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The adsorption of aniline and t-butylamine on AI203, Fe203, SiO2, MgO, and CaO at the solid/ 
vapour interfaces has been studied by infrared spectroscopy and temperature-programmed desorp- 
tion (TPD). At beam temperature the surface complexes formed are the same as those discussed 
earlier in the case of other amines: there is hydrogen bonding and dissociative adsorption on SIO2, 
and formation of coordination bonds between amine molecules and Lewis-acidic surface sites on 
the other oxides. With increasing temperature during the TPD runs, in the case of aniline only 
aniline itself desorbs, whereas when t-butylamine is used, in addition to the unchanged amine, 
isobutene and NH3 can be detected as desorption products, indicating the occurrence of CN bond 
breakage. With both amines oxidation reactions take place on the surface of Fe203. © 1990 Academic 
Press. Inc. 

INTRODUCTION 

Part I of this series is concerned with the 
adsorption on oxides of diethylamine and 
triethylamine (1), and Part II reported on 
isopropylamine and cyclohexylamine (2). 
Chemical transformations of the adsorbed 
amine molecules with increasing tempera- 
tures were studied. With primary aliphatic 
amines the main high-temperature reaction 
on oxides possessing Lewis-acidic surface 
centres is nitrile formation, but secondary 
aliphatic amines additionally show CN 
bond breakages causing desorption of NH3 
and propylene (isopropylamine), cyclohex- 
ene (cyclohexylamine) as dehydrogenation 
(cyclohexylamine ~ aniline; isopropyl- 
amine ~ adsorbed imine species), and CC 
bond breakage (isopropylamine: adsorbed 
imine species ~ desorption of CH4 and ace- 
tonitrile). This paper reports our results 
with aniline and t-butylamine, i.e., mole- 
cules with the NH2 group located on carbon 
atoms to which no hydrogen is attached. 
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EXPERIMENTAL 

The oxides and their pretreatments were 
as described in Parts I and II (1, 2). Details 
of the infrared (IR) and temperature-pro- 
grammed desorption (TPD) equipment and 
methods are also given in the previous pa- 
pers (1, 2). 

RESULTS 

The IR results are presented in Tables 1 
and 3, and in Figs. 2, 3, 5 and 6. The TPD 
results are given in Figs. 1 and 4, and in 
Tables 2 and 4. 

Tables 1 and 3 list the most important 
infrared bands of both amines after adsorp- 
tion on the various oxides and subsequent 
evacuation at beam temperature (absorp- 
tions, not informative for the adsorption 
process are not discussed in detail; e.g., 
Al203/aniline: 3068, 3037 cm -I = v(~---CH) 
and 1467 cm -1 = v(C=C) (Fig. 2); Al203/t- 
butylamine: 2961, 2870 cm -j = v ( C H 3 )  and 
1472, 1368 cm -I = ~(CH3) (Fig. 5); Fe203/t- 
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T A B L E I  

W a v e n u m b e r s  (cm t) of  Infrared Bands  of  Gaseous  Aniline, of  Aniline after Ad- 
sorpt ion on Oxides  at Beam Tempera ture ,  and of  Adsorbed  React ion Products  
Fo rmed  at Elevated Tempera tu res  

W a v e n u m b e r  (cm ~) Ass ignmen t  

Gaseous  SiO2 CaO MgO Fe203 A1203 
aniline 

- -  3629 . . . .  v (OH)hr- in te rac t ion  
3484 3388 3359 3357 3320 3318 Vas(NH2) 
3406 3319 3293 3292 3248 3246 v~(NH9 
1619 . . . . .  8(NH2) a 
1624 1598 1595 1595 1593 1591 v ( C ~ C )  b 
1498 1494 1490 1490 1488 1486 v ( C ~ C )  
. . . .  1436 - -  CO~- 

~(NH2) of  adsorbed aniline is partly masked  by the  (C~---C) band.  
b Band  located in the  same  f requency range,  for which  reason an exact  wavenum-  

ber  cannot  be given.  

butylamine: 1464, 1363 cm -~ = 8 ( C H 3 )  (Fig. 
6, curve II)). Included are also bands of ad- 
sorbed reaction products formed at ele- 
vated temperatures. 

The main interactions between aniline 
and t-butylamine, respectively, and the var- 
ious oxides which can be detected at beam 
temperature are the same as those previ- 
ously discussed in the case of diethylamine 
(1). However, there are new features which 
provide information about the individual 

T A B L E  2 

Adsorpt ion  o f  Aniline on Oxides:  Distr ibution of  the 
Tempera tu re -Programmed  Desorpt ion Products  

Desorpt ion Tempera tu re  of  the 
product  desorpt ion m a x i m u m  (K) 

SiO2 CaO MgO Fe203 A1203 

Aniline 413 423 423 433 443 

658 553 (sh) a 603 (sh) ~ 
Carbon - -  - -  - -  718 - -  

dioxide 
Water  - -  693 

a (sh), shoulder  in the  TPD curve.  

properties of aniline and t-butylamine 
which deserve to be highlighted. 

Aniline 

With the exception of the oxidation of 
some adsorbed aniline molecules on Fe203 
and the resulting desorption of CO2 and 
H20 (TPD maximum F IV in Fig. 1:718 K) 
there is no case where decomposition prod- 

T A B L E  3 

W a v e n u m b e r s  (cm l) o f  Infrared Bands  of  Gaseous  
t -Butylamine,  of  t -Butylamine after Adsorpt ion  on Ox- 
ides at Beam Tempera ture ,  and of  Adsorbed  React ion 
Products  Formed  at Elevated Tempera tu res  

W a v e n u m b e r  (cm-  1) 

Gaseous  
t-butyl- 
amine 

SiO2 A1203 FezO3 

Ass ignmen t  

- -  3411 - -  - -  v(NH)/sec ,  amine 
3395 3348 3290 3292 v~s(NH2) 
3323 3285 3202 3213 us(NH2) 
- -  - -  3102 3111 28(NH2) 

1616 1584 1570 1576 8(NHz) 
- -  - -  - -  1547 vadCOO-) 
- -  - -  - -  1435 udCO0 ) 
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FIG. I. Thermal desorption curves of aniline ad- 
sorbed on oxides at room temperature. (1) SiO2, (2) 
MgO, (3) Fe203, (4) Al:O3. 

TABLE 4 

Adsorption of t-Butylamine on Oxides: Distribution 
of the Temperature-Programmed Desorption Products 

Desorption Temperature of the 
product desorption maximum (K) 

SiO2 AI2Os Fe203 

t-butylamine 403 443 433 
703 

lsobutene 843 598 573 
Ammonia 843 598 573 
Carbon dioxide - -  - -  638 

688 
Water - -  - -  638 

(688)" 

" Small amount. 

ucts indicating further chemical transfor- 
mations can be detected by mass spectrom- 
etry. Thus there is no evidence for the 
formation of diphenylamine on A1203, as 
was described in the literature (3-5).  The 
consequence of this desorption of un- 
changed aniline is that in each case, instead 
of a distinct second TPD maximum, only 
shoulders (AIzO3: ca. 603 K; Fe203: ca. 553 
K) and tails (MgO, CaO), respectively, ap- 
pear in Fig. 1 on the high-temperature side 
of the first TPD maximum (as a result of 
reactions at least two product molecules 
would be formed from one adsorbed amine 
molecule, and a higher pressure increase 
would result in the gas phase; i.e., a more 
distinct TPD maximum would be caused 
than in the case of a 1 : 1 desorption). 

IR spectra recorded at increased temper- 
atures of the system aniline/A1203 show no 
changes of number and frequency of all ab- 
sorptions already visible at beam tempera- 
ture (Fig. 2). The intensities of the main 
bands between 1700 and 1200 cm -I (1591, 
1486 cm-l: u (C~C)  of the aromatic ring) 
merely diminish to a different degree with 
increasing temperature (AI(1591) > 
AI(1486)). The NH2 deformation mode of 
adsorbed aniline is not resolvable (possibly 
visible as a shoulder at ca. 1570 cm -~ after 

evacuation at 603 K) and yields an asym- 
metric (on the low-frequency side) absorp- 
tion together with the ~(C=C) band at 1591 
cm -~. Basically the same phenomena ap- 
pear in the infrared spectra of aniline on 
MgO and CaO. 

With SiO2 the appearance of the TPD 
maximum S II (Fig. 1,658 K) reveals disso- 
ciative adsorption of aniline on strained 
siloxane bridges (because of the desorption 
of only unchanged aniline the usually ob- 
servable distinct TPD maximum S III be- 
comes apparent as a long tail on S II at 

0,'tO 
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FIG. 2. Infrared spectra of AizO3: (I) under vacuum; 
(II-IV) after adsorption of aniline from the vapour 
phase and subsequent evacuation at (II) beam temper- 
ature, (III) 533 K, (IV) 603 K. 
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FIG. 3. Difference spectra: (I) = (2) - (1); (II) = (3) 
- (1); (III) = (4) - (I). Infrared spect ra  of  Fe203: (1) 
under  vacuum;  (2-4) after adsorpt ion of  aniline f rom 
the vapour  phase  and subsequen t  evacuat ion at (2) 
beam tempera ture ,  (3) 553 K,  (4) 603 K. 

higher temperatures) (6). After evacuation 
at ca. 573 K, however, the infrared spectra 
show no NH band of the corresponding 
secondary amine structure, but only weak 
(=CH)  and (C~---C) absorptions of the aro- 
matic ring. As in the case of other aromatic 
amines a broad band appears additionally at 
3629 cm 1. 

After adsorption of aniline on Fe203 and 
subsequent heating, the IR spectra show 
mainly the same changes as those in the 
case of A1203. However, contrary to A1203 
(beam temperature ~ 603 K: 1591 ---* 1586 
cm -1 and 1486 ~ 1486 cm -1) on Fe203 
shifts of the (C~C)  absorptions to lower 
wavenumbers are considerably greater 
(beam temperature ~ 553 K: 1593 ~ 1574 
cm -1 and 1488 ---* 1472 cm-l), thus indicat- 

ing a possible change in the surface com- 
plex (Fig. 3). This phenomenon does not 
include oxidation processes, because only 
an additional temperature increase up to ca. 
603 K causes a loss of spectral transmission 
which is accompanied by the appearance of 
a new infrared band at 1436 cm -~ and by the 
beginning of the desorption of C O  2 and 
H20. 

t-Butylamine 
In this case adsorption experiments were 

performed only with SiO2, AIaO3, and 
Fe203 as adsorbents. The following experi- 
mental findings reflect the specialities of the 
interaction between t-butylamine and the 
oxides. 

(a) Contrary to many other amines, in ad- 
dition to oxidation on Fe203 only one reac- 
tion occurs for /-butylamine molecules 
coordinatively bonded to strong Lewis acid 
sites of Fe203 and A1203, and this leads to 
the desorption of isobutene and NH3 in the 
temperature range of TPD maxima F II and 
A II, respectively (Fig. 4). Thus, with in- 
creasing temperature the infrared spectra of 
t-butylamine/Al203 system show a continu- 
ous decrease in the intensity of all bands of 
adsorbed amine, but no new absorptions of 
intermediate products can be detected (Fig. 
5). Thermal degradation of the secondary 

5 I  F~A~ 

it//' 
/ k, ._. . . / /  

I I I I I 

4,00 50O GO0 70O ~ 90O T/K 

FIG. 4. Thermal  desorpt ion curves  of  t -butylamine 
adsorbed on oxides at room temperature:  (1) SiO2, (2) 
Fe203, (3) Ai203. 
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FIG. 5. Infrared spectra of A1203: (I) under vacuum; 
(II-IV) after adsorption of t-butylamine from the 
vapour phase and subsequent evacuation at (II) beam 
temperature, (I11) 473 K, (IV) 553 K. 

amine structure formed by dissociative ad- 
sorption of t-butylamine on SiO2 also leads 
to the desorption of isobutene and NH3 in 
the TPD maximum S III temperature range 
in Fig. 4 (in addition to the foregoing de- 
sorption of unchanged t-butylamine in S II, 
also starting from the secondary amine 
structure). 

(b) Compared to all other aliphatic 
amines, oxidation of t-butylamine on Fe203 
begins at higher temperatures (ca. 503-523 
K). This is illustrated by Fig. 6, showing the 
IR spectra for t-butylamine/Fe203 (curve 
II) and n-butylamine/Fe203 (curve I) after 
adsorption at beam temperature and subse- 
quent evacuation at 503 K. In the case of n- 
butylamine, strong carboxylate bands are 
fully developed (1537, 1414 cm-I), whereas 
with t-butylamine the corresponding ab- 
sorptions (1547, 1435 cm -j) appear only as 
weak shoulders. 

(c) The second TPD maximum of the sys- 
tem t-butylamine/Fe203 (F II in Fig. 4) ap- 
pears at 578 K (between 513 and 523 K with 
the other investigated aliphatic amines), 
thus covering the first desorption maximum 
of CO2 and H20 at ca. 638 K. Therefore 
only one separate desorption maximum of 
oxidation products can be detected at 
688 K. 

DISCUSSION 

Aniline 

Contrary to all other investigated amines 
in the case of aniline only unchanged ani- 
line itself desorbs during TPD runs up to 
the highest reached temperatures. This is 
confirmed by other TPD experiments, e.g., 
under a flow of nitrogen (aniline/Al203 (7)), 
and can be attributed to the strong CN bond 
in aniline (DcN = 435 kJ/mol (8)) which 
does not allow the abstraction of NH3 found 
in the case of t-butylamine (DcN= 352 kJ/ 
mol). Thus with increasing temperature a 
successive desorption of aniline occurs 
from A1203, beginning with the most 
weakly bonded molecules (adsorbed on 
weak Lewis acid sites). This is also indi- 
cated by the infrared spectra, because the 
stronger intensity loss of the v ( C ~ C )  at 
1591 cm H (X) compared to that of the 
u(C~---C) at 1486 cm -1 (Y) shows that ani- 
line molecules remaining on the oxide sur- 
face at a fixed temperature are bonded to 
stronger Lewis acid sites than those of mol- 
ecules already desorbed. Other literature 
data confirm this conclusion. Thus by treat- 

I 1 )  1 ~  
to 

2 

0,1o 

0,o5 

0 I I I 

1 7 0 0  ~ / c m  lq  1 3 0 0  

FIG. 6. Infrared spectra of Pe203 after adsorption of 
amines at beam temperature and subsequent evacua- 
tion at 503 K: (I) n-butylamine; (II) t-butylamine. 
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ment of A1203 with HC1, stronger Lewis 
acid centres are generated at the solid sur- 
faces (9, 10), and after subsequent adsorp- 
tion of aniline the intensity ratio of the two 
bands (Ix~Iv) is remarkably smaller than 
that in the case of untreated A1203. Obvi- 
ously this intensity ratio depends on the de- 
gree of demand of the free electron pair on 
the N atom by the bond formation with in- 
teraction partners. This conclusion can also 
be drawn from the infrared spectra of dif- 
ferent compounds (e.g., Ix~Iv of liquid ani- 
line is greater than that in the case of the 
coordination compound C6HsNH2 • BF3 
(11)). Our results concerning the adsorption 
of aniline on SiO2 agree with existing litera- 
ture data (12-14). However, in addition to 
the formation of hydrogen bonds between 
aniline and surface hydroxy groups of SiO2 
as the main interaction, we found by the 
TPD curves that dissociative adsorption 
also occurs analogous to all other NH-con- 
taining amines (6). In the case of aniline the 
latter was not described up to now by other 
authors, probably because of the low inten- 
sity and the lack of unambiguousness of the 
corresponding IR spectroscopic features. 
Finally the broad absorption at ca. 3629 
cm -l can be attributed to a v(OH) band of 
surface hydroxy groups of SiO2 interacting 
with the ~r-system of adsorbed aniline mole- 
cules, thus showing the existence of a dual- 
site interaction (15). 

In the case of the aniline/Fe203 system 
during the TPD runs a phenomenon can be 
observed which seems to be characteristic 
for all aromatic compounds adsorbed on 
Fe203. This is the fact that, compared to 
that of aliphatic amines, desorption of the 
products of deep oxidation (COz, H20) be- 
gins at higher temperatures and shows only 
one maximum (718 K). This is probably 
caused again by the high stability of the aro- 
matic system which allows the initial steps 
of oxidation (H-abstraction and/or break- 
age of the bond between the carbon atom 
and the functional group) to occur only un- 
der more drastic reaction conditions. Thus 
investigations of catalytic oxidation of hy- 
drocarbons (alkanes, alkenes, alkynes, aro- 

matic hydrocarbons) showed that aromatic 
hydrocarbons are oxidized with most diffi- 
culty (16). In our case the mechanism of the 
oxidation reaction is not clear. From the 
literature it is known that aniline reacts fi- 
nally to p-benzoquinone in acidic solution; 
benzene yields the same product in metal- 
containing solutions, and oxidation of gas- 
eous benzene over, e.g., FezO3 catalysts 
leads mainly to the formation of CO2 (ben- 
zene ~ phenol ~ quinone ~ maleic anhy- 
dride ~ COz) (17). With the exception of 
CO2 none of these products can be detected 
in our experiments, but the infrared band at 
1436 cm -~ appearing from ca. 603 K refers 
to a formation of symmetrical carbonate on 
the Fe203 surface which then should be the 
precursor of the CO2 desorption. 

t-Butylamine 

As in the case of aniline, formation of 
imine or nitrile species, respectively, by de- 
hydrogenation is not possible with t-butyl- 
amine. Therefore only one high-tempera- 
ture reaction occurs on all oxides investi- 
gated; this consists of a CN bond breakage 
and leads to the desorption of NH3 and iso- 
butene. In the case of A1203 and FezO3 the 
intermediate products of this process can 
be ionic in nature, analogous to the pro- 
posed elimination mechanism for the cata- 
lytic dehydrochlorination of t-butyl chlo- 
ride (18). Contrary to all other investigated 
amines, in the case of the t-butylamine/ 
Fe203 system very small amounts of oxida- 
tion products desorb at 638 and 688 K, and 
using AlzO3 as adsorbent formation of sur- 
face carboxylates (1) does not occur. These 
phenomena show that t-butylamine can be 
oxidized only with great difficulty (resulting 
from the structure of the molecule), which 
is in accordance with data concerning the 
catalytic oxidation of isobutene and t-butyl 
alcohol (19). 

CONCLUSIONS 

The results presented show that adsorp- 
tion of t-butylamine and aniline on oxides 
leads to the formation of surface complexes 
at beam temperature which are identical 



ADSORPTION OF AMINES ON OXIDES, III 291 

with those in the case of diethylamine and 
isopropylamine (1, 2). However, differ- 
ences exist with regard to the surface reac- 
tions initiated at elevated temperatures dur- 
ing the TPD runs. Thus, formation of 
corresponding imine and nitrile species, re- 
spectively, which always occurs in the case 
of all amines investigated up to now (1, 2), 
is not possible using amines with the NH2 
group located on carbon atoms to which no 
hydrogen is attached. In addition to oxida- 
tion on Fe203 only one high-temperature re- 
action can be detected of t-butylamine mol- 
ecules coordinatively bonded to strong 
Lewis acid sites of oxides; this consists of 
the breakage of CN bonds and leads to the 
desorption of NH3 and isobutene. Further- 
more, t-butylamine can be fully oxidized 
only with difficulty, because C-C bond 
breakage is necessary. The strong CN bond 
in aniline does not allow the abstraction of 
NH3, and therefore only unchanged aniline 
itself desorbs during the TPD runs. Prod- 
ucts of deep oxidation in the system aniline/ 
Fe203 can be detected only at higher tem- 
peratures as in the case of aliphatic amines, 
probably as a result of the high stability of 
the aromatic ring. 
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