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The pseudobinary phase diagram of trans-azobenzene and the 
thermally instable cis-isomer was examined by thermomicro- 
scopical and DSC-measuremsnts. Two eu~ectic temperatures have 
been determined (at 41.4 C and 36.7 C). The latter occurs 
only in the presence of a metastable polymorph of cis-azoben- 
zene after quenching a melt, that contained as well cis- as 
trans-azobenzene, presumable under conditions of heteroge- 
neous nucleation. In the melt and in solution the thermally 
induced cis-trans-isomerization follows first order kinetics. 
Below the eutectic temperature the rate is controlled by 
three-dimensional nuclei growth to reaction extent 0.20. 
Between the eutectic temperature and the melting points of 
product respectively educt the kinetics follow the PROUT- 
TOMPKINS law. The reason is the increasing isomerization rate 
with increasing fraction of melt. 

Introduction 

Investigation of the kinetics of the thermal cis ~ trans- 

isomerization of azobenzene (Fig. I) in the solid state imply 

knowledge of the melting diagram. If a pure solid state reac- 

tion shall be examined - without any participation of melt - 

one must be sure that the temperature range is below the eu- 

tectic temperature of educt and product. Because of the ther- 

mal instability of the cis-isomer the system cis-/trans-azo- 

benzene must be characterized as a pseudobinary system, sin~e 

one compound (trans) is the isomerization product of the 

other (cis). To determine the phase diagram we have under- 

taken thermomicroscopical and DSC-measurements. 
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Structure and conformation of cis- and trans- 
azobenzene. ~ Valence angle, e toEsion angle. 
Trans-azobenzene: ~ = 114 ~, @ = 15v [I]; cis- 
azobenzene: ~= 121 ~ ' e = 53 o [2] 

Determination of the Phase Diagram 

The eutectic temperature can be estimated by KOFLER's 

"contact preparation method" ['3 ]. Pure, finely powdered cis- 

and trans- azobenzene were placed side by side in a glass 

crucible with a slide cover glass (Mettler PP 84). The sample 

was rapidly heated until melting, cooled and then the mate-. 

rial allowed to solidify. By heating a second time, melting 

occurs at first by reaching the eutectic temperature in that 

region of the sample, where the mixing zone contains the eu- 

tectic composition. In this way ~he eutectic temperature was 

determined in 6 independent measurements (41.9• ~ The 

eutectic composition was estimated from measurements with 

weighed mixtures containing different portions of cis- and 

trans-azobenzene (eutectic composition: Xtran s = 0.52). 

Additional DSC'measurements (Heraeus TA SO0) were carried 

out with pure cis-azobenzene as starting material. Heating up 

the sample, the endothermic melting peak ($ fus = 71.6 ~ 

passes over directly into the exothermic isomerization peak 

(Fig. 2). 

Quenching the sample after complete melting (80 ~ and 

taking up a new DSC-measurement, the sample now contains a 

certain amount of trans-azobenzene. The eutectic melting peak 
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becomes visible. Starting with pure cis-azobenzene it is in 

principle possible to determine the whole phase diagram with 

only one single sample, because the composition is shifted 

towards higher content in trans-azobenzene after each DSC- 

run. 

If the melting enthalpies of both substances and the eu- 

tectic composition are known, the composition of the sample 

can be determined from the ratio of the peak areas. The eu- 

tectic temperature can be estimed from the onset-temperature 

of the eutectic peak and the melting temperature of the ex- 

cess material from the maximum of the melting peak. 
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DSC-trace for melting (endothermic peak) and isomeri- 
zation (exothermic peak) of cis-azobenzene 

For the evaluation of the DSC-curves the melting enthalpy 

of cis-azobenzene was taken equal to that of trans-azobe~zene 

(trans-azobenzene: AHfu s = 22.65 kJ mol -I [4 ], cis-azoben- 

zene: ~Hfu s = 21.8 kJ mol -I [5 ] respectively 21.5 kJ mol -I 

[6]~, what leads to a maximum error of +0.5 % with regard to 

Xtran s �9 



518 ELIGEHAUSEN et al.: THE PSEUDOBINARY PHASE DIAGRAM 

During the measurements it became apparent, however, that 

two eutectic temperatures exist: beu I = 41.4 ~ and beu 2 = 

36.7 ~ The first eutectic temperature is in good accord 

with the data of the thermooptical analysis. When the lower 

melting eutectic occured, also the melting points of cis- 

azobenzene (liquidus line) were lowered compared with the 

other melting curve. Fig. 3 shows two DSC-traces with the 

same extent and the same treatment of the samples. The sample 

with the higher melting points had been quenched in "liquid 

nitrogen, the other in icy water in an ultrasonic bath. The 

shift of the melting peaks (with the same composition) is 

clearly recognizable. 

The lower melting eutectic occured only after quenching a 

melt that contained as well cis- as trans-azobenzene. It was 

impossible to produce it at will by different methods of 

supercooling (icy water or liquid nitrogen). Mixtures that 

had not been melted always showed the higher melting eutec- 

tic. The lower melting eutectic could be observed by thermo- 

optical analysis just when the melt solidified instantly 

after taking the glass crucible out of the Mettler FP 84. The 

reason for this could be heterogeneous nucleation. Generally, 

the melt of cis-azobenzene can be supercooled very far. 

Possibly, cis-azobenzene under the conditions of hetero- 

geneous nucleation shows a second modification forming a 

second eutectic with trans-azobenzene. All attempts to 

produce greater amounts of this modification to clarify this 

question by X-ray diffraction were hitherto not successful. 

Fig. 4 shows the results of our measurements in a phase 

diagram and in addition the values of GALASHIN et al. [7]. 

These authors determined a eutectic temperature of 40 ~ and 

a eutectic composition of Xtran s = 0.40. Especially in the 

region between 40 % and 60 % trans-azobenzene they estimated 

considerably higher melting points, what naturally leads to 

another eutectic composition. About their preparation of the 

samples and their methods of measurement they do not tell any 

details, except for the fact that they investigated physical 

mixtures and not solidified melts. So it is not astonishing 

that they observed no second eutectic. 
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Fig. 3 Two DSC-measurements With X_ = 0.27; melt quenched 
in icy water in an ultrason~a~th (above) and in 
liquid nitrogen (below). 
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Fig. 4 
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Pseudobinary melting diagram of the system cis-/trans- 
azobenzene. G , ~ DSC measurements with quenched, 
solidified melts, ~ DSC-measurements with physical 
mixtures, ~ data of GALASHIN et al. [7 ] 

,The Isomerization of cis-Azobenzene in Various States of 

Aggregation 

We examined the kinetics of the thermally induced cis--~ 

trans-isomerization of azobenzene in solution, in the melt, 

and in the crystalline state below and above the eutectic 

temperature. Fig. 5 summarizes the ~(t)-curves on a reduced 

time scale. In the vapour phase [8 ], the melt, and in solu- 

tion (n-hexane) the isomerization follows first order reac- 

tion kinetics. Starting the reaction with crystalline mate- 

rial the ~(t)-curves show a sigmoidal shape. 

The isomerization reaction in the melt can be followed by 

discontinuous sampling or by DSC measurements. Since pure 

cis-azobenzene as starting material can be easily 

supercooled, the isomerization kinetics in the melt can be 

determined in the temperature range from 10 ~ to 120~ by 

DSC, see Fig. 6. 
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The evaluation was done according to the method of BORCHARDT 

and DANIELS [5]. 

Below the eutectic temperature the solid state reaction 

can be described by two overlaying regions: the first region 

( ~ < 0.2) is characterized by three-dimensional nuclei 

growth, in the second region (~ > 0.2), the reaction kine- 

tics can be mathematically described by a three-dimensional 

diffusion law [93. 
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Fig. 5 cis ~ trans isomerization in various states of 
aggregation:-- melt; ~ n-hexane; solid state 
reaction below O and above D eutectic tempera- 
ture; fraction reacted versus reduced time t = 

r 
t/to. 5 �9 

Above the eutectic temperature up to ~ = 0.5 the kinetics 

follow the PROUT-TOMPKINS law (branching nuclei) [5]. The 

acceleration of the reaction certainly cannot be referred to 

branching of solid nuclei. As we have shown by thermooptical 

analysis the reason is the increasing isomerization rate with 

increasing fraction of melt. At higher extent than the eutec- 

tic composition only isomerization in the melt occurs with a 

first order kinetic law. 
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In Table 1 the activation enthalpies calculated for a 

temperature of 333 K are summarized: 

Table 1 Activation enthalpies of the cis - trans isomeriza- 
tion of azobenzene in all states of aggregation 

# # 
AH333 AG333 Lit. 

- I  
kJ mol 

Vapour 115 III 
n-hexane solution 85.1 107.4 
melt, isothermal, discont. 

sampling 100.6 107.4 
melt, dyn., evaluation 

by method of BORCHARDT 
and DANIELS 100.8 108.6 

melt, supercooled; DSC, eva- 
luation by method of 
BORCHARDT and DANIELS 100.5 107.6 

crystal above ~ ~ 220 107 eu! 
crystal below @ 

. e u /  a c c e i e r a t o r y  r e g i m e  i 2 9  I I 0  
deceleratory regime 173 116 

[ 8 ]  
[ * ]  

[ S ]  

[ 5 ]  

[ * ]  
[ S ]  

[ * ]  
[ ' 3  

* T h i s  work 

Fig. 7 shows the a(t)-curves at two different tempera- 

tures. To provide random nucleation the reaction behaviour in 

quenched solid samples with as close as possible to eutectic 

composition was investigated. At temperatures above the 

metastable eutectic eeu 2 melting occurs in many quenched 

samples, if these contained the metastable eutectic. These 

samples then show the same rate as calculated for a com- 

pletely molten sample for the same temperature. 
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Zusammenfassung - Das pseudobin~re Phasendiagramm 

yon trans-Azobenzol ~nd des thermisch inst~bilen cis-Iso- 

meren wurde mit Hilfe thermomi~roskogischer und DSC-Mes- 

sangen untersucht. Es ~urde~ z~ei Eutektika Bestimmt /bei 

41.4 ~ und 36.7 ~ wobei das zweite Eutektikum nur in 

Anwesenheit einer metastabilen Modifikation von cis-Azo- 

benzol nach Abschrecken einer Schmelze, die gleichzeitig 

~is- und trans-Azobenzol enthielt, vermutlich bei hetero- 

gener Keimbildung entstand. In der Schmelze und in L~sung 

verl~uft die~hermisehe cis-trans-Isomerisierung nach 

einem Geschwindigkeitsgesetz erster Ordnung. Un%erhalb 

der eutektischen Temperatur ist die Festk~rperreaktion 

bis zu Umsitzen von 0.20 durch dreidimensionales Keim- 

wachstum bestimmt. Zwischen eutektischer Temperatur und 

Schmelzpunkt l~sst sich die Reaktion durch die Gleichung 

von PROUT-TO~PKINS beschre• was auf die zunehmende 

Isomerisierungsgeschwindigkeit mit zunehmendem Anteil 

Schmelze zur~ckzuf~hren ist. 
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P e s z l e  - MeTO~OM TepMo~zzpocxonzz  x ~CK Hsyqe~a  nceB~oS~Hap-  

~ a i  ~ a s o z a R  ~ a r p a ~ m a  ~ p a x e - a s o 6 e H s o ~ a  z ~epm~qecKH HecTaSzzb--  

x o r o  ~ z c - w s o M e p a .  0npe~e~eHH ABe TeMnepaTypmAe ~BTeKTHKK ~pH 

4 1 t 4  w 3 6 , 9  ~  H o c ~ e A K ~  H a ~ a e T e ~  TO~bEO B HpHcyTCTBHH Me- 

T a c T a ~ x x z K o r o  ~ no~xMoI~a ~ x c - a s o ~ e H s o z a  n o c ~ e  5HCTporo o x a a x -  

Aem~g pacnxaza, co~epxauro Kax ~zc-, TaE Z TpaHc-asoSeH3o~, 

z o ~ p a s y ~ e r o o s ,  ~ e p o s ~ m o ,  s yC~OBH~X r e T e p o r e m ~ o r o  o ~ p a ~ o s a -  

~ ~eHTpOB ~pzcTa~zsa~z~. B pacn~aBe z s pacTBope TepM~-- 

qec~m ~aneAe~a~ ~zc-~pa~c ~soMepz3a~ no~q~H~e~c~ pea~zz 

n e p s o r o  nop~A~a.  Hzze  Te~nepaTyp~  ~BTeETHKZ CKOpOCTb p e a ~ z ~  

~ e z ~ p o ~ z p y e T e ~  Tpexpa~Mep~ZpOCTOM 3 a p o ~ e ~  ~p~CTa~OB CO 

oTeneHb~ i r p e B p a ~ e ~  paBHo~ 0 , 2 0 .  B z~TepBa~e  ~ e ~ y  TeMnepa-  

Typo~ ~BTeETHKH ~ To~Ka~H n ~ a B ~ e H ~  p e a ~  c~e~yeT KHHeT~Ke, 

n o ~ q z ~ e ~ c ~  ~a~o~y  ~ p a y T - T o ~ n ~ H c a .  ~To ~ B ~ e T O ~  npH~HHO~ 

yBe~eH~ CKOpOCTZ ~so~epHsa~ e y~e~.~qeH~e~ ~o~H pacn~a~a. 


