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KINETIC AND EQUILIBRIUM STUDIES ON ¢-COMPLEXES OF
2, 4, 6-TRINITROANISOLE AND PICRYLSULPHONATE WITH
SULPHITE ION IN AQUEOUS SOLUTION

By MuUNeo Sasakr

The reactions of 2, 4, 6-trinitroanisole (TNA) and picrylsulphonate with
sulphite ion in aqueous solution take place to give intensely colored s-complexes.
Kinetic studies on the formations of these complexes have been carried out by
the stopped-flow method in the temperature range, 15.0~30.0°C. The respective
rate constants for the formation and the decomposition (reverse reaction) of a-
complexes were well consistent with the results of the separate equilibrium
study. The effect of jonic strength on the anion-anion reaction was well ex-
plained by taking into account of the Debye-Hiickel equation. Kinetic and
thermodynamic parameters were determined and compared with the previous
data on the interaction of 1, 3, 5-trinitrobenzene with sulphite ion, and with the
results of methoxide attack to TNB and TNA.

Introduction

The reactions of 1, 3, 5-trinitrobenzene (TNB] with aromatic amines are known to be the charge-
transfer interactions?, but with aliphatic amines or anionic nucleophiles the predominant reactions
have been known to be g-complex formations2.3). The reactions of TNB and its related compounds
with nucleophiles, such as CH;0~ and SO4®", are quite interesting. Complex (I) is only formed from
TNB and methoxide ion at low methoxide concentration in methyl alcohol. Since it was suggested by
Servis® that complex (II) formed by methoxide attack at C, position of 2, 4,6-trinitroanisole (TNA)
henceforth abbreviated 1, 1-complex ——is preceded by a much faster attack at C; position —

the formation of 1, 3-complex (II1), considerable attention has been directed to the spectra, relative
stability and reactivity of these isomeric complexesi~7). Bernasconi has revealed’®) using the “stopped-
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flow temperature-jump” method that (III) is, though thermodynamically less stable, kinetically much
more favored than (II). It has been found that, by NMR spectroscopy in DMSO-H,0 mixed solvent,
the predominant interaction of sulphite ion with 1-X-2, 4, 6-trinitrobenzene (X=CH;0, NH,;, NHCHj,,
efc.) results in only the formation of 1,3-complex at low sulphite ion concentration®; no evidence has
been found for the formation of 1, 1-complex.
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The reaction of TNB with sulphite ion was studied previously®. The kinetic and thermodynamic
parameters for complex (IV) were determined. Mareover, it was found that picrylchloride reacts with
sulphite ion to form both 1,1-complex and 1,3-complex1®, and that picrylsulphonate ion (PS™) is
produced, which reacts further with sulphite ion.

With sulphite ion as a nucleophile, not only kinetic study but equilibrium one is not so enough,
and the present paper deals with the reactions of TNA and PS~ with sodium sulphite especially from
the view point of kinetics.

Experimental

Materials
TNA was synthesized from dinitroanisole by nitration in the usual way, and repeatedly recrystal-
lized from methyl alcohol until constant melting point, 56.5°C (Iit. 56-57°C). Commercial picrylsul-
phonic acid sodium salt (Guaranteed reagent grade) was recrystallized several times from water-ethyl
alcohol (1:3v/v). and dried under reduced pressure at about 90°C until constant weight, Sodium sul-
phite and sodium sulphate were crystallized from aqueous solutions by adding ethyl alcohol, and dried
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The Review of Physical Chemistry of Japan Vol. 43 No. 1 (1973)

46 ' M. Sasaki

under reduced pressure at about 100°C until constant weight. Water as a solvent was passed through
ion-exchange resin and distilled. Spectrograde DMSO was used without further purification. All re-
acting solutions were prepared immediately before the use.

Apparatus and procedure

Kinetics: Kinetic measurements were carried out by the use of a Union Giken SF-71 Stopped-

Flow Spectrophotometer which is operated by the gaseous pressure-drive method, two reacting
solutions are drived into a mixing chamber by pressurizing directly two separate reservoirs with com-
pressed gas. The dead time in this study was kept constant, about 1.0msec. Thermostated water was
circulated around the observation cell compartment (2.0mm quartz cell) and the reservoirs; the tem-
perature was regulated within +0.1°C,

All kinetic and equilibrium runs were performed with sodium sulphite in large excess over sub-
strates. The concentrations of TNA varied from 0.6 x 107* to 1.8 X 10"*mole/l. The concentrations of
PS- varied from 1.0X 107* to 4.3 10~*mole//. Sulphite concentrations were in the range, 0.002~
0.015mole/! in the case of TNA, and 0.010~0.1COmole/! in the case of PS-. The ionic strength, if
necessary, was maintained constant by adding sodium sulphate. The pseudo first-order rate constants
were determined according to Guggenheim’s plot.

Equilibrium: The equilibrium measurements for PS™—S0,*~ system were performed by the
use of the same spectrophotometer. The overall change of amplitude on kinetic oscilloscope trace
cannot give accurate optical density, because the change in the dead time is withdrawn. So the equili-
brium measurements were carried out independently from kinetic runs, being referred to the solvent.
A Shimadzu UV-200 Spectrophotometer equipped with 10mm quartz cell was used in recording the
spectra.

NMR spectra were recorded with a JOEL-C-60 HL (60 MHz) spectrometer at room temperature.
The NMR spectra of TNA-S0,2~ complex were observed in water-DMSO mixzed solvent (30:70v/v),
The solutions were prepared by adding TNA in DMSO to sodium sulphite in water. The sodium
sulphite was in the range, 0.1~0.5mole/l, and TNA was about 0.07 mole/L.

For PS™—S0;*~ system, NMR spectra were recorded in water. The measurements in water-
DMSO mixture were unsuccessful owing to the low formation constant of the complex and to the too
low solubility of sodium sulphite to detect the signal.

Chemical shifts were measured relative to internal tetramethylsilane in media containing DMSO.
However, in water where TMS is insoluble shifts were relative to internal dioxane. A difference of

3.70 ppm was assumed between the two standardsi®,

Resuits and Cansiderations

Reactions of TNA with SO;%~
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The reaction of TNA and SO3*~ under the conditions employed in this study leads to the rever-

sible formation of 1:1 g-complex (V).

OCH,
O:N NOZ
ky SO,-
TNA + S0~ — ’ (1)
ks H
NO,
V)

The absorption spectrum of TNA in water shows no absorption above 400 nm. However, the spectrum
in the presence of sodium sulphite is shown in Fig. 1; a maximum appears at 443nm. On increasing
the concentration of sulphite ion (>0.02 mole/!), a higher complex results from the addition of two
sulphite ions per molecule of TNA: Amax=430nm. The chemical shiits (—8) of TNA in the presence
of sodium sulphite were, in addition to the bands of parent molecule, 6.06 (d 1H) and 8.37 (d 1H);
both could be attributed to the ring protons of complex (V). These spectral properties were fully in
accordance with Crampton’s results®, and the formation of g-complex (V) was confirmed.
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0 . L : Fig. 2 Representative stopped-flow trace
30 400 500 600 at 43am (25.0°C). [TNAJp=1.5 x
Wavelength, nm 10-4mole/!, [Na;S03]y=0.75 x 10-2
Fig.1 Absorption spectrum of complex mole/l.
(V) formed by mixing TNA (2.39 Vertical scale: 40D/div =0.01,
x 10~4mole/!) and Na,SO; (1.08 x Horizontal scale: 5msec/div. An
10-2mole/l) in water upper line shows a flow signal.

Kinetic measurements for the formation of (V) were carried out spectrophotometrically in the
region of wavelength, 410~560nm. When sulphite ion was less than 0.016 mole/!, the kinetic curve for
the formation of (V) obeyed the first-order rate equation. The observed rate constant, 1/r,, was almost
constant despite the different wavelength within the experimental error. A representative oscilloscope
trace is shown in Fig. 2. The pseudo first-order rate constant, 1/7;. was linearly related to the initial
concentration of sodium sulphite as shown in Fig, 3, where all the rate constants were determined from
the measurements at 443nm. Since [Na,SO;]o»[TNA] in all runs, 1/7; can be expressed by Eq. (2),
taking reaction (1) into account.

Tll=k1[Na"'803]o+ k_l . ( 2 )

At each temperature, &, and k_, were obtained from the slope and the intercept, respectively, and the
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equilibrium constant K, (=k,/k_;) was calculated. These are listed in Table 1, where K is in good
accord with that determined separately by NMR spectroscopy.

Table 1 Rate constants &;, k_; and equilibrium constant K,
for the formation of complex (V)

Temp. (°C) & ({mole~lsec!) k_q (sec™)) Ky=ky/k_| (I mole™})
15.0 (3.83+0.10) x 108 13.8+1.6 (2.78£0.35) x 102
20.0 (4.70+0.32) x 103 22023 (2.14+0.36) x 102
(2.1+£0.3)x 102 ™
25.0 (6.694-0.24) x 103 32.0%2.3 (2.0920.24) x 102
30.0 (8.403:0.41)x 103 50.0+-4.1 (1.684-0.22) x 102

a) Reference 8, determined by NMR spectra

There appears no significant effect of ionic strength in the range, #=0.045~0.15. The similar
insensitivity to ionic strength was also found in ¢-complex formation from TNB and sulphite ion9.
This fact is well understood because the reaction takes place between a neutral molecule and an ion.
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Fig. 3 Pseudo first-order rate con- Fig. 4 Absorption spectra of PS- (4.4x
stant, 1/7;, as a function of 10-¢mole/!) in the presence of the
[Na3SO0s)e following concentration (in mole/
©: 300°C, : 25.0°C. 1) of NagS0; in water
@: 25.0°C  u=0.045, (a): 0.02, (b): 0.05, (c): 0.10,
A: 250°C u=0.15, (d): 0.20, (e): 0.40

QO: 200°C, =: 15.0°C

Reactions of PS™ with SO3*~
The NMR spectra of PS- in water in the presence of sodium sulphite (ca. 0.1 mole/!) showed the
bands owing to complex (VI); —§=6.10 (d 1H) and 8.35 (d 1H). This spectrum could be attributed
to the adduct (VI). The visible absorption spectra of solutions containing PS~ and sodium sulphite are
shown in Fig. 4, which indicate, at least, the presence of two interactions. Increasing the concentrations
of sodium sulphite up to 0.1 mole/! caused an increase of optical density with broad maximum at about
500nm. A second interaction occurred with increasing sulphite ion concentration above 0.2mole/l.

The 1:1 stoichiometry of the complex with maximum at 500nm was preliminarily also confirmed by
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the continuous variation ploti®.

Equilibrium measurement: The equilibrium at low sulphite ion concentration was studied spectro-
photometrically.

SO
ky
PS~+80:2" — 0:N NO;
Fs \ 505 (3)
Ko= :_22 NO,
(VD)

Based on Eq. (3), the Benesi-Hildebrand relationship!3) could be applied to a series of solutions in
which one of the components (sodium sulphite in this case) was in considerable excess.
a 1 1 1
0D K X% el (4

where a is the constant initial concentration of PS-, b is the varied initial concentration of sodium
sulphite, OD is the optical density for lem light path length, ¢ is the molar extinction coefficient of
the complex; and K. is, of course, equilibrium constant. The typical plots are shown in Fig. 5, at
25.0°C. The linearity is quite satisfactory: hence values of X, and = can be calculated from the slopes
and intercepts at each ionic strength. In this study /=0.20cm and the values of ¢ was almost constant,

1.0x 10* /mole™? cm™*, despite difierent temperature and various ionic strength. These results are in
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Fig. 5 Benesi-Hildebrand plot for stant, 1/, as a function of
equilibrium (3) at the follow- [Na,S0;], at various ionic
ing ionic strength strength (25.0°C).

& 015 O: 0.30, Symbols represent the same
C: 045, O: 0.75 as those in Fig, 5
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Table 2 Rate and equilibrium constants for the formation of complex (VI)

R R T P R R - o
15.0 0.30 23.2+ 7.0 12721 1.834-0.74 1.4940.15
200 0.30 33.5+= 9.0 25.1£3.0 1.33+0.50 1.51£0.10
25.0 0.15 415+ 69 357414 1.61+£0.25 1.1140.15

0.30 57.64 5.1 414=13 1.394:0.16 1.39+0.14
0.45 78.3+115 16.5=23 1.680.31 1.58+0.10
0.75 944115 48.8-23 1.93+0.32 1.88+0.10
30.0 0.15 69.1+ 8.0 520£1.5 1.33+0.19 1.14+0.10
0.30 92.1+12.0 56.7-2.6 1.62+0.30 1.481:0.12
0.75 115 +13 61.72.6 1.8640.27 1.874+0.10

a) Ionic strength was maintained by adding Na;SO,;. The concentration of Na,S0O; was 0.010~
0.100 mole/I.

b) K; was calculated as kp/k_,.

¢) K; was determined spectrophotometrically by a separate method.

the last column of Table 2.

Kinetic measurement: The kinetic curve for the formation of (VI) obeyed the first-order rate
equation at low sulphite concentration. The pseudo first-order rate constant, 1/r,, measured at 500nm
slightly increased with increasing sulphite concentration. The linear relationship expressed by Eq. (5)
can be undertaken, based on reaction (3).

Tiz=k2[Nazsos]o+ ks, (5)
The experimental results were approximately related to a straight line according to equation (5) as
shown in Fig. 6. The numerical values of k, and %_; were read from the graph and they were listed in
Table 2. The uncertainty accompanied with K, calculated from ks and k_g is larger than that from
static equilibrium determination. However, the agreement between the results determined by the

separate methods is quite satisfactory.
Effect of ionic strength: The value of K, increased with increasing ionic strength. These changes

are no doubt largely due to the changes in the activity coefficients of the charged species in aqueous
ionic solutions. The equilibrium constant, K,® at zero ionic strength has to be expressed as

= SVD)
K=K osy- oy ()

where f's are the activity coefiicients of respective species. Here, the Debye-Hiickel equation (7) was

applied.

AV p
S = B (1)

One may imagine that the ion size parameter, a, will be variable depending on respective ions, How-
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ever, the quantity ¢ was implicitly assumed to be the same for all pairs of ions'¥), when it was intro-
duced. It does not seem so unreasonable to take the mean value of a4 for all anionic species in the
present study®. Calculating used with the parameters at 25°C, A=0.511/1/2 mole~1/2, B=0.329x 10®
cm™! /2mole—1/219), and a=3.65x 10~¥cm!% which is similar to that required by sodium sulphate,
one can take the form:

204V 4

log Ko=log KO0+ - £, 8
& g 14+1.20V 1 (8

The experimental data give a straight line with a slope 1.5 in the plot of logX, against
v 71 [(141.200") as shown in Fig. 7. A similar plot for the formation constant of 1:2 adduct com-
plex from TNB and sulphite ion was linear with slope 4.2, in agreement with that expected (4.06)®.

2.0
41.9
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118 Fig. 7 Variations of K; and &, with
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0 0.5

The same account can be applied to the reaction rate of complex formation. The rate constant at
constant temperature can be formulated, on the assumption that the reacting ions and the activated
complex are all spherical with symmetrically distributed charges®, and neglecting the non-electrostatic
term,

ZIZEAI/:

log k,=log k" + £
gro=logr, 1+ BV 5 (9a)

where k0 is the rate constant at zero ionic strength, and 2, and z, are the charges of reacting ions. An
unjustified but simplifying assumption was made that a mean value a was taken for the distance of

closest approach of various ions. By using the same values for 4, B and ¢ as in the treatment of

14) R. A. Robinson and R. H. Stokes, ‘Electrolyte Solutions”, 2nd ed., p. 235, 468, Butterworths, London
(1957)

15) R, A. Robinson and H. S. Harned, Chem. Rev., 28, 419 (1941)

16) S. Glasstone, K. J. Laidler and H. Eyring, “The Theory of Rate Processes’, p. 426, McGraw-Hill
Book Company, Inc., N. Y. and London (1941)
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equilibrium constant, we have Eq. (9b).

204V 4

lo k2=10 kgo-!-—_
8 g 14+1.20V 4 (9b)

The prediction was verified semiquantitatively for the present case as shown in Fig. 6: the slope of
the straight line was 2.3.

For the reverse reaction the electrostatic effect due to ionic strength on k_, would be expected to
be quite slight or negligible because the reaction is unimolecular6), However, in the present case, k_,
increased with increasing ionic strength. No successful account can be taken as yet, though it may be
suggested that a more strict treatment with more experimental data should be necessary, including the
consideration for the non-electrostatic effects on the activity coefficient of ionic species.

Energetic consideration

Strauss has suggested that anionic sulphite, as doubly charged, should have a much greater
solvation requirement than methoxide or cyanide ion so that the steric hindrance to attack at a ring-
substituted position will be severe®. However, the steric term was found to be not so important.
The value of 4S* for sulphite attack at a non-substituted position is much the same as that at a
substituted one, in the reaction of picrylchloride with sulphite ion1®. The same can be said for the
methoxide attack to TNA. Kinetic and thermodynamic parameters are summarized in Table 3 to-
gether with the results obtained from other workers. There appear some similarities for the sulphite

Table 3 Kinetic and thermodynamic parameters for s-complex formation reactions at 25.0°C

H 503 H OCH; H3CQ OCHj OCH4
o 0y OoF NOZ 230 NOZ RO,0,N 0, O,N NO,
2 so3 CHj
H
ﬂoz HOz RO,
vy o (VDo aw o ame
k ({molemlsecl)  |(3.7040.02) X 10¢ (6.69:0.24)x 109 57.6 =51  7.05x10%  17.3 950
;(sec'l) s =9 32.0x 2.3 414 £1.3 305 1.03x 1073 350
K (I mole-1) 322 £45 209 24 1.39£0.14D 231 1.70 x 10# 2.71
.4_&* (kcal mole!) 7.5+ 08 9.1+ 0.7 16.1 £2.1 10.24:0.8 12.9+1.0 10.44-1.0
AH* (keal mole-Y) 1.4+ 1.0 1414 2.0 168 =40 9.24£08 18410 8.2+0.5
d-.S:* (e. u.) —12.6% 1.8 —10.84 2.0 3.3 +2.2 —6.7+£27 —94%£34 —108134
41}* (e.u.) —114+% 34 —4.6= 41 48 +£35 —163+27 —48+34 —19.3x1.7
4H" (kcal mole1) —394+ 1.8 —50% 28 —0.7 £6.10 1.041.6 —35.5+20 2.2+15
45 (e. u.) —1.2% 3.2 62+ 61 L5 £570  9.6ck5.4 —4.6240 8.525.1

a) Reference 9, b) This work, c) Reference 7b, d) Reference 7a, e) At ionic strength x=0.30,
f) Equilibrium constant K was determined by a static method but 4H° and 4S° were calculated from
activation parameters.
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attack on the one hand and for methoxide attack orn the other, at the unsubstituted positions of TNB
and. TNA. The rate constant; and the equilibrium constant K for 1, 3-complex formation from TNA
are somewhat smaller than those from TNB. Bernasconi has first discussed the reasons for the difference
between the reactivities to form (II) and (III)?. The main factor attributed by him is considerable
ground state stabilization through resonance involving the methoxy group in TNA, and in complex
(I1D).

+ +
OCH; OCH;
0N NO, O,N NO,”
—>
NO; NO,
+ +
OCH;, OCH;
T O;N NO, © O,N NO, =
OCH; «— OCH,
H H
NOz N02-

However, such resonance stabilization is not expected in either TNB or (II). Along these accounts
the higher A-;I’F for (IILI) and (V) compared with (I) and (IV) respectively, might be attributed to the
loss of part of the resonance stabilization in proceeding from TNA to the complexes: the resonance
stabilization would not be conserved so much as expected by Bernasconi's postulate.

The smaller values of Zand K for, the formation of (VI) are reasonable, considering the negative
charge carried by picrylsulphonate ion. The higher AZI*, /.1;1", .«13* and J:S_‘* compared with those of
other complexes suggest that the considerable desolvation is accompanied with the activation process.
Further considerations should be met with the data extrapolated to zero ionic strength and with the

results for other charged substrates.
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