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Abstract Stacking interactions of phenanthroline square-
planar complexes in crystal structures were studied by
analyzing data from the Cambridge Structural Database.
In most of the crystal structures, two phenanthroline
complexes were oriented “head to tail.” Phenanthroline
complexes show a wide range of overlap geometries in
stacking interactions, while short metal–metal distances
were not observed. Stacking chains with alternating
overlaps were the predominant type of packing in the
crystal structures.
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Introduction

The characterization of stacking interactions is a challenge
both experimentally and theoretically. Recently, several
new methods have been developed and used intensively to
study stacking interactions [1–10]. Stacking interactions
between aromatic organic molecules or fragments are
generally studied. However, it was shown that other planar
molecules and fragments can be also involved in stacking
interactions [11–24]. Several studies of chelate rings with

delocalized π-bonds, which can be involved in similar
stacking interactions [11–21] to aromatic organic molecules
[6–8], were published.

Stacking interactions between chelate and C6-aromatic
rings were identified by analyzing the data on the crystal
structures of square-planar transition metal complexes from
the Cambridge Structural Database (CSD) [11, 12, 14]. In
the crystal structures, the rings have a mutual slipped-
parallel orientation, similar to that of two benzene rings [6–
8]. Chelate rings can be also involved (as hydrogen
acceptors) in CH/π interactions with organic moieties
[25–33]. Comparison of stacking vs. CH/π interactions of
C6-aromatic rings with chelate rings in crystal structures of
square-planar complexes showed that the stacking inter-
actions are preferred to CH/π interactions [21]. Recently,
we showed the existence of chelate–chelate stacking
interactions in crystal structures from the CSD [34].
Chelate–chelate stacking interactions occur in a large
number of crystal structures. The normal distances associated
with such interactions are similar to those of stacking
interactions observed in other systems, while the offset of
two interacting chelate rings can differ from that observed in
the other systems.

A geometrical analysis of stacking interactions with
aromatic nitrogen-containing ligands, based on the CSD
[35], showed that nitrogen-containing aromatic rings
usually adopt a slipped π–π alignment where most of the
ring-plane area overlaps.

We recently studied stacking interactions of terpyridyl
square-planar complexes in crystal structures by analyzing
the data from the CSD [36]. In most of the crystal
structures, two terpyridyl complexes were oriented “head
to tail” or “head to head,” with the head-to-tail orientation
prevalent. The number of structures with other orientations
was very small. Based on the analysis of interacting
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geometries, we classified overlaps of terpyridyl complexes
into six types. The types were defined by values of several
geometrical parameters, and all interactions of the same
type had very similar overlap patterns.

Similar to the terpyridyl ligand, the phenanthroline
(1,10-phenanthroline-N,N′; Fig. 1) molecule coordinating
to a metal ion forms a large planar system of four rings: two
pyridine fragments, one C6-ring, and one chelate ring. This
planar system has a propensity to form stacking interactions
with the π-systems of various aromatic groups. Some
papers present interesting properties of phenanthroline
complexes that are used in a number of devices from
photoactive devices [37] to antitumor agents [38]. The
tendency for stacking interactions to occur is an important
issue when using these complexes in various fields. For
example, it is known that phenanthroline complexes interact
with DNA by intercalating between base pairs of DNA [39].

To better understand stacking interactions of phenanthroline
complexes, here we analyze the geometry of stacking
interactions between phenanthroline square-planar metal
complexes in crystal structures from the CSD.

Searching methods

In order to find intermolecular stacking interactions
between phenanthroline (phen) complexes, we used the
same criterion that has been used before in a study of

stacking interactions of aromatic nitrogen-containing
ligands where the distance between centroids of the rings
was below 4.6 Å [35]. The study was based on the crystal
structures archived in the Cambridge Structural Database
(November 2009 release, version 5.31 [40]). Crystal
structures involving phen complexes with a coordination
number of 4 were screened for intermolecular contacts. The
CSD search program ConQuest 1.10 [41] was used to
retrieve structures satisfying the following criteria: (a) error-
free coordinates were available (according to the criteria
used in the CSD); (b) the crystallographic R factor <10%; (c)
no polymer structures; (d) the H-atom positions were
normalized using the CSD default X–H bond lengths
(O–H=0.983 Å; C–H=1.083 Å; N–H = 1.009 Å) [42].

The coordinated phen ligand has four fused rings: two
pyridine fragments, one C6-ring and one chelate ring
(Fig. 2). Since we have shown that chelate rings can also
form stacking interactions [11–14], we searched for the
distances between the centroid of any ring of the phen
ligand in one complex and the centroid of any ring in the
other complex: dpp, dbb, dcc, dpb, dpc dbc. Distances dpp, dbb,
and dcc are the intermolecular distances between the
centroids of two pyridine fragments, two C6-rings, and
two chelate rings, respectively. Distance dpb is the distance
between the centroids of pyridine and C6-rings, dpc is the
distance between the centroids of pyridine and chelate
rings, and dbc is the distance between the centroids of C6

and chelate rings (Fig. 2).

Fig. 1 a ChemDraw structure of the phenanthroline molecule, and schematic diagrams of b “head-to-tail” and c “head-to-head” orientations

Fig. 2 Geometrical parameters
describing interactions
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The geometric parameters used to analyze the stacking
interactions of phen ligands are presented in Fig. 2. The
normal distance between the planes of the interacting rings
is R. In Fig. 2, the center of a chelate ring is shown as Ch,
the center of a C6-ring as Cb, while the center of a pyridine
ring is marked as Cp. The distance between the metal ion of
the second complex (M2) and the projection of the metal
ion of the first complex (M1) onto the average plane of the
second one (M′1) represents the horizontal displacement
rMM.. The angle between the M1M′2 and M1Ch1 directions
in the plane of the second complex is denoted 8.

Two torsion angles T1 and T2 are shown in Fig. 2b.
Torsion angle T1 is the Ch1M1M2Ch2 angle. Torsion angle
T2 is the Cp1′Cp1Cp2Cp2′ angle, where Cp1 and Cp2 are the
centroids of the pyridine rings in the two complexes that are
the closest together.

Results and discussion

By searching the Cambridge Structural Database (CSD)
using the criterion that the intermolecular distances between
centroids of any of the rings must be below 4.6 Å, as
described in the “Searching methods” section, 81 structures
with 172 stacking interactions between phen square-planar
complexes were found. Using this criterion, in most of the
interactions (168) the contact planes of the phen ligands
were parallel; the dihedral angle between the planes was
less than 10°. We used these 168 interactions with parallel
contact planes for our subsequent analysis.

The mutual orientations of the interacting complexes
were analyzed using the geometrical parameters shown in
Fig. 2. The distribution of the normal distances between the
interacting pyridine fragments shows a peak at 3.3–3.5 Å,
while in a large number of interactions the normal distances
are in the region of 3.2–3.7 Å (Fig. 3). These normal

distances are typical of stacking interactions [35]. A similar
distribution of normal distances was observed for stacking
interactions of terpy complexes [36].

The distribution of T1 torsion angle values (Fig. 2)
shows preferred orientations with angles of 170–180°
(head-to-tail orientation) (Fig. 4). The number of interac-
tions with angles of 0–10° (head-to-head orientation) is
quite small (only 10 interactions). Also, the number of
interactions with T1 = 10–170° is very small. In our
previous work on stacking interactions of square-planar
terpy complexes, we found a preference for a head-to-tail
orientation; however, the fraction of interactions with a
head-to-head orientation was quite large [36]. Since both
terpy and phen ligands coordinated to a metal form planar
delocalized systems, the explanation for the larger number
of head-to-head orientations of terpy complexes may be
connected with the other ligands in the complex. Our
previous results on terpy complexes showed an important
influence of the second ligand (occupying the fourth
coordination position) on the stacking interaction [36].
When the fourth ligand was large, head-to-head orientations
were prevented. In square-planar complexes, the terpy
ligand occupies three coordination positions, while the
phen ligand occupies two coordination positions. Therefore,
in phen complexes, there are two other ligands in the
complex, and their influence leads to a reduced probability
of head-to-head orientations.

The distribution of the T2 torsion angle (Fig. 2) shows
two preferred orientations; the first has T2 values of 0–10°,
and the second has values of 170–180° (Fig. 4). A small
number of the interactions have T2 angles of 10–170°. T2
torsion angles of 0–10° correspond to interactions that
involve the overlap of a large part of the phen ligands,
while values of 170–180° correspond to interactions that
involve only partial overlap of the phen ligands. Interac-
tions with values of T2 in the range 0–10° are encountered
more often. We obtained similar results for terpy
complexes, although orientations with T2 values of 170–
180° were rather more frequent [36].

Because of the preferences for one particular value of the
torsion angle T1 and the two values of T2, two possible
combinations of these torsion angles can describe most of
the intermolecular stacking interactions of phen square-
planar complexes. The values of T1 are close to 180°, so
complexes are oriented head to tail, while T2 values can be
close to 0° (group I) or close to 180° (group II).

The mutual displacement of the two interacting phen
complexes was measured by two parameters: the angle 8

and the offset rMM (Fig. 2). In our previous work, we
showed that these two parameters were important for
describing the mutual orientations of terpy complexes
[36]. The scattergram for the correlation between 8 and
rMM for phen complexes is shown in Fig. 5, for both groups
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Fig. 3 Histogram of the distribution of the normal distance R between
interacting pyridine fragments in square-planar phen complexes
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(I and II). The interactions of the two groups differ in the
angle 8; the interactions of group I have quite small values
of 8 (below 20°), while the interactions of group II have
larger values of 8 (mainly above 20°, although with several
exceptions, and up to 70°). Both groups show a large range
of rMM values, but the values are lower for group I. The
values of rMM for group I range from 3 to 10 Å, while those
for group II range from 4 to 11 Å.

The ranges of 8 and rMM are quite different for the
stacking interactions of terpy complexes [36], indicating
that these complexes have different overlaps compared to
the phen complexes. For the interactions of terpy complexes,
8 values are larger, in the range of 20–140°. However, for
the terpy complexes, the rMM values are smaller—ranging
from 0 to 10 Å—indicating short metal–metal interactions.
These short metal–metal distances were not observed in
stacking interactions of phen complexes. On the other
hand, the smaller values of the angle 8 indicate that in the
phen complexes there is greater overlap than in terpy
complexes. This greater overlap can be observed in the
examples of the interactions in the crystal structures

presented in the figures in our previous paper [36], and
here.

Another very important difference between stacking
interactions of terpy and phen complexes is the potential
degree of classification of the interactions. We showed that for
the terpy complexes it was possible to classify the interactions
into six types based on the clustering in the scattergram of
8 vs. rMM (Fig. 4 in [36]). All interactions of the same type
were clustered together on the scattergram and showed very
similar overlap patterns. The scattergram in Fig. 5 does not
show clustering. Hence, we can only talk about two groups
of interactions based on the values of T2, as explained above.
Visual inspection indicates that interactions in the same
group can be quite different, as also indicated by the wide
range of rMM values observed in each group. Thus, there are
several types of overlap for each group.

Group I, with T2 values that are close to 0°, is the larger
of the two groups: it includes 45 structures with 93
interactions. For this group, 8 values are less than 20° and
values of rMM are in the range 3.0–10.0 Å (mean value is
6.67 Å). The distribution of rMM presented in Fig. 6 shows
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Fig. 6 Histogram of the distribution of rMM values for group I
interactions
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Fig. 4 Histograms showing the distributions of the torsion angles T1 and T2 for interactions of square-planar phen complexes
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a peak at 5.0–6.0 Å, while it is in the interval 5.0–8.0 Å for
a large number of the interactions. By visually inspecting
the interactions, we found that there are mutual overlaps
between both pyridine rings in most of the interactions.

Structures with small values of rMM are associated with
chelate–chelate, chelate–C6-ring, and mutual overlaps of
pyridine rings (Fig. 7). Mutual overlaps of C6-rings do not
occur. Chelate–C6-ring overlap involves a large area of
overlap with the C6-ring, while chelate–chelate overlap is
small. In addition, in these structures the metal ion is
mainly located above the C6-ring, as suggested by the
values of 8 and rMM. This overlap is possible because the
other two ligands are not voluminous. This point is
illustrated in Fig. 7, which represents the CAQTEU crystal
structure [43]. In this structure, the metal ion is Pd2+, and the
distance between the metal ion and the center of the C6-ring
is 3.67 Å, indicating that there is an interaction between the
metal ion and the π-system of the C6-ring.

A large number of interactions (61) occur in the rMM

region of 5.0–8.0 Å. In these structures, there are mutual
overlaps of pyridine fragments, mutual overlaps of C6-rings,

Fig. 9 Two projections presenting stacking interactions in the NOBYOS
crystal structure [45], i.e., bis(N-chloroacetylglycinato)-(1,10-phenanthroline-
N,N′)-copper(II) dihydrate, as an example of a group I interaction with a
large 8 value (rMM=6.76 Å and 8=18.0°). The phen ligand interacts with
the other ligand coordinated to the metal

Fig. 8 Two projections presenting the stacking interactions in the
BEBCAN crystal structure [44], i.e., ((1R,2R)-1,2-diaminocyclohexane-
N,N′)-(1,10-phenanthroline-N,N′)-platinum(II) bis(hexafluorophosphate),
as an example of a group I interaction with mutually overlapping C6-
rings. The phenanthroline ligand interacts with the ion from the external
sphere of the complex (rMM=6.86 Å and 8=7.5°)

Fig. 7 Two projections presenting the stacking interactions in the
CAQTEU crystal structure [43], i.e., (1,10-phenanthroline-N,N′)-(2,6-
pyridinedicarboxylato-N,O)-palladium(II) tetrahydrate, as an example
of a group I interaction with small value of rMM (3.53 Å, 8=11.5°)

J Mol Model (2011) 17:2083–2092 2087



and chelate–C6-ring overlaps (Fig. 8). Chelate–chelate over-
laps do not occur, and metal ions are located outside of the
phen ligand. In these structures, phen ligands interact with
ions from the external sphere of the complexes, or a phen
ligand from one complex interacts with the other ligand from
the second complex. An example is the crystal structure of
((1R,2R)-1,2-diamino cyclohexane-N,N′)-(1,10-phenanthroline-
N,N′)-platinum(II) bis(hexafluorophosphate) (refcode BEB-
CAN [44]) (Fig. 8). In this structure, the phen ligand interacts
with the hexafluorophosphate ion from the external sphere of
the complex, which is located above the other ligands in the
vicinity of the metal ion.

In the NOBYOS crystal structure (Fig. 9) [45], which
represents bis(N-chloroacetylglycinato)-(1,10-phenanthroline-
N,N′)-copper(II) dihydrate, the rMM value is 6.76 Å, similar
to that of BEBCAN (Fig. 8), but 8 is larger; 18.0°. Unlike in
BEBCAN, the other two ligands are voluminous in
NOBYOS. In this structure, there is a C–H…O interaction
between the C–H group of the phen ligand and O atoms of the
N-chloroacetylglycinato ligand.

Large rMM values occur in the structures where an ion or
molecule from the external sphere of the complex packs
above the metal ion. In these structures, only pyridine and
C6-rings participate in overlaps. The structure ZUHCAG
[46], i.e., bis(μ2-phosphinato)-bis((1,10-phenanthroline)-

copper(II)) dinitrate (Fig. 10), is an illustration of this
overlap. In this structure, the phen ligand interacts with the
nitrite ion, which is pseudo-coordinated to the Cu2+ ion.
This structure is an example of an interaction that does not
involve mutual overlap of the pyridine rings.

Large rMM values and small 8 values occur in the
structures where only the C6 rings (partially) overlap. An
example of this—the (oxalato-O,O′)-(1,10-phenanthroline-
N,N′)-palladium(II) monohydrate structure (refcode BIP-
GIR [47])—is shown in Fig. 11. In this structure, there is an
additional stacking interaction with a third complex
(Fig. 11).
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Fig. 12 Histogram of the distribution of rMM values for group II
interactions

Fig. 11 Two projections presenting stacking interactions in the BIPGIR
crystal structure [47], i.e., (oxalato-O,O′)-(1,10-phenanthroline-N,N′)-
palladium(II) monohydrate, as an example of a group I interaction with
only partially overlapping C6 rings (rMM=9.16 Å and 8=7.41°)

Fig. 10 Two projections presenting stacking interactions in the
ZUHCAG crystal structure [46], i.e., bis(μ2-phosphinato)-bis((1,10-
phenanthroline)-copper(II)) dinitrate, as an example of a group I
interaction with a large value of rMM and without mutually over-
lapping pyridine rings (rMM=8.29 Å and 8=11.0°). The phen ligand
interacts with the nitrite ion
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Structures that show group II interactions, which have a
torsion angle T1 that is close to 0° and a torsion angle T2 that
is close to 180°, comprise a smaller group (19 structures with
29 interactions) than group I structures. For this group, angle
8 is larger than 20°, and values of rMM are in the range 4.0–
11.0 Å (mean value is 7.33 Å). In this group, phen ligands
only partially overlap, and these partial overlaps always
include at least one pyridine ring. In some structures,
chelates and C6-rings also participate in the overlap. The
distribution of rMM for group II is shown in Fig. 12.

The maximum of the distribution occurs in the range
6.0–7.0 Å, which corresponds to interactions in which
chelate rings mainly participate in the overlap. In these
structures, the other ligands are usually voluminous, and the
stacking interaction is additionally stabilized by an interac-
tion of a hydrogen atom on the phen ligand of one complex
with the other ligand in the second complex. This type of
stabilization is very commonly observed in the interactions
of group II. An example of such an overlap is seen in the
CAJNUX crystal structure [48], i.e., trans,trans-(1,10-
phenanthroline)-(dimethyl-4-ethyl-5-methylcyclopentyl-2,2-
dicarboxylate)-palladium(II) tetrakis(3,5-bis(trifluoromethyl)
phenyl)borate (Fig. 13). In this structure, the phen ligand

Fig. 15 Two projections presenting stacking interactions in the ZUKCAJ
crystal structure [50], i.e., diethyloxymethyl-(1,10-phenanthroline-N,N′)-
palladium(II) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, as an
example of a group II interaction where only pyridine fragments
are involved in the overlap (rMM=8.83 Å and 8=36.7°)

Fig. 14 Two projections presenting stacking interactions in the
ILAHAE crystal structure [49], i.e., cis-(1,10-phenanthroline)-bis
(tetrahydrofuran)-palladium(II) dinitrate, as an example of a group II
interaction where chelate rings are not involved in the overlap (rMM=
8.15 Å and 8=18.0°)

Fig. 13 Two projections presenting stacking interactions in the
CAJNUX crystal structure [48], i.e., trans,trans-(1,10-phenanthroline)-
(dimethyl-4-ethyl-5-methylcyclopentyl-2,2-dicarboxylate)-palladium(II)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, as an example of a group
II interaction where piridine, chelate and C6-rings are involved in the
overlap (rMM=6.12 Å and 8=20.2°)
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interacts with the other ligands, leading to a C–H…O
interaction with a short H...O distance (2.394 Å).

In group II, the values of T2 are close to 180°. This is
connected with the large values of 8 (Fig. 5), and there is a
clear preference for pyridine–C6-ring overlap. Pyridine–C6-ring
overlap gives a larger surface overlap than pyridine–pyridine,
pyridine–chelate, or benzene–chelate overlap. This is particu-
larly evident in structures in which chelate rings do not
participate in the overlap. The packing in these structures is a
consequence of the interaction of the phen complex with an ion
or molecule from the external sphere that is pseudo-coordinated
to the metal ion, or with other large ligands. The ILAHAE
crystal structure [49], i.e., cis-(1,10-phenanthroline)-bis(tetrahy-
drofuran)-palladum(II) dinitrate (Fig. 14), is an illustration of
this overlap. In this structure, the phen ligand interacts with
nitrite ion that is pseudo-coordinated to the Pd2+ ion.

In the interactions with rMM values above 7.0 Å and 8

values above 30°, only one pyridine fragment of the

complex is involved in the overlap. This type of overlap
is very often a consequence of steric hindrance caused by
the presence of another species that interacts with the π-
system of the phenanthroline ligand, or by the presence of
voluminous ligands.

An example is the structure of diethyloxymethyl-
(1,10-phenanthroline-N,N′)-palladium(II) tetrakis(3,5-bis
(trifluoromethyl)phenyl)borate (the ZUKCAJ crystal
structure [50]), as shown in Fig. 15. In this structure, the
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate ion interacts
with phenanthroline ligands, thus partially hindering the
overlap of the phenanthroline ligands.

Packing in crystal structures

An analysis of packing in crystal structures of square-planar
phen complexes showed that stacking interactions form

Table 1 Types of packing for different types of phen ligand overlap in square-planar complexes

Packing in the crystal structure I II X

Ns Ni Ns Ni Ns Ni

Stacking dimers 18 30 11 12 8 10

Chains with alternating overlaps 24 59 8 17 16 32

Chains with the same, constant overlap 3 4 0 0 3 4

I: group I interactions

II: group II interactions

X: interactions that do not belong to group I or group II

Ns: number of structures

Ni: number of interactions

Fig. 16 The ILAHAE crystal structure [49], i.e., cis-(1,10-phenan-
throline)-bis(tetrahydrofuran)-palladium(II) dinitrate, as an example of
stacking chains with alternating overlaps; in this case, the overlaps are
of types I and II

Fig. 17 The BEBCAN crystal structure [44], i.e., (1R,2R)-1,2-
diaminocyclohexane-N,N′)-(1,10-phenanthroline-N,N′)-platinum(II)
bis(hexafluorophosphate), as an example of stacking chains in which
the same overlap is repeated; in this case, an overlap of type I

2090 J Mol Model (2011) 17:2083–2092



stacking chains and dimers. We analyzed the packing in all
structures, regardless of their torsion angles T1 and T2 (i.e.,
not only structures belonging to groups I and II, which have
T1 close to 180° and T2 close to 0° or 180°). In the crystal
structures of phen complexes, we found 116 stacking
chains and 52 stacking dimers. In some chains, the same
overlap was constantly repeated, while in others, two types
of overlap appeared alternately in the chains.

Stacking chains

Chains with alternating overlaps were noted in 35 structures
(108 interactions). An example of a structure with a chain
with alternating overlaps is shown in Fig. 16. In these
chains, the most frequent interactions are those of group I,
with the torsion angle T2 close to 0°. In 24 group I
structures we found 59 interactions in chains with alternating
overlaps. Group I interactions show a preference for
alternating overlaps. However, the interactions seen in
chains with alternating overlaps often do not belong to
either group I or group II, and this is their preferred way
of packing (Table 1).

Stacking chains that repeat the same overlap were noted in
only a very small number of structures (5; 8 interactions, see
Fig. 17). In these chains, torsion angle T2 is often close to 0°
(group I), or the overlaps do not belong to group I or group II.
There is only one case where an interaction with T2 close to
180° (group II) forms stacking chains with the same overlap.

Stacking dimers

Stacking dimers, like the packing seen in crystal structures
of phen complexes, were seen in 29 structures (52
interactions). The most frequent interactions in these
structures were those of group I (T2 close to 0°), with 18
structures. However, other values of torsion angle T2 were
also very common in dimers; see Table 1. An example of a
dimer is shown in Fig. 18.

Conclusions

Eighty-one structures with 172 stacking interactions of
phen square-planar complexes were found in the Cam-
bridge Structural Database (CSD). The distributions of the
torsion angles T1 and T2 show that the two interacting
complexes are oriented “head to tail” in most of the
interactions, with a large portion of the phen ligand
involved in the overlap.

In our previous work [36], we showed that it was
possible to classify interactions between terpy complexes
into six types based on the clustering in a scattergram of the
angle 8 versus the displacement rMM. All interactions of the
same type were clustered together on the scattergram and
had very similar overlap patterns. However, the scattergram
of 8 versus rMM for phen complexes did not show
clustering. Also, the ranges of 8 and rMM were quite
different for terpy and phen complexes, indicating different
modes of the overlap for these complexes. Phen complexes
show many different overlap geometries in stacking
interactions, but short metal–metal distances were not
observed. The geometry of the interaction is very often
influenced by the two ligands coordinated at the third and
fourth coordinating positions, or by ions in the crystal
structure. Stacking interactions of phen square-planar
complexes result in the formation of chains and dimers in
crystal structures, and stacking chains with alternating
overlaps are the predominant type of packing for these
complexes.
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Fig. 18 The ZUKCAJ crystal structure [50], i.e., diethyloxymethyl-(1,10-
phenanthroline-N,N′)-palladium(II) tetrakis(3,5-bis(trifluoromethyl)phenyl)
borate, as an example of a crystal structure where the stacking interactions
form dimers
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