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myo-Inositol-2,3-d-camphor ketal crystallizes as an incommensurate structure

with the C2(0�2
1
2) superspace group symmetry [�2 = 0.1486 (3) at 100 K]. The

bornane and myo-inositol moieties aggregate in distinct layers extending

parallel to (001). The myo-inositol rings are connected by a complex hydrogen-

bonding network extending in two dimensions, which is disordered in the basic

structure and (mostly) ordered in the actual modulated structure. The domains

of definition of the H atoms in internal space were derived by chemical

reasoning and modeled with crenel functions. By tracing the hydrogen bonding,

distinct chains, which are periodic in the [100] direction, are identified. These

chains possess one of two possible orientations with respect to the hydrogen

bonding. The incommensurate modulation is characterized by a non-periodic

succession of the two chain orientations in the [010] direction. On heating, the

�2-component of the modulation wave vector decreases from �2 = 0.1486 (3) at

100 K to �2 = 0.1405 (6) at 430 K, which means that the periodicity of the

modulation wave increases. No order–disorder phase transition was evidenced

up to the melting point (with decomposition).

1. Introduction

Hydrogen bonding is a common source of order–disorder

phase transitions, whereby the hydrogen-bonding network is

disordered at high temperatures and ordered at low

temperatures. An important example is the potassium dihy-

drogenphosphate family of compounds, whose members are

ferroelectric below and paraelectric above the order–disorder

phase transition temperature (Schmidt, 1987).

Incommensurately modulated structures often are inter-

mediate phases, which exist in a temperature range between

ordered commensurately modulated phases and disordered

non-modulated phases (Cummins, 1990). The transition

between the incommensurate and the disordered phases can

be considered as being of the order–disorder type. In this

special case the group–subgroup relation is of index1, since

the dimensionality of the translation lattice is reduced in the

incommensurate phase.

When these facts are combined, it is unsurprising that

ordering of the hydrogen-bonding network has been reported

as the crucial feature of numerous incommensurately modu-

lated structures in all classes of compounds from inorganic to

organometallic and organic. For example, (non-classical)

hydrogen bonding plays a crucial role in the incommensurate

modulation of thiourea (Gao & Coppens, 1989), which is one

of the most intensely studied incommensurately modulated
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structures. Another well known incommensurate structure

involving ordering of hydrogen bonds is ferroelectric bis-

(n-propylammonium)tetrachloromanganate(II) (Depmeier,

1986). More recently, hydrogen bonding has been identified as

the main driving force in the order–disorder transition of

�-[Zn-(pydcH)2]�3H2O, where pydcH is mono-deprotonated

pyridine-2,6-dicarboxylic acid, leading to an incommensu-

rately modulated low-temperature structure (Tabatabaee et

al., 2018). Likewise, the pivotal role of hydrogen bonding in

the incommensurate modulation of [CH3NH3][Co(COOH)3]

has lately been elucidated using neutron diffraction (Cana-

dillas-Delgado et al., 2019). Order–disorder phase transitions

have been described for the organic salt hexamethylenete-

tramine suberate (Bussien Gaillar et al., 1996) and the co-

crystal phenazine–chloroanilic acid (Noohinejad et al., 2015).

In contrast, the hydrogen-bond controlled incommensurately

modulated quininium (R)-mandelate features no order–

disorder transition (Schönleber & Chapuis, 2004).

In this context, we present the incommensurately modu-

lated structure of the myo-inositol-2,3-d-camphor ketal 1

shown in Fig. 1(a). Owing to four hydroxyl groups per mole-

cule, the hydrogen bonding is more complex than in the

examples given above. Special attention will be paid to the

connectivity of this hydrogen-bonding network in the modu-

lated phase.

1 is a crucial precursor, since the key challenge in myo-

inositol chemistry is the selective regio- and stereochemical

functionalization of its hydroxyl groups, to mimic decoration

patterns of natural inositol derivatives and induce biological

activity. Owing to myo-inositol being a meso (i.e non-chiral)

compound, the starting point of synthetic routes towards its

derivatives is usually found in some form of desymmetrization.

Since its first comprehensive synthesis by Bruzik & Tsai

(1992), 1 has proven itself as a versatile starting point for such

endeavors. Combining desymmetrization, protection and the

possibility for further selective functionalization, 1 can be

synthesized through ketalization of myo-inositol with

d-camphor dimethylketal and subsequent selective crystal-

lization.

The crystal structure at 170 K of the enantiomer of 1, myo-

inositol-1,2-l-camphor ketal [Fig. 1(b)], has previously been

described by Gainsford et al. (2007). However, these authors

neither report signs of modulation nor a disordered hydrogen-

bonding network. They do, however, report a ‘fortuitous’ short

contact and the atomic displacement parameters (ADPs) of

the hydroxyl O atoms are distinctly enlarged, hinting towards

unresolved disorder or overlooked modulation.

2. Experimental

2.1. Synthesis and crystal growth

The synthesis was conducted in accordance with a known

literature procedure (Lindberg et al., 2002). Details of the

optimized synthesis and crystal growth procedure as well as

hitherto unpublished NMR spectra in CD3OD including atom

assignment are given in the supporting information (xS1).

2.2. Single-crystal X-ray data collection and processing

The first data collection was performed at 100 K using

Mo K� radiation and a CCD detector. Incommensurate

satellites were observed, but even with prolonged exposure

time reliable intensity data could only be derived for first-

order satellites. Therefore, data collection was repeated using

Cu K� radiation (� = 1.54184 Å) on a Rigaku Oxford

Diffraction XtaLAB Synergy-S diffractometer system

equipped with a HyPix-6000HE hybrid photon-counting

detector and an Oxford Cryostream 800 plus cooling/heating

system. The practically noiseless detector combined with a

high-intensity microfocused beam provided the dynamic range

(> 106) necessary for the intensity evaluation of higher-order

satellites.
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Figure 1
Structural formula of (a) 1 and (b) its enantiomer described by Gainsford
et al. (2007).

Figure 2
(3kl)* plane of reciprocal space of a crystal of 1 reconstructed from 2D
detector data. A first- and a third-order satellite are indicated.



A plate-like crystal of 1 was secured to a Hampton

Research CryoLoop using a minimum amount of Parabar oil.

Diffraction images were acquired with exposure times of 60 s

and 110 s at a scan width of 0.5�. The beam divergence was

lowered to 3.3 mrad by employing slits, so data could be

collected efficiently at 50 mm distance. A data collection

strategy to ensure maximum completeness and redundancy

was determined using CrysAlisPro (Rigaku Oxford Diffrac-

tion, 2020a). Data processing was performed using

CrysAlisPro and included a numerical and an empirical

absorption correction using the SCALE3 ABSPACK scaling

algorithm (Rigaku Oxford Diffraction, 2020b).

Inspection of reciprocal space showed planes of strong

reflections corresponding to a monoclinic centered unit cell.

With respect to this cell, additional planes of weak reflections

normal to b* were observed (Fig. 2). However, these reflec-

tions could not be indexed with a reasonably small super cell

as they are satellites of an incommensurately modulated

structure. They can be indexed using the q = �2b* + c*/2

modulation wave vector with �2 � 0.15 = 3
20. Although very

weak, satellites up to the third order were clearly observed

and used in subsequent refinements. Moreover, extremely

weak reflections were observed at q2 = �2b* (note the missing

c*/2 term), which indicates either a two-dimensional modu-

lation or the existence of a second domain with a different

modulation vector. However, these reflections were too weak

for structure refinements and therefore ignored.

More data collection and structure refinement details are

compiled in Table 1. Additional data collections were

performed in the 300 K to 400 K range to determine the

evolution of the q vector.

2.3. Structure solution and refinement

Since 1 was known to be enantiopure by synthesis and the

modulation vector is of the form q = �2b* + c*/2, only the

C2(0�2
1
2) superspace group had to be considered. An initial

model was generated using the charge flipping algorithm

implemented in SUPERFLIP (Palatinus & Chapuis, 2007).

The structure was refined against F 2 using the Jana2006

(Petřı́ček et al., 2014) software.

H atoms connected to C atoms were placed at calculated

positions and refined as riding on the parent atoms. Refine-

ments of the hydroxyl H atoms in the incommensurately

modulated structure proved to be unstable. Therefore, initial

refinements were performed using only main reflections and

the space group C2 to reliably locate the hydroxyl H atoms.

Their positions were refined freely and the isotropic ADPs U

values were fixed to 1.2� the equivalent isotropic ADPs Ueq

values of the parent O atoms.

The hydroxyl-H atoms will henceforth be designated

according to the connected O atoms. For example, the H atom

of the O3—H� � �O6 hydrogen bond is named H3!6, etc. As the
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Table 1
Crystal, experimental and refinement data for 1.

1

Crystal data
Chemical formula C16H26O6

Mr 314.4
Crystal system, space group Monoclinic, C2(0�2

1
2)

Temperature (K) 100
Modulation wave vector q = 0.1486 (3)b* + c*/2
a, b, c (Å) 12.5887 (7), 6.9000 (2), 18.2523 (7)
� (�) 107.227 (5)
V (Å3) 1514.31 (12)
Z 4
Radiation type Cu K�
� (mm�1) 0.87
Crystal size (mm) 0.26 � 0.17 � 0.03

Data collection
Diffractometer XtaLAB Synergy-S, HyPix-6000HE
Absorption correction Gaussian and empirical
Tmin, Tmax 0.648, 1
No. of measured, independent and

observed [I > 3�(I)] reflections
30 326, 17 754, 11 476

Rint 0.022
(sin �/�)max (Å�1) 0.597

Refinement
S 2.09
R[F 2 > 3�(F 2)] (%), wR(F 2) (%)

all reflections 4.44, 14.29
main reflections 3.40, 11.39
first-order satellites 4.91, 13.14
second-order satellite 10.44, 23.64
third-order satellites 15.78, 39.42

No. of reflections [F 2 > 3�(F 2)]
all reflections 17 754 (11 476)
main reflections 2533 (2529)
first-order satellites 5097 (4985)
second-order satellites 5108 (2703)
third-order satellites 5016 (1259)

No. of parameters 1123
H-atom treatment H-atom parameters constrained
��max, ��min (e Å�3) 0.28, �0.27
Extinction correction B-C type 1 Gaussian isotropic

(Becker & Coppens, 1974)
Extinction coefficient 3700 (500)
Flack parameter 0.08 (8)
Absolute structure 8268 of Friedel pairs used in the

refinement

Figure 3
Superspace sections centred around (a) H5!3 and (b) H5!5 with 2 Å
width. The refined positional displacements are indicated by red (O) and
blue (H) lines. Symmetry codes: (i) �x1, x2, 1� x3, x4 � x3; (ii) �x1 �

1
2,

x2 + 1
2, �x3, x4 � x3.



CIF format does not allow for special characters, the same H

atom is labeled as HO36 in the deposited data. Of the four

hydroxyl groups (O3–O6), only the H6!2 atom was not

disordered. Two H atoms (H4!4 and H5!5) are disordered

about a twofold axis. The other disordered hydrogen bonds

are located on the general position (i.e. with two distinct H

positions per bond). For all disordered H atoms an occupancy

of 1
2 was assumed.

In a next step, satellites up to the third order were included

in the refinements. The internal space was well resolved and

the 3+1-dimensional Fobs electron density around the C and O

atoms was smooth. Thus, these atoms were refined with

harmonic positional modulation functions up to the third

order. Attempts using fourth-order modulation functions led

to slightly improved residuals on second- and third-order

satellites. However, the C—C and C—O distances in these

models featured modulations that were deemed physically

unrealistic and thus these refinements were dropped. The

modulation of the ADPs was modeled with harmonic waves of

up to the second order.

The positional modulation of the hydroxyl H atoms was

constrained to be identical to those of the parent O atoms and

the coordinates in the basic structure were fixed to those

derived from the refinement against main reflections, because

refinement of the H-atom coordinates generally led to non-

convergence, even with distance restraints in place. The

occupancy modulation of the hydroxyl H atoms was modeled

using crenel functions. The centers of the crenel functions

were restrained according to crystal-chemical considerations.

Indeed, superspace Fobs sections centred on the H atoms

reflect the choice (Fig. 3). However, judging the significance of

such maps is difficult with X-ray data. It has to be noted that in

parts of internal space the hydrogen bonding is ambiguous

(equal O—O distances) and possibly disordered. Using X-ray

data a reliable determination of the region of disorder is out of

the question and therefore usage of discontinuous crenel

functions appears justified. The Flack parameter refined to

0.08 (8), thus confirming the expected absolute structure.

3. Results and discussion

3.1. Basic structure

First, a description of the basic structure will be given, which

is the hypothetical three-dimensionally periodic structure that

is derived from the modulated structure by ignoring the

positional, occupational and ADP modulation functions. This

differs from the average structure, which is likewise hypo-

thetical and obtained by refining without satellite reflections.

The basic structure has C2 symmetry with one crystal-

lographically unique molecule of 1 located in a general posi-

tion. In principle, it corresponds well to the structure of the

enantiomorph of 1 published by Gainsford et al. (2007),

though the latter has enlarged ADPs since it corresponds to

the average structure and therefore the ADPs reflect the

variance of the atomic positions in the modulated structure.

The molecular structure of 1 and the atom-labeling scheme

used herein are depicted in Fig. 4. The molecules are

composed of two distinct parts, on one side a bornane

(camphane) spirocycle hydrocarbon (C7–C16) and on the

other side a myo-inositol sugar-like cyclitol (C1–C6; O1–O6).

The myo prefix will henceforth be omitted for brevity. As is

often observed for structures of organic compounds with

distinct hydrophobic (here: bornane) and hydrophilic (here:

inositol) parts, these parts congregate into distinct modules.

For 1, they form layers parallel to (001), which will be desig-

nated as B (for bornane) and I (for inositol) as shown in Fig. 5.

Both layers feature c121 symmetry (Kopsky & Litvin, 2006)

and can in turn be cut into half-layers, which are related by the

2 and 21 operations of the C2 space group.

3.1.1. Hydrogen bonding. All hydrogen bonds in crystals of

1 are inter-molecular. In the basic structure, the hydrogen-

bonding network is disordered as summarized in Table 2. The

D� � �A and H� � �A distances fall clearly within the range of

moderate hydrogen bonds according to the classification of
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Figure 4
Molecule of 1 in the basic structure with atom-labeling scheme. C (gray)
and O (red) atoms are represented by ellipsoids drawn at the 50%
probability level, H atoms by spheres of arbitrary radius. H atoms of the
bornane moiety are omitted for clarity. For disordered hydroxyl groups
(O3, O4, O5), both orientations of the H atoms are shown.

Figure 5
The disordered basic structure of 1 viewed down [010]. Atom colors as in
Fig. 4. Symmetry elements are indicated using the common graphical
symbols (Hahn & Aroyo, 2016). Dotted lines indicate the boundaries
between the B (bornane) and I (inositol) layers. Hydroxyl H atoms are
overpopulated owing to disorder.



Jeffrey (1997), which is the range expected for hydrogen bonds

in carbohydrates. The longest (and therefore weakest) bond is

realized by the non-disordered O6—H� � �O2 hydrogen bond,

which is close to the region of weak hydrogen bonding.

First let us consider only the hydrogen bonding inside the I

half-layers [Fig. 6(a)]. In such a half-layer, all molecules are

related by translations and the hydrogen bonding forms a

diperiodic network, whereby the connectivity of the molecules

is topologically a square net. This network in turn can be

decomposed into two kinds of periodic chains, extending along

½110� and [010], respectively.

The ½110� direction features the only non-disordered

hydrogen bond, O6—H� � �O2. It is a ‘dead end’ of the

network, in the sense that O2 is part of the ketal functionality

and therefore does not act as a hydrogen-bond donor. Since it

is not disordered in the basic structure, the existence of this

bond is not affected by the modulation. Therefore it will not

be discussed in the following. Also in the ½110� direction, O3

and O5 are connected by a disordered hydrogen bond. In the

[010] direction exist disordered O3—H� � �O6 and O4—

H� � �O6 bonds.

Pairs of I half-layers are connected by hydrogen bonds to

full I layers, whereby molecules of 1 are connected via disor-

dered hydrogen bonds between pairs of O4 and O5 atoms.

These bonds are disordered about the 2[010] axis in a 1:1

manner (Fig. 7). Note that since O4 and O5 also feature

hydrogen bonding inside the I half-layers, the actual occu-

pancies of these disordered bonds might be < 1
2. However, for

the crystal-chemical reasons detailed below, we will assume

that the occupancies are at the very least close to 1
2.

3.2. Modulated structure

3.2.1. Molecular structure. In general, the C—O and C—C

bond lengths vary only slightly with respect to the basic

structure [see t-plot in the supporting information (xS2)]

confirming a reasonable model.

The positional modulation is generally modest, whereby the

largest modulation amplitudes are observed for the hydroxyl

O atoms, since these atoms are directly involved in the

hydrogen bonding. Overall, the 1 molecule behaves as a rigid

body, as is observed in many incommensurately modulated

molecular structures (Pinheiro & Abakumov, 2014).

3.2.2. Hydrogen bonding. In this section chains of hydrogen

bonding will be discussed. For brevity, the usual O3—H� � �O5

hydrogen-bond notation will be shortened to O3!O5, which
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Table 2
Hydrogen bonds in the basic structure.

The acceptor molecules are related to the donor molecule by the given
symmetry operations. Since the positions of the H atoms were not refined, no
esds are given.

D—H� � �A
Acceptor
symmetry Occ.

D� � �H
(Å)

H� � �A
(Å)

D� � �A
(Å)

D—H� � �A
(�)

Inside I half-layer
O3—H� � �O5 t(1

2, �
1
2, 0) 1

2 0.88 1.86 2.7316 (11) 169

O3—H� � �O6 t(0,�1,0) 1
2 0.84 2.12 2.9274 (9) 163

O4—H� � �O6 t(0, �1, 0) 1
2 0.88 2.04 2.9029 (10) 171

O5—H� � �O3 t(�1
2,

1
2, 0) 1

2 0.86 2.08 2.7316 (11) 132

O6—H� � �O2 t(�1
2,

1
2, 0) 1 0.87 2.20 3.0030 (10) 154

Across I half-layers
O4—H� � �O4 2 0, y, 1

2
1
2 0.85 1.98 2.8111 (11) 165

O5—H� � �O5 2 0, y, 1
2

1
2 0.86 1.82 2.6816 (11) 175

Figure 6
Disordered hydrogen-bonding network in the I half-layers of 1 projected
on the layer plane (001). Hydrogen bonds are indicated by dotted lines.
Hydroxyl groups featuring two H atoms are disordered in a 1:1 manner.
Hydrogen atoms without apparent acceptor connect across half-layers.
The bornane atoms of the adjacent B layers are not shown. Symmetry
codes: (i) t(0,1,0); (ii) t(0,�1,0); (iii) t(�1

2,
1
2,0); (iv) t(1

2,�
1
2,0). Atom colors as

in Fig. 4.

Figure 7
Hydrogen bonds disordered about a 2[010] rotation axis connecting two I
half-layers of 1 in the basic structure. The viewing direction is distinctly
inclined to [010]. Hydroxyl groups featuring two H atoms are disordered
in a 1:1 manner. Hydrogen atoms without apparent acceptor connect
inside the I layers. Symmetry code: (i) 2 0,y,12. Atom colors as in Fig. 4.



allows for a convenient notation of chains, such as

O3!O5!O5. Bonds in the opposite direction will be

designated as O3 O5 O5 and the absence of a hydrogen

bond between two atoms using a ‘not’ arrow: O3 6!O5. Finally,

for disordered bonds or bonds with an undefined direction, a

two-sided arrow will be used (e.g. O3$O6).

The domains of definition of the H atoms (i.e. the centre of

the crenel functions) were derived from O—O distances and

crystal-chemical reasoning. In this respect, the O3!O6 and

O4!O6 bonds are unique in that they are not fully occupied,

yet are directional in the sense that the reverse O3 O6 and

O4 O6 bonds do not exist, since O6!O2 is always realized.

This is in contrast to the O3$O5, O4$O4 and O5$O5

contacts, which exist in both directions.

Indeed, it appears that the pivotal point of the modulation is

the ‘competition’ of the O3 and O4 hydrogen bonds with

respect to O6 as acceptor (see Fig. 6). If both hydrogen bonds

were realized simultaneously, a short H� � �H contact of ca

1.66 Å as reported by Gainsford et al. (2007) would be

realized. Thus, starting from a given 1 molecule, either

O3!O6 or O4!O6 will be assumed and the hydrogen-

bonding network traced therefrom.

Fig. 8 shows superspace sections about the O3 atom (O4

features a very similar modulation). For most of the internal

space, the x1 and x3 coordinates adopt two distinct values,

reminding of discontinuous crenel functions. However, the

transition between these extremes is smooth and thus every

position between these extreme values is adopted at one point.

The resulting O3� � �O6 and O4� � �O6 distances as shown in

the t-plot in Fig. 9(a). There are two t-regions with either O3 or

O4 being distinctly closer to O6, respectively. There, the

hydrogen bonding can be considered as unambiguous, i.e. the

hydrogen bonding of the closer atom to O6 is realized. Owing

to the continuous modulation functions, there are also two

small regions with d(O3� � �O6) � d(O4� � �O6), where the

hydrogen bonding is most likely disordered. However, since

the range of disorder cannot be determined on the basis of X-

ray data, the domains of definition of both hydrogen bonds

were set approximately according to the d(O3� � �O6) =

d(O4� � �O6) points. Note that these equidistance points do not

delineate regions of precisely one half of the internal space

periodicity. However, as will be shown below, owing to the

disorder of O4$O4 and O5$O5 about a twofold axis in the

basic structure, neither O3!O6, nor O4!O6 should be

defined for less than half of internal space. Thus, assuming that

O3!O6 O4 is never realized simultaneously, the width of

the crenel functions must in fact be 1
2.

Having established the domains of definition of H3!6 and

H4!6, the remainder of the hydrogen-bonding network can be

deduced by crystal-chemical reasoning, whereby we will start

at the O3 side. Either O3!O6 or O3!O5 is realized. In the

former case, O3 acts as acceptor of

O5!O3. Thus the domains of

definition of H3!5 and H5!3 can

be restrained according to the

domain of definition of H3!6 as

shown in the t-plot in Fig. 9(b).

There are two distinct regions

where either O6 O3 O5 or

O6 6 O3!O5 is realized. As

previously, both regions are not

perfectly realized for half of

internal space, which we attribute

to disorder in the transition

regions.

Continuing tracing the hydrogen

bonding, we now arrive at the

O5$O5 bond, which is disordered

about a twofold rotation in the

basic structure. Here, either an

O3!O5!O5 or an O3 O5 O5

fragment is realized and the

domain of definition of H5!5 can

be connected to H3!5 and there-
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Figure 8
(x1,x4) (left), (x2,x4) (middle) and (x3,x4) (right) superspace sections
centered at the position of O3 in the basic structure with 2 Å width. The
refined positional displacement is indicated by red lines. Contours are
drawn at constant 1 e Å�3 levels.

Figure 9
t-plot of (red) O—O, (blue) O—H and (black) H� � �O distances of (a) O6, (b) O3, (c) O5 and (d) O6.



fore ultimately to H3!6. Owing to the C2(0�2
1
2) symmetry, by

fixing the domain of definition of the H5!5 atom to one half of

internal space, exactly one of the two possible O5!O5 bonds

is realized at every value of t. This can be shown by considering

the superspace operation of the twofold rotation about 0, y, 1
2,

which is ð~xx1; ~xx2; ~xx3; ~xx4Þ ¼ ð�x1; x2;�x3 þ 1; x4 � x3Þ. The t

value of a given atom calculates as t ¼ x4 � �2x2 �
1
2 x3. The ~tt

value of the transformed atom then is

~tt ¼ ~xx4 � �2 ~xx2 �
1

2
~xx3 ð1Þ

~tt ¼ x4 � x3 � �2x2 �
1

2
ð�x3 þ 1Þ ð2Þ

~tt ¼ x4 � �2x2 �
1

2
x3 �

1

2
ð3Þ

~tt ¼ t �
1

2
ð4Þ

Thus, if an atom is active for a half-period of internal space, its

image by the (�x1, x2,� x3 + 1, x4 � x3) operation is active for

precisely the other half. Note that since O5!O5 and O5 O5

can be active for at most half of internal space, O5!O3!O6

has to be active for at least half of internal space, as noted

above. The resulting distances concerning the O5 atom are

shown in Fig. 9(c).

Summarizing, starting with the O6� � �O3 connection,

one of two hydrogen bonding chains is realized:

O6 �= O3!O5!O5!O6!O3 or O6 O3 O5 O5 

O3 6!O6.

To the other side of O6, a shorter chain can be traced, since

the O4$O4 bond in the basic structure is disordered about a

twofold axis without intermediate atom. Here, the same

reasoning as for the O5$O5 bond applies and therefore

either O6 6!O4!O4!O6 or O6 �= O4 O4 O6 is

realized for half of internal space. The corresponding domains

of definition and distances are shown in Fig. 9(d).

So far the hydrogen-bonding network was only analyzed

locally, leading to two kinds of O6-delimited chain fragments.

These two fragments are connected by common 1 molecules,

since the final O6 atom connects to either an O3 or an O4

atom of the adjacent molecule. Thus, extended chains are

formed, which are schematized in Fig. 10.

The molecules are marked with their symmetry operation

relative to an arbitrary reference molecule (with symmetry 1)

in the basic structure. If the O6 atom of that molecule is

acceptor of the O3 atom in the adjacent molecule, the chain in

Fig. 10(a) is obtained. There are two twofold rotations

involved (from O5 to O5 and O4 to O4) leading to a

hydrogen-bonding chain with a periodicity of a in the basic

structure [see molecule marked with t(1,0,0)] and containing

six 1 molecules up to translation. Since the a* component of

the modulation wave vector q = �2b* + c*/2 is zero, the

modulated structure is likewise periodic in the [100] direction.

In consequence, the hydrogen bonding chains are generally

ordered [except in the ambiguous parts of internal space with

d(O3—O6) � d(O4—O6)] and also periodic.

If the O6 atom in the reference molecule is connected to O4

instead of O3, the chain schematized in Fig. 10(b) is derived

instead. The two chains in Fig. 10 represent different orien-
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Figure 10
Schemes of infinite chains of 1 molecules connected by hydrogen bonds. Each hexagon represents a molecule. At the center is indicated the operation
relating the given molecule to the reference molecule at the bottom left. Light and dark gray hexagons represent molecular orientations related by a
2[010] rotation. Translational symmetry is represented by the position on the graph and is relative to the indicated a and b basis vectors. Arrows represent
hydrogen bonds in direction of the arrow (i.e. the acceptor atom is at the end of the arrow).



tations of the hydrogen bonding network, which can be related

by twofold rotation about the 0, y, 1
2 axis.

The periodicity in [100] direction allows for a simplification

of the extended connectivity networks given in Fig. 10 by

forming their quotient graphs as shown in Fig. 11. In these

graphs each node represents an infinity of molecules that are

related by a translation along na for all n 2 Z. Note that as

seen in Fig. 11, the discussed succession of molecules is, from a

topological point of view, not a chain (a linear graph). Rather

it represents a linear graph where every second molecule is

connected via a O3!O6 or O4!O6 bond to a further

molecule. However, these additional molecules must not be

ignored since they are the crucial factor determining the

orientation of the hydrogen bonding chain.

3.2.3. Modulation of the hydrogen bonding. Now that the

two possible orientations of the hydrogen bonding chains are

established, let us focus on the arrangement of these chains in

the (001) plane. To complicate matters, each 1 molecule

partakes in three such chains, by its O3/O4, O5 and O6 atoms,

respectively.

The chains are stacked in the [010] direction to the

hydrogen-bonding network in two ways: On the one hand

molecules are related by translation (in the basic structure)

along b, on the other hand by translation along a/2 + b/2.

Translation along b increases the internal coordinate t by �2 =

0.1486 (3) � 3
20. Let us arbitrarily designate a chain with an

O3!O6 [Fig. 10(a)] or O4!O6 [Fig. 10(b)] bond in an I half-

layer by the symbols 3 and 4, respectively. In the other half-

layer the other contact is realized. Then, when considering

successive 1 molecules in [010] directions, the idealized value

�2 = 3
20 would correspond to an arrangement of chain orien-

tations according to . . . 33334443334444333444 . . . (Fig. 12).

In other words, the chains are arranged in triples and quad-

ruples of the same orientation, whereby after two triples

appears a quadruple. Since in the actual structure �2 =

0.1486 (3) < 3
20 at 100 K, the number of quadruples is slightly

higher. Moreover, as has been argued above, at boundaries

between three- and four-oriented chains the hydrogen
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Figure 11
Directed quotient graphs of the hydrogen-bonding chains schematized in
Fig. 10. Each node represents molecules and their equivalents by
translation along na, n 2 Z. The orientations of molecules represented by
white and gray nodes are related by a 2[010] rotation. Arrows represent
hydrogen bonds and are labeled with the connected oxygen atoms. A
voltage of 100 or 100 on top of an arrow means that the target node is
related to the corresponding node in the 0 < x < 1 unit cell by the
translation along a and �a, respectively.

Figure 12
View of an I half-layer projected on the layer plane (001) showing the
characteristic (left) 3333444333 and (right) 3334443333 succession of
chain orientations. Atom color codes as in Fig. 4.



bonding is most likely disordered. The molecules which are

translated by the C-centering translation a/2 + b/2 are ‘ahead’

with respect to t by �2/2 = 0.0743 (2) � 3
40. The remarkably

‘slow’ modulation is reflected in first-order satellites which are

close to the main reflections.

3.2.4. Bornane layers. The driving force behind the

incommensurate modulation of 1 is certainly the hydrogen

bonding. Thus, little is to be said about the crystal chemistry of

the intermolecular van der Waals contacts inside the B layers,

which features only weak modulation amplitudes.

Nevertheless, from a crystallographical point of view, an

interesting comment can be made concerning the twofold

rotations of the B layers when compared to those of the I

layers. Here, the twofold rotation of the basic structure

corresponds to the ð~xx1; ~xx2; ~xx3; ~xx4Þ ¼ ð�x1; x2;�x3; x4 � x3Þ

operation. Thus, the t value transforms according to [compare

with equation (4)]:

~tt ¼ ~xx4 � �2 ~xx2 �
1

2
~xx3 ð5Þ

~tt ¼ x4 � x3 � �2x2 þ
1

2
x3 ð6Þ

~tt ¼ x4 � �2x2 �
1

2
x3 ð7Þ

~tt ¼ t ð8Þ

which means that, in contrast to the I layers, an atom and its

image are active at the same t value [see equation (4)]. In

other words, these twofold rotations are realized even in the

modulated structure, whereas the twofold rotations of the I

layers are not, which allows for ordered O4!O4 and O5!O5

bonds. This means that whereas in the C2 space group of the

basic structure the twofold rotations about 0,y,0 and 0,y,1
2 are

equivalent, they are non-equivalent operations in the C2(0�2
1
2)

superspace group. Indeed, moving the origin to (0,0,12) leaves

the set of operations of the C2 group unchanged, but trans-

forms the (�x1, x2, �x3, x4 � x3) operation of C2(0�2
1
2) into

(�x1, x2,�x3, x4� x3 + 1
2). This alternative setting is designated

as C2(0�2
1
2)s (note the additional s symbol). To use the argu-

ably more natural setting C2(0�2
1
2), in this work the origin is

translated along c/2 with respect to the model given by

Gainsford et al. (2007).

3.3. Thermal properties

As has been noted in the introduction, incommensurate

phases often exist between disordered non-modulated high-

and ordered commensurate low-temperature phases

(Cummins, 1990). Yet, even at 430 K, the highest temperature

reachable on the employed diffractometer, satellites were still

observed.

The �2-component of the q vector decreases with increasing

temperature approximately linearly [Fig. 13(a)] from �2 �

0.149 at 100 K to �2 � 0.141 at 430 K (numerical data in the

supporting information xS3). This proves that the modulation

is dynamic and not commensurate. A decrease of the q vector

length corresponds to an increase of the period of the

modulation wave and thus an increase of the number of

quadruples of chain orientations in [010] direction (see x3.2.3).

Indeed, for �2 = 1
7 = 0:142857, which is realized at � 335 K, the

orientation sequence is . . . 3333444 . . . , i.e. the number of

quadruples reaches the number of triples.

The absolute period of the modulation wave in the [010]

direction, which calculates as b/�2, increases from � 46.5 Å at

100 K to � 49.5 Å at 430 K, likewise in an approximately

linear fashion [Fig. 13(b)] (numerical data in xS3).

Since the modulation is clearly dynamic, i.e. the hydrogen

bonding continuously reorients in the solid state depending on

temperature, one could expect that on heating the structure

becomes fully disordered. However, no phase transition could

be evidenced using differential scanning calorimetry

[supporting information (xS4)].

4. Conclusion and outlook

In this work we presented the incommensurate modulation of

a structure with a complex hydrogen-bonding network, which

has been missed in a previous structural characterization.

Thus, we have shown the importance of revisiting already

characterized structures.

Moreover, the example of 1 demonstrates the need for

excellent intensity data to unambiguously determine the shape

of the modulation functions. Their continuity could only be
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Figure 13
Evolution of (a) the �2-component of the modulation wave vector and (b)
the period b/�2 of the modulation wave in [010] direction with
temperature. Solid lines are linear least-squares regressions.



established by using well-determined weak higher-order

satellite intensities.

Nevertheless, owing to the weak contribution of H atoms to

X-ray scattering, the structure could not yet be fully char-

acterized with respect to the supposed disordered parts where

the chain-orientation flips. Moreover, locating the hydrogen

positions indirectly by chemical reasoning is not entirely

satisfying. Therefore, neutron diffraction experiments are

planned to directly locate these H atoms. Owing to rather

small crystals, neutron diffraction data will most likely not

provide the resolution (in internal space) that was achieved

here with modern X-ray equipment. Thus, only a combination

of the two complementary methods will allow unraveling the

final secrets of the structure.
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