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The synthesis, structure and properties of cis-diaquabis(2,20-dipyridylamine)zinc bis(1,1,3,3-tetracyano-
2-propoxy-propenide), [Zn(H2O)2(2,20-dpa)2][tcnopr]2, I, and its isomorphous Cd analog, II, are reported.
These two coordination compounds were prepared through hydrothermal reactions of Zn(II)/Cd(II) acet-
ate with potassium 1,1,3,3-tetracyano-2-propoxy-propenide (tcnopr– = [(NC)2CC(OPr)C(CN)2]�) in the
presence of 2,20-dipyridylamine (dpa = C10H9N3) as a co-ligand. Both new compounds were fully charac-
terized by elemental analysis, FT-IR spectroscopy, powder XRD and X-ray single-crystal diffraction.
Single-crystal X-ray analysis has revealed that compounds I and II are isostructural containing octahe-

drally coordinated metal ions, and exhibit 3D supramolecular architectures, including multiple anion-p
interactions. Furthermore, the photoluminescence properties in the solid state at room temperature
and Hirshfeld surfaces analysis to understand the packing have also been investigated in detail.
� 2017 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Luminescent materials based on transition metals and lan-
thanoids have found wide applications in lighting [1–4], lumines-
cence sensing [5–7] and optical devices [8]. Among them, d10

metal coordination compounds comprising zinc(II) and cadmium
(II) with a variety of ligands, have drawn extensive attention in
the past decades due to their attractive luminescence properties
[3,9–11].

In the last decade the phenomenon of supramolecular interac-
tions involving electron poor p systems and lone pairs or anions
has become a topic of both fundamental and practical interest
[12–18], e.g. for isolation and binding of anions. Ligands like
aminopyridines and other heteroaromatic rings have shown to be
good acceptors for such anion binding [18,19].
Organic polynitrile ligands are versatile structural components,
leading to many different architectures in zero, one, two or three
dimensions, and incorporating most of the 3d transition metals
[20–25]. The versatility of such ligands is based on two main prop-
erties i.e.: (i) the ability to act as often rigid ligand bridges, given
the linear and rigid geometry of the CN groups, and (ii) the possi-
bility of functionalization with different potentially coordinating
groups that leads to a high variety of coordination modes. The
occurrence of non-coordinating polynitriles appears to be rare
and unprecedented.

To explore this coordination and packing behavior in more
details, we have been using one of these polynitrile organic anions
in combination with other chelating or bridging neutral co-ligands
for the study of the structural and electronic characteristics of the
resulting coordination compounds. In particular, attention was
given to molecular materials exhibiting interesting luminescence
behavior, like d10 ions zinc and cadmium.

As a matter of fact feeble anion-p interactions are often a
controlling factor to direct the self-assembly of metal complexes
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generating supramolecular networks [26,27]. Very recently, crys-
tallographic evidence was reported for ClO4

–� � �p interactions, acting
as a supramolecular glue to connect 2-D layers, formed by a Cu(II)
coordination entity cation, into a 3-D network [28].

In this work, we report on the synthesis of the first luminescent
series of mononuclear zinc(II) and cadmium(II) coordination com-
pounds containing the organic polynitrile 1,1,3,3-tetracyano-2-
propoxy-propenide counter anion (abbreviated as tcnopr–) in com-
bination with the chelating ligand 2,20-dipyridylamine (abbrevi-
ated as dpa). The characterization and structure determinations
of the compounds were performed through infrared spectroscopy,
elemental analysis, X-ray crystallography and powder X-ray
diffraction. The photophysical properties were studied by solid-
state absorption spectra and further by solid-state excitation and
emission spectra.

Hirshfeld surface analysis was used for the study of the inter-
molecular packing interactions and visualization of moderate and
week hydrogen bonds and anion-p stacking.

2. Experimental

2.1. Reagents and techniques

Tetracyanoethene, urea, potassium t-butoxide (C4H9OK),
malononitrile (CH2(CN)2), 2,20-dipyridylamine, Cd(CH3COO)2�2H2O
and Zn(CH3COO)2�2H2O were purchased from Sigma–Aldrich and
used without further purification. Solvents were used and purified
by standard procedures. Elemental analyses (C, H and N) were per-
formed using a Perkin-Elmer 2400 series II CHN analyzer. Infrared
spectra were recorded in the range 4000–50 cm–1 on a FT-IR Bruker
ATR Vertex 70 Spectrometer. Solution NMR spectra were recorded
on a Bruker Avance 300 MHz in D2O. The excitation and emission
spectra were recorded at room temperature using a Shimadzu
RF-5301PC spectrofluoriphotometer equipped with a Shimadzu
solid-state sample holder.

2.2. X-ray crystallography

Suitable single crystals of I and II were chosen for an X-ray
diffraction study. Crystallographic measurements were done at
Table 1
Crystal data and structure refinement parameters for compounds I and II.

Compound I

Empirical formula C40H36N14O4Zn
Formula weight 842.2
T (K) 120.00(10)
k (Å) 0.71073
Crystal system monoclinic
Space group C2/c
Unit cell dimensions
a (Å) 19.6133(7)
b (Å) 7.5535(2)
c (Å) 28.1427(9)
b (�) 105.862(3)
V (Å3) 4010.6(2)
Z 4
Dcalc (g/cm3) 1.3948
Absorption coefficient (mm–1) 0.673
F(000) 1744
Index ranges �26 � h � 25, �10 � k �
Reflections collected 32233
Independent reflections (Rint) 5255 [0.046]
Refinement method Full-matrix least-square
Data/restraints/parameters 5255/0/276
Goodness-of-fit (GoF) on F2 1.40
Final R indices [I > 3r(I)] R1 = 0.0330, wR2 = 0.087
R indices (all data) R1 = 0.0448, wR2 = 0.093
Largest difference peak and hole (e Å–3) 0.36 and �0.36
120 K with a four-circle CCD diffractometer, Gemini of Oxford
Diffraction, using Mo Ka radiation from a classical sealed tube
monochromated by graphite and collimated by fiber-optics
Enhance collimator. As a detector, we used the CCD detector Atlas
S2. Crystal structures were easily solved by charge flipping with
program SUPERFLIP [29] and refined with the Jana2006 program pack-
age [30] by full-matrix least-squares technique on F2. The molecu-
lar structure plots were prepared by Diamond software [31]. All
hydrogen atoms were discernible in difference Fourier maps and
could be refined to reasonable geometry. According to common
practice, H atoms bonded to C were kept in ideal positions with
C–H = 0.96 Å while H atoms bonded to N were refined with N–H
distance restraint defining equality of such bonds in the structure
model. For all hydrogen atoms we kept Uiso(H) equal to 1.2 Ueq(C/
N). All non-hydrogen atoms were refined using harmonic refine-
ment. Crystallographic data and details of the data collection and
structure solution and refinements are listed in Table 1.

Powder samples were measured with an Empyrean diffrac-
tometer of PANalytical with Cu Ka radiation and a Nickel beta filter
in the 2h range of 10–80�. Profile parameters were refined with
Jana2006 [30].
2.3. Synthesis

The potassium salt of 1,1,3,3-tetracyano-2-propoxy-propenide,
K(tcnopr) was synthesized based on recipe for a related compound
[32]. Tetracyanoethene (3.2 g, 25 mmol) and urea (1.5 g, 25 mmol)
were dissolved in 40 mL of propan-1-ol and warmed to 25 �C dur-
ing 4 h. Solvent was removed under vacuum and the solid was
extracted with 20 mL of a 1:1 water/diethyl ether mixture. The
aqueous phase was extracted two more times with 20 mL of
diethyl ether. The organic fraction was dried (MgSO4) and the sol-
vent removed to give the 1,1-dicyano-2,2-dipropanoethene as a
yellow oil. (3.28 g; 67%). IR data (m/cm–1): 2973(s), 2928(m),
2882(m), 2229(w), 2216(w), 2206(w), 2174(w), 1747(w), 1729
(w), 1642(w), 1551(m), 1380(m), 1324(s), 1271(w), 1174(w),
1087(s), 1045(s), 880(s), 825(m), 801(w), 430(m).

The yellow oil of 1,1-dicyano-2,2-dipropanoethene (2.90 g,
15 mmol) was dissolved in 40 mL of EtOH and a mixture of CH2(-
CN)2 (1.00 g, 15 mmol) and tBuOK (1.67 g, 15 mmol) in EtOH
Compound II

C40H36N14O4Cd
889.2
120.00(10)
0.71073
monoclinic
C2/c

28.1744(6)
7.8571(2)
18.9679(5)
104.493(2)
4065.29(18)
4
1.4529
0.597
1816

9, �38 � l � 38 �35 � h � 38, �10 � k � 10, �23 � l � 25
33357
5302 [0.046]

s on F2 Full-matrix least-squares on F2

5302/6/295
1.19

9 R1 = 0.0298, wR2 = 0.0362
2 R1 = 0.0421, wR2 = 0.0395

0.34 and �0.44



Fig. 1b. Room temperature solid state excitation (black) and emission (red) spectra
of compound II. Intensities are in arbitrary units (a.u.). (Color online.)

F. Lehchili et al. / Polyhedron 131 (2017) 27–33 29
(40 mL) was poured on it. The resultant solution was stirred under
reflux for 2 h, and allowed to cool before being placed in a freezer
to obtain K(tcnopr) as an orange powder. (2.45 g, 69%). IR data (m/
cm–1): 2973(w), 2942(w), 2929(w), 2881(w), 2224(w), 2201(s),
2152(m), 1482(s), 1430(s), 1382(m), 1364(s), 1348(s), 1275(w),
1252(w), 1225(w), 1178(s), 1144(w), 1046(m), 930(s), 896(m),
860(m), 707(m), 623(w), 571(w), 540(s), 477(m). NMR 1H
(300 MHz, D2O): 1.00 (t, 3H, J = 7.4 Hz, CH3); 1.77 (m, 2H, CH2);
4.35 (t, 2H, J = 6.4 Hz, CH2O). NMR 13C (125 MHz, D2O): 12.37 (–
CH3), 25.64 (–CH2–CH3), 48.75 (–C(CN)2), 80.80 (–CH2–O–),
121.17 (–CN), 186.62 (–O–C(C(CN)2)2). Anal. Calc. for KC10H7N4O:
C, 50.41; N, 23.51; H, 2.96. Found: C, 50.13; N, 23.76; H, 2.82 (%).

Compound (I) was synthesized hydrothermally under autoge-
nous pressure from a mixture of Zn(OAc)2�2H2O (0.2 mmol,
45 mg), dpa (0.1 mmol, 20 mg) and Ktcnopr (0.4 mmol, 80 mg) in
water–methanol (4:1 v/v, 20 mL). This mixture was sealed in a
Teflon-lined autoclave and heated at 150 �C for 2 days. After cool-
ing to room temperature at a rate of 10 �C h�1, colorless crystals
were obtained containing I, and some impurities that could be
manually separated. A powder profile of the Zn compound is
shown in Fig. S1. Elemental analysis and IR data for hand-picked
crystals: Anal. Calc. for C40H36ZnN14O4 (842.2 g/mol): C, 57.04; H,
4.31; N, 23.28. Found: C, 57.45; H, 4.26; N, 23.69 (%). Main IR data
(m/cm–1): m(N–H) 3419(br); m(C„N) 2196(s); m(C@N) 1594(m).

Compound (II)was synthesized under similar conditions to that
of complex (I), except that Cd(OAc)2�2H2O (0.2 mmol, 55 mg) was
used instead of Zn(OAc)2�2H2O. Yellow colored crystals were
obtained containing II, and some impurities that could be manually
separated. The powder profile of the Cd compound (II) is shown in
Fig. S2. Elemental analysis and IR data for hand-picked crystals:
Anal. Calc. for C40H36CdN14O4 (889.2 g/mol): C, 54.03; H, 4.08; N,
22.05. Found: C, 54.52; H, 3.98; N, 22.18 (%). Main IR data (m/cm–

1): m(N–H) 3443(br); m(C„N) 2193(s); m(C@N) 1629(m).
3. Results and discussion

3.1. Synthesis and characterization

The starting salt K(tcnopr) was characterized by IR and NMR (1H
and 13C in D2O), and further used in the synthesis of the two new
compounds. The elemental analysis and infrared spectra of the
compounds I and II were performed on a pure phase, manually
separated under a binocular microscope. The impurities in the bulk
samples, mentioned above, are ascribed to products that result
Fig. 1a. Room temperature solid-state excitation (black) and emission (red) spectra
of compound I. Intensities are in arbitrary units (a.u.). (Color online.)
from partial decomposition of the polynitrile anions under the
hydrothermal conditions. Repeated syntheses using varied temper-
atures and time exposition on the hydrothermal synthesis did not
change or remove these impurities. Both compounds were
obtained in good yields and in monocrystalline form, with the
expected elemental analyses (vide supra). The IR spectra of manu-
ally separated crystals of both I and II display a strong absorption
band at 2196 cm–1 and 2193 cm–1, respectively, assignable to the
m(CN) vibration of the tcnopr anionic unit. Compared to the corre-
sponding potassium salt K(tcnopr) containing the non-coordinated
tcnopr moiety (m(CN): 2201 cm–1), this value is indicative of the
presence of non-coordinated tcnopr units in both complexes, as
shown by the crystal structure analysis (vide infra).
3.2. Emission and excitation spectra

Room temperature solid-state emission and excitation spectra
of compounds I and II have been recorded on pure crystalline
phases and are shown in Figs. 1a and 1b. When excited at
465 nm light, compound I shows a relatively weak emission. Only
one broad band was observed in the emission spectrum with a
maximum at about 520 nm, which can be ascribed to the ligand
p–p⁄ transition based on literature studies [33–37]. The excitation
spectrum of compound I contains a broad band with a maximum at
465 nm.

Under irradiation at 380 nm UV light, compound II exhibits a
medium intense emission. The emission spectrum of compound
II consists of only one broad peak from 450 nm to 650 nm with a
maximum at around 470 nm, which also can be assigned to ligand
p–p⁄ transition [33–37]. The excitation spectrum of the Cd com-
pound, II, shows a broad band with a maximum at 380 nm.
3.3. Description of the crystal structures

Structures of the compounds I and II were calculated using the
same monoclinic C2/c space group, see Table 1 (above). However,
the parameters a and c must be swapped for such a description.
In order to keep the same order of the very similar unit cell param-
eters, one of the structures would get symmetry A2/a. This is just a
manifestation of different packing of otherwise very similar
compounds.

The asymmetric unit of both compounds contains one half of
the cation [M(H2O)2(2,20-dpa)2]2+ M = Zn (I), Cd (II), and one non-
coordinated anion (tcnopr)–. The metal is located at the special



Fig. 2a. Molecular cationic and anionic species of [Zn(H2O)2(2,20-dpa)2][tcnopr]2,
with the atom labels displayed. Symmetry code (i) �x + 1, y, �z + 1/2.

Fig. 2b. Molecular cationic and anionic species of [Cd(H2O)2(2,20-dpa)2][tcnopr]2,
with the atom labels displayed. Symmetry code (i) �x + 1, y, �z + 1/2. Disordered
parts of the CH3CH2CH2 chain are distinguished by green (part a) and blue (part b)
bonds. (Color online.)

Table 2
Relevant bond lengths (Å) and angles (�) for structures I and II, symmetry code: (i) �x
+ 1, y, �z + 1/2.

I II

Zn1–O2 2.1375(11) Cd1–O2 2.3075(15)
Zn1–O2i 2.1375(11) Cd1–O2i 2.3075(15)
Zn1–N5 2.1440(11) Cd1–N5 2.3146(14)
Zn1–N5i 2.1440(11) Cd1–N5i 2.3146(14)
Zn1–N7 2.1123(13) Cd1–N7 2.3060(16)
Zn1–N7i 2.1123(13) Cd1–N7i 2.3060(16)
O1–C2 1.348(2) O1–C2 1.344(3)
O1–C18 1.441(2) O1–C18a 1.425(3)
N1–C3 1.141(2) N1–C3 1.146(3)
N2–C4 1.144(2) N2–C4 1.150(3)
N3–C10 1.152(2) N3–C10 1.147(3)
N4–C12i 1.3872(18) N4–C12 1.383(2)
N4–C16 1.384(2) N4–C16i 1.392(3)
N5–C15 1.357(2) N5–C15 1.359(3)
N5–C16 1.341(2) N5–C16 1.337(2)
N6–C7 1.149(2) N6–C7 1.145(3)
N7–C12 1.3376(17) N7–C12 1.333(2)
N7–C19 1.3561(18) N7–C19 1.348(2)
O2–Zn1–O2i 83.272(1) O2–Cd1–O2i 92.30(5)
O2–Zn1–N5 86.07(4) O2–Cd1–N5 89.30(5)
O2–Zn1–N5i 90.71(4) O2–Cd1–N5i 90.20(5)
O2–Zn1–N7 173.86(4) O2–Cd1–N7 169.73(5)
O2–Zn1–N7i 91.20(4) O2–Cd1–N7i 88.92(6)
O2i–Zn1–N5 90.706(1) O2i–Cd1–N5 90.20(5)
O2i–Zn1–N5i 86.07(4) O2i–Cd1–N5i 89.30(5)
O2i–Zn1–N7 91.203(1) O2i–Cd1–N7 88.92(6)
O2i–Zn1–N7i 173.86(4) O2i–Cd1–N7i 169.73(5)
N5–Zn1–N5i 175.70(5) N5–Cd1–N5i 179.28(6)
N5–Zn1–N7 96.72(5) N5–Cd1–N7 100.89(5)
N5–Zn1–N7i 86.21(5) N5–Cd1–N7i 79.62(5)
N5i–Zn1–N7 86.21(5) N5i–Cd1–N7 79.62(5)
N5i–Zn1–N7i 96.72(5) N5i–Cd1–N7i 100.89(5)
N7–Zn1–N7i 94.46(5) N7–Cd1–N7i 91.70(6)

Fig. 3. Molecular packing of the compound I. Color codes: full orange lines = Zn-
complex cation; full lines in gray = (tcnopr)– anion; dashed purple lines = moder-
ately strong hydrogen bonds; dashed dark blue lines = weak hydrogen bonds; full
green lines = anion� � �p-stacking. (Color online.)
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position 4e. Molecular species of both compounds are depicted in
Figs. 2a and 2b.

For the Cd compound, the C20H3-C17H2-C18H2 branch of the
(tcnopr)– anion is disordered over two positions (lower part of fig-
ure), which are occupied 0.7921(9) for the chain a and 0.2078(1)
for the chain b. The M(II) ions have an octahedral cis-MO2N4 envi-
ronment with the cis nitrogen donor atoms belonging to a chelat-
ing 2,20-dpa ligand.

The metal centers are located on a C2 rotation axis, bisecting the
O–M–Oi angles in which oxygen atoms come from the aqua
ligands. The distances M–N (Zn1–N5 = 2.1440(11) Å, Zn1–
N7 = 2.1123(13) Å, Cd1–N5 = 2.3146(14) Å and Cd1–N7 = 2.3060
(16) Å) and M–O (Zn1–O2 = 2.1375(11) Å and Cd1–O2 = 2.3075
(15) Å) are in the normal ranges and consistent with those
observed in analogous structures [20,38]. Summary of relevant
bond lengths and angles is given in Table 2.
Figs. 3 and 4 show non-bonding interactions in the compounds I
and II, using the color codes (see the figure caption) distinguishing
moderate hydrogen bonds, weak hydrogen bonds and anion� � �p-
stacking. In both structures, three moderately strong hydrogen
bonds can be noticed between the NH unit of the 2,20-dipyridy-
lamine ligand, the aqua ligand and nitrogen atoms of (tcnopr)–

anion (Table S1). Here, typical hydrogen bonded N� � �N contacts
are 2.98–3.00 Å and O� � �N contacts are 2.81–2.95 Å.

For the compound I, the (tcnopr)– anion is connected only with
the Zn-complex while in the compound II there is a weak hydrogen
interaction between two (tcnopr)– anions. This weak interaction



Fig. 4. Two views of molecular packing of compound II. Top figure: bounding
around the Cd cationic species, Bottom figure: bounding around (tcnopr)– anion.
Color codes: full orange lines = Cd cationic species; full lines in gray = (tcnopr)–

anion; dashed purple lines = moderately strong hydrogen bonds; dashed dark blue
lines = weak hydrogen bonds; full green lines = anion. . .p-stacking. Disordered
parts of the (tcnopr)– anion in the bottom figure are distinguished by full blue and
green lines. (Color online.)

Fig. 5. Views of the Hirshfeld surfaces in two orientations for the M[O]2[N2]2 cation
of I & II: (a) Zn[O]2[N2]2 cation, (b) Cd[O]2[N2]2 cation, (HSs are mapped with dnorm).
Labels on HSs are as follows: O2–H1o2� � �N2 (1), O2–H2o2� � �N3 (2), N4–H1n4� � �N6
(3), C15–H1c15� � �N1 (4), C19–H1c19� � �C10 (5), C12� � �N2 (6), C13� � �C10 (7),
C9� � �C10 (8) and C9� � �C2 (9) for the cation of I, O2–H2o2� � �N3 (1), O2–H1o2� � �N2
(2), N4–H1n4� � �N6 (3), C15–H1c15� � �N1 (4), C11–H1c11� � �N6 (5), C8–H1c8� � �C4
(6), C8–H1c8� � �C1 (7), C13–H1c13� � �C6 (8) and C13� � �N1 (9) for the cation of II.
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seems to be responsible for disorder of CH3CH2CH2 group. Indeed,
only the chain b (blue in Fig. 4b) interacts with the nitrile part of
the second (tcnopr)– anion (Fig. 4b). Hydrogen atoms H1C18b
and H2C18b have the respective distances to N6 of 2.5095(30) Å
and C7 of 2.4232(23) Å.

The anion-p stacking interactions are observed between pyridyl
rings of 2,20-dpa ligand and nitrile groups of (tcnopr)� anion. For
both compounds I and II this interaction appears for both rings,
namely for the rings C15–C13–C9–C14–C16–N5 (R1) and C19–
C6–C8–C11–C12–N7 (R2). So, in compound I, R1 and R2 are con-
nected to the nitrile group nitrogen atoms with separations of
3.3987(1) Å for N1� � �R1, 3.3179(1) Å for N3� � �R1, 3.6469(1) Å for
N2� � �R2 and 3.2920(1) Å for N3� � �R2. In compound II, R1 ring
involved in two anion� � �p stacking, N1� � �R1 3.5478(22) Å and
N3� � �R1 3.5136(23) Å, while R2 is involved in only one anion� � �p
interaction, N3� � �R2 = 3.2975(2) Å and due to the distance between
R2 and N2 is too long (3.9974(1) Å), it can hardly be considered as
an effective interaction. So the differences in packing between both
compounds are probably related to these weaker interactions.

All these interactions may be regarded as very weak, according
to the sum of the van der Waals radii of C and N atoms (3.25 Å)
[39]. Among these interactions, the shortest N3� � �p(R2) distance
in I and II corresponds to the angle of 82.67� and 83.13�. The other
angles subtended by the N2� � �p, N1� � �p and N3� � �p axes to the
planes of the aromatic rings are as follow: 58.54� (N2� � �R2 in I),
70.60� (N1� � �R1 in I), 82.71� (N3� � �R1 in I), 71.623� (N1� � �R1 in
II), 76.45� (N3� � �R1 in II). More details of this type of interaction
could be visualized using a Hirshfeld analysis (see below).
3.4. Hirshfeld surface analysis

For a better understanding of the packing in the crystal with a
variety of interactions, we used the Hirshfeld surface (HS) analysis,
which uses three-dimensional (3D) surface functions, and two-
dimensional (2D) fingerprint plots [40–42]. This method is very
convenient to visualize intermolecular interactions and highlight
the similarity and differences in different packing maps.

The Hirshfeld surfaces (HSs) mapped with dnorm and corre-
sponding shape index associated 2D fingerprint plots (FPs) of com-
pounds I and II were generated using the CrystalExplorer software
version 3.1 [43] and structures of I and II entered in the CIF format.
Fig. 5 shows results for cations abbreviated Zn[O]2[N2]2 and Cd
[O]2[N2]2, and Fig. 6 presents similar information for the anions.

The two isostructural compounds have HS maps with minor dif-
ference related to the slight differences in the crystal packing. On
the HSs of cationic components in both structures two large red
areas can be noticed (labels 1 and 2 in Fig. 5a and b), which corre-
spond to two O–H� � �N hydrogen bonds formed between aqua oxy-



Fig. 6. Views of the Hirshfeld surfaces in two orientations for the (tcnopr)– anion of
I & II: (HSs are mapped with dnorm). The similar labels are as introduced in Fig. 5 and
the other labels are as follows: C18–H1c18b� � �N6 (10), C18–H2c18b� � �N6 (11), C18–
H2c18b� � �C7 (12), C18� � �H2c18b� � �C1 (13), C18b� � �C7 (14) and C18b� � �N6 (15).
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gen atoms of the complex and nitrogen atoms of the (tcnopr)–

anion. The other large red spot, with label 3 in the same figures,
is in accordance with N–H� � �N hydrogen bond which occurs
between the cationic unit and the (tcnopr)– anion.

Several small and pale red spots in the related HSs of I and II are
observed, which are in agreement with existence of weak C–H� � �N
interactions. In these interactions some of the carbon atoms of pyr-
idyl rings act as donors and some of the nitrogen atoms of anions
act as acceptors (Fig. 5a: label 4, Fig. 5b: labels 4 & 5, Fig. 6b, labels
10 and 11). There are also some significant C–H� � �C interactions in
the HSs of I and IIwhich are appeared as small and bright red areas
in Figs. 5a and 6a (label 5), Fig. 5b (labels 6–8) and Fig. 6b (labels 6,
7, 12 and 13). The next remaining bright areas are consistent with
short C� � �C and C� � �N contacts in I and II (Figs. 5a and 6a: labels 6–
9, Fig. 5b: label 9, Fig. 6b: labels 14 and 15).

The red spots with labels 10–15 in HSs of compound II are due
to the interaction of two (tcnopr)– anions, via chain b of CH3CH2-
CH2 disordered group in one anion and via the nitrile part in
another anion (as noted in the X-ray section). These interactions
only occur in structure II. These contacts will not be further
discussed as they do not represent a real contact in the crystal
Fig. 7. Hirshfeld surface of Zn[O]2[N2]2 cation of I mapped with the shape-index functio
tube model in 2 orientations (a and b).
structure and the configurations forming disorder do not occur in
the same unit cell.

As discussed above in the X-ray description section, in both
structures, there are anion� � �p interactions between some of the
nitrogen atoms of (tcnopr)– anion and aromatic pyridyl rings of
coordinated ligands, and these interactions can be considered
weak. The HS mapped with the shape-index function does illus-
trate the anion� � �p interactions quite conclusively. This map has
been typically given for structure I, in Fig. 7, which includes more
anion. . .p interactions with regard to those in structure II.

Finally, in order to obtain more information of the crystal pack-
ing, the two-dimensional FPs for each component of I and II were
analyzed (Figs. S3–S6). The full fingerprint plots of the Zn complex
cation and the related counter anion are shown in Figs. S3a and
S4a. For the Cd compound, two input files were constructed (IIa
and IIb) and the full FPs of cations and anions in IIa and IIb are
shown in Figs. S5a, S5e (cations), S6a and S6e (anions).

The full plots were also divided to the partial interactions in
order to analysis of major forces contributing to the cohesion of
components in the crystal structures of I and II.

The decomposed fingerprint plots show that the percentages of
interactions in the components of I and II are very close to each
other. Survey of these plots for cation components demonstrated
the H� � �H van der Waals forces represent the major contribution
portion received by the cations (37.3% in I, Fig. S3b, 35.9% in IIa,
Fig. S5b and 37.9% in IIb, Fig. S5f).

For the (tcnopr)– anions, N� � �H/H� � �N interactions (39.0% in I
and 41.6% in IIa and 43.2% in IIb) have the highest contributions
to the total anion HSs and appear as distinct and short spikes in
the related FPs (see Figs. S4b, S6b and S6f).

The H� � �N fingerprint plots in M[O]2[N]2 cations have more con-
centration of points in the upper part of diagonal in the plot, which
is caused by the fact that nitrogen acceptors of H bonds are situ-
ated outside of the surface. The shortest contacts (i.e., de + di) near
the 2.0 Å in the H� � �N fingerprint plots of both structures corre-
spond to the aqua H-atoms interacting with N atoms of anionic
moieties (Figs. S3c, S5c and S5g). These interactions are responsible
for the formation of 3D networks of the structures I and II.

The C� � �H/H� � �C short contacts are the other important
interactions in I and II with almost equal contribution portions
to the crystals, which are represented by two short spikes in the
corresponding FPs (Figs. S3d–S6d, S5h and S6h). In addition to
the aforementioned interactions, some other close contacts such
as C� � �C, C� � �N and O� � �H exist in the crystal structures I and II, that
have quite small participation portions in the total Hirshfeld
surfaces.
n, showing the presence of anion–p interactions. Interacting anions are shown as a
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4. Concluding remarks

The results presented above have shown that the Zn and Cd
compounds show common octahedrally-based cationic structure,
surrounded by not-coordinated anions. The major intermolecular
interactions are hydrogen bonds, where the CN groups of the anion
accept H bonds from the coordinated water hydrogens (4�) and
from the N–H group of the dipyridylamine (2�). In this way 6 of
the 8 nitrile groups in the two tcnopr– anions accept a hydrogen
bond. Interesting anion-p interactions, between the aromatic rings
of the cation and the nitrile groups of the non-coordinating tcnopr–

anion are observed, in which three CN groups are involved. The
non-H-bond acceptor nitrile is also not involved in the anion-p
interactions. The Hirshfeld surface analysis was used to visualize
moderate and weak hydrogen bonds and anion� � �p-stacking in
the structures. The slightly differences in the packing maps of the
structures were discussed based on the different contribution por-
tions of various contacts in the crystals. The difference in packing
mostly consists in the weaker interactions, typically anion� � �p,
which revealed as four and three symmetry-independent interac-
tions for Zn and Cd compounds, respectively.

Both compounds show a moderate to weak luminescence in the
solid state at room temperature.
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