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Abstract-Kinetics of homogeneous nitration ofp-nitrochlorobenzene with 85395% nitric acid was
investigated. An introduction of a nitro group into a chlorobenzene molecule results in1600 timesdecelera-
tion of nitration. It was presumed from comparison ofkinetic parameters and correlations of logkeff for the
mono- and dinitration with the acidity functions ofnitric acid that the limiting stage inp-nitrochlorobenzene
nitration was the transformation of diffusion pairs into reactionproducts, whereas in chlorobenzene nitration
the limiting stage consisted in diffusion pairsformation.

2,4-Dinitrochlorobenzene is widely used as an
initial compound in the organic synthesis. The most
common method of its production is a nitration of
nirtochlorobenzene with mixtures of nitric and
sulfuric acids [1]. The kinetics of homogeneous
nitration of nitrochlorobenzene by nitric acid in
sulfuric acid medium is sufficiently wellstudied. It
was demonstrated that like the behavior of nitrobenz-
ene, p-nitrotoluene, 2,4-dinitrotoluene and the other
aromatic compounds the bimolecular rate constant of
nitration of o- and p-nitrochlorobenzenes into 2,4-di-
nitrochlorobenzene went through a maximum at 25oC
in 89390% sulfuric acid, and itsdecrease at further
increase in sulfuric acid concentration was apparently
due to diminishing activity coefficient of the non-
ionized aromatic substrate [2, 3].

No publications appeared on kinetics of homo-
geneous nitration of nitrochlorobenzene isomers with
nitric acid only.

We studied [4] kinetics of chlorobenzene nitration
with nitric acid under homogeneous conditions into
a mononitrocompound. In order tocompare the
mechanism of the mono- anddinitration, of their
limiting stages, it was necessary to measure the rate
of dinitrochlorobenzene formation in this system.

The nitration was carried out withp-nitrochloro-
benzene that furnished a single reactionproduct,
2,4-dinitrochlorobenzene[3].

We established that due to the deactivating effect
of a nitro group the nitration of thep-nitrochloro-
benzene into 2,4-dinitrochlorobenzeneoccurred with
a measurable rate only in nitric acid of concentration
greater than85%.

Typical curves of 2,4-dinitrochlorobenzene ac-
cumulation and their semilog plots are given on
Fig. 1.

The dependence of nitrationrate on the concentra-
tion of the arising dinitrochlorobenzene in all studied
ranges of nitric acid concentrations and of tempera-
ture (Fig. 2) is linear in bilog coordinates, and the
slope is close to unity (n 0.9831.08), andthus the
assignment to the selected conditions of the pseudo-
first order is valid [5].

Effective rate constant of the pseudofirstorder
k èff corresponding to accumulation of dinitrochloro-
benzene under experimental conditions does not
change in the course of theprocess.

Fig. 1. Kinetic curves of 2,4-dinitrochlorobenzene accu-
mulation during nitration of 4-nitrochlorobenzene with
90.5% nitric acid, and theirsemilogplots. (1) 65, (2) 75,
(3) 85oC.
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Fig. 2. Dependence of nitration velocity of 4-nitrochloro-
benzene with nitric acid (V = DC

t
/Dt) on concentration

(c
t
) of arising 2,4-dinitrochlorobenzene at 85oC. [HNO3],

%: (1) 85.0 (n 1.01), (2) 90.50 (n 0.98), (3) 95.10 (n 1.08).

Fig. 3. Arrhenius plot for chlorobenzene nitration at various
concentrations of nitric acid [HNO3], %: (1) 85.0, (2) 90.5,
(3) 95.1.

The dependence of nitration velocity on the
temperature fits to Arrhenius equation(Fig. 3). The
obtained values of pseudofirstorder rateconstantk èff
are presented in Table 1.

Taking into account the significant difference in
nitration rates of chlorobenzene and its nitro deriv-
ative that will be demonstratedfurther, andalso the
participation of two water molecules in the reversible
reaction of the nitronium cation formation in the
aqueous nitric acid [6, 7], we suggest the following
scheme for the nitration of nitrochlorobenzene:

k1
HNO3 .H2O+ H+

. (H2O)n 33364333 (n+ 2)H2O+ NO2
+ (1)

k
31

k1

HO2 + ArH 3336
4333 ArH .NO2

+ (2)
k
31

Table 1. Dependence of pseudofirstorder rateconstant
of 4-nitrochlorobenzene nitrationa on nitric acid
concentration and reaction temperature
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

[HNO3],
³ k èff0104, 1/s ³ E,
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´

% ³ 55oC ³ 65oC ³ 75oC ³ 85oC ³
kJ

³ ³ ³ ³ ³

ÄÄÄÄ

³ ³ ³ ³ ³

mol
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ

85.0 ³ 0.31 ³ 0.90 ³ 2.6 ³ 5.5 ³ 93+2
90.5 ³ 0.43 ³ 1.20 ³ 3.4 ³ 7.1 ³ 90+2
95.1 ³ 0.74 ³ 1.95 ³ 5.2 ³ 11.7 ³ 88+2

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
a In all experiments the concentration of 4-nitrochlorobenzene

was 1.06 mol l31.

ArH . NO2

+
3336Ar

+

e

i

H

NO2
3336 ArNO2 + H+ , (3)

where ArH3NO+
2 is a diffusion pair[8].

Regarding the nitronium concentration as sta-
tionary we obtain the following expression fr the
reaction rate:

3d [ArH] k1k2k3[ArH] .aHNO3 .aH+ .an
H2O

ÄÄÄÄÄÄ = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ . (4)
dt k

31 .a
2
H2O .a

n
H2O(k2 + k3) + k2k3[ArH]

At low concentrations of the aromatic compound
in excessnitric acid

k
31 .a

2
H2O .a

n
H2O(1 + k

32 / k3) >> k2[ArH] (5)

and expression (4) can be written as follows:

3d [ArH] k1 k2 .aHNO3 .aH+ [ArH]
ÄÄÄÄÄÄ = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ . (6)

dt k
31 .a

2
H2O(1 + k

32 / k3)

At nitration of aromatic hydrocarbons of high reactivity
k3>> k

32, and the pseudofirst order constant is

Kp1k2 .aHNO3 .aH+

keff = ÄÄÄÄÄÄÄÄÄÄÄ (7)
a2

H2O

whereKeq1 is the equilibrium constant of reaction(1).

At nitration of aromatic hydrocarbons of low
reactivity k3<< k

32, and the stage (3) of transforma-
tion of diffusion pair into reaction productsbecomes
the rate limiting one. In this case the pseudofirst
order constant is
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Kp1Kp2k3 .aHNO3 .aH+

keff = ÄÄÄÄÄÄÄÄÄÄÄÄÄ (8)
a2

H2O

whereKeq2 is the equilibrium constant of reaction(2).

To elucidate the nitration mechanism of nitro-
chlorobenzene we studied the dependence of the reac-
tion rate on the acidity of themedium. Since for
temperature higher than 25oC are no data on activity
of the aqueous nitric acid in the calculation of the
bimolecular rate constant along the equationkeff =
k èff/aHNO3

were used k`eff values extrapolated to
25oC. The values ofkeff obtained are given in
Table 2.

The transformation of equation (8) gives the fol-
lowing expression for the bimolecular rate constant:

Kp1Kp2k3 .aH+

keff = ÄÄÄÄÄÄÄÄÄÄ (9)
a2

H2O

and consequently

logkeff = logKp1Kp2k33 (HR+ logaH2O). (10)

The dependence of logkeff on acidity functionsH0,
HR and (HR+ logaH2O

) is described by equations
(11313) respectively.

logkeff = 3(9.77+0.12)01032
3H03(7.90+0.02) (11)

r 0.99, s 0.014.

logkeff = 3(4.74+0.19)01032
3HR3(7.74+0.01) (12)

r 0.99, s 0.075.

logkeff = 3(3.06+0.16)01032
3(HR+ logaH2O)

3 (7.68+0.02) (13)
r 0.98, s 0.098.

It is seenfrom these equations that the slopes of
all these linear dependencies are verysmall, i.e., the
nitration rate is weaklyaffected by the change in
acidity of the aqueous nitric acid expressed by these
functions.

These results are unlike those obtained in the study
on kinetic and mechanism of the chlorobenzene
mononitration. Weshowed in [4] that in the chloro-
benzene nitration with aqueousnitric acid the logkeff
depended linearly on the acidity functionsH0, HR
and (HR+ logaH2O

), and the slope of the plot was
close tounity. Thecomparison of kinetic parameters
and dependencies thereof on the acidity of medium in
nitration of chlorobenzene and nitrochlorobenzene
suggests that in the chlorobenzene nitration with the
aqueous nitric acid the process rate is determined by
the stage of diffusion pairs formation(2). Apparently
under conditions where the rate of diffusion pairs
transformation into reaction products is considerably
higher than the rate of their dispersion the nitration
kinetics is described by equation(7), and the bi-
molecular rate constantkeff characterizes the equilibr-
ium process of nitronium cation formation along
reaction (1) that is affected by the mediumacidity.
This reasoning is supported by thefact that the for
a linear correlation logkeff = f (HR+ logaH2O

) which
we have calculatedfrom thedata of [8] on nitration of
mesitylene and p-xylene with aqueous nitric acid the
slope was equal to1.1. Therate of nitration for these
compounds was limited by the stage of diffusion pairs
formation [8].

The weak dependence of thenitration rate of the
nitrochlorobenzene on the medium acidity may show
that due to the low reactivity of the substrate the
dispersion rate of diffusion pairs is higher than the
rate of their transformation into the reaction products.
Therefore the stage (3) becomeslimiting, and its rate
constant is not directly dependent on the medium
acidity and is determined solely by reactivity of the
substrate.

It is seenfrom thedata of Table 2, thatkeff grows
only insignificantly with increasing concentration of
the nitric acid. It is presumablethat as an additional
factor reducing the influence of the medium acidity
on the reaction rate operates the decrease in activity
coefficient of the substrate in themore concentrated

Table 2. Values of nitrationrate constant for 4-nitrochlorobenzene nitration withnitric acid, and theacidity functions
of the latter, 25oC
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
[HNO3],³ k èff0106, ³ keff0108, ³ 3logkeff ³ logaHNO3

³ 3H0 ³ 3logaH2O ³ 3HR ³3(HR+log aH2O)
% ³ 1 s31 ³ l mol31 s31 ³ ³ ³ ³ ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
85.0 ³ 1.06 ³ 3.80 ³ 7.42 ³ 1.45 ³ 4.96 ³ 1.61 ³ 6.57 ³ 8.18
90.5 ³ 1.59 ³ 3.89 ³ 7.40 ³ 1.65 ³ 5.00 ³ 2.05 ³ 7.05 ³ 9.10
95.1 ³ 2.93 ³ 4.57 ³ 7.34 ³ 1.81 ³ 5.75 ³ 2.58 ³ 8.33 ³ 10.91

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
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nitric acid as was observed for nitration of nitrobenz-
ene isomers in sulfuric acid medium[4].

The data in Table 1 indicate that in nitrochloro-
benzene nitration the experimental value of activation
energyE only slightly decreases with growing con-
centration of nitric acid; apparently the activation
energy is weakly affected byDH of the process of
nitronium cation formation along reaction(1).

The comparison ofkeff values for mono- and di-
nitration of chlorobenzene shows that introduction of
a nitro group in the para-position with respect to
chlorine results in 1600 times reaction rate decrease,
whereas in homogeneous nitration in sulfuric acid
medium the ratiokeff

mono/keff
di equals 135[9]. Presum-

ably this difference is due to lower activity and con-
sequently higher selectivity of the nitrating agent in
the aqueous nitric acid[3].

EXPERIMENTAL

The procedure for preparation of nitric acid water
solutions was described in[4].

We used p-nitrochlorobenzene of mp83.5oC,
2,4-dinitrochlorobenzene of mp51.0oC from ethanol).

The nitration kinetics was studied by means of
GLC on a gas chromatograph Tsvet-500M by measur-
ing 2,4-dinitrochlorobenzene accumulation under
conditions of pseudofirstorder at 20-fold molar
excess ofnitric acid. The stationaryphase used was
XE-60 (5%) on Chromaton-N-AW-DMC with
particle size0.32530.400 nm. Carrier gas helium,
detector katharometer, detector temperature 360oC,
oven temperature programmedfrom 90 to 360oC.

The reaction was carried out in a flask kept at
constant temperature and equipped bystirrer, thermo-
meter, andsampling device. Aweighed portion of
p-nitrochlorobenzene was charged to the flask at stir-
ring into the nitricacid of a given concentration. The
reaction progress was monitored by sampling.
Temperature in the course of reaction was controlled
within +0.1oC. The samples of the reaction mixture
were diluted with excess 2-propanol and analyzed for

content of mono- and dinitrochlorobenzeneisomers.
The effective constants of pseudofirstorder were
calculated by theformula:

(c
i
3c0)

k` = t
31 ln ÄÄÄÄÄ ,

(c
i
3c

t
)

where c0, c
t
, c is dichlorobenzene

concentration, mol l31 at the start of reaction, at the
moment of measurement, and at the end of the experi-
ment respectively.
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