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Hydiogen bond i toluidines in binary and tcraary mixtures in
different solvents has been studied by the methods of ultraviole!
spectroscopy.  The association equilibrium constants K and the
hydrogen bonding cnergies (-A//) have bcen measured. It is
observed that values of -AH are in the order para-toluidine >
meta-toluidine > ortho-toluidine. Part played by steric hindrance
in tiwe case of the ortho isomer has been pointed out. Effect of
intermolecular hydrogen bond on the frequency und intensity of
absoiption bands due to electronic transitions in the toluidines is
also discussed. 1t has been concluded that on N--H .... O
bond formation, binding cncrgy of the sp® hybridized lone pair
on nitrogen in toluidine molecules decreases so that their inter-
action with g-systecm increases leading to a large migration
moraent.

I INTRODUCTION

Hydrogen bond is generally studicd by methods of infrared spectroscopy.
However, ultraviolet spectroscopy is also known to furnish information of
intormolecular association (Nagakura et al, 1952) and an cstimatc of the
cncrgy of hydrogen bond formauon (Nagakura, 1954) can b: made. Most of
the earlier works in this field were concerned with frequency changes (Pimentel
1957) while only a few authors (Baba er al 1961) dealt with change in intensity.
Intermolecular hydrogen bonding be'ween toluidines and proton acceptor sol-
vents was shown to exist in carlier infrared studies (Medhi ef al 1962). In
a programme of work undertaken recently, the electronic spectra of ortho-,
meta- and para-toluidincs were investigated in neutral and proton-acceptor
solvents with the object of analysing the changes in frequency and specially,
the intensity of the bands.
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2. EXPERIMENTAL

Spectroscopically pure cyclohexanc was supplied by B.D.H. Chemicaliy puic
dioxanc was purified by distillation under reduced pressure.  Ortho- and meta-
toluidine were subjected o fractionai distillation und the collecied fractions
were subjected to distillation under reduced pressuie.  Lhis operation was
repcated four times before the samples were used.  Paratoluidine was rectys-
tallized from ethyl alcohol: This opecration was 1epeated five (o »ix times till
white colourcd crystals of paratoluidine were obtamned. Mclting point of the
compound was then delermined. ‘The sample was Kept in a vacuum desiccator.

Ultraviolet absorplion spectia were measured with a Hilger UV spectro-
pho.ometer at difierent temperatures and 1 cm absorpuion cells were used
For every wavelength, the slit width was maintained at a definite value Yor
this purpose a wavclength-shit calibravon  chart was prepated  beforchand.
Silica-gel capsules (used in the spectiophotometer) were changed twice in a
day to kwp the instrument free from moisturc.

Procedure

Taking the thicc component sysiems viz, isomenic toluidines, dioxane and
cyclohexane, the last compound buing the inert solvent, a sei of absorption
spectra was mcasured. In actual practice, dioxane concentration was incicased
in steps from 0 to 0.5 mole/litre.  In every measurement the mixture of cyclo-
hexane and dioxane, in which concentration of dioxane was jdentical with that
in the sample solution (cyclohexane-divxane-toluidine), was taken ay reference.
The measurements were made at the three differcnt temperatures (293°K, 303°K
and 313°K).

‘The association equilibrium constant (K) was calculated by the equation
(Baba and Suzuki, 1961)

I ! ! Ly ! . (1)

8——-_-(‘:— S ! tp =—tf C oy, —ty

where ¢; = molar extnction coefficient of the non-hydrogen bonded molecule,
¢ = molar extinction coeflicient for a solution in which Jioxane concentration
is C and g = moler cxtinction coetlicient for the hydrogen-bonded molecuie. |

All these extinction cocfficients refer (o a given frequency. Graphs were plotied
taking 1/(e-e¢ ) as ordinate and 1/C as abscissa. In every case, an almost line'ar
graph was obtained (fig 1) On cxtrapolating the straight line to the point
where (/e-gs ) = 0, the equilibrium constant was obtained as, K = — '/C.
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The firec enery changes of the systems of isomeric toluidines were calculated
from the familiar equation,

AF = — RTInK (2)

2950 A
TEMPERATURE 30°C

O - Ortho-toluidine
8 —Meta-toluidine
o - Para-toluidine 012~

28704

vs 1/C for the dctermination of K, the association equilibrium

Fig. 1. Plots of
E—¢,
constant.
Now, molar extinction coefticients g, for the hydrogen bonded spzcies were
calculated for cvery wavelength from the cquation derived from the eq, (1),

E—E
& = ¢ + 3)
KC

By plotting g, against v (frequency in ¢m-1), the hydrogen bonded curve was
obtainea (Baba and Suzuki 1961 ; Suzuki and Baba 1963).

The energy of hydrogen bond formation (A H) is related to K and T (tem-
perature in °K) by,

RdInK

- C)
d(Y/T)

AH = -
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Fig. 2. Plots of R InK'vs 1/T for the dctermination of A H, the hydrogen bondine encrgy

The oscillator strengths (f) for the transitions of both the free (fp ) and
the bonded (f,) molecules were calculated from  the well-known relation,

—= 432 x 10°? " edv

2. RESULTS AND DISCUSSIONS

In cyclohexane solution the iscmeric molecules of toluidines are found to
yield two systems of absorption bands in the regions 2620 A to 3090 A
and 2200 A to 2550 A. Both aic duc to m— clectronic transitions and are
designated as Transition I and Transition 11 respectively. The wave numbers
of bands of the two sysitcms, the oscillator strengths  (f) and the frequency
shifts due to hydrogen bond formation arc given in the Tables 2 and 3. Tt is
seen that with addition of proton-acceptor dioxane to the toluidine-cyclohexane
mixture, there is a shift in the positions of the absorption maxima and the

integrated absorption values [ edv increase. Thesc observations arc similar

to those reported by Baba and Suzuki (1961) in the case of phenols and naph-
thols and indicate formation of intermolecular hydrogen bond between toluidine
and dioxane molecules.
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In order to find out the effect of gradual increase in the concentration of
the pro'on acceptor molecules on the forma‘ion of such bond, the value of the

integrated absorpiion [ "edv has been plo‘ted against dioxane concentration

(fig. 3(a) and 3(b)) from which it can be clcarly seen that in all cases and
for botir the electronic transitions, the value of the integrated absorption first
increascs and then tends to a constant value above a certain concentration
(~0.5 molc/litre) thercby indicating that bond formation is almost complete

at such concentration with formation of 1:1 complex between toluidine and
dioxane molecules.
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Fig. 3.(a) Plots of the intcgrated absorption ( gdy vs dioxanc concentration C at the

temperature of 3023°K for the transition T
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Fig. 3.(b) Plots of the integrated absorption ¢dy vs dioxane concentration C at the
temperature of 303°K “for the transition II.
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For cach electronic ‘ransiiion of the individual toluidines, the assuciation
equilibrium constunt K (in litre/mole) was calculated for various frequencics
at the three different temperatures 293°K, 303°K and 313°K.

For a jarticular toluidine sys'em, K-values determined from the two clectronic
transitions agreed fairly well with cach other as shown in the Table 1. From
the linear graph obtained from a plot of /(e—eg ) vs /€', it may be inferred
that oniy one molecule of toluidine is associated with one dioxane molecule
in the hydrogen bond formation.

Table 1. Data on equilibrium constan's and (hermodynamic parameters for
the hydrogen bonding of the systems of isomeric toluidines, dionane and

cyclohexane
Systems Temperature  Associtation equilibrium —AbFm Alln
in °K constant A in keals/mole keals/mole

hire/mole

Transittion Transiton  Mcan

1 I
(20204  (2200A K
to 14)

0304)  2530A)

263 589 5 80 58S 1 034
ortho-toluidine M 4064 460 402 0028 497

313 3068 300 1034 () 698

293 24 00 24 00 24 00 1 RSY
meta-toluidine 303 1992 2067 20130 1 8IS 572

31" 1300 1230 1265 1 SS&

203 2500 2500 25 () i 876
para-toluidine 303 18 7S 19 40 19075 1767 617

313 1207 11.80 11 933 ] SS§1

From the measured valucs of A H, the hydrogen bonding cnergy it s found
that AH is in the order,

p-toluidine > mi-toluidire > o-toluidine.
Possible interaction betwcen two reacting groups like NO. and OH in ortho-

positions has been discussed by Sidgwick and Callow (1924). In the 'casc.of
o-toluidine, one of the groups is CH, which is known to be practically inactive

10 -
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Table 2. Intensity change due to hydrogen bond formation
System Transition o, f,** f,/f¢ Af/f, Af=ff,
I
ortho- (2620-3030 &) 0.03%44 004648 1.178 0.1785 0.00704
toluidine
n
(2200-2530 &) 021340 029074  1.360 0.3624 0.07734
1
meta- (2640-3040 &) 0.03226 003574  1.108 0.1079 090348
toluidine
1
(2250-2550 A) 0.19310 024192  1.2§ 0.2528 0.04882
I
para- (2730-3090 A) 002516 002915  1.158 01526 0.60399
toluidine
LI
(2200-2520 A) 023317 025542  1.095 0.0954 0.02225
* —frec, -bonded.

Table 3. Frequency shift on hydrogen bond formation (frequencies in cm-?)

ortho-

toluidine

meta-

toluidine

para-

toluidine

System  Transition Assignment

1 Al A’
1 ‘AeA’
I Ale'A’
i A A’
I 1 32‘_1 A 1
n 1B,e-14,

Vi b Sv=v, —vr Mean §y
33,888 13773 (—115) (—118)
34,712 34.591 (—=121)

42,359 42,181 (—178)

44,039 43,846 (—193) (—185.5)
34,954 24772 (—182)

34.528 34.37S (—150) (—166)
48,181 42,003 (—179)

41.828 41,653 (—175) (—=117)
14,425 34225 (—200)

34,354 34,178 (—176) (—188)
41,828 41,653 (—16S)

42,540 42,359 (—181) (—172)
41309 .~ 41,139 (—170)
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Table 4. Change of intensity with proton-acceptor (dioxane) concentration
Temperature : 303°K

(Transition—II)

Proton-donor concentration Proton-acceptor (dioxane) .
concentration in ’ edy
moles/litre .
ortho-toluidine of conc. 0 913 X' 108
6.0 x 10—+ 0.0 1013 % 106
moles/litre 008 9.92 x 10¢
(Transition-—TI) 0.1 969 % 106
02 1041 x 108
05 1035 x 106
Bonded (Calculated) 1076 % 108
ortho-toluidine of conc. 0 4.94 x 107
3.1 X 10-5 008 S44 x 107
moles/litre 0.1 6.16 x 107
(Transition—IT) 02 659 x 107
0s 6.25 x 107
Bonded (Calculated) 673 x 107
meta-toluidine of conc. 0 747 x 108
3,35 x 10-4 006 TO3 % 106
moles/litre 0.08 783 x 108
(Transition—I) 02 8.03 x 106
0.5 817 x 108
Bonded (Calculated) 827 > 108
meta-toluidine of conc. ’ 0 447 ¥ 107
3.35 x 10-0 0.08 5.02 x 107
moles/litre 0.1 489 x 107
(Transition—IT) 02 S31 w107
0s 540 w 107
Bonded (Calculated) S60 x 107
para-toluidine of conc. 0 S.825x 108
3.13 X 10-4 0.08 59 x 106
moles/litre 0.1 621 x 1M
(Transition—I) ' 0.2 637 x I8
0.5 663 > 108
Bonded Calculated) 675 x 108
para-toluidine of conc. ; 0 540 x 107
3.13 x 10-% 0.1 $39 x 107
moles/litre 02 5.51 x 107
0.5 578 x 107
X

Bonded (Calculated) 5.91

B -~

|
!
|
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and the C-H compounds are not usually listed as H-bonding acids. (Pimentel
and McClellan 1959). Therefore any intra-molecular hydrogen bond, worthy
of consideration, between the two groups CH; and NH. may be ruled out.
The smallest value of AH in the case of o-loluidine shoula, therefore, be
attnibuted to steric effect (Zanker and Wi'twer 1959) of the methyl group in
this molecule on the amino group in hindering intermolecular hydrogen bond
formation with dioxane molecules. This conclusion is in agreement with
that arrived at from infrared studies (Medhi et al 1962). From this consi-
deration, it would further be expected that the change in AH will be greater
m going from the ortho-to the meta-isomer than from the meta- to ‘the para-
isomer. The relative valucs of A H arc in accord with this expectation.

The shift in frequency on hydrogen bond formation 8 = w, — v¢ has
heen measured, v, referring to frequency of absorption maxima for hydrogen-
bonded sys'em and v to that for frec molecules. It has been noticed that
the band maxima shift towards longer wavelengths. The frequency shifts
ditfer in magnitude in the case of the wwo electronic transitions I and IT but
lor a particular electronic transition all the vibrational components show more
or less uniform shift (Table 3) Another significan* observation is (Table 2)
that for both electronic transitions the oscillator strength (f,) for the bonded
molecules s always greater than fthat (f¢ ) for the free molecules.

From these results it may be reasonably concluded that formation of inter
nolecular N-H . . . . . O bond intioduces larger interaction between lone
pair electrons on N-atom and thc ring n-electrons resulting in an increase
in the migration moment. Following Baba ard Suzuki (1961), it may
be argued that urder the influence of the electron donor oxygen atom,
the o-2lectrons associted with the N-H bond will be pushed -owards the
nitrogen atom and the resulting increase in the electron density around the
nitrogen atom will lead to a decrease in the binding energy of the sp® hybridized
lone pair of nitrogen  As a result, their interaction with the ring w-system will
increase. accounting for the enhanced intens¥'y of the spectra of the hydrogen
bordea species. Investigations with several similar systems are in progress.
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