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Abstract

The purpose of this work is to study the apparent solid-state kinetics of the Maillard reaction of the colyophilized metoclo-

pramide hydrochloride (MCP) and lactose system and to elucidate some of the effects of molecular mobility on the kinetic
behavior of the amorphous mixture. Colyophilized MCP—lactose mixtures (1:9 molar ratio) were stored at temperatures rang-

ing from 100 to 115C (above the glass transition temperatdigs 99.7°C). This temperature range, which corresponds to the

change between the glass and liquid states of the lactose—MCP mixtures, is also the temperature region where molecular mobilit
represents a kinetic impediment of enough significance as to affect the observed order of the reaction. A pseudo second-orde
kinetic model was developed to fit the MCP loss data. The proposed model gives better fit to the degradation data than many
of the commonly used kinetic models available in the literature. The second-order rate constant of the model follows Arrhenius

kinetics and the activation energy was found to be 53.8 kcattn@he molecular mobility (relaxation time) of the mixture was

calculated from the heating rate dependence of the DSC-determined glass transition temperature of the mixtures. From molecula
mobility considerations alone, itis possible to accurately predict the temperature dependence of the reaction rate constant. Thes

results support the hypothesis that the solid-state reaction is mobility controlled.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cals since many drugs contain amino groups in their
structure. Furthermore, lactose, a reducing sugar, is
The Maillard reaction is the non-enzymatic brown- one of the most widely used pharmaceutical excipi-
ing reaction between a reducing sugar and an amino ents. There are indeed many pharmaceutical products
group. This reaction is of significance in pharmaceuti- where amino compounds and lactose are both present,
as a survey of the Physician’s Desk Reference database
"+ Corresponding author. Tel.: +1 765 496 6247: Woulq shpw Flemiqg and Murray, 2004The Maillard
fax: +1 765 494 6545. reaction in the solid state is a complex phenomenon;
E-mail addressrpinal@purdue.edu (R. Pinal). the physical configuration and physical properties of
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the solid reactant mixture play a significant role on the pathways may lead to the regeneration of the amine
kinetics of the reaction, and consequently, on the via- or further consumption of the sugar, becomes signifi-
bility/shelf life of the product. The bimolecular nature cant Labuza and Massaro, 1990; Labuza and Baisier,
of the Maillard reaction makes it an excellent model 1992.
reaction for the general study of chemical reactivity in The kinetics of the reaction in the solid-state is con-
pharmaceutical solids. By following a clear marker, i.e., siderably more complicated than in the case of solution
the disappearance of the active pharmaceutical ingredi- phase kinetics. First, a solid system is inherently non-
ent (API), the study of this type of reaction can provide homogeneous, making the reaction dependent on the
valuable information about the physical configuration physical configuration of the system, not only on its
of the product and about the effects of pharmaceuti- composition at any given time. Second, molecules in
cal processing on the observed reactivity. The Maillard the solid state have significantly more limited molecu-
reaction can be used as a probe for investigating the lar mobility than molecules in solution. Hence, any of
effects that blend properties have on drug reactivity and a number of factors with the ability to affect molecular
corresponding product stability. This information can mobility has the potential of becoming rate-controlling
in turn be used to improve the design of pharmaceutical in the solid state. The apparent reaction kinetics in the
processes involving solids. solid state would therefore depend upon specific details
The complexity of the Maillard reaction cannot be pertaining to the physical configuration of the system.
overstated Fayle and Gerrard, 2002Therefore, in The common rate-limiting factors for solid systems
order to extract the most meaningful information from are: nucleation, diffusion, water transport/content, and
it, it is necessary to have an experimental design over molecular conformation/orientatioByrn etal., 200].
which some simplifying controls can be imposed. This The objective of this work is to develop a kinetic model
report focuses on modeling the early stages of the reac-for the loss of the amine in the solid-state Maillard
tion, by following the loss of the API. This represents a reaction and to investigate the influence of molecular
clear, pharmaceutically relevant probe for the progress mobility on the kinetics of the reaction. Colyophilized
of the reaction. mixtures of metoclopramide hydrochloride (MCP) and
Previous investigations have primarily focused on lactose in a 1:9 (drug:sugar) molar ratio were used in
the kinetics of the browning process in solution this study. This enabled the study of kinetics of reac-
(Petriella et al., 1988; Stamp and Labuza, 1983; Buera tion in mixtures that started as solutions (with the drug
et al., 1987; Baisier and Labuza, 199%here first- as the limiting component of the reaction) and were
or second-order kinetics are observed, depending onsubsequently turned into solid systems.
the concentration ratio of the two reactants, or in the
solid state Baisier and Labuza, 1992; Ge and Lee,
1997; Bell, 1996; Warmbier et al., 1976; Buera and 2. Materials and methods
Karel, 1999, where zero-order kinetics is typically
observed. Reaction kinetics has been studied both in2.1. Materials
solution and in solid systems by following the loss
of either the amine or the reducing sughe¢ et al., Metoclopramide hydrochloride monohydrate, 98%
1984; Davies et al., 1997; Narayan and Cross, 1992; purity (Fig. 1), acetic acid and tetramethylammo-
Bell et al., 1998b,p In those reports, second-order nium hydroxide methanol (TAHM) were obtained from
reaction kinetics was observed when the amine and Sigma—Aldrich. Lactose anhydrate and acetonitrile
sugar were present in amounts with aratio of 1:1. First- were obtained from Mallinckrodt. The acetonitrile used
order reaction kinetics was observed for the limiting was HPLC grade.
component when either the amine or the sugar was in
excessl(abuza, 199%relative to the other. It shouldbe 2.2. Preparation of colyophilized metoclopramide
pointed out that agreement with simple kinetic models hydrochloride and lactose
is obtained only during the initial stages of the reaction.
This is so because as the reaction proceeds, the degra- A 10% (w/w) bulk agueous solution of MCP and lac-
dation of the intermediate products, whose chemical tose (with 1:9 molar ratio) was prepared. One-milliliter
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Cl1 were stored at different temperatures: 100, 105, 110,
and 115 C. The temperatures used were higher ffi@n
because the reaction rate dramatically decreases below
NH; HCI the glass transition temperature. Three vials were with-
drawn at pre-established time intervals. HPLC was then

NH /— used to quantify the amount of MCP remaining after
—\_ the reaction.
OCH, N
\— 2.5. HPLC

Fig. 1. Chemical structure of metocl ide hydrochloride. . -
9 emical situctre of mefoclopramide hydrochioride HPLC analysis was performed on a Rainin sys-

tem (Varian, IL), consisting of a HPLX solvent deliv-

. . . ery system, a Dynamax UV-D Il variable wavelength
aliquots of the solution were transferred into 10-mL UV detector, and a Dynamax All autosampler. A
serum vials and kept in a Dura Stop freeze drier pre- 250 mmx 4.6 mm AllTech Econsphere C-18 column
cooled to—.z_looc_for 12h. The frozen s_amples WEr® " was used to separate the mixture. The mobile phase
then lyophilized in the freeze dryer using a primary consisted of 70 parts of acetonitrile, 30 parts of water,

drying of —37°C for 48 h, and a secondary dry'ing'of and 0.2 parts of 20% (v/v) TAHM solution. The pH
20°C for 12 h. The chamber pressure was maintained value of the mobile phase was adjusted to 6.5 with

around 85 Pa. Samples were sealed under vacuum atth%cetic acid. The flow rate used was 1.0 mL mina
end of drying. XRPD analysis confirmed the formation 10pL injection loop was used and the detection wave-

of amorphous sc_)Iids in the vials. Karl-Fischer titration length was set at 215 nm. A sample chromatogram is
on the freeze-dried samples gave water contents of Iessshown inFig. 2, with this analytical method, the intact
than 1%. AP eluted at 11.7 min and the ketoseamine degradation
product eluted at 3.3 min. Confirmation of the Maillard
2.3. Heating rate dependency of T reaction between MCP hydrochloride and lactose in
the solid state was verified by LC-MS. The LC-MS
A DSC Model 2920 (TA Instruments, New Castle, analysis confirmed the identity of the ketoseamine

NJ) was used to carry out the glass transition tempera- (\.w. = 624) as the compound eluting at 3.3 min (see
ture (Tg) measurements at heating rates of 2, 5, 10, and ig, 3),

20°C min~L. Indium was used to calibrate the tempera-
ture and the cell constant. About 9 mg of the amorphous
sample was packed into an aluminum DSC pan, sealed,

and a pinhole was made on the lid in order to allow MCP
moisture to leave the system during heating. Dry nitro- Ketoseamine T~
gen gas was used to purge the sample chamber. The /

average onset temperature of three measurements was

reported as the glass transition temperature. The glass
transition temperature of colyophilized MCP measured
at the heating rate of 1 min—1 was 99.7 0.2°C.

2.4. Solid-state Maillard reaction

The vials containing colyophilized MCP and lactose 0 _ _ 14
were opened in a glove box whose interior was kept at Tirme (min)
0 . - :
less than 10% relative humldlty (RH)' The vials were Fig. 2. Sample chormatogram of the HPLC method used in this

then quickly transferred into a desiccator containing sydy. The elution times for the ketoseamine derivative and the unre-
P,Os to maintain a 0% RH environment. The samples acted MCP were 3.3 and 11.7 min, respectively.
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Fig. 3. Maillard reaction between metoclopramide hydrochloride and lactose.
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2.6. Model development At temperatures higher than 100 and 0% RH, it is
reasonable to assume that most of the water produced
Fig. 3shows the reaction between MCP and lactose. in the reaction rapidly leaves the solid phase via evapo-
The reaction can be represented on a rate law basis agation. Since water is being continuously produced and

follows: rapidly evaporated, the concentration of water trapped
ks ko in the solid phase can be expected to be small and at

M + '-k:lSB + H20—KA steady state. From these considerations, itis possible to
B definek = [Hzokﬁc%' such that the rate of the reac-

where M and L denote MCP and lactose, respec-
tively. SB and KA are the first two intermediate prod-
ucts, namely the Schiff base intermediate and the d[M]
ketoseamine, respectively. The terknsk_1, andk, are T
rate constants. For the colyophilized mixture, the reac-
tion rates for MCP and the Schiff base can be described
by the following equations:

tion can be expressed in the form
= K[M]((n — 1)[Mo] + [M]) (6)
Integration of Eq.(6), applying the boundary condi-

tions in Eg.(4), gives the following pseudo second-
order kinetic equation:

daM] )
;si: — ka[MIIL] — k_1[SB][H0] o (n—l)[[m]ﬂw DK )
9%B] _ ML) — b alsBIIHA0) — kolsB]  (2)

It should be noted that the concentration of reactants 3. Results

and productsin Eqél) and(2) are unitless parameters,

which are percentage values normalized to the initial A plot of reaction versus time, obtained by moni-
(molar) amount of MCP. Since the Schiff base is unsta- toring the loss of MCP in the colyophilized samples
ble (Davies et al., 1997 the present model assumes IS shown inFig. 4. For all the temperatures tested,
that the reaction reaches a steady state with respect tdhe MCP content exhibited a rapid initial drop fol-

the Schiff base. The concentration of SB can then be lowed by a decreased rate in the amine loss observed
expressed as follows: at longer times in the plot. This observation was sim-

ilar to that reported in the literaturd.dbuza, 199
sg_ ML P ¢ 4

= [H20W_1 + k2 3

100

Let [Mg] and [Lp] denote the initial concentrations
of MCP and lactose, respectively, present in the )
colyophilized mixture. The initial concentrations and | i
boundary conditions can then be expressed as follows: =~ =
[=11]
1=0, [M]=[Mq], =
f=}
L g i
[L] = [Lo] = n[Mq], wheren = [Lo] = 50
[Mo] Cﬁ 105 °C
t=t [M] =[M],
[L] = n[Mo] = ([Mo] — [M]) = (n — 1)[Mo] + [M] 25 1 115 °C
(4) 0 I SIEI ' l(l)(l I l.é(i I Z(Il()
Combining Eqs(3), (4), and(1), we obtain Time/hr
_d[M] — kaka [M]((n — 1)[|\/|0] + [M]) Fig. 4. Degradation profiles of amorphous metoclopramide
dr [H2OJk_1 + k2 hydrochloride—lactose mixtures via the Maillard reaction at different

(5) tempearatures. Lines are shown as visual aids.
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Table 1
Statistical parameters obtained from the fitting of the reaction rate
data (at 105C) to various solid-state kinetic models

25

Table 2
Results from fitting the reaction rate data to the proposed pseudo
second-order kinetic model (EY))

Slope Intercept  CorrelationRg) Temperature“C) K x 10° (h~1) R? Intercept

Prout-Tompkins 0.2231 -0.8673  0.8338 100 2.08 0.9786 2175
Avrami-Erofe'ev 105 7.96 0.9944 2.192

n=1 0.1646 0.0659  0.9796 ﬂg ég; g'gggi gigg

n=2/3 0.1431 0.6590  0.9435 ' i i

n=1/2 0.1267 0.3408  0.9143

E;iﬁ 8;22?8 8:;222 8:2;32 from Table 2 the proposed kinetic model gives very

n=1.3 0.1707 —0.3020 0.9898 good correlation for all temperatures tested. In addi-
1-D phase boundary ~ 0.1013 0.8962 0.9388 tion to the goodnes; of fif!'able 2also shows tha}t
2-D phase boundary  0.0642 0.0446 0.9634 for all temperatures investigated, the value obtained
3-D phase boundary ~ 0.0464 0.0275 0.9697 for the intercept is in excellent agreement with the
Diffusion-controlled theoretical value of 2.197 (fon=9). Based on the

1-D 0.0723 0.0251 0.9921 above results, the pseudo second-order kinetic model

2-D 0.0469 0.0221  0.9876 proposed here was substantiated for the solid-state

3D 0.0115 ~ 0.0059  0.9801 Maillard reaction for colyophilized MCP and lactose.
Gander 0.0139 0.0082 0.9778 Fig. 5 shows that the rate constants from the model
Power law follow Arrhenius kinetics. From the figure, the activa-

n=1 0.1013 0.1038 0.9386 tion energy for the colyophilized sample is calculated

n=1/2 0.0912 0.3490  0.8553 to be 53.8 kcal moit. This value is somewhat higher

n=1/3 0.0749 0.4994 08174 than the values reported for the reaction in solution,

n=1/4 0.0625 05952 0.7973 15-30 kcal mot? (Labuza, 199} It is noteworthy that
First-order 0.3492 —2.0629 0.7346

while in the colyophilized solid system, the Maillard
reaction occurs at slower rates than in solution, the
activation energy is higher for the solid system. The

where the decrease in degradation rate was attributedhigher activation energy indicates a more pronounced

to the regeneration of the amine when scission of the
ketoseamine became significant in the latter stages of
the Maillard reaction. Therefore, a common practice
is to use only the initial amine-loss data when fitting
the data to kinetic models. The solid-state reaction data
were fitted to several kinetic models commonly used for
solid-state reaction®rn et al., 200D. Table 1gives
a summary of the results obtained by fitting the stabil-
ity data (at 105C) of MCP to the various solid-state
kinetic models. For all the temperatures tested, none of
the models gave a correlation coefficient that was con-
sistently higher than 0.97. This is probably due to the
complexity of the Maillard reaction in the solid state.
The kinetic model presented above was then used to
fit the experimental data iRig. 4. The pseudo second-
order model of E(7) was derived from the assumption
of a steady state for the Schiff base and water. The
apparentrate constakis a function of the three micro-
constantki, k_1, andky and the steady state water

effect of temperature on the kinetics of reaction for the

-10 4

2.60 2.65

1000T /K

Fig. 5. Kinetics of the Maillard reaction between metoclopramide
hydrochloride and lactose in the amorphous state. Arrhenius plot for

concentration present in the system. As can be seenthe pseudo second-order rate constant (By).



26

colyophilized mixture compared with the reaction in

solution. This result can be interpreted in terms of the
activation of frozen modes of molecular motion in the
solid. If modes of molecular motion available in solu-

tion but not in the solid state are re-activated in the
colyophilized solid mixture by a raise in temperature,
then a slower rate of reaction with higher activation
energy would be expected for the colyophilized sys-
tem.

It was previously reported that the amine loss fol-
lowed first-order kinetics both in solution and in a solid
mixture whenthe sugarisin excess (irez,1) (Labuza,
1994. The second-order kinetics observed here for the
colyophilized mixture, despite the excess of lactose,
may be due to the lower molecular mobility of the
colyophilized system: a high diffusion barrier and the
associated difficulty in rearranging to a favorable posi-
tioning of the reactant molecules. This point will be the
subject of further discussion below.

4. Discussion
Based on the fitting results presented above, it is

evident that the solid-state Maillard reaction of the
colyophilized MCP and lactose is a pseudo second-

order reaction, even though the lactose is present eight-

fold in excess1f=9) relative to the amount of MCP.
Considering that the Maillard reaction follows second-
order reaction kinetics only when the sugar:amine ratio,
n, is equal or close to unity_@buza, 199 the appar-

Z. Qiu et al. / International Journal of Pharmaceutics 303 (2005) 20-30

not the case for the molecules in the colyophilized
mixture. In this case, the probability of reaction for
a given lactose molecule is very much influenced by its
position relative to a MCP molecule. The viscosity in
the colyophilized mixture is much higher than that of
the solution. Consequently, in the colyophilizate, the
ability in time of one reacting molecule to encounter
(and react with) another is very much lower than in
solution. Even though the lactose concentration is in
excess in the colyophilized mixture, the ability of lac-
tose molecules to encounter and subsequently react
with the more scarce MCP molecules would be deter-
mined primarily by the initial local proximity between
the two chemical species, rather than by their over-
all bulk concentrations. It is therefore the local, rather
than bulk availability of the molecules to participate
in the reaction that determines the rate of the Mail-
lard reaction in the colyophilized mixture. The number
of lactose molecules possessing the proper spatial posi-
tion, conformation and orientation for the reaction may
be far less than the total number of lactose molecules
present in the mixture. In addition, owing to the lim-
ited molecular mobility in the amorphous sample, when
the properly positioned molecules are consumed, it is
difficult for other lactose molecules to diffuse to the
reaction sites and adjust to the proper conformation for
reaction. The excess in lactose concentration, although
eight times higher than that of MCP, is not necessarily
sufficiently mobile to be treated as a constant (condition
that would lead to first-order kinetics), thus leading to
the observed pseudo second-order kinetics for the reac-

ent discrepancy can be explained by lower molecu- tion. Since spatial proximity between lactose and MCP
lar mobility of MCP and lactose in the freeze-dried molecules is a requirement for the Maillard reaction to
cake relative to a solution. The Maillard reaction is a proceed in the solid state, the effective lactose concen-
bimolecular one; the first step involves the encounter of tration (for reaction purposes) should be closer to that
two molecules, one of lactose and one of MCP. In the of MCP in the colyophilized mixture. Thus the reaction
colyophilized mixture, MCP and lactose are mixed at would follow a second-order kinetic profile.

a molecular level, much the same as in solution. In  The effect of water in the solid-state Maillard reac-
a liquid, the thermal agitation and movement cause tion always requires some consideration. In the treat-
molecules to change immediate neighbors, thus the ment presented here, steady state condition is assumed
liquid structure, about every 18° to 10-11s (Wertz, for both the Schiff base and water. Under the reac-
1980. This means that in the time scales of the degra- tion conditions used in this study (temperature higher
dation studies, it is reasonable to assume that in thethan 100C and 0% RH), the water produced by the
liquid phase, every lactose molecule has roughly equal reaction can be expected to rapidly evaporate. Such
probability of encountering and reacting with a MCP  a situation leads to a low, steady state concentration
molecule. In other words, the relaxation time of lig- for water in the colyophilizate. This could also explain
uid molecules is sufficiently short as to be negligible why, in this study, the kinetics of reaction modeled here
in comparison to the reaction time. However, this is (Eq. (7)), hold up to a point where the loss of MCP is
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quite significant (se€ig. 4). Fitting of the data to the
different available solid-state kinetic models listed in
Table 1 was restricted to include only the initial time
data. Inclusion of longer times in the fitting calcula-
tions had the effect of diminishing the goodness of fit.
Conversely, the model proposed here (EA)), using
the entirety of the data shown Fig. 4, gave a better

fit, including excellent agreement between the theoret-
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D: andDy, respectively:
ksT
D= (®)
TNr
keT
Dy = 9
" 8 ©

wherekg is Boltzmann constant,the effective hydro-

ical and obtained values for the intercept. The results dynamic radius of the diffusing species apdenotes

in Table 2summarize the fitting of the data using the

viscosity. Since viscosity is proportional to relaxation

proposed model. These results suggest that the fast losdime. T (Angell, 1993, we can substitute for viscos-

of water may help delay the high chemical complex-
ity characteristic of the Maillard reaction, observable

when the reaction is at an advanced stage. It should bekT2

noted that even though the chemical effect (i.e., via the
reaction rate law) of water is not of great significance
given the experimental conditions of the present study,
this does not necessarily trivialize the potential effects
of water. Physical catalysis is an additional effect of
water in the solid-state Maillard reactio@i( et al.,
in pres3. Therefore, the influence of diffusing water
molecules produced by the reaction on the mobility
(and corresponding reactivity) of lactose and/or MCP
molecules is something that should not be neglected.
From the above considerations, it is important to
investigate the role of molecular mobility on the Mail-
lard reaction in the colyophilized solid mixture. Specif-
ically, to investigate the extent to which the reaction
of the colyophilized mixture, at temperatures above
Tg, could be mobility controlled. It is noteworthy
from Table 1that among the different models tested,
diffusion controlled models give the best fits of the
data. This suggests that diffusion is an important fac-
tor for the reaction between MCP and lactose. For a
mobility-controlled reaction, the reaction rate is pro-
portional to the diffusion coefficienGuo et al., 2000
At temperatures abovéy, the colyophilized mix-

ity, and the reaction rate is thus inversely proportional
to relaxation time:

T1 §
(&)
where & is a factor used to correct for difference
between the experimental and calculated diffusion
coefficient. A value of 0.75 was used férin calcu-
lating the rate constant ratio, as suggested-bjara
et al. (1992) For temperatures abovgy, the relax-
ation time of supercooled indomethacin measured by
the shear, dielectric, and heating rate dependence of
Ty agree well within the width of their distributions
(Andronis and Zografi, 1998Based on these observa-
tions, relaxation times calculated from the heating rate
dependence ofy were used to predict the observed
Arrhenius dependence of the reaction rate constant on
temperature (Eq10)).

Fig. 6 shows the heating rate dependencd pbf
the colyophilized mixture. The method used to calcu-
late the relaxation time is described in thppendix A
below. The calculated relaxation times at different tem-
peratures obtained by this method are liste@iahle 3
Fig. 7 shows the correlation between the experimen-
tal rate constant values and those calculated from Eqg.
(10). The application of Eq(10) requires the rate con-

1>
Vi

~ Dr, ~

Dy, (10)

T

ture can be treated as viscous liquid where both the stantat one reference temperaturg (o obtain the rate

translational ;) and rotational ;) diffusion coeffi-
cients are considered. For a liquid molecule, the rota-

constant at any other temperatufie)( Therefore, the
applicability and value of Eq10)depends on its ability

tional relaxation is typically several orders of mag- to properly predictthe slope (Arrhenius dependence) of
nitude faster than the translational relaxatidicg, the reaction rate constant as a function of temperature.
1985 and can be ignored. However, in highly viscous Fig. 7 shows very good agreement between observed
systems, where the rotational motion of a molecule and calculated temperature dependence of the rate con-
may be significantly hindered, the orientation of the stant. These results support the interpretation proposed
molecules becomes an important factor in determining for the obtained kinetic data, namely, that the Mail-
the reaction rate. The Stokes—Einstein equation and thelard reaction of the colyophilized amorphous MCP
Stokes—Einstein—Debye equation are used to estimateand lactose is to a good extent mobility-controlled and
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Table 3
Comparison of experimental and calculated values of the degradatio

Z. Qiu et al. / International Journal of Pharmaceutics 303 (2005) 20-30

n rate constant

Temperature (K) 7 (8) Calculatek (h~1) (Eq. (10))2

Calculateck (h~1) (Eq. (10)P ExperimentaK (h~1)

373.15 110 2.0& 1076 1.57x 1076 2.08x 107
378.15 25 6.5k 107 4.92x 1078 7.96x 10°°
383.15 6 1.8% 1075 1.40x 1075 1.57x 107
388.15 2 4.9% 10°° 3.73x107° 3.73x 10°°
Calculated values are based on relaxation time data((Bx)-

2 UsingK (T=100°C) as reference.

b UsingK (T=115°C) as reference.
for the same reason, second-order reaction kinetics is
observed even if lactose is present in excess relative to ¢ Experimental |
MCP o —, ---- Calculated (Eqg. 10)

Since molecules in solids have lower mobility than
in liquids, they exhibit reaction kinetics that do not nec-
essarily follow what would be expected from their bulk
concentrations. On the other hand, the more compli-
cated mechanism of a solid-state reaction, also implies
that observed reaction kinetics may be unique to a
particular solid system, i.e., different solid mixtures,
physical mixture, or solid solution, are likely to exhibit
different kinetics. In the case of amorphous systems
(Karel and Buera, 1994the Maillard reaction exhibits
Arrhenius kinetics with two different activation ener-
gies, one value belowWy and a different one above.
Typically, the activation energy is considerably higher
above Ty (Karel and Buera, 1994 The results of
the present study are consistent with such observa-
tions. The results presented here also indicate that

Heating Rate In(g / K:min™)
1

0
2.64

T
2.66 2.68

1000.T ' /K"

270

Fig. 6. Heating rate dependence of the glass transition of metoclo-
pramide hydrochloride—lactose (1:9) colyophilized mixtures.

InK

-14
2.55

i
2.65
1000-T /K"

Fig. 7. Kinetic rate constant of the Maillard reaction between meto-
clopramide hydrochloride and lactose in the amorphous state. Com-
parison of experimental values with calculations based on relaxation
time (Eq.(10)). Solid and dashed lines correspond reference temper-
atures of 100 and 1%, respectively.

there is a significant correlation between the viscos-
ity in the amorphous matrix and the observed rate
constant.

5. Conclusion

The Maillard reaction of a freeze-dried 9:1 mix-
ture of lactose and MCP follows second-order kinet-
ics instead of the first-order that would be expected
based on the ratio of the reactants. The obtained results
show that even though one of the reactants (lactose) is
in excess, its availability to participate in a bimolec-
ular reaction is severely restricted due to the diffu-
sion constraints of the solid state. The low molecular
mobility in the solid state, combined with the molec-
ular proximity requirement for a bimolecular reaction,
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result in similar effective concentrations (for reaction

purposes) of both reactants even if one is present

in overall excess. In other words, the kinetics of a
bimolecular reaction in a medium of limited molecu-
lar mobility does not depend on the bulk concentration
of the reactants, but on the concentratiorpofential
hetero-reactarpairs that can be formed. This condi-

29
equation,

T = 10€EXP

DT
; (12)
T —To
whererg is the relaxation time at the high temperature
limit, D a parameter related to the fragility of the mate-
rial, andTy is the temperature where the relaxation time

tion explains the observed second-order kinetics. The tends toward infinity. BotlD and Ty can be calculated

proposed kinetic model correctly describes the second-

from the slope of the plot ifrig. 6, which shows the

order degradation profiles obtained in the temperature heating rate dependence Tf (Andronis and Zografi,

range 100-115C. This temperature window enfolds

the change between the glass and liquid states for the

colyophilized lactose—MCP mixtures. In other words,
it is the temperature range where molecular mobility
is sufficiently restricted as to affect the observed order

1998, as shown below.

It is assumed that in small temperature ranges,
the temperature dependence of activation enthalpy for
relaxation AH") can be ignoredHdiger, 199, and
the relaxation times can be described by the Arrhenius

for the reaction. The observed reaction rate constant equation:

follows Arrhenius type temperature dependence. The
Arrhenius dependence can in turn be accurately pre-

dicted from molecular mobility considerations alone,

AH*
RT

T = 19exp (13)

(%)

as seenifrig. 7, where the points correspond to exper- Therefore, fragility () can be expressed bylazek
imentally determined rate constants but the slope of 5., Ngai, 199}

the lines were obtained, exclusively, from DSC derived

relaxation data. These results strongly suggest that the  d(logr)
reaction between lactose and MCP in the amorphous

state is mobility controlled. It remains the subject of

future studies to establish the extent at which molecu-

lar mobility restrictions in amorphous solids manifest
themselves in the Arrhenius collision factor versus the
activation energy.
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Appendix A

The relaxation time of amorphous materials can
be used as an indicator of their molecular mobility.
For most supercooled liquids, the relaxation time can
be expressed by the Vogel-Tammann-Fulcher (VTF)

AH|r,

(14)

d(Ty/T) =1, RTy
The activation enthalpy for relaxatiodH") can be
determined from the dependence of glass transition
temperature on heating rat§ (Moynihan etal., 1974

AH*  d(lng)
R d(Ury)
The parameter® and T of the VTF equation can

be calculated from the fragilityn (Plazek and Ngai,
1991,

—(slope of Fig 6) (15)

m2

D= min (16)
m — Mmin
and
M
To=Ty(1-""0) (17)

wheremmin = In % which takes the value of 16, since
the relaxation aly is usually about 100 s ang is the
relaxation time at the high temperature limit, which is
on the order of vibration lifetimes10~14s) (Hodge,
1996.

For the colyophilized MCP and lactose, a value for
AH"0f 361.7 kcal mot ! was calculated from the slope



30

of Fig. 6, andmwas determined as 50.67 witfigvalue

of 99.7°C, which was measured at a heating rate of
10°C min—1. The VTF parametdb andT, were calcu-
lated as 17.05 and 255.1 K, respectively. The relaxation
times at variable temperature were calculated accord-
ing to Eqg.(12) and are listed ifable 3
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