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Summary 

The heats of solution of a range of polyethylene glycols (PEGs) have been measured using samples prepared under various 
heating and cooling protocols. The values obtained were shown to be highly sensitive to both PEG molecular weight and to the 
thermal history of the sample. A model has been proposed in order to interpret the results in terms of the energetics of the 
different stages of the dissolution process. 

Introduction 

The dissolution rates of poorly soluble drugs 
may be enhanced by incorporation into water- 
soluble carriers such as polyethylene glycol (Chiou 
and Riegelman, 1971). In order to understand the 
properties of such solid dispersions, it is neces- 
sary to have some knowledge of the characteris- 
tics of the carrier itself. In a previous study (Craig 
and Newton, 1991), the melting behaviour of a 
range of different molecular weight polyethylene 
glycols (PEGs) was examined. In the present in- 
vestigation, solution calorimetry will be used to 
characterise the same samples of PEGs. This 
technique involves the measurement of heat 
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changes resulting from the dissolution of a sam- 
pie in a liquid (AH~). This and other related 
methods have been used for the study of a num- 
ber of pharmaceutical systems and phenomena, 
including complexation (Hardee et al,, 1978), solid 
solutions (Grant and York, 1986), stability studies 
(Pikal and Dellerman, 1989), partition coefficient 
studies (Beezer et al., 1983) and as a bioassay 
technique (Beezer et al., 1986). 

There are three principal advantages to the 
technique. The first lies in the direct nature of 
the measurement,  as there is no invasive process 
involved other than the dissolution of the mate- 
rial. This is in contrast to DSC, whereby results 
are usually obtained at elevated temperatures 
and extrapolated back to give an indication of the 
solid structure at room temperature.  Secondly, 
the technique offers a basis for comparison be- 
tween samples. For example, the dissolution en- 
ergetics of various tablet formulations have been 
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measured and compared (Takagi and Kimura, 
1984). Thirdly, the values of the heat of solution 
may lead to a mechanistic analysis of the process 
under study (e.g. Craig and Taylor, 1990). The 
principal disadvantage of the technique is that 
the dissolution process, and hence enthalpy of 
solution, involves several stages, including the 
breakage of bonds, wetting, liquid penetration, 
solvation, possibly rearrangement  and conforma- 
tional changes, etc. It is therefore difficult to 
separate and quantify these individual processes. 

While the solution properties of PEGs have 
been extensively studied (Molyneaux, 1975), rela- 
tively little work has been performed on their 
heats of solution. Examples of published work 
include a study by Malcolm and Rowlinson (1957) 
in which measurements  were taken of JH~ for a 
molecular weight range of 300-5000 at 353.3 K, 
Similarly, Maron and Filisko (1972) measured 
AH~ of PEG 6000 in a range of solvents, includ- 
ing distilled water. Ikeda et al. (1975) studied the 
crystalline-amorphous interfacial properties of 
PEGs 1500, 6000 and 20 000 using DSC and solu- 
tion calorimetry. Kagemoto et al. (1971) reported 
heats of dilution of liquid PEGs in organic sol- 
vents, while Lakhanpal et al. (1968) measured the 
heats of solution of PEG-water  systems up to a 
molecular weight of 4000. 

In the present study, the effects of both molec- 
ular weight and thermal history on the values of 
AH~ have been investigated. The results obtained 
have been combined with the DSC data reported 
in a previous paper  (Craig and Newton, 1991) and 
a model has been proposed in order to interpret 
the results in terms of the different stages in- 
volved in the dissolution process. 

Materials and Methods 

Polyethylene glycols 3400 (CSD, Cheshire), 
6000 (CSD, Cheshire), 10000 (BDH Chemicals, 
Poole) and 20000 (BDH Chemicals, Poole) were 
characterised as previously described (Craig and 
Newton, 1991). The samples were flash cooled by 
immersion in liquid nitrogen, slow cooled at 
5°C/h  or left untreated, as described previously 
(Craig and Newton, 1991). The materials were 

ground and a sieve size of 120-250 p,m used for 
all studies. A sample size of 45-50 mg was used, 
each study being repeated at least three times. In 
all calculations, the measured,  as opposed to 
nominal number average molecular weights were 
used. 

A Tronac Model 450 adiabatic calorimeter 
(Tronac Inc., UT) was used for all studies. The 
apparatus consists of a dewar flask suspended in 
a constant temperature  water bath, held at 298 K 
in the present study. The dewar flask was silvered 
in order to minimise the heat exchange between 
the dissolution fluid and the bath. 50 ml of water 
were pipetted into the flask. The solid sample 
was weighed into a 1 ml glass ampoule (Phar- 
macia LKB Biotechnology, Sweden) using a 
Model CL3 five figure balance (Stanton Instru- 
ments Ltd, Warley). The vial was sealed and 
suspended in the flask. The sample holder was 
then rotated at 600 rpm. The temperature  of the 
solvent was measured using a thermocouple and 
indicated as voltage against time on a Servoscribe 
1S chart recorder (Smith's Instruments, Crickle- 
wood). A thermistor was used to heat the solvent 
to a temperature  marginally below that of the 
bath. The slow equilibration between the solvent 
and the bath resulted in the curve on the chart 
recorder being effectively linear, the slope re- 
maining constant before and after sample meas- 
urement,  thus simplifying the analysis of the re- 
suits. The system was left to equilibrate for at 
least 1 h, after which the ampoule was automati- 
cally broken by a plunger. Preliminary studies 
using empty vials showed the breaking process to 
have no discernible effect on the slope of the 
trace. This absence of response is in agreement  
with previous studies (Erb, 1984). 

The PEG samples were sometimes found to 
form gels on initial contact with the solvent which 
dissolved extremely slowly, thus rendering meas- 
urement difficult. The equipment was therefore 
modified by placing a stainless-steel studded plate 
immediately below the ampoule in the holder. 
This led to improved breakage of the glass vial 
and hence distribution of the individual particles 
through the solvent. 

Three calibration runs were performed. These 
involved engaging the thermistor for approx. 60 s, 



measured to _+0.1 s. The voltage and (indirectly) 
the current across the thermistor were measured 
using a Solartron 7040 Digital Vol tmeter  
(Solartron Instruments, London), arranged in 
parallel to the calorimeter. Preliminary studies 
showed no discernible difference in the calibra- 
tion response when the runs were performed 
before or after sample dissolution. The slopes of 
the initial and final curves were extrapolated and 
the vertical distance between the two measured 
manually. This distance was chosen in order to 
account for heating during sample dissolution 
due to the temperature gradient between the 
dewar flask and the bath. While a more accurate 
correction is available (Dickinson, 1914), this 
analysis cannot be applied manually to irregular 
profiles. As the curves found in the present case 
often showed a minimum before equilibration, 
the less accurate correction described above was 
used. 

The power (P0) dissipated to the solvent dur- 
ing the calibration run was calculated using the 
equation 

V(v) × v(i) 
PII R (1) 

where V(v) is the voltage across the thermistor 
and V(i) is the voltage across a calibration resis- 
tor R. For the particular model used in the pre- 
sent study, this resistor had a value of 100.05 S~. 
The current across the thermistor was therefore 
given by V(i)/R, which is multiplied by the ther- 
mistor voltage to give the power (P~). As the 
power is given in J / s ,  multiplication by the time 
span of the calibration run gave the energy dissi- 
pated within the dewar flask in J. Therefore,  the 
energy/dis tance  ( J / cm)  value was calculated by 
dividing the energy by the vertical distance of the 
response. The distance corresponding to the sam- 
ple was then measured and multiplied by the 
J / c m  value to give the total energy of the dissolu- 
tion process. This was then divided by the quan- 
tity of sample to give a specific value for the heat 
of solution. 

The reliability of the equipment and the exper- 
imental technique were assessed by measuring 
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the heat of solution of two standards, KCI (BDH, 
Poole) in water and Tris, or THAM (BDH, Poole) 
in 0.1 N HC1 (BDH, Poole). The heat of solution 
of THAM was measured as -29 .35  kJ /mol ,  
compared to the literature value of -29 .69  
kJ /mol  (Irving and Wadso, 1964). Similarly, the 
heat of solution of KC1 was found to be 17.61 
kJ /mol ,  compared to 17.51 kJ /mol  (Irving and 
Wadso, 1964). The agreement between the exper- 
imental and literature results was considered sat- 
isfactory in both cases. 

Results and Discussion 

The untreated, slow cooled and flash cooled 
samples were analysed for each molecular weight, 
the results being given in Table 1. These values 
are of the same order of magnitude as those 
reported in previous studies (Ikeda et al., 1975). 
The flash cooled samples gave the least endother- 
mic values for each molecular weight, while the 
slow cooled samples showed a rise in AH~ as the 
chain length increased. Otherwise, there was lit- 
tle discernible relationship between AH~ and ei- 
ther the molecular weight or the thermal history. 
However, it can be seen clearly that the tech- 
nique is highly sensitive to changes in PEG struc- 
ture, either in terms of chain length or crystal 
morphology. 

TABLE 1 

Effect of  heat treatment on the heats" of solution of a range of 
molecular weight polyethylene glycol samples" (standard det'ia- 
tions in parentheses) 

Nominal 
molecular 
weight 

Heat of solution (kJ /mol )  

Untrea ted  Slow cooled Flash cooled 

3 400 33.98 30.59 8.93 
(0.76) (1.40) (0.37) 

6 000 90.73 57.53 31.22 
(0.76) (7.59) (0.76) 

10 000 76.28 166.43 - 28.61 
(5.07) (7.60) (9.09) 

20 000 82.39 250.06 - 120.68 
(3.11) (15.53) (13.25) 
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The heat of solution represents the sum of the 
enthalpies of each stage of the dissolution pro- 
cess as a whole. By Hess 's  law, A H~ may be 
interpreted as the sum of any number of steps, 
providing that the starting point is the solid and 
the end product is the solution. The dissolution 
process can therefore be considered to consist of 
two theoretical stages. The first represents the 
breaking of the solid-state bonds, while the sec- 
ond involves all the processes whereby the indi- 
vidual molecules become incorporated into the 
solution. The bond breaking process is similar to 
a melting process and is thus represented by 
AHF 9s, corresponding to the formation of a su- 
percooled liquid at 298 K (the temperature  of 
dissolution). The second process is represented 
by AHM, describing the mixing of the individual 
molecules with water. 

The solution process can therefore be repre- 
sented by 

Solid 

JH~ ~ S u p e r c o o l e d  liquid 

Solution 

A related approach has been described by 
Paruta (1984), whereby the thermodynamic pa- 
rameters  associated with the formation of aque- 
ous solutions of a series of alkyl p-amino- 
benzoates were calculated using a combination of 
solubility and DSC data. However, these calcula- 
tions required the heat of solution to be obtained 
from the solubility data, thereby involving the use 
of van't  Hoff  plots of In solubility against recipro- 
cal temperature.  These plots are expected to yield 
a straight line, the gradient of which gives the 
heat of solution. However, van' t  Hoff  plots are 
frequently non-linear due to non-ideal behaviour 
of the solution systems (Grant  et al., 1984), hence 
the reliability of the method is questionable. 
Calorimetric measurement  of the heat of solution 
overcomes this problem, as the AH~ values are 
obtained directly. Maron and Filisko (1972) used 
a similar method to assess the dissolution of PEG 
6000 in a range of solvents. The authors mea- 

sured the heat of solution and of dilution, the 
latter being used to estimate AH M. 

In the present study, the value of 3H~ is 
measured directly and AH~ ')s is estimated from 
the DSC data presented in a previous report 
(Craig and Newton, 1991). The measured heats of 
fusion represent the energy required for dissocia- 
tion at the melting point. These values must 
therefore be corrected in order to account for the 
temperature  difference between the melting point 
and 298 K, the temperature  at which the 3 H ,  
values were obtained. 

The equation used was 

298 
A H F  ¢;s = J H  F • ( 2 )  

TM 

where T M and AH F are the measured melting 
points and molar heats of fusion. This equation 
can be reached via two routes. 

Firstly, Walden (1908) noted that the molar 
heats of fusion divided by the melting point of 
structurally related substances is approximately 
constant, which can be restated as the entropy of 
fusion being similar for such solids. This is shown 
by Gibbs equation 

A G  = A H -  7 " A S  (3) 

where AG is the free energy, AH is the enthalpy 
and AS is the entropy of the process. At the 
melting point, the solid and liquid are in equilib- 
rium, hence BG = 0. Therefore 

A H F / 1 H  F '~x 
A S  - - -  - (4) 

T M 298 

thus 

298 
/ 4  29~ 

~ " v  = . 4 H  v "  - (2) 
T M  

The second route involves consideration of 
Kirchoff's equation 

d A H  F 
ACp - (5) 

dT 



which, on integration between T M and 298 K, 
yields 

A H  29s = A H  F - ACp(T M - 298) (6) 

J C p  can be estimated as being equivalent to the 
entropy of fusion (James, 1986), hence 

A H v  
J C p  = (7) 

TM 

Substitution into Eqn 6 gives 

A H  29~: = A H  F -- AHF.  
( T  M - 298) 

TM 
{8) 

hence 

298 
AH~ 9s = A H  F" - -  (2) 

TM 

Therefore,  zlH~ 98 can be readily estimated 
from the DSC data. According to the model 
previously outlined, the difference between All., 

and AH 29s will equal A H  M, hence characterisa- 
tion of the solution process is possible. 

The above model was tested as follows. When 
the various heat- treated polyethylene glycols dis- 
solve, the values of A H  M should be constant for 
any molecular weight, irrespective of thermal his- 
tory. This is because A H  M is a function of the 
structure and behaviour  of the individual 
molecules, hence the arrangement  of the chains 
within the crystal lattice should have no bearing 
on this parameter .  A H 2~, however, is highly de- 
pendent  on the crystal structure and may there- 
fore vary with thermal history (Craig and Newton, 
1991). As AH~ is the sum of A H  29s and A H M ,  

this enthalpy will likewise vary with thermal his- 
tory. All three parameters  may be dependent  on 
molecular weight as both AHv 98 and A H  M are 
expected to alter as the chain length increases. 

The values of ZlH~, A H  298 and A H  M for the 
polyethylene glycol samples are shown in Table 2. 
The flash cooled samples have not been included 
as the multiple peaks found for the melting en- 
dotherms (Craig and Newton, 1991) prevent the 
calculation of A H  29s by the given equations. 

TABLE 2 

AH~, AH~ 9~ attd AH~ I jbr polyethyh'ne glycols at 298 K 
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Nominal Heat AI-t, AHv 98 AH M 
molecular treatment (k J/tool) (k J/tool) (k J/tool) 
weight 

3 400 U n t r e a t e d  34.0 682.3 - 648.3 

Slow coo led  30.6 649.8 - 619.2 

601)0 U n t r e a t e d  90.7 1374.6 - 1283.9 

Slow coo led  57.5 1307.7 - 1250.2 

111000 U n t r e a t e d  76.3 2588.9  - 2 5 1 2 . 6  

Slow coo led  166.4 2683.4  -2517 .1 )  

20 000 U n t r e a t e d  82.4 3510.7  - 3428.3 

Slow coo led  250.1 3755.1 - 3 5 0 5 . 0  

Analysis by paired Student 's  t-test between the 
slow cooled and untreated samples shows the 
means of the two sets of A H  M values to remain 
constant to a 5% confidence level. This indicates 
that for a given molecular weight, A H  M does not 
show significant dependence on the previous heat 
treatment,  which is in agreement  with the model 
previously outlined. The theory also accounts for 
the apparent  absence of a discernible relationship 
between AH~ and either the PEG molecular 
weight or the heat treatment,  as these enthalpy 
values appear  to be a combination of a large 
endothermic melting process and a similarly large 
exothermic mixing reaction. While both these 
processes show rank orders with molecular weight, 
the sum of the two (AH~) may not necessarily 
exhibit the same trends. 

However, the assumption that differences in 
crystal structure will only affect / IH~ 98 rather 
than A H  M will not always be valid. The enthalpy 
of wetting may vary with crystal structure, as may 
the enthalpy of any rearrangement  reactions tak- 
ing place in solution. However, these limitations 
aside, the theory provides a simple and useful 
means of quantifying the solution process, effec- 
tively involving only two sets of measurements.  

Conclusions 

The sensitivity of solution calorimetry to the 
molecular weight and thermal history of PEG 
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samples has been demonstrated. This is of rele- 
vance to the study of solid dispersions, as the 
results indicate that the solution properties of 
PEG samples may vary according to the heating 
and cooling protocol used. A model has been 
proposed in order to interpret the data, using a 
combination of differential scanning and solution 
calorimetry. While it is obviously desirable to 
refine this model in order to account for the 
assumptions mentioned previously, this will al- 
most inevitably necessitate the use of more com- 
plex measurements. The above system has the 
advantage that the experimental techniques in- 
volved arc comparatively simple, hence facilitat- 
ing a more complete understanding of the pro- 
cesses involved in the dissolution of polyethylene 
glycols. 
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