
Polymorphs of anhydrous theo-
phylline: stable form IV consists of
dimer pairs and metastable form I
consists of hydrogen-bonded chains

Dikshitkumar Khamar,a Robin Gavin Pritchard,b Ian James

Bradshaw,a Gillian Ann Hutcheona and Linda Setona*

aSchool of Pharmacy and Biomolecular Sciences, Liverpool John Moores University,

Byrom Street, Liverpool L3 3AF, England, and bSchool of Chemistry, University of

Manchester, Brunswick Street, Manchester M13 9PL, England

Correspondence e-mail: l.seton@ljmu.ac.uk

Received 22 September 2011

Accepted 10 November 2011

Online 19 November 2011

The structure of a previously unreported polymorph of

anhydrous theophylline (1,3-dimethyl-3,7-dihydro-1H-pur-

ine-2,6-dione), C7H8N4O2, has been determined at 100 K

and shown to have monoclinic symmetry with Z0 = 2. The

structure is named form IV and experimental observation

indicates that this is the stable form of the material. The

molecular packing consists of discrete hydrogen-bonded

dimers similar to that observed in the monohydrate structure.

The structure of form I has also been determined and consists

of hydrogen-bonded chains.

Comment

Theophylline, (1), is a bronchodilator used to treat asthma in

an oral dosage form. The hydration behaviour and solid-state

chemistry have been studied (Wikstroem et al., 2008; Amado

et al., 2007) and the compound is known to exist as a mono-

hydrate form (form M; Sun et al., 2002), and three anhydrous

polymorphs, viz. forms I, II and III, have also been reported

(Ebisuzaki et al., 1997; Suzuki et al., 1989; Matsuo &

Matsuoka, 2007). Theophylline has been shown to convert

between the monohydrate and anhydrous form II depending

on the humidity or water activity of the solvent environment

(Zhu et al., 1996). The pharmaceutical properties of both the

anhydrous and monohydrate material have been studied and

shown to differ (Phadnis & Suryanarayanan, 1997).

Monohydrate form M has a channel hydrate structure

which has been shown to lose water, either in low humidity or

at temperatures above 353 K, to produce form II anhydrous

material (Zhu et al., 1996; Ticehurst et al., 2002). The mono-

hydrate packing [Sun et al., 2002; Cambridge Structural

Database (CSD; Allen, 2002) refcode THEOPH01] consists of

hydrogen-bonded dimer pairs which link via further hydrogen

bonding with water molecules to form chains.

The form II structure has been determined (Ebisuzaki et al.,

1997; CSD refcode BAPLOT01) and consists of two bifurcated

C—H� � �O hydrogen bonds and one N—H� � �N hydrogen

bond. The molecules join via these bonds to form chains.

Unlike the monohydrate, there are no discrete dimers present

in the crystal structure of form II.

Form I is reported to be the stable form at higher

temperatures. Its powder pattern has been presented in the

literature (Suzuki et al., 1989), but its structure has not been

reported previously.

Form III is a highly metastable form and rapidly converts to

form II. Its powder pattern has been reported (Matsuo &

Matsuoka, 2007) but its structure has not been obtained owing

to its metastable nature.

Recently, a fourth anhydrous polymorph of theophylline

was identified (Seton et al., 2010). Form IV occurs as a result of

slow, solvent-mediated conversion from form II or form I, and

is therefore identified as the most thermodynamically stable

anhydrous polymorph of theophylline. Form IV can be iden-

tified from its plate-like hexagonal morphology, distinct from

the elongated morphology observed in particles of forms I, II

and the monohydrate. On heating, form IV does not melt but

undergoes solid-state conversion to form II at 483–513 K

(Khamar et al., 2011). This paper presents the structure of this

previously unreported anhydrous polymorph of theophylline,

and the structure of the high-temperature anhydrous poly-

morph, form I.

The structure of form IV is monoclinic and, unlike the other

anhydrous polymorphs, has two molecules in its asymmetric

unit, as shown in Fig. 1. These two molecules form a dimer pair

with an R2
2(10) motif (Bernstein et al., 1995) via N2—

H2� � �O11 and N12—H12� � �O1 hydrogen bonds. A short
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Figure 1
A view of the two independent molecules in the asymmetric unit of form
IV. Displacement ellipsoids are drawn at the 50% probability level and H
atoms are shown as spheres of arbitrary radii.

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=bm3111&bbid=BB22


contact is formed by donation via C11—H11� � �O2(�x, y � 1
2,

�z + 1
2) and a second by accepting via N11 at (x,�y + 1

2, z + 1
2) a

short contact from C1—H1. These short contacts link the

dimers into a two-dimensional network parallel to the (110)

plane. In addition, there are �–� stacking interactions

between the fused rings of pairs of molecules of the same

unique type (atoms O1 to C8). The centroid–centroid distance

between the five-membered and opposing six-membered rings

is 3.3686 (12) Å, with an interplanar angle of 0.17 (11)�.

The hydrogen-bonding pattern of the basic nitrogen (N in

the imidazole ring) is interesting. It is a good acceptor

according to Etter’s rules (Etter, 1990), but because of insuf-

ficient donors, only atom N11 of the asymmetric unit is

involved in a contact and not N1. These short contacts link the

dimers into chains, and chains of dimers stack in layers related

by an inversion centre, as displayed in Fig. 2. This dimerization

is similar to the packing motif observed in the monohydrate

structure and in a number of cocrystals of theophylline (Trask

et al., 2006) and may account for the thermodynamic stability

of the structure compared with the chain motif of form II.

Both forms I and II are known to immediately convert to

the monohydrate on contact with water (Suzuki et al., 1989)

and therefore the monohydrate structure is considered to be

the most thermodynamically stable structure for the theo-

phylline molecule in an aqueous environment. It is not

unreasonable therefore that the dimer-based structure of form

IV, containing the same dimer pair motif as the monohydrate,

is the most thermodynamically stable of the observed anhy-

drous forms. It has been observed that, like forms I and II,

form IV will convert to the monohydrate on contact with

water, further stability being conferred by the hydrogen

bonding of the dimer pairs with the water molecules.
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Figure 2
(a) The structure of form IV is built from hydrogen-bonded dimers which
are linked via close contacts to form extended chains. The chains form
close contacts with each other to make an extended network structure.
(b) The rings of the molecule also stack in a �–� fashion.

Figure 3
The asymmetric unit of form I. Displacement ellipsoids are drawn at the
50% probability level and H atoms are shown as spheres with arbitrary
radii.

Figure 4
A projection of form I down the c axis, showing the chain motif.
Hydrogen bonds are indicated by broken lines. The chains are discrete,
having no hydrogen bonds linking them.



The asymmetric unit of the high-temperature polymorph,

form I, is shown in Fig. 3. The structure consists of extended

chains formed by hydrogen bonding between N2—H2 and

O2(�1
2 + x, 1

2� y,�1 + z), as shown in Fig. 4. Chains are joined

by a weak contact from C1—H1� � �N1(�x, 1 � y, �1
2 + z)

which has the effect of generating a three-dimensional

network. The hydrogen-bonded chains run parallel to the

(201) plane and are stacked with a �–� interaction between

the fused rings of adjacent molecules related by translation

along the c axis. The centroid–centroid distance between the

strictly parallel five-membered rings is 3.854 (7) Å, with an

offset of 1.871 Å, and between the six-membered rings the

centroid–centroid distance is 3.703 (6) Å.

Experimental

Anhydrous theophylline purchased from Sigma Aldrich UK was

identified as form II and used as received. To prepare form IV, a

saturated solution of theophylline was prepared by suspending excess

form II in a methanol–water mixture (9:1 v/v) for 1 h at 318 K and

then filtering with a syringe filter of 0.45 mm size. The filtered solution

was cooled to room temperature. After 1 h, needle-like crystals were

observed which were held in contact with the mother liquor for two

months. Over this period, the morphology of the crystals was

observed to change, with hexagonal plates being observed after

several days, indicating the solvent-mediated transformation to form

IV. Form I could not be obtained by solution methods and was

prepared by heating form II in glass vials at 538–541 K for 2 h. The

crystals undergo solid-state conversion and in doing so the parent

crystal laminates to produce very fine needles of form I. The quality

of the crystals was poor; they contained cracks and defects introduced

during the phase transition.

Form IV

Crystal data

C7H8N4O2

Mr = 180.17
Monoclinic, P21=c
a = 7.7055 (1) Å
b = 13.0010 (2) Å
c = 15.7794 (3) Å
� = 103.224 (1)�

V = 1538.85 (4) Å3

Z = 8
Mo K� radiation
� = 0.12 mm�1

T = 100 K
0.25 � 0.2 � 0.08 mm

Data collection

Nonius KappaCCD area-detector
diffractometer

Absorption correction: multi-scan
(SORTAV; Blessing, 1989)
Tmin = 0.971, Tmax = 0.991

35162 measured reflections
3023 independent reflections
2275 reflections with I > 2�(I)
Rint = 0.075

Refinement

R[F 2 > 2�(F 2)] = 0.050
wR(F 2) = 0.138
S = 1.07
3023 reflections

300 parameters
All H-atom parameters refined
��max = 0.25 e Å�3

��min = �0.32 e Å�3

Form I

Crystal data

C7H8N4O2

Mr = 180.17
Orthorhombic, Pna21

a = 13.158 (2) Å
b = 15.630 (3) Å
c = 3.854 (1) Å

V = 792.6 (3) Å3

Z = 4
Mo K� radiation
� = 0.12 mm�1

T = 100 K
0.25 � 0.06 � 0.03 mm

Data collection

Nonius KappaCCD area-detector
diffractometer

Absorption correction: multi-scan
(SORTAV; Blessing, 1989)
Tmin = 0.972, Tmax = 0.997

1246 measured reflections
764 independent reflections
462 reflections with I > 2�(I)
Rint = 0.040

Refinement

R[F 2 > 2�(F 2)] = 0.088
wR(F 2) = 0.202
S = 0.98
764 reflections
120 parameters
1 restraint

H-atom parameters constrained
��max = 0.34 e Å�3

��min = �0.30 e Å�3

Absolute structure: Flack (1983),
482 Friedel pairs

Flack parameter: �10 (10)

The positions of the H atoms of form IV were refined freely with

freely refined individual isotropic displacement parameters. The H

atoms of form I were constrained with N—H, C1—H1 and C—

H(methyl) distances of 0.88, 0.95 and 0.98 Å, respectively, with

Uiso(H) = 1.5Ueq(C) for the methyl groups and 1.2Ueq(C,N) other-

wise.

The quality of the form I crystals, which were obtained by solid-

state conversion, was poor. The best crystal was selected from several

samples but it was not possible to obtain a high-quality crystal

without defects. The dimensions of the crystals were such that data

collection was only just possible. The crystal diffracted poorly and

reflection intensity was extremely weak so that a scan time greater

than 30 h produced 90% completion. Further collection was not

possible due to the quality and size of the crystal.

For both compounds, data collection: COLLECT (Hooft, 1998);

cell refinement: SCALEPACK (Otwinowski & Minor, 1997); data

reduction: DENZO (Otwinowski & Minor, 1997) and SCALEPACK;

program(s) used to solve structure: SIR92 (Altomare et al., 1994);

program(s) used to refine structure: SHELXL97 (Sheldrick, 2008);

molecular graphics: ORTEP-3 for Windows (Farrugia, 1997); soft-

ware used to prepare material for publication: WinGX (Farrugia,

1999).
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Table 1
Hydrogen-bond geometry (Å, �) for IV.

D—H� � �A D—H H� � �A D� � �A D—H� � �A

N2—H2� � �O11 0.97 (3) 1.80 (3) 2.736 (2) 163 (3)
N12—H12� � �O1 0.98 (3) 1.80 (3) 2.759 (2) 168 (3)
C1—H1� � �N11i 1.00 (2) 2.29 (2) 3.266 (3) 165 (2)
C11—H11� � �O2ii 1.00 (3) 2.38 (3) 3.222 (3) 141 (2)

Symmetry codes: (i) x;�yþ 1
2; zþ 1

2; (ii) �x; y� 1
2;�zþ 1

2.

Table 2
Hydrogen-bond geometry (Å, �) for form I.

D—H� � �A D—H H� � �A D� � �A D—H� � �A

N2—H2� � �O2i 0.88 1.92 2.743 (11) 155
C1—H1� � �N1ii 0.95 2.41 3.267 (12) 150

Symmetry codes: (i) x � 1
2;�yþ 1

2; z� 1; (ii) �x;�yþ 1; z� 1
2.
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