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Abstract

This paper reports a technique for heat conduction isothermal microcalorimeters, which allows, by means of a lowering apparatus, the
sample and reference ampoules to be lowered very slowly from the pre-equilibration position to the measuring position. The purpose is to
minimize the effect on (total) equilibration time arising from both the pre-equilibration time and the dissipation time (i.e. the time to dissipate
the thermal shock which occurs when the vessels are lowered manually). Measurements using 3 ml glass ampoules filled with water, as sample
and reference, at 25 and 80, showed that the extent of thermal shock was drastically diminished as the lowering speed decreased, and
that the associated heat quantity was reduced to less than 0.2 mJ when lowering occurred over a period of more than 180 s. The dissipation
time, the time-period required to dissipate the thermal shock, was also shortened to less than 10 min; the standard manual lowering procedure
dissipation time being ca. 25 min. In practice experimental measurements of the imidazole catalysed hydrolysis of triacetin and of the solid
state oxidation of ascorbic acid showed that the dissipation time was not shortened when the initial power observed was mové than 5
however, it was significantly shortened when the initial power observed was arduynV. The proposed ampoule lowering procedure could
be expected to bring about a saving in the total measurement time for reactions with low initial power, such as those associated with long-term
stability studies of relatively stable pharmaceuticals. The described procedure also eliminates operator-induced effects associated with manual
lowering of ampoules. In principle the device described also would permit automated loading protocols to be developed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction [3] and the imidazole catalysed hydrolysis of triacé4b].
Further, Gaisford et all6] extended Willson’s method of
Isothermal microcalorimetry is an important experimen- analysis to consecutive reaction schemes and applied it to
tal tool in the study of the mechanism of reacting systems. the acid catalyzed hydrolysis of potassium hydroxylamine
Willson et al.[1] introduced a method for the determina- trisulfonate (A— B — C — D type). These methods have
tion, from power (@, in watts)-time curves obtained from been extendef/,8] to allow direct calculation of the target
this type of microcalorimeter, of both kinetic and thermo- parameters, i.e. iteration is no longer required.
dynamic parameters (n, the order of the reactibnthe A functional diagram of a 2277 Thermal Activity Mon-
rate constant; andH, the reaction enthalpy change). This itor (TAM, Thermometric AB), a typical heat conduction
method involved writing a kinetic equation that described isothermal microcalorimeter, is shown Kig. 1 [9]. In a
the reaction under study, converting it to a calorimetric form heat conduction isothermal microcalorimeter, a pair of reac-
and then fitting the calorimetric data using a process of it- tion vessels, sample and reference, are inserted into a pair of
eration. The method was shown to be applicable to real ex-cylindrical holes surrounded by a metal heat sink, through
perimental data through study of reactions such as the solu-which heat generated from sample or reference materials is
tion phasdg2] and the solid state oxidation of ascorbic acid allowed to flow. Thermopiles, positioned between the vessel
and the heat sink, respond to the difference in power be-
mspondmg author. Tels44-1634-883362; tween the_sample and_ reference ve_zssels thrqugh production
fax: +44-1634-883044. of a quantitatively equivalent electrical potential. The oper-
E-mail addressa.beezer@greenwich.ac.uk (A.E. Beezer). ating procedures of the TAM require that the sample and

0040-6031/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0040-6031(03)00376-9



110 K. Urakami, A.E. Beezer/Thermochimica Acta 410 (2004) 109-117

Pre-equilibration
position

Measuring
position

Sample Reference

Metal heat sink

Thermostatted water bath

Fig. 1. Schematic diagram of a calorimetric unit in the 2277 Thermal Activity Monitor.

reference vessels are placed at a pre-equilibration position, It is obvious, from every-day experience, that the more
in the middle of the cylindrical hole, for more than 30 min, slowly the vessels are lowered, the smaller will be the ther-
to establish thermal equilibrium to the fixed temperature of mal shock delivered to the calorimeter. Therefore, in or-
the calorimeter prior to starting measurement. After thermal der to diminish thermal shock, more attention ought to be
equilibrium is reached, the vessels are simultaneously low- given to the lowering of the vessels. In this study, we in-
ered to a measuring position, at the bottom of the cylindrical vestigated, using a TAM, the influence of vessel lowering
hole, where the vessels are in contact with the thermopiles,speed on the recorded thermal shock, with the objective of
and recording of power starts. However, recorded data for proposing a vessel lowering procedure to minimise interfer-
first 60 min (i.e. 30 min pre-equilibration plus 30 min for the ence from thermal shock and that will permit earlier data
dissipation to occur) of a power—time curve must be ex- capture. Such a shortening of the time devoted to equilibra-
cluded from analysis. This is because the act of lowering the tion would contribute to a better understanding of reaction
ampoules into the measurement position itself constitutes akinetic and thermodynamic characterisation. For this pur-
thermal event (“thermal shock”). After this thermal shock pose, a vessel lowering apparatus specifically designed for a
has completely dissipated, the desired power—time data canTAM was constructed. It can, simultaneously, lower a pair of
be obtained. The exclusion of data for the first 60 min may be vessels from the pre-equilibration position or directly from
a serious constraint in the study of the reaction mechanisms:the laboratory conditions, to the measuring position with
unknown reactions initiated as the system for study is as- variable speed. The majority of published data on the ki-
sembled; reaction events that can be seen to exist but whosaetics and thermodynamic characterisation of reactions has
lifetimes are too short to permit quantitative investigation. In emerged from this laboratory and hence we take examples
addition, it could contribute significantly to time-consuming from these studies to examine the performance of the de-
experiments for the quality control of large quantities of vice designed. The use of the proposed lowering procedure
samples. was thus explored through study of the established test and
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reference reaction, the imidazole catalysed hydrolysis of tri- 2.2. Apparatus
acetin[4,5] and also through study of the solid state oxi-

dation of ascorbic acifB]. Clearly it is not known if other The isothermal microcalorimeter used in this study was
processes precede data reported and analysed previousl®277 TAM (Thermometric AB, Jarfalla, Sweden), consisting
[3-5]. of four independent channels (channels 1, 2, 3 and 4). The

microcalorimeter was housed in a temperature-controlled
environment (24 0.1°C) and calibrated periodically us-

2. Experimental ing an electrical substitution method. A hand-made vessel
lowering apparatus, appropriate for use in any channel
2.1. Materials of a TAM, is illustrated inFig. 2. The apparatus con-

sists mainly of an aluminum frame (constructed from

Unsieved.-ascorbic acid (more than 99% purity) was pur- workshop-available material), electric motor (Mabuchi Mo-

chased from Aldrich and stored in a sealed container in ator Co. Ltd., Chiba, Japan: FA-130, 3.0V, 500 mA) and

vacuum desiccator at room temperature. Triacetin and imi- pullies (workshop-available and sizes determined by trial
dazole (more than 99% purity) were purchased from Sigma and error). The ampoules are suspended on hooks fixed on

and Aldrich, respectively. Water used in all experiments was a plate which is connected to the pullies of the lowering

freshly distilled prior to use. device. The rotation of the pullies allows the plate to be
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Fig. 2. Schematic diagram of a hand-made vessel lowering apparatus applicable for each channel of the 2277 Thermal Activity Monitor.
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lowered vertically by gravity. The lowering speed can be ering speed on thermal shock), except that the time at the
adjusted by using various sizes of pullies. pre-equilibration position was varied (5, 10, 15, 20, 25 and
30 min).
2.3. Influence of ampoule lowering speed on thermal shock
2.5. Influence on reaction systems
Three-millilitre-glass ampoules were used, initially, as
model reaction vessels. Three milliliters of water were pipet-  The experimental protocol for the imidazole catalysed hy-
ted into a pair of ampoules of sample and reference, respec-drolysis of triacetin and the solid state oxidation of ascor-
tively, and the ampoules were sealed with crimped aluminum bic acid were as described in the previous studies reported
caps, the caps being fitted with teflon sealing disks. Theseby Beezer et al[4] and Willson et al[3], respectively. In
ampoules were thermally equilibrated, prior to the insertion both experiments, after sample and reference ampoules were
into the calorimeter, in a laboratory environment (ca®@}. thermally pre-equilibrated over a period of 30 min at the
The ampoules were placed in the pre-equilibration position pre-equilibration position, they were lowered to measuring
of calorimeter for a period of 30 min. They were then low- position over a period of 240 s using the vessel lowering ap-
ered to the measuring position (the distance between bothparatus or over a period of 60 s without using the apparatus.
positions is about 14 cm) over periods of 60, 90, 120, 180 The experimental temperature was°Z5
and 240 s using the vessel lowering apparatus. The ampoule
lowering was also performed manually (without the appa-
ratus) over periods of 10, 30 and 60 s at constant speeds a8. Results
possible. As soon as lowering of the ampoules started, mon-
itoring of the power signal began using the dedicated Digi- 3.1. Influence of ampoule lowering speed on
tam (Thermometric AB) software. The extent of the thermal thermal shock
shock caused was evaluated by integrating the power—time
curve and measuring the time-period required to dissipate3.1.1. Heat output
the thermal shock within the instrument specified base line  Fig. 3 shows the extent of the heat output generated by
drift (0.1 uW) [9]. Three repeat measurements were per- lowering a pair of ampoules, sample and reference, at various
formed for each lowering condition. These experiments were speeds, from the pre-equilibration position to the measuring

carried out at 25 and 6. position in channel 1. Typical power—time curves at'e5
are also shown irrigs. 4 and 5. As can be seen from the
2.4. Minimization of the pre-equilibration time figures, the total number of Joules associated with simply

lowering the ampoules was drastically diminished as the
Measurements were performed according to the proce-lowering speed decreased: the heat output was minimized
dures described isection 2.3(influence of ampoule low-  to less than 0.2 mJ when lowered over periods of more than

Heat output (mJ)
D

10 30 60 60* 90* 120* 180* 240*
Time-period (s) taken for lowering ampoules

Fig. 3. Influence of ampoule lowering speed on the extent of heat output. Each column represents th&rieén = 3). (x) Using the vessel lowering
apparatus.
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Fig. 4. Typical power—time curves at various lowering speeds a€23he ampoules were lowered manually over periods of 10s (a), 30s (b) and 60s (c).

180s. No difference in the influence of lowering speed was ence of ampoule lowering speed on the dissipation time;
observed between 25 and 8D. On measurements over a defined as the time-period required to dissipate the ther-
period of 60 s, slight differences in heat output were observed mal shock to within the base line drift (£0uW) [9] in-

with the use of and without the use of the vessel lowering cluding the time-period (10-240s) required for lowering
apparatus (se€ig. 3). This suggests that lowering at an the ampoule. In the case of manual lowering, dissipation
exactly constant speed from start to finish is also one of thetime was not significantly shortened (ca. 25min) as the

factors that contributes to reduction in thermal shock. lowering speed decreased. However, the use of the low-
Fig. 6 shows the difference in the extent of heat output ering apparatus obviously allowed the dissipation time to
between different channels at 25. Although slight dif- be shortened (regardless of the experimental temperature)

ferences were observed between the response from eachlthough the effects were not as great as those seen in
channel, the heat output for all channels was drastically the decrease of heat output described above. When low-

diminished with decrease in lowering speed. ered over periods of more than 120s, the dissipation time
was minimized to less than 10 min, suggesting that thermal
3.1.2. Dissipation time shock was completely absent soon after the ampoules en-

The time-period required to dissipate the thermal shock tered the measuring position. In addition, no difference in
is an important parameter that will determine the reduction dissipation time was observed between channels 4C25
possible in total measurement tintdg. 7 shows the influ- (Fig. 8).
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Fig. 5. Typical power—time curves at various lowering speeds 4C29he ampoules were lowered using the vessel lowering apparatus over periods of
60s (a), 90s (b), 120s (c), 180s (d) and 240s (e).
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Fig. 6. Influence of ampoule lowering speed on the extent of heat output, in various channelsCaEash column represents the mea8.D. (n = 3).
(*) Using the vessel lowering apparatus.

3.2. Minimization of the pre-equilibration time paratus (over a period of 240s), the heat output was still
less than 0.2mJ for pre-equilibration times of more than
Minimizing the time-period allowed for thermal equili- 25 min but it increased dramatically as the pre-equilibration

bration (pre-equilibration time) at the pre-equilibration posi- time decreased (Fig. 9fig. 9 shows that thermal equi-
tion in the calorimeter contributes directly to a saving in the librium is achieved within 20-25min. Dissipation time
total measurement tim€igs. 9 and 1&how the heat output  was also less than 10 min for pre-equilibration times of
and the dissipation time when the pre-equilibration time is more than 25 min but increased significantly as pre-equilib-
reduced from 30 to 5min (note that the pre-equilibration ration time decreased (Fig. 10); e.g. the dissipation time
time described irSection 3.1was fixed at 30 min). When was more than 140 min when the pre-equilibration time
the vessels were lowered using the vessel lowering ap-was 5min.
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Fig. 7. Influence of ampoule lowering speed on the dissipation time. Each column represents the $nbaf: = 3). (x) Using the vessel lowering
apparatus.
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Fig. 8. Influence of ampoule lowering speed on the dissipation time, in various channelsGatE&ch column represents the mea8.D. (n = 3). (x)
Using the vessel lowering apparatus.

3.3. Influence on reaction systems tion time now was ca. 25 min for manual lowering (over a
period of 60 s) against ca. 7 min for lowering with the appa-
3.3.1. Imidazole catalysed hydrolysis of triacetin ratus (over a period of 2405s) (Fig. 11).

The proposed mechanized ampoule lowering procedure
was applied to practical measurements. Triacetin in a buffer 3.3.2. Solid state oxidation of ascorbic acid
solution of acetic acid and imidazole generated an initial The power—time curves for the unsieved ascorbic acid
power of around 4pW as is shown irFig. 11. In contrast  in air are shown inFig. 12. For measurements with the
to the results described above, the dissipation time was ca.addition of 30.l water to 0.5 g ascorbic aci®] (the initial
35min even when the ampoules were lowered with the ap- power generated was capBV), almost no difference in the
paratus over a period of 240s. On the other hand, when tri- dissipation time was observed between manual lowering and
acetin solution was prepared without imidazole, the initial apparatus lowering. However, the dissipation time was quite
power generated was only aroun@\V and the usefulness  obviously shortened in measurements without addition of
of proposed lowering procedure was obvious; the dissipa- water (the initial power generated was ca. 0\8.).

4. Discussion
35
20 The proposed ampoule lowering procedure, for the TAM
microcalorimeter, which allows the ampoules to be low-
- ered very slowly (e.g. over a period of 240s) from the
= pre-equilibration position to the measuring position, suc-
;E« 20 Lt cessfully diminished the extent of thermal shock when the
s;z initial power observed was very low (e.g. aroundW and
% - lower). The dissipation time, normally ca. 25min with a
e standard lowering procedure (manual lowering), was short-
10 po* I ened to less than 10 min. However, the usefulness of the
T procedure is not established for measurements in which the
5 fo initial power observed is more tharnp®V. These results sug-
I_X_I gest that the procedure could be expected to bring about a
0 : : W : saving in total measurement time only for those reactions
5 10 15 20 25 30 with low initial power, such as long-term stability studies

Pre-equilibration time (min) of relatively stable pharmaceuticals. For additional reduc-

Fig. 9. Influence of the pre-equilibration time on heat output. The ampoules tion in total measurement time, the pre-equilibration time at
were lowered using the vessel lowering apparatus over period of 240s. the pre-equilibration position might somewhat be shortened.
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Fig. 10. Influence of the pre-equilibration time on the dissipation time. The ampoules were lowered using the vessel lowering apparatus over period of 240 s

The minimum pre-equilibration time will depend on the of 30pl water (Fig. 12(b)) required dissipation times of ca.
fixed temperature of TAM, the initial temperature of the 35 and ca. 25 min, respectively, even when ampoules were
sample materials (solid or liquid) in the reaction vessels and lowered with the apparatus. That is to say, even if the dis-
their heat capacities. It should be noted, however, that care-sipation time for loading can be reduced to around 7 min
less shortening of the pre-equilibration time may, on the con- then the effect will not be observed for reactions that pro-
trary, cause serious increase in the total measurement timeduce significant power (i.e. 35W) at early times. These
(seeFig. 10). results suggest that it takes a relatively long time (e.g. 35
The reason why the proposed lowering procedure is notand 25 min) for the thermopiles to completely convert the
useful for reactions with initial powers of more thamB/ difference in power between sample and reference ampoules
is explicable through consideration of the results of the re- into electric potential. This consideration is supported as fol-
action systems measurements. As showrigs. 11 and 12,  lows; the power obtained from the ascorbic acid study with
triacetin in a buffer solution of acetic acid and imidazole addition of 30wl water when lowered with the apparatus
(Fig. 11(b)) and the solid state ascorbic acid with addition (Fig. 12(b)) increased more rapidly, soon after the ampoules
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Fig. 11. Power-time curves for the hydrolysis of triacetin in the presence (a, b) and absence (c, d) of imidazole. The ampoules were lowered manually
over period of 60s (a, c) or using the vessel lowering apparatus over period of 240s (b, d).
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Fig. 12. Power—time curves for the solid state oxidation of ascorbic acid with addition (a, b) and without addition (c, @) of @@ter. The ampoules
were lowered manually over period of 60s (a, ¢) or using the vessel lowering apparatus over period of 240s (b, d).

were at the measuring position, than when lowered manu-of ampoule-based studies; particularly for those reactions
ally (Fig. 12(a)). This is because there is no influence of of low power.
thermal shock (endothermic) as is shown in the power—time
curves displayed iffrigs. 11(c) and 12(c).
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