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Solid-khquid equilibrium, NMR and calorimetric measurements have been 
made for the mixtures of o-phenylenediamine i phenol, pphenyIenediamine+ hydro- 
quinone, m-phenylenediamine +- phenol, m-phenyIenediamine +- hydroquinone, p- 
phenylenediamine + phenol, and p-phenyIenediamine+ hydroquinone- The types and 
melting temperatures of the complexes formed in these mixtures were ascertained 
from phase diagrams. The nature of the complexes was ascertained from calorimetric 
and NMR data. 

Solid+liquid equilibrium data for u-, m-, and p-phenyienediamine with 
naphthols and nitrophenols have been reported earlier’-‘_ In this paper we report 
the solid+ liquid equilibrium data for phenyIenediarnines with phenol and hydro- 
quinone. The study of solid+liquid equilibria is one of the best tools to investigate 
the formation of complexes in the condensed phases and provide information’ about 
the type and melting temperature of the complex_ The calorimetric measurementsq-’ 
may provide information about the nature and stability constant of the compIex in 
solution phase_ The NMR measurements may yield information about the complex 
formation due to hydrogen bonding. 

o-, m-, and p-phenyknediamines (B.D.H.) were boiled with activated charcoal, 

f&xai while hot and crystallized_ Phenyienediamines were repeatedly crystalk& 
from ethyl alcohol. Phenol (AR) was fractionally crystalIizeci from alcohol, 
Hydroquinone (B-D-H.) was fmctionahy crystallized from ether and dried. 

The purities of the sampIes were checked by thin-layer chromatography and 
by determining the melting temperatures, which agreed to within 0.1 K with the 
dues reported in the literat~~&*~. 
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~~~~~~~~datafortbr:sysDcmsweriobtainedbythe 
thaw-meIt methodlo_ 3%~ heating and coo?ing rates wae con&&d -to alxxxt 
0.1 K min-‘. Thctemptxatlzreswcrc mcasuedwithacaIiiratedmercuryin@ass 
thcmlometer. Themcasured tempera&vs were corrected for the emergent stem of 
the thermometer. The measured temperature5 were Correct to within 0.1 K. The 
soIid+Iiquid cquilim resnIt.s were rechecked by the method of thermal anaIysis” 
and were found to agree within 0.1 K with the corresponding vaIncs obtained by the 
thaw-m& method. The reproduciiiIity of the resuIts was 0.1 K. 

IbExems of diEit con~frations were prepared by weight in alcohol. The 
concentration of one component was kept constant and the concentration of the other 
was varied and vice versa Optical densities of various sohtions were recorded with 

the heIp of an Emma CoIorimetex. The measured optical density was found to be 
correct within 0.001. 

Nil&R -emene 
TlleNMRm eamrements of pm-e wmponats and mixtures were made in 

CDCi3 and TFA by NMR Spectrophotometer BS 487C 

. SoIid+Iiquid equiIibritun resuIfs for the systems of c+phenyIenediamine-+ 
phenoI, o-ph.enyIene&amine + hydmquinone, m-phenyIenediamine i-phenol, m- 
pheny!enediam&+hydroquinone, pphenyIenediamine+phenoI, and p_phcnyIene- 
diam.ine+hydroquinone are rezorded in Table 1 and plotted in Egs. l-6. 

colorimctric daza for the above-mentioned mixtmes are recorded in TabIe 2 
and pIotted in Egs. 7-12 

TABLE 1 

SOLID-tLIQLJID EQLJIJXHUUM DATA FOR THE VARIOUS MlxTuREs 

. . 
x e-i<1 -x) pllaml 

o.oow - 316-15 
0.0742 302.65 31235 
o.msO 30265 305.65 
0.2148 302.65 303.25 
0.2999 3a65 313.15 
0.3995 30265 323.65 
0.4249 326.26 

0.5005 313.15 
04490 313.15 
0.6992 313.15 
0.3245 313.15 

313.15 
0.9769 313.15 
M0O0 -- 

327.95 
334.65 
338.35 
358.25 
363.95 
373.25 
376.15 



TABLE 1 (wrztfdd) 

x lB-Phen~+(f -x) phalol 

oaxm - 3 16.15 

Ez 3oz5S 302.55 308.65 303.15 
0.2498 302.55 312.2S 
0.3348 302x5 318.35 
0.4250 302.5s 323.15 
0.5002 3ozs 32595 

xp-pElenyiexKdiamlnc +(I--x) phulol 

o.oooo - 316.15 
0.0248 313.45 315.75 
0.@#88 313.45 324.95 
0204 313.45 356.05 
0.1493 313.4s 363.65 
02407 313.45 37695 
03445 3r3.45 378.75 

x o-PlIalyie+(l -x) hydroq~ne 

o.oom - 446.95 
0.0468 377.45 439-65 
0.1305 377.45 431.75 
0.2368 377.45 421.45 
0.3397 377.45 411.05 
OMSS 377.45 401.65 
0.4863 377.45 392.15 
05567 377.45 383-25 

xm-P&alyi~nc+(~-~~hydroqujnonc 

o.oam - 446.95 
0.0658 395.35 439.55 
0.0143 395.35 430.85 
0.2486 395.35 419.0s 
0.33% 395.33 407.15 
0.3895 393.35 399.25 
0.4S42 395.35 398.45 

xJahasyI~+(l-x)flydroqRino~ 

O.am - 44695 
0.0810 42S.45 43835 
0.1731 425.45 4285s 
0.2348 425.45 428.15 
0.2867 425.45 437.35 
0.3399 42x45 448.75 
0.4001 .42x45 45935 
0.5004 425.45 46695 

05995 313.15 324.6s 
0.6750 313.15 31215 
0.7599 313.15 316.65 
0.8542 313.15 320.25 
0.9541 313.15 331.35 
JMKW) - 33695 

0.4502 
O.SIs8 
0.5596 
0.6084 
0.6944 
0.7902 
0.8832 
l.oooo 

313.45 
355.95 
355.95 
355.95 
3sS.9s 
3sS.9s 
35525 

377.0s 
372.4s 
365.15 
366.7s 
390.35 
397.2S 

- 

O-6146 377.4s 379.45 
O-6572 377.4s 380.S5 
0.7102 365.45 380.15 
0.7999 365.45 376.95 
0.8594 365.45 369.95 
0.9546 365.46 37135 
l.Oooo - 376.15 

05922 
0.7004 
O-1932 
0.868s 
a9244 
02723 
Loam 

0.6164 
0.7326 
0.8143 
0.8817 
09141 
0.9637 
lmoo 

335-15 
335.15 
335.15 
335.15 
335.15 
335.15 
- 

408x 
408.15 
408.15 
408.15 
408.15 
408.15 
- 

39835 
389.75 
376.75 

- 361.85 
339.15 
336.15 
336.95 

46435 
454.95 
44x5 
42435 
413.15 
401.15 
413.15 
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l~g. 5. S o l d  pha~ d/asking o f x m - p ] h e n y I ~ - i - ( l - - x )  bydgoqu/none. 0--0, Melting 
texnjpentture; I~--0, thaw temperature. 
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TABLE 2 

OPl-ICAL DENSTY, MEASURE- 

75 

OF M 

Co~OfA chGofB opthz GxlcofB cone OfA opticor 
emdz- x Ioq ~momol2-‘x103 &l&y ~moti-‘xIo6) (gnn7zz-*xIo6) abtsi@ 

_ _ t-m cA)+P-~m 

3s 0.53 0.065 
3mi l-06 O-070 
3.06 202 o.080 
3.06 3A5 O-095 
3.06 4.08 0.200 
3-06 450 0,105 

- _ m- -@)+P-~CA) 

1.14 zii 0.m 
1.14 0.036 
l-14 0.045 
1.14 4-09 0,055 
I-14 4.50 0.065 
1.14 5.30 0.075 

p-Phaqd-~ipheooI(A) 

1.14 l-10 OS30 
l-14 o-2 
1.14 3-10 01)90 
1.14 3-40 O-105 
1.14 4.40 0.140 
l-14 4-90 O-152 

d'hcnyl-<A)+hy~one<B) 

Lo4 O-68 0.040 
1.04 I.68 0.045 
1.04 0.048 
Lo4 3m O-050 
la, O-055 
11)4 4&l 0-060 

m-Pha+nal _ _ 
(B)+hydmqubonc(A) 

2.17 0.69 0.050 
217 1.68 0.070 
217 238 OJX?O 
217 3.07 0.095 
217 425 0.115 
217 4-79 0.125 

@balyi~~+hydroqaipont~) 

1-16 O-60 OaO 
1.16 0.340 
1.16 

E 
0560 

1.16 3.17 O-660 
1.16 4.14 0300 
1.16 4.75 1.020 

1.14 
l-14 
1.14 
1.14 
1.14 
l-14 

1.03 
1.03 
I-03 
l-04 
1.w 
1.03 

J-03 1.80 O-385 
l-03 260 0.400 
l-03 3-40 a425 
Lo3 420 O-430 
l-03 520 O-446 
La3 6Z5 oa465 

4.50 
4.50 
450 
4Jo 
450 
450 

l-15 
1.15 
I.15 
I.15 
I-15 
Ll5 

I.03 
LO3 
1.03 
l-03 
1.03 

0.69 
130 
208 
3-40 
4zo 
4.75 

1.50 
260 
350 
4.01 
5.75 
6.10 

030 
1.20 
1.60 
260 
3.02 
3.25 

3.47 
438 

0.005 
omo 
Odl15 
0.028 
oJa35 
0,039 

0.165 
0.175 
0.185 
0.187 
0.2W 
0.207 

0.040 
0.066 
0.100 
0.135 
0.150 
0.185 

O-082 
0.095 
0.102 
OX0 
0.125 
0.130 

0-950 
Inloi 

1-050 
LlQ) 
Iam 
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The NIUR rcsuIts of the pure wmponents and the a+ve mentiom-mixtmes are 
recorded in Tab& 3, 

TABLE 3 

NMR RESULTS OF PURE COMPONENTS AND THJZiR MIXTURFS 

*P&CIlyhXdbkC 6-6 32 - - - 
m_pbtoyknediamine 5.9 4.4 - - - 

. p-phcoylcnedrammc - _ 6.5 3-I - - - 
PhumI 72-6-7 - - 26 - 
Hydroquinonc 6-4 - - I.9 - 

o-Phenylenediamim+ 
p-1 67 - 4.0 - 12 

59 - 4-4 - 1.2 

6s - 3.7 - I.3 

a7 - 2s 33 1.8 

72-6-4 - 31 - O-9 

6.5 - 217 - I.6 

DiSCUSSON 

It is evident from the auaIysis of figs_ I-6 that these mixtures form congruent 
melting temperature type phase diagrams, indicating the formation of wmpkxcs in 
the soIid phase in these mixtnres- The number, fonnuIa and the meIting temperature 
of the complexes were determined from phase diaggrams and are recorded in TabI& 
Tfie heat of fusion of the addition compound A_, B., formed between the species A 
and B can be estimated from the freezing curve between the two eutectic temperatures 
from the reIation, 

1 R R 1 -= -- 
T 4h 

In (xA)“(xg)- -I- -g$ In (x&4):(x&: + T, (1) 

where &h is the heat of f&on of the addition compound, T, its melting~temperature, 
xir and (xJC are the mok fractions of the species at tempkratq Tand T”,. vI and v2 
arc the inkgers- The plots of (l/T-l/T against iIn (xJvl(xB)‘z showed large 
scatter from Iinearity indicating .that these_ mixtures are far frdm being ideal The 

- ._. 
I. 



TYPE ANb MELXlZUG TEMPJZRATURE T, OF THE COMPLEX 

SI TYwof T& 
-JFP~ an 

c+Pkn~+phalol l/l 32735 
. - o-P~+hydroquinome 2ll 381.15 

m-PhcnyI - - - +-phenol m 325.95 
m-Phcnyiadiamk+hydroquinone l/l 4OLlS 
pPhaIylcncdknk+pr#nol 1P 378.15 
p-Phaxyktd- - +hydroquinune 111 466s 

Fii 7. plots Of Optid dUlSity against co-n of o-phenyI~+pbenol_ (a) Ckmcuma- 
tion of phenol/g mol 1’ 1 x lot (b) coocentratzon of o_phenyi-g mlol 1’ 1 x 109 

-_ 

. : 
. 



OF COMPLEX~:m-SOLtmO N PHASE ~ "  -~ , : : . ~  , "  .~ . , _ - 

o - ~ ~  + hydnx~i,~o_ ~ 2fl 
m - ' " - _  _ . . 7 . ~ -  ~ + p h e n o l  111 
m-Pllenylenediam~ + hydroquinone 111 
p . - P h e n ~ e n ~ H a m i n e  -t- p l u m o l  i]2 
p-~y~edJ~un~-phen~l  1/2 
p-P~mylened;~,,~,~,e+h~tuinone 2/1 

( o )  

J 
in A, go do do 

"5[ " 

"S cx.o,x 

_ 

a'o ;,o go do ~;D 

Hs. S. Plots o f  optical ~ a ~ ' t  cooccutra~oa o f  pheao] +m~pheoykmed~mh~- (a) Coo- 
cesatration o f  ip, thenolfg  t o o l  j - x  x I 0  5. Co) C o ~ n  o f  m - p l h e n ~ g  m o l  1-. z x 10~ .  - _ . 

~ . - . . - -  

- _ . - . . . . . . .  . 
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.formation bf t&e &imp&x in these mixtms may be probably due to hydrogen 

.bondiug. -’ 
The nature of the Complexes in solution phase was asctrtained by the slope 

ratio methai? 

hthezeacfiou 

'mA+nB-+:A,B, (2) 

If the concentration of B is constant and is in zsufiicient excess to make disso&Gon 

negligible, the equilibrium concentration of the complex A-B, will essentially be 
proportional to the analyticaI concentration of A added in the reaction, so 

where E is the measured extinction, E the mokular extinction coefiicient and d the 
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ihic&ne& of the ceil in centime&rs. If E is pIoti against vajiing &a.lytical conccn~ 
trations of A, keep&g the concentration of B co&&&d in excxss, a linear plot is 
obta.&d whos+opc is $ven by 

_- 

SIope, =a?+2 
. 

61 

SimilarIy, when the concentration of A ii kept constant and the concen&ion of B is 
varicxLwegetaslo+ 

slope2 = &?q/n 0 

The ratio of n to M in the complex may be determined by taking the ratio of the two 

slopes 

slope,,rslope, = n&z (6) 

‘ihe slopes were determined by the method of least squares from Figs. 7-12 and the 
ratio of the slopes are recorded in TabIe 4, 

It is cktr riom Table 4 that complexes, f/l compkzx in o-phenylenediaminef 
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phenol, l/l complex in m-phenylenediaminei- phenol, l/2 complex in p-phenylene- 
d&mine-t phenol,. 1,12 cokplex in hydroquinone+o-pheuylenediamiue and l/I 
complex iu m-phenyIenediamiue+hydrocIuinone, are formed which are in agreement 
with the re4t.s obtaiuti. from soIid-Iiquid equilibria data. 

IQ the case of pphenylenediamke-chydroquinone the 2/l complex is formed 
in soIution phase and the I/I compIex is formed in the soIid phase_ 

It is expected that inp-phenyleuediarnine and hydroquinone the sandwich type 
compound may be formed with the overlap of benzene rings, and each -OH group 
covers one -NH, group of phenyknediamine with the result that the l/l complex is 
formed in the solid phase- while iu the presence of solvent, this sandwich type 
stracture is disturbed and the 2/I complex is detected. It may be possible if each 
phenylenediamiue attacks itself with one -OH group at the two ends. 

Now we see these mixtures Tom NMR measurements. From Table 3 it is 
evident that ‘ElNMR chemical shifts show a considerable change in the spectra of 
compIexes in comparison with the spectra of pure compounds- 
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In +ph~yIenedknke+phenoI, ,the ~tignal~ for proton (-OH) is at li pp&- 
whik the sigrml for proton (-0Ilc) in pure phenol is at 26 ppm. Th& ti.a shift of 
proton signal Corn iower f&d to higher field- The sign+ for’proton (-NHa also 
changes in the timpkx from 3-2ppm to 4.0 ppm- Xle shift of proton signal in 
(-OH) group to a higher field and the proton signal (-NHa to a Iower field may be 
due to hydrogen bonding besween the -lUHz group of phenykncdiamine aid the 
-OH group of ph&L The possil’be &ucture of the c&npIex is given below; 

In m-phenyIenediamine+phenoI, the proton signal of the -OH group shifts 
fi-om 26ppm @hex+) to 12ppm (complex) and the signal for proton (-NE&) 
changes fkom 3.4 ppm (rrr-phenyknediambe) to 4.0 ppm (in complex)_ These shifb 
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of siguals may be due to hydrogen bonding between the -NH= ‘group of phenyIene- 
diamine and the -OH group of phenoL The possibIe structure of the complex is given 
below, 

In o-phenyIenediamine+hydroquinone, the signal for proton (-OH) shifts 

from I.9 ppm (hydroquinone) to l-8 ppm (compkx) and the signal for proton (-OH) 
non-bounded is observed at 3.5 ppm. The signal for proton (-NHa changes from 
3.2 ppm (u-phenyknediamine) to 2.8 ppm (complex). These shifts of signal for proton 
to a higher field may be due to hydrogen bonding between the -NH2 group of 
phenyknediamine and the -OH group of hydroquinone- From phase diagrams the 

formuIa of the complex was obtained to be 211. Hence, the possible structure of the 
complex is given betow, 

In m-phenyknediamine+hydroquinone, the signal for the proton (-OH) 

shifts from 1-9 ppm (hydroquinone) to 0.95 ppm (complex) and the signal for the 
proton (-NHa also changes from 3.4ppm (m-phenylenediamine) to 32 ppm 
(complex) These shifts of proton siguak to a higher field may be due to hydrogen 
bonding between the -NH= group of phenyIenediamine and the -OH group of 

hydroquinone. The possible structure is shown idow. 

Inp-phenyienediamine+hydroquinone, the signal for the proton (-OH) shifts from 
1.9 ppm (hydrquinone) to I.6 ppm (complex) and the signal for the proton (-NH9 
also varies from 3.1 ppm (pphenyienediamine) to 217 ppm in the complex. Thesa 

shifts of proton signah to a higher fieId may be due to hydrogen bonding between the 
-NH2 group of phenylenediamine and the -OH group of hydroquinone. The 
possible structure of the compIex is given beIow: 
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