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Abstract—The rate of homogeneous nitration of chlorobenzene with9@® nitric acid is proportional to

the chlorobenzene concentration and activity of nitric acid. The existence of linear correlations between
the rate constantk, ,, and the acidity functionH and between lok; ., values (calculated using NCcon-
centration) and the acidity function(Hg + IogaHzo) indicates that the nitrating species is nitronium ion
generated by reaction of 8" with nitric acid monohydrate. Increase in the energy of activation with rise

in water concentration is explained by increasebiffor equilibrium formation of nitronium ion.

The main preparative procedure for synthesis othe temperature dependences of the pseudofirst-order
chloronitrobenzene is based on the nitration of chlororate constants are well described by the Arrhenius
benzene with a mixture of nitric and sulfuric acids [1].equation.

Chlorobenzene is poorly soluble in the acid mixture; |y order to determine the mechanism of nitration
therefore, the reaction mixture is heterogeneous ({ye examined the dependence of the reaction rate on
consists of organic and inorganic phases). The reagie acidity of the medium. According to the data
tion was found to occur at a high rate in the acidyf gpectrophotometric measurements, in-90%
phase; the overall reaction rate is determined by thg, equs solutions nitric acid exists as the hydrate
slowest stage, diffusion of the reactants into the reaquos. H,0 and its dissociation into nitrate ion and

tion zone [2, 3]. Unlike mixtures of sulfuric and nitric hydroxonium ion is minimal [6]. On raising the nitric

alcids:[ c;l;)robenztene'is{hreaoflily scilrl:ble in n;tfic_ta_‘dd agcid concentration, the degree of hydration decreases,
eievaled temperaure, neretore, € Use of Nitnc acl,y the contribution of self-ionization to formation

alone as nitrating agent should eliminate deceleratingf nitronium ion_ increases

effect of diffusion on the overall rate of the process. '

However, the kinetics of nitration of chlorobenzene

was studied only for aqueous solutions of nitric acids - —In(D,, - Do)
with a concentration of 650% at 25C [4]. 1.6 r

In the present work we examined the nitration of '
chlorobenzene with 7Z®0% nitric acid under condi- 1.2
tions of pseudofirst-order reaction over a wide tem- 1.0
perature range. Figure 1 shows typical kinetic curves ¢3
for accumulation of chloronitrobenzene in the nitra- .
tion of chlorobenzene with 75.33% nitric acid and the
corresponding semilog plots. The slope of the linear
logarithmic plots of the nitration rate versus chloro-
nitrobenzene concentration is close to unity=(0.97
to 1.05) throughout the examined ranges of nitric acid
concentrations and temperature (Fig. 2). This indicates
the first order of the reaction in chlorobenzene under _ - . :

Fig. 1. Kinetic curves for accumulation of chloronitro-

the glveh C_Ondltlons [51 o benzene in the nitration of chlorobenzene with 75.33%
The kinetic parameters of the nitration of chloro- nitric acid and the corresponding semilog plotd) (2,
benzene are given in Table 1. Figure 3 shows that (2) 75, @) 78, and §) 82°C.
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Table 1. Apparent rate constankgpx 10? (s‘l) and energies of activation for nitration of chlorobenzene in nitric%cid

[HNOg], % | 51°C | 55°C | 59°C 63°C 6%°C 72°C 75°C 78C | 82°C | 87°C | E, kd/mol

70.36 - - - - - - 3.6 59 | 12.6 | 275 | 178+2
75.33 - - - - - 7.6 13.3 26.2 | 56 83 170+2
80.44 - - - - 8.7 16.2 25.2 45 75 - 167+2
90.50 12.7 | 16.7 | 30.1 45 81 112 151° 202 - - 98+2

2 In all experiments the concentration of chlorobenzene was 866 M.
P Obtained by extrapolation of the, ,—1/T dependence (Fig. 3).

Taking into account that the formation of nitronium therefore,
ion in both aqueous sulfuric acid and aqueous nitric

acid is reversible and that it involves two water logky ap = 10g(Kegko) — (Hg + logay o), (8)
molecules [7, 8], the nitration process may be re-
presented by the following scheme: whereHpy, is the acidity function determined from the
ionization equilibrium of triarylmethanols [9].
kq While studying the effect of medium acididy on the
HNO; H,0 + H'(H,0), ==——= NO} + (n+2)H,0 rate of nitration of a large number of aromatic and
- () heterocyclic compounds with HNOH,SO, mixtures,

ks it was found that a slope close to unity (0-9508) is
ClCH; + NO; —— CIGH,NO, + H" () observed only for the linear correlation of lkg,,
I II with —(Hg + IogaH O) According to [7, 8], these data
indicate that in aqueous sulfuric acid the nitrating
Assuming that the concentration of nitronium ionagent is nitronium ion generated by reaction (1). There
is gausistationary, we obtain Eq. (3) for the rate ofire no published data on the existence of analogous

accumulation of the nitration product: correlations for nitration of aromatic hydrocarbons
with aqueous nitric acid.
oy ky ko ap+ &l o Unlike HNO;-H,SO, mixtures, Hg values for

[l aino, (3  aqueous nitric acid were determined only at 20 and
25°C [10]; therefore, in our calculations we used the
second-order rate constanks,, derived from the
‘pseudofirst-order rate constantg, extrapolated to

a temperature of 2& by the formula

ot kKiafoalo + klll

where a is the activity of the corresponding species
At low chlorobenzene concentratidn, aﬁzo aﬂzo >>

k,[1], and Eqg. (3) can be transformed into
k
S0 g Ky Ay 2ap = Kagf@ino,

0t kyabg 1 2o, “) The activity of nitric acid was calculated by the

equation

with the second-order rate constant
logayno, = 2log(f x),

Keq Ko ap*
Koap = Kaf@hno, = eqT (5) wheref and x, are, respectively, the coefficient of
aH,0 activity and molar concentration of nitric acid in the

system nitric acidwater [11]. The values ofl, were
taken from [10]. The results are given in Table 2.
Figure 4 shows that only the correlation of log,,

logks, ., = log(Keq ko) + log(ay+/ad o). (6) With the acidity function Kiz + logay, O) has a slope
2ap eq™ B0 close to unity (0.96). This fact supports the assump-

where K, is the equilibrium constant (1). From
Eq. (5) we obtain

It is known that tion that the formation of nitronium ion in both
agueous sulfuric acid and aqueous nitric acid follows
Iog(aH+/aE|20) = —(Hg + logay o); (7) the same mechanism involving reaction of nitric acid
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Fig. 2. Logarithmic plots of the rateM = D./t) of nitration

of chlorobenzene with nitric acid versus optical density
of chloronitrobenzene solutions. Nitric acid concentration,
%: (1) 70.36, 78C (n = 0.99); @) 75.33, 72C (n = 1.01);

(3) 80.44, 69C (n = 1.05); @) 90.50, 52C (n = 0.97);

n is the order of reaction.
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Fig. 3. Arrhenius plots for the nitration of chlorobenzene
with nitric acid of various concentrations. The numbers
of plots correspond to those given in Fig. 2.
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Fig. 4. Correlations of log,,, with acidity functions at
25°C: (1) Hy, n=2.92; @) Hg, n=1.44; @) Hg + IogaHzo,
n = 0.96; n is the slope.

and the apparent second-order rate constantkjl

for nitration of chlorobenzene, calculated with regard
to the nitronium ion concentration. As follows from
equilibrium (1), the activity ratio of nitronium ion
and nitric acid can be expressed by Eq. (9):

2
aNo, af,o0 fnos

[NO3] ) Keq Ay

(9)

Substitutinga,y . iNto Eq. (3) for the reaction rate
gives Eq. (10) for the bimolecular rate constant:

ko fNo; aﬁzo

oo = KflNO = — =25 (10
then
. ko fNo; aﬁzo ko fNo;
IogkZap = log Keg + log o = Keg
+ (Hg + logay o). (11)

If Eq. (11) is applicable to nitration of chloroben-
zene with aqueous nitric acid, we could expect a linear
correlation between Idg ,, and—(Hg + loga, o) with

a slope close to unity. The concentrations of nitronium
ion were obtained by extrapolation of the data in [7].
The plot of log, ., versus—(Hg + logay, o) is shown

in Fig. 5; it is linear, and its slope is 0.99.

Thus the results of our kinetic study lead us to
conclude that the rate-determining stage in the nitra-
tion of chlorobenzene with aqueous nitric acid is the
reaction of the aromatic substrate with nitronium ion
generated by the reversible reaction of nitric acid
monohydrate with hydroxonium ion.

Cox and Strachan [2] reported the pseudofirst-order
rate constantk;, for nitration of chlorobenzene in
70.2% sulfuric acid at 2% to be 3.3<10° s1. Com-
parison of this value with the data in Table 1 shows
that the nitration of chlorobenzene with-8D% nitric
acid proceeds at approximately the same rate, but in
90.5% nitric acid the reaction rate increases by almost
two orders of magnitude.

Analysis of the activation parameters (Table 1)
shows that increase in the concentration of nitric acid
is accompanied by reduction of the activation energy,
which becomes especially significant in going from

monohydrate with hydroxonium ion. An additional 80% to 90% nitric acid. An analogous pattern was
support of the role of nitronium ion as active nitratingobserved in the nitration of aromatic hydrocarbons
species in aqueous nitric acid was obtained by studyith mixtures of sulfuric and nitric acids [2]: The
ing the relation between the acidity of the mediumenergy of activation decreases by about 3.1 kJ/mol as
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Table 2. Second-order rate constanks,, for the nitration of chlorobenzene with nitric acid and acidity functions
of aqueous nitric acid at 28

[HNO4], ki x 10P, Ky oox 10°,

% 3 AP o1 d | logkaay -Ho -logay, o -Hr | -(Hg * logay o)
70.36 0.12 0.012 6.93 4.01 0.99 5.00 5.99
75.33 0.65 0.063 6.21 4.32 1.14 5.46 6.60
80.44 1.02 0.286 5.55 4.65 1.33 5.98 7.31
90.50 464 11.3 3.95 5.00 2.05 7.05 9.10

the sulfuric acid concentration rises by 1 mol %.a greater fraction (by about 5%) pfchloronitroben-
According to our data, the reduction in the activationzene and smaller fraction (by 1Z%) of the meta
energy for nitration of chlorobenzene with -8D% isomer, as compared with reactions in HNE&,SO,
nitric acid is 0.82 kJ/mol per 1 mol % of nitric acid, mixtures, which may be explained in terms of the
and in going from 80% to 90% nitric acid this value different activities of the nitrating agent in these
increases to 3.61 kJ/mol per 1 mol % of nitric acid. media [13].

The experimental energy of activation in homo-
geneous nitration is the sum of the energy of activa- EXPERIMENTAL
tion (E,) of reaction (2) and the change in the enthalpy
(AH) of equilibrium (1): The kinetics of nitration of chlorobenzene were
studied by spectrophotometry using a PerKimer
E = E, + AH. (12) 402 spectrometer (1-cm quartz cells). The isomer
composition of the product was determined by GLC

The quantityE, is determined mainly by the sub- ©0 & Tsvet-500M chromatograph equipped with
strate nature rather than by properties of the mediun@ thermal conductivity detector; stationary phase
therefore, the observed variation &f is caused by 5% of XE-60 on Chromaton-N-AW-DMC (0.315
decrease of\H with rise in the nitric acid concentra- 0-400 nm); column length 3 m; carrier gas helium;
tion, and it reflects increasing contribution of self-iNjieéctor and detector temperature 360 oven tem-
ionization to the formation of nitronium ion and Perature programming: 40 s at“@ 90 s at 188C,
weakening of its solvation as the activity of water in@nd 150 s at 32T.
the reaction system decreases. This is supported by Reagent-grade nitric acidil’ = 1.501 g/cr) con-
the fact that ionization of water in the system HNO taining 98% of the main substance was distilled under
H,O becomes appreciable when its concentratioreduced pressure from a mixture with sulfuric acid
reaches 10 wt % [12]. Presumably, in nitric acid withand was then diluted at’G with twice distilled water
a concentration lower than 90%H sharply increases to a required concentration. To remove nitrogen
due to increase of the contribution of reaction (1) tooxides, sulfamic acid was added to the mixture of
formation of nitronium ion. As a result, the energy ofnitric and sulfuric acids prior to distillation. The con-
activation in the nitration of chlorobenzene withcentration of nitric acid was determined by titration
70-80% nitric acid is almost twice as high as that
found for 90% nitric acid. 108 K3 ap

It should be noted that the experimental energy of 4t
activationE = 98.64 kJ/mol for nitration with 90.5%
nitric acid is fairly consistent with the value 85 kJ/mol
found for homogeneous nitration of chlorobenzene in 2t
70.2% sulfuric acid. .

Chloronitrobenzene obtained in experiments with . : - :

90% nitric acid at 5569°C contained 6870% of the 6 7 8 ?

para isomer, 29.531.9% of theortho isomer, and —(Hg +loga,o)

0.1-0.5% of themetaisomer. Thus, the nitration with

aqueous nitric acid is characterized by formation of Fig. 5. Plot of logk; ., versus-(Hg + loga,,o) at 25C.

3F
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with alkali. Chlorobenzene was purified by distillation
just before use, and its purity was checked by GLC.

The nitration was performed using nitric acid with 1-
a concentration of 70.36 to 90.50%. For each concen-
tration the temperature range was selected so as to
ensure homogeneous reaction mixture. The reactions
were carried out in a cell maintained at a constant?-
temperature (within+0.1°C) by injecting chloro-
benzene into nitric acid heated to a required tempera-3:
ture. Samples of the mixture were withdrawn at
specified time intervals and were transferred to a fixed 4.
amount of ethanol, and the optical density of the
solution was measured.

The concentration of chloronitrobenzene was deter-°-
mined at a wavelength corresponding to the UV
absorption maximum of chloronitrobenzene isomers
(A, = 340 nm) in the presence of a 20-fold molar &
amount of nitric acid. The pseudofirst-order rate
constantsg;, were calculated by the equation

kip = TLIN[(D,, ~ DY/(D.., ~ Dy, 8.
whereD,, D, andD_ are the optical densities at the
initial moment, by the end of the reaction, and at
time t. The error in determination & did not exceed

+5%. The concentration of chloronitrobenzene wag ,
calculated by the equation '

9.

11.
c, = D, VeVl
whereV (l) is the amount of ethanol used for dilution 12.
of the reaction mixtureV (I) is the amount of the
sample withdrawn, anelis the molar absorption coef- 13.
ficient, 6620 | mottcn™.

et al.
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