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ABSTRACT

In the present work the densitles, viscositles and
refractive indices of pyrrole-pyridine mixtures in different
molar ratios, were measured at 30°C, The results plotted
against mole fraction pyrrole gave the following curves: for
density an S-shaped curve with a very slight curvature, for
viscosity a slight maximum at mole fraction pyrrole 0.7 and
for the refractive index a definite maximum at mole fraction
pyrrole 0,5.

The heat of interaction between pyridine and pyrrole and
the heat of dilution of pyrrole in CCl, were measured also at
30°C, and found to be -2,0 ' 0.1 keal/mole and +5.0 * 0,5 kcel/
mole, respectively., Assuming that pyridine is not associated
in the pure state the corrected heat of Iinteraction between
pyridine and pyrrole is given as 7.0 t 0.7 kcal/mole.

A simple equilibrium is then suggested for the system
pyridine-pyrrole

where the complex consists of one molecule of pyridine bound
to one molecule of pyrrole through the acidic hydrogen of the
latter,

Using the corrected heat of interaction and assuming that
In a given mixture the heat evolved 1s proportional to the
amount o{ complex found the equilibrium constant is obtained
K =1.3 1 0,2. This 1s compared with K = 1.2 * 0,2 calculated
from the infrared absorption data of Linnell on pyridine-pyr-
role mixtures in CCl,.

The thermodynamic quantities for the above equillbrium
are given AF°= 110 cal/mole and AS = 23 cal/deg. mole.

From examinaetion of calorimetric and other data it 1is
concluded that the pyridine-pyrrole complex is a one to one
complex.

It 1s suggested that the complexing takes place through
a hydrogen bond between the N of the pyridine and the NH of the
pyrrole.

The association of pyrrole 1s discussed and it is pointed
out that the large heat of dilution in CCl, asserts definitely
the fact that pyrrole i1s associated and not existing in dif-
ferent molecular forms,
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II INTRODUCTION

The system pyridine-pyrrole has been studied by several
workers. Dezelld (1) and Dezelit and Belia (2) measured the
viscosity and density of a series of mixtures of pyridine
and pyrrole. On plotting the viscosity against the mole
fraction of pyrrole they obtained a slight maximum at mole
fraction 0.7. The plot of density versus mole fraction of
pyrrole gave a straight line. The two workers also observed
a considerable heat of mixing. They interpreted their results
as due to complex formation between one molecule of pyridine
and two molecules of pyrrole. Although Dezelisd (1) did not
exclude the possibility of a one to one complex which dis-
soclates.

Llurent(s) measured the specific inductive capacity of
mixtures of pyridine and pyrrole in inert solvents and con-
clude that a one to one complex is formed.

In a study of hydrogen bonding Rodebush and coworkers (4)
determined the infrared spectrum of a mixture of pyridine and
pyrrcle in a one to one mole ratio. Bands were formed at
2.99¢, 3.11y 3.254 3.57and 3.47«. The 3,11, band wae a new
band and was atdributed to hydrogen bonding between the N of
the pyridine and the NH of the pyrrole.

More recently Zezyulenskii (5) studied the molecular
interactions between pyrrole and several other compounds by
solution absorption spectra in the two near infrared regions
of 0.75 to 1.2 # and 1;3 to 1.6« . He found that for pyridine-
pyrrole mixtures the lst overtone of the NH band is shifted

t
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by 7.8% while the 2nd overtone disappears completely. To him
the latter part is an indication of the exlistence of a strong hydrogen
bend between pyrrole and pyridine molecules.

St1ll more recently Linnell(s’ hae measured the infrared
absorption of a series of mixtures of pyridine end pyrrole in
€Cl,. The only new band to appear in the region 2 to 15 was
the 3.11 y band. By using dilute enough solutions of pyrrole in
CCl, (0.1 molar or less) Linnell was able to eliminate the 'hsso~-
clated band" at 2,924 (7) and hence using the optical density of
the fundemental NH vibration band of pyrrole at 2.844 he calcu-
lated the concentration of "free" pyrrole molecules in the
pyridine-pyrrole-CCl, system. Using this data together with the
known initial concentrations of pyrrole and pyridine he calculated
the equilibrium constant for the following assumed equilibrium

C.H.N + C‘H‘N q:zz:::a (C.H.NHNC‘H,)

The gverage of several values was K = 3,0 1it. molol'l.

In the work deseribed below the viscosity, density and refraction
index of pyridine-pyrrole mixtures were measured; it was deemed
of interest to see if the results obtained by Dezelid and Bolia(g)
could be reproduced.

Sinee the heat of mixing of pyridine and pyrrole was observed
to be considerable it was thought that direct calorimetric measure-
ments could be used to determine the heat of intersction.

Also because it appeared that pure pyrrcle is "associated"#

heats of dilution in CCl, at various concentrations were determined

calorimetrically.

# For detalled discussion on the subject of "association" of pyrrole
see Discussion part A page 20



N

Knowing the heat of interaction at different mole ratios
of pyridine to pyrrole the equilibrium constant for the one to
one equilibrium can be calculated in a manner similar to that
used by McLeod and Wilson (8) to calculate the equilibrium
constant for the equilibrium in ether-chloroform mixtures,

To compare the equilibrium constant calculated from visco-
metric and calorimetric data with one calculated from Iinfrared
absorption data it was thought worth while to recalculate the
equilibrium constant from Linnell's data (6) using mole fractions
to express concentrations.

Whether the pyridine-pyrrole complex is a T-electron
complex (9) or one due to coordination®* between the lone pair N
atom electron (10) with the proton of the pyrrole can not be
decided upon. The infrared evidence points to a latter type of
interaction. Ihe final answer may come from a study of the

systems pyridine-N-substituted pyrrole.

& gesgganco will not play an important role in such a "hydrogen
ond” .,



IIT EXPERIMENTAL WORK

A, MATERIALS )

Pyridine Eastman Kodak reagent grade pyriio was distilled three
times in & Fenske column having an efficlency of 22 theoretlical
plates, Each time only the portion distilling above 114°C was
taken. Ihe pyridine was stored over pure NaOH pellets in a
ground glass stoppered flask and shaken vigorously every time
before use.

The nj° of the pyridine measured by an Abbe refractometer
(Bausch and Lomb Co,) with temperature control to 0,1°C was
found to be 1,5033, This value did not vary by more than two
units in the fourth place from day to day.

The d:° of the pyridine measured by an Ostwald-Sprengel
type of pycrometer described below was 0,9730,%

The pyridine described above was used for most of the work,

The perchlorate method of purifying pyridine (11) yas tried
on crude synthetic pyridine (Reilly Tar and Chemical Corp.). The
pyridime obtalned after saturating the water azeotrope with NaOH,
was distilled, the portion distilling between 114,115°C only,
being collected., It was then allowed to stand over NaOH pellets
for a week and its n° was found to be 1.5035.

For comparison the same crude synthetic pyridine was dis-
tilled twice in the above mentione column. <he portion distilling

# Compare with d%° 0,9729 by Muller and Bunnneis, Z. Elektrochem.

38, 451 (1932)‘end 0.97281 by Trav, Bur, Int. Et. Phys, Chem.
Pruxelles, J. Chem., Phys. 34, 693 (1937) quoted in J, Timmermans,
Physico Chemical Constants of Pure Organie Compounds (Elsevier
Publishing Co., 1950) p. 569.
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above 114°C and below 115°C was taken and its np® was found to
be 1.5033.
Pyrrole Eastman Kodak pyrrole was distilled in the Fenske column
before every determination the portion distilling over at 129 -
130°C being collected only, The freshly distilled pyrrole was
always colorless, having an n5° 1.5046 + 0,0001 and d:‘ 0.,9613.

It was found that storing the freshly distilled pyrrole in
a sesled flask in an atmosphere of nitrogen did not prevent the
pyrrole from assuming the straw yellow eolor peculiar to it,
previous to distillation#,.

It was also found that no detectable change occurs either
in the refractive index or the viscosity of the freshly distilled
product, with time, even when strongly colored.

Carbon tetrachloride Merck pharmaceutical grade, sulfur free,

carbon tetrachloride having an ns' of 1.,46044#% was used as
solvent for measuring the heat of dilution of pyrrole.

# Compare Conant ed., Organic Synetheses, IX, 79 (Wiley & Sons
Inc., 1929) |

## Compare with nB' 1.4615 in Timmermans, op. c¢it.,, p. 227,



B. EXPERIMENTS

Refractometry. The refractive indices of pure pyrrole and

pyridine and of the mixtures were determined on a Bauch and
Lomb Co. refractometer with temperature control to 0.,1°C., In
each determination three readings were taken approaching from
gebove the intersection of the cross-hairs and three readings
from below, the average being then taken. Every reading was
accurate to 0.0002, hewn
Viscometry. Viscosity measurments were made using a simple
Ostwald type viscometer clamped in a heavy sealed in, was placed
on two rigid horizontal bars which were tightly clamped to
perpendiculer bars on the circular iron frame supporting the
water bath, and which stood on three screws.

The water bath of a capacity of 20 liters was controlled
using a Fisher-Serfass electronic rday and a F{sher "Magnoset”
thermoregulator, to better than 0,02°C, The absolute tempera-
ture was read on s standardized thermometer with an accuracy
of 0,05°C,

The perpendicularity of the capillary of the viscometer was
ad justed using the screws supporting the frame. It was checked
by looking through a cathetometer at the capillary from two
different positions at right angles to each other.

The clamp with the viscometer in it, was, after the ad just -
ment, left permanently in place all throughout the measurements,
Cleaning of the viscometer was effected by flushing it four
successive times with 95% ethyl alcohol solution filtered through
sintered glass under slight suction. Suction was then left on
until the viscometer was thoroughly dry.

The measurement was usually carried out by putting 5 ml. of
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the solution, whose viscosity was to be measured, into the
vidometer, applying a slight suction to bring the level of
the liquid above the upper etched yine and measuring the time
of flow between the two etched lines with a stopwatch which
could be read to 0,1 sec.

For each determination usually twenty such readings were
made, Care was taken to examine carefully the sample in the
viscometer, previous to starting the messurements, under good
illumination so as to insure that no foreign particles were pre-
sent in the solution.

Calorimetry. To measure the heat of interaction between pyridine

and pyrrole calorimetric measurements were carried out on
mixtures of pyridine ind pyrrole in different molar proportions.
The calorimeter was designed after the one used by
Zellhoefer and Copley (12). It was found necessary to make the
reaction ;oalol out of glass because of the reactivity of pyridine
towards most metals. The capacity of the vessel was about 40 ml.
Fig. 1 is a diagram of the calorimeter which consisted of a
vacuum jacketed "thelma" flask of 600 ml. capacity. It was
usually filled with 500 ml. of water and the reaction vessel
immersed in it. The calorimeter was stoppered with a thick cork
stopper which held the reaction vessel around which a short length
of Nichrome wire No. 24 was wound with both ends soldered to
thick copper wires No, 16 which led to the simple circuit
shown in Fig, 2.
A hole in the stopper allowed a metallic stirrer driven
by a small electric motor to be put in, Readings of the tempera-
ture were made using a Beckmann thermometer inserted into the
calorimeter. Care was taken to avoid parasllax error in reading
the thermometer with the help of a lens.

Because of the '
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Because of the availability of only one storage battery, the
resistance of the Nichrome wire was made small (less than 1 ohm)
and hence it was important that the copper wire should be thick
enough so that its resistance would be negligible in comparison,

Determinations were carried out in the f ollowing way: the
desired quantity of the first component introduced into the
reaction vessel A which was then tightly fitted through the
ground glass joint C to the rest of the apparatus and held in
place by the resistance wire, Care was taken to grease the gound
glass joint so that no water would leak into the reaction vessel.
The desired guantity of the second component is then pipetted into
the pipette E and a rubber tube attached to the outlet tube.

The whole apparatus was then lowered into the calorimeter and the
Beckmann and stirrer inserted. The stirrer was then turned on

and time was given for the whole calorimeter to come to temperature
equilibrium, Using a stopwatch readings of the calorimeter
temperature were taken every 5 min., for a sufficlient length of
time,

To bring the two liquids in contact air is blown through
the rubber tubing and the liguid in the pipette B forced into
the reaction vessel A. To insure that the two components are
well mixed, pipette B 1s flushed back and forth with the mixture
in the reaction vessel at least two or three times. Puring the
reaction time readings of the temperature are taken every 1 min.

After the temperature has ceased to rise quickly readings
are taken again at 5 min, intervals,

The calorimeter is then calibrated by passing the current
from a storage battery for known intervals of time, measured by

a stopwatch and reading the temperature of the calorimeter both
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before the current is switched on and then after it is switched
off in the manner described above. Due to small fluecturations
in the battery current the voltage and current for every trial
were recorded. A minimum of three, usually fogm such trials
were made for every mixture,

The calorimeter described above had a low heat lag as can
be seen from a typical example of graphical representation of
calorimetric data for a mixture, shown below (Pige 3 a,b & e),
Densitometry. The densities of pure pyridine and pyrrole and
thelr mixtures were measured using an Ostwald-Sprengel type of
pycnometer of about 10 ml, capacity, Ihe capillary arms were
both 1 mm, in diameter and both were ground glass stoppered to
reduce the error due to evaporation. The pycnometer gave better
than 4th place accuracy as witnessed by the fact that four
successive calibrations with water gave welights of the pycnometer
filled with water differing by not more thgn 0.1 mg. The
calibrations were made using freshly boiled distilled water.

C. Methods of Caleculation
Density. In every determination at least three successive
fillings and welghings were made, <he wet and dry bulb thermometer
temperatures were taken for every welghing. The relative humidity
was then complpted from tables (15).

The density of each solution was calculated by the method
glven in Welssberger (14).

The density of air D was caleulated using the following

formula: _
D = Oe 0012983 (P-K (1 )
+ 0,00

where P 1s the barometric pressure in mm. of mercury, T the
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balance room temperature in °C and K 18 given by:
K = 0.0038 H Py , (2)
where H 1s the relative humidity in percent and PH,O is ;
vapor pressure of water at temperature T°C, |
The buoyancy correction was then found in the followingjuly.
If W' 1s the uncorrected weight, then the corrected weight W is
glven by:

W=W +D(V_+V =W
(Y, * ¥, E') (3)

where Vp 18 the volume of liquid in the full pycnometer VG is the.
volume of the glass and d the denisty of the weights used to
balance the pycnometer,

To evaluate Vp uncorrected welghts may be used. Thue in
calibration 1ett1ng'W'. and W'y be the uncorrected weights of the
empty pycnometer and pycnometer filled with water, respectively,
we have:

v o= W' -W', (4)

dt‘(HQO)

where df(H.O) is the density of water at temperature t°C at whieh
the measurement is made.

Since the pycnometer was left open while being welghed
empty, we have for the corrected weight of the empty pycnometer:

Wy = W} + D(V,-¥])

then the corrected weight of the water is

Wo=W, = W' + n(vp+vc-w ) I w1v+n(vc-wé') =

(Wo'=Wy') + D V_ «(Wgo'-W,')
| PoTT )
It was found that as the relative humidity in the balance

room never changed by more than 5% and the barometric pressure by
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more than 0,25 mm. of mercury from one determination to another,
the buoyarcy correction was practica}ly constant for 4th place
accuracy, being of the order of 0,0099 gm. The corrected weight
Wg of the pycnometer filled with the pyridine-pyrrole mixture
is then also calculated.

The true volume of the pycnometer is then:

v =+L!L (5)
d‘(HQO)

and hence the density of the solution is

+
= Wy - W
d‘(aolution) a ) (8)
P
Viscosity: Frevious to =all measurements on the time of flow

of pyridine-pyrrole mixtures the viscometer was callbrated
with distilled water. The density and viscosity of water at

$15) and 8,004 (16) millipoises

30°C, were taken as 0,9957g./ml.
and the viscosity of the mixture calculated from the following

relation

N, = Nge %t%t (7)
where ng, dp and t, are the viscosity, density and time of
flow for water and d, and t, are the density and time of
flow for the mixture.
No corrections were applied as the measurements were
deemed accurate to only 1%.

Heat of interaction. The purpose of the calorimetric measure-

ments was to obtain a roughly quantitative value for the heat
of interaction between pyridine and pyrrole. The calorimeter
was not designed to give the highest possible accuracy and
hence a quick graphical method for the evaluation of the



rise in temperature was sufficient for the purpose. The method

used 1s the one described by Sturtevant (17)

in the chapter
on calorimetry in Weissberger. It is suiteble for rapid
processes such as the one in this case; in a determination,
temperature equilibrium was usually reached in one or two
minutes while in a calibration run, temperature equilibrium was
reached in one minute or less as evidenced in all cases by a
straight line rise in temperature on the readings following
the heating interval.

For each determination the temperature was plotted sgainst
time as shown in #ig, 3a.

If Ty 1s the temperature of the water jacket just before

the reaction and T, the temperature when equilibrium has been
reached then the average temrerature T. =T, + T, was calculated.

Through the point, when the line representing the average tem-
perature intersects the straight line joining the point |
representing T, to the point representing the tempersture lrtorf
A min. interval, a vertical line is drawn. Vhen this line cuts
the extended lines joining the points representing the "fore"
and "after" periods respectively, gives T, the corrected initial
temperature and T, the corrected final temperature. Then the
e

"true" tanporature; i3 Ty = The Fe' 8 ol -
gl =i iosi e Ad. o rorrge Loleg

Instead of finding the specific heat of the calorimeter

and calculating the heat of interaction, a novel way of deter-
mining it was used, which although more laborious spared me the
necessity of determining the specific heat of pyrrole as well as
longthmcllculations.-

Each pyrrole-pyridine mixture was "calibrated" by passing .~

electric current through a heater resistance at least four times
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for different periods of time. The temperature rises for the
different periods were then evaluated graphically as outlined
above (see Mig. 3b.) and then plotted against the heat egquivalent -
of the amount of current passed (see Fig. 3c.) In all cases the
plot gave a good straight line. The heat of interaction was
then determined directly from this graph.

The meximum error for each determinstion was obtained by
reading off from the graph of AH cal. versus AT®C the amount
of heat in calories corresponding to an error of 919{°C ini ;,ﬁjﬁéL

reading the thermometer., These errors are given together with
the experimental values for the heat of Interaction in Table II
under results,

Calculations of the heat of dilutions of pyrrole in CCl,
were carried out in a similar way. The results are given in

Taeble V under Results,
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IV Results

Some of the experimental data and all the calculated results

are presented in tables as well as graphically.

Table I

Ml., pyri- Viscosity

dine; Density in Fluidity o

ml, pyr- Time gm/ml. millipoises rhes x 10
Liquid role sec. 30°C 30°C 30°C
Pyrrole - 76.2 0.9613 11.29 0.0886
Pyridine - 56.1 0.9730 8,42 | 0.l188
No. 1 1634 64.1 0.9717 9.61 0.1041
No. 2 10:5 69.2 0.9700 10.35 0.0966
No. 3 10:10 74.3 0.9676 11.10 0.0801
No. 4 10:15 75.6 0.9658 11.26 0.0888
No. 5 5:10 76.2 0.9647 11.35 0.0881
No. 6 4:16 76.2 0.9632 11.32 0.0883

It must be noted that the time of efflux through the
capillary, the density and refractive indices of all the
solutions were measured at 30°C.

The graphs of viscosity and density versus mole fraction
of pyrrole are given in Fig. 4 & S.

The calorimetric results for the heat of interaction between
pyridine ;nd pyrrole are given in tables II & III. All through-
out the calorimetric measurements the temperature outside the
celorimeted, 1.e. the room temperature was 30-31°C,

The accuracy claimed for the calorimetric measurements 1is

- 5% for the heat of interaction and t 104 for the heat of dilu-

tion results: which are given in table V.
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Table II
Mole AH experi-
fraction Ref, Moles Moles mental in
of Ind. of of calories.
Liquid pyrrole 30°C pyrrole pyridine
Pyrrole 1 1.50486 - - -
Pyridine 0 1.5033 . - -
No, 1 0,226 1.5056 0.057 0.197 109%6
No. 2 0.368 1.5064 0.072 0.123 12757
No, 3 0.538 1.5070 0.144 0,123 1667
No, 4 0.836 1.50689 0.215 0.123 19277
No. 5 0,700 1.5062 0.144 0.062 10826
No. 6 0,823 1.5059 0.230 0,049 8816

pyrrole is given in Fig, 6.

The graph of refractive index versus mole fraction of

The vertical lines represent the

allowable error for each reading.

fhe calorimetric data given in Tables II & IIT @ﬁraatod
in a more elaborate way than the rest. |

First the heat of the interaction between pyrrole and
pyridine was calculated for each mixture, as kcal., per mole
by dividing the experimental AH by the number of moles of the
deficient component (see Table IIIcolumn 6),

The above velues of AH were then plotted against the molar
ratio for each mixture of pyridine to pyrrole and pyrrole to
pyridine (Fig. 7 2 8),

As can be seen from the two graphs there 1s clearly a
minimum in AH for the molar ratio of one.

(9)

Second the method of Copley and Zelloheefer for calcu-

lating the heat of the interaction per mole of solution, was
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used#. The calculated results are shown in Table IV and plotted

in Figo e.

Hl ™) pyri"
dine:
ml., pyr-
role
16:4
10:5
11:9
10:10
5:10
15:10
10:15

4:16

Table III

AT keal/mole

Moles Moles Ratio Ratio of deficient
of of role: pyridine: component

pyrrole pyridine pyridine pyrrole 1st ' 2nd
0,057 0.197 0.29 3.45 l.01
0.072 0,123 0.59 1.70 1.76
0.129 0.136 0.97 1,03 1,43 1.45
0.144 0.123 1.17 0.85 1.37 1.35
0.144 0.062 2.32 0.43 1.74
0.144 0.185 0.78 1.28 1.50
0.215 0.123 1.75 0.57 1.58 1.55
0.230 0.049 4.69 0.21 1.80

The reproducibility of the results can be judged by

comparing the values in the two subdivisions of column 6. In all

cases 1t was found to be within the range ¥ 54 of the experimental

AE (in calories), In fig., 7 & 8 the vertical lines represent the

allowable 5% error in AH (in kcal/mole of deficlent component.

# One mole of solution 1s defined as L = M;x, + Myx, where M,, M

B

are the molecular weights of the two components and x,, Xy are the

mole fractions of the two components respectively.
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Table IV

Ml. pyri-
dine: Mole Mole AH cal. Moles AH cal.# AH cal./
ml. pyr- fraction (fraction experi- density of (const. mole of
role pyrrole  pyridine mental — gm / ml, Solu., volume) solution
16:4 0.226 0.774 1097 0.9717 176.4 54,6 0,7220,04
10:5 0.368 0.632 12717 0.9700 74.6 84.7 1.1120,03
15:10 0.438 0.562 2165 0.9690%° 73.8 86.4 1.1320,04
11:9 0.488 0.512  184ls 0.0683% 73,2 91.9 1.2220.05
10:10 0,538 0.462 16627 0.9676 72.5 83.1 1.1720,05
10:15 0.636 0.364 19217 0.9658 7Tl.4 76.8 1,0820,07
5:10 0,700 0.300  108ts 0.9647 70.6 71.9 1.0220,03
4:16 0,823 0,177 sete 0.9632 69.2 44,0 0,6420.04

s

8 These two values were taken from the plot of density versus mole

fraction of pyrrole.

The * in column 8 indicate the allowed error range in the
values for the AW cal/mole of solution assuming an error of ¥ 5%
in the experimental AN in calories.

The results of the measurements of the heat of dilution of
pyrrole in CCl, are given in table V, The two subdivisions under each

of columns 4 & 5 give a measure of the reproducfibility of the
results.

# This AH represents the experimental value in cal. reduced to a
a volume of 10 ml., Assuming that the change in volume on mixing
pyridine with pyrrole is negligible.

(o

-————



Mixture

20 ml .C‘H‘N +

10 ml.
10 ml.
5 ml.
5 ml,
5 ml,
3ml .
1 ml,

n

+

¥

+

10ml.CCl,

10ml.
20ml.
15 ml,
20ml,
30ml.
30ml .
30ml.

n

n

"
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Exp. AH AH keal/

Table V
in
Moles Moles calorles
pyrrole CClg#
0.288 0,102 165
0,144 0.102 1285
0.144 0,204 241
0,072 0.153 162
0.072 0.204 200 178
0.072 0.306 253 235
0.043 0.306 166 184
0,014 0.306 83 97

molar ratio pyrrole to CClg is given in Fig,. 10.

polation gives the final heat of dilution of pyrrole as 5.0:0.5

mole.

mole of

pyrrole

Ratio:

PEIO/

0,57
0.87
1.67
2.24
2,78 2.47
3,51 3.27
3.95 4.38
5.98 6,93

The plot of AH in kcal. per mole of complex versus the

Linear extra-

2,82
1.41
0.7
0.47
0.36
0.24
0.14
0.05

keal./

The last point was not included in the extrapolation for the

reason that with dilution the relative error grows too large to

make accurate extrapolation possible.

# The density of CCl, was taken as 1,575g/ml. at 30°C (Timmermans, loc.

eit. p. 226). Since this part of the work was performed at a room

temperature of about 150C there will be an error in the calculations
which however will be must less than the experimental eryor.

The

calorimeter itself was placed in an oll bath kept at 300-1oC, all
throughout the heat of dilution experiments.
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V Discussion

A, The association of pyrrole

The plots of density and viscosity versus mole fraction
pyrrololalthough by no means linoar'exhibitf no well defined
maxima or minima In the case of the density and bant & slight
maximum in the case of the viscosity.

ihe absence of well-defined curvatures Iin the two plots 1s
probably due to the fact that in this particular cese complex
formation between pyridine and pyrrole molecules changes but
little such properties as density and viscosity. This points to
the possibility of association in pyrrole, in the liquld state.
More than that, it points to the possibility of a predominance
of a dimer over the other possible polymers of higher order.

It should be noted that all the mixtures of pyrrole with
basic amines, studied by Dezelid (1), with the exception of the
system piperidine pyrrole, exhibited very slight mexims in the
viscosity versus mole fraction plots and nearly linear density
versus mole fraction relationships,

The association of pyrrole is also supported by s comparison

of the bolling voints of the following compounds

Table VI L T
Compound Formula B,P.# Compound Formulaim\‘ﬂ B.P,
& H
Pyrrole (W) 1300 N-methyl pyrrole [=V¢*% 114,5°
Furan i D (vgge)' N-ethyl pyrrole [=/¢Hs 1300~
Thiophen Es ) 84° N-propyl pyrrole E::ycaﬂ, 146°
Cyclopentane E:j 49,5° N-acetyl pyrrole C:;vcocﬂh 181e
Pyridine O 115,5° 2-methyl pyrrole ucu‘ 148°

# The boiling points are at 760 mm. unless otherwise indicated in

a subscript.,
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The high bolling point of pyrrole companad with the bolling
points of other compounds having nearly the same molecular weight,
as well as the marked change in the 'boiling point of pyrrole on
substitution in the 1 position, are very definitely in favor
of the suggestion that pyrrole is assoclated through its acidle
hydrogen.

The comparison made above can be extended to indolg which

also might be expected to assoclate.

Table VII
Compound Formula B,P. Compound Formula EB.P,
Indole Q’g{] 254° Naphthalene @ 182,4°
Indene E:)E:J- 182,4° N-acetyl indole Ef:['ﬂ 1520
go&":
Quinoline Ef:[fj 237,7° 2-methyl indole 272°
» @ g PR

The association of pyrrole was studied by several workers

mainly through absorption in the infrared.

In 1935 Wulf and Liddell \18)

found a small subsidiary
maximum on the long wavelength side of the main absorption peak
of the 2nd, NH vibration harmonic#, They interpreted the two
peaks as resulting from resonance of the NH vibration with neigh- -
bouring CH groups#i,
A year later Pauling in analyzing their results (19) sug-
gested that pyrrole molecules exist in solution in a coplanar form,

the NH hydrogen bring in the plane of the ring, and also, to a

# The satfllite bond was spproximately S50 em~) from the main bend
and had roughly one twentieth the intensity of the main band.

#% They also found a subsidiary maximum in indole but none in
carbazole which does not posses adjacent Ci groups.
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smaller extent, in a non-coplanar form,
In 1937 M, Freymann and R, Freymenn studied the N-H vibration

of pyrrole in the region of the 3rd harmonic (0e8<1.24) in solution‘go,

and in the vapor (21)

phases. They found a strong bend at 1.024,
a wesker one at 1.0}}land 8 very faint band at 1.004, The three
bands were sttributed to three moleculsr specles of pyrrole.
Zumwalt and Badger (22) repeated the work of Freymann. They
measured the 3rd harmonic of pyrrole vapor both with low and high
dispersions et two temperatures (150° and 250°). In the low
dispersion studies they observed that with rise in temperature the
1,01 4 and the 1,004 bands show moderste end large increases In
intensity, respectively, relative to the 1.02 4 band. From the
fact that under high dispersion at 250°C the 1.02 4 snd the 1,014
bands# exhibit narrow Q branches which have in both cases the
same intensity relative to the rest of the b@&nd, Zumwalt and Badger
conclude that the two bands originate from the same molscular
specles ## -
Hence they atiribute the main bend to absorption from the
ground level and the two subsidiary mexime to absorption from
two different excited states.

(4)(23) as a result

In the same year Rodebush and Coworkers
of their work on hydrogen bonding and infrared absorption mention

that the fundamental NH vibration absorption band lies at 2,934

# The 1,004 band being too falnt to be photographed.

## The intensity of the Q branch of the NH vibration absorption
depends on the electric moment in the N-H vibration and will,
ghogororo, be sensitive to different orientations of the N-H

ond.
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for liquid pyrrole /and at 2.8§}Iror a dilute solution in CCl %,
Their conclueion hat pyrrole does not assoclate appreciably.

Gordy and Stanford (24) in 1940 observed a2 shift in the
fundemental from 2,22 & to 2,784 on going from pure liquid to
0.1 molar solution and conclude that pyrrole is assoclated in
the pure liguid,

In 1951 Fuson, Josien et al (7) studied the NH vibration
fundamental of pyrrole, indole, carbazole and other compounds in
several different solvents., For CCl, solutions of pyrrole and
indole at differmnt concentrations they find two well-defined
bands which they attribute to "unassociated” molecules and to
"associated" molecules. For pyrrole the "unassociated" band
changes from 2,87 » to 2,864 in going from 3,8 moler to 0,038
moler while the "associated" band changes from 2,945 &4 to 2,924y
in gbing from pure liquid to 0,038 molar solutions,

In pure pyrrole only the "associeted" bend 1s present., In
CCl, =olutions both bands are present end going towards more
dilute solutions the "assoclated" band disappears in the region
0,1 to 0.01 moler while the "unassocieted" band becomes sherper
and sherper while staying at 2,8604,

From the above Fuson and co-workers conclude that pyrrole is
associated through the NH-N hydrogen bond.

It is interesting to compare their.reaulta with those of
Zezyullinskil (8) who found that the three harmonics shifted from
2.8574, 1.4604 and 0.99%}4 respectively in pure pyrrole teo
2,933, 1,490« and 1,005« respectively in dilute CCl, solution.

# Both Wulf and Liddell, and Rodebush and co-workers do not mention
the concentration of the pyrrole in CCly solutions.
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(25)

Tuomikoski in 1952 griticized both Zezyulinskii and

Fuson and co-workers on the [ground that the slight shift observed

in the frequencles of the mor_x}ﬁq_g)on dilution is not sufficient e
evidence for an NH=N hydrogen bond. He contends that the (i-;ltt?u/

frequency shifts of the order of 3% or less do not necessarily
indicate hydrogen bonding, es they may be due to dipole-dipole

interaction between the solute and the solventi,

(26)

Recently Fuson and Jasien have measured the frequency of

the fundamental of pyrrole in the vapor state at room temperature

and found it to lie at 3535 em™1 (2.82:3/“) and have no noticeable

structure which should be present if M, Freymann's (20)(21) and

(22)

Zumwalt and Badger's findings are correcta#,
Some additional evidence

can be found in the literature

for the assoclation of pyrrole. l\c/N\\\C < |
In an X-Ray study of the cr: | i e !:
structure of phtMlocyauine, N/ (_3:-73’ N
Robertson (27) tonné\that the \\ . e HV — C‘/N
molecule was not fotrngonally 0" é
symmetrical and suggested that b/ \” 7z~
the departure may be due to P Wtha l,cyq,.,"_
interpal hydrogen bonding. In
the case of porphyrine and di- o
pyrrylmethenes the question as :N; \cH
to whather they exist as hydrogen H;/\/
bonded isomers or as N isomers has sz
not yet been answered (28) although Dipyrry [metTheve

# In the worlting of the anthor "the shift may be derived from
electrostatics”.

## The 70cm™1 spacing between the main bend end the stronger subsidi-
ary in the 3rd harmonic region suggests that for the fundamental



infrared studies \29)(28)

point out that hydrogen bonding may

exlst, the distance between the adjacent nitrogens being favorable

for the formation of such a bond.,

Kumler (30)

measured the
electronic and total polariza-
tions for ms-tetraphenylporphine
and found that the dipolelmoment
of the molecule was zero or
very nearly zerc, This would
obviously necessitate the hydro-
gens to be symmetrically distri-
buted, Hence hydrogen bonding to
the adjacent nitrogen and a bifur-
cated hydrogen bond (see Figure)
were proposed &8 possible structures.
As can be easily seen from the
literature survey made above the
question of the "assoclation" of
pyrrole has not been answered in any
definitive way (2?). We believe
that the calorimetfic'work performed
on the heat of dilutién of pyrrole
in CCly has definitely settled the

question in favor of association,

The value given for the heat at infinite dilution =5,0 % 0.5keal/

CH

A CH
Q\T,Afj CH==:§>A,

Po r‘rl“l'“ﬁ

ﬁfrnpfreny//-or/-b ‘he |

mole

one should observe & shoulder separsted from the main peak by 20 to

30 em~1, :
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is not unreasonslbe if one compares it with =3.5 keal/mole
the heat of association of some aliphatic and aromatic (31),
acid amides,

The magnitude of the value is much larger than what one
would expect from the shift of the assoclated bond on dilution.

However the question as to what kind of association takes

place in liquid pyrrole asnd in CCl, .olutg.gggi_gu};fglg;gntf. i

e e et

concentration has @ to be answered, Some caleulations have
been tried using the data of ‘uson and co-workers (7), Linnellw)
and our own calorimetric data. Jthe former covers & large concen-
tration range without sufficient accuracy. Linnell's data, on
the other hend, a rather small concentrstion range. Five
points from his calibration curve (see “ig. 13, Appendix) were
taken end “empter and Mecke's (33) treatment epplied to them,

Assuming a set of equillibrium constants of the kind

" 8 n+l
Ky, = P) y Kg = EP! . Kn:g P)
tzﬂ’ s n+1
Wh.ra Kl = KQ CRC R I - Kn

Kempter and Mecke derived the equation
Ky ™ o ¢ where Kc is the general dissoclation
1 =Nt
constant, ¢ 1is the total concentration im moles per liter and o<
is the fraction of unassociated molecules,

If their assumptions are valid for the assoclation of pyrrole

# Davies and Hallanm (32) give the heat of association of acetamide
as -3.3 keal/mole thimer.
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then a plot of ofc versus Ju( ghould give a straight line,
The experimental points and the calculations are given in

Table VIII,

Table VIII ;
Ml, Pyrrole OPtical Optical
Made to 25ml. Concentration density density/ ticalDensit
with CCl, Moles / 1it, 2,84 bond concent \/ oncentration
2,0 1,152 0,675 0,586 0,766
1,5 0,848 0,530 0.625 0,791
1.0 0,576 0,375 0.651 0,807
065 _ 0.288 0,210 0,729 0,854
0,25 0,144 0,130 0.903 0,956

In the plot of \/glversul C which is egquivalent to plotting
XC versus \E;'(34) the first four points lie approximately on
a straight line while the fifth is way off, However as can be
seen the concentration range is too small to give an adequate test
of the assumption.
Coggeshall and Saler's (34) treatment using two equilibrium
constants could not be applied successfully to Linnell's data.
The fir st-order equilibrium constant# increases with decreasing "

(33)

concentration in the case of alcohols and phenols which in

our caao(igyazs;;asod in & rapid manner,

We tried to use our calorimetric data to calculate the equi-
librium constant of equilibria of the type
——> 1
P g==2 & Py

making the assumption that the concentration of free pyrrole is

# Both Kempter & Mecke & Coggeshall and Saler use the dissociation
constant while we use association constants,
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proportional to the oxporimdﬁtal quantity of heat liberated or
Hexp. = (P) 540

Then, if C is the totel concentration the total number of moles

T will be given by !

T = (P) + % \PN“)

(c-p). 1 1/n
hence K . = (n )’ lT
(P) -
1/n
= (C=P) . —
(n ) / (P) Tl";/n

K calculated for values of n from 2 to 8 gave & marked trend

with concentration,

More careful infrared work over & large concentration range

would glve mgg:_zgﬁ:fi:i/{or interpretation. Moreover measurement

-..--3_——-—-

i the heat of dilution of pyrrole in CCl, at different temperatures

|should give an independent value for the equilibrium constant,

\
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B. The interacticn between pyridine and pyrrole

The equilibrium constant for the one to one equilibrium
can be easily calculated from the viscometric and calorimetric
datas if we make the followlng assumptions: first, that the
pyridine, pyridine-pyrrole complex, and pyrrole mixture behaves
1deally; second, that the volume change on mixing pyrrole and
pyridine 1s negligible; and third, that the heat of interaction
is proportional to the concentration of the complex,

Heving made the assumptions we can put down the three

basic relations.

B = x3 P, + xoffs + Xyef52 (5)

K = X1 2 (8)
Xy1eXg

and Nyg = ? (’?)

where K 1s the equilibrium constant,

X; = mole fraction of pyrrole at equilibrium,
Xy = " " pyridine " "
X382 = " " " the complex at equilibrium,

f = fluildity of the mixture.

g, = s " pyrrole.

B = " " pyridine,

Pz = " " the complex.

Ny, = moles of the complex at equilibrium.
H' = experimental heat of interaction,

=
]

actual heat of interaction obtained by extra=-
polation to zero mole ratio. (see Fig. 10)
if n,' = moles of pyrrole present initially.

and ng'! = " pyridine

N' = n,' + n,' = total moles



Then x, = %1-'——:—:;1-: (8)
= ' -

and X;p = (10)

)

then eq. (5) can be rewritten as
+ P1a = P1 = Pa

substituting from egs. (8,9 & 10) into eq. (6) and solving for

Nig

n,e we obtaln

nyg = %:_ + /N“SK+1+[-4n,'n"‘K (13)

Setting eq. (11) equal to eg. (13) and letting

g, + fo = a we have

2n,'f, + 2ng'fg + Pia N' v ;_m?_)___nze"‘n 'ng' JK+N'® =
+
“‘-411 'n K+R'® 4 @ N1®.4n,'ng' )K+N2®
N' (a+f) 78 \[ L__rm_?___

substituting the numei-ical values for a, §, and fg
1o = (0.2074-6) + 2WP - ¢

N.t\ﬁnﬂ-m 'ng' )K+N12
" K+1

where ¢ = 0,1772n,' + 0,2376n,'

substituting eq. (13) into eq.(7) we obtain

” H®n,'ng' (16)
K =1+ proggrity e

(14)

(15)

A graphical method of solution was tried on eq. (15) assuming:

#,. and K to be constant variables values of K ranging from 0.1 to

20 were substituted into eq. (15) and the corresponding Pia's
calculated.
Plotting one against the other for the six emperimental

points (see Tables I & II) gave paralled curves. The failure of
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this method is attributed to the fact that f,, 1s not sensitive
to changes in K,

For oq; (18) the above method also failed mainly because
the sensitivity of K to H' was larger than the experimental
error,

A more direct way of the two equations was then tried. H,
the re at of interaction at infinite dilution of pyrrole was
corrected for the heat of dissocilation of pyrrole assuming that
the heat of dilution in pyridine would not differ appreciably
from that in CCl,. This assumption 1s permissible since the pyri-
dine i1s not assoclated.#

The correction was performed in the way shown in Tables IX &

X and in Fig. 11,

Table IX
Ratio AH

Moles of pyrrole/ AH experimental calculated
pyrrole CCl, experimental in cal, for 0,144 moles of pyrrole

0,288 2.82 165 83

0.144 1,41 125 125

0.144 0.7 241 241

0,072 0.47 162 324

0,072 0,386 200 400

0,072 0.24 252 504

0,042 0,14 157 568

0.014 0.05 83 830

The experimental heat of dilution AN calculated to 0,144 moles

of pyrrole 1s plotted versus ratio pyrrole to CCly 1n Fige, 11.
For corresponding values of the ratio pyrrole to pyridine
the correction was read from Fig, 11 and added to the experimental

heat of interaction as shown in Table X.

35
# The heat of dilution of pyrdine in CCl, is only -100&1/m010|( )=
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Table X

AH exp. corr. AR exp.

Ratio Moles AH exp. corrected Tfor associa- corr. re-
pyrrole/ of Al exp. to 0.144 moles of tion of pyr- duced to
pyridine pyrrole in cal. pyrrole in cal. role, cal. org.no.of
oles
0.29 0,057 109 275 730 289
0.59 0.072 127 254 549 275
0.78 0.144 218 2186 446 446
0,95 0.129 184 205 390 349
1.17 0.144 166 166 316 316
1.75 0,215 192 128 233 348
2,32 0.144 108 108 193 193
4,62 0.230 88 55 295 151
Table XI
Teble XI gives the heat of
Ratio AH kecal. per
interaction ealculated as kecal. per pyrrole/ mole
pyridine of pyrrole
mole of pyrrole and Fig. 12 gives
0.29 5,07
the plot versus mole ratio pyrrole
0.59 3.82
to pyridine. The vertical lines /7
0.8 3,01
indicate the + 107 error allowable.
— 0,95 2.7
As seen the extrapolated value gives
1.17 2.20
the heat of interaction as 7.0 +(0.7
1.75 1.62
keal/mole.
2.32 1.354
Substituting 7.0 as the value for
4,69 0.66
OH, the equilibrium constants obtained
from eq. (16) are listed in Table XII.
Applying statistics for small numbers of observation (35) we

reject the value 2,89 and obtain the average K = 1.3 £ 0.2 (e5%

confidence level).

Obviously it is of interest to compare the above value Pf K
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with the one obtainable from Linnell's data (Appendix).

Since the concentrations used by Linnell were less than
one molar we can assume that the equilibrium between pyridine
and pyrrole in his solutions was mainly a one to one equilibrium

unaffected by the still present associated pyrrole.

Table XIII gives the resulte of the caleulations,

Table XII
Ratio

Pyrrole/

Pyridine K
0,29 2,89
0,59 1,02
0,78 1.66
0,95 1.28
1517 1.30
1,75 1.1¢
2.32 1.54
4.69 0.87

Averege K = 1.3 I 0.2
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ml.CaHglN

1,00:1,00
1,00:0.50
0.50:0,70
0.50:0,60
0.50:0,60
0.50:0.15
0,50:0.40
0.50:0.30
0.50:0.,20
0.50:0,25
0.50:0.60
0.50:1.00

Re jecting the value 4.6 we obtain K = 1,2
agreement with the value obtained from our calorimetric data.

our approach to the study of the pyridine-pyrrole system is a sound one,

Moles
CCl,

0,237
0.243
0.246
0.247
2.46

0.251
0,249
0.244
0.251
0,250
0.247
0.243

Moles of Moles
free Moles of of
pyrrole  complex pyridine
0,0087 0.0053 0.0071
0.0111 0,0029 0,0033
0.0049 0,0021 0,0066
0.,0046 0,0024 0,0051
0.0046 0.0024 0,0051
0.0056 0,0014 0.,0040
0,0055 0,0015 0.,0035
0.0046 0.0024 0.0076
0,0061 0.0009 0.0016
0.0057 0.0013 0.0022
0.0049 0.0021 0,0054
0.003%7 0.0033 0,0091

w

Moles of moles Moles
Total fraction fr. of fr.of
moles pyrrole complex pyridine Ke _

0.,0211 0.412 0.251 0337 1.8
0,0173 0,771 0.168 0.191 1.4
0.0136 0,369 0.154 0.485 0.9
0.,0121 0,380 0.198 0.422 1.2
- - - - 1.2
0.0074 0,757 0.189 0.054 4.6
0,0105 0.524 0.144 0,333 0.8
0.,0146 06315 0.164 0.520 1.0
0,0036 0,70¢ 0,105 0.186 0.8
0,0092 0.630 0.141 0.239 1.0
0.0124 0.395 0.169 0.435 1.0
0.0161 0,230 0,205 0.565 1.6

+ 0.2 (95% confidence) which is in good

Thie fact indicates that
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C. The nature of the pyridine-pyrrole complex

; |
The conclusion of Dezelll (1) tHat the pyridine-pyrrole

complex consists of one molecule of pyridine to two molecules

(6)

of pyrrole 1s contradictory to Linnell's results # as well
as to those obtained by the author.

The plot of the refractive indices of pyridine-pyrrole
mixtures versus mole fraction pyrrole, indicate that the complex
i1s in a one to one ratior., That the complex exists as a result
of an equilibrium and not as a product of a simple reaction,
can be concluded from an examination of the calorimetric data.

In the latter case the heat of interaction calculated as kecal,
per mole of the deficient component plotted against the mole
ratio of one component to the other would give a straight line,
The presence of the minima at a 1:1 mole ratio, 1s strong evi-
dence for the equilibrium idea with a 1:1 complex formed.

Moreover assuming equilibrium and correcting for the assocla=-
tion of pyrrole it is possible to obtain a consistent value for
K the equilibrium constent, as well be shown in the next section.

Treatment of Linnell's data on the assumption gives a
value for K which is nearly identical to that obtalned from
calorimetric results,

It can be then concluded thet the pyridine-pyrrole complex
is definitely a one to one complex.

It 1s interesting to compare the thermodynamic quantitles
calculable from the calorimetric results and the equilibrium constant

obtained above, for the two equilibria.

# See Appendix.
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CgHgB + CoH,N, g===> CgHgN...HNC H, (1)
and CgHgN +(C HNH)n g==2 CgHgN...HNC H, + C HgNH n-]1 (11)
For equilibrium (1) AH = + 7,0 keal/mole and K = 1,2
Then AF = =RT 1n K
= «2,3 x 2,0 x 303 log 1.2
= =110 cal/mole,

using the relation
ALH - AF
DS —r

_ 7000 4 110
305

= 23 cal./dezmole,

For equilibrium (ii) AH = + 2.0 keal/mole
s = 2000 + 110
and A —x57-

= 7 cal./deg.mole,

The large entropy change in the former case would indicate
that pyridine-pyrrole complex 1s a tightly packed complex, while
the much smaller entropy change in the second case indicates that
the pyrrole complex 1s more loose than the pyridinegpyrrole complex,
but only slightly so. This would provide a reasonable explanation
for the slight curvatures in the viscosity and dénsity versus mole

fraction plots.
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SUMMARY

In the present work the densities, viscosities and
refractive indices of pyrrole-pyridine mixtures in different
molar ratios, were measured at 30°C,

The heat of interaction between pyridine and pyrrole and
the heat of dilution of pyrrole were measured also at 30°C
and found to be +2.0 & 0,1 keal/mole and =5.0 ¥ 0,5 kecal/mole,
respectively. The corrected heat of interaction between pyridine
and pyrrole is then given as 7.0 I 0.7 keal/mole.

Using this value and assuming a simple equilibrium

CgHgN + C H NI g===2  CgHgN.,..NHC H,
e value for K, the equilibrium constant is obtained 1.3 0.2,
This 1s compared to K = 1.2 ¥ 0.2 calculated from the infrared
absorption data of Linnell on pyridine-pyrrole mixtures in CCl,.

The association of pyrrole 1s discussed and it is pointed
out that the large heat of dilution in CCl, asserte definitely
the fact that pyrrole 1s assoclated and not exlsting in dif-
ferent molecular forms.

For the above equilibrium AF = 110 cal/mole and

AS = 23 cal/mole.
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VIII  APPENDIX

Infrared Studies on the Pzridine-PIgrola sttam

Below are given the results of the work done by Dr. R,H,
Linnell on the infrared absorption of pyridine-pyrrole mixtures
in CCl, solutions. They have been published in the J,Chem.Phys.
21, 179 (1853),

As given here the results have been recalculated by Dr.
Linnell yielding only slightly differing results.

The experimental technique was as follows: in each case &
certain volume of pyrrole was pipetted into a 25 ml. volumetrie
f1ask, a certain volume of pyridine, accurately measured, added,
and the whole made up to volume with CCl,.

The absorptions from 2 to 1§/A of the solutions thus made
up, were measured in a double beam Perkin-Elmer Model 21 Spectro-
photometer, using a NaCl prism.

NaCl cells 0,145 em thick were used for the measurements with
a reference cell of identical thickness filled with the solvent.

The table gives the experimental data and tre calculated
results assuming & simple one to one complex and equilibrium,

To know the concentration of free pyrrole at equilibrium
from the optical density of the 2.84 4 band, Dr. Linnell ren the
absorption curves of solutions of pyrrole in CCl,, for various
coneéntrations of pyrrole and t hen plotted the optical density of
the 2,84 M band of pyrrole versus the concentration, Assuming that
in the concentration range measured (1 to 0,1 moles/liter ) the 2.84/44
band obeys Beer's law, Dr, Linnell drew the best straight line
through his experimental points and used it as a calibration curve.

Fig. 13 shows the curve.
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The equilibrium constant for the equilibrium
C H,NH + CgHgN &==== (C H NH...NCgHg)

1s caleulated in 1it/mole units from

K = millimoles complex x 10°
(millimoles free pyrrole)(millimoles free pyridine)x40

In Fig, 14 the optical density of the 3.11 4 band due
to essoclation between pyridine and pyrrole is plotted Wwersus
the ealculated concentration of the complex., The fact that a
straight line can be drawn throughthe points bands support to

the equilibrium idea and to the assumption of linearlty. The

number near each experimental point 1s the equilibrium constant.

It should be remarked that the points whose equilibrium
constant is way off from the average are the ones that deviate

most from a stralight line.
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A R GH S SRR LT EIE A
SB | 4k 3Bk SRUI2ER| 77 |2 ° 334 253 38k 28T |2k =2
0.50| 0.15 | 3.75 | 6.98 | 1,86 |24.35 | 0.281 0.062 | 0,188 | 5.6 | 1.4 | 0.8 1546 |
: B == |

1 .
0.50| 0.20 | 2.82 | 6.98 | 2.48 24,30 0.251 |0.064 | 0.204| 6.1 | 0.2 | 1.6 | 2.3

100| 0.50 | 2.24 |13.96 | 6.22 |23.50 | 0.243 0,240 0.510| 11.1 | 2.8 | 3.3 f{ 2.0
0,501 0.25 | 2.01 | 6.98 | 3.48 |24.22 | 0.250|0.085 0195 | 5.7 | 1.3 | 2.2 | 2.8 |
0.50 0.299 0,169 | 0,184 | 5.5 | 1.5 | 345 H.W%Hn.
1.00 0.257 [0.357 bo.mao 6.7 | 5.3 | 7Tl w.uL

T | o.s0 0.247 |0.159 | 0,168 | 4.6 | 2.4 5. | e

Otmo Oog o.wg m.s Iﬁ.*o a.wo o.»s OOHS o.Hmw *‘O w.‘ u.u. ”.
60

0.50| 0,60 | 0.936 | 6.98 | 7.46 |23.90 | 0.247|0.160 | 0.169 4.9 | 241 ‘ 5.4 | 2.0
.50 | 0.70 | 0,804 | 6.98 | 8.69 |23.80 | 0.246 0.176 | 0.170 6.9 | B | 6.8 | 1.8
50 0.80 | 0.703| 6.98 | 9.94 |23.70 | 0.244 |0.21¢ |0.162 | 4.0 2.4 | 7.6 | 17
0.50| 1.00 | 0.563| 6.96 2.4 |23.50 | 0.243/0.240 | 0.108 2.9 | 4.1 | 8.3 | 4.26
0.50| 1.00 | 0.563| 6.98 w».p 25.50 | 0.243 |0.208 | 0.D81 | 1.96| 5.0 | 2.4 | m.ar
0.50| 1.00 | 0,563 6.98 fn.. 23.50 | 0,243 [0.240 | 0,138 | 3.7 # 5.5 | 9.1 | 2.5 -

# Taking the| density of 1rnowo es O, mml\L. end the IL. wt. .fn 67.
L 922 e« 8

ndl the LOHo t.n_. ea 79
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0.50| 0.15 | 3.75 | 6.98 | 1,86 |24.35 | 0,261 0,062 | 0,189 | 5.6 | 1.4 | 0.4 15.6 |
0.50| 0.20 | 2.82 | 6.98 | 2.48 |24,30 | 0.251 (0,084 | 0.204| €.1 | 0.8 | 1.6 2.3
1.00| 0.50 | 2.24 |13.96 | 6.22 |23.50 | 0,243 [0.240 | 0.310| 11.1 | 2.8 | 3.3 2.0
0.50] 0.25 | 2.00 | 6.92 | 5.48 |24.22 | 0.250 (0,085 | 0,183 | 5.7 | 1.3 | 2.2 | 2.8
0.50| 0.40 | 1.40 | 6.58 | 4.87 |24.10 | 0,299 (0,199 | 0.184 | 5.5 | 1.5 | 3.5 u.ﬂhl
1.00| 1,00 | 1.15 |13.96 N12.4 |24.36 | 0.257 0,357 | 0.260| B.7 | 5.3 | 7.1 2.15
0.50| 0.60 | 0,936 | 6.98 | 7.46 |23.80 |0.247 0,159 | 0.162 2.6 | 2.4 | 5.1 m.ui
0.50| 0.60 | 0.83€| 6.98 | 7.46 |23.80 | 0,246 0,150 | 0.162 | 4.6 | 2.4 | 5.1 n.mL
0.50| 0.60 | 0.936 | 6.98 | 7.46 |23.90 | 0.247 (0,160 |0.169| 4.9 | 2.1 | 5.4 2.0
0.50 | 0.70 | 0,804 | 6.98 | 8,69 (23,80 | 0,246 0.176 | 0.170| 4.9 | 2.1 | 6.8 1.6
0.50| 0.80 | 0.703| 6.98 | 9.9¢ (23,70 |0.244 [0.214 | 0.162| 4.6 | 2.4 | 7.6 1.7
0.50| 1.00 | 0.563 | 6,98 1».. 23,50 | 0.243 |0.240 | 0.108 | 2.9 | 4.1 8.3 4.26
0.50| 1.00 | 0.563 | 6.98 #».. 23.50 | 0.243 (0,208 | 0.BB1 | 1.96| 5.0 | 2.4 8.6 |
0.50| 1.00 | 0,563 | 6.98 fm.. 23.50 | 0,243 [0.240 | 0.135 | 3.7 | 3.3 | 9.1 2.5
# Tak the| density of uT.u.ow. es 0,9B5gm/ml. end the mol. wt, as 67.
W the Louo tL. a8
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