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Determinations have been made by a gas-chromatography method of the molar 
adsorption heats of 31 model dialkylbenzenes on a silica-alumina catalyst of the 
Houdry type. It has been demonstrated that there exists a dependence between the 
heats and the length, structure, and mutual position of the substitucnts in the ben- 
zene ring. A correlation has been found between the adsorption and the reactivity 
of the dialkylbenzenes on the silica-alumina catalyst. 

INTRODUCTION 

It has been established (l-5) in the 
course of catalytic conversions of model 
compounds of the dialkylbenzene series in 
the presence of a sili,ca-alumina catalyst 
of the Houdry type that the following basic 
reactions take place: (a) dealkylation with 
subsequent removal of the side chains and 
formation of the corresponding monoalkyl- 
benzene and benzene; (b) stepwise intra- 
molecular isomerization involving a change 
in the mutual position of the substituents 
in the benzene ring; (c) fragmentation to 
dialkylbenzencs with a smaller number of 
carbon atoms in the side chains; (d) dr- 
hydrocyclization with the participation of 
one or both side chains as a result of which 
indane, tetralin, naphthalene, and anthra- 
ccnc structures are formed, and (e) dispro- 
portionation which is observed only in the 
case of diethylbenzenes. It became clear in 
the process of these invest’igations that the 
degree and character of the changes of the 
initial dialkylbenzenes are largely in- 
fluenced by the length, structure, and mu- 
tual position of the substituents. The ex- 
perimen tal results obtained were in 
agreement with thermodynamic calcula- 
tions (6) made earlier about the reaction:: 
of dealkylation, isomerization, and (Ii+ 
proportionation in the dialkylbenzene 
Penes. 

With a view to a fuller interpretation of 
the structural effects observed, it has been 
interesting to determine the adsorption 
heats of different series of standard dialkyl- 
benzenes under conditions close to those 
prevailing in the reactions. Such a possi- 
bility, as has been shown by M. Kraus and 
P. Strnad (7) and in an earlier work of 
ours in collaboration with I. Topalora and 
N. Petsev (8), is offered by the method of 
gas-adsorption chromatography. 

In the present work this method has been 
applied in determining the adsorption 
heats of 31 individual dialkybenzcnes. 

EXPERIMEXTAL 

Apparatus. The retention volumes of the 
dialkylbenzenes investigated were deter- 
mined by means of a Fractovap chromato- 
graph, Model B, equipped with a high- 
temperature unit HI-750. The maximum 
working tcmpcrature of the apparatus, 
maintained with a InWision of *l”C, wa?: 
550°C. The chromatographic column was 
a U-shaped brass tube 28.5 cm long, i.d., 
4 mm. The carrier gas used was high-purity 
nitrogen C99.999$%). The flow rate of t’he 
carrier pas in all cxpcrimcnts was 20 
ml/mill. 

Catalyst. The chromatographic column 
was filled with 1.87 g industrial-type silica- 
alumina Houdry catalyst, with particles 
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TABLE 1 
PHEJCAL CONSTANTS OF DIALKYLBENZENEG INVESTIGATED 

Hydrocarbon 

I-Methyl-4-ethylbenzene 
1,ZDiethylbenzene 
1,3-Diethylbenzene 
1,4-Diethylbenxene 
1-Methyl-4-n-propylbenzene 
1-Ethyl-4-n-propylbenzene 
1,4-Di-n-propylbeneene 
1,3-Di-n-propylbenzene 
I-Methyl-4-n-butylbenzene 
1-Methyl-3-n-but,ylbenzene 
1-Methyl-2-n-butylbenzene 
1,4-Diisopropylbenzene 
1,3-Diisopropylbenzene 
I-Ethyl-4-n-butylbenzene 
I-GPropyl-4-n-butylbenzene 
1,4-Di-n-butylbenzene 
1,3-1%n-butylbenzene 
1,4-1%set-btltylbenzene 
1-Methyl-4-set-butylbenzene 
1-Ethyl-4-set-butylbenzene 
l-Iso-propyl-4-set-butylbenzene 
I-n-Propyl-4-set-but,ylbenzene 
1-Methyl-4-tert-butylbenzene 
1-Ethyl-4-tert-butylbenzene 
I-Isopropyl-4-tert-butylbenzene 
l,CDi-tert-butylbenzene 
1-Methyl-4-n-amylbenzene 
I-Nhyl-4-n-amylbenzene 
I-n-Propyl-4-llramylbenzene 
1-n-Butyl-4-n-amylbenzene 
1,4-I)i-n-amylbenzene 

bp “C/mmHg 

1541709 
177/706 
47/6 
83/29 

175/705 
5815 
8117 
86/4 
58/6 
79110 
70/‘10 

- 
93/12 

106-108/13 
106-108/6 
99-101/6 
88-X9,/4 

57/7 
7217 
78/5 

77-79/5 
73.5-74..5/13 

67-69,‘5 
95-97/10 
mp 75-77 

lOl-103/18 
116-118/16 
126-130/15 

145/16 
122/5 

1.4964 0.8612 
1.5031 0.8823 
1.4951 0.8640 
1.4950 0.8620 
1.4930 0.8560 
1.4967 0.8721 
1.4914 0.8624 
1.4923 0.8963 
1.4900 0.8593 
1.4917 0.8575 
1.4950 0.8711 
1.4966 0.8602 
1 .4954 0.8567 
1.4990 0.8787 
1.4920 0.8610 
1.4915 0.8591 
1 .4935 0.8644 
I .4890 0. X.59X 
1 .4900 0.8655 
I .4920 0.8636 
1.4892 0.8626 
1.4883 0.8633 
1 .495x 0.8639 
1.494’1 0.8632 
1.4918 0. X606 

1.4902 0.8544 
1 .4913 0.8549 
1.4900 0.8520 
1.4892 0.8528 
1.4968 0.8513 

Ref. 

9 
10 
11 
5-I 
9 
9 

12 
9 

13 
9 

14 
Schurhardt 
Carlo Erba 

15 

16 
17 
14 
18 
18 
19 
- 
20 
21 
2’2 
9 

14 
- 
- 
- 
23 

45-65 mesh in diameter. The composition 
of t#hc catalyst was as follows: A&O,, 
10.6570, SO,, 86.91%, MgO, 0.7%, and 
oxides of iron, lcad, and zinc, 1.74%. The 
specific surface area of the ‘catalyst in the 
form of cylinders sized 4 X 4 mm, deter- 
mined after the adsorption of benzene 
vapor at 2O”C, was 235 m’/g. 

Hydrocarbons. Twenty-nine out of the 
total of 31 dialkylbcnzenes investigated 
were synthesized by us mainly by the 
Wiirtz-Fittig method or by Clemmensen rc- 
duction of the respective ketones. The ke- 
tones were obtained by acylation of 
monoalkylbenzcnes in the presence of an- 
hydrous aluminium chloride at a temper- 
ature of about 0°C by the Friedel-Crafts 
method. The dialkylbenzenes were thor- 

oughly purified by rectification in a column 
whose effectiveness was 36 theoretical 
plates. Their purity was checked chro- 
matographically and by their infrared 
spectra. The physical constant’s and the 
literature sources used in the synthesis of 
the dialkylbenzcnes arc shown on Table 1. 

Procedure. The catalyst was first heated 
for 2 hr at 550°C in flowing nitrogen, after 
which it was brought to the working tem- 
perature. Equal amounts of a given hydro- 
carbon were injected with a microliter in- 
jector of the Hamilton type. The retention 
volumes of the hydrocarbons on the cata- 
lyst did not depend on the sizes of the 
samples, which were different for the in- 
dividual hydrocarbons, and were calculated 
by the formula (24) : 
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Pi 

0 

* _ 1 

Vx" = 
tR . IV,, ' P/, . T 3 p, .-. 

m ' Tf, . P, 2 p.” 

0 & 
- 1’ 

where : 

(1) 

tR is corrected retention time ; 
lt’fl is space velocity of the gas in the 
soap bubble flow meter; 
Pf, is pressure of the gas in the flow 
meter ; 
TI, is temperature of the gas in the flow 
meter; 
T is temperature of the column; 
Pi is pressure at the inlet of the column, 
P, is pressure at the outlet’ of the column; 
and 
m is the amount of adsorbent in the 
column. 

The molar adsorption heat’s were calcu- 
lated using the formula: 

Q = 2.303 BS, (2) 

where R is the gas constant and S is the 
slope of the plot of log(VR/T) vs (l/T). It 
was found that within the temperature in- 
terval investigated this dependence was 
linear for all the dialkylbenzenes. By way 
of example, Figs. 1 and 2 show the plots 
for l-n-butyl-4-n-amylbenzene and l-iso- 
propyl-4-tert-butylbenzene. The error of 
the adsorption heats was determined by the 
method of least squares and was found to 
be -t-O.92 kcal/mole. 

t 1 1 1 1 ’ ’ ’ 
2 3 

lo’ 

FIG. 1. The dependence I:, (7) = f (k) for 

l-n-butyl-4~n-amylbenzene. 

- 
3 

FIG. 2. The dependenre log ($) = .f (h) for 

1-isopropyl4tert-butylbenzene. 

RESULTS ASD DISCUSSION 

Table 2 shows the retention volumes re- 
lated to 1 g of catalyst,, together with the 
heats of adsorption. The data indicate that 
the heats vary from 5 to 10 kcal/mole. As 
with the monoalkylbenzcnes (Sj, there is a 
general rise with increase in molecular 
weight. This is shown in Fig. 3, where the 
molar adsorption heats are plotted against 
the number of carbon atoms in the dialkyl- 
benzcnes. Figure 3 also shows that for a 
given molecular weight, the heats change 
appreciably with the structure and the 
mutual position of the two alkyl groups. 
For instance, with the C,, dialkylbenzenes 
these differences reach 3 kcal/molr:. 

The influence of the length of the normal 
side chains can be surveyed more fully in 
the following series: (a) 1,4-dimethylben- 
zenc! I-methyl-4-ethylbenzenc, 1-methyl-4- 
I2-propylbcnzenc, I-methyl-4-n-hutylben- 
zene, and I -methyl-4-n-amylbenzenc (Fig. 
4aj ; (bj I-methyl-4-n-butylbenzenc, l- 
ethyl-4-rl-butylbenzcne, I-Wpropyl-4-P 
butylbenzcne, 1,4-di-n-butylbrnzcne, and 
I-n-amyl-4-n-butylbenzene (Fig. 41)) ; (cj 
1-methyl-4-n-amylbenzene, 1-ethyl-4-n- 
amylbenzonc, l-n-propyl-4-t,-amylbenzene, 
I-n-butyl-4-a-amylbcnzene, and 1,4-di-n- 
amylbenzcne (Fig. 4c) ; (dj 1.4~dimethyl- 
benzene, 1,4-diethylbenzene, I ,4-di-n- 
propylbenzene, 1,4-di-n-butylbcnzenc, and 
1,4-di-?i-amylbenzene (Fig. 4dj. 

The general principles underlying the in- 
fluence of the molecular weight on the 
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TABLE 2 
RICTENTIOK Vor.uwtr:s .\ND ADWHPTION IIL~TS OF I>I~\LKYLI~~~NZI:N~~S ON A SILK \-ALUMIN.\ 

C.AT.~LYST 

Retentjion volumes, ml/g 
Temp, “C A4dsorption 

heat in 
Hydrocarbon 200 250 300 350 400 kcal/mole 

1-MethylA-ethylbenzene 73.8 2X.6 
1,2-Diethylbenzene X3.6 34.8 
1,3-Diethylbenxene 66.6 28.6 
1,CDietjhylbenxene 70.6 31.2 
1-Met,hyl-4-n-propylbewene 72.2 30.4 
l-Ethyl-4-n-propylbenxene 132.4 43.8 
1,4-Di-n-propylbenzene 134.0 56.3 
1,3-Di-n-propylbenxene 119.4 47. :!I 
I-Methyl-2-n-bmylbenzene 85.2 52.8 
1-Methyl-3-n-butylbenzene 95.0 42.0 
1-Methyl-4-n-butylbenzene 91.8 48.2 
1,4-Di-isopropylbenzene 98.2 45.5 
1,3-Di-isopropylbenzene 64.2 41.1 
I-Ethyl-4-n-but,ylbenzene 124.2 6X.0 
1,4-Di-n-butylbenzene 250.8 104.5 
1,3-l&z-but,ylbenxene 177.8 72.4 
1-n-Propyl-4-n-butylbenzene 140.4 69.7 
1,4-IX-see-butylbenzene 98.2 57.2 
1-Methyl-4-set-butylbenzene 61.0 36.7 
l-Ethyl-4-set-butylbenzene 86.8 44.7 
1-Isopropyl-4-set-butylbenzene 124.2 52.8 
I-n-Propyl-4-set-butylbenxene 133.2 51.0 
1-Methyl-4-tert-butylbenxene 52.0 31.2 
I-Ethyl-4-tert-butylbenzene 93.4 44.7 
1-IsopropyWtert-butylbenzene 150.2 55.4 
1,4-Di-tert-butylbenzene 160.0 95.5 
1-Met,hyl-4-n-amylbenzene 111.2 58.1 
1-Ethyl-4-n-amylbenxene 151.8 58.1 
1-n-Propyl-4-n-amylbenzene 250.8 95.5 
1-n-Butyl-4-n-amylbenxene 315.8 121.4 
1,4-IX-n-amylbenzene 429.4 108.2 

23.2 21.1 16.0 6.4 
25.1 30.7 21.6 6.7 
25.1 14.8 21.6 6.3 
20.4 20.0 21.6 5.5 
27.9 33.x 20.4 5 3 
30.2 30.7 17.1 8.4 
49.2 43.4 23.x 7.4 
43.6 43.4 20.4 7.1 
32.5 31.7 22.7 5.4 
30.6 36.9 21.6 6.1 
32.5 36.9 20.4 6.2 
26.9 26.5 17.1 6.9 
2’2.6 11.2 16.0 6.1 
46.4 36 .9 21.6 6.9 
39 1 36.9 21.6 9 .2 
44 9 13.8 19.3 x.9 
56.6 42.4 21.6 7.4 
26.4 23.1 21.6 6.9 
16.6 15.9 13.7 6 Y 
27.4 22.1 12.6 7 5 
26.4 23. I 23.X 7.8 
26.4 :3!2. I 19.S X.1 
16.6 21.1 1x.2 6.1 
22.6 14.x 12.6 8.2 
25.4 14.x 9 .8 10.0 
41.0 26.5 24.9 7 .5<’ 
28.3 28.6 26.3 6.4 
30.2 24.4 22.7 x.2 
40.1 36 9 23.8 9.0 
69.1 28.6 26.3 10.0 
71.3 60.3 34.2 10.7 

a In ether solution. 

Fio. 3. The dependence of the adsorpt,ion heats 
on the number of carbou atons in the molecrilea of 
the dinlkylbenzeues. 

values of the molar adsorption heats are 
also valid for the four series. Moreover, in 
series (b) and (c), the increase of the 
molecular weight by one methylene group 
has a considerably greater influence than 
in the (a) series. In the (d) series there is 
a relatively greater deviation from the 
linear character of this dependence at the 
transition from I ,Qdimcthylbeneene to 
1,4-diethylbenzene. 

The dependence between structure and 
heat of adsorption is more complex. With 
the isomeric 1-methyl-4-butylbenzenes (l- 
methyl-4-n-butylbenzene-6,2; l-methyl-F 
see-butylbenzene-6,3; and l-met’hyl-4-tert- 
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5i 

I I1 / II 2 
C8 c9 CK c,, Cl, C.3 CM C.5 Cl6 

FIG. 4. a, b, c, d. Influence of the length of t.he 
normal side chains on the values of the molar ad- 
sorption heats. In all rases R=CH,, C,H,, n-C&Hi, 
n-C,H,, n-CjH,,. 

butylbenzene-6,l) there arc no e.$scntial 
differences in the molar adsorption heats 
depending on the structure of the side 
chain. In the isomcric I-ethyl-4-butylben- 
zencs, there is a clearly expressed trend of 
a rise in the heats at the transition from 
normal to tcrt’iary butyl group (1-ethyl-4- 
?z,-butylbcnzrne-6,9; I-ethyl-4-sec-but’ylben- 
zcnc-7,Fj, and I-ethyl-4-tert-butylbenzene- 
8,2). Such a trend is also apparent between 
l-?r-propyl-4-n-butylbenzene-7,4 and l-n- 
I,ropyl-4-see-hutyl-bcnzcnzcne-8,l. Utterly dif- 

fcrcnt in character is the dependence 
bctwcen the 1,4-di-n-butyl, 1,4-di-set-butyl. 
and I ,4-di-tert-butylbcnzcncs in which the 
JX~IICS of the adsorption heats change as 
follows: 9,2, 6,9 and 7.5. 

Thcrc~ is no consistent influence of the 
mutual l)osition of the substitucnts in the 
benzene> ring on the atlsorption heats. The 
cliffcrctlccas are frequently within the limits 
of the errors of the method, and are some- 
timrs of opposite sign. For instance, all 
l)araisomcrs investigated by us:. with the 
clxccption of p-diethylbenzcne, show higher 
value:: of adsorption heats than the rcspec- 
t)ivc metaisomers. The opposite i:: observed 
with diethylbenzcnc ; t’he metaisomcr has 
higher ~lucs of molar adsorption heats 
than the paraisomcr. Such a correlation be- 
twccn the 1ncta and paraisomers has also 
been observed by Kraus and Strnad (7’1 in 
c~thyltolucnc~. Furthermore, our adsorption 
heat, for I-1nctl1yl-4-ctl1yll,enzenc (6,4) on 
silica-aluniin:~ agrees well with that founcl 
by Krnus and Strna~l (6,2) for the same 
dialkylbcnzcnc on alumina imprcgnatcd 
with aliui~inium fluoroboratr. 

The adsorption heats of the ortho- 
isomers in the case of xylencs and diethyl-- 
brnzencs are higher than those for the 
pnra and mc+aisomcrs. In the case of the 
isomcric but~yltolucnes, however, the ortho- 
isomer has the high& adsorption heat, 

As already noted, the heats of adsorption 
increase linearly wit’11 molecular weight. 
The reactivity of the dialkylbenzenes, cs- 
pcriallp towards dealkylation, shows a 
similar dependence (1-61. Thr structure 
and the mutual po&ion of the subntituents 
in the benzene nucleus have a definite ef- 
fect on the adsorption heats and on the 
character and degree of the catalytic con- 
versions of the dialkylbenzcnes ovclr silica- 
alumina. It is difficult to make a strict cor- 
relation between the adsorption and the 
reactivity of the dialkylbenzenca, due to 
the complex character of the processes in- 
volrcd and to the limited number of 
standard hytlrocarhonr investigated. Ncver- 
theless, t’he data obtained in this respect 
do testify to the explicit role of the adsorp- 
tion in the catalytic conversions of tli- 
alkplbenzcnes on silica-alumina. 
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