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Kinetics of Nitration of cis-1,4-Polybutadiene Rubber in Solution
with Nitrogen Dioxide
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ABSTRACT: The kinetics of nitration of cis-1, 4-polybutadiene rubber dissolved in dichlo-
roethane in the range of concentrations up to 2.29; was studied in a stirred cell. It was found
that diffusion of nitrogen dioxide is not important and the reaction is of the first order with
respect to both reactants. The overall second-order reaction rate constant was found to be
about 1.1 x107%//(gmol sec) at 303K. The obtained value for the activation energy cor-
responds to kinetic regime. Based on these results a reaction mechanism is proposed.
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The nitration of polymers holds out new pos-
sibilities for changing and improving their quali-
ties, and for obtaining many new products with
valuable properties as well. In spite of a great
number of investigations which have been made in
that direction," there is very little information
regarding the kinetics of elastomer-nitrating agent
interaction."™® This is due to the complexity of
polymer conversions at which the functional com-
position and physical properties of macromole-
cules are simultaneously changed. Apart from
that, for lack of a built-up and widely accepted
theory and methods of investigation, it is difficult
to establish the mechanism and kinetics of the
nitration of elastomers.

This work is an attempt to apply the theory of
gas absorption accompanied by chemical reaction
to discern the type and kinetic mechanism of inter-
action of a solution of cis-1, 4-polybutadiene rubber
in 1, 2-dichloroethane (DCE) with nitrogen dioxide.

EXPERIMENTAL

Materials

For this purpose, an elastomer type SKD-2%*
was used. It was purified by a double precipita-
tion with methanol from a 2-9%; solution in DCE.

*  SKD-2 is a commercial Russian butadiene rubber
>ontaining 96—98 9} cis-1,4-structure.

Pure nitrogen dioxide was obtained by thermal de-
composition of reagent grade Pb(NO;)., followed
by further purification of the gas consisting of a
reiterated crystallization of its dimer form at
—20°C.

Procedure

Experiments were carried out in a 6.6-cm i.d.
glass stirred cell with an effective interfacial area
of 31.8cm® which was similar to that used by
Dankwerts and Sharma.' The stirred cell was
provided with a glass jacket where constant-
temperature water circulated from a thermostat.
A glass stirrer with four flat blades was used. The
liquid level in the cell was adjusted so that the
stirrer just dipped into the liquid. The speed of
agitation could be kept constant in the range of
40 to 120 rpm.

Figure 1 shows the experimental set up. It
was possible to operate continuously (contour I in
Figure 1) or in a batch manner (contour II in the
same figure) with respect to the gas, i. e., without
discharge of the gas.

In the experiments the gas line and the stirred
cell were first purged with nitrogen dioxide. After
that , a known amount (100—200 m/) of the rubber
solution of known concentration was introduced
into the cell. On rotating the stirrer, nitrogen
dioxide saturated with DCE at the reaction tem-
perature was passed into the cell and its flow rate
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Figure 1. Experimental set-up: 1, stirred cell; 2,
burette; 3, vessel with mercury; 4, vacuum gage;
5, bubbler for saturation with DCE, 6, capillary flow-
meter; 7, manometer; 8, constant pressure device;
9, vacuum pump.

measured by flowmeter 6 (operated continuously).
When operated without discharge of gas, the
amount of nitrogen dioxide consumed during the
reaction was read from the change in its volume
in the apparatus with time. The latter manner
proved to be very convenient, especially when
operating under reduced pressure.

After the reaction time had elapsed, the flow of
nitrogen dioxide was stopped. The reaction mix-
ture was taken out of the stirred cell, bubbled with
nitrogen, and the polymer was precipitated with
methanol. The solid part was filtered off, and
dried under vacuum to constant weight. Then,
the product was analyzed for nitrogen content
by Duma’s method.® Parallel determinations
showed that the amount of combined nitrogen
estimated from volume measurements (when
operated without outlet of the gas) agreed fairly
well with the results obtained from chemical
analysis.

From this, the rate of absorption of nitrogen
dioxide at a given speed of the stirrer was obtained
and the enhancement factor of the reaction cal-
culated.

The specific rate of absorption R was deter-
mined according to the formula

V([B:]—[By])

=t . gmol/em® sec

zFt (1)

where,
V, volume of solution, m/;
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[B,], [B;], initial and final concentrations of
nitroproduct in the reaction mixture
resp., gmol/cm®;

F, interfacial area, cm®;

z, stoichiometric factor of the reaction;

t, reaction time, sec.

and the enhancement factor E from eq 2

R

E= ko [A%] (2)

where,

k1., physical mass transfer coefficient, cm/sec;

[A*], solubility of nitrogen dioxide in the solu-

tion, gmol/cm®.

To determine the concentration of nitro-product
[B] the degree of conversion was calculated on the
basis of the mechanism proposed for the nitration
of some polymers.”®® According to this me-
chanism, the main products were nitro-nitrites and
di-nitro compounds.

RESULTS AND DISCUSSION

Values of k1, were obtained by measurements of
volumetric rate of absorption of the pure NO,
into DCE at various stirring speeds as a function
of time. A correction for the effect of viscosity
and diffusivity was then made.” Solubility [A*]
was determined by saturating DCE with NO, at
different temperatures and analyzing the dissolved
gas with back titration.” The solubility of nitro-
gen dioxide in the rubber solution was taken to be
the same as in DCE. This is unlikely to result in
any significant error since the solutions were
relatively dilute. Table I shows solubility data.

Since the solubility of NO; in DCE is high, in
order to eliminate gas—film resistance, pure gas
without diluent was used in all experiments. To
avoid any significant increase in the viscosity of
solution and precipitation of insoluble nitro-
product, the concentrations of rubber solution were
set in the range 0.037—0.407 gmol// (0.2—2.2%)
and the maximum reaction time was not greater
than 10 min.

The results from the first set of experiments
served as a basis for establishing the regime which
the reaction followed. It has been found that the
specific rate of absorption was independent of the
speed of stirring (i.e., of k). From Figure 2 it
is seen that the specific rate of absorption in-
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Table I. Solubility of NO, in DCE at 760 mm mercury

Temperature, °C 15.0 20.0 25.0 31.4 33.0 40.0 50.0 55.0
Dissolved
NO; x 108, 5.24 4.19 3.24 2.52 2.27 1.63 1.12 0.98
gmol/cm?
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Figure 2. Specific rate of absorption R against vol- 0 ]
ume of rubber solution ¥g; partial pressure of nitrogen o 0 aoe w6 2% 032 040 BLmele
dioxide pxo,=0.872 atm. 00 5 0 15 20 H.% !

creased linearly with the volume of the rubber
solution. In accordance with the theory of gas
absorption accompanied by chemical reaction,
this suggests that the reaction conforms to kinetic
control. This was confirmed by the values of the
enhancement factor E which remained less than
unity, i.e., the conditions for a kinetically con-
trolled slow reaction were fulfilled. This means
that the rate of transfer of nitrogen dioxide to the
liquid phase is much faster than the rate of the
chemical reaction. Hence the liquid phase is
saturated with NO, at any given moment, the dif-
fusional factors are unimportant and the rate of
formation of nitro-products is determined by the
kinetics of the homogeneous chemical reaction.
In such a case, the following equation holds

R’ =k, JA*I"[BI"/V, gmol/cm®sec (3)

where
R’, volumetric rate of absorption, gmol/sec;
kmn, Teaction rate constant which is of m-order
with respect to the gas and of n-order with
respect to the elastomer, cm®/(gmol™ "™
sec).
From eq 3 it is seen that to determine the value of
kmn, the order with respect to the nitrogen dioxide

Figure 3. Specific rate of absorption R against con-
centration of rubber solution [B]; pyo,=0.872 atm.

and to the elastomer is necessary. That is why in
the next runs the concentrations of the two re-
actants were changed. Figure 3 is a plot of R
against the elastomer concentration in solution
[B] at constant [A*]. The linear dependence of
R on [B] indicates that the reaction is of the first
order with respect to polybutadiene rubber. Figure
4 is a plot of R vs. [A*] at constant [B]. It follows
also that the reaction is of the first order with
respect to nitrogen dioxide. Now, eq 3 makes
possible calculation of values of the reaction rate
constant. k, was found to be 1.1x107*cm?/
(gmol sec) at 303 K.

In order to determine the activation energy of the
reaction from Arrhenius equation, experiments at
different temperatures were carried out. The
results are shown in Table II.

The activation energy was found to be —10.4
kcal/gmol for 288—303 K and 14.2 kcal/gmol for
303—319 K, which corresponds to the Kkinetic
regime® and to the nitration as an addition reac-
tion.

The change in the energy might be explained by

Table II. Rate constants and activation energy of the reaction

Temperature, K 288 293
Rate constant &, x 102, 2.6 2.0
cm?/(gmol sec)

Activation energy, kcal/gmol —10.4

298 303 309 315 319
1.6 1.1 2.1 2.8 3.9

14.2
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Table III. Extinction ratios of the nitrated polybutadiene
Temperature, °C 15 20 25 30 36 42 46

E¢_x/Ec—ox 0.45 0.62 0.80 0.86 2.24 2.57 4.43
2.0 tures of nitration the ionic mechanism of inter-
action will prevail. Besides the temperature,
1.6 / the type of solvent will also influence the mecha-
—é?_ / nism of nitration. The use of a solvent with
£ 12 ,/ a high dielectric constant, might benefit the
-:{: / ionic mechanism. Because of this, we observed
= 08 J the prevalence of ionic mechanism even at tem-
peratures higher than room temperature (up to
// 303 K) while Royo, etal.’ stress that the reac-
04 tion of nitrogen dioxide with polybutadiene at
00 this temperature is predominantly. of a radical
0 o T3 T PNozn""“ character. Where we noticed an ionic reaction,
the interaction in the polymer chain results mainly

Figure 4. Specific rate of absorption R against partial
pressure of nitrogen dioxide pyo,: concentration of
elastomer, 1.29; volume of solution, 100 cm?®.

the mechanism of nitration in the used solvent
and temperature range.

Royo, et al.,® established that when chlorina-
tion or nitration of polybutadiene are conducted
in solvents with high dielectric constants (te-
trahydrofuran) up to a border-line concentration,
cross-linking reactions are suppressed, and only
addition and isomerization reactions may occur.
The authors indicated that in the nitrated poly-
butadiene the absorption bands at 1635 and 1548
cm ! are assigned to —O—N=0 group and —C—
NO; group, respectively.

In the IR spectra of the reaction products ob-
tained in this investigation, the absorption peaks
for nitroso (—C—NO) and nitrite-ester (—C—
ONO) groups were not established. As for the
solvent we used, DCE possesses a higher dielectric
constant than tetrahydrofuran (10.2 against 7.4,
resp.), the concentrations of rubber solutions are
under border-line and the reaction time does not
exceed 10 min, so presumably all of the conditions
necessary for the addition and isomerization reac-
tion are fulfilled.

On the other hand, when N,O, is used as the
nitrating agent, the reactions proceed according to
an ionic mechanism. As the equilibrium of the
reaction (eq 4) goes to the left when the tem-

N;O, = 2NO, (4)
perature is lowered, obviously at low tempera-
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in nitrate-ester (—ONO;) groups, while the radical
mechanism results in a nitro (—NO,) group.
Hence, the ratio between C—N and C—ON
groups in the reaction products may serve as a
basis for establishing the mechanism of nitration.

Table III shows the ratios of extinction of chara-
cteristic absorptions of C—N (at 1350 cm™") and
C—ON (at 1630cm™) groups for the reaction
products obtained at different temperatures of
nitration. It may be seen that with an increase of
the reaction temperature, the proportion of nitro-
groups also increases. The reaction appears to
be complex since it involves different products of
the ionic and free-radical mechanisms. At least,
in the low temperature range (15—30°C) the
reaction may follow an ionic mechanism. The
overall reaction rate decreases, while the tempera-
ture increases and the energy of activation is nega-
tive. At high temperatures (30—46°C) the equili-
brium in eq 4 goes to the right, the free-radical
mechanism predominates and the reaction has a
positive temperature coefficient.
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