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Abstract 

The thermodynamics and kinetics of the solidification process of several mixtures of SR 33557 and PEG 6000 have been 
analyzed by differential scanning calorimetry. The calculated phase diagram showed a negative interaction energy between the 
constituents in the liquid phase. A unified description for solidification accounting for isothermal and continuous cooling is 
presented. The onset of solidification shifts to higher temperatures on decreasing the cooling rate and to longer times on 
decreasing the annealing temperature under continuous cooling and isothermal holding, respectively. The analysis is based on 
the fact that nuclei have to be created prior to any crystal growth. The driving force for nucleation is considered proportional to 
the undercooling, AT(= TL -- T). By coupling the isothermal and continuous cooling experiments, the high temperature part 
of the time-temperature transformation and temperature-cooling rate transformation diagrams are constructed under a wide 
range of conditions. © 1997 Elsevier Science B.V. 
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1. Introduction 114432-13-2) was developed by SANOF1-Recherche 
[2,3] with a general formula C31H38N2OsSI density 

The knowledge of the phase diagram of a drug and 1.15 g cm 3 and melting point 89.1 i0.5°C. The 
an excipient is of major interest in pharmaceutical formula, density and melting point of PEG 6000 
technology. In particular, the phase diagram of SR are HOCH2(CH2OCH2)nCH2OH, 1.07 g cm -3 and 
33557 and polyethylene glycol with mean molecular 62.7+0.7°C, respectively [4]. The binary system has 
weight between 5400 and 6000 (PEG 6000) has been an eutectic point of composition 80 wt% PEG 6000 
previously reported [1]. The drug SR 33557 (CAS and an eutectic temperature of TE=594-0.5°C. The 

aim of the present work is to study the thermody- 
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differential scanning calorimetry (DSC). This techni- - ' I ' I ' I ~  
que is very useful and, as will be seen later, may . . . .  
provide useful knowledge on the solidification beha- ~ . . . . . . . . . . . . . . . . .  
viour of blends of PEG and drugs if care is taken while 
interpreting the data [5]. TE 

imental 

The experiments were performed on a Mettler 
DSC30 equipment. The instrument was calibrated .r- 
for enthalpy and temperature using indium as stan- o ~ 
dard. Mixtures of SR 33557 and PEG 6000 at various ~_ - ~ ,  ~ . . . . . .  
compositions were subjected to several thermal treat- "~ 
ments to investigate their solidification kinetics. 
Experiments were performed under three conditions: 

constant heating rate, isothermally and constant c o o l - - i -  "-- ~ ~ ~ i i  
ing rates. Constant heating-rate experiments were ~ ~ d  
performed, on an initially powdered mixture of the 
solid constituents, at 20 K min 1 up to the liquid state. 
Constant cooling-rate experiments were performed 
from the (assumed) isotropic melt state at rates 
ranging from 2.5 to 70 K min -I  down to -20°C. • PEG r000 

, I , I , I , 
Isothermal experiments were performed by cooling 30 50 70 90 110 
the sample at 20 K min z from 10°C above melting Temperature in °C 
point of the pure SR33557 drug (expected isotropic 
melt state) to a pre-determined value, where the Fig. 1. DSC curves obtained on heating the initial mixtures of 

crystallization process was monitored a s  a function different compositions of the elemental constituents: TE, eutectic 
of time. temperature and TL, l iquidus temperature. Heating rate- 

20 K min l 

3. Results  and discussion Table 1 
Melting enthalpy. AHf, of mixtures of the system SR 33557fPEG 

3.1. Thermodynamic  study 6000. Average melting enthalpy, {AHf), of the constituents, and 
estimated contribution ot the mixing enthalpy, AHmi x 

Fig. 1 shows a sequence of scans obtained, at a wt% PEG 100 80 30 20 0 

heating rate of 20 K min -1, for the initial mixtures of AHf (J/g) 199:i:10 158±8 1464-8 1204-8 754-6 
different compositions. The values obtained for the (AHf)(J/g) - -  174J:8 1124-8 1004-8 
eutectic, TE, and liquidus, TL, temperatures are in AHmi x (J/g) - -  -164-16 344-16 204-16 - -  

agreement with previously published results [1]. 
The experimental values of the melting enthalpy per 
unit mass, AHf, of some representative mixtures are AHf : H liq - WAH~ °l -- WBH~ °l 
reported in Table 1. There is a continuous decrease of = A n m i x  + ( A H f ) ,  (1) 
AHf with decrease in the PEG 6000 content. 

The analysis of the results presented in Table 1 was where /_fliq is the enthalpy of the liquid solution of 
carried out by neglecting the heat-capacity difference composition WA and WB (weight fraction), H~ °l 
between the liquid and solid constituents. Then the (C=A,B) is the enthalpy of each constituent C in 
melting enthalpy of a mixture may be written as the solid state, AHr~ix is the mixing enthalpy of the 
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l iquid al loy and (AHf) is the average mel t ing  enthalpy ~ ' [ ' I ' I ~ I ' [ 

of the mixture. That is, 9 0 ~ ~ . ~ ,  i 

(AHf) = wAAHf A + wBA~, (2) 

where A/-/~f is the melting enthalpy of constituent C. ~ 806 ~ !  
The estimated value of A n m i  x is presented in .~ 

Table 1. The low absolute values obtained for this 
quantity suggest that the system showed a small 
deviation from the ideal behaviour. ~ 70 

The Gibbs mixing energy of the liquid solution E 
(AGmix) I-" 

AGmix ~- AHmix -- TASmix (3) 0 ~ .  i i ,, • o i 

F is expressed by the Flory-Huggins model [6,7] with 
the mixing enthalpy (AHmix) and entropy per unit 50 ~- 

mass (ASmix) given, respectively, by: 0.0 0.2 0.4 0.6 0.8 1.0 

AHmix • XA (WA/PMA)~B = XB (WB/PMB) t~A ~¢VOi 9bt fraction PEG 

(4) Fig. 2. The phase diagram of the system SR 33557/PEG 6000: • 
liquidus temperature; • eutectic temperature. Continuous curve: 

ASmix = --R[(wA/PMA)ln(~A + (wB/PMB)lnCB] calculated values. 
(5) 

with XA (or Xs) the interaction energy per volume 
fraction of B, ~bB (or of A, ~bA). The volume fraction of 3.2. Kinetic study 
constituent C (C=A, B), 0c, is given by 

OC = V c ( w c / P M c ) / [ V A ( W A / P M A )  The kinetic study has been performed measuring 
the DSC signal either under constant cooling rate or on 

-k VB(WB/PMB)], (6) isothermal regime. Fig. 3 shows some of the scans 
where PMC is the molecular weight of C. corresponding to different compositions on cooling at 

The phase diagram (Fig. 2) has been assessed while 10 K rain -l.  Both PEG 6000 and the 80 wt% PEG 
neglecting any miscibility in the solid state between blend crystallized on cooling, but only partial crystal- 
the constituents. The optimized value obtained for the lization occurred for the mixture containing 20% PEG. 
interaction energy is XA/PMA=--2.18 J g-  1. With this No crystallization was observed for SR 33557. A glass 
interaction energy, the thermal energy per unit mass transition was observed for the latter two compositions 
evaluated for SR 33557 at temperatures close to the (Fig. 4). That is, on cooling at 10 K min -1, partial 
eutectic is about 5 J g J, whereas the computed value crystallization of the blend containing 20% PEG 
is ~0.5 J g J for PEG 6000. Thus, comparison ended at about 5°C and the remaining undercooled 
between these quantities confirms that the interaction liquid turned into glass below Tg~-30°C. SR 33557 
between the constituents in the liquid solution is not remained in the undercooled state down to about 
negligible [ 1 ]. 20°C. 

It is interesting to note the anomalous decrease of To proceed to the analysis of the solidification under 
the liquidus temperature obtained experimentally at non-equilibrium conditions, we recall that under iso- 
low drug concentration, as shown in Fig. 2. As thermal conditions, crystallization-kinetics analysis 
reported elsewhere [5], this is a common feature of may be based on Avrami's equation 
phase diagrams of PEG and drugs obtained by DSC, 
because the melting behaviour of a drug in a pool of x = 1 - exp - [(kt)"], (7) 
molten PEG may not be the same as that of a pure where x is the degree of crystallinity, k the crystal- 
drug. lization rate-constant, t the time and n a kinetic 
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f I f [ r I r I I I I ' [ ' I ' i ' 

T ~ 
._E 0.5 Wig 

• PEG To 
'7 • PEG (80%) / 10 Wig o~ _L 
O'~ " PEG (20%) [ ~ G , , , / ' j  

• SR J- (~ 20*/0 PE 5 
• - =  -1- ~ 4, 

-1- i I i I 
• ~ - .  _- _. ~ ; ~ , L ~  ~ ; , . . ,  j ,  - 8 0  - 6 0  - 4 0  - 2 0  0 2 0  4 0  

J Temperature in °C 

with 
i 1 , [ ~ I i 

-10 10 30 50 70 f ( x )  = n(1 - x ) [ - l n ( 1  - x)] ("-])/n. (9) 
Temperature in °C 

The same derivative under  a cont inuous  cool ing (or 
Fig. 3. DSC cooling curves for different compositions; cooling heat ing) t reatment  at a constant  rate ~, somet imes 

rate=10Kmin '. referred to as the addit ivity assumpt ion  [9,10] but  

ini t ial ly in t roduced by Doyle  [11] to derive kinetic 

data f rom a thermogravimetr ic  curve, is 
exponent  which  depends  on the me ch an i s m  of  
crystal l ization.  Table 2 lists the respective values of  dx _ kf(x) (10) 
k and n for various model  crystal l izat ion processes [8]. dT fl 

The direct derivative of  Eq. (7) is 
In the temperature range in which crystal l izat ion 

dx can be invest igated by DSC, the crystal l izat ion rate- 
d t  = kf(x) (8) constant  is general ly  assumed to follow the Arrhenius  

Table 2 
Avrami rate constant, k, and kinetic exponent, n, for various crystallization processes 

Morphology of the crystalline grains Pre-existing nuclei N1 : density of nuclei Nucleation I : Nucleation frequency 

k n k n 

One-dimensional growth : fibers of section S SNI ua 1 (~)  1/2 2 

Two-dimensional growth : rods of thickness L (rrNiL)l/2u 2 3 

Three-dimensional growth: spheres (~)1/3u 3 ( ~ )  1/4 4 

a U: growth rate. 
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equation and the nucleus. As a consequence, the size of the 
k = A exp(-E/RT) ,  (11) fluctuating forming nucleus has to be larger than a 

critical size to be able to grow. As shown in Table 2, 
where A is the pre-exponential factor and E the irrespective of the mode of growth, nucleation is 
activation energy. There are various differential and activated by a crystallization rate-constant, k, which 
integral methods to calculate these quantities from is proportional to some power of the nucleation fre- 
continuous heating data. In particular, the Kissinger quency. The activation energy for homogeneous 
method [12] assumes that nucleation is of the form [16,20] 

dln(/3/T~) 167r~r3 
d(l/Tp) - EIR  (12) E 1 - - ( A G )  ~ .  (14) 

where Tp is the peak maximum temperature, Therefore, at low undercooling, one expects a rate- 
(d2x/dt2)r=r p = 0 at a given rate/3, constant of the approximate form 

The Ozawa method [13] assumes that 
dln/3 k(T) = A'exp[-B/T( A T)2], (15) 

d(1/Tp) E/R.  (13) where A t is a function of temperature, with a slower 
variation than the exponential factor in a temperature 

The values of E obtained in both the methods are interval of AT < 0.2 Tf and B is a constant propor- 
similar [14,15]. tional to ~r3/AS 2. 

From the values of E, and using Eqs. (8 and 10), it Using that expression, the integral from Eq. (8) 
has been shown [16,17] that the predicted low tern- under isothermal regime at temperature To up to a 
perature parts of the time-temperature (T-T-T) and degree of crystallinity Xo (annealing time to) is 
temperature-heating rate (T-HR-T) transformation 

diagrams may be constructed from limited calori- x,/ dx [_B/To(ATo) 2] 
metric data. However, no such prediction has been g(xo) = A~f(x) - e x p  • to 
presented up to now for the construction of the tern- 0 
perature--cooling rate transformation (T-CR-T) dia- (16) 

grams [18]. with AT0 = Tf - To. 
In the modelling of the crystallization process, we 

will distinguish cold crystallization, for which the Similarly, under continuous cooling at a rate /3c0, 
the integrated form of Eq. (10) becomes analysis mentioned above is often performed, as 

against solidification from the melt. Our purpose is x0 
to show that a very similar procedure can be used to g(xo) = A'f(x) 
analyze solidification data. The main difference is that 0 
cold crystallization of a polymeric mixture may be Lxr0 
promoted by pre-existing nuclei. However, solidifica- f [ ] 
tion from the isotropic melt is expected to be driven by -- exp - B I T ( A T )  2 d(AT) /3c0 (17) 
nucleation. 0 

It has long been recognized that a certain amount The quantity g(xo) is independent of the mode of 
of undercooling AT = Tf - T, with Tf the melting crystallization, i.e. isothermal conditions or continu- 
temperature, is necessary to start solidification [19] ous cooling conditions. Once its value for a given 
because nuclei have to be created prior to any crystalline fraction x0 is known, the analytical expres- 
crystal growth. The driving force for nucleation is sion for x0 = xo(T, t) for any pair (T,t) is given by 
the Gibbs energy difference between the liquid and the 
crystal, AG, which at low undercooling is propor- exp[-B/T(ATo)2]to = exp[ -B /T (AT)  2] ~ t 

tional to AT : AG ~ ASf • AT, with ASfthe melting k d L d 

entropy [16]. However, an interfacial energy, or, is (18) 
necessary to form the interface between the liquid and the analytical expression of x0 = x0(T,/3c) for any 
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pair (T, flc) is given by Thus, the forms of  the curves T=T(t) and T=T03c), 
Ar for a fixed value of  x, are obtained by means of  

f e x p [ _ B / T ( A T ) 2 ] d ( A T )  Eqs . (18  and 19) provided the values of  T f a n d B  
8c are known. 

o In the present study the values of  the melting 
LxT0 temperature Tf and of  the constant B have been 

= / e x p [ _ B / T ( A T ) 2 ]  d ( A T )  /3c0 (19) obtained from the best fit approach to the experimental 
0 data under a constant cooling rate. The value of  B is 

I I [ I ~ I I I I 

L • Peak onset  
• Peak onset  320 V Peak max imum 

320 - V Peak max imum I ~ " - - ~ . ~  _ _ • Peak e n d  

• ~- ~ 

"~ ~ 300 - 
"~ 300 

. 

280 
280 

I I I~ ~ ~ 0.1 1 1E+1 1E+2 1E+3 1E+4 
0.1 1 1E+1 1E+2 1E+3 E+4 Cooling Rate in Kmin -1 

I I I I ~ I I I I 

• Peak o n s e t  
• Peak onset  320 V Peak m a x i m u m  

320 t -  ~ Peak max imum 
• Peak end 

._~ 
._~ - • 

~ 300 - 
" 300 

I-- • V 280 
28O 

0.1 1 1E+1 1E+2 1E+3 1E+4 
0.1 1 1E+1 1E+2 1E+3 1E+4 Cooling Rate in K rain -1 

Fig. 5. T--CR-T curves obtained for the following compositions: (a) PEG 6000; (b) 80 wt% PEG; (c) 30 wt% PEG; (d) 20 wt% PEG. 
Experimental • onset, ~7 maximum and • end peak temperatures. Continuous curves: calculated values. 
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determined by a procedure similar to the Kissinger There is some scatter in the values obtained for each 
method, that is by imposing (d2x/dt2)r=Tp = 0 at a mixture when applying Eq. (20), which is deduced by 
given cooling rate ~, The approximate value of  B is taking Tf=332 K. The value of B is: 

dln [fl(3TpL - T f ) / T ~ ( T f -  To) 3] B - -  33.8 × 104K 3. (21) 
J 

- B .  (20) Figs. 5 and 6 show the result of  the analysis per- 
d ( 1 / [ T p ( T f  - To)2}) formed for crystallized fractions Xo corresponding to 

I I ~ I _ - 

320 - O ~  Ji ,,t 320 

+ oo / / 
i / • Peak onset / / ~7 Peak maximum ~ E [ [ [ V Peak maximum 

/ t ,  , 

280 / 

I 

I I t 1E- 0.1 1 1E+1 1E+2 E+3 
1E-2 0.1 1 1E+1 1E+2 1E+3 Time in min 

- T - - r - -  t 

320 
320 ~ v 

._c 

+ 300 
300 + ° 

280 
280 

1E-2 0.1 1E+1 1E 2 1E+3 1E-2 0.1 1 1E+1 1E+2 E+3 
Time in rain -1 

Fig. 6. T-T-T curves obtained for the following compositions: (a) PEG 6000; (b) 80 wt% PEG; (c) 30 wt% PEG; (d) 20 wt% PEG. 
Experimental • onset, V maximum and A end peak temperatures. Continuous curves: calculated values. 
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the onset, maximum and end of  the peak temperatures, picture accounting for isothermal as well as contin- 
The respective calculated pairs (T,t) and (T, flc) are uous cooling regime. The analysis is based on the fact 
presented in the form of continuous curves in T~CR-T that nuclei have to appear prior to any crystal growth. 
and T - T - T  transformation diagrams, respectively. The high temperature part ( A T < 0 . 2  Tf) of  both the 
The experimental data, shown as discrete points, show T - T - T  and the T - C R - T  diagrams were constructed 
some scatter which is representative of  the quality of  over a wide range of  conditions. 
reproducibility of  the experimental behaviour. As 
expected in a solidification process, the onset of  
crystallization shifts to higher temperatures on Acknowledgements  
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