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NMR and Equilibrium Investigations on the Benzene Phase
of the Systems CH-HCI-H,0 and C;H,-HNO,-H,O
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The chemical shift of the proton resonance signal due to the water
and acid present in the benzene phase of the ternary systems
CH,—HCI—H,0 and C;H,—HNO,—H,0 has been determined as a
function of the acid strength. The interpretation of the NMR-data
is discussed on the basis of available distribution measurements.
It is confirmed that complex formation between HCl and H,O is
negligible in benzene whereas in the C;H,—HNO;—H,0 system the
equilibrium and NMR-data indicate the existence of complexes
with the probable composition HNO,H,0 and (HNO,),,H,0 in
addition to the species HNO,; and H,0.

The extraction by hydrocarbons of hydrochloric acid, nitric acid, and
water from aqueous solutions of the acids has been studied by a number of
authors.1-¢ The solubility of mineral acids in hydrocarbons was first studied
by Grinberg et al.l In investigations of the extraction of HNO; by amines
dissolved in hydrocarbons, empirical corrections have been made for the
amounts of HNO, extracted by the diluents.2,> Hardy et al.* studied the distri-
bution of HNO, between nitric acid and benzene and between nitric acid
and toluene and concluded that HNO; was extracted as the complex
(HNO,),-H,0. Hogfeldt and Bolander,® however, were able to account for the
extraction results for the same systems by assuming a distribution equilibrium
of monomeric HNO,; between the two phases, although the possible existence
of mixed acid water complexes could not be excluded.

In the present paper we describe the results obtained in a high resolution
NMR-investigation of samples drawn from the benzene phase of the systems
CeHg—HCl—H,0 and C;H{—HNO,—H,0. The purpose has been to try to
resolve the discrepancies between the earlier investigations.
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1926 ERTKSSON, ODBERG AND HOGFELDT

EXPERIMENTAL

The samples were prepared and analyzed as described previously by Hogfeldt and
Bolander.®* The benzene was checked by VPC and found to be 99.9 9,. We are indebted
to Gésta Lindgren for making this purity control. Since benzene samples with a high
HNOj;-content undergo nitration fairly rapidly, the NMR-measurements and the analyses
were carried out as soon as possible after the preparation. The NMR-measurements were
made on a Varian A-60 spectrometer equipped with a Hewlett-Packard 202A audio
oscillator and a Hewlett-Packard 5512A electronic frequency counter.

BENZENE-HYDROCHLORIC ACID—-WATER

Activity coefficients. If the species H,0, C;Hg, and HCI are regarded as
the independent components of the system we have to take into account
the following equilibria:

H,0(aq) = H,0(org) (1)
CeHg(aq) = CgHg(org) (2)
HCl(aq) & HCl(org) (3)

In the subsequent study the interest will be focused mainly on the first
and third of these reactions. At equilibrium we have

a,[{A} = K, (4)

where a, and {A} are the activities of any of the compounds in the organic
and aqueous phase respectively. K is the thermodynamic distribution coef-
ficient, the value of which is dependent upon the choice of standard states.
For the acid component, for water in the benzene phase, and for benzene in
the aqueous phase, the hypothetical 1 M solution is taken as the standard
state. For water in the aqueous phase and benzene in the benzene phase the
pure substances are chosen as the standard states. By introducing:

[A] VA= Ay (5)

where [A] is the concentration of A in the benzene phase (in moles/l) and
v, the corresponding activity coefficient we get from eqn. (4)
K, -{A
vy = B (®)

K, was calculated for HCl by extrapolating [A]/{A} to [A] = 0. For
H,0 K, was put equal to the solubility of water in benzene. From these
distribution constants we obtain the values of yg,0 and yga which have been
plotted in Fig. 1 against the stoichiometric acid concentration in the aqueous
phase, Cuc. The activity data used for the system H,0—HCl have been
discussed elsewhere.” It appears that the evaluated activity coefficients
remain constant at different compositions and that they have values approxi-
mately equal to unity, except for the highest acid concentrations for which
at least the water determinations are somewhat uncertain. These results are
equivalent to the finding 8% that the amounts of water and hydrochloric
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Fig. 1. The activity coefficient for water
in the organic phase ym,0 (@) and the 0.5 °
activity coefficient for hydrochloric acid
in the organic phase yama (O) at 25°C
versus the stoichiometric hydrochloric acid
concentration in the aqueous phase, CHci. ° ) Choai
[ 5 10 M

acid in the organic phase are proportional to the corresponding activities in
the aqueous phase.

N M R-measurements. The NMR-spectra of the benzene phase were recorded
at 32°C whereas the equilibration of the two phases was carried out at 25°C.
This temperature difference is neglected as a first approximation, i.e. the
relative amounts of the various species are assumed to be unchanged. Only
one resonance peak was found for the HyO,HCl protons. The observed line
width of this peak is approximately independent of the composition of the
benzene phase. These findings indicate that a rapid exchange of protons takes
place between the different available sites in the organic phase. The observed
resonance line frequency should therefore be determined by the relation ®

Vobs = Z D;; (7)

v, is the resonance frequency for the protons at the site ““i’’ and p, is the proton
fraction for that site. The resonance line position of the H,0,HCl protons

Hz
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Fig. 2. The H,0, HCI proton chemical shift ..o/
dv measured relative to C;H, as internal
standard against the stoichiometric proton .4,
fraction of HCl, Puq. 0 0.5 1
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was determined, at different compositions of the organic phase, using C;H,
as an internal standard. In separate experiments we verified that the resonance
line position for the CgHg hydrogens is independent of the acid concentration
when determined against chloroform as an external standard. In Fig. 2 the
chemical shift, 4», of the H,O,HCl hydrogens (relative to benzene) is plotted
against the stoichiometric proton fraction Py defined by

[HC1 .
[HCT] -+ 2[H,0] ®)

If there is no complex formation between HCl and H,0 in the benzene phase,
there are only two kinds of proton sites, namely the HCl- and the H,O-sites.
In such a case we can expect 4v to vary linearly with Pgq, since then
pra = Pyua, and thus we have according to eqn. (7)

Yobs = Puavaa + (1—Puci)vr,o (9)

Such a linear variation of 4» with Puq was found as shown in Fig. 2.

We have compared the resonance line positions of HCl and H,O in benzene
with the line positions for the same compounds in the gas phase. For H,0
the resonance line is shifted 25 c/s towards higher field relative to gaseous
H,0 whereas for HCI the shift is 17 ¢/s towards lower field. These shifts are
corrected for the bulk susceptibility differences. The data required for these
calculations were taken from Refs. 10 and 11.

Self-association of H,O and HCI in the organic phase would presumably
cause large downfield shifts and can therefore hardly be of importance. Forma-
tion of strong m-electron complexes with benzene should give rise to shifts
towards higher field. The order of magnitude of this shift would be 100 c/s.1?
Such a strong interaction can thus be excluded.

PHCI =

BENZENE —NITRIC ACID-WATER

The dependence of the activity coefficients ym,o and yuwo, on the acid
concentration in the aqueous phase is given in Fig. 3. The variation of yuxo, is

NH.0; YHNO;
o
o
15 %0 o
o O
o
o
L e = H,0
9 e 0 = HNO;
[ ]
L]
) Fig. 3. The activity coefficient for water
0.5 . in the organic phase ym.o (@) and the
. activity coefficient for nitric acid in the
. organic phase yano, (O ) at 25°C against the
. . stoichiometric nitric acid concentration in
o ®e  Chno, the aqueous phase, CHNO,.
o 5 10 M

Acta Chem. Scand. 21 (1967) No. 7



EXTRACTION STUDIES 1929

relatively small, neglecting the very uncertain measurements for the two lowest
concentrations, supporting the preliminary description ® of a simple distribution
equilibrium for HNO,, while yy,o drops significantly to about 0.1. The activity
coefficients were evaluated from the activity data for the H,0 —HNO, system
given by Redlich®® in the same way as described above for the CgH;—HCl—H,0
system. The solubility of benzene in water is small 14 and no detectable amounts
of C4H, are dissolved in the aqueous phase as checked by NMR for the most
concentrated acid solutions studied. Thus the activity data in question should
be applicable for the aqueous phase of the C;Hg—HNO,—H,0 system. More
recent activity data are available for the H,0 —HNO, system.!5,16 In a future
paper we want to make an attempt to evaluate an improved set of activities
from these measurements.

As for the C;H;—HCI—H,0 system only one resonance line was found
and was attributed to the H,O and HNO; protons in the benzene phase.
However, in the case of the C;H;—HNO,—H,0 system, the position of this
line is rapidly shifted towards lower field when the HNO;-content of the
benzene phase is increased. In fact the entire measured shift amounts to
about 350 c/s as shown in Fig. 4 where 4v is plotted against the stoichiometric
proton fraction of HNO;, Puxo,.

p _ [HNO4]
O T [HNO,] + 2 [H,0]

The value 350 c¢/s should be compared with the shift of 10 ¢/s towards higher
field obtained for the HCl system. Another important difference is that the
line width exhibits a significant variation with Pmyo, in the HNO, system.

(10)
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Fig. 4. The H,O,HNO, proton chemical 100 \
shift 4v measured relative to CH, as o
internal standard against the stoichio- ’\ P
metric proton fraction of HNO,, Puno,. HNO;
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Evaluation of possible complexes from activity coefficients. The activity
coefficient determinations as well as the NMR-measurements indicate for-
mation of complexes between water and acid in the organic phase. A
likely complex would be HNO,; H,O found in several organic systems.1?,18
As already mentioned Hardy et al.t suggested that all HNO, is extracted into
the benzene phase in the form of (HNO,),-H,0.

As a starting point we assume the following molecular species to be present
in the benzene phase: H,0, HNO;H,0 and (HNO,;),-H,0. For the system
C:H;—HCl—H,0 the activity coefficients are constant for the two components
H,0 and HCI. It is thus reasonable to assume that they are constant also
for the species in the present system. The concentration of H,O is known
from the experiments of the preceding section and previous investigations %8
and has here been calculated from the previously determined equilibrium
constant Ko; for the reaction

H,0(aq) = H,0(org) Koy = 0.033, (11)
The concentration of the other species are given by the following equilibria:
H,0(aq) + H*(aq) + NO; (aq) & HNO;H,0(org) Kia (12)

H,0(aq) + 2H*(aq) + 2NO; (aq) & (HNOy)y HyO(org) Kaq (13)
The quantity Y given by:
[Hzo mtorg - [Hzo]org
{HT}{NO;}{H,0}
was plotted against {H*}{NO;}. From the resulting straight line we found:

Ky ~1 X 104 M- (15a, b)
K2’1~ 2 x 108 M3

Starting from these preliminary values of K;; and K»; and the constant
Ko (eqn. 11), the computer program LETAGROPVRID,!® adopted to the
present problem by Warnqvist,2® was used to find the “best” constants K,
and K21 In this variation values for the equilibrium constants are sought
whlch glve a minimum in the error square sum

U= Z([H Oltot™c — [H,07}0t5*P)2 (18 experimental points). The following result

Y = = K1,1 + Kgll{H+}{NO3_ (14)

was obtamed Ky = (9.85 4+ 0.23) x 10-5 M- (16a, b)

Koy = (170 + 0.11) x 10-8 M3

The uncertainty given in (16) is + o, the standard deviation. Moreover,
the following additional complexes were tried but did not improve the fit:

HNO,(H,0),, HNO,(H,0),, (HNO,);-H,0, and (HNO,H,0),

When trying to describe the extraction of the nitric acid with the two
complexes HNO,;-H,0 and (HNO,),-H,0 and the constants given by eqn.
(16) too low values were obtained. Of course water-free species like HNO,; do
not contribute to the mass balance for H,O and no information about such
species can be obtained from that balance. By subtracting the amount of
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nitric acid due to HNO, H,0 and (HNO,),,H,0 from the total amount of
nitric acid in the organic phase it was found that the difference was pro-
portional to {H+*}{NO,} indicating the presence of HNO; in the organic
phase. The equilibrium constant K;, for the reaction

H*(aq) 4+ NOg-(aq) = HNO,(org) (17)

was evaluated by computer calculations minimizing

U= E([HNOa]to cale — [HNOg]eot™*P)?
gving Ko = (1.23 4 0.05) X 10~ (18)
The other equilibrium constants were not varied.

The concentrations of the various species at different Cyno, as determined
by the above set of reactions and equilibrium constants are plotted (the
dashed curves) in Fig. 5. It also appears that the calculated stoichiometric
concentrations of water and acid as given by the full drawn curves agree well
with the experimental results. Only one point at Cuwo, = 12.24 is slightly
off the curve probably because of nitration. All other points agree within
the experimental uncertainty, estimated as 4 0.002 M.

NM R-measurements. The NMR-data also show that there is a strong
interaction between HNO,; and H,0 in the benzene phase. It is likely that this

M
[ ]
015
= [HNO;]tot
= [ ]tot
o
[HNO3] tot
010
4
o
.0
0’.
0.05 S
[H,0]tot ~HNO3H,0]
o .'
7
gl K4 HNO 1.“
L]
/"v- lteo] ’.',.q(uuog)z H0]
¢" »* “'...l
j( puziseee®” " Chinos
o 5 10 1B M

Fig. 5. The concentrations of the species H,0, HNO,;, HNO,-H,0, and (HNQO,),-H,O

(dashed curves) as calculated from eqns. (11)—(13) and (17) together with the quantities

[H,Oltot and [HNOjlot against the stoichiometric acid concentration in the aqueous
phase, Cuno,.
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interaction involves a formation of hydrogen bonds, otherwise the large
downfield shifts could hardly be explained. Furthermore, when the tempera-
ture of the sample corresponding to Cuwo, = 7.05 M was raised 25°C, the
shift changed from 268 c/s to 281 c/s. Thus the temperature dependence of
the resonance frequency in question is about the same as for pure water
(0.5 ¢fs °C).11

Using the knowledge obtained concerning the molecular composition of
the benzene phase at different acid strengths, it is possible to account for the
observed resonance frequency variation.

Consider first the interval 0 < Ppno, << 0.25. In this range the protons
originate almost exclusively from H,0 and HNO;-H,0. Thus the resonance
frequency should be given by

Vobs = PH,0 * YH,0 + PHNO,-H,0 * YHNO,-H,0 (19)

Since puwo,m0 = 3Puvo, in this interval, eqn. (19) means that v, should
vary linearly between Puxo, == 0 and Puno, = 1/3. For values of Puxo, >0.25
the situation becomes more complex since the concentrations of (HNO;),-H,0
and HNO, are no longer negligible. Eqn. (19) now has to be replaced by the
expression

Vobs = PH,0 * VH,0 + PHNO,-H,0'VHNO,-H,0 + P(HNO,),-H,0V(HNO,);-H,0 +
-+ Puxo,-YuNo, : (20)

The observed resonance frequency for the protons in (HNOs),-H,O should
be lower than in HNOQO,;-H,O since in the first-mentioned complex half the
protons are engaged in hydrogen bonding, whereas in HNOgH,0 only one
third of the protons are engaged. This can be verified by inspecting possible
structures for the compounds, examples of which are shown in Fig. 6 (electri-
cal charges omitted).

H 0 ) H
/ \ |

0+++H—0 —N N—0—H:.0—H
\ / :
H 0 0 H
|
0
I

/N\

o o

Fig. 6. Possible structures of the species HNO,-H,0 and (HNO,),-H,O.
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Let us suppose that the proton resonance frequency in (HNO;),-H,0 is
close to the frequency obtained by extending the straight line corresponding
to eqn. (19) to Puwo, = 0.5. Such a situation would mean, as can be verified
by eqn. (7), that all mixtures of H,0, HNO4-H,0 and (HNO,),-H,0 would
give a resonance frequency close to a straight line in accordance with our
observations.

So far we have neglected the contribution from the HNO;-species. How-
ever, the actual proton fraction of HNO; never exceeds 0.075 and whatever
value of dvano, We assume, a minor effect is obtained on the position of the
resonance line as compared with the effect of (HNOs),-H,O for which the
proton fraction rises to 0.3.

Using the calculated equilibrium constants and keeping A4wg; constant

18
computer calculations minimizing U = 3 (47— dvexp) 2 gave the results
I

shown in Table 1. In Table 1 we have also collected the equilibrium constants.

Table 1. Values for Kp,qand dvp,q.

Complex Kp,q (25°C) Avp,q cfs (32°C)
H,0 0.034¢ M (not varied) 405 (not varied)
HNO,H,0 (9.85 + 0.23) x 10°° M~ 149 + 25
(HNO,),-H,0 (1.70 £ 0.11) x 10°® M-® 107 + 61

HNO, (1.23 £ 0.05) x 10 M~ —

The spread given is the standard deviation + o.

For the interpretation of the uncertainty in Av it should be noted that the
zero point of the Awv-scale is arbitrary. As mentioned before the amount
of HNO; is too small to allow dvano, to be determined with any reasonable
accuracy.

The variation of the line width mentioned above can be interpreted as
arising because of the exchange of protons between different sites. If this
exchange is not rapid enough to give a complete collapse of the signals from
the exchanging sites the obtained signal will have a line width given by:#

1  pa P8 2, 2 2

T, = TZA + TZ—B + PAPP2 (0, —wp) (T, + T5) (21)
T, = effective transverse relaxation time
T,,; Ty; = transverse relaxation time at site A; B
Ty Tp = life time for a nucleus on site A; B

w = 2y

From eqn. (21) it can be understood that even if the life times for the protons
at different sites are about the same in the HNO4-system as for the HCI-
system, for the HNOQO;-system a line width broadening can arise due to the
large separation of the resonance frequencies.

In Fig. 7 a theoretical curve obtained from eqn. (21) has been drawn
under the assumption 7'y, = T',; and putting A = H,0 and B = HNO,;-H,0.
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Fig. 7. The relative line width of the H,0,HNO, signal
orel 8gainst PHNO,.H,0/(PH,0 + PHNO,-H,0).

It can be seen that the experimental points fall on this curve when
pHNOn-H,O/(pH,O + pHNO,~H,O) is less than 0.6 (CHNOS = 83) Above this
value the amounts of (HNO,),,H,0 and HNO, are no longer negligible and
the situation becomes more complex. Since the o4-values are not very
accurate (4 0.2) we only point out the two following features. At high acid
concentrations (Cgno, > 11 M), HNO;-H,0 and (HNO;),-H,O become the
predominating species on the proton fraction scale and since vuwo,.mo—
Y@no,),-m,0 18 supposed to be less than vg,o—vuno, m,0 We would, according
to eqn. (21) expect a more narrow line. Eqn. (21) also predicts that as long
as we have protons that exchange between different sites the line width will
always be larger than the line width for pure water in benzene.

CONCLUDING REMARKS

Thus, for the C;H,—HCI—H,0 system there is no complex formation in
the organic phase whereas for the C;H,—HNO,—H,0 system we have found
evidence for the existence of the complexes HNO,; H,0 and (HNO;,),-H,O.
In a further check we have made the tentative assumption that there is
no complex formation in the case of the HNO; system. Such an assumption
means that the analytical water determinations are entirely unreliable as
was found to be the case in the system C;H,NO,—HNO,—H,0.5 Using eqn.
(11) ““better’’ water concentrations were calculated and another set of Pywo,-
values was obtained. When the observed resonance frequency was plotted
against these Pano,-values the linear relationship between v, and Puwo,
was definitely not preserved as would be required in accordance with eqn.
(9) if the initial assumption was correct. We therefore prefer to believe in
the correctness of the water determinations.
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