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The apparent kinetic parameters of the thermal decomposition of the fl-cyclodextrin-water 
complex were estimated from thermogravimetric data. Various calculation methods were used 
and the results compared. All methods except the Kissinger method gave a reaction order near 
to zero and an activation energy in the range 60 to 65 kJ/mol. Some trials were made to 
extrapolate the activation energy values to semi-isothermal conditions (65.7 k J/tool). The loss in 
weight indicated the presence of I 1 water molecules in the complex. This was liberated in single 
stage, despite its occurrence as two distinct types, as shown by crystallographic studies. 

The cyclodextrins are the cyclic oligosaccharides composed.of 6, 7 or 8 D- 
glucose residues for ~, fl and 7-cyclodextrin, respectively. Their structure involves a 
cyclindrical cavity capable of including various guest molecules to form host-guest 
inclusion complexes in the solid state and in solution [1]. This complex formation is 
regarded as an analogue of many phenomena, e.g. Michaelis-complex formation in 
enzymatic reactions [2-4], and is widely studied as a model system of biological 
interest [5]. Information about the compositions of the complexes and the dynamic 
properties of the guest molecules is of fundamental importance for an understand- 
ing of the nature of the inclusion complexes. The driving force for complex 
formation is the removal of high-energy water molecules by guest molecules from 
the cavity, and the London dispersion interactions [6-8]. 

This paper describes the tkerma! decomposition of the fl-cyclodextrin--water 
complex as a preliminary investigation for studies of the physical intermolecular 
interactions inside the host-guest complexes of the cyclodextrins. 
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Experimental 

Commercially available fl-cyclodextrin (Aldrich, Belgium) was recrystallized 
from distilled water before the experiments. 

A derivatograph (MOM, Budapest, Hungary) was used for the thermal 
decomposition Studies, in which 50 mg samples were run against standard of 50 mg 

of  ct-Al20 3. A platinum semimicro crucible was used for the thermogravimetry. 
Linear temperature programmings of  0.96, 1.95, 2.97, 4.71, 8.48 and 13.7 deg/min 
were used. The linear regression method was employed for calculations. 

Results and discussion 

Figure 1 presents typical thermal analysis curves of the fl-cyclodextrin-water 
inclusion complex. The low-temperature peak between 50 ~ and 1 l0 ~ in the D TG  
curve corresponds to the loss of  water molecules, which escape in one step from the 
complex. This occurs as an endothermic process with a negative peak in the DTA 

curve. 
Let us assume that, a complex X decomposes into two components, gaseous Y 
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Fig. 1 Thermal curves of the fl-cyclodextrin-water complex. Average heating rate ~o = 8.48 deg/min 
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and solid Z :  

a X  , b Y + c Z  (I)  
temp. 

The kinetics of  this can be described by 

da 
dt - k ( T ) f ( a )  (2) 

where ~ = fractional conversion, and 
k ( T )  = rate constant, which can be expressed by the Arrhenius relation: 

k = A .exp ( -  E / R T )  (3) 
where A = frequency factor, 

E = activation energy, 
R = gas constant, and 
T = absolute temperature. 

Function f ( ~ )  in (2) is generally described [9] by 

f ( ~ )  = (1 - ~ ) " ~ ' [ - I n  (1 - a)] e (4) 

where n, m and P are constants. 
Equations (2) to (4) have been used in several theories to determine the kinetic 

parameters  of  thermal decomposition of  complex X from non-isothermal thermo- 
d T  

gravimetric data obtained at constant heating rate �9 - 
dt"  

For estimation of  the activation energy, order of  reaction and frequency factor of  
dehydration of the fl-cyclodextrin inclusion complex, the published methods 
[10-16] were applied. 

Kissinger [10] has assumed that the temperature of  maximal reaction rate, Tin, 
and the temperature at the maximum of the DTA curve are the same. For  the 

temperature T = T~, where ~ ~}- = 0, assuming f ( e )  = (1 - ~)" and E,> 2RT ,  

Kissinger obtained the equation 

Eq~ 
- A "e -e/Rr~ (5) 

R T ~  

which no longer includes the reaction order n. From the logarithmic form of  this 
equation, the activation energy E of thermal decomposition of the fi-cyclodextrin 
complex with water was determined as 72.5 �9 0.8 k J/mot. In turn, frequency factor 
A was found td be In A = 18.04 + 9.30 s 1. A similar value of  the frequency factor, 
In A = 18.6 + 13.35 s-1, was obtained from the method of  Wendlandt [11]. 
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Since Eq. (5) does not relate the experimental results to reaction order n, 
Kissinger [10] examined a relation between the reaction order and the shape of  the 
peak of  the DTA curve. With decreasing reaction order n, the DTA curve becomes 
more asymmetrical. Thus, he linked the shape factor S of  a peak [10] with the 
reaction order n by 

S = 0.63 n 2 (6) 

Six DTA curves for the cyclodextrin complex showed that the shape factor S was 
almost independent of  the heating fate 4~. The average order of reaction found in 
this way was n = 0.78 + 0.03. 

Piloyan et al. [12] utilized Borchardt's equation [13] for the initial stages of  the 
reaction, when 

A T =  F dot 
dt (7) 

where A T = the deviation from the baseline of  the DTA curve, and 

F = the area of the thermal effect, F = S A T d t .  
t 

They obtained the following relation [12]) 

E 
In A T  = C - l n f ( ~ )  R T  (8) 

where C = a constant. 
The term In f ( a )  was finally neglected, providing a simple equation: 

E 
In A T  = C -  - -  (9) 

R T  

For A Tvalues at different temperatures between the beginning and the minimum 
of the DTA curve for the cyclodextrin-water c.omplex (i.e. for a reaction degree of 
5-65%), an activation energy E = 59.1 +0.9 kJ/mol was calculated for the heating 
rate ~o = 13.7 deg/min. However, heating rates below 10 deg/min provided higher 
activation energies, indicating that the validity of  neglect of the term in f ( a )  is 
correct only at high heating rates. 

Freeman and Carroll [14] assumed f (~ )  = ( 1 -  ~)" and, using Eqs (2) and (3), 

obtained the relation 

dw t E 1 
log A d--T - 2.3~ A T 

A log W, A log W r 
+n  (10) 
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where IV,= W o o - W  t, 
W~o = toss in weight at completion of  reaction, and 

Hit = total loss in weight up to time t. 
This equation allows simultaneous determinatidn of the activation energy and 
reaction order n from thermogravimetric curves. 

When the thermogravimetric curves of  the cyclodextrin-water complex were used 
for the calculations, no difference in activation energy for different heating rates was 
observed, although the experimental error increased for faster runs. Figure 2 shows 
two chosen plots for heating rates: 

a) tp = 2.97 deg/min, E = 62.4+0.8 kJ/mol, and 
b )  tp = 8.48 deg/min, E = 60.2 • 1.6 kJ/mol. Thus, a weighted average value of  

the activation energy is E = 61.5 +3.1 kJ/mol. 
The method of  Coats and Redfern [15, 16] offers a possibility to determine the 

activation energy from T G  curves. Assuming f(ct) = ( 1 -  ~)" for a differential 
equation 

T 

- e - g T d r  (11) 
f (~ )  ~P 

o o 

they obtained 

~ L T ~ i - ~ n )  = l o g ~ - ~ [ 1 -  
E 

2 . 3 R T  
02) 

m 

1 .4  J I f I ~ [ I I J =_ 
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&(T)-I/& IgW,. xlO S K'kkg -1 

Fig. 2 Determination ol actwation energy E and reaction order n according to Freeman and Carroll 
[14]. a) ~p = 2.97 deg/min and b) tp = 8,48 deg/min, providing two extremal values of  activation 

energy 
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for n # 1, and 

log T 2 ~  E l - -  2.3RT 

for n = l .  
Equations (12) and (13) can be applied for determination of  the activation energy 

E and coefficient A when E>>2RT. The method requires a correct value of  ~ to 
E 

obtain a straight-line relation with a slope of 2.3R" By choosing n in the range 

+ 2 to - 2 ,  an alteration of the regression coefficient (second digit after the point), 
activation energy E and frequency Coefficient A was obtained (Table 1). 

Table I Activation energy E, frequency factor A and regression coefficient computed according to 

Coats and Redfern [16] for different n values. Heating rate ~0 = 2.97 deg/min 

n E, kJ/mol A, s -  1 In A r 

2 137.4 6 x 1017 40.9 -0.9763 

1 8815 9 x  109 22.9 -0.9841 

0.78 83.1 7 x 108 20.4 -0.9878 

0.5 82.8 2 • l09 21.5 -0.9948 
0.1 66.8 7 x 106 15.8 -0.9941 

0 66.5 1 x l0 T 16.4 -0.9964 

-0 .1  66.0 5 x 106 15.5 -0.9962 

- 1 41.1 4•  103 8.4 -0.9889 

- 2  32.3 2 • 101 2.9 -0.9698 

According to [9] and [17], simple decomposition processes can be described with 
another function f(~t). With the Coats and Redfern approach to the function 

f(~t) = ~" (14) 
and 

f(0t) = [ - I n  (I _~) ] -x  (15) 

the following relations can be obtained 

In L c -  

and 

In [ (1 - 0t) In (1 - ~t) + �9 E 
(17) 
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where 

The values of  the activation energy E and frequency factor A calculated 
according to relations (16) and (17) are included in Table 2. Herein, a change o f f ( a )  

Table 2 Ac t iva t ion  energy  E, f r equency  factor  A and  regression coefficient r c o m p u t e d  fol lowing the 

C o a t s  and  Redfern  m e t h o d  [16] accord ing  to  re la t ions  (16), (17) and  (20) 

f ( ~ )  E, k J / m o l  A, s -1 In A r 

~o.5 31.3 7 x 101 4.2 - 0 . 9 9 5 6  

[ - In ( 1 - ~ )] - 1 160.6 2 x 10 z~ 46.8 - 0.9961 

1 66.5 1 x 107 16.4 - 0 . 9 9 6 4  

causes significant changes in E and A. Thus, for choice of  the function f ( e ) ,  an 
equation 

E (18) In dedt = In A + In [ f ( e ) ]  - R T  

de 1 
was applied. By representing I n ~ - v s . ~  for six different heating rates for 

e = const., an activation energy E independent of  the func t ionf (e )  was obtained. 
The energy E = 61.2 + 5.6 kJ/mol was found to be constant for three chosen values 
of  e near 0.5. Obviously, such an activation energy determination provided an E 
value with a significant uncertainty. However, clearly shows that the function 
f ( e )  = 1 (i.e. for n = 0, m = 0 and P = 0) describes the decompositon of  the complex 

best. 
In turn, a s suming f ( e )  = 1, the activation energy could be calculated from the 

Arrhenius relation (Fig. 3): 

In ~ -  = In A - ~ (19) 

and according to Coats and Redfern Fig. 4: 

1 n ~  = In q ~  R (20) 

The value calculated from Eq. (19) is independent of  the heating rate q~. The 
average value of  the activation energy from six runs was found to be 
E = 64.6+2.5 kJ/mol. 
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Fig. 3 De te rmina t ion  of  ac t iva t ion  energy E and f requency factor  A f rom the Ar rhen ius  equat ion .  

�9 go= 4.71 deg/min,  �9 go = 2.97 deg /min  

In contrast, the activation energy obtained according to the Coats and Redfern 
method increased slightly with decrease of  the heating rate. In order to obtain an E 
value more comparable to that under semi-isothermal conditions, a linear 
extrapolation of E values to rp = 0 was performed, and provided an E value of 

65.7 + 3.1 k J/tool. 
The kinetic parameters of  the thermal decomposition of  the /~- 

cyclodextrin-water complex are included in Table 3. The methods used for 

Table 3 Kinet ic  pa ramete r s  of  t he rma l  decompos i t ion  of  inclus ion complex  of  water  wi th  fl- 

cyclodextr in ,  c o m p u t e d  accord ing  to the var ious  me thods  employed  

Me thod  Equat .  E, n A, s -  1 In A r 
no. k J /mol  

Kiss inger  5.6 72.5 0.78* 6.8 x 107 18.0 - 0.9999 

P i loyan  et al. 9 59.1 - -  - -  - 0.9984 

F reeman  and  Car ro l l  10 61.5" - 0 . 0 9 *  - -  - -  - 0 . 9 9 7 2 * *  

Independen t ly  o f f ( a )  

for a = const.  18 61.2 - -  - -  - -  - 0 . 9 8 7 4  

Ar rhen ius  equa t ion  

f o r f ( ~ )  = 1 19 64.6* 0 1.3 x 106* 14.0" - 0 . 9 9 2 5 * *  

Coa t s  and  Redfern  

f o r f ( ~ )  = 1 20 65.7*** 0 6 .0•  106*** 15.6"** - 0 . 8 5 9 5  

* an average  value  f rom 6 runs  at  different hea t ing  rates 

** r value of  the run  closest  to the average  ac t iva t ion  energy E 

*** value of  E ex t rapo la ted  to go = 0. 
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calculation yield only apparent kinetic parameters, which depend on the heating 
rates. Nevertheless, by using f(~) = (1-ct)", the n values derived by means of 
different calculation techniques were quite consistent with each other, with the 
exception of the Kissinger method. All of them gave n values near to zero, which 
allow one to consider that f(~) = 1 is a good approximation. 

Like the reaction orders, the activation energies obtained via the different 
calculation techniques were closely similar. The lowest activation energy was 
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Fig. 4 Determination of activation energy E and frequency factor A according to Coats and Redfern for 

f(ct) = 1, a = 8.48 deg/min, b = 4.71 deg/min, c = 0.96 deg/min 

obtained with the Piloyan method, although a slight decrease of the heating rate 
increased the activation energy significantly. Therefore, this method cannot be used 
for the reliable determination of the activation energy under semi-isothermal 
conditions. In turn, the highest activation energy obtained according to the 
Kissinger method is most probably due to small shift between the DTA and DTG 
curves. The best results for the activation energy were obtained with the Coats and 
Redfern approach. Only two parameters are required, the loss in weight Wt and the 
temperature T. This method gave only a slight change in activation energy with 
heating rate, which enables one to extrapolate the energy values to semi-isothermal 
conditionsl This value was found to be 65.7 k J/tool for n = 0, with a pre-exponential 
factor of 6• 106 s 1 

The loss in weight when water escapes from the cyclodextrin complex indicates 
that the composition of the complex is (C6HloOs) 7 �9 11.1H20, which is consistent 
with the results of X-ray [18, 19] and neutron [20] diffraction studies. Although the 
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11 water molecules are shared between the cavity of cyclodextrin (6.13 molecules) 
and the external interstices (4.88 molecules), total water was liberated in one stage 
during thermal decomposition experiments. 
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Zusammenfassung - -  Auf Grundlage von thermogravimetrischen Daten wurden die scheinbaren 
kinetischen Parameter des Thermozerfalles von fl-Cyctodextrin-Wasser-Komplexen gesch/itzt. Die 
dutch verschiedene Rechenmethoden erhaltenen Ergebnisse wurden in Tabelle 3 verglichen. Mit 
Ausnahme der Kissinger-Methode ergaben alle Verfahren eine Reaktionsordnung von ann/ihernd Null 
und eine Aktivierungsenergie im Bereich 60-65 kJ/mol.'Ausserdem wurde versucht, die Aktivierungs- 
energiewerte auf halbisotherme Bedingungen zu extrapolieren (65.7 k J/reel). Der Masseverlust weist elf 
Wassermolek/ile im Komplex nach, die in einem einzigen Schritt abgegeben werden, ungeachtet dessen, 
dass kristallographische Untersuchungen die Wassermolekiile zwei verschiedenen Typen zuordnen. 

Pe31oMe - -  Ha ocnoBe TepMorpaBl, lMeTpllqecKnX ~anr~x  6biym ycrarIOBolenbl raxymHeca 
KrIHeTrlqeCK~le rxapaMeTpbi pearttrm TepMlt~lecKoro pa3.rto~Ken!~la roMrulerca fl-tlrlr.rlo2IeKCTpHH-BO:la. 
PacqeT TaKtlX napaMeTpoB 6bLa npoBe~eH c HCIIOflb3OBaI-IHeM paaJln~mb~x MeTO~OB, a llOJ/yqeHable npa 
9TOM 3HaqclDt~ 6b12ii,1 COIIOCTaB.rlOHbl. 3a 14Cgr/'R~'-leHtleM MeTO,/ta Knccun~tx<epa, OCTa-rlhHble MeTO~bI 

~alOT nopa,aoK peaKl~H 6~n3rrifi ~ Hy~eBoMy, a 31teprrlrl aKTHBalllar~ - -  B rmTepBa0te 
60-65 Kj~XC'MO~/~ -1. l'Ipones HeKOTOpl, Ie IIOi'IblTKH aKcTpano.rlrlpoBann~ 3HaqenHfi 3HepFI, IH 
aicTrl~al~ri K no~yI~3OTeVMrtqecrni yc.aoBnaM (65,7 K~X<'MOa-X). HoTeprl Beca yKa3bma~oT Ha 
HaYIHqHe B KOMII.JIeKce O,~IIHaBLIaTII MO.JIeKydI BO~bI, Bbls B O~Hy CTa)~HtO, XOT~I, KaK 
noga3a.aH gp~cTammrpaqbw~ecKae ncc~e~oBanHa, 3Tr~ MOmry.~bl BO~J,I cymecTsy~ox B srt~e a~yx 
pa3nb~x qbopM. 
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