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THE HEATS OF COMBUSTION OF
TRANS AND CIS-AZOBENZENE

INTRODUCTION
For some time it has been realized that the struct-

urai configuration of the azobenzene molecule implies
the existence of cis-and trans isomers.

last two years, however, has

been made of these two forms.
reported

(1)

a

Not until the

successful separation

Hartley in England has

that azoberzene as ordinarily prepared con-

sists almost entirely of the trans-isomer, which is the

more stable of the two forms.

He prepared cis-azoben-

zene by means of a photochemical conversion of ordinary

azobenzene and has studied the kinetics of reactions involving some of its derivatives.
in melting point by

ubilities.

C

The two forms differ

and differ somewhat in solhe more soluble

The more polar cis-Isomer is

of the two in polar solvents as might be

expected.

cis-form has a dipole moment of 3.0 Debye units

The

v:hile

the syuiimetrical trans -isomer has a moment of zero.

The

cis-form has a greater absorbing power for blue light
than the trans, and this fact was made use of by Hartley
in a photometric method for determining the concentration
of a mixture of

tht.

two forms in solution.

Unfortunately,

2

we were not able in this investigation to utilize this

method of analysis.
A number of aeterminations of the heat of combus-

tion of azobenzene have been reported in the literature
(5)

but no attempt has been made as yet to determine the

two isomeric forms separately.

clued to attempt this

.vith the

use in this laboratory.

Accordingly,

it

vas de-

adiabatic calorimeter in

Details of the operation of

thïs a»paratus are available elsewhere (2) and will not
be described here except as thea were modified for this

particular investigation.

he trans-isomer was deter-

mined first and the cis some three months later.

In the

interim, changes were made in the calorimeter system

which necessitated a redetermination of its heat capacity.

Details of both calibrations of bhe calorimeter

are included here.

THE FIRST CALIBRATION OF

TJ

CALORIMETER

For this calibration fifteen runs were made with

standard benzoic acid (Bureau of Standards sample #39e).
Full details of the calculation of the energy eL1uivaient of the empty bomb and calorimeter can be found

elsewhere (3).

For the conditions which obtained during

these runs it was possible, by making the

reuired

sub-

stitutions, to simplify the classical equations of sash-

burn

(7)

to the following simple working relations.

3.51

+

Golb.l m

and

____

0.542 m
+

-

13,960

34

HNO3

________-__________
AT

-

Here, 5F is the heat capacity of the contents of the bomb

after the combustion in cal.

deg.,

8B

tbe heat ca-

pacity of the empty calorimeter system in cal. deg.-,

m is the true mass of the sample burned,

HNO3 is the niim-

ber of mols of nitric acid formed during the combustion
(determined by titration of the bomb water after each
run) and

T is the temperature rise

be calculated (3)

grn

ifl

degrees.

It may

that 6315.1 calories are evolved per

of benzoic acid burned under the conditions existing

in our apparatus.

13,960 calories are evolved per mol

of nitric acid forneu from nitrogen, oxygen, and water
at constant volume.

may be neglected.

Heat of solution of the nitric acid

'41

For our platinum
that

AT

resistance thermometer it was found

P/ 0.10036, where

AR

is

the change in re-

sistance of the thermometer during a combustion in oh-s.
R was corrected for heat of stirring and for the heat

given off by the burning of the iron fuse
uantity (0.00118

obiîis

iire by a fixed

for twenty minutes stirring and
The unit of energy used through-

2.5 ems, of fuse wire).

out this paper is the defined conventional calorie which
is derived from the international joule br multiplying

by the factor 1.0004/4.1850.
The data obtained is summarized in Table I.

runs were started at 25°C.

All

Runs #1,2,3,4,11,14,15 were

discarded because of incomplete combustion resulting in
carbon deposits.

Runs

'6

and 8 were discarded because

of gross errors committed during the combustion.

5

TABLE

I

DETERMINATION OF THE ENERGY EQUIVALENT
OF THE CALORIMETER AT 25.00
Run True mass Temp. rise
benzoic
corr. for
acid, gin. stirring
and Fe

cal.

cal. Energy equiv. dey.
from
from calorimeter
from
benzoic HNOS cal. deg.1
mean
acid

5

0.96233

2.4367

6077.2

11.9

2507.6

+0.2

7

0.98191

2.4714

6200.2

b.6

2507.5

+0.3

9* 0.99850

2.5140

6305.6

3.0

(2505.4)

(-2.0)

10

0.98898

2.4892

6245.5

4.4

2506.9

-0.5

12

0.98425

2.4769

621o.6

5.7

2507.9

+0.5

13

0.99714

2.5089

6297.0

2.7

2507.1

-0.3

2507.4

+0.4

Mean value
*not used in obtaining mean

THE HEAT OF COMBUSTION OF trans-AZOBENZENE

Several different samples of azobenzene were treated.

separately

such various procedures as recry stai-

b,'

lizatlon from ethanol or methanol by the addition of
vater,

an1 recrystallization from chloroform or benzene.

All melted at about 68.1°,

(Hartley reports a m.p. of

68.00) after repeated treatment and were combined and

given a final recrystallization from acetone solution
by the addition of water.

Since the cis-isomer can be
the solution was

proctuced only by the action of light,

kept in a dim light.

The addition of the water was be-

lieved to have extracted any of the cia-form that might
have been produced while the azobenzene was in solution,
since the cia-form is about thirty times as soluble in

water as the trans.

After drying over P205 in the dark

the final product melted at 6d.l° C.

One change in operating

techniue

'gas

made in this

series of determinations which is worthy of note.

Fol-

lowing the calibration of the calorimeter system,

exper-

iment had shown that the heat of stirring for a given in-

terval of time was not truly constant.

Accordingly, the

governed induction-typo motor then in use for stirring
was replaced by

a

synchronous motor,

since the variation

was thought to be due to a variation in the rate of stir-

ring. .iirther

tsts

shved, howevcr, that the heat of
stirrin: was still not constant but increased slightly
durin a run. Therefore, the practice was adopted of
taking the heat of stirring for a ten-minute eriod immediately following the

initial

period of about
twenty minutes. Following this, the ignition uf the
charge ensued, the calorimeter was run for twenty mmutes and the heat of stirring taken for another period
of ten minutes. The two values for the heat of stirring
for ten minutes so obtained ere then added together to
give a total ihich was assumed to be equal to the heat
of stirring during the twenty-minute period iniediately
following the ignition.
cedure to be

warm-up

this proaccurate within the units of error with
Experiments showed

which the temperature was determined and

adopted in

all

its

use has been

subseLjuent work.

ighteen combustion runs were made with trans-azobenzene. On a number of these runs nitric acid was tested. for in the bomb gases by slowly bubbling them thruh
a spiral tower containing a dilute solution of potassium
hydroxide. No nitric acid was ever found within the limits of error of the method of detection.

If the Jashburn ejuations are slightly modified to
take into account the presence of nitrogen in the material
burned, the heat of the bomb process in calories por grain

r.'

is easily calculated (4). Simplification of these relations gives the following working equations, wherein
the nomenclature is tìe same as before.
3.53

0.563

+

m

-

34

n0,

cal.aegt'

SF)T - 13,960 HNQ' cal.gm1
e -UB/M is the heat of the bomb process (e.g. at an
initial oxygen pressure of 30 atm., at 25.00, at constant
volume, etc.) in calories per gram.
The results are tabuisted in Table IÏ.
Runs #2,3,4,
5,6,7,0,11 were discarded because of carbon deposits in
the crucible or on the interior of the bonib. Hun i gave
a low result, apparently because of insufficient drying
(40 hours) and was discsrded. On runs #13 and 14 tbe
saniple was inadvertently allowed to stand for several
hours after veighing before being burned. A subseuent
exeriiient showed the loss in vieight of a s8ple over such
a period of time to be easily sufficient to account for
the low results obtained on these two runs, which were
then discarded.
and

-UB/M

(2501.4

+

TABLE II
THE ISOTHERMAL HEAT OF COMBUSTION OF
trans-AZOBENZENE AT 25.00
dey.
Run True mass Temp. Rise Total heat Cal
UB/M,
of sample, corr. for evolved
from cal.gm1from
stirring
cal.
mean
gin,
lINO3
arid Fe
9

0.68454

2.5171

5818.8

11.4 8483.6

+0.5

10

O.7355b

2.4840

6258.0

14.0 8484.7

+1.4

12* 0.73534

2.4881

ó248.5

13.1(8479.6)

(-3.7)

15

0.73119

2.4750

6215.4

12.9 8482.8

-0.5

16

0.73868

2.5003

6279.0

12.5 8483.4

+0.1

17

0.73187

2.4770

6220.5

16.1 8481.5

-1.8

18

0.72606

2.4578

6172.2

12.5 8485.7

+0.4

Mean
*not used in obtaining mean

8483.3

+0.8

lo
THE ShCOND CALIBRATION OF THE CALORIMETER

In order to minimize such errors as might be caused

variation in the heat of stirring it was decided to
decrease the size of the stirring propellors, thus cutting down the absolute magnitude of the correction for
this Ljuntity to about one-fifth of its former value (the

by

heat of stirring is

rise in temperature per minute). The rate of stirring was not altered.
In order to maintain efficient circulation with the smaller
blades a partition was placed in the inner can of the cal-

new

orimeter in such

now

a way as

about 0.0001°

to form

a

tube surrounding the

redetermination of the energy ejuivalent of the cslorimeter systern. This was made as before except for the change which
propellors.

This change in turn necessitated

a

described earlier in the manner of determination of
tlie heat of stirring. A new bottle of
the correction
standard benzoic acid (Bureau of Standards sple #9e)
was used, and several samples were fused before use in
order to test the dryness of the material. Fifteen runs
were made. The results are swrrrìarized in Table III.
A low crucible ws used at first, resulting in a mmiwas

fr

ber of runs in which carbon was blown out of the crucible
onto the walls of the bomb. Substitution of a high-walled

crucible partially remedied this difficulty.

Hirns

i/l,2,3,

11

6,7,Y,11 were discarded because of the production of
carbon.
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TABLE III

DETERMINATION OF THE ENERGY EQUIVALENT
OF THE CALORIMETER AT

Run True mass Temp. rise
benzoic
corr. for
acid, gm. stirring
and Fe

25.00

cal.
cal. Energy equiv. dey.
from
from
from calorimeter
benzoic HNO3 cal. deg.1
mean

acid

4

0.98753

2.445

6236.3

2.1

2549.1

5

0.99162

2.4535

6262.2

1.7

2549.1

8

0.99252

2.4554

6267.9

0.9

2549.1

-0.4
-d.4
-0.4

10

0.98488

2.4362

6219.9

1.5

2549.6

+0.1

12* 0.75136

1.8604

4744.9

3.6

2548.6

-0.9

13* 0.62341

1.5420

3937.1

1.5

2550.4

+0.9

14* 0.62438

1.5443

3943.2

0.9

2550.0

+0.5

1.08859

2.6920

6874.8

1.3

2550.1

+0.6

Mean

2549.5

±0.5

15

*fused sample
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THE HEAT OF COMBUSTION
The method of Hartley

cis-AZOBNZE}E.

O1

(1) was

followed in the pre-

paration of the cis-isomer of azobenzene.
solution (ca.

8)

of ordinary azobenzene in 500 cc.

glacial acetic acid is placed in
a

A saturated

glass cover in bright sunlight.

a

largo white dish with
(It was found neces-

sary in our experinients to keep the mixture on

bath in order to ¿et

a

of

iieasurable yield.)

a

cold

After about

four hours the proportion of ci-azobnzene in the mixturc becomes steady at about

24.

of water is

450 cc.

then added in the dark (this aiiount has been found to be
just enough to precipitate nearly all of the trans-isomer

but none of the cia)

and the solution filtered.

residue may then be used over again.)

next diluted further with 500 cc.
wïth chloroform.

evaporated in

a

f

The

s

olution is

water and extracted

The extract is washed with water and

vacuum at once, the main essential for

a good yield being to get the ciw-form in the

as

(The

solid state

.uickly as possible.

The crude products of several exposures which had

been obtained in thisway were uniteu and recrstullized
twice from petroleum ether (b.p. 40_600) between room temp-

erature and thetemperature of sn ice-salt freezing mixture.

Each batch of crystals was washed with cold solvent to

14

11uor which reportedly may contain a little of the trans-isomer which has been formed by thermal
remove mother

conversion of the eis-form.

The

melting point of the pro-

duct was slightly above the 71.4° which Hartley reports

oint of cis-azobenzene. The prokept in the dark over P205 for four days before

as being the meltin

duct was

determinations were made. Then seven runs were made,
of which number 6 had to be discarded because of carbon.
Following this the remainder of the sample was recrystallized once more in the same iay as before. After
being kept in a refrigerator for four days over P205, runs
8 and 9 were made. The results are shown in Table IV.
The agreement obtaincu aparent1y proves conclusively
any

that the sample was pure. Its melting point remained
71.4° after the further recrystallization. A standard
size sample was found to lose about 0.02 mg. in weight
per hour. This Is an entirely negligible rate of loss
since each Ignition took place 'Ithin an hour after the
weighing of the sample.
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TABLE IV

THE ISOTHERMAL HEAT OF COMBUSTION
OF cis-AZOBENZENE AT 25.0e

Run True mass
of sample,
gin.

dey.
Temp. rise Total heat Cal. -6UB/M,
from ca1.gm- from
corr. for evolved
mean
11MO3
stirring
cal.
and Fe

-1.8
-0.2

1

0.70053

2.3460

5990.1

11.9 8533.9

2

0.70482

2.3606

6027.5

11.6

3* 0.70636

2.3680

6046.4

13.1 (8541.3) (+5.6)

4

0.73077

2.4477

6250.0

12.4 8535.6

-0.1

5

0.74352

2.4909

63b0.4

12.3 8537.8

+2.1

7

0.72306

2.4222

6184.8

12.0

8537.1

+1.4

8

0.72857

2.4407

6232.2

12.5 8536.7

+1.0

9

0.71989

2.4105

6155.1

11.9

8533.5

-2.2

8535.7

+1.2

Mean
*not used in obtaining mean

8535.5
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DISCUSSION OF THE RESULTS
The r esults of this investigation which were given
in Tables II and IV in terms of calories per grain may

now be converted to a molal basis, taking the molecular
This gives an average

weight of azobenzene as 182.21.
vslu.e

for

kca1.mo1

AUB,

th

heat of the bomb process, of 1545.7

for trans-azobenzene

and of 1555.3 kcal. mo1

for cls-azobenzene.
It now becomes necessary to correct these figures

to standard conditions in order to obtain -TJR,

the change

in intrinsic energy of the reaction under standard condi.tions.

(U

here corresponds to 6E in the nomenclature

of Lewis and Randall.)

This is done very simply by means

of the approximate equation given by Washburn (9)

assum-

Ing that the nitrogen produced by the combustion may be

treated as though it were oxygen.
ensues as

a

result of this calculation, and

is 1544.7 kcal.

kcal.

mol-

A correction of -O.O65

mol-

vie

find that

for trans-azobenzene and 15ö4.

for cis-azobenzene.

Finally, a simple calculation from the relation,
AH

U +

nRT, gives us Cor -AER, the heat of combustion

at 25.00 and

stndard conditions,

the

values of 1543.8

and 1553.4 kcal. mola- for trans and cis-azobenzene, respectively, for the pure reaction,

17

29/2 02

C12H10N2 +

on

+ 5 ffO

12 002

+

(1)

=

It is now possible to make an

interesting comjarison

with some earlier v1ues for the heat of combustion of
ordinary or trans-azobenzene.
view of thermochemical data
a

in his re-

Itharasch (5)

Of these,

juotes three values.

value of 1555.2 kcal.15mo11 obtained by Petit in 1889

and another of 1b52.6 obtained by Lemoult in 1908, may be

disregarded in view of the low precision prevai1in
the

Itharasch attaches

thermochemical work of that time.

the greatest weight to a value of 1545.9 kcal.

ported to him in

a

in

moli

re-

private communication by Swietoslawski.

No mention is made of a reduction having been rade of

this value to standard conditions, and since this in-

vestigation antedted the pioneering work of

'.!ashburn by

four years, we may assume that no such correction was
made.

In a

subseuent publication, however,

(10)

Swie-

toslawski himself reports a value of 8477.0 cal15 gm.in vacuo which

(using the new atomic

weiht

of carbon)

re-

duces to a value of 1544.6 kcal,15mol- for -6Hß and

1b45.5 for

-UB.

Here,

-A11B

is the heat of combustion

at constant pressure without correction

ditions.

to

standard con-

Nithout a Imowledge of the conditions under

which Swietoslawski made these determinations,

a

further

reduction of his data to
becomes impossible.

a copirnon

besis with our own

The foregoing discussion

is sum-

mnrized in Table V.
TABLE V

COMPARISON OF

Ji-E

DATA ON trans-AZOBENZENE

Invtigator
kcals. mol

Petit

1555.2

Le moult

1552.6

Swietoslawski

1545.5

1544.6

This research

1545.7

(1544.8)

1544.7

1543.8

The "precision error" of our determinations has been

calculated according to the method of Rossini (6).
accuracy untertainty of O.O23

An

has been assigned to the

determination of the heat of combustion of the benzoic
acid used to standardize the calorimeter.

The calibra-

tion error for the first calibration has been calculoted
to be O.O15

and the reaction error of the determination

of the heat of combustion of trans-azobenzene was 0.01%.

This gives a precision error for the latter of

Similarly,

-s-

0.03%.

the calibration error for the second

calibration of the calorimeter was 0.017% and the reaction

error for the c±s-azobenzene was 0.014% giving a precision error for the latter of

--

O.O3

also.
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It

is also desirable

to assign an 'accuracy errorU

or estirriateu uncertainty to the final values.

In the

case of the trans-azobenzene no sources of error ot1ir

than those involved in the actual aetermination are
known to us and accordingly the accuracy error is ejua1
to the precision error.

we believe

For the cis-azobenzene, however,

that there is a possibility of some slight

impurity in the material.

Assigning

value of O.O25

a

error, we arrive at an accuracy un-

to this possible

certainty for c18-azobenzene of + 0.04%.
a possible lO

Assignment of

error to the Washburn correction does not

materially affect the above figures.

The data obtained

is now summarized in Table VI.

TABLE VI
SUi.

ARY OF DERIVED DATA AT 25.0e

Substance
Formula

trans-azobenzene

cis-azobenzene

C12H10N2

C12H10N2

182.21

Mol. wt.

1B2.21

mol1

1545.7

0.4 a

1555,3

0.5 a

-AUR, kcal. rnol1

1544.7

0.4 b

1554.3

0.6 b

mol'

1843.8

0.4 b

1553.4 + 0.6 b

-SUB, kcal.

-oHR, kcal.

a

b

precision uncertainty
accuracy uncertainty
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This data makes possible one final comparison.

Hartley

(1)

by indirect

the transition,

cs

masurment

found the heat of

---b trans, to be 65 calories per

gram and obtained a maximum error of
three determinations.

4

calories in

Taking the difference between our

values of -4HR for trans and cis-azobenzene we obtain
for the same quantity a value of 54 calories per gram

with an estimated uncertainty of about ± 4 calories.
Without more detailed information as to the possible

sources of error in .ilartley's measurements

hazard

a

.ie

cannot

guess as to the reasons for this discrepancy.

BIBLIOGRAPHY

1.

Hartley, G. S. The eis-Form of Azobenzne and the
Velocity of the Therrial eis ---> trans Conversion
of Azobenzene and Some Derivatives. J. Chem. Soc.
633, 1938.

2.

Hughes, Albert M. Heats of Combustion of Rydrazine,
Hydrazine Hydrate and Related Compounds, Master's
Thesis, Oregon State College, 5-11, 1938

3.

4.

Ibid, li-18
Ibid, 27-8

5.

Kharasch,

Heats of Coithustion of Organic
Compounds, Bureau of Standards Journal of Research,
425, 1929.
M.

S.

.,
6.

Rossini, Frederick

7.

Washburn, Edward W. Standard States for Bomb Calorimetry, Bureau of Standards Journal of Research,
10, 559?1, 1933.

8.

Ibid, 543, 553
Ibid, 544, euation (82)

9.
10.

D. Modern

Reviews, 13, 252, 1936.

Thermochemistry, Chem.

Swietoslawsici, W. and Bobinska, J. The Heats of Cornbustion of Camphor, Azobenzene and Hydrazobenzene.
Roczniki Chem. 9, 723, 1929 (See C.A. 24, 1790)

