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Abstract 

The kinetics of dehydration of caffeine 4/5-hydrate at different relative humidities (RH) was studied at 25 ° C for 
two crystal preparations with different crystal sizes. The weight change was evaluated over phosphorus pentoxide 
and relative humidities of 9, 13, 24, 36 and 43%, using special hygrostats and a below-weight balance. Additionally 
the samples were stored for 8 months at RH between 0 and 98%. A mechanistic interpretation of the reaction was 
derived by analyzing the data with numerous kinetic models as well as by microscopic investigations and various 
thermoanalytical techniques (thermomicroscopy, thermogravimetry, differential scanning calorimetry). The mecha- 
nism of the dehydration reaction was found to be very complex, depending on the crystal size and water vapor 
pressure. Diffusion control as well as nucleation and growth reaction are considered as the fundamental principles of 
the process. Due to the occurrence of a Smith-Topley effect, a constant loss of water rate of a coarse crystalline 
batch between 0 and 13% relative humidity takes place. The dehydration rate of small crystals is much more affected 
by changes in water vapor pressure. Over desiccants, complete transformation to the anhydrate requires about 4 h, a 
30th of the time required for the coarse crystals. Caffeine hydrate loses the water of crystallization even at 61% RH 
(25 ° C), which should be considered during processing and storing conditions. Beyond that, this paper suggests that a 
variety of analytical techniques are necessary for sufficient information about the dehydration characteristics of a 
crystalline hydrate and to avoid misinterpretations of phase transformations in the solid state. 
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I. Introduction 

Many drug substances can form associates with 
water  in different  states, and as we have esti- 

* Partly presented at the 10th Scientific Congress of the 
Austrian Pharmaceutical Society, Vienna, September 27-30. 
1992 (Burger and Griesser, 1992). 
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mated,  at least one  third of  the solid crystalline 
substances of  the E u r o p e a n  Pharmacopoe ia  have 
been  repor ted  to form such associates. With  about  
20% of  the substances the hydrate is the official 
crystal form. The  stability and the behaviour  of  
hydrates can vary extremely (Burger, 1973; Byrn, 
1982; Kuhnert-Brandst~it ter  and Pr611, 1983; 
Burger  et al., 1988a,b; Burger  and Griesser, 1991, 
1992) and hydrate  format ion or  desolvation may 
occur  during processing or  s torage of  pharmaceu-  
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ticals. Since this phase transition is accompanied 
by a change in physicochemical properties, it is 
important to know the conditions under which 
this reaction takes place, as well as the velocity of 
the process under a given set of conditions. 

Caffeine forms a metastable hydrate with the 
unusual stoichiometry of 0.8 mol water per mol 
caffeine (Waters and Beal, 1946; Sutor, 1958; 
Gerdil and Marsh, 1960, Bothe and Cammenga, 
1980, 1981; Suzuki et al., 1985; Pirttim~iki and 
Laine, 1994). This incontestable fact is surpris- 
ingly not considered in the pharmacopoeias (US 
Pharmacopoeia, 1990; Pharmacopoeia Europea, 
2nd Edn) since they contain an official mono- 
graph of a non-existing monohydrate. Only in a 
saturated water vapor atmosphere will additional 
amounts of water be adsorbed at the surface of 
the 4/5-hydrate which has been denoted as a 
5/6-hydrate (Waters and Beal, 1946; Bothe and 
Cammenga, 1980; Pirttim~iki and Laine, 1994). 
The low stability of caffeine hydrate was already 
discussed by Oechler (1944) who therefore rec- 
ommended the use of the anhydrous material. 
Waters and Beal (1946) found that different sam- 
ples of the hydrate become anhydrous even at 
relative humidities of 64% (21 ° C), but not at the 
same time (probably the effect of particle size). 
On the other hand, it has been reported that 
dehydration of caffeine hydrate takes place only 
at relative humidities below 50% (Stahl, 1980; 
Cammenga, 1983). The thermodynamics, thermal 
dehydration behavior and dehydration kinetics of 
caffeine hydrate have been extensively studied by 
Bothe and Cammenga (1980, 1981). The experi- 
ments were carried out in a dry nitrogen atmo- 
sphere. However, little work has been carried out 
to study the influence of water vapor pressure on 
the dehydration behavior of the hydrate. The 
purpose of this paper concerns the elucidation of 
the kinetics of desolvation reaction of caffeine 
4/5-hydrate, specifically addressing the effect of 
water vapor. The reaction was studied gravimetri- 
cally and the desolvation isotherms were obtained 
by Karl-Fischer titration. Different kinetic equa- 
tions as well as microscopic and thermoanalytical 
observations should help to justify a mechanistic 
interpretation of the data. 

2. Experimental 

2.1. Materials 

All reagents and solvents were of analytical 
grade. Caffeine was supplied by Apoka (Austria). 
One batch which was designated as anhydrous 
caffeine (coffeinum anhydricum Ph.Eur., K1- 
896/88) was characterized as the thermodynamic 
stable modification II (/3-form). The second batch, 
designated as coffeinum monohydricum Ph.Eur. 
(K1-694/89), was the partially desolvated hydrate 
with 0.47 mol water per mol caffeine. 

Two hydrate batches were prepared from a 
solution of caffeine in water. To obtain larger 
crystals of the hydrate (hydrate batch H A) a 
saturated solution of caffeine in water of 50°C 
was slowly cooled in a water bath to room tem- 
perature (12 h). The filtered, wet crystals were 
conditioned at 84% relative humidity to a con- 
stant weight. This yields clear, thread-shaped, 
bent crystals of the pure hydrate with at most 3 
mm length and an average diameter of 50/xm. A 
batch of the hydrate with a smaller particle size 
(H B) was crystallized from a saturated solution of 
caffeine at 80 ° C. The solution was stirred (mag- 
netic stirrer) during the crystallization process 
and then treated as hydrate batch H A . The crys- 
tals of hydrate batch H B are below 100 /.~m in 
length and 5-10/zm in diameter. Because of the 
low stability of the hydrate and to avoid preacti- 
vated crystals, the batches were not mortared and 
sieve fractionated. 

2.2. Thermomicroscopy 

Thermomicroscopic investigations were carried 
out with a polarizing microscope (Reichert, Vi- 
enna, Austria) fitted with a Kofler hot-stage 
(Reichert, Vienna, Austria). For microscopic ob- 
servations up to 1000 × (immersion oil) a Micro- 
Star microscope (Reichert-Jung) was used. 

2.3. D S C  

DSC thermograms were recorded with a 7 
Series/UNIX DSC-7 Lab system (Perkin-Elmer), 
calibrated with pure benzophenone (m.p. 48.0 ° C) 
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and caffeine (m.p. 236.2 ° C). About 2-6 mg of 
sample was weighed into aluminium pans. The 
pans were either used without cover or sealed 
with a cover, which was perforated by a needle. 
High-pressure cups (Perkin Elmer) were used for 
closed condition studies. The samples were heated 
under a stream of nitrogen (30 ml min-1). 

2.4. Thermogravimetry 

A TGA 7 thermogravimetric system (Perkin- 
Elmer, Norwalk, CT, USA) was used for thermo- 
gravimetry. Samples (2-6 mg) were placed into 50 
/xl platin pans. In addition, some runs were per- 
formed with samples enclosed in aluminium pans 
with perforated cover. The determinations were 
carried out under a nitrogen purge (balance 
purge, 50 ml min-1; sample purge, 25 ml min-1). 

2.5. Kinetic studies 

The mass change of the different samples was 
determined using special glass hygrostats (semi- 
micro-hygrostat, SMH), which were manufac- 
tured after the model of Schepky (1982) with 
slight variations. A glass hygrostat (Fig. 1) con- 
sists of four different parts: (a) a 250 ml conical- 
shoulder bottle (wide neck, brown-glass); (b) a 
mounted glass tube with a ground standard taper 
joint (T1, 34/24) and a 19/26 taper (T 2, about 10 
mm shortened); (c) a 19 mm ground-glass stopper 
with a short hook at the top and a 40 mm long 
hook on the bottom; and (d) the sample holder, 
consisting of a cylindrical vessel (30 mm in diame- 
ter, 10 mm high), a glass bow and glass loop 
which hangs upward into the lower hook of part 
c. Saturated salt solutions (SSS) at the bottom of 
the bottle (close to the sample) are used to adjust 
different relative humidities. For weighing the 
sample (about 300 mg), part c is lifted slightly and 
suspended in the loop of a wire which is mounted 
on a below-weighing balance (AT 250 semimicro 
balance, Mettler Instrumente AG, Greifensee, 
Switzerland). The loss of water curve was esti- 
mated from about 10-30 weighings. The values in 
the range of 5-95% fractional dehydration (ex- 
pressed as fractional composition a, with values 

70 
Fig. 1. Semimicro-hygrostate for gravimetric sorption-desorp- 
tion studies. 

from 0 to 1) were used for the calculation of 
kinetic parameters. 

2.6. Preparation o f  the climatic conditions 

The water vapor sorption and desorption 
isotherms were determined by storing the sam- 
ples in desiccators over silica gel or saturated salt 
solutions at 25 ° C. The measurement and control 
of relative humidity were carried out by a cali- 
brated Durotherm ® hygrometer (G. Lufft, 
Stuttgart, Germany). The conditions in % relative 
humidity (RH) obtained for each humidity cham- 
ber are listed in Table 1. 

2. 7. Determination o f  the water content 

The water content was determined by Karl 
Fischer titration, using pyridine-free reagents and 
dead stop method (Karl Fischer-Titrator E 551 
and Multidosimat 645, Methrom AG, Herisau, 
Switzerland). The standard samples for calibra- 
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Table 1 
Saturated salt solutions and determined relative humidity 
conditions at 25°C 

Salt solution RH (%) 

Potassium hydroxide 9 
Lithium chloride 13 
Potassium acetate 24 
Calcium chloride 30 
Sodium thiocyanate 36 
Potassium carbonate 43 
Potassium thiocyanate 46 
Magnesium nitrate 53 
Ammonium nitrate 61 
Sodium chloride 74 
Potassium chloride 84 
Potassium nitrate 92 
Potassium sulfate 97 

tion were analytical grade dipotassium tartrate 
dihydrate and oxalic acid dihydrate. The water 
contents are expressed as percent water related 
to the anhydrous substance. 

3. Results and discussion 

3.1. Desorption isotherms 

The water content of the two hydrate batches, 
stored in desiccators at different relative humidi- 
ties, was determined after 30 days and 8 months. 
The resulting isotherms (Fig. 2) show that the 
dehydration rate of the larger crystals (H A ) is 
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Fig. 2. Desorption isotherms of caffeine hydrate at 25 ° C; 
batch H A (coarse crystals) after 30 days (o) and 8 months (e); 
batch H B (small crystals) after 30 days (rn) and 8 months (B). 
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Fig. 3. Weight loss vs time plots of caffeine hydrate (batch 
HA, coarse crystals) at different relative humidities. 

significantly lower than that of the smaller one 
(HB). At 53% relative humidity, H A is not af- 
fected within 1 month but during 8 months the 
water content decreases to 0.25 mol water per 
mol caffeine, and even at 61% RH a loss of water 
took place. After 8 months, at 61% RH, H B is 
dehydrated to a water content of less than 20% 
of its original one. Therefore, it is obvious that 
caffeine hydrate is not stable under ambient stor- 
age conditions. The average water content of the 
hydrate samples stored between 75 and 98% RH 
measured by the titrimetric method (21 determi- 
nations) is 0.807 mol water per mol caffeine and 
underlines the existence of a 4/5-hydrate. 

3.2. Weight loss curves at different water vapor 
pressures 

The dehydration kinetics of the two hydrate 
batches was determined at 0, 9, 13, 24, 36 and 
43% relative humidity. The weight loss vs time 
curves (Fig. 3) of H A (bigger crystals) at 0, 9, 13 
and 24% are of the decelerating type but at 
higher relative humidities they become sigmoidal 
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Fig. 4. Weight loss vs time plots of caffeine hydrate (batch 
HB, small crystals) at different relative humidities. 

in shape. At relative humidities of 0-13%, the 
dehydration rate of H A is already equal. The 
initial rate of the 24% RH curve is much slower, 
but after 2 days the water content of all samples 
stored between 0 and 24% RH reached about the 
same values. At higher water vapor pressures, in 
particular at 43% RH, the dehydration curves 
show an initial period and a delay at the end of 
the reaction. The dehydration rate of HB (smaller 
crystals, Fig. 4) is distinctly faster than that of H A 
and within roughly 4 h the crystals become anhy- 

drous at very low water vapor pressures (0-13% 
RH). The weight loss curves are similar in shape 
and become sigmoidal at 36 and 43% RH. The 
average water content of all gravimetric measure- 
ments is 0.803 mol water per mol caffeine. 

The dehydration curves were analyzed by us- 
ing various kinds of solid state kinetic model 
equations which are quoted in many reviews and 
papers (e.g., Sharp et al., 1966; Brown et al., 
1980a; Hemminger and Cammenga, 1989), and 
which are expressed by the general integrated 
rate equation (Eq. 1): 

g(a) =k't  (1) 

where k is the rate constant, t denotes the reac- 
tion time and g(a) is a function of the reaction 
mechanism. A plot of the appropriate g(a) func- 
tion vs t should give a straight line with slope k. 
The models of particular interest in this work are 
listed in Table 2. The mechanistic representations 
of these models have been widely applied in the 
interpretation of dehydration reactions, and in 
many studied systems there is experimental evi- 
dence of their existence. 

At the relative humidities of 0-13%, the dehy- 
dration curves of H A are best represented by the 
three-dimensional diffusion mechanism (Jander 
equation, D3) but at 24% RH the decay follows 
the first-order rate equation (F1). The sigmoidal 
curves (36 and 43% RH), up to a reaction extent 
of a = 0.90, are best described by the Avrami- 
Erofeev model (A4), the contracting volume 
equation (R3) or the first-order reaction model 
(F1). A4 and R3 also give the best linearization of 
the dehydration curves of batch H B under all the 
water vapor pressure conditions. 

Table 2 
Common kinetic equations for solid-state reactions of particular interest in this study 

g(a) Symbol Rate-controlling process 

( 1  - a ) '  I n ( 1  - a )  + a D2 
[1 - (1 - ot)1/3] 2 D3 
1 - (2/3)"  a - (1 - or) 2/3 D4 
2 '  [ 1 -  (1 - a ) Z / 2 l  R2 
3" [1 - (1 - a )  ~/3] R3 
- l n ( 1  - a )  F 1  

[ - ln(1 - or)] 1/4 A4 

two-dimensional diffusion 
three-dimensional diffusion (Jander) 
three-dimensional diffusion (Ginstling-Brounshtein) 
two-dimensional phase boundary reaction 
three-dimensional phase boundary reaction 
first-order reaction 
constant random formation of nuclei and three-dimensional, growth, 
boundary control (Avrami-Erofeev equation) 
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Table 3 
Parameters for the biphasic first-order model (Eq. 2) of the dehydration curves of the caffeine hydrate batches (HA, H B) at 
different relative humidities 

RH (%) H A H B 

q A K a (day-1) B K b (day-1) t i (days) A K a (day -1) B K b (day-1) t i (days) 

0 0.65 0.574 0.31 14.861 0 1.83 28.000 - 0.83 69.130 0 
9 0.66 0.535 0.34 0.970 0 3.94 28.554 - 2.97 39.674 0 

13 0.66 0.486 0.34 0.797 0 5.32 18.043 - 4.36 22.884 0 
24 1.00 0.704 0.00 0.000 0 1.44 4.589 - 0.45 11.450 0 
36 1.84 0.221 - 0.85 0.463 0 1.98 0.822 - 0.99 1.705 0 
43 2.37 0.043 - 1.35 0.066 14 1.32 o. 109 - 0.34 0.323 6 

Al ternat ive ly ,  we used  a biphasic  f i rs t -order  

mode l  for the  ent i re  dehydra t ion  process  ex- 

pressed  as: 

1 - a  = { A  . e  -k . ' ( t - t i ) )  -I- { B ' e  -kb'(t-ti)} (2) 

whe re  1 - a is the f ract ional  amoun t  of  hydrate,  t 

the  t ime of  reac t ion  and t i the  lag t ime per iod  

unti l  the  start  of  react ion.  A and k a are the 

in te rcep t  and slope of  the t e rmina l  part ,  and B 

and k b the in te rcep t  and slope o f  the initial par t  

of  the  react ion,  respectively.  This composed  ex- 

ponen t ia l  funct ion has b e e n  widely used not  only 

for pha rmacok ine t i c  models  (Ritschel ,  1980) and 

dissolut ion studies (Burger,  1981) but  also for 

solid-state degrada t ions  (Chong,  1992). The  re- 

sults ob ta ined  by fea ther ing  are  listed in Tab le  3 

and the  da ta  are p lo t ted  in Fig. 5. The  dehydra-  

t ion ra te  of  H A up to 13% R H  is faster  at the 

initial par t  of  the reac t ion  and decreases  with 

increasing reac t ion  t ime. A t  24% R H  the reac-  

1 = l 
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Fig. 5. Plot of logarithmic fractional amount of caffeine hydrate (batch H A and batch H B) vs time at 0% ([]), 9% (zx), 13% (o), 
24% (+), 36% (.) and 43% (e) relative humidity with calculated curves. 
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tion is an almost straightforward first-order pro- 
cess and at higher RH values an accelerating 
phase occurs with a lag phase at 43% RH. All 
curves of the hydrate batch H B show an initial 
acceleration phase. 

3.3. Microscopy 

Byrn and Lin (1976) noticed that caffeine hy- 
drate dehydrates faster when the ends of the 
needles are cut off. Scanning electron micro- 
graphs of dehydrated crystals (Bothe and Cam- 
menga, 1981; Suzuki et al., 1985) show that nee- 
dle-shaped crystallites of the anhydrous phase are 
oriented parallel to the long axis forming chan- 
nel-like cavities, This arrangement is consistent 
with the crystallographic studies of Sutor (1958) 
and Gerdil and Marsh (1960), who found that the 
chains of water molecules are arranged along this 
axis. 

From microscopic observations of the coarse 
hydrate batch (HA), which were withdrawn at 
different reaction extents, it was observed that at 
first the crystals become opaque from the ends 
and ruptures due to the formation of polycrys- 
talline product phase (pseudomorphosis). This re- 
action proceeds along the long direction of the 
crystals but the front becomes very irregular dur- 
ing progressive movement and the rate seems to 
slow down with increasing distance to the end of 
the crystal. Simultaneously, anhydrous phase ap- 
pears at a few random positions of the crystal 
surface. The growth rate of these centres perpen- 
dicular to the c-axis is rather low in contrast to 
that along this direction, and the crystals are 
more and more covered with anhydrous phase. 
Thus, it seems that crystal faces react non-simul- 
taneously, and we have to consider a more com- 
plicated topochemical reaction (Prodan, 1984). 

3.4. Thermal analysis 

To compare the results of the desorption stud- 
ies in the more or less static atmosphere over a 
desiccant with the dynamic atmosphere in a dry 
nitrogen stream and to establish the temperature 
dependence of the process, isothermal thermo- 
gravimetric measurements of the coarse crystals 
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Fig. 6. Arrhenius plot of isothermal dehydration reactions of 
caffeine hydrate (batch HA). The values of k were calculated 
with the Jander equation (D3). The 80 ° C value (+ )  was not 
used for calculation of the Arrhenius parameters. 

( H  A) between 34 and 80°C were carried out. Up 
to 70 ° C, the curves are best represented by the 
equations for three-dimensional diffusion, in par- 
ticular the Jander equation (D3), with correlation 
coefficients greater than 0.999. At 80 ° C, Eq. R3 
and A4 give the best fit, indicating the dominance 
of the nucleation process at higher temperatures. 
From the Arrhenius relation (Fig. 6) we have 
calculated an activation energy of E A = 105.5 _+ 
2.1 (95% c.i.) kJ mol -t .  

Bothe and Cammenga (1981) found that dehy- 
dration of caffeine hydrate at low water vapor 
pressures is a topochemical reaction, starting at 
the crystal surface and following the contracting 
volume mechanism (R3). They studied single 
crystals and crystals of smaller dimensions (simi- 
lar to our hydrate batch H A) with different ther- 
mogravimetric methods. The calculated activation 
energy of 94 + 3 kJ mol -~ is somewhat lower 
than our value. Later, applying temperature-re- 
solved diffractometry, Epple and Cammenga 
(1992) suggested a multiple reaction with a nucle- 
ation period up to an extent of reaction of 0.6 
(E A = 76 kJ mol -~) followed by a three-dimen- 
sional diffusion mechanism (D3) with an activa- 
tion energy of 111 kJ mol-t .  However, the atmo- 
spheric conditions (ambient) and particle size 
(ground crystals) of the second study are rather 
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Fig. 7. DSC and thermogravimetric (TG) curves of caffeine 
hydrate under different vapor pressure conditions. Curves 
A-C,  batch H A (coarse crystals); curve D, batch H B (small 
crystals); heating rate, 2.5 K min -1. 

different and suggest the great influence of the 
experimental and sample conditions on dehydra- 
tion behavior. 

To gain more insight into such effects, we 
studied the dehydration reaction of caffeine hy- 
drate by DSC at different vapor pressure condi- 
tions, produced by varying the tightness of the 
sample pans (Fig. 7). When the hydrate is heated 
up in gas-tight containers (Fig. 7, curve A), a 
sharp endotherm (p) occurs at 80 ° C, which can 
be attributed to the peritectic decomposition pro- 
cess of the hydrate (Suzuki et al., 1985). In sam- 
ple pans with a perforated cover (B), slow dehy- 
dration starts at about 50 ° C, followed by the 
sharp peritectic decomposition (p) and a broad 
endothermic process (evaporation of water, e). 
The corresponding TG curve does not show sepa- 
rate steps under these conditions. The DSC curve 
(C) of the hydrate, recorded in an open sample 
pan, shows an endothermic peak (dl) at the start 
of the run and a wide endothermic reaction (d2) 
starting at about 50°C which is coupled with the 
peritectic decomposition peak (p). The first en- 
dotherm is accompanied by a distinct step (about 

1% weight loss) in the corresponding TG curve. 
As shown in Fig. 7 (curve D), in an open pan the 
complete dehydration process of the hydrate 
batch with smaller crystal size (H B) already starts 
at about 20 ° C. The first DSC peak in curve C 
(Fig. 7) may therefore be attributed to the dehy- 
dration of the amount of particles with very small 
dimensions in the H A batch. This suggestion is in 
accordance with that of Bothe (1980), who ob- 
tained two step curves of caffeine crystals not 
uniform in size by dynamic TG experiments. Sim- 
ilar DSC curves have also been obtained by Suzuki 
et al. (1985) under open conditions. They, how- 
ever, attributed the two peaks to the dehydration 
and subsequent evaporation of water. From the 
microscopic observations we noticed that the ends 
(or cracks) of the crystals react very soon, but 
dehydration along the length direction then de- 
creases markedly. Thus, we must take into ac- 
count that also large crystals are partly involved 
in the early dehydration step (dl). The desorption 
of surface-bound 'free water' at dl can be ruled 
out in this study since the used hydrate batches 
were well conditioned. Moreover, the existence of 
a lag time period at 43% RH (Fig. 3) clearly 
demonstrates the absence of free water. 

Fig. 8 shows the DSC curves of H A recorded 
in open pans, at different heating rates. The 
reaction (dl) at the start has been explained 
above. The dehydration step d2 is more tempera- 
ture-dependent but rather slow. If the tempera- 
ture rises above about 75 ° C before dehydration is 
complete at d2, the fast peritectic decomposition 
(p) occurs, which is not dependent on the vapor 
pressure conditions. 

3.5. Mechanistic interpretations 

From these results it is obvious that the dehy- 
dration mechanism of caffeine hydrate is not a 
straightforward process. The rate of water re- 
moval is sensitive to particle size, and with in- 
creasing vapor pressure a change of the reaction 
mechanism occurs. The microscopic observations 
point out that there exist differences in reactivity 
of the crystal faces and, moreover, the particle 
size of the used hydrate batches is not uniform. 
All these factors can cause problems in kinetic 
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Fig. 8. DSC curves of caffeine hydrate (coarse crystals, H A) at 
different heating rates (HR) under open conditions (coverless 
sample pan). 

studies (Hancock and Sharp, 1972; Brown et al., 
1980a; Ray, 1990). Hence, it is very questionable 
to find strict agreement with one of the theoreti- 
cal kinetic models for solid-state reactions. 

The decomposition of a hydrate originates at 
the surface of the crystals, which is activated due 
to the low water vapor pressure of the surround- 
ing atmosphere. Dehydration reactions are re- 
versible, but the reverse reaction is diminished 
with decreasing water vapor pressures. In gen- 
eral, the rate control for water release in dehy- 
dration reactions of crystalline hydrates is mostly 
ascribed either to diffusion or interface processes 
(Brown et al., 1980b). Galwey (1992) recently 
discussed possible elementary processes partici- 
pating in dehydrations of solids, and he con- 
cluded that diffusion and interface controls to- 
gether contribute towards the release of water. 

A striking result of our observation is the 
constant dehydration rate of hydrate batch H A 
between 0 and 13% and the slight rate increase at 
24% RH. This behavior may be attributed to the 
so-called Smith-Topley effect (S-T), which has 

been frequently reported in hydrate decomposi- 
tions (Topley and Smith, 1935; Brown et al., 
1980b). The S-T behavior is represented by a 
more or less sharp maximum of the dehydration 
rate as the partial pressure of water increases. 
This effect has only been observed for dehydra- 
tion reactions, although there exist various mech- 
anistic interpretations (Brown et al., 1980b). The 
most probable reason for the S-T effect in caf- 
feine hydrate dehydration appears to be the cat- 
alytic effect of the water vapor to the reorganiza- 
tion of the dehydrated phase. Due to the escape 
of the loosely bound water molecules in the crys- 
tal lattice a vacancy structure is produced on the 
surface of the hydrate crystals. This intermediate 
structure is unstable and recrystallization (nuclea- 
tion and growth) to the anhydrous product oc- 
curs. In this way a phase boundary is formed 
which gradually moves inside the crystal (prefer- 
entially along the c-axis). The water molecules 
liberated from the hydrate lattice must diffuse 
through this interface layer and the growing 
product layer. A progressive growth of the initial 
polydisperse microcrystallites to crystalline parti- 
cles in the product layer results in a porous 
aggregate. Since the extent of the product phase 
recrystallization is generally strongly influenced 
by the water vapor pressure conditions, it can be 
assumed that the nucleation rate at low vapor 
pressures is particularly slow. Conversely, the 
pressure gradient and the water evaporation rate 
are high at low vapor pressures. Thus it can be 
concluded that the mass transfer (diffusion) of 
the water molecules through the unrecrystallized 
product layer of the large crystals plays the domi- 
nant role and may therefore be discussed as the 
rate-limiting process at very low vapor pressures 
(Galwey, 1992). Indeed, the best fit of the dehy- 
dration curves of H A at the relative humidities 0 
to 13% has been observed for the three-dimen- 
sional diffusion process (Jander equation, D3). 
The D3 mechanism was also supported by the 
results obtained for isothermal thermogravimetry 
of H A (dynamic, dry atmosphere). Considering 
the shape of the crystals we should expect a 
two-dimensional diffusion reaction (D2) which 
nevertheless gives a significantly poorer  fit. How- 
ever, the geometry of the reaction advance is not 
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proportional to the shape of the crystals, since 
the reaction along the c-axis proceeds more 
rapidly than perpendicular to this direction. With 
increasing vapor pressure, the nucleation and 
growth of the anhydrous product phase is pro- 
moted and because of the production of a very 
porous product layer the resistance of the water 
molecule migration decreases. On the other hand, 
the rate of hydrate decomposition decreases be- 
cause of the reverse reaction caused by atmo- 
spheric water molecules. In this way, nucleation 
and growth gradually become the rate-determin- 
ing step instead of diffusion control with increas- 
ing relative humidity. 

3. 6. Ef fect  o f  crystal size 

The most dramatic differences in the dehydra- 
tion rate between the hydrate batches H A and 
H B were observed at RH values below 10%. Over 
a desiccant, batch H B (small crystals) loses all the 
crystal water in about 4 h (Fig. 4). The coarse 
crystalline hydrate (H A ) still contains about two- 
thirds of the original water content at this time 
(Fig. 3) and the complete dehydration lasts about 
5 days (factor 30). At 43% RH, the time required 
for complete dehydration of H A (120 days) is only 
about 3-times that of H B. The reaction character- 
istic of the two batches is quite different at RH 
conditions up to 24%, but comparable at 36 and 
43% RH. This is largely due to the dominance of 
diffusional control in case of large crystals and 
very low water vapor pressures and the increasing 
role of nucleation and growth of the anhydrous 
phase when the water vapor pressure, the surface 
area and the amount of high reacting zones of the 
hydrate (crystal ends and cracks) increase. How- 
ever, the dehydration rate of caffeine hydrate is 
very sensitive to crystal size. 

the nucleation and growth behavior of the anhy- 
drous phase are assumed as the predominating 
processes in dehydration kinetics of this hydrate. 
The results of the present work demonstrate the 
particular influence of water vapor pressure and 
crystal size on the kinetic characteristics of dehy- 
dration reactions. Hydrates are most frequently 
characterized by thermoanalytical techniques 
(DSC, TG), but less attention is usually paid to 
the prevailing atmospheric conditions (dynamic 
dry atmosphere, self generated atmosphere, en- 
hanced gas pressure under closed conditions) and 
the effects based on particle size distribution. 
However, knowledge of the influence of water 
vapor and sample characteristics on dehydration 
reactions is essential for the interpretation of 
thermoanalytical results and for sufficient charac- 
terization of metastable hydrates. Moreover, this 
study supports the view that different processes 
can control the loss of water of crystalline hy- 
drates and that common kinetic models do not 
necessarily define a certain mechanism. Finally, it 
should be emphasized that the caffeine 4/5-hy- 
drate, which besides is still referred to as a mono- 
hydrate in most handbooks and pharmacopoeias, 
is an official, extremely unstable crystal form and 
if the use of the pure hydrate is considered, it is 
necessary to condition and to store the flesh 
crystallized hydrate at about 75% relative humid- 
ity. This fact has already been known for 50 years 
(Oechler, 1944) but has not been considered ade- 
quately up to now. However, this is remarkable, 
particularly in connection with further details 
concerning the polymorphism of caffeine (to be 
published). 
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