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Caffeine has been found to display a low-temperature 8- and a high-tempera-
ture a-modification. By quantitative DTA the following data were determined: trans-
formation temperature 141+-2°; enthalpy of transition 4.034-0.1 kJ - mole™!; en-
thalpy of fusion 21.6+40.5 kJ - mole~!; molar heat capacity

B/°C 100 (8) 100 (@) 150 () 200 (o)
C3/J - K~ - mole™! 27149 287+10 309411 338410

in good accord with drop-calorimetric data. For the constants of the equation
log (p/Pa) = — A/T + B, static vapour pressure measurements on liquid and solid
a-caffeine, and effusion measurements on solid f-caffeine yielded:

A = 39184 37; 52234 28; 5781+ 35 K1
B = 11.14340.072; 13.697+0.057; 15.031+0.113.

The evaporation coefficient of S-caffeine is 0.17+40.03.

Caffeine (Fig. 1) is an important constituent of many foodstuffs, beverages and
pharmaceuticals. The main source of caffeine is coffee, which contains between
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Fig. 1. Caffeine

0.8 % (Arabica Santos) and 2.5 %, (Robusta Angola), and from which it is extracted
to obtain decaffeinated coffee [1]. For the improvement of this process, caffeine
purification and use the determination of unknown data and the improvement of
reported data on caffeine became necessary. The present paper is devoted to
anhydrous caffeine; work on the properties of caffeine hydrate and aqueous
solutions of caffeine is in progress.

* Part of this research was sponsored by Arbeitskreis Industrieller Forschungsvereinigungen
Kéln, under contract with Forschungskreis der Erndhrungsindustrie e. V., Hannover.
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268 BOTHE, CAMMENGA: PHASE TRANSITIONS OF ANHYDROUS CAFFEINE

Characterization of caffeine

Caffeine (nearly anhydrous, DAB 7, obtained from HAG AG, Bremen) was
dried further in vacuo for 24 hours at 120° over 3A molecular sieve, purified by
zone melting under argon, resublimed in high vacuum, and tempered for a suffi-
cient time at 80—120°. The melting point determined was 236.1 + 0.2° (cf. Ishii
et al., who reported 237.19° as the melting point of their “100%, pure caffeine”
[2]). Purity determination by analysis of the melting peak using quantitative DTA
[3] showed that the total molar amount of impurities was certainly less than
0.1%. No impurities could be detected by thin-layer chromatography.

After purification, caffeineis present as the mstastable high-temperature a-modi-
fication, which at ambient temperature converts only very slowly to the stable
$-modification (after storage for one year, a sample was not yet fully converted).
The transformation can be greatly accelerated by tempering: after several days
at 130°, sublimed caffeine is completely converted to the low-temperature f-modi-
fication. Controlled experiments showed that the conversion starts from the crystal
surfaces.

Calorimetric measurements and results

The calorimetric measurements were performed using two different instruments
for quantitative DTA, namely the Du Pont 990 Thermal Analyzer with cell Base
Module II and DSC-cell [4], and the differential heat flux calorimeter MCB by
Thermanalyse [5]. The calorimeters were calibrated using the heat of fusion of tin
(4H = 7.195 + 0.007 kJ mole* [6]). The temperature-dependence of the cali-
bration factor of the MCB calorimeter was determined with the built-in electric
heaters using a timer and constant-current source. The heating rates were 10 K
min~ (Du Pont) and 1 K min—! (MCB). The samples were encapsulated in gas-
tight (hermetic) capsules and had an absolute mass of 10—30 mg, determined
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Fig. 2. DTA curve of S-caffeine (heating rate: 10 - min %)
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on a microbalance to +0.01 mg. Peak areas were determined with a roll-plani-
meter (Ott, Kempten) and/or an electronic integrator (Varianmat, Bremen) and
evaluated after Adam and Miiller [7]. The enthalpy of fusion and the temperature
of the § — « transition were determined with both instruments, whereas the
enthalpy of transition and the molar heat capacities were measured with the
Du Pont apparatus using the enthalpy of fusion of caffeine as an internal standard.

The results of our calorimetric determinations by quantitative DTA are com-
piled in Table 1, together with the literature data, which are scarce. Because
of the low transformation rate, the DTA curve of the § — « transition does not
show a very sharp peak onset (cf. Fig. 2), but certainly corresponds to a first-order
phase transition, as the Debye—Scherrer diagrams of the two phases exhibit
distinctive differences. This is in accord with preliminary observations reported
by Grabowska and Kaliszan [8] and by Masse et al. [9]. Although not all details
of the @ — f§ and B — « phase transitions have yet been clarified, the transforma-
tion temperature is certainly 141 + 2°. This temperature was observed with caffeine
crystals grown under near-equilibrium conditions, with crystals obtained from

Table 1

Results of calorimetric measurements

Enthalpy of 21.6+0.5 MCB *
fusion ¢ 20.1£0.7 Du Pont *)
AH /KT * mole ! 23.5 difference of AH, and AH, at T, "
22.4 cryoscopic measurements @
Transition temperature 14142 MCB, Du Pont *)
#/°C 140+2 TMA Du Pont
Enthalpy of transition 4.03+0.1 Du Pont (4H? = 21.6 kJ * mole™! as
AHZ(KT + mole—* internal standard) *)
Molar heat capacity 254 25° estimated by Kopp’s rule (*)
C2/J - mole~! - K1 232 25°  extrap. from QDTA measure-
ments, S-caffeine *)
247 25° estim. from Cj of xanthine (11
228 25° estim. from dropcalorimetric
measurements, [-caffeine (*, 12)
(215) 25° (10)
27114+ 9 100° Du Pont, B-caffeine *)
281 100°  dropcal., S-caffeine (*, 12)
(242) 100° (10)
2874+ 10  100° Du Pont, metastable a-caffeine *)
285 100° dropcal., metastable a-caffeine (*, 12)
309+ 11 150° Du Pont, a-caffeine *)
314 150° dropcal., a-caffeine *, 12)
3384+ 10  200° Du Pont, a-caffeine *)
343 200° dropcal., a-caffeine (*, 12)

Remarks: (¥) = this work
The uncertainties given are standard deviations.
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slow high-temperature sublimation (heating at 90°, cooling at 70°), and with
tempered crystals (see section on characterization of caffeine). Additional TMA
measurements yielded &, = 140 4 2° and a distinctive change in volume, charac-
teristic for a first order transition,

No literature data on AH; for the transformation are available. The enthalpy
of fusion given here compares well with that obtained by Ishii et al. from cryoscopic
measurements on the system caffeine/theophylline [2].

The C, data of Gabets et al. listed in Table 1 were taken from a small figure
in their paper [10], are correspondingly uncertain, and are thus given in paren-
theses. Stern and Beeninga estimated their C, value at 25° from the measured C;,
of xanthine correcting for the additional methyl groups [11]. At our suggestion,
Klinge [12] performed drop-calorimetric measurements on C, by the method
of upper varied temperature 3, using our samples. The drop-calorimeter temper-
ature was 9, = 20° in all cases. C(9) was calculated from

Cy9)
29

CH9) = Cy(®) + 5= (8 — %), 0]
using a least squares fit of a polynomial to the measured data C.;’(S). The data
are in good accord with our values determined by quantitative DTA.

Vapour pressure measurements

Except for some general and qualitative statements, no information on the
vaporization behavior of caffeine is to be found in the literature [13]. We have
determined the vapour pressures over solid «-caffeine and over liquid caffeine in
the range 170—250° with two degasable mercury manometers, one of which is
shown in Fig. 3, while the other is described in detail in [14]. The caffeine and
mercury were thoroughly degassed by multiple resublimation or boiling in high
vacuum prior to measurement. During measurements, a small residual gas pres-
sure built up owing to minute decomposition of caffeine (13 Pa at ambient tem-~
perature after about 12 hours), which was taken into account as the temperature-
dependent pressure of an ideal gas.

The manometers were thermostated with a silicone fluid temperature bath
controlled to +0.1°, Each pressure value is the mean of three measurements.
These were made with rising and falling temperature, with no detectable hys-
teresis. The uncertainty of the vapour pressures determined is < 4 20 Pa. The
constants of the simplified Clausius—Clapeyron vapour pressure equation

A
= — 2
log (p/Pa) 7K + B )]
together with the mean enthalpy changes for the vaporization of liquid caffeine

AH, and the sublimation of solid a-caffeine AH (x) are complied in Table 2.
The vapour pressures over solid f-caffeine were also determined in the range
77—100°, in this case by the integral weight loss version of the Knudsen effusion
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Table 2

Results of vapour pressure measurements

e AJK- B AHvy or AHsllkJ'
+ mole~

236—251 3918437 11.14340.072 75.0140.71 | liquid caffeine, Hg-manom-

eter

173—236 | 5223428 13.69740.057 99.994-0.54 | «-caffeine, Hg-manometer
77—100 | 5781435 15.031+0.113 110.684+0.67 | B-caffeine, effusion measure-

ments

Fig. 3. Degasable mercury manometer. A: seal-off points, B: bulb for mercury degassing,
C: break seal to substance tube, D: turnable joint to high vacuum line, M: mercury after
degassing

method. The procedure and the apparatus used have been described in detail
elsewhere [15, 16], so that a brief characterization may suffice here. Cylindrical
pyrex glass effusion cells of cross-sectional area S were applied. At an inner height
h = 2.13r, (v, = inner cell radius) above the sample surface, the cells carried
a molybdenum foil (13.0 + 0.2 um) with a centered circular effusion hole of
area A. The effusion vapour was collected on a silvered condenser, automatically
refilled with liquid nitrogen. Regulation of temperature was to +0.03°; the
uncertainty of the temperature was +0.05° (IPTS—68). The Clausing correction
factors W of the orifices ranged from 0.9624 to 0.9931, A was varied between
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272 BOTHE, CAMMENGA: PHASE TRANSITIONS OF ANHYDROUS CAFFEINE

0.8746 - 102 and 29.201 * 10-3 cm?, and S between 1.431 and 1.6499 cm? The
uncertainty of absolute weighing was +0.01 mg.

Two sets of measurements were performed. With constant effusion cell and
orifice geometry, measurements of the apparent vapour pressure p’ were made
as a function of temperature and p’ calculated by

( om,
, \ 0t |r [2n RT}? 3
WA | M J ’ )
0
where — —Zf = rate of mass loss
W = Clausing factor (correction for finite orifice length)
A = area of effusion orifice

M = molar mass (194.19 g mole-* for caffeine)
T = absolute temperature (Tgs)-

As with all dynamic vapour pressure measurements, and also with the effusion
method, the measured apparent vapour pressure p’ is lower than the saturated
vapour pressure p, because the equilibriumn between condensate and vapour is
continuously disturbed. Unfortunately, this fact is neglected by many authors.
The correlating equation between p” and p for effusion measurements using cells
of the geometry described is [16]

WA
=1 +—|p. 4
P ( po» SJ P (4)
o = net evaporation coefficient
y = a correction factor taking into account the roughness of the sample surface

S = cross-sectional area of cell.
The product o - y may be considered an effective evaporation coefficient. This was
determined as follows. At a constant temperature p’ was measured with various

combinations of orifices and cells, thus changing —Sé . Onplotting the observed p’

p'- 0% fPa
~
-
>

|

W-SA -p'«'IOA/PCl

Fig. 4. Apparent pressure p’ as a function of the effective ratio of orifice area W4 to sam-
ple surface S at 94.29°
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!

as a function of (cf. Eq. 4), in the case of constant oy we obtained this from

WAp
S
the slope of the straight line fitted to the data by the method of least squares.
Figure 4 shows the measurements for caffeine, yielding «, = 0.17 £ 0.03. Via this
value, p was calculated from the measurements of p’ at varied temperature by
Eq. 4. The constants of the simple vapour pressure equation, Eq.2, together

with the resulting AH(f), may be found in Table 2.

From the measured vapour pressures of S-caffeine, AH(x) = AH(f) — AH;
and the measured transition temperature of 9 = 141°, the vapour pressures of
a-caffeine, which is metastable below 141°, could be calculated. A Rankine —Dupré

i

lg{p/Pa)
W

|
28 o
1/7103/ K

1
Fig. 5. Vapour pressure of solid and liquid caffeine, see text for details (T, = temperature
of transition, T;= temperature of fusion)

vapour pressure equation was then fitted by the method of least squares to these
data and the static vapour pressure measurements made on a-caffeine at higher
temperature. The resulting equation is

6632
log (p/Pa) = — —— — 6.7058 log (T/K) + 34.631 3)

T/K
The vapour pressure measurements made, the equation of type (2) for liquid
and solid -caffeine, and Eq. 5 for solid a-caffeine are shown in Fig. 5. The resulting
enthalpy of fusion, as calculated from the vapour pressure equations at their
intersection, i.e. the triple point, is included in Table 1. This value is close to the
calorimetric result, and illustrates the consistency of the data obtained.
*

We thank Drs. K. Sylla and J. Wilkens (HAG AG, Bremen) for stimulation of the present
work and for discussions.
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REsuME — La cafféine présente une forme basse température (8) et haute température (o). Les

données suivantes ont été déterminées par ATD quantitative : température de transformation
1414 2°, enthalpie de transition 4.03+0.1 kJ - mole~?, enthalpie de fusion 21.6+0.5 kJ -
- mole~, chaleur spécifique molaire

8/°C 100(8) 100 () 150 () 200 (2)
CyJ - K-'-mole=! 271+9  287+10  309+11 338410,

en bon accord avec les données obtenues par calorimétrie & chute. Les mesures sous pression
de vapeur statique effectuées sur la cafféine liquide et solide («) ainsi que les mesures d’effusion
sur la cafféine liquide et solide () ainsi que les mesures d’effusion sur la cafféine solide (8) ont
donné pour les constantes de I’équation lg(p/Pa) = —A/T + B:

A = 3918+37; 5223+28; 5781+ 35K
B = 11.1434+0.072; 13.69740.057; 15.0314-0.113.

Le coefficient d’évaporation de la cafféine 8 est 0.1740.03.
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ZUSAMMENFASSUNG — Es wurde festgestellt, daB Caffein bei niedrigen Temperaturen eine
B- und bei hohen Temperaturen eine a-Modifikation besitzt. Durch quantitative DTA wurden
folgende Angaben bestimmt: Umwandlungstemperatur 14142 °C, Umwandlungsenthalpie
4.0340.1 kJ - Mol ~1, Schmelzenthalpie 21.6+ 0.5 kJ - Mol~, molare Wirmekapazitit

e 100 () 100 () 150 (o) 200 ()
C3fJ - K=+ Mol~1 27149 287410 309411 338410

Sie stimmten gut mit den tropfkalorimetrischen Daten iiberein. Statische Dampfdruckmes-
sungen an fliissigem und festem a- und Effusionsmessungen an festem f-Caffein ergaben fiir
die Konstanten der Gleichung lg(p/Pa) = — A4/T + B:

A = 3918437; 5223+ 28; 5781+35K!
B = 11.14340.072; 13.6974+0.057; 15.031+0.113.

Der Verdampfungskoeffizient von g-Caffein betrdgt 0.1710.03.

PestoMe — Bou10 Hal#eHO, YTO KO(EHH CYIMECTBYET B HA3KOTEMIIEPATYPHO#M - B BEICOKOTEMIIC-
patypHOii o- Mmoaupukamu, C momorusio kommyecreendoro [ TA Ooum Onpenenensl Takae napa-
MeTpHl Kak TeMmepaTypa mpeppaimenusi 141 4 2 °C, sutaneimmsa nepexoza 4.03 4+ 0.1 xmx «
- Momb !, sETanemmsa miaBmeHns 21.6 4 0.5 Kmx-Moib~! MOJISpHAS TEMIOEMKOCTD

e 100(8) 100(x)  150(x) 200 (x)
CYMx-K~1-moms=1271 +- 9 287 + 10 309 + 11 338 + 10

KOTOPBIE XOPOIIO COTNAacyioTCsd C NAHHBIMH KarelbHOW KalopmmeTpuu. M3meperus mapos
XHJIKOTO M TBEPHOTO, 4 Takke 3(dYy3HOHHbIE H3MEPEHHS TBEPAOro f-kodeHHa LO3BOIMIK
OmnpeaeiuTs KOHCTAaHTH ypasHenus Ig(p/Ila)y = — A/T + B:

A = 3918 + 37; 5223 + 28; 5781 + 35 K1
B = 11.143 4+ 0.072; 13.697 4 0.057;15.031 + 0.113.

Koapduurent ucnapenus f-xodenna pasen 0.17 4 0.03.
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