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A new crystalline form of 1,4-diazabicyclo[2.2.2]octane

(DABCO) monohydrate, C6H12N2�H2O, crystallizing in the

space group P31, has been identified during screening for

cocrystals. There are three DABCO and three water molecules

in the asymmetric unit, with two DABCO molecules exhibiting

disorder over two positions related by rotation around the

N� � �N axis. As in the monoclinic C2/c (Z0 = 2) polymorph, the

molecular components are connected via O—H� � �N hydrogen

bonds into a polymeric structure that consists of linear O—

H� � �N(CH2CH2)3N� � �H—O segments, which are approxi-

mately mutually perpendicular. The two polymorphic forms of

DABCO monohydrate can be considered as structural

analogues of NaCl, with the nearly globular DABCO

molecules showing distorted cubic closest packing and all

octahedral interstices occupied by water molecules.

Comment

1,4-Diazabicyclo[2.2.2]octane (DABCO) is a common chemi-

cal reagent with a wide range of applications. This highly

symmetrical diaza compound is a very popular supramolecular

substrate for the synthesis of numerous inorganic and organic

salts, adducts, coordination compounds and cocrystals, some of

which have interesting and promising physical and chemical

properties. The DABCO molecule has a globular shape and

this is reflected in its two known crystal phases under ambient

pressure. Phase II (Nimmo & Lucas, 1976a; Sauvajol, 1980), in

the space group P63/m (Z = 2) with unit-cell parameters a =

6.14 (2) Å and c = 9.46 (2) Å at 298 K, has an approximate

hexagonal close-packed (hcp) structure with a c/a parameter

ratio of 1.54, compared with a value of 1.63 for an ideal hcp

structure. Phase II (Nimmo & Lucas, 1976b,c) transforms at

351 K to the cubic phase I, with a = 8.860 (5) Å and Z = 4 in

the space group Fm3m, i.e. to a plastic phase with a cubic

close-packed (ccp) structure.

The phase diagram for the DABCO–water system revealed

the occurrence of two hydrates for DABCO, viz. the mono-

hydrate and the hexahydrate (Farkas et al., 1959), and the

crystal structures of both have been reported recently (Laus et

al., 2008). DABCO monohydrate, (I), is monoclinic (space

group C2/c) and has two symmetry-independent DABCO

molecules, one ordered and located on a twofold axis, and one

located around an inversion centre and therefore disordered

over two positions. In this structure, the DABCO molecules

are bridged by the water molecules and a one-dimensional

polymeric structure is formed via O—H� � �N hydrogen bonds.

The triclinic structure of the hexahydrate is more complicated,

with four DABCO and 24 water molecules in the asymmetric

unit and a complex system of O—H� � �N and O—H� � �O

hydrogen bonds (Laus et al., 2008).

DABCO is frequently used as a cocrystal former, and in the

course of our studies of cocrystals and salts of glycyrrhetic acid

a small-scale cocrystallization was set up from ethanol, with

DABCO and the acid mixed in a 1:1 molar ratio. To our

surprise, the colourless crystalline product was a new poly-

morph of DABCO monohydrate, (II). When crystallization

was repeated from tetrahydrofuran (THF) at 278 K, i.e. from a

solvent used to obtain polymorph (I) (Laus et al., 2008), but no

care was taken to have stoichiometric amounts of THF and

water (the THF was not dried), form (II) of DABCO mono-

hydrate precipitated. Polymorph (II) of DABCO mono-

hydrate has a higher symmetry than polymorph (I), as it

crystallizes in the trigonal space group P31 (or P32) and has

three symmetry-independent DABCO molecules and three

water molecules in the asymmetric unit (Z0 = 3). The crystal

densities of the two high-Z0 polymorphs are very similar, viz.

1.203 Mg m�3 (173 K) for form (I) and 1.208 Mg m�3 (130 K)

for form (II).

In this report, we demonstrate that, in spite of the striking

difference in the crystal symmetry and the number of mol-

ecules in the asymmetric unit, the two polymorphs of DABCO

monohydrate can both be considered as structural analogues

of NaCl, with the globular DABCO molecules forming an

approximate ccp structure and the water molecules occupying

all octahedral interstices.

The asymmetric unit of polymorph (II), consisting of three

DABCO molecules (labelled A, B and C) and three water

molecules, is shown in Fig. 1. Two of the DABCO molecules

exhibit disorder. For molecule C, two disordered positions,

designated C and CC, were found, which are related by a 22.0�

rotation around the N1C� � �N2C axis and have an occupancy

ratio of about 2:1. For molecule B, the rotation angle around

the N1B� � �N2B axis is 49.2� and the occupancy of the two

positions, B and BB, is approximately equal. All three

DABCO molecules show deviations from ideal D3h symmetry,

with the highest absolute value of the N—C—C—N torsion

angle among the major positions of 4.5 (8)�. The intra-

molecular N� � �N distances [2.573 (2)–2.577 (2) Å] are equal

within statistical error for the three molecules and compare

well with the N� � �N distance (2.580 Å) in polymorph (I).
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Hydrogen bonds between the DABCO and water molecules

(Table 1) join all components into a spacious helix parallel to

the 31 axis (Fig. 2a). The O—H� � �N hydrogen bonds are nearly

linear, with the O� � �N contacts [2.928 (2)–2.952 (2) Å] similar

to those found in form (I) (2.949–2.973 Å). In both poly-

morphs, one-dimensional polymeric structures formed via

hydrogen bonds are constructed from linear O—H� � �

N(CH2CH2)3N� � �H—O segments, with O� � �O distances of

8.4–8.6 Å, which are directed in three approximately perpen-

dicular directions (Fig. 2). These O� � �O distances have values

similar to the unit-cell parameter of the cubic DABCO form

[8.860 (5) Å; Nimmo & Lucas, 1976b,c]. The N� � �O� � �N

angles at the bridging water molecules are 102.12–102.86� in

polymorph (I) and 102.00 (7)–102.94 (7)� in polymorph (II).

The main difference in the polymeric hydrogen-bonded

structures of the two polymorphs can be best seen when the

O� � �O� � �O� � �O torsion angles (’) of subsequent Owater—

Owater segments along the chain are calculated. In polymorph

(I), the repeated sequence of torsion angles ’i along the chain

is ’1 = 95.01�, ’2 = 180�, ’3 = �95.01� and ’4 = 180�, and the

chain is achiral. In the chiral chain of (II), the sequence of the

torsion angles is ’1 = �88.93 (4)�, ’2 = 177.94 (3)� and ’3 =

�3.01 (3)�.

As was pointed out earlier, the two known DABCO phases,

hexagonal and cubic, can be related to the hcp and ccp type

structures. The question arises as to whether the DABCO

monohydrates can be considered analogously, as close-packed

structures of DABCO with the interstices occupied by water

molecules. From the volume of the unit cell of the hexagonal

form, the volume of the DABCO molecule can be estimated to

be 150 Å3, and from comparison of the volumes of the unit

cells of DABCO and the DABCO monohydrates, the volume

of the hydrogen-bonded water molecule can be estimated as

29 Å3. These volumes correspond to spheres of radii 3.3
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Figure 2
The polymeric structures formed via O—H� � �N hydrogen bonds in the two polymorphs of DABCO monohydrate. (a) Top and side views of the 31 helix
in polymorph (II). (b) Top and side views of the chain in (I). N and O atoms are represented as spheres. H atoms, except those of the water molecules,
have been omitted for clarity. Only one orientation for each disordered DABCO molecule is shown. Hydrogen bonds are shown as dotted lines.

Figure 1
The asymmetric unit of polymorph (II) of DABCO monohydrate,
showing the atom-numbering scheme. Displacement ellipsoids are drawn
at the 30% probability level and H atoms are shown as small spheres of
arbitrary radii. For the disordered DABCO molecules, only C and N
atoms B and C are labelled. C atoms BB and CC are represented by open
ellipsoids. Hydrogen bonds are drawn as dashed lines.



(DABCO) and 1.9 Å (water), and this in turn gives a water/

DABCO radii ratio of 0.58. Making an analogy with simple

inorganic structures, one may expect that, in the structure of

closely-packed DABCO, the water molecules should occupy

all octahedral interstices and in such a case two possibilities

should be considered, viz. the NaCl-type structure, with

DABCO in a ccp arrangement, and the NiAs-type structure,

with DABCO in an hcp arrangement.

A closer look at the DABCO packing in (II) shows that, if

DABCO is treated as a spherical molecule, its arrangement

can be approximated to the ccp structure, with one of the

pseudocubic <111> directions parallel to the c axis and the

pseudocubic <100> directions either parallel or perpendicular

to the DABCO N� � �N axes. This agrees well with the angles

formed by the N� � �N vectors of the DABCO molecules with

the c axis (55.7� for molecule A, 52.6� for molecule B and 55.0�

for molecule C), which are close to the ideal value of 54.7� for

the angle between the <100> and <111> directions in a cubic

lattice. The close-packed layers of DABCO are parallel to

(001), (121), (211) and (111), and water molecules occupy all

octahedral voids between DABCO molecules that have their

centroids arranged in a pseudocubic F lattice (Fig. 3). There-

fore, the structure of polymorph (II) can be considered as an

analogue of the ionic NaCl structure, with DABCO substi-

tuting for the chloride anions and water for the sodium

cations. The pseudocubic F cells that can be constructed in

form (II) have two shorter edges, corresponding to the

OH� � �N(CH2CH2)3N� � �HO distances of 8.431 (2) and

8.395 (2) Å, and a set of longer edges, corresponding to

O� � �DABCO� � �O segments with the DABCO N—N axis

perpendicular to the O� � �O line [9.112 (2)–9.352 (3) Å]

(Fig. 3).

Similar packing features can be identified in the structure of

monoclinic polymorph (I). Here, as in (II), the DABCO

molecules show a ccp arrangement, with one of the close-

packed layers easily identified as a (100) layer, with the reci-

procal lattice vector a* indicating the stacking direction. The

remaining layers are parallel to (111), (101) and (111). Only in

the stacking direction of a*, corresponding to one of the

pseudocubic directions <111>, does separation of the ordered

and disordered molecules of DABCO into distinct layers take

place. The N� � �N vectors of DABCO are either virtually

parallel or perpendicular to the pseudocubic cell edges. The

water molecules are enclosed in octahedral voids and again

this polymorph can be treated as a structural analogue of NaCl

(Fig. 3).

The question arises as to whether an NiAs analogue, with an

hcp DABCO arrangement and water molecules located in

octahedral interstices, can be designed. Our analysis of a

model of the pseudohexagonal structure showed that linear

OH� � �N(CH2CH2)3N� � �HO segments could not be

constructed in the case of a pseudohexagonal close-packed

arrangement of DABCO.

In summary, we would like to emphasise that the identifi-

cation of a structural analogy between NaCl and the DABCO

monohydrates (I) and (II) was very helpful in revealing the

striking similarities between the two polymorphic forms,

which would otherwise have been limited to the topology of

the hydrogen-bond networks.

Experimental

Initially, polymorph (II) of DABCO monohydrate was isolated from

a cocrystallization trial in which glycyrrhetinic acid (2.5 mg) and

DABCO (0.59 mg) were dissolved in ethanol (5 ml) and the solution

placed in a closed plastic vial. After a few days, when the ethanol had

evaporated, colourless tablet crystals of (II), of a quality suitable for

X-ray analysis, were obtained. To check whether polymorph (II) can

be obtained from tetrahydrofuran (THF) solution, i.e. from the

solvent used for crystallization of polymorph (I) (Laus et al., 2008),

crystallization of DABCO (540 mg) from undried THF (5 ml) was

carried out. The solution was placed in a refrigerator at 278 K for 26 h

and only crystals of form (II) were isolated from this crystallization.

Crystal data

C6H12N2�H2O
Mr = 130.19
Trigonal, P31

a = 11.03798 (15) Å
c = 15.2660 (2) Å
V = 1610.78 (4) Å3

Z = 9
Cu K� radiation
� = 0.67 mm�1

T = 130 K
0.4 � 0.3 � 0.1 mm

Data collection

Oxford SuperNova diffractometer
Absorption correction: multi-scan

(CrysAlis Pro; Oxford
Diffraction, 2009)
Tmin = 0.677, Tmax = 0.940

7274 measured reflections
2212 independent reflections
2183 reflections with I > 2�(I)
Rint = 0.014
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Figure 3
Analogy between the polymorphic structures of DABCO monohydrate
and the NaCl structure. Pseudocubic cells are shown for both polymorphs.
N and O atoms are represented as spheres. H atoms, except those of the
water molecules, have been omitted for clarity. Only one orientation of
the disordered DABCO molecules is shown. Hydrogen bonds are shown
as dotted lines.



Refinement

R[F 2 > 2�(F 2)] = 0.042
wR(F 2) = 0.116
S = 1.06
2212 reflections
351 parameters

1 restraint
H-atom parameters constrained
��max = 0.18 e Å�3

��min = �0.16 e Å�3

In the absence of significant anomalous scattering effects, Friedel

pairs were averaged and the space group P31 was arbitrarily chosen.

All H atoms from water molecules were identified in electron-density

difference maps; all O—H distances were standardized to 0.85 Å and

H atoms were refined in the riding-model approximation, with

Uiso(H) = 1.2Ueq(O). All C-bound H atoms were placed in calculated

positions, with C—H = 0.97 Å, and were refined as riding on their

carrier atoms, with Uiso(H) = 1.2Ueq(C). The B and C molecules of

DABCO are disordered over two positions. The sum of the occu-

pancy factors for each molecule was constrained to 1.00 and the

occupancy factors refined to 0.681 (5) and 0.528 (16) for the major

positions of molecules B and C, respectively. No restraints were

imposed on the geometry of the disordered molecules.

Data collection: CrysAlis Pro (Oxford Diffraction, 2009); cell

refinement: CrysAlis Pro; data reduction: CrysAlis Pro; program(s)

used to solve structure: SHELXS97 (Sheldrick, 2008); program(s)

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

graphics: ORTEP-3 for Windows (Farrugia, 1997) and Mercury

(Macrae et al., 2006); software used to prepare material for publica-

tion: SHELXL97.

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: SF3127). Services for accessing these data are
described at the back of the journal.
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Table 1
Hydrogen-bond geometry (Å, �).

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

O1W—H11W� � �N2C 0.85 2.10 2.948 (2) 174
O1W—H21W� � �N2A 0.85 2.08 2.928 (2) 175
O2W—H12W� � �N1B 0.85 2.09 2.935 (2) 177
O2W—H22W� � �N1C i 0.85 2.09 2.929 (2) 172
O3W—H13W� � �N2Bii 0.85 2.10 2.952 (2) 177
O3W—H23W� � �N1A 0.85 2.09 2.934 (2) 176

Symmetry codes: (i) �yþ 1; x� yþ 1; zþ 1
3; (ii) xþ 1; yþ 1; z.


