronic prop- 
erties of substituents. Aniline has a strong 
electron donating substituent, the amino 
group. If aniline forms an adduct such 
as aniline hydrochloride or aniline boron 
trifluoride, the electron donating power of 
the substituent should be decreased. In such 
a case, if Katritzky’s rule is applicable, the 
infrared spectra of the ring stretching 
vibration of aniline complexes should be 
different from aniline in the same way 
as a substituent which is less electron do- 
nating. Similarly, it is expected that the 
infrared spectra of the ring stretching 
vibration of aniline chemisorbed on alu- 
mina would be affected by special electronic 
effects if amino groups have some inter- 
action with surface Lewis acid sites. 

The present experiments were under- 
taken to investigate the adsorbed state of 
aniline on alumina and HCl-treated alu- 
mina and to discuss the relationship be- 
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tween electronic effect produced by chemi- 
sorption and the relative intensity in the 
region of ring stretching vibration. 

EXP-RiM .NTAI, 

1. Jlaterials. Alumina used in this work 
was the fluffy powder “Aluminumoxyd C” 
of Degussa (West, Germany), having a 
purity of more than 97%, particle diameter 
5-30 rnp, surface area 80 m2/g, and sp.gr. 
3.4 g/cc. X-Ray structure of this alumina 
is designated y-type by Degussa. Reagent 
grade aniline was distilled with zinc powder 
just before the measurements. Special grade 
diphenylamine (DPA) was recrystallized 
and aniline hydrochloride was used with- 
out further purification. N-deuteroaniline 
was produced by the exchange reaction of 
aniline with heavy water and products 
were subjected to distillation in vucuo. The 
deuterium content of these products was 
about 70% by infrared spectra measure- 
ment. Aniline boron trifluoride was pre- 
pared by slow addition of aniline to cooled 
boron trifluoride etherate (9). The results 
of elemental analysis of this compound were 
as follows; Found (%): N, 6.5; C, 41.4; 
H, 5.8; Calc. (o/o): N, 8.1; C, 44.8; H, 4.4. 

which resembled the in situ cell used by 
Amberg et al. (10) and then evacuated at 
500°C for 3 hr. After this pret,reatment, 
aniline vapor was adsorbed on the disc at 
the given temperature and evacuated at 
the same temperature. Infrared spectra 
were recorded at room temperature by a 
Hitachi type EPI-2 prism spectrophotom- 
eter. Infrared spectra of both aniline hy- 
drochloride and aniline boron trifluoride 
were obtained by the KBr pellet method. 
HCl treatment of the alumina surface was 
carried out repeatedly in the cell by ex- 
posing the disc to 6 mmHg of HCl for 30 
min at room temperature and then evacu- 
ating at 470°C for 1 hr. 

RESULTS AND Discussion 

2. Procedure. Alumina was pressed into 
a disc under 200 kg/cm2 of pressure. The 
thickness of a disc was 30 mg/cm2. After 
calcination at 590°C for 1 hr, the disc 
was fixed for ir measurements in a cell 

1. Infrared spectra of aniline adsorbed on 
alumina at 150°C. After the pretreatment 
mentioned above, a known volume of 
aniline vapor was admitted into the cell at. 
150°C. The vapor pressure of aniline at 
room temperature was so small that the 
amount of adsorption could not be evalu- 
ated from equilibrated pressure. Therefore, 
the admitted amounts were roughly esti- 
mated from the volume filled with aniline 
vapor at room temperature and the times 
of admittance. 

The infrared spectrum obtained at 150°C 
is shown in Fig. la and background is also 
shown in Fig. le. The assignment of the 
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FIG. 1. Infrared spectra of aniline adsorbed on alumina: a. after adsorption of 0.1 ml(STP) of aniline at 
150°C for 30 min and evacuation at 150°C for 10 min; b. after exposure to 0.8 mm Hg of aniline at 250°C for 
30 min and evacuation at 250°C for 30 min; c. after exposure to 0.8 mm Hg of aniline at 350°C for 30 min and 
evacuation at 350°C for 30 min;- d. after exposure to 0.8 mm Hg of aniline at 450°C for 30 min and evacuation 
at 450°C for 30 min; e. alumina, after evacuation at 500°C. 
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spectra was made by comparison with 
that of liquid aniline, which was cxplainerl 
hy Bellamy (II) It is knonn that the 
NH stretching vibration of aniline is split 
into the asymmetric vibration at 3481 cm 1 
anal the symmetric vibration at 3395 cm-l. 
Adsorbed aniline in Fig. la showed a 
broad band at 3240 cm-’ (11-e to hydrogcn- 
bonded NH stretching. It cannot be de- 
rided in this experiment whether the ob- 
scrl-ed band is single or not.. 

It is ~oni(wliat tlifficult to identify the 

four bands ohicrvcd at 1605, 1575, 1494, 
and 1470 cm-l in the region of benzene 
ring stretching vibration. Liquid aniline 
gives four bands due to NH? deformation 
at 1630 cm-l and ring stretching vibrations 
v,~.~, v,?~, and ~,:~b at 1605, 1510, and 1465 
cm-l, respcctivcly. The bands observed at 
1495 and 1470 cm-l in Fig. la can be at- 
tributed to the ring stretching vibrations 
vlRa and v,~~. In order to assign the other 
two bands, the spectra of N-deuteroaniline 
adsorbed on aIumina were obtained and 
the band intensity at 1575 cm-l was ob- 
served to be weaker than that of aniline. 
Therefore, the band at 1575 cm-l is at- 
tribut,ed to NH? deformat,ion. The fact 
that the bands due to NH, deformation and 
stretching are observed at considerably 
lower frequency than those in liquid aniline 
indicates that amino groups have some in- 
teraction with the catalyst surface, such 
as adsorption onto Lewis acid or hydrogen 
bonding to surface oxides. It seemed that 
adsorption of the amino group was not 
dissociative at 150°C because the bands 
of NH, deformation still remained in the 
spectra of the adsorbed state. It is also 
shown in Fig. 1 that the band of the 
isolated OH groups on alumina (3680 cm-*) 
shifted to lower frequency (3580 cm-l) and 
became more broad by aniline adsorption. 
The similar shift was observed when ben- 
zene was adsorbed on the alumina. This 
could be an indicat’ion of the participation 
of T-bonds in the specific interaction with 
the OH groups on the alumina surface. It 
may be the similar interaction as observed 
in aromatic compounds adsorbed on silica 
(12). 

In respect to CN stretching, liquid aniline 

~110~s the sharp and intense band at 1280 
cm-l, but adsorbed aniline shows a n-eak 
and broad band at 1300 cm-’ even at large 
amounts of adsorption. 

2. Spectra of aniline adsorbed on alumina 
nt hiyheT temperatures. Adsorption of ani- 
lint at 250°C and above was carrier1 out, 
a< follow>. Sn alumina disc was exposed to 
0.8 mmHg of aniline vapor for 30 min. 
The spectra at 250, 350, and 450°C are 
illustrated in Fig. lb, c, and d, respectively. 
It was observed that the spectra in 1600- 
1500 cm-’ region changed slightly with in- 
creasing adsorption temperature. The vliia 
band shifts to lower frequency with ad- 
sorption temperature and at last to 1590 
cm-’ at 45O”C, while the v,~~ band does not 
shift. Moreover, the intensity of the bands 
at 1605 and 3575 cm-l decreased compared 
with 1495 cm’ band with increased ad- 
sorption temperature. This behavior is 
shown in Fig. 2. The decrease in intensity 
of the XII, deformation band suggests some 
electronic cffcct resulted from the inter- 
action with the surface. 

3. The spec+ra of aniline hydrochloride 
and aniline boron trifluoride. To interpret 
the decrease of the vlFa band in Fig. 2, the 
spectra of both aniline hydrochloride and 
aniline boron trifluoride were obtained. 
These are shown in Fig. 3a for the HCl 
complex and 3b for the BF, complex. In 
both complexes, the intensity of vlGtL is 
very weak compared with “ISa. The spectra 
of this region are markedly different from 
that of Iiquid aniline. Since the extinction 
coefficient of these bands of complexes was 

1 

FIG. 2. Relative intensity of 1500-1600 cm-* bands 
against adsorption temperature. 4, DY&Dw~; 0 
I%H/DvIs,. 
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wwe number cni’ 

I J 
FIG. 3. Infrared spectra of aniline complexes: 

a. aniline hydrochloride; b. aniline boron trifluoride. 

not determined in this experiment, this 
result cannot be directly compared with 
Katriteky’s rule. However, it may be sup- 
posed that the ring stretching bands of 
aniline were influenced by the decrease 
of resonance effect caused by complex 
formation of aniline with HCl or BF,, if 
the structure of these complexes is a simple 

acid adduct on amino group. Gerrard and 
Mooney investigated the structure of com- 
plexes of primary aromatic amines with 
boron trihalides (9). They proposed that 
the structure was not of a simple Lewis 
acid adduct (I), but of the hydrohalides of 
arylamine boron dihalides (II). 

(t / \ NH, BX, NH.DX, 
- 

Hx' 

If so, the interpretation of the spectra of the 
BF, complex would be more complicated. 
Although further studies are required to 
reveal the structure, the decrease of in- 
tensity of vlGa in Fig. 2 could be attributed 
to some kind of complex formation of 
aniline. 

4. The interaction of adsorbed aniline 
with HCZ. The infrared spectra of the 
interaction of HCl with aniline on alumina 
were recorded. At first, aniline was ad- 
sorbed on alumina which preadsorbed 
HCl sufficiently at 150°C. All spectra were 
recorded at room temperature. Fig. 4b 
shows alumina on which HCl was adsorbed. 
A broad band due to hydrogen-bonded 
OH groups is observed. It is known that 
when HCl is adsorbed on alumina, it dis- 
sociates to form hydrogen-bonded OH 
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FIG. 4. Interaction of adsorbed aniline with HCl: a. alumina, after evacuation at 500°C; b. after exposure 
to 30 mm Hg of HCl at 150°C for 30 min and evacuation at 150°C for 10 min; c. after b), contact with aniline 
at 150°C. d. after c), exposed to 30 mm Hg of HCl at 150°C for 30 min and evacuated at 150°C for 10 min. 
e. a.fter d), exposed to 30 mm Hg of HCl at room temperature for 15 min and evacuated for 10 min. 
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groups on alumina (13). Fig. 4c shows the 
adsorbed aniline on such a surface. The 
intensity of the OH band due to adsorbed 
HCl was scarcely reduced. If hydrogen- 
bonded OH groups were Brijnsted acids, 
they should interact with adsorbed aniline 
and NH, groups should be converted to 
XII,+ groups. However, in fact, new bands 
of NII stretching or deformation due to 
NH:,+ groups cannot be observed. This 
means that OH groups from adsorbed HCl 
which interact with adsorbed aniline are 
very few. When further HCl is admitted to 
the adsorbed aniline, the band intensity 
of 2300-2800 cm’ region increased and a 
new band appeared at 2550 cm’, as shown 
in Fig. 4d and e. According to Brissctte and 
Sandorfy (143, the infrared spectra of ani- 
line hydrochloride showed an NH &etch- 
ing band at’ 2810 cm-’ and combination 
bands involving fundamentals of NH,+ de- 
formation at 2570 cml. Therefore, the 
spectra obtained in this experiment indicate 
that, the additional HCl in t’he gas lhasc 
interacts with adsorbed aniline to form a 
hydrogen chloride complex on the alllmina 
surface. 

On the other hand, it is illustrated in 
the spectra of the 1600-1500 cm’ region 
that this complcs formation has a large 
cffcct on the ring stretching vibration 
bands; that is, the intensity of II,,~,, de- 
crcavs but that of I’, ,, remains constant 
during the addition of IICl; the dccreasc 
of intcn,:ity menil-: :I tlcrrcnsr in the extinc- 
tion cocfficicnt. 

From these rc<ults. it, seems that new 
boiitl formation on the NH, group in aniline 
greatly affect:: the intensity of I’,(~,~; that is, 
when tlic free electron pair of the amino 
group in an;linc is consumed for new bond 
formation and the cxtcnt of the conjugation 
bctwccn the am’no grolip and the benzene 
ring dccrea~~c;, the intensity of Y,,;,! rle- 
crease5. A qllalitativcly similar effect wa< 
obcrvccl in a scr:es of monosubstituted 
bcnzenes in solution by Katritzky et al. (8). 
Accordingly, the decrease of the band 
at vlGa in Fig. 2 can be interpreted by the 
interaction of surface Lewis acid sites with 
the free electron pair of aniline and at 

higher temperatures aniline more strongly 
adsorbed on Lewis acid sites would remain 
on the surface. 

5. Adsorbed uniline 071 IIICI-treated nlu- 
viincx. It is known that HCl treatment of 
alumina promotes the catalytic activity for 
the formation of UPA. From the infrared 
stuclics of the reaction of HCl with alumina 
surface by Peri (13)) it is concluded that 
the IlCl treatment produces stronger dual 
acid-base sites than on alumina. In the 
prcrcnt, work, the effect of HCl trcatmcnt 
on the ring stretching vibration of ad- 
sorbed aniline was investigated. Before the 
adsorption experiment, of aniline, the acid 
1)ropertics of the HCl-trcatctl alumina sur- 
face wcrc studied by the pyridine adeorp- 
tion method usetl by Parry (15) and Bnsila 
et nl. (If?). The result is shown in Fig. 5. 
The three bands at, 1450, 1490, and 1630 
cm-l are ascribed to coordinated pyridine. 
X0 bands due to tlic pyridinium ion are 
observed. Thercforr, within the scn$itivity 
of the ir expcrimcnts, thr surfacr of HCI- 
treated alumina has only I,cwis acid sites. 
From this fact,, it is prc~umcd that if tlic 
Briin4rd nc+clity is prc cnt on the halogcn- 
:tt;ng aluniin:r a; dcvribctl by Chalnnan 
and Hair (171, it is not. strong enough to 
retain n pyritlinc at the low luessurc, bc- 
cause the present data was obtained after 
r\ a-uation. 

The spectra of adsorbed aniline arc illus- 
trated in Fig. 6. The intensity ratio of the 
band of v1611 to that of v,..,, was loll-er than 
on pure alumina. Taking into account the 
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FIG. 5. Infrared spectrlt of adsorbed pyridine on 
HCI-Al& Pyridine was adsorbed at 1.5O”C. 



116 TANAKA AND 

Wave number cd 
1600 1500 

1 
I I 

I 

FIG. 6. Infrared spectra of adsorbed aniline on 
HCI-treated alumina: a. after exposure to 0.8 mm Hg 
aniline at 250°C for 30 min and evacuation at 250°C 
for 30 min; b. after exposure to 0.8 mm Hg aniline at 
450°C for 30 min and evacuation at 450°C for 30 
min; c. HCl-treated alumina. 

conclusion mentioned in the last section, 
this fact could be interpreted in terms of 
the enhancement of Lewis acidity by HCl 
treatment. 

6. Spectra of DPA adsorbed on alumina 
at 47’O’C. In Fig. 1, the spectrum of the 
ring stretching vibration of the adsorbed 
species at 450°C was somewhat different 
from other spectra obtained at lower tem- 
peratures. Since alumina is also known to 
be a catalyst for DPA synthesis from 
aniline, DPA formation is possible at 450°C 
in this work. Therefore, the spectrum of 
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DPA adsorbed at 470°C was obtained to 
be compared with Fig. 1. The adsorption 
procedure was as follows: Very small pieces 
of DPA crystal to be evaporated were 
dropped into the cell kept at 470°C from 
the inlet equipped on the cell. After 10 
min, the cell was evacuated for 30 min at 
the same temperature. The spectra obtained 
are shown in Fig. 7. Both bands of NH 
stretching and CH stretching were almost 
similar to the adsorbed aniline. The band 
of v16a was observed at 1590 cm-l which 
was 15 cm-l lower than in adsorbed aniline. 
Therefore, the spectrum in Fig. 1 obtained 
at 450°C is supposed to involve that of 
DPA formed. An intense band at 1310 cm-’ 
due to CN stretching of adsorbed DPA was 
observed. In the adsorbed aniline, the CN 
stretching band was very weak. These facts 
suggest that the double bond property of 
the CN bond of DPA was not influenced 
by adsorption; that is, the conjugation be- 
tween two benzene rings in DPA could be 
almost retained in the adsorbed state. This 
means that the interaction of the free 
electron pair of nitrogen in the imino group 
with surface Lewis acid sites is weaker than 
that of the adsorbed aniline. This interpre- 
tation is supported by the fact that aniline 
is more basic than DPA. 

Nevertheless, the result that the ad- 
sorption term of DPA is involved in the 
rate equation for DPA synthesis from 
aniline (3) could be caused by a factor 

FIG. 7. Infrared spectra of adsorbed DPA on alumina: a. after exposure to DPA at 470°C for 
evacuation at 470°C for 30 min; b. alumina, after evacuation at 500°C. 

10 min and 
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other than basicity, such as higher boiling 
point of DPA and others. 
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