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Abstract A hydrated form of theophylline-7-acetic acid

obtained by recrystallization from water is described and

characterized in terms of thermal properties, physical sta-

bility with respect to relative humidity and dehydration

kinetics. The hydrate resulted to be stable at ambient con-

ditions. Fitting of experimental dehydration data to solid

state reaction equations suggests a three dimensional phase

boundary reaction proceeding from the surface of the crystal

inward along three dimensions. The relevant activation

energy calculated from the Arrhenius plot is 173 kJ/mol.
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Introduction

The rational design and development of a solid dosage

form necessarily entail the selection of the appropriate

physical form of both active ingredients and excipients. In

fact, since different crystal forms, polymorphs and/or sol-

vates, can show distinctive physical properties, they may

have a remarkable effect on the biopharmaceutical per-

formance as well as the manufacturability and the stability

of the dosage form. For this reason, preformulation studies,

aiming at an early identification of all possible crystalline

modifications, are nowadays a fundamental step in the

pharmaceutical development of new drugs and drug prod-

ucts [1].

Theophylline-7-acetic acid (1,2,3,6-tetrahydro-1,3-dime-

thyl-2,6-dioxopurine-7-acetic acid, CAS no. 652-37-9,

Fig. 1) is a derivative of theophylline, an extensively used

xanthine with diuretic, cardiac stimulating and smooth

muscle relaxing pharmacological effects. With respect to

its precursor, theophylline-7-acetic acid has shown similar

but more specific bronchodilating activity [2] and is

therefore a potential candidate for medicinal products for

the treatment of asthma.

To date, information on the solid state properties of this

compound reported in the literature is limited to the

structure of one crystalline anhydrous form [3, 4].

The present work describes a new hydrated form of

theophylline-7-acetic acid obtained by recrystallization

from water. In particular this study is aimed towards the

characterization of the new form as well as providing

information on its physical stability and dehydration

kinetics.

Materials and methods

Anhydrous theophylline-7-acetic acid (purity 99.2%, m.p.

272 �C, residual solvents\10 ppm, TAA) was provided by

Erregierre SpA (San Paolo d’Argon BG, I) and was used as

supplied. The monohydrate (TAA�H2O) was prepared by

crystallization from a hot (60 �C) saturated aqueous solu-

tion (*1% w/v) slowly cooled and allowed to stand

overnight at room temperature. The separated crystals were

filtered and exposed to room temperature in vacuo for 24 h

to allow removal of superficial moisture. The resulting

solid was stored in a closed glass flask (yield = 76%).
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Powder X rays diffractometry (PXRD)

X-rays powder diffraction profiles were recorded at room

temperature with a Philips PW1050/25 diffractometer

(Philips Analytical Inc., Natick, MA, USA) using Cu–Ka

radiation (k = 1.5418 Å) generated with 40 kV and

20 mA. The system was calibrated with a silicon standard

which yielded peak positions of 28.45 ± 0.01� 2h. Sam-

ples were packed in the same aluminum sample holder in

order to minimize errors of reproducibility. The powders

were gently ground in order to minimize preferred orien-

tation effects. The operating conditions were as follows:

scan speed 1.0� 2h/min, step size 0.1� 2h, 2h-range 5–40�.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded with a Paragon 1000 FT-IR

spectrometer (Perkin-Elmer Instruments, Shelton, CT,

USA). The samples were prepared as physical mixtures of

about 1.5% w/w drug in potassium bromide; the mixtures

were then compressed into pellets and scanned. Samples

were analyzed as KBr discs from 500 to 4,000 cm-1.

Karl-Fischer titrimetry (KFT)

The water content was determined by KFT employing a

Mettler DL50 Graphix equipment (Mettler Toledo GmbH,

Schwerzenbach, CH).

Thermal analysis

Differential Scanning Calorimetry (DSC) and Thermo-

gravimetric analysis (TG) were conducted with TA

Instruments equipment (DSC2010 calorimeter, TG2050

thermobalance, New Castle, DE, USA) under nitrogen

purging of 70 mL/min. DSC runs were performed on

2–3 mg samples in non-hermetically sealed aluminum pans

at a scanning rate of 10 K/min; TG was performed on

15–20 mg samples at 10 K/min. Data presented are the

mean of 6 replicates.

Water vapour sorption

Solid samples (*1 g, 90–125 lm sieved fraction) were

stored at room temperature (25 ± 2 �C) in closed glass

containers together with P2O5 or saturated aqueous

solutions of CH3COOK, NaI (samples of TAA�H2O),

NaBr, KBr, KNO3 and K2SO4 (samples of TAA) in order

to produce relative humidity values of 0, 22, 38, 58, 81, 94

and 97, respectively [5]. The control of relative humidity

was performed by a calibrated hygrometer.

The weight change of each sample was monitored over a

period of 6 months and the solid recovered at the end of the

study was characterized by PXRD and thermal analysis.

Isothermal TG experiments

Isothermal TG was performed on samples of solid

(*20 mg, 90–125 lm sieved fraction) at 68, 70, 72, 75, 80

and 85 �C, under dry N2 purging of 100 mL/min. Samples

were introduced in the furnace pre-heated at the desired

temperature and their weight loss was monitored until

equilibrium was reached.

Data fitting

Dehydrated fractions (a) from 0.2 to 0.9 were selected for

the fitting according to the equations for solid state reac-

tions reported in Table 1. The following general integrated

equation was applied:

g að Þ ¼ kt

where k is the rate constant, t is the reaction time and g(a)

is a function of the reaction mechanism. Conformity to a

specific kinetic model was quantified using correlation

coefficient, standard deviation of the regression, and stan-

dard deviation of the slope of the regression line. Dehy-

dration rate constants (the slopes of the linear plots),

obtained from the equations giving the best fits, were

plotted versus the reciprocal of the absolute temperature,

according to the Arrhenius plot. The activation energy for

the dehydration process was then estimated from the slope

of the plot.

Results and discussion

A hydrated form of theophylline-7-acetic acid was isolated

by recrystallization from water, producing a dense network

of needle-like crystals in the mother liquor. Unfortunately,

the crystals recovered from these experiments were in all

cases very thin, and therefore unsuitable for single-crystal

X-rays diffraction studies.

Water content of the solid was consistent with the the-

oretical value for a monohydrate (7.03% w/w). The PXRD

pattern generated for the new form (TAA�H2O) is pre-

sented in Fig. 2 and compared with that of the anhydrous

form (TAA). Differences in peak positions and intensities

indicate different crystal lattices. Extensive differences
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Fig. 1 Structural formula of

theophylline-7-acetic acid
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also exist between the FT-IR spectra of the two forms

(Fig. 3), especially in the range of frequencies 3,500–

2,000 cm-1 and in the fingerprint region. Specifically

TAA�H2O spectrum is characterized by the presence of

sharp and structured bands in the OH stretching region due

to the tightly bound water.

DSC and TG traces are shown in Fig. 4. TAA shows a

single endothermic event, due to fusion, at 271 �C (Tonset),

followed by decomposition as evidenced by the relevant

weight change in the TG experiment. The thermal profile

of TAA�H2O is characterized by a dehydration endotherm

at 107 �C (heat of dehydration of 58.4 ± 1.5 kJ/mol)

associated with a weight loss of 6.9 ± 0.1% in the TG

Table 1 Kinetic equations for the most common mechanisms of solid-state reactions [12]

Model notation Equation Mechanism

P1 ln [a/(1 - a)] = kt Random nucleation (Prout-Tompkins eq.)

A2 [-ln (1 - a)]1/2 = kt Two-dimensional growth of nuclei (Avrami-Erofeev eq.)

A3 [-ln (1 - a)]1/3 = kt Three-dimensional growth of nuclei (Avrami-Erofeev eq.)

F1 -ln (1 - a) = kt Random nucleation (first order mechanism)

R1 1 - a = kt One-dimensional phase boundary reaction (zero order mechanism)

R2 1 - (1 - a)1/2 = kt Two-dimensional phase boundary reaction (cylindrical symmetry)

R3 1 - (1 - a)1/3 = kt Three-dimensional phase boundary reaction (spherical symmetry)

D1 a2 = kt One-dimensional diffusion

D2 (1 - a) ln (1 - a) ? a = kt Two-dimensional diffusion

D3 [1 - (1 - a)1/3]2 = kt Three-dimensional diffusion (Jander eq.)

D4 1 - (2/3)a - (1 - a)2/3 = kt Three-dimensional diffusion (Ginstling-Brounshtein eq.)
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Fig. 2 PXRD patterns of TAA (a) and TAA�H2O (b)
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Fig. 3 FT-IR spectra of TAA (a) and TAA�H2O (b)
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Fig. 4 DSC and TG curves of TAA (a) and TAA�H2O (b)
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curve. After dehydration, melting and decomposition are

observed at the same temperatures recorded for the anhy-

drous form.

The nature of the dehydration product was indepen-

dently confirmed by performing a PXRD scan on a solid

sample previously stored at 120 �C for 1 h. The relevant

pattern (data not shown) was found to be superimposable

on that of the anhydrous form in terms of peak positions,

thus confirming that water subtraction leads to the forma-

tion of TAA.

Knowledge of the hydration–dehydration behavior of a

drug showing solvatomorphism is important in pharma-

ceutical development since a change in the hydration state

can cause an alteration of the physicochemical, processing,

and biopharmaceutical properties [6].

The stability of the solid forms of theophylline-7-acetic

acid as a function of both relative humidity and tempera-

ture was evaluated in distinct experiments.

The tendency of the TAA for water uptake was studied

by storing solid samples at room temperature in closed

glass containers together with saturated solutions of various

salts within the 58–97% relative humidity (RH) range. On

the other hand, the stability of TAA�H2O with respect to

dehydration was tested at 0%, 22% and 38% RH values.

Figure 5 illustrates the relevant weight change versus time

profiles over a 6-month period. Remarkable water uptake

was observed for the anhydrate at 94% and 97% RH with

equilibrium weight gain being reached within 60 days. For

these samples the complete conversion to TAA�H2O was

assessed by PXRD analysis at the end of the storage period.

As for the sample maintained at 81% RH, a weight gain of

approximately 2% of the initial value was recorded and the

recovered solid was only partially hydrated. On the con-

trary, the sample stored at 58% RH was found to still

consist of TAA so that the negligible weight gain recorded

in this case (\0.5%) must be attributed exclusively to

surface moisture sorption. Conversely, TAA�H2O remained

stable at 22% and 38% RH and completely transformed to

the anhydrous form at 0% RH in 2 months.

In order to evaluate the rate and possible mechanism of

thermal dehydration of TAA�H2O, kinetic studies were

carried out by isothermal TG at different temperatures. As

the dehydration kinetics are known to be influenced by

factors such as the sample characteristics (surface proper-

ties, particle size, degree of crystal disorder and weight) as

well as the environmental conditions (RH, flow rate and

temperature of the purging gas) [7–11], the TG scans were

conducted under controlled experimental setting (see

experimental section). Prior to each run the furnace was

rapidly equilibrated to the selected temperature and the

sample was maintained at that temperature until dehydra-

tion was complete. TG data expressed as fraction of

dehydrated product (a) as a function of time are reported in

Fig. 6.

A sigmoidal profile is observed at all temperatures,

dehydration rates, as expected, increasing with tempera-

ture. Thermal dehydration was treated as a reaction of

solid-state decomposition producing water vapour and a

solid anhydrous phase. Dehydrated fractions in the 0.2–0.9

range were fitted according to the common kinetic equa-

tions for solid-state reactions (see Table 1). At all consid-

ered temperatures the results of the fitting parameters

suggest that equation R3 (g(a) = 1 - (1 - a)1/3) is the

best applicable to the kinetics of the process. Therefore, the

model is that of a three dimensional phase boundary

reaction assumed to proceed from the surface of the crystal

inward along three dimensions [5]. Good linearity in the

Arrhenius plot was obtained, thus indicating a single

dehydration mechanism of TAA in the temperature range

considered. The activation energy (Ea) for dehydration

calculated from the slope of the Arrhenius plot (Fig. 7) was

173 kJ/mol. In this respect, some differences were found

between TAA and its parent compound theophylline.

Several studies reported in the literature indicate that

dehydration of theophyllline monohydrate occurs with

different mechanisms over different temperature ranges,

shifting from diffusion type to phase boundary type reac-

tion model at temperatures below 40 �C and above 42 �C,

respectively [8, 13, 14]. Accordingly, Ea values of

125 ± 10 and 84 ± 4 kJ/mol were found for lower and

higher temperature ranges, respectively.

Whilst recognizing the limitations of this approach and

the strict dependence of the relevant outcome on the

selected experimental conditions, the estimation of Ea for

dehydration is still considered a useful tool for the

assessment of the thermal stability of medicinal hydrates.

In this respect, TAA�H2O can be considered stable. In

fact, the derived Ea value for dehydration is actually rel-

atively high compared to those reported for other phar-

maceutical hydrates, specifically xanthine derivatives [8],
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and is consistent with the data of dehydration temperature

and enthalpy recorded by DSC. Moreover, at room tem-

perature, dry conditions (0%RH) seem to be required for its

dehydration.

Conclusions

A new monohydrate form of theophylline-7-acetic acid has

been successfully isolated by recrystallization from water.

Physical stability with respect to dehydration was high-

lighted both with respect to the relative humidity as well as

temperature, making this form suitable for future pharma-

ceutical development.

Acknowledgments The authors wish to thank Prof. F. Giordano for

helpful discussion and Miss S. Gabana for technical assistance in TG

experiments.

References

1. Giron D, Mutz M, Garnier S. Solid-state of pharmaceutical

compounds. J Thermal Anal. 2004;77:709–47.

2. Ferretti C, Coppi G, Blengio M, Genazzani E. Inhibitory effect of

theophylline, theophylline-7-acetic acid, ambroxol and ambroxol-

theophylline-7-acetate on rat lung cAMP phosphodiesterase iso-

enzymes. Int J Tissue React. 1992;14:31–6.

3. Zhang LJ, Liu MC, Ding JC, Wu HY. Crystal structure of the-

ophylline-7-acetic acid, C9H10N4O4. Kristallogr. 2006;NCS221:

59–60.

4. Giordano F, Foppoli A, Gazzaniga A, Caira MR, Vilakazi S.

Thermal and structural properties of theophylline-7-acetic acid.

Proceed. Phand T A8. 2004;PO15.

5. Nyqvist H. Saturated salt solutions for maintaining specified

relative humidities. Int J Pharm Tech Prod Mfr. 1983;4:47–8.

6. Giron D, Goldbronn Ch, Mutz M, Pfeffer S, Piechon Ph, Schwab

Ph. Solid state characterizations of pharmaceutical hydrates. J

Thermal Anal. 2002;68:453–65.

7. Sekiguchi K, Shirotani K, Sakata O, Suzuki E. Kinetic study of

the dehydration of sulfaguanidine under isothermal conditions.

Chem Pharm Bull. 1984;32(4):1558–67.

8. Agbada CO, York P. Dehydration of theophylline monohydrate

powder—effects of particle size and sample weight. Int J Pharm.

1994;106:33–40.

9. Han J, Suryanarayanan R. Influence of environmental conditions

on the kinetics and mechanism of dehydration of carbamazepine

dihydrate. Pharm Dev Tech. 1998;3(4):587–96.

10. Taylor LS, York P. Effect of particle size and temperature on the

dehydration kinetics of trehalose dihydrate. Int J Pharm.

1998;167:215–21.

0

0.2

0.4

0.6

0.8

1

0 30 60 90 120 150 180 210 240 270

time /min

detardyhed
n oitcar f

85°C

80°C

75°C

72°C

70°C

68°C

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30

Fig. 6 Isothermal dehydration

curves of TAA�H2O at different

temperatures. The inset shows a

magnification of the profiles in

the 0–30 min time range

y = -20.849x + 55.726

R2 = 0.951

-6

-5

-4

-3

-2

-1

0

2.75 2.80 2.85 2.90 2.95

1/T*1000 /K-1

ni
m/

k
nl

1-

Fig. 7 Arrhenius plot for dehydration of TAA�H2O

Dehydration kinetics of theophylline-7-acetic acid monohydrate 653

123



11. Petit S, Mallet F, Petit M-N, Coquerel G. Role of structural and

macrocrystalline factors in the desolvation behaviour of cortisone

acetate solvates. J Thermal Anal. 2007;90:39–47.

12. Sharp JH, Bridley GW, Narahari Achar BN. Numerical data for

some commonly used solid state reaction equations. J Am Ceram

Soc. 1966;49:379–82.

13. Suzuki E, Shimomura K, Sekiguchi K. Thermochemical study of

theophylline and its hydrate. Chem Pharm Bull. 1989;37(2):

493–97.

14. Ledwige MT, Corrigan OI. Effects of environmental factors on

the dehydration of diclofenac HEP dihydrate and theophylline

monohydrate. Int J Pharm. 1997;147:41–9.

654 A. Foppoli et al.

123


	Dehydration kinetics of theophylline-7-acetic acid monohydrate
	Abstract
	Introduction
	Materials and methods
	Powder X rays diffractometry (PXRD)
	Fourier transform infrared spectroscopy (FT-IR)
	Karl-Fischer titrimetry (KFT)
	Thermal analysis
	Water vapour sorption
	Isothermal TG experiments
	Data fitting


	Results and discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


