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Pressure-induced single-crystal-to-single-crystal
nitrite ligand isomerisation accompanied by a
piezochromic effect†

Kinga Potempa, a Damian Paliwoda, b Katarzyna N. Jarzembska, *a

Radosław Kamiński, a Adam Krówczyński,a Patryk Borowski a and
Michael Hanfland c

High-pressure structural study of a piezochromic crystal of a rare

di-exo-nitrito nickel(II) complex supported by computational ana-

lysis is presented. The examined system is not photoswitchable,

however, in the 0–6.2 GPa pressure range the crystal undergoes

two phase-transitions accompanied by a colour change and the

nitrite ligand isomerisation, which is unique.

Stimuli-responsive materials, which change their properties
under the influence of external factors, have been attracting
increasing attention over the years.1–3 This is due to their
potential wide applications as sensors, catalysts, optoelectronic
switches, storage devices, etc.4–6 Changes of materials’ properties
are often driven by changes in their structure at the molecular
level. Thus, crystals constitute convenient model systems to
study such processes in the solid state using spectroscopic and
crystallographic methods.7–15

High pressure (HP) is among the factors which affect
materials’ structure. By applying HP one can stimulate some
transformations and/or control properties of a given material.
To date various HP-induced solid-state reactions, such as single-
crystal-to-single-crystal polymerization,16,17 tautomerisation,18

cycloaddition19 and isomerisation20–22 were reported. However,
as far as the linkage isomerism is concerned, to the best of our
knowledge, only studies on the HP CRN-group isomerisation,
which affected magnetic properties of the examined material,
were successful.23,24 Indeed, such reactions are most often
triggered by light and/or temperature changes and can be
accompanied by photochromic effects.25–31 In the case of

nitro-to-nitrito isomerisation, there are no literature reports on
its initiation by HP. For instance, in work by Zakharov et al.32 only
unit-cell parameter changes and phase transitions were noted,
while no NO2-group isomerisation was detected. This observation
goes along with our yet unpublished results on a couple of square-
planar nitro nickel complexes,33 which showed that the nitro
isomer cannot be transformed into the nitrito form upon HP,
while this transformation is well activated optically at tempera-
tures below 240 K. In all these cases, in the ground-state crystal
structure the nitro-(Z1-N(O)2) linkage isomer was either the only
form, or the dominant one, which could have been transformed
into an endo- and/or exo-nitrito-(Z1-O–NQO) isomer. Among the
mentioned linkage isomers, the exo-nitrito binding mode is, in
general, the least observed one.8,26,33–36 However, introducing a
compound which would primarily exist in the form of the rare exo-
nitrito binding mode, which has a significantly different shape
than the other two, would open the possibility of the exo-nitrito-to-
nitro/endo-nitrito solid-state transformation e.g. induced by com-
pression. In such a case, the exo-nitrito isomer, which is itself often
less stable than the other nitrite forms, needs to be well-supported
by the crystal environment. As far as the limited examples of
iron(II),37 cobalt(III),38 manganese(III)39 or nickel(II)40–43 nitrite coor-
dination compounds are concerned, it seems that the octahedral
geometry and large and flat aromatic ancillary ligand may favour
formation of the exo-nitrito binding mode in the ground-state
crystal structure.

In view of the above, a simple nickel(II) nitrite coordination
compound (hereafter Ni-diONO, Fig. 1a), reported around 50 years
ago by Campbell and Urbach, was selected based on its molecular
structure (yet no X-ray diffraction – XRD – data was reported).44

This octahedral complex molecule possesses two nitrite groups
above and below the plane of a flat, rather rigid and symmetric
tetradentate N,N0-bis(2-pyridylmethylene)-1,3-diaminopropanone
ligand that coordinates to the triplet nickel centre via four nitrogen
atoms. The compound has significant switching potential, while
its specific geometry may lead to the desired crystal packing,
supporting a non-standard binding mode of the nitrite groups.
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Based on the 100 K single-crystal X-ray diffraction data the
compound crystallizes in the C2/c space group with half a
molecule in the asymmetric unit (ASU; Table 1). Some disorder
is observed only for the C8 carbon atom, which forms a molecular
tip that can equally well be directed upwards or downwards
relative to the plane of the tetradentate ligand. Since the
(N,N0,N,N0)-donor ligand contains two aromatic fragments, it
imposes a certain way of molecular packing in the crystal struc-
ture so as to optimise the p� � �p stacking interactions (Fig. S5.1,
ESI†) and possibly satisfy also the secondary intermolecular
contacts (Fig. 1b). Each Ni-diONO molecule forms effective p� � �p
stacking interactions with four neighbouring species, rotated by
the 2-fold symmetry axis. Consequently, some relatively narrow
cavities are left to host the nitrite groups above and below the
ancillary ligand. As a result, Ni-diONO exists exclusively in the
targeted di-exo-nitrito form.

Indeed, similarly to other compounds of this kind, as far as
the isolated molecule of Ni-diONO is concerned, the exo-nitrito
isomer is not energetically favoured (Table S4.1, ESI†).8,28,33,34

However, this compound does not entirely follow the energetic
patterns of other nitrite nickel complexes. Based on the density
functional theory computations, the energetic differences
between the examined isomers are not very pronounced,

whereas the nitro isomer, which is usually considered to be
the most energetically stable one as an isolated molecule, is
slightly less advantageous than the endo-nitrito binding mode -
the most preferred nitrite form of Ni-diONO. Taking into
account subtle differences in molecular energies, volume and
shape of the available space (Fig. S5.2, ESI†) and intermolecular
interactions, the exo-nitrito isomer is definitely the one best
supported by the crystal structure. This is confirmed by the
computational analysis of the interaction energy of dimeric
motifs formed by the considered linkage isomers (Table S5.5,
S5.3 and S5.4, ESI†).

The exo-nitrito group is involved in five noteworthy inter-
molecular contacts with the adjacent ancillary ligands as
denoted in Fig. 1b. These are two hydrogen bonds formed by
each of the nitrite oxygen atoms with the heterocyclic aromatic
rings on the sides, and the C–H� � �N interaction. Furthermore,
the protruding O2 oxygen atom interacts with the aromatic
fragment located above via two C–H� � �O-type contacts. During
heating of the system from 100 K to room temperature (r.t.), its
space-group symmetry lowers from C2/c to Cc. This is due to
residual dynamic disorder which shows up at the nitrite ligands
at higher temperature and eliminates the 2-fold symmetry
(Fig. S2.2, ESI†). It appears, the unit cell expands (by 2.8%) mainly
along the a (1.4%) and c (B1%) edges, while the hydrogen bonds
engaging the nitrite moiety become more distant and weaker
(Fig. S5.3, ESI†). In consequence, the reaction cavity volume
increases, enabling rotation around the N–O bond, which man-
ifests in the ca. 6–8% disorder on each exo-nitrito ligand.

As expected, there is no light effect on the binding mode of
the nitrite group in the studied system. For nickel nitrite
complexes this stimulus usually triggers the opposite nitro-to-
nitrito isomerisation. In this regard, it was worth verifying the
impact of HP on the di-exo-nitrito Ni-diONO crystal structure.

HP XRD synchrotron studies were conducted in a stepwise
pressure-increase manner up to 6.15(5) GPa, and then the sample
was gradually decompressed back to ambient conditions. During
this process two phase transitions occurred, accompanied by the
nitrite ligand isomerisation and crystal-colour change from yellow
to orange to red (Fig. 2). The observed transformations appeared
to be entirely reversible (Fig. S6.1, ESI†). Phase I is sustained up to
2.15(5) GPa with the Cc space-group symmetry. In the 0–2.15 GPa
pressure range, compression causes typical decrease of the unit
cell volume (by 11%). The most significant contraction occurs
along the a (6.4%) dimension (bk by 2.8%, ck by 3.4%). Hydrogen
bonds engaged in stabilization of the exo-nitrito moieties get
shortened and less beneficial due to the pressure-induced ten-
sions (Tables S5.7 and 5.8, ESI†). This is especially visible for
such interaction between aromatic rings and the protruding exo-
nitrito oxygen atom, which starts to press on the aromatic
fragment upon compression. Similarly, the C8–H8b� � �O2 contact
undergoes significant shortening, which also has the destabilizing
effect, leading to a notable disorder of the nitrite ligand at the N1
site at 2.15(5) GPa. Crystal voids get reduced by ca. 58 Å3, thus,
only 26 Å3 of free space is left in the unit cell. The main bits of the
free space remain right in-between the adjacent nitrite ligands
(Fig. S6.2, ESI†).

Fig. 1 (a) Molecular structure of Ni-diONO derived from the 100 K XRD
data. Note both NO2 groups exhibit the exo-nitrito binding mode. Atomic
thermal motion is represented as ellipsoids (50% probability level;
symmetry-induced disorder at the C8 atom is shown in yellow). (b) Hirshfeld
surface generated for Ni-diONO mapped with the dnorm property.45

Table 1 Selected Ni-diONO crystal-structure parameters derived from
the 100 K and r.t. XRD data at various pressures (see also Table S2.1, ESI)

Ni-diONO
Phase ILT

(see ESI) Phase I Phase II Phase III

Formula C15H16N6NiO4
Crystal colour Yellow Yellow Bright orange Dark orange
T [ K] 100 r.t. r.t. r.t.
P [GPa] Ambient Ambient 2.88(2) 3.98(2)
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group C2/c Cc P%1 P%1
Z/Z’ 4/1

2 4/1 6/3 4/2
a [Å] 13.559(3) 13.750(3) 19.686(4) 12.396(2)
b [Å] 9.666(2) 9.663(2) 9.307(2) 9.204(2)
c [Å] 13.263(3) 13.387(3) 12.765(3) 12.618(3)
a [1] 90 90 90.02(3) 90.26(3)
b [1] 111.25(3) 110.53(3) 106.67(3) 105.54(3)
g [1] 90 90 105.24(3) 87.17(3)
V [Å3] 1620.1(7) 1665.7(7) 2154.4(9) 1385.3(5)
V/Z [Å3] 405.0(2) 416.4(2) 359.1(2) 346.3(1)
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Around 2.5 GPa the first phase transition occurs and the
symmetry of the crystal structure lowers from Cc to P%1 (Fig. 2a).
Phase II is rather temporal, as it exists only in the narrow
pressure range from about 2.5 to about 3.5 GPa. The unit-cell
changes significantly along the a dimension, which gets
extended ca. 1.5 times, while the g angle becomes more obtuse,
reaching ca. 1051. In consequence, 6 molecules fill such a
skewed and elongated unit cell instead of 4. Furthermore, each
of the 3 symmetry-independent molecules constitutes a different
isomer (Fig. S2.2, ESI†). The first molecule adopts the di-exo-
nitrito binding mode, whereas in the two remaining moieties the
nitrite group opposite to the C8 molecular tip of the ancillary
ligand undergoes isomerisation. It either transforms fully to the
nitro form, or adopts the disordered endo-nitrito binding mode
(Fig. 3 and Fig. S2.2, ESI†).

As a consequence of the applied pressure, molecules rear-
range in the crystal structure so the amount of the free space
compared to the unit-cell volume decreases (Fig. 3; Vvoid/V ratio
vs. applied pressure, where Vvoid – total volume of the crystal
voids, V – unit-cell volume; Table S6.1, ESI†). In the first stage
the decline is significant, then the curve begins to flatten,

which is especially visible once the first phase transition
occurs. The trend can be well described by an exponential
decay function, in contrast to parabolic decrease of V/Z
(Fig. S6.1, ESI†). In the case of phase III the P%1 space group is
preserved, however, the a parameter of the unit cell almost
returns back to that of phase I. The unit cell hosts 4 molecules,
whereas both symmetry-independent species exhibit one fully
transformed nitrite moiety, on the side opposite to the mole-
cular C8 tip of the ancillary ligand (Fig. 3 and Fig. S2.2, ESI†). In
one molecule it is the endo-nitrito binding mode, while in the
other – the nitro conformation. The isomerised nitrite sites face
one another in the crystal structure.

Analysis of the intermolecular interactions (Fig. S5.5, and
Table S5.8, ESI†) indicates that if the ambidentate ligands
remain in the exo-nitrito configuration, in general the same
set of interactions is preserved throughout the examined pres-
sure range. In turn, as far as the nitro and endo-nitrito binding
modes are concerned, although the general interaction pattern
with three adjacent ancillary ligands is maintained, the inter-
molecular contacts get notably distorted. This is manifested in
a significant change in the space occupied by these ligands as
shown in Fig. S6.3 (ESI†). In the case of the nitro and endo-
nitrito fragments, facing one another, the reaction cavity is
spread between the molecular layers parallel to the (100) crystal
plane. Based on that and changes of distances between nickel
centres, it is clear that mechanically induced linkage isomerism
constitutes a way to reduce stress in the crystal structure of Ni-
diONO. Indeed, the Ni� � �Ni distance on the side of the iso-
merised nitrite groups at 6.15(5) GPa is almost 1 Å shorter than
that on the side of the exo-nitrito. In the crystal structure of
phase III, which is itself very compact (Fig. S6.2, ESI†), main
fragments of free space are still found in the vicinity of nitrite
ligands. The total achieved unit-cell volume compression
reached 20.8%, with the most significant shortening of the a
unit-cell dimension (B12%).

Overall, by carefully selecting of a nitrite nickel(II) complex
of a specific molecular structure, it was possible to impose
formation of the rare exo-nitrito binding mode in the crystal
structure, which is unique. In consequence, the photoswitch-
able properties of the resulting material were hampered, but a
possibility of a mechanically-stimulated nitrite ligand isomer-
isation opened up. The applied pressure affects most the unit-
cell dimension parallel to the exo-nitrito moiety resulting in its
isomerisation, as both endo-nitrito and nitro binding modes
require less space in this direction.33 This is the first observation
of the pressure-induced nitrite group isomerisation. Structural
changes, including two phase transitions, are accompanied
by the crystal-colour change. Such behaviour is typical for crystal
structures stabilised by p-stacking interactions.20–22 Indeed,
here the aromatic fragments come closer one to another and
form less symmetric interactions as the pressure increases
(Fig. S6.4 and S6.5, ESI†). Nevertheless, according to the calcu-
lated UV-Vis spectra (Fig. S8.1, ESI†) linkage isomerism may also
contribute to the observed piezochromism. The results indicate
new interesting application perspectives of nitrite-based mole-
cular switches.

Fig. 2 (a) Crystal packing of different phases (view along Z axis, colours
distinguish symmetry-inequivalent molecules). (b) Crystal colour recorded
at various pressures.

Fig. 3 Vvoid/V ratio vs. applied pressure; ASU content depicted.
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24 E. Coronado, M. C. Giménez-López, G. Levchenko, F. M. Romero,
V. Garcı́a-Baonza, A. Milner and M. Paz-Pasternak, J. Am. Chem. Soc.,
2005, 127, 4580–4581.

25 M. R. Warren, S. K. Brayshaw, A. L. Johnson, S. Schiffers,
P. R. Raithby, T. L. Easun, M. W. George, J. E. Warren and
S. J. Teat, Angew. Chem., Int. Ed., 2009, 48, 5711–5714.

26 L. E. Hatcher, J. Christensen, M. L. Hamilton, J. Trincao, D. R. Allan,
M. R. Warren, I. P. Clarke, M. Towrie, S. Fuertes, C. C. Wilson,
C. H. Woodall and P. R. Raithby, Chem. – Eur. J., 2014, 20,
3128–3134.
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