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Abstract

Isothermal calorimetry offers the potential to determine rapidly the stability of formulated pharmaceuticals because it is
indifferent to physical form and sensitive enough to detect extremely small powers; ca. 50 n\WWCatH&Bwvever, its use in
this area is not widespread, principally because the power—time data obtained often comprise contributions from more than one
process and are thus difficult to analyse quantitatively. In this work, we demonstrate how power—time data recorded for systems
in which two components are degrading in parallel (in this case, binary mixtures of selected parabens) can be analysed using a
kinetic-based model; the methodology allows the determination of the first-order rate constant and reaction enthalpy for each
process, so long as one rate constant is at least twice the magnitude of the other. It was found that the reactions did not need to
run to completion in order for the analysis to be successful; a minimum of 15 min of data were required for samples with one
degrading component and a minimum of 4 h of data were required for samples with two degrading components. It was observed
that the rate constants for paraben degradation in binary systems were significantly lower than expected. This was ascribed to
the fact that the parabens degrade to a common product and is an important factor that should be accounted for when the two or
more parabens are formulated together.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of any active-excipient incompatibility, is an important
part of the formulation process of a medicine. Isother-
An assessment of the long-term stability of an ac- mal calorimetry (IC, the measurement of power as a
tive pharmaceutical ingredient (API), or the likelihood sample is maintained at constant temperature) is ide-
ally suited for stability assessment of pharmaceuticals
"+ Corresponding author. Tel.: +44 20 7753 5863; for a number of reasons; it is indifferent to the physi-
fax: +44 20 7754 5942. cal form, or heterogeneity, of a sample; the data con-
E-mail addresssimon.gaisford@ulsop.ac.uk (S. Gaisford). tain both kinetic and thermodynamic information on
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the process(es) under investigation; samples are stud-analysis, although this may need to be extended for
ied non-destructively (that is, the calorimeter causes reactions that progress slowly or with a small change
no additional degradation other than that which would in enthalpy). We have shown previously how this ap-
have occurred anyway upon storage); and the sensitiv- proach can be used to study: (i) a degradation reaction
ity of modern instruments is such that, in principle, re- with three consecutive, first-order ste@afsford et al.,

actions with a first-order rate constant ok 10~ 11s~1 1999 and (ii) a second-order hydrolysis (that is now
(corresponding to 0.03% degradation per year) can be recommended as a chemical test reaction for calorime-
detected directly at 25C (Willson, 1995. ters;Beezer et al., 200)aHowever, these studies had

Pikal (1983)first showed the correlation between only one degrading component. A typical formulated
the exothermic power output of some pharmaceutical pharmaceutical may well have several independently
systems and their known degradation rates, showing degrading components and, although the degradation
that degradation rates of the order of 2% per year were kinetics of the individual components of a medicine
easily quantified. Subsequently, IC has been used to in-may be known, their behaviour in combination may be
vestigate the stability of a number of APIs alo@iyai significantly different.
and Lindenbaum, 1991; Angberg et al., 1993; Willson The applicability of IC to the quantitative analysis
etal., 1995a; Hansen et al., 1990; Pikal and Dellerman, of systems containing more than one degrading ma-
1989 and a number of approaches have been suggestederial has not been reported and is the focus of this
that allow qualitative screens of API-excipient compat- work. Of particular interest is the ability of the models
ibility (Phipps et al., 1998; Schmitt et al., 2001 to determine the number of degrading components in

However, since heatis a universal indicator of chem- a complex system and the minimum number of data
ical change the data obtained from IC, especially for needed to effect an accurate analysis. Kinetic models
multi-component systems, are often complex, becausehave been used to analyse power—time data for two-
the calorimeter records the power changes from all the component systems; aqueous solutions containing bi-
processes occurring in the sample simultaneously (in- nary mixtures of selected parabens. The parabens were
deed, care must be taken to ensure that erroneous osselected for study because their degradation kinetics are
unexpected powers do not arise simply as a conse-known Kamada et al., 1933more recently, the base-
quence of poor experimental design or sample han- catalysed hydrolysis of methyl paraben (MP) has been
dling) and a lack of data analysis routines has limited suggested as a test reaction for flow microcalorimeters;
its more widespread application. The analytical chal- O’Neill etal., 2003; they can degrade through consec-
lenge, therefore, is to be able to analyse such complexutive steps dependent upon solution pslderland
data, with no prior knowledge of the number or type of and Watts, 1984 they provide a model example of
reaction processes, and to deconvolute them into their parallel degradation; and they have found widespread
constituent parts. application in pharmaceuticals, foods and cosmetics as

One promising approach to meet this challenge is to preservatives (where it is usually the case that at least
fit IC data to models based on reaction kinetics using an two parabens are in any particular formulation).
iterative proceduréfillson etal., 1995a,b, 1996This
returns rate constantk)(@nd reaction enthalpiea{)
foreach individual reaction step and, intheory, does not 2. Materials and methods
require any prior knowledge of reaction mechanism (a
range of models is used to fit the data and that which 2.1. Materials
gives the best statistical fit, with the fewest variables,
is selected. However, if, as in this case, the reaction = Methyl 4-hydroxybenzoate (methyl paraben), ethyl
mechanism is known (or suspected) then the specific 4-hydroxybenzoate (ethyl paraben, ER}propyl
model can be used; see below for further discussion of 4-hydroxybenzoate n¢propyl paraben, PP) ang-
this point). Importantly, this method does not require hydroxybenzoic acid (pHBA), all >99%, were pur-
the reaction under study to progress to completion (de- chased from Fluka. Sodium hydroxide was purchased
pending upon the reaction parameters, approximately from VWR. All materials were used as received. Solu-
24 h of power—time data are usually sufficient to allow tions were prepared in distilled, de-ionised water.
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2.2. Isothermal microcalorimetry of solution inthe ampouldthe first-order rate constant
and JAg] is the initial concentration of reactant. The pro-
Experiments were conducted using a 2277 Thermal cedure requires initial estimates for all parameters to be
Activity Monitor (TAM, Thermometric AB, arfalla, entered into the software. Values f0(0.003 dn?) and
Sweden) at 25C. Solutions were prepared by dissolv- [Ag] (0.05 M) were known and therefore kept constant.
ing the required amounts of MP, EP and/or PP (0.05M The initial values entered fokH (1 x 10'%wJ mol1)
with respect to each component) in sodium hydroxide andk (1 x 10~°s™1), values which are entirely reason-
solution (0.5 M). Solution pHs were measured before able for chemical degradation, were the same for each
and after each experiment and were found to be con- data set; the software then altered these values until
stant at pH 12.3. The time at which the addition of a good fit to the data (as indicated by a Ig#+value)
solute to water was made was noted and desigrigted was obtained. Were the reaction mechanism not known,
Aliquots of solution (3 ml) were pipetted into standard then the data would have been fitted to a range of mod-
glass TAM ampoules; the ampoules were then sealedels (such as those iBaisford, 199Y and that giving
with a crimped metal lid. An air-tight enclosure was en- the best fit would have been selected.
sured with the use of a rubber seal on the inside of the
lid. Sample ampoules were placed in the thermal equili-
bration position of the TAM for approximately 20 min 3. Results and discussion
before being lowered into the measurement position.
Data capture was then initiated using the dedicated The degradation kinetics of the parabens in aqueous
software package Digitam 4.1. The time at which data solution are well discussed in the literatukegmada et
capture started was noted and designgtdtbwer data  al. (1973)ecorded degradation of methyl amgbropyl
(WW) were recorded every 30 s, foraminimum of 24 h, paraben in acidic solutions between 40 and ADQ0
with an amplifier setting of 30QW, againstareference  Blaug and Grant (1974gported base-catalysed degra-
ampoule containing sodium hydroxide solution (0.5M, dation of methyl, ethyl andh-propyl paraben above
3ml). The instrument was calibrated weekly using an 70°C andRaval and Parrott (196 #eported degrada-
electrical substitution method, and was zeroed before tion of methyl paraben at pHs 6-9 between 70 and
each experiment using buffer against buffer. Samples 85°C. In the most complete kinetic study to date,

were run at least in triplicate. Sunderland and Watts (1984judied the hydrolysis
of methyl, ethyl andn-propyl paraben between pH
2.3. Data analysis 1.26 and 10.59 and noted that degradation was fastest

at low pH (acid catalysis predominates) or high pH

Data analysis was performed using Origin (Microcal (base catalysis predominates). They determined rate
Software Inc., USA). The difference betwetgrandts constants of 3.03, 1.26 and 0.93.0~2 s~ for methyl,
(in seconds) was added to tkaxis data to correct for  ethyl andn-propyl paraben, respectively, at pH 10.59,
the time-delay in initiating recording in the TAM (note  although their data were recorded over a range of el-
that this does not affect the magnitude of the power sig- evated experimental temperatures and extrapolated to
nal, as the calorimeter records the instantaneous power-130.5°C rendering a direct comparison with the data
output as a function of time). Data were analysed using reported here impossibl®.Neill et al. (2003)eported
an iterative procedure (in this case, the non-linear curve the rate constant for the hydrolysis of methyl paraben
fitting tool in Origin 7.0, Microcal Software Inc.). Data  in excess base to be 3.4510"4s™! at 25°C and
were fitted to Eq(1), which describes the power—time  7.94x 104slat37°C.
response for a single-step reaction following first-order ~ The degradation of methyl paraben is represented

kinetics Bakri et al., 1988 schematically irFig. 1 (the processes for ethyl ame
q propyl paraben are analogous, the only difference be-
Power= dﬁ = AHvk[Agle ™ (1) ing the alcohol formed). The initial hydrolysis step fol-
£

lows pseudo first-order kinetics and is pH dependent
whereq is the heat output of the reactiofH the reac- (Kamada et al., 1973; Sunderland and Watts, 1984
tion enthalpy per mole of product formadthe volume although no literature data are available at pHs above
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H,0 o,
HO COOCH; ———>= HO COH + MeOH —= HO@

Fig. 1. Reaction pathway for the degradation of methyl paraben.

10.59. Depending upon solution ppthydroxybenzoic Table 1
acid can decarboxylate to form phenol, a reaction first Average values for the rate constants and reaction enthalpies for the
reported byCazeneuve (1896yhose dat’a showed the individual parabens determined by fitting experimental data to Eq.
acid to be stable in alkaline but unstable in acidic con-
ditions. Quantitative kinetic data are only available for (&S.D..n)
this reaction between pH 1.26 and 10.59, where it has y— 312109 (20013 59'2" e
been shown that the rate falls significantly at the higher Etf]tyly 1'5§ 10-4 510.01' 3; :64'4 821.37 3;
pHs and the reaction follows first-order kinetics over p propyi 1.2x 104 (£0.01, 3) 60.1 (0.3, 3)
four to five half-lives Sunderland and Watts, 1984

In this study, paraben degradation was studied in )
NaOH solution (pH 12.3), to ensure that degradation _ All three pare_lbens were found to degrade following
stopped once-hydroxybenzoic acid had formed. The fwst-prder kinetics (as a further _check, In(power) ver-
power-time traces obtained for the degradation of the SuS time plots were found to be linear, data not shown),
three individual parabens are showrFig. 2 The data allowing rate constant values and reaction enthalpies
were fitted to Eq(1); the fit of each data setto the model {0 be obtained (summarised Table J. It is appar-
is represented by the open circlesig. 2. Eq.(1) can ent that the degradation rate decreases as the hydro-
be used to derive values farH andk from power—time carbon moiety increases in length, which would be ex-
data, as long asand [Ao] are known and that the reac- pected on steric grounds, while the reaction enthalpies
tion goes to completion. For this system, measurements are roughly equivalent. _ _
of paraben degradation performed at 25 andGTe- It'is appropriate to note here the benefits of using
sulted in the same total heat output (data not shown) this method of analysis compared with other analysis
indicating no equilibrium state is reached and, hence, methodologies. Convennonqlly, the reacpon order and
the analysis is appropriate in this case. An alternative the rate constantare determined by plotting some func-

analysis has been proposed for systems where this istion of power versus some function of time; the plot,
not the caseReezer, 2001; Beezer et al., 2001b which is linear determines the reaction order and the

slope gives the rate constant. In the case of a first-order

Ester k(s1) (£S.D.,n) AH (kJmol 1)

90+ | 5 system, a plot of In(power) versus time, or for a second-
80 \MP EP\ PP order process a plot of ppwéi"5 versus time, results
701 \ ‘ ina linear relat.|onsh|p. S|m|larly, entha}lpy is conven-
tionally determined by letting the reaction progress to
% o1 | \ completion and measuring the total heat released. Fit-
5 501 \ ting a section of data to Eq1) allows the determi-
g 07\ NN nation of both the rate constant and enthalpy without
& 30 \ \ \x\ needing the reaction to run to completion (often time-
20 \ \*x T consuming) or invoking an extrapolation of data. The
10 “» T N approach presented here also allows the determination
ol \\m' e of reaction order if the general form of E(1.) is used
(as derived bywillson et al., 1995bnot shown here),

T T T T T 1
10000 15000 20000 25000 30000 35000 40000

Time (s) and also allows the analysis of non-integral order sys-

tems. It was found that the correct reaction parameters
Fig. 2. Power—time data for MP (0.05M), EP (0.05M) and PP VEre returned even if only the first 15 min of data were

(0.05 M) in NaOH aqueous solution (0.5 M) at 25 and the fit lines used for analysisTable 9. Fitting greater numbers of
(O) generated by application of E€L). data did not alter the fitting values.
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Table 2 stant and enthalpy valuegble 3
The reaction parameters obtained by fitting varying time periods of
power—time data for MP to E1) dg
- Power= —
Time k(s AH (kJmol?) dr
15min 3.1x 1074 -59.1 = AHivki[Ag]e€ ™™ + A Hovko[ Bg] €%
30 min 3.1x 104 -59.1
1h 3.1x 10 —59.1 (2)

where the subscripts 1 and 2 refer to the individual
Initial experiments on binary systems were con- reaction pathways and{] and [Bg] refer to the initial

ducted on mixtures of MP and PP, since these com- concentrations of reactamsandB, respectively.
ponents had the largest difference in rate constants. Interestingly, while the enthalpy values determined
Power—time data obtained for MP—PP mixtures could from the mixed system data are the same (within error)
not, as expected, be fitted by E{) (which, in the as those determined when the species are studied indi-
absence of any prior knowledge of the system, would vidually, both rate constants are lower than expected.
have immediately indicated the likelihood of there be- The most likely explanation for this observation is that
ing more than one event occurring in the sample); the the two reactants present both degrade to a common
data were, however, described very well by E2) product, p-hydroxybenzoic acid. The rate of degra-
(which describes two simultaneous first-order decay dation for the degradation of an individual paraben
processes)ig. 3, allowing the recovery of rate con-  (methyl paraben in this case) is given by,

_dMP] _ d[pHBA]
1781 d  dr

150-"-.. where [MP] is the concentration of methyl paraben and
] [PHBA] is the concentration gi-hydroxybenzoic acid

as a function of time (the rate laws are analogous for

the other parabens). In the case of a binary mixture, itis

Power (uW)
g B

75 \\ clear that two sources contribute to [pHBA]; this must

] inevitably cause the rates of disappearance of the two
50 M reactants to change.

] \\ If MP degradation is measured in a solution of base
254 .. . . .

] e containing 0.05 Mp-hydroxybenzoic acid (i.e. a solu-
04 : : : bl s tion that already contains one of the degradation prod-
20000 30000 40000 50000 60000 70000 ucts), the measured rate constant is2204s™1, a

Time (s) value that is identical to that recorded for MP in the

mixed MP:PP system. Furthermore, the total amount
Fig. 3. Power-time data for a binary mixture of MP (0.05M) and of heat released from the binary mixture (16:0.6 J)
PP (0.05M) in NaOH aqueous solution (0.5 M) at°#5and the fit h ithi fthat of th f heat
lines generated by application of E(.) (dotted line) and Eq(2) was the same, W_I I_n _error’ ofthat of the sum ot heats
(represented by open circles — the fit line to E2).overlays the raw released by the individual components (1£.8.6 J),

data). indicating the same extent of reaction taking place in

Table 3
Average values for the rate constants and reaction enthalpies for binary mixtures of the parabens determined by fitting experimental data to Eq.

&)

Ester mix ki (s71) (£S.D.,n) ka2 (s71) (£S.D.,n) AHj (kJmol 1) (£S.D.,n) AHj (kJmol 1) (£S.D.,n)
Methyl/ethyP 2.3x 1074 (£0.1, 8) 1.1x 1074 (+0.1, 8) n/a n/a

Methyl/in-propyl 2.2x 10~ (+£0.08, 9) 8.0x 1075 (40.01, 9) —58.2 2.1, 9) —54.4 1.9, 9)
Ethyl/in-propyP 1.2x 1074 (0.1, 8) 8.0x 1075 (+0.01, 8) n/a n/a

2 The rate constants for these systems were obtained by fixing the enthalpy values constant.
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555 Summation of MP and PP data
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Fig. 4. Power—time data for a binary mixture of MP (0.05 M) and PP (0.05 M) in NaOH aqueous solution (0.5 MCats2flid line) and the
power-time trace obtained by summation of the data recorded for MP alone and PP alone (dotted line).

all cases. If the power—time datarecorded for individual to vary, but were successfully fitted to E@) when
samples of MP and PP are summed, itis clear thatthe re-the enthalpy values (as determined for the individual
sulting trace differs significantly from that recorded ex- components and shown Table 1) were fixed. As for
perimentally for the actual binary systefid. 4). Fit- the MP:PP binary system, the fitting again returned
ting these summed data to €) resulted in rate con-  lower than expected rate constanfable 3 but these
stants of 2.9 1074 (+0.1) and 1.1x 10%s~1 (£0.1) systems also have a common degradation product.
and enthalpies 0f60.9 &2.0) and—53.7 2.0) for These data serve to show the practical limits of the
the methyl andh-propyl esters, respectively, valuesthat resolution of the model fitting technique to real data
are in much better agreement with those presented inand suggest that one rate constant needs to be at least
Table 1 twice the magnitude of the other to enable a success-
The observation that degradation rate constants mayful analysis, assuming approximately equal enthalpies.
differ significantly from those expected when materi- If ‘ideal’ data for either the MP:EP or EP:PP system
als are formulated in combination is important; in this are generated (for instance, using Mathcad) using the
case, a shelf-life could have been predicted based ondata inTable 1then the model fitting successfully re-
the stability data obtained for the individual materi- covers the rate constants using [E2). This suggests
als, but the actual shelf-life of the product would have that it is the inherent noise in the data that prevents
been longer. Other properties of the parabens have beersuccessful analysis, rather than the parameters being
observed to alter when they are formulated in combi- too similar. Analysis using simulated data also showed
nation (for instance, mixtures of parabens are more ef- that if one rate constant is more than three orders of
fective as preservatives than the individual parabens, magnitude larger than the other, the model fitting is
Littlejohn and Husa, 1955; Schimmel and Husa, 1956 similarly unable to recover both values, because one
and this highlights the importance of developing ana- process dominates the observed signal.
lytical techniques that allow the direct study of hetero- As for the individual components, different sections
geneous samples. of data were analysed in order to determine the mini-
The data for the other two binary mixtures (MP:EP mum observation period required to allow the recovery
and EP:PP) were found not to be fitted by either Eq. of the correct reaction parameters. Unsurprisingly, the
(1) or Eq.(2), when all the parameters were allowed binary mixtures required a greater number of data to be
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Table 4

The reaction parameters obtained by fitting varying time periods of power—time data for a binary mixture of MP and RR)to Eq.
Time ki (s ko (s71) AH; (kJ moft) AH3 (kJmol 1)
30min 1.2x 104 1.2x 1074 —39.1 -50.4

1h 1.5x 104 2.0x10°° —85.2 —24.9

2h 1.6x 10°* 5.0x10°° -77.3 -295

3h 2.1x 1074 8.0x10°° —60.1 -52.3

4h 2.2x 1074 8.0x 10°° -59.1 —56.0

analysed for the fitting method to recover the correct value returned by the fitting process is very small (ca.
values Table 4 However, the analysis required just4h 0.3kJmot); if the reaction parameters are used to
of data to return the correct parameters; a significant construct the power—time traces for the two steps, it is
improvement over the methodologies used in existing clear that the degradation to phenol contributes very
published work, most of which contain data recorded little to the observed heat-flowig. 5. An alkaline so-
at a minimum of 70C. lution of p-hydroxybenzoate gave no detectable heat-
As noted above, under certain conditions paraben flow in the calorimeter over a period of 4 days (data not
degradation can proceed via two consecutive steps. If, shown); the same solution also showed no detectable
as expectedy-hydroxybenzoic acid is stable under al- change when analysed by UV spectroscopy over the
kaline conditions then paraben degradation should be same time periodpthydroxybenzoic acidnax 280,
described by Eq(1). However, if p-hydroxybenzoic phenolimax 287; data not shown). It may therefore be
acid subsequently degrades to phenol, then the datathe case that Eq3), having more variables, simply
would be better described by a two-step consecutive gives a better fit by generating artifacts that are not re-
model. We have shown previously that a consecutive lated to the reaction mechanism and, as stated in the
reaction with two first-order steps is described by Eq. introduction, should be disregarded. Further work will

(3) (Gaisford et al., 1999 be required using other analytical methods to verify the
d exact reaction mechanism for the parabens under these
Power= d—‘f = AHyvki[Ag)e conditions; however, since the aim of this study was

simply to assess the use of IM to study parallel pro-

e—klt _ e—kzt
+ kikoHzv[Ao] | —————
ko — k1

40
(3) 1
351 —— Observed power
wherek; andky are the rate constants amdH; and ol 0l Degradation of MP
AHa are the enthalpies for the two reaction steps, re- ] S35y BoaragationatENEA
spectively. Power—time data for the degradation of MP % 254
were fitted to Eq(3) and showed a better statistical = 20]
measure of fit than that obtained when the data were 2 ]
o 15

fitted to Eq.(1) (x2=0.008 for fit to Eq(3) compared
with x2=0.125 for fitto Eq(1)). The microcalorimeter 104
provides no direct molecular information and, in the ab-
sence of any other supporting data, we have stated that
the best approach to determining reaction mechanisms 0
from calorimetric data is to fit the data to a range of
models and select that which gives the best fit with the
fewest variablesGaisford et al., 1999 As such, these _ _ . .

. L Fig. 5. Power—time data for MP (0.05 M) in NaOH aqueous solution
results suggest thpthyd roxybenZOIC acid is itself de- (0.5 M) at 25°C and the theoretical contributions to the observed sig-

grading and is not, as suggested@gzeneuve (1896)  najfrom the individual steps as determined using(Bl degradation
stable under alkaline conditions. However, the enthalpy of MP and degradation gi-hydroxybenzoic acid.

54

¥ T T T ~ =
0 20000 40000 60000
Time (S)
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