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The work deals with interaction between phenol and nitrobenzene in diluted solutions in tetra-
chloromethane. It was found that the compounds form the 1: 1 complex. On the basis of quantita-
tive spectroscopic measurements in the (OH) region, the equilibrium constant for the formation
of this complex was determined.

Recently one of the authors® studied the extraction of cesium from its aqueous
solutions by alkylphenols in nitrobenzene from the analytical point of view. A more
detailed analysis of the dependence of extraction ability of the organic phase on the
initial and equilibrium compositions of both phases® revealed that it would be
desirable to estimate quantitatively the possibility of formation of complexes between
individual components of these systems. As the first part of this problem we studied
the interaction between phenol and nitrobenzene in diluted solutions.

A high reactivity of hydroxyl group of phenol as a proton donor has been shown in a number
of studies. This reactivity frequently exhibits itself in the formation of stoichiometric complexes
with an appropriate proton acceptor, in which the two components are hydrogen-bonded. This
was proved both by examination of shifts of v(OH);, band brought about by proton accep-
tors®~% and by theoretical calculations of intermolecular interactions between these components
which lead to the change in corresponding energy levels” ~ 19,

The formation of intermolecular hydrogen bond between phenol and nitrobenzene was sug-
gested already in the earlier work of Josien and Fuson!! which was devoted to the study of sol-
vent effects on the position of absorption band of phenol O—H stretching vibration. The interac-
tion between alcohols or some phenols and nitro compounds was recently studied by Smith and
de Maine!2. Baitinger and coworkers'3 employed IR spectroscopy in the examiration of proton-
acceptor ability of the nitro group. On the basis of extensive experimental material these authors
arrived at general conclusion that the nitro group is capable of forming definite, but rather weak
hydrogen bonds with proton donors. All the studies cited above are in harmony with the as-
sumption that the formation of the complex between phenol and nitrobenzene might occur.
The only work which disagrees with this idea is that of Kaveeshvar and Dwivedi'4, who measured
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parachor of solutions of nitro compounds in alcohols. The authors did not observe decrease
in parachor of solutions of phenol in nitrobenzene, in contrast to the behaviour of alcohols. This
finding was taken as indicative of the absence of the hydrogen-bonding in the former case. Com-
pared to spectral method, the physical method used in that study was however less sensitive,
It is thus uncertain if in the case of weak hydrogen bonds it can provide unambigueous informa-
tion.

In the present study we employed infrared spectroscopy in studying interaction
between phenol and nitrobenzene, regarding it as the most suitable method for this
purpose on the basis of analysis of the above mentioned studies. To avoid eventual
distortion of data by common solvent effect, we used three-component systems con-
sisting of diluted solutions of both interacting compounds in tetrachloromethane.
The IR measurements were made in the region of O—H stretching vibrations,
as is usual in such a case'®.

EXPERIMENTAL

Chemicals

Nitrobenzene (analytical purity grade) was purified in the usual manner'® and dried over a mole-
cular sieve Nalsit, type 4 A. Phenol (analytical purity grade) was freshly distilled under reduced
pressure before use. Tetrachloromethane (analytical purity grade) was rectified and then dried
over Nalsit 4 A. ’

Infrared Measurements

The infrared spectra were measured on a Zeiss UR 10 spectrophotometer (Zeiss, Jena) over the
range of 3800 to 3000 cm_l; LiF prism, scanning speed 32 cm“/min, slit program 4. The
intensity scale of the instrument was calibrated with rotating sector, the wavenumber scale by.
means of ammonia vapors with the aid of reported datal”. Temperature of the solutions was :
maintained at 28 4 1°C.

The measurements of diluted solutions were carried out in the two cells made in this laboratory
(cell thickness 1 cm). Distance ring of the cells was made of brass (9.8 mm thickness), the surface
of the ring subjected to the action of solvents was protected by a teflon film. The ring was con~
nected with NaCl plates by amalgamated plumbum foils (0-1 mm thickness). Into cell room
was inserted a termocouple (copper—constantan) through the distance ring. The filling part of the
cell was also located at the distance ring.

In quantitative measurements of binary mixtures phenol-tetrachloromethane the reference
cell contained tetrachloromethane, in the measurement of ternary solutions phenol-nitrobenzene-
tetrachloromethane the reference cell contained the corresponding solution of nitrobenzene
in tetrachloromethane to ensure the compensation of absorbance of nitrobenzene.

RESULTS AND DISCUSSION
Nature of the Bond between Nitrobenzene and Phenol

According to general scheme of the interaction of phenol with substituted aromatic
compounds, suggested e.g. by Osawa and coworkers®, these compounds can partici-
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pate in the formation of hydrogen bonds in general as multifunctional proton
acceptors, if they possess more then one center of basic character. In such a case,
this is reflected in the infrared spectrum by multiple splitting of the absorption
band of corresponding phenol OH stretching vibration. So, for instance, the authors®
found quadruplet splitting of the absorption band in the case of tetrachloromethane
solutions of phenol and methoxyazobenzene.

In analogy with this idea the two basic centers must be considered in the case
of nitrobenzene, namely the nitro group and the n-electron system of the aromatic
ring. The frequency of the band corresponding to hydrogen bond between the hydro-
xyl and the nitro group should be, for aliphatic compounds according to Baitinger
and coworkers'?, approximately 3520 cm™*. The frequency of the absorption band
corresponding to the hydrogen bond between hydroxyl group and the aromatic
ring is reported® to be 3 560—3 520 cm~*'. :

We have thus measured at first the spectrum of ternary mixtures phenol-nitrobe nze-
ne-tetrachloromethane over wide range of concentrations and mutual ratios of the two
components in the region of 3800 to 3200 cm ~*. We found that in the presence of nitro-
benzene the spectrum of phenol, when compared with that of phenol itself, exhibits
only one additional, relatively diffuse absorption band at 3540 cm™!. The form
of the spectra just mentioned is represented in Fig. 1. According to literature,
the formation of very strong hydrogen bond can result in the almost total dissappear-
ance of the absorption band of the free hydroxyl group. This is not however the case
here. The absorption band of v(OH)m, at 3611 cm ™! appears even on using very

1 L L
3300 3500 v,cm! 3700
FiG. 1
Infrared Spectrum of Binary and Ternary Solutions of Phenol in the Region of v(O-—H)
v Wavenumber, % absorption; ——— 3. 107 3m phenol in tetrachloromethane (com-
pensation — pure tetrachloromethane), - - - 3. 107 3m phenol 4-0-3M nitrobenzene in tetra-

chloromethane (compensation 0.3M nitrobenzene in tetrachloromethane).
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large excess of nitrobenzene (of about three orders of magnitude), and also frequency
difference between the free and associated OH group (71 cm™?) is relatively small,
which indicates the formation of a relatively weak bond!?:18:19,

The appearance of only one new absorption band, the frequency of which is
lower than that of the absorption band of the free hydroxyl group of phenol, indica-
tes that only one type of new bond is being formed between the two components.
The assumption that we deal here with the interaction between the hydroxyl and the
nitro group is supported above all by satisfactory agreement between the wavenumber
of the new absorption band and that of the band of hydroxyl group of phenol as-
sociated with the nitro group of nitroalkanes (3520 4 10 cm™)'2. The difference
between our and reported values is likely due to the aromatic character of the com-
pound studied here. Baitinger and coworkers'® extrapolated the value 3521 cm™*
for the system phenol-nitrobenzene, did not however reported the extrapolation
procedure used. In addition, the wavenumbers recorded by the above authors'®
are in general somewhat lower than those commonly reported. So for instance they
report the wavenumber of v(OH),m equaling to 3606 cm™! while other authors
prefer the values ranging between 3610 and 3614cm™* (cf. refs*:¢-2%-21), in agreement
with our results. Anyway, the frequency shift determined by us is substantially
greater than that obtained with the system phenol-benzene (49 cm™*) (ref.®), which
may be regarded as further support for the assumption that it is the nitro group
which participates in association. Recent theoretical calculations of energy levels
in a series of organic compounds provide further support for the assumption of the
hydrogen bond formation between the hydroxyl and the nitro group? ~19-22,

Type of the Complex T

Most of the studies dealing with the quantitative measurements of the equilibria
of similar type (¢f.*23~25) presuppose a priori, sometimes without statement, the
formation of a sole, usually an 1 : 1 complex. Since this condition may not be general-
ly fulfilled?®~2® it seemed to be desirable to verify the validity of this presumption
in our case.

The verification of only one complex can be made on the basis of the occurence
of the isosbestic point in a series of measurements in which total analytical concentra-
tion of phenol is kept constant, while the concentration of nitrobenzene and thus
also the ratio of the concentrations of the free and associated phenol are changed.
The isosbestic point was found in our case at about 3594 cm™* (Fig. 2). As an evi-
dence for the formation of the 1:1 complex may be regarded the results of loga-
rithmic treatment of the dependence of the absorbance in the region of free OH group
on concentration.

The formation of the complex can be described by equation (4)

nCgHsOH + CgHsNO, = CgH5NO,.n CHsOH . (4)
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The equilibrium constant of this reaction is defined as

Qe

= T
" onef(ed— e+ ey

)

where c? and ¢, are the initial analytical and the equilibrium concentration of phenol, resp.
and cg is the initial analytical concentration of nitrobenzene. The use of concentrations in place
of activities is justified with respect to low concentrations used in the measurements. If the con-
centrations are expressed by absorbances of the solutions, 4, for unit thickness of the cell, at the
frequency at which Beer’s law is obeyed and phenol is the only absorbing component, one obtains
A = &yc¢y, A? = slc‘l), where ¢, is the corresponding absorptivity. If "(z) > c?, Eq. (/) can be
transformed to the form

K, =] A9 — 4)[(nA%cY), (2)

A9 — 4, nk,
log — = nlog A, -+ log 71" 3
€2 £

The value of n for equation (A) can be thus obtained as the slope of the plot of the left side of Eq.
(3) against log 4.

or

This dependence for a series of measurements with varying concentrations ¢ and
¢ is represented in Fig. 3. The projected straight line with the slope n = 1 indicates
that the experimental data correspond to formation of the only complex with the
ratio of the components 1 : 1.

Equilibrium Constant

The equilibriuin constant of reaction (4) (n = 1), after neglecting activity coefficients,
is defined as
0
(4 c;y — C
K = 3 — 1 1 , (4)
(67 —ca)(e2 —cs)  eyfed = +¢y)

where ¢; is the equilibrium concentration of the complex of phenol with nitrobenzene.
In order to determine the accurate value of K the knowledge of the only one of these
variables, i.e. either ¢, or ¢s, 1s needed.

In fact, either of these ways can be employed: to determine ¢,, to follow the sharp
absorption band of free OH stretching frequency of phenol; to determine cj, to
follow the diffuse absorption band of associated OH group. The problem, which
of these methods is more suitable, was studied in detail by Heinen in the case of as-
sociation of phenol with acetone®. In agreement with his results we have reached
conclusion that also here the determination of changes in the region of free OH
stretching frequencies (maximum at 3611 cm™") would be more accurate. The re-
sults obtained during measurements in the region of absorbance of associated OH
group (maximum at 3540 cm~ ') are reported as well.
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The determination of equilibrium constant K from Eq. (4) from the set of mea-
surements of the absorbance of free OH group can be performed in two ways. In the
first one, the total concentration of a proton acceptor is kept constant .and that
of a proton donor is changed (¢f.>?+3°). The second one is the inverse procedure®. The
calculation of K can be then carried out either graphically or numericaly with suf-
ficient precision.

The first way, using varying concentration of a proton donor, did not seem to us
convenient. The complex between the components studied is a relatively weak one,
and a large excess of the compounds the concentration of which is changed is needed
to observe appreciable change in concentration of the other component of constant
concentration. We were unable to vary widely the concentration of phenol because
of its self-association®:2!+3!,

From. this reasons we have used the second procedure which allows to work
with an excess of the proton acceptor. In this case, providing that very large excess
of the proton acceptor is used, that the absorbances of free OH group obey Beer law
and that the measurements are carried out in the same cell, Eq. (4) can be re-written
to the form

L
3400 -1 3600 -05

logAy
Fic. 2 Fic. 3
Isosbestic Point for Ternary Solutions of Logarithmic Analysis for Ternary Solutions
Phenol in Tetrachloromethane of Phenol
vy Wavenumber, % absorption; phenol For meaning of symbols see Eq. (3).

conc. 4.1073 mol/l, compensation by solu-
tions of nitrobenzene in tetrachloromethane,
nitrobenzene conc. 1 0-08 mol/l, 2020 moI/l,
3 0-40 mol/l, 4 0-80 mol/l.
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K=A-A L ©)
- Ay 'cg.

The equilibrium constant K can be easily obtained graphically from the relation
1A, = (K[A}) ) + 1]4 . (6)

The calculation of K from single points according to Eq. (5) is laden with greater error in particu-
lar when proton acceptor concentration is low and thus the difference between 4, and A?
is small.

Preliminary experiments showed that the most convenient concentration of phenol
for equilibrium constant determination is 4. 107% molfl. At this concentration the
amount of selfassociated phenol molecules is lesser than 19 of the total concentra-
tion®. For the complex to be formed in sufficient amount, the concentration of nitro-
benzene of one to two orders of magnitude higher than that of phenol is necessary.
By this also condition ¢J » ¢ was met.

Slit width. The v(OH) absorption band is relative very sharp. As in expressing
absorbances we used exclusively transmittance in the band maximum it was necessary
to make sure that the slit width used does not affect the calculation. The form of the
absorption bands of hydroxyl group of phenols is of Lorentz type*. For such ab-
sorption bands Ramsay reported? correction factors for absorbance as a function

TasLE I

Absorbance of the Free OH Group of Phenol in Tetrachloromethane at 3611 cm ™!

Analytical concentration of phenol in all the solutions Was 3-999 . 10~ 3moll™ !, cg is the ana-
Iytical concentration of nitrobenzene, A, is the absorbance of the free OH group corrected
to water. Cell thickness 1 cm, temperature 28 4 1°C.

1

o Transmittance %at361fcm™ Absorbance
3 e

mol 174 maximum null line® at3 Elll at3710cm™! A, 1

cm (water) A,
0 15-0 90-5 0-780 0-025 0-774 1-29
] 155 90-5 0-766 0-025 0-760 1-31
0-0803 18-0 86-0 0-679 0:020 0-674 1-48
0-1997 210 835 0-599 0-024 0-593 1-69
0-3000 235 83-0 0-546 0-021 0-541 1-85
0-3994 260 825 0-501 0-020 0-496 2-02
0-7988 34-5 80-0 0-365 0-025 0-359 2-79

@ After correction on the band of the complex.
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of the ratio of spectral slit-width to the half-width of the band. For the values of this
ratio smaller than 0-4 the relative-error in absorbance is independent of its absolute
magnitude. In the opposite case the relative error increases with observed absorbance,
resulting in some cases in the error of equilibrium constant determination® as much
as 20%. In the latter case Beer law is not obeyed.

Without knowing the value of mentioned ratio we therefore verified the validity
of Beer law for phenol at 3611 cm™!. The results obtained are given in Table I and
Fig. 4. Tt is evident that in concentration range referred to Beer law is obeyed with
satisfactory precision. The molar absorptivity &, = 196 cm™* I mol~" determined
graphically agrees well with the data of Goddu®? for slit-width 8 cm™!. From the
graphical dependence of experimental extinction coefficients on slit-width reported

by Heinen®, the slit-width in our case can be estimated as being 11 em 1.

Interferring components. The calculation of K according to Eq. (5) is fully justified
only on condition that the value of 4, truly represents the absorbance corresponding
to the free hydroxy! group only. To the absorbance at 3611 cm™* can also contri-
bute the absorption band of associated OH group, which is relatively diffuse and
located in the vicinity of the free OH absorption band, along with the absorbance
of free water molecules incidentally present in the solution.

04k .

o2r .

L L
0 1 2 3 4 N
€402, ol 3400 e 3600

FiG. 4
Verification of the Validity of Beer Law
for Solutions of Phenol in Tetrachloro-
methane (3611 cm™ 1)

c? Analytical concentration of phenol,
A9 absorbance. Cell thickness 1cm, com-
pensation tetrachloromethane, correction on
water (see text).

FiG. 5
Example of Correction for the Overlap of the
Free OH Band with the Associated OH Ab-
sorption Band

v Wavenumber; % absorption; phenol
conc. 4. 1072 molfl, nitrobenzene conc.
0-4 mol/l.
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We therefore made correction for overlap of the absorption band of associated
phenol, by extrapolating graphically the band of the associated OH group symmetri-
cally with respect to the long-wave side of the band. As null line for the determina-
tion of absorbance of the free OH groups we took the point of intersection of the
drawn shape of the absorption band of the associated group with the value of
3611 cm™! on the wavenumber scale (see Fig. 5).

Interferring absorbance of water molecules exhibits itself to substantially lesser
degree, above all due to the fact that after careful drying the components as well as
the solvent only trace amounts of water may be present. According to the work?®*
the spectrum of water dissolved in tetrachloromethane exhibits two absorption
bands of different intensity, which are located in the region of w(OH) bands. The
first, more intense band has its maximum at 3710 cm™!, the other at 3620 cm™!.
The latter, relatively diffuse band might interfere with the band located in the
3611 cm™! region. Correction for this source of errors was performed in the way
suggested by Heinen®, which is based on the known ratio of the absorptivity of water
at the wavenumber of the absorption band of phenolic OHy,,, stretching vibration
and that at 3710 cm ™. The value of this ratio is 0-25.

Equilibrium constant. Thefinal results used in plotting the dependence of 14, on ¢3
for the determination of K according to Eq. (6) are summarized in Table I. The
absorbances of the free OH group at 3611 cm™! were obtained after correction
for interferring band of the complex, as described above.

A, VA, /

2 g 10
s
. | s
0 oS ci’mon'! 10 0 5 10 1/c'2,mol"\15
F1G. 6 FiG. 7
Dependence of Reciprocal Value of Ab- Dependence of Reciprocal Value of Ab-
sorbance of Free Hydroxyl Group I/Al on sorbance of Associated Hydroxyl Group,
Nitrobenzene Concentration ¢ 1/A5, on Reciprocal Value of Nitrobenzene
The corresponding dataare givenin Tablel. Concentration 1/cg
The corresponding data are given in Tab-
le I
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TasLE IT

Absorbance of the Associated OH Group of Phenol in Tetrachloromethane at 3540 cm ™ 1
cg Analytical concentration of nitrobenzene, 43 absorbance of the associated OH group. For
experimental conditions see Table I.

o Transmittance

¢ o -1
ol l2_1 % at 3540 cm Ay 1/¢9 1/45

maximum null line?

0-0803 76°5 88-0 0-061 12-45 16:39
0-1997 650 885 0-135 5-0t 7-41
0-3000 59-0 89-0 0-178 3-33 5-61
0-3994 55-5 89-5 0-207 2-50 4-83
0-7988 435 89:5 0-337 1-25 2:97

® Read from the spectrum of phenol in tetrachloromethane.

The dependence of 1/4, on c is represented graphically in Fig. 6. Under the given
experimental conditions this dependence is linear. The value of K determined at
28 + 1°C by least squares method amounts to 1-41 + 0-07 L mol™*.

To confirm the correctness of the obtained value of equilibrium constant we cal-
culated this quantity also from absorbances of the absorption bands of the complex
at 3540 cm™!.

If the absorbance in the maxima of the absorption bands of the complex fulfill presumptions
put forward in deriving Eq. (5), Eq. (4) can be re-written to the form h

1/45 = 1)(cfe3d) + 1/(Kclesde?), %)

where A; is the absorbance of the associated OH groups, d is the cell thickness, &5 is the molar
absorptivity of the associated OH groups, the other symbols having the same meaning as in Eq. (4)
and (6). Graphical representation of this equation can be advantageously made by plotting
I/A3 against llcg. This dependence for the set of measurements given in Table I is shown in
Fig. 7. The corresponding data are presented in Table II.

The resulting value of K 1-38 1 mol™! obtained by least squares method agrees
well with the value obtained by the former method. With respect to the fact that the
two independent procedures were used, this result shows that the procedure and
corrections used in plotting the graph in Fig. 6 were adequate.
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