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Abstract

Solution calorimetry has been used in a number of varying applications within pharmaceutical research as a technique for
the physical characterisation of pharmaceutical materials, such as quantifying small degrees of amorphous content, identifying
polymorphs and investigating interactions between drugs and carbohydrates or proteins and carbohydrates. A calibration test
procedure is necessary to validate the instrumentation; a few of the suggested calibration reactions are the enthalpies of solution
associated with dissolving Tris in 0.1 M HCI or NaCl, KCI or propan-1-ol in water. In addition, there are a number of different
methods available to determine enthalpies of solution from the experimental data provided by the calorimeter, for example, the
Regnault—Pfaundler’'s method, a graphical extrapolation based on the Dickinson method, or a manual integration-based method.
Thus, the aim of the study was to investigate how each of these methods influences the values for the enthalpy of solution.
Experiments were performed according to the method outlined by Hogan and Buckton [Int. J. Pharm. 207 (2000) 57] using
KCI (samples of 50, 100 and 200 mg), Tris and sucrose as calibrants. For all three materials the manual integration method was
found to be the most consistent with the KCI in water (sample mass of 200 mg) being the most precise. Thus, this method is
recommended for the validation of solution calorimeters.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction A prime requirement of any analytical procedure is to
ensure that experimental results obtained in different
Solution calorimetry has been used in a number of laboratories are directly comparable. It is therefore
varying applications within the area of pharmaceuti- essential that solution calorimeters should have an
cal research and is rapidly becoming an indispensableaccepted calibration test procedure to ensure that all
technique for physically characterising pharmaceuti- experimental data comes from qualified instruments.
cal materials. For example, solution calorimetry has Ideally, a test system should be robust, simple to oper-
been used to quantify small degrees of amorphous con-ate and only require materials that are readily available
tent Hogan and Buckton, 20Q0identify polymorphs and need no or little preparation prior to u$#il{son
(Souillac et al., 2002band investigate interactions be- et al., 1999. There has been some discussion about
tween a drug and a carbohydra@&h@dha et al., 2002 the use of calibrants to assess the performance and
or a protein and carbohydrat8duillac et al., 2002a accuracy of the solution calorimeter. A few of the sug-
gested calibration reactions are the enthalpies of so-
"+ Corresponding author. Tel+44-20-7848-4780; lution gssociated with the dissolutipn of Trisin 0.1 M
fax: +44-20-7848-4800. HCI (Hill et al., 1969, KCI or NaCl in water Archer
E-mail address: paul.royall@kcl.ac.uk (P.G. Royall). and Kirklin, 2000 and propan-1-ol in watelofsson
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et al., 2000. In addition to a range of possible calibra- experiments) of sample were placed in glass crushing
tion materials, there are a number of different methods ampoules. The ampoules were double-sealed with
available to determine enthalpies of solution from the beeswax, placed in the calorimeter and after an ap-
experimental data provided by the calorimeter. For propriate equilibration time broken into 100 ml of
example, in the case of a solution calorimeter oper- solvent. In the case of the 25 ml vessel, 25 ml of sol-
ated under semi-adiabatic conditions, the enthalpy of vent was used. The solution calorimeter monitored
solution can be determined from the temperature off- the change in temperature during this process via a
set data using: (i) the Regnault—Pfaundler’'s method thermistor incorporated in the reaction vessel. Each

(Wadsd, 196§ (i) a graphical extrapolation based
on the Dickinson methodWadso, 1966)or (iii) an
integration-based method\lison, 2003. Thus, the

sample was run a minimum of three times with the
stirrer within the calorimeter being set at 500 rpm.
Three different calculation methods were used to

aim of the present study was to investigate how each analyse the data, and the results from the different
of these three methods influence the values for the approaches are discussed in turn in the following
enthalpy of solution determined for a number of dif- sections.

ferent test materials, and based on these results to rec-

ommend the most appropriate method and calibrant in

order to validate semi-adiabatic solution calorimeters.

In addition, as the integration method has the extra
benefit of converting the temperature offset data into
power time plots, it was also planned to investigate

the relevance of these plots in the characterisation

of the dissolution profile of active pharmaceutical
ingredients.

2. Experimental methods and material

A Thermometric Precision Solution Calorimeter
2225 S/N 71, SolCal, (Thermometric AB, Sweden)
was used to determine the heats of solution of the fol-
lowing samples: sucrose (Tate and Lyle, UK) in dis-
tilled water, Tris (trishydroxymethylaminomethane)
>99.8% from Aldrich in 0.1 M hydrochloric acid,
potassium chloride (KCI, Standard Reference Mate-
rial 1655, National Bureau of Standards certificate)
in distilled water. The KCI was dried for over 24 h at
423K in an oven and samples of 50 mg, 100 mg and
200 mg were analysed. The drying process was fur-
ther investigated by thermogravimetric analysis (TA
Instruments TGA 2950). During this analysis 15 mg
of the KCI sample were held at 423 K again for 24 h,
with the mass recorded continuously as a function of
time throughout this period.

The experimental procedure was carried out ac-
cording to the method described kylogan and
Buckton (2000) Briefly, the solution calorimeter was
thermostated in a Heto precision water bath. Be-

3. Results and discussion
3.1. Sample preparation

Samples of KCI were analysed thermogravimetri-
cally at 423K for 16 h to simulate the drying process.
After the samples had been brought to a temperature
of 423K, there was no weight loss that might corre-
spond with the evaporation of water. There was a slight
fluctuation in the mass of the sample over the 16 h pe-
riod (the coefficient of variance (%cv) of the baseline
was 20 x 10~2). This was less than the fluctuation
observed when the experiment was carried out using
an empty sample pan (%cv77x 10-2), and was thus
considered to be an instrumental artefact. The National
Bureau of Standards (NBS) recommends that the KCI
sample is dried at 800 K for at least 4 h, but it has been
suggested in the literature that drying at a tempera-
ture above 600K could be unnecessafycher and
Kirklin, 2000).

3.1.1. Raw data

A typical response from the SolCal is shown in
Fig. 1, the calorimeter records the fluctuation of tem-
perature as a function of time. The calorimeter used
was operated under semi-adiabatic conditions, so the
initial temperature was offset, typically by 200 mK,
from the air bath temperature of 26 (298.15K). The
baseline sections iRig. 1 were used to check that the
observed temperature increase conformed to an expo-
nential decay, which is the condition that is assumed

tween 50 and 200 mg (depending on solute and set of for the heat flow equationsSéction 3.2. Before and
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Fig. 1. An example of a typical response from the solution calorimeter, showing temperature against time.

after the ampoule was broken, the calorimeter was cal- 3.2. Data analysis
ibrated electrically with known amounts of heat sup-
plied to the solution via an electrical heater. From A new user of a solution calorimeter is confronted
these calibrations and the baseline sections, three dif-with a number of complex equations that allow the
ferent analysis methods were used to determine valuesconversion of the recorded temperature offset into
for the enthalpy of solution when the sample ampoule the associated change in enthalpy for the process
was broken into the 100 ml of solvent contained in the under study. The purpose of the following section is
calorimeter vessel, marked “Break” Fig. 1L A num- to introduce the reader to the basic concepts of the
ber of different processes can be initiated when the data analysis, and to summarise the three methods
ampoule is broken, in addition to the formation of a used by the authors to determine the enthalpies of
solution, so the “Break” section is referred to as the solution quoted in this paper. For the full derivations,
reaction section of the temperature offset data. the reader is directed to the original papers cited in
Typically, the temperature offset during the “Break” the text below. The present discussion centres on the
section in the KCI and sucrose experiments remained calculations associated with the calorimeter used by
below zero. By analysing a series of electrical calibra- the authors, but the approaches are transferable and
tions, with some below zero and some above zero, it are currently used, or can be used, with most of the
was discovered that the temperature offset did not have solution calorimeters available on the market.
an obvious effect on the value of the heat flow. Using  In the specific case of an adiabatic calorimeter, no
an electrical input set at 10 J, the average was taken ofheat is exchanged between the calorimetric vessel and
10 calibrations (5 were below zero and 5 above) and its surroundings\Wads6 and Goldberg, 20RIWhen
this was 10.047 J (%cv of 0.026). a process or reaction occurs in the calorimetric vessel,
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the quantity of heat evolved or absorb€d,)), is equal where T is the temperature of the contents of the
to the product of the temperature changd, (K), and calorimetric vessel at timé¢ recorded by the ther-
the total heat capacity of the calorimetric vesgel, = mistor. Tg is the starting temperature afid, is the
(J/K), given inEq. (1) temperature that the vessel would approach if the
temperature was recorded for an infinitely long time,
i.e. the value ofT att = oco. Ty, is commonly de-
scribed as the constant steady-state temperature of

0 = CAT (1)

However, Eg. (1) describes an ideal situation, as h i L Th lori ;
all calorimeters typically suffer some heat trans- € réaction vessel. The calorimeter time constant,

fer between their vessel and the surroundings. The relates to the thermal _“Ieakage” of the vessel and it
SolCal conforms to this observation especially as it reﬂects _thg rate at which the temperature of the so-
was operated under semi-adiabatic conditions for the !Ution within the vessel approaches the steady-state
study reported in this paper. Thukg. (1) cannot temperatureT. The time constant is measured in
be applied without a prior calibration experiment, S€conds and can also be expressed asc/k, where

whereby a known amount of heat is supplied to the XIS the heat exchange coefficient. o
system, usually via an electrical heater, and the re- The first operation during the dqta anaIyS|s IS
sultant change in temperature is used to determine a{Nérefore to fit data from the baseline sections to
calibration constants. Furthermore, the assumption (€ €xponential temperature functidq. (3) These
made inEq. (1) is that the measured temperature baselines, shown ifig. 1, are recorded both before

change arises solely from the reaction taking place 2nd after each calibration and the break sections.
in the vessel, but there are other contributions to the Fig. 1 clearly illustrates the exponential decay of the

observed change in temperatur&Tops The heat offsgt temperatu.re toward$,, within the ba.se_lir?e.
caused by stirring the solution, the heat generated by ?eptlons. A mult|-pafrarr]neter least-square m|n.|m|5|r?g
the thermistor and heat leakage all contribute to the Ttting routine, part of the software accompanying the

observed change in temperature. Theref@t@ps is High Precision Solu'_[i_on CalorimeteT lfermometric,
expressed by: 1996, was the specific method used to generate val-

ues for bothT,, & 7 from the temperature and time
ATops = ATcorr + ATad 2 data, asTp is known from the beginning of each

baseline section. At this point the different meth-
where ATcorr is defined as the corrected temperature oys of analysis diverge with respect to which parts
change for the reaction (or calibration) and is the tem- 4 the paseline are used to determifig & , and
perature change that would be observed if the reaction by which method of integration is used during the
(or calibration) was carried out in an ideal adiabatic aaction.

calorimeter with no other contributions to the temper- |4 the Regnault—Pfaundler’s method, which is based
ature responseATyg is defined as the temperature gy, the reaction dynamics of the breakiddso, 196§
change from all other factors that contributet@ons T andr are calculated from baseline sections imme-
In order to determine the value &fTyq; for a partic- giately before and after the break. The value\dg;

ular experiment two further parameters are required. the sum of the contributions to the temperature change

A typical experiment combines both calibrations from other factors, is determined from the following
and the reaction under investigation within the same integral:

run, and connecting these sections are regions termed fena 1

baselines Kig. 1). These baseline sections clearly ATadj=/ (T — D dt (4)

show the underlying exponential decay from the ini- fstart T

tial temperature offset, of approximately 200mK, in - yhere tyae is the time of the break or calibration

Fhe direption of the air bath temperature. This decay gtart andteng is the time when the reaction section

is described b¥eq. (3} is finished, therefor&eng — fstar iS the time asso-
ciated with the reaction or calibration period. The
corrected temperature change is calculated by sub-

3) tracting ATagj from the observed temperature change

T = Too + ATnorme ™"/ whereA Thorm = To — Teo
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(Eg. (2). ATcorr is determined for both the break was converted to heat flow. The software requires a
and calibrations sections, giving Tcorr, reaction @nd value for the thermistor time constant in order to carry
ATcorr,calibration  respectively. OnceATeorr, calibration out the calculations. The thermistor time constant is
has been determined from the calibration sections different from the calorimeter time constant, as it is
of the experiment, where a known amount of heat, a measure of the lag between the temperature change
Qcalibration 1S supplied to the system via the electrical caused by the reaction and its detection by the ther-
heater, it is relatively straightforward to calculate a mistor situated in the calorimeter vessel. Therefore,
calibration constant, usingEq. (5)given below. the thermistor time constant is required to dynamically
correct for the dullness or the inertia of the thermistor
at the beginning of the reaction or calibration. It is
defined by the user and typically has a value within
The above is a rearrangementid. (1) wheree is the range of 1-10 $:ig. 2shows the dynamically cor-
the effective heat capacity of the system. Unless there rected heat flow signals determined from the observed
are major differences in the post and pre-break values, temperature changes (using a thermistor time constant
an average value is determined. For the break sec- of 2s), against time. The conversion of the tempera-
tion, the corrected change in temperature for the re- ture offset data to heat flow which is basediBmn (7)
action, ATeorr reaction@nde, can be used to determine  given below, was carried out using the Thermometric

e = Qcalibration
A Tcorr,calibration

(®)

the unknown quantity of heat evolved or absorbed
during the reactionQreaction USing Eq. (6) given
below:

(6)

In the present cas@reaciionrepresents the formation of
solution, so dividing this value by the amount of solute
used gives the enthalpy of solutiofigoH (kJ mol™1).

Oreaction= €A Tcorr, reaction

software.

dar 1
=€<—+;(T_Too)>

& @)

where dQ/dt is the heat flow (power) due to the so-
lution reaction or electrical calibration, and is defined
as negative for exothermic reactiofisy. (7)is based
on the Tian equationWads6 and Goldberg, 20p1

The Regnault—Pfaundler’s method is frequently used and in a similar way tdeq. (3) assumes that, if left

when the heat of reaction is small, and is referred to
as the Dynamics of Break method.

to continue to infinity, the temperature of the reaction
vessel will reach the constant steady statg by

The second calculation method is a model based on exponential decay.

the reaction dynamics of the electrical calibrations and

The Thermometric software allows the data to be

uses the baseline data associated with either the pre- oexported and plotted as a curve representing power

post-break calibrations to calculate valuesTgf and
7. This is carried out, as explained above, by fitting
these baselines tBq. (3) Subsequently, the method
uses the graphical extrapolation method of Dickinson
(Wadso, 196pto determine the corrected temperature
change, AT¢orr, With the assumption that the rate of
heat evolution during a reaction is truly exponential.
Egs. (5) and (6)re applied in a similar way to the
previous method to give the enthalpy of solution. This
method is referred to as the Dynamics of Calibrations
method. Both the Dynamics of Break and Dynam-
ics of Calibrations methods are offered as options in
the software accompanying the high precision solution
calorimeter.

The third method involved manual integration of the
data using OrigifV software, after the calorimetric re-

against time. Peaks are seen that correspond to the
input from the electrical calibrations and the so-
lution process of the sample after the ampoule is
broken. If the peaks are integrated to give the area
under the curve, this will give the value, in joules
(J), of the power input of the calibration and heat
of solution of the sample respectively. Dividing
this latter value with units of joules by the sample
mass of the solute, the enthalpy of solution in J/g
can be obtained, which in turn can be converted to
J/mol.

The selection of the thermistor time constant was
based on the analysis of the calibration section of the
experiment before and after the break. The calibra-
tion peaks in the heat flow signal, produced by the
electrical heater, were integrated, the areas of which

sponse, given as the temperature change against timeshould be equivalent to the amount of heat, in joules,
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Fig. 2. An example of the response from the solution calorimeter where the signal has been converted into power (heat flow) against time.
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Fig. 3. The effect of the thermistor time constant on the shape of the power/time curve corresponding to (a) an electrical calibration and
(b) the solution process of the sample.
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Fig. 4. A comparison of the three different methods of calculating the enthalpy of solution for KCI, of three different sample masses, in water.
The variation in enthalpy between the three methods as well as between the samples themselves decreases as the sample mass increase

supplied to the solution. The amount of heat supplied 3.3. Potassium chloride

from the heaters was calculated, from the heater volt-

age, current and resistance. Different thermistor time  The results obtained for the dissolution of KCI in
constants were used to produce heat flow signals andwater are shown ifrig. 4. The enthalpies of solution

it was found that these affected the shape of the curve.in joules per mole are shown for a total of ten experi-
If larger values were chosen for the thermistor time ments, grouped into sample masses of (20D088),
constant, the peak tended to be narrower with the tail (100+ 3.860) and (5G: 0.675) mg. The data from the
crossing the baseline to form an additional small peak solution calorimeter were analysed using the three dif-
in the opposite direction. Although this did not have ferent, previously detailed, methods and these results
a great effect on the area as long as both peaks wereare shown for each sample. The figure shows that the
included in the integration, the shape of the peak is results were more reproducible when a sample mass of
important for information about the dissolution pro- 200 mgwas used compared to 50 mg. Analysis showed
cess. A thermistor time constant of 2 s gave calibration that the significant difference between the groups of
peak areas that matched the number of joules supplieddifferent mass was caused by the 50 mg sample group,
by the heater and produced a single peak, thereforethere was no significant difference between the 100 mg
this thermistor time constant was used to determine and the 200 mg sample mass groups. If the average
the heat flow signals shown iRig. 2 Fig. 3 shows of the enthalpies of solution is calculated, excluding
the effect that the thermistor time constant has on the the 50 mg samples, these values are338+ 0.019),
shape of the peaks. (17.664+ 0.086) and (173164 0.084) kJ/mol for the
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manual method of integration, the SolCal dynamics at 50% can be taken dsg of the dissolution process.
of break and SolCal dynamics of calibration respec- Such findings suggest that solution calorimetry could
tively. Statistical analysis by ANOVA showed that this be used in dissolution studies for fast dissolving phar-
difference between the methods was significaht( maceutical materials provided they can fit into the am-
0.05) and also that the effect of using different sam- poule. For example, a comparison could be made be-
ple masses was significar® & 0.05). The method of  tween the dissolution processes resulting from various
manual integration was shown to be the most consis- dosage forms, such as microspheres, self-emulsifying
tent and have the least associated variance in the val-drug delivery systems (SEDDSJ¢rter and Charman,
ues. The method of manual integration was also shown 2001, or powdered material destined for capsules.
to produce the enthalpies of solution that were closest However, knowledge of the particle size and particle
to the certified value of 1384+ 0.05 kJ/mol Uriano, size distribution would be required for the detailed in-
1981). Use of this method of analysis has an additional terpretation of such dissolution data.

benefit in that it can provide information aboutthe rate  Unless otherwise specified, the rest of the results
of dissolution of the sample. If the power/time curve shown in this paper have all been calculated using the
of the experiment is integrated manually and the re- manual method of integration.

sults of this integration are plotted, a curve is obtained  The KCI supplied by the National Bureau of Stan-
that shows cumulative heat flow with tim&ig. 5). dards (NBS) was a standard reference material and
Individual points on this curve can be calculated as a has a certified value for its enthalpy of solution in
percentage of the total heat flow (area under the curve) water when performed under certain standard condi-
and as such, the point in time where the heat flow is tions Uriano, 198). As it was not possible to carry

| — Result of integration —I

Ampoule break

Cumulative heat (J)
S
1

I
2650 2700 2750
Time of reaction (s)

Fig. 5. The result of the integration of the power time curve of an experiment plotted as cumulative heat flow. The time corresponding to
half of the total heat flow can be regarded as.
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Fig. 6. The offsets of the results of the KCI in water experiments from the certified enthalpy of soluti®@84%70.05) kJ/mol were
determined by subtracting this value from the observed enthalpies. The dotted line shows the limits of the certified value. The results are
compared using the three different methods of analysis and three different sample masses, and also incorporate the recommended NBS
corrections in the enthalpy.

out the experiments at the exact conditions specified, The NBS certificate also recommends that the
it was necessary to make corrections to the measuredsample masses should be corrected using a buoyancy
enthalpy values. These procedures involved correct- factor. This factor has not been incorporated in the
ing for the molality, the energy of condensation and results shown here because it was calculated that the
the energy of vaporisation and are further explained effect this would have on the enthalpy of solution is
in the NBS certificate for the standard reference mate- to decrease it by approximately 0.008 kJ/mol through-
rial 1655. The effect of these corrections can be seen out, and this value is smaller than the variability found
in Fig. 6. The same figure also shows how the values in the data. The possible error that could occur from
of the enthalpies of solution compare to the certified the weighing out of the sample40.01 mg) was cal-
value specified by the NBS. The data are obtained by culated. The effect that this has on the enthalpies of
subtracting the certified enthalpy from the measured solution in terms of %cv, were only 0.0004, 0.0013
enthalpy, and this offset is compared across all the and 0.005% for the sample masses of 200, 100 and
samples using all the methods of analysis, with and 50 mg, respectively, and hence these were not incor-
without corrections. porated into the results.

It can be seen that the least variability is observed
with the highest sample mass, which is to be expected 3.4. Comparison of calibrants
because the certified enthalpy value refers to a molality
of 0.111 M, so the smaller samples require a larger
correction factor.

Using all three methods of analysis, the enthalpies
of solution for KCI, Tris and sucrose are shown in
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Fig. 7. The enthalpies of solution calculated by man- results compare favourably to those reported pre-
ual integration are compared to literature values in viously (Table ). The experimental data show that
Table 1 Sucrose experiments were carried out us- the dissolution of 200 and 100 mg KCI samples pro-
ing a 25ml vessel as well as the 100 ml vessel, the duced the more reproducible enthalpies, so the data

Table 1
A summary showing some of the calibrants that have been used in solution calorimetry and a comparison of the values of the enthalpies
of solution found in the literature to those determined in this study using the manual integration-based method of analysis

Calibrant Enthalpy (kJ/mol) Reference Measured enthalpy (kJ/mol)
KCl in water 17584+ 0.050 Uriano (1981) 17.556+ 0.019

17.22 CRC Handbook (1986)

20.14 Salvetti et al. (1996)
Tris in 0.1 M HCI —29.75+ 0.02 Hill et al. (1969) —29.72+0.02
Sucrose in water 872+ 0.158 Gao and Rytting (1997) 6.167+ 0.153

6.43 Salvetti et al. (1996)

Propan-1-ol in water —10.16+0.02 Olofsson et al. (2000)
KF in water -17.73 Salvetti et al. (1996)

NaCl in water 4213+ 0.012 Archer and Kirklin (2000)
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obtained from the 50 mg samples have not been in- KCI because it does not have a standard certified en-

cluded in the values ifiable 1 The values for Trisare  thalpy of solution, but is an ideal sample to use for

also highly reproducible and correlate well with the the purpose of a spot check for the performance of

previously reported dateHfll et al., 1969. Table 1 the solution calorimeter. From these results, the cali-

illustrates that the values reported for the heat of so- bration test system that produced the most consistent

lution of a given calibrant show variability, although results was KCl in water (sample mass of 200 mg) us-

this would probably be reduced if certified samples ing the manual integration-based method of analysis.

were used in all cases. It is also likely that introduc- Since this procedure provides the most reproducible

ing one standard method of analysing the data from enthalpies, it is recommended that this should be the

the solution calorimeter could reduce this variability minimum procedure that should be carried out prior

further. to undertaking further studies to ensure that the data
For all three calibrants, the literature value was between different solution calorimeters are validated

subtracted from the observed value of the enthalpy to and thus comparable.

calculate the offsets and these were compared. Anal-

ysis by ANOVA showed no significant difference

between the methods of analysis for the data from all Acknowledgements

three calibrants, but the difference between the offsets

from the three calibrants was significarit & 0.05). The authors would like to thank the EPSRC for
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