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Herein, syntheses, crystal structures, and photoluminescence properties of 24 new ammonia and alkali metal
ATCN salts characterized via single-crystal X-ray diffraction are reported. Moreover, ten structure types of
these salts have been described, three of which are predominant. Some ATCNs were obtained as two crystal-
line polymorphs. It was estimated that most ATCN powders exhibited yellow-green fluorescence (at
450-600 nm). For samples that possess fluorescence of low intensity in the solid state, several optical centers
of emission exist. It was speculated that the obtained spectral features were due to anion-anion inter-
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Introduction

The coordination chemistry of salts’ and coordination poly-
mers> containing tetracyanoallyl (TCA) anion has been inten-
sively studied because of the diverse nature of applications
and potentially useful properties, such as semiconducting,’
thermo- and photochromic,” magnetic,” and photomagnetic
properties,® of these materials. TCA ligands have also received
interest for creation of spin-crossover (SCO) materials,” ionic
liquids,® (including radiolysis resistant IL,’ efficient propel-
lants,'® and burning-rate (BR) catalysts)."" Moreover, in recent
studies, TCA ligands have found application as components of
redox electrocatalysts'> and fluorine-free solid-polymer electro-
lytes for sodium-ion batteries."”> Some TCA complexes have
also shown antimicrobial activity.**

In this study, we continued the systematic study of new
representatives of TCA salts, 2-acyl-1,1,3,3-tetracyanoprope-
nides (ATCN). These salts are stable and can be easily obtained
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date for creation of various 1D, 2D, and 3D supramolecular structures and potential functional materials.

from readily available reagents.'” For the obtained salts, the
absorption and fluorescence spectra both in the solution and
solid state were acquired. The obtained spectral data were com-
pared with the results of X-ray experiments to find out the cor-
relations between ammonia and alkali metal ATCN structure
and their fluorescence properties.

Among a broad range of TCA ligands, ATCN are noteworthy
because they contain an acyl group at position 2 of TCA anion,
and the carbonyl oxygen can form an additional coordination
bond with the cation (Fig. 1).

Fig. 1 Potassium 2-benzoyl-1,1,3,3-tetracyanopropenide p-1d.
Coordination environment of K with 50% probability ellipsoids. Bond
distances are 3.035 (K1.--O1), 3.020 (K1--N1), 2.801 (K1.--O1), 2.862
(K1.--N1%), 2.844 (K1..-N2), 2.978 (K1.--N1Y), 3.137 (K1---N4"), and 2.944
(K1---N4Y) A.
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Some ATCNs were obtained as two crystalline
polymorphs. In this case, we designated them as a and p. The
conditions for their formation are different. o-Forms
were obtained by slow evaporation of the solvent at r.t.,
whereas p-forms were isolated via rapid evaporation of a warm
solution.

The ORTEP images, additional crystallographic data, and
methods of single crystal preparation are presented in the
ESLT

Designation of ATCN salts

Anion Cation Label Name
o NH,” 1a Ammonium 2-benzoyl-1,1,3,3-
NG o tetracyanopropenide
e Li" 1b Lithium 2-benzoyl-1,1,3,3-
tetracyanopropenide
Na* 1c Sodium 2-benzoyl-1,1,3,3-
tetracyanopropenide
K" 1d Potassium 2-benzoyl-1,1,3,3-
tetracyanopropenide
Rb" 1e Rubidium 2-benzoyl-1,1,3,3-
tetracyanopropenide
Cs* 1f Cesium 2-benzoyl-1,1,3,3-
e tetracyanopropenide
. NH," 2a Ammonium 2-(4"-methylbenzoyl)-
woo L on 1,1,3,3-tetracyanopropenide
&l LI 2b Lithium 2-(4"-methylbenzoyl)-1,1,3,3-
tetracyanopropenide
Na* 2¢ Sodium 2-(4-methylbenzoyl)-1,1,3,3-
tetracyanopropenide
K' 2d Potassium 2-(4"-methylbenzoyl)-1,1,3,3-
tetracyanopropenide
Rb* 2e Rubidium 2-(4-methylbenzoyl)-1,1,3,3-
tetracyanopropenide
Cs* 2f Cesium 2-(4-methylbenzoyl)-1,1,3,3-
o tetracyanopropenide
5 NH," 3a Ammonium 2-(4"-methoxybenzoyl)-
ne Lo 1,1,3,3-tetracyanopropenide
& bv LIt 3b Lithium 2-(4"-methoxybenzoyl)-1,1,3,3-
tetracyanopropenide
Na* 3¢ Sodium 2-(4-methoxybenzoyl)-1,1,3,3-
tetracyanopropenide
K 3d Potassium 2-(4'-methoxybenzoyl)-
1,1,3,3-tetracyanopropenide
Rb* 3e Rubidium 2-(4"-methoxybenzoyl)-
1,1,3,3-tetracyanopropenide
Cs' 3f Cesium 2-(4-methoxybenzoyl)-1,1,3,3-
o tetracyanopropenide
R NH," 4a Ammonium 2-(4-bromobenzoyl)-1,1,3,3-
"o o N tetracyanopropenide
oL L 4b Lithium 2-(4"-bromobenzoyl)-1,1,3,3-
tetracyanopropenide
Na* 4c Sodium 2-(4'-bromobenzoyl)-1,1,3,3-
tetracyanopropenide
K ad Potassium 2-(4’-bromobenzoyl)-1,1,3,3-
tetracyanopropenide
Rb" 4e Rubidium 2-(4"-bromobenzoyl)-1,1,3,3-
tetracyanopropenide
Cs* af Cesium 2-(4-bromobenzoyl)-1,1,3,3-
tetracyanopropenide
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Results and discussion
Description of ATCN crystal packing

Type 1. This type of crystal packing was found in compounds
1a, 4a, and 4e. The crystals are triclinic, and the space group is
P1. In this case, ATCN anions are lined up in chains in a
head-to-tail arrangement along one of the crystallographic
axes. Every two neighboring chains are connected by a center
of symmetry. Each cation coordinates five anions from four
neighboring chains (Fig. 2). Fig. 3 shows the resulting for-
mation of the 3D ionic structure of these salts.

Contrary to the crystal 1a, in the independent part of the
unit cell of the crystals 4a and 4e, there are two crystallographi-
cally independent types of ATCN anions (designated as blue
and red in Fig. 4b). These anions form layers in the b-a plane
that alternate with each other.

Type 2. This type of crystal packing was found in the com-
pounds f-1c, p-1d, 3c, 3a, and «-3d. The crystals are monocli-
nic, and the space group is P21/c. In this case, ATCN anions
are lined up in rows in a head-to-tail arrangement along one of
the crystallographic axes. Moreover, two adjacent rows are
wedged into each other by aryl rings like the fingers in a lock.
The result is a stack having the topology of a half-cylinder or
gutter. The three gutters form a channel inside, which is a
chain of cations (Fig. 5). Fig. 6 shows the general crystal
packing.

Sodium 2-benzoyl-1,1,3,3-tetracyanopropenide f-1c has a
layered 2D ion-molecular structure, as shown in Fig. 6. Each
layer was formed by sodium chains, which were united by
water bridges and ATCN anions. Each sodium cation coordi-
nates four ATCN anions (Fig. 7). The salt 3¢ has an analogous
structure.

The salts 3a, p-1d, and a-3d do not contain crystallization
water. Each cation coordinates six ATCN anions, and the
cations are linked in chains via nitrogen bridges (Fig. 8).

Fig. 9 shows the general crystal packing of g-1d. The salts
3a and a-3d have an analogous structure.

Type 3. This type of crystal packing was found in the com-
pounds 2d, 4d, 2e, 2f, f-3d, and 3e. The crystals of 2d, 4d, 2e,
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Fig. 2 The arrangement of ATCN anions in the crystal of 1a. Gray, red,
and blue spheres represent carbon, oxygen, and nitrogen atoms,
respectively. Blue tetrahedra are ammonia cations.

This journal is © The Royal Society of Chemistry 2017
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(a) (b)

Fig. 4 Fragment of the crystal lattice of 4a (a) and 4e (b) viewed along
the c axis. Olive and pink spheres represent bromine and rubidium
atoms, respectively.
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Fig. 5 Schematic of packing in the stacks of ATCN anions in f-1c. The
sodium cations are hidden.

and 2f are monoclinic, and the space group is P21/c. The crys-
tals of -3d and 3e are triclinic, and the space group is P1.

In the crystal of 2d, each potassium cation coordinates five
ATCN anions belonging to three neighboring gutters. The cations
are linked in chains via oxygen O1 and nitrogen N4 bridges
(K--K distance is 4.705 A). The chains are packed in 2D sheets
via N3 nitrogens (K---K distance is 4.438 A), as shown in Fig. 10.

Fig. 11 shows the general crystal packing of 2d. The salts
4d, 2e, and 2f have an analogous structure.

The salts p-3d and 3e have an analogous structure with a
minor difference. The crystal lattice of p-3d is composed of
two types of crystallographically independent ATCN anions.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) Fragment of the crystal lattice of p-1c viewed along the ¢
axis. Magenta spheres represent sodium atoms. (b) General schematic of
the crystal packing.

(b)

Fig. 7 (a) Coordination environment of Na in §-1c. (b) Sodium cations
united by water bridges. Na---Na distances are 3.779 A.
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Fig. 8 (a) Coordination environment of K (green sphere) in p-1d. (b)
Potassium cations united by nitrogen bridges. K---K distances are
3.618 A.

They alternate in gutters, and the methoxy groups are dis-
ordered. The alternating ions K1 and K2 are also connected via
bridging heteroatoms belonging to ATCN anions; this results
in the formation of the 2D sheet in the a-b plane (Fig. 12(a)).
The distances between potassium cations alternate (the dis-
tance between K1:.-K2 that is bonded via O1A and N4 is
4.596 A, whereas the distance between K1---K2 that is bonded
via O1 and N1A is 4.654 A). The bridging nitrogen N2A con-
nects K2 cations (K2---K2 distance is 4.445 A). The nitrogen N3
connects the K1 cations (K1---K1 distance is 4.451 A). For the
rest, the architecture of the crystals is the same as in 2d
(Fig. 12(b)). The salt 3e has an analogous structure.

Dalton Trans., 2017, 46, 16925-16938 | 16927


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7dt03625f

Open Access Article. Published on 13 November 2017. Downloaded on 4/11/2026 12:03:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Paper

N
W W,

@ B o 4 o
NN o A S L LN S e

Fig. 9 Fragment of the crystal lattice of f-1d viewed along the c axis.
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Fig. 10 (a) Coordination environment of K in 2d. (b) Schematic of the
formation of the 2D sheet in 2d.

Fig. 11 (a) Fragment of the crystal lattice of 2d viewed along the c axis.
(b) General schematic of the crystal packing.
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Fig. 12 (a) Schematic of the formation of the 2D sheet in p-3d. (b)
Fragment of the crystal lattice of f-3d viewed along the a axis.

Type 4. This type of crystal packing was found in compounds
2a and P-2c. These salts crystallize in monoclinic symmetry
with the space group C2/c. In the crystal of p-2¢, each sodium
cation coordinates one water and four ATCN anions, belonging
to three neighboring gutters. Sodium cations are united in
chains via alternating nitrogen and water bridges (Fig. 13). The
distance between sodium cations, which are bonded by water,
is 3.890 A, and that between those bonded by nitrogens is
—3.955 A. Fig. 14 shows the general crystal packing.

The salt 2a has a similar crystal packing. In this case, the
crystal lattice is composed of two types of crystallographically
independent ATCN anions. The cations are linked to chains
via bridging N1 and aqua bridges (Fig. 15).

Types 5 and 6. These types of crystal packing are character-
istic for lithium ATCN 1b (type 5) and 2b-4b (type 6). The salt
1b crystallizes in triclinic symmetry with the space group P1.
The crystals of 2b, 3b, and 4b are monoclinic with the space
group of P21/c.

Each lithium cation coordinates the nitrogens N1 and N2
belonging to different ATCN anions and connects them to an
infinite chain. These chains are combined in pairs by coordi-

(a) (b)

Fig. 13 (a) Coordination environment of Na in $-2c. There are two
water molecules in the figure, but there is only one molecule in the
crystal, which is located in one of the two indicated coordination sites
with a 50% chance. (b) Sodium cations united by water and nitrogen
bridges.

This journal is © The Royal Society of Chemistry 2017
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(b)

Fig. 14 (a) Fragment of the crystal lattice of p-2c viewed along the ¢
axis. (b) General schematic of the crystal packing.

Fig. 15 (a) Fragment of the crystal lattice of 2a viewed along the a axis.
(b) Ammonia cations united by water and nitrogen bridges.

nation of lithium with the carbonyl oxygen; this forms a 1D
chain structure. The fourth coordination site of lithium is
occupied by a water molecule.

Type five: two chains are centrosymmetric (running toward
each other, as shown in Fig. 16)."> Type six: two chains are
arranged in one direction (Fig. 17).

(a) (b)

Fig. 16 (a) Fragment of the 1D chain structure of 1b viewed along the ¢
axis. (b) Schematic of the formation of 1D chain in 1b.

This journal is © The Royal Society of Chemistry 2017
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Fig. 17 (a) Fragment of the 1D chain structure of 4b viewed along the ¢
axis. (b) Schematic of the formation of 1D chain in 4b.
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Fig. 18 Fragment of the crystal lattice of 2b. Bond distances are
O2H2---N2" 2.849, O2H21.--N2V 3.320, C10.--N3 3573, C10-.-N2
3.667, C10™...N2 3.667, and C13"...N2 3.563 A.

In both cases, the hydrogen bonds between the coordi-
nation water and the nitrogen atoms of the nitrile groups as
well as CN-CN dipole-dipole interactions are present in the
crystal (Fig. 18).

Type 7. This type of crystal packing was found in the salts
o-2¢ and 4c. The crystals are monoclinic with the space group
of P21/c. Similar to the types 2, 3, and 4, the crystals of type
7 have a layered structure. Each layer is a 2D coordination
polymer, built from chains of sodium cations, combined by
aqua and ATCN anions, as shown in Fig. 19(a). Each layer
consists of two half-layers of ATCN anions that are arranged
by the head-tail principle along the two axes a and c. Each
sodium cation coordinates four anions: three from one half-
layer and one from the other (Fig. 19(b)). Along the c axis, the
cations are connected in chains via aqua bridges and the
bridging nitrogen N1. In a crystal, the individual layers are
centrosymmetrically disposed relative to one another
(Fig. 20).

The salt 4c has an analogous structure.

Type 8. This type of crystal packing was found in the salts
o-1c and a-1d. The crystals are monoclinic with the space
group of P21/n. In the crystal of a-1c, sodium cations are com-
bined in pairs via two water molecules. Each ATCN anion
binds to other three adjacent pairs of sodium cations, as
shown in Fig. 21(a). With one anion, the bond is formed
through coordination with N3 (2.493 A); with the second

Dalton Trans., 2017, 46, 1692516938 | 16929
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(b)

Fig. 19 (a) Sodium cations bonded by water and nitrogen bridges in
a-2c. Na—Na distance is 3.737 A. (b) Coordination environment of Na in
wa-2cC.

Fig. 20 2D layered structure of a-2c, viewed along the c axis.

anion, the bond is formed through carbonyl oxygen and N2
(2.452 A), whereas with the third anion, the bond is formed via
coordination with N1 (2.607 A) and the hydrogen bond
02---N4 (3.011 A). This results in the formation of a 2D sheet
(Fig. 21(b)). The crystal has a layered structure.

Type 9. This type of crystal packing was found in the salts 1e
and 1£."° The crystals are monoclinic with the space group of
P21/c. In the crystal of 1f, each cesium atom coordinates five
ATCN anions. Moreover, two of them (one bonded with
cesium atom via N3, and the other bonded through N4) par-
ticipate in the CN-CN dipole-dipole interaction. The tetracya-
noallyl fragments of both anions are almost planar. The
phenyl radical of ATCN anion bound to cesium through nitro-
gen N3 occupies one of the coordination sites of cesium, and
the shortest contacts with C4 and C5 are 3.882 and 3.821 A,
respectively, as shown in Fig. 22(a). The third anion is bonded
to cesium by two bonds through N1 and N4; thus, the N4 atom
is a bridge between two cesium cations. The two other anions
bonded with cesium through the carbonyl oxygen and nitrile

16930 | Dalton Trans., 2017, 46, 16925-16938
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Fig. 21 (a) Coordination environment of ATCN anion in a-1c. (b) 2D
sheet in a-1c, viewed along the a axis.

N2 are also in close contact with each other (the shortest C13—
N1 distance is less than 3.5 A), as shown in Fig. 22(b). Fig. 23
shows the general crystal packing.

Type 10. This type of crystal packing was found in the salt
4f. The crystals are monoclinic with the space group of P21/c.
The ATCN anions linked by cesium cations are arranged
according to the head-tail principle along the a axis to form a
chain. These chains are also arranged according to the head-
tail principle along the ¢ axis; this forms layers in the a-c
plane. While forming a crystal, these layers are stacked centro-
symmetrically relative to each other (Fig. 24).

The X-ray data was obtained using the STOE diffractometer,
Pilatus 100 K detector, focusing mirror collimation, and Cu Ka
(1.54086 A) radiation in the rotation method mode. The STOE
X-AREA software was used for cell refinement and data
reduction. Intensity data were scaled with LANA (part of
X-Area) to minimize the differences in the intensities of sym-
metry-equivalent reflections (multi-scan method). The struc-
tures were solved and refined with the SHELX program. The
non-hydrogen atoms were refined using the anisotropic full
matrix least-square procedure. Molecular geometry calcu-
lations were performed with the SHELX program, and the
molecular graphics were prepared using the Diamond
software.

This journal is © The Royal Society of Chemistry 2017
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Fig. 22 Coordination environment of Cs (blue spheres) in 1f.

Fig. 23 Fragment of the crystal lattice of 1f viewed along the a axis.

Absorption and fluorescence properties

Absorption spectra of the solutions were obtained using a
Varian Cary 100 Scan spectrophotometer in a 0.1 cm layer at a
concentration of 10”* M in non-deaerated ethanol.

Fluorescence emission and excitation spectra of ethanol
solutions and powders were obtained using a Horiba Jobin
Yvon Fluorolog 3-221 fluorescence spectrometer at room temp-
erature in a 0.1 or 0.02 cm cuvette in the reflectance mode at
an angle of 7-10° for an optical density of D ~ 0.2 (for solu-
tions) at the excitation wavelength.

This journal is © The Royal Society of Chemistry 2017
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(b)

Fig. 24 (a) Schematic of the formation of 1D chains in 4f (benzene
rings are hidden). (b) Fragment of the crystal lattice of 4f viewed along
the a axis.

Relative fluorescence quantum yield (g.) of solutions was
measured vs. a solution of 9,10-diphenylanthracene in ethanol
(for non-deaerated solutions, ¢ = 90%),16 and ¢, accuracy was
5% (for three measurements).

Absolute fluorescence quantum yield (@.ps) of powders was
measured via an integrating sphere G8 GMPSA with
Spectralone layer,"” and ¢.,s accuracy was +10% (for three
measurements).

Fluorescence lifetimes (r) were measured in the photo-
counting mode with a diode laser at 369 nm and pulse length
of <100 ns as the excitation source, and 7z accuracy was +10%
(for three measurements).

Electronic excitation energies were calculated via the time-
dependent density-functional theory (TD-DFT) using the Orca
program package.'®

Dalton Trans., 2017, 46, 16925-16938 | 16931
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Fig. 25 (a) 2f absorbance and emission spectra in ethanol. (b)
Excitation and emission spectra in the solid state. Excitation wavelength
is 320 nm (a) and 420 nm (b), and the registration wavelength is
525 nm (b).

The powders of ATCN for absorbance and fluorescence
investigation were prepared from single crystals.

Absorption properties

Fig. 25(a) shows the 2f absorbance spectrum in a dilute
ethanol solution (C ~ 107* mol 17"). There are two bands in
the absorbance spectrum with a maxima at 338 nm (e = 45 360
L em™" mol™) and 268 nm (¢ = 35150 L cm™" mol™"). The
absorbance spectrum of 1f in ethanol (Fig. 26(a)) as well as
those for 3f and 4f (see Fig. 1 and 2 in the ESI{) are almost the
same. This fact led us speculate that the n-system structure of
the tetracyanopropenide fragment of the ligand did not
change significantly via the introduction of a substituent
group (Br, Me, and OMe) in the para-position of the ligand
benzene ring. The absorption spectra of salts with different
cations (2a, 2b, 2¢, 2d, and 2e) in an ethanol solution are also
similar (see Fig. 3-8 in ESIf). Thus, we can conclude that the
absorbance spectra of ATCNs in solution are mainly deter-
mined by electron transitions in the n-system of the tetracyano-
propenide fragment of the ligand. These data are in good
agreement with the results of quantum-chemical calculations
(see Table 1).

Fig. 25(b) demonstrates that the 2f solid state absorption
spectrum differs from the solution spectrum: it is shifted
towards longer wavelengths by about 10-20 nm and has one
more band, which can only be seen as a shoulder at
380-420 nm. The 1f solid state absorption spectrum
(Fig. 26(b)) is also bathochromically shifted as compared to
the solution spectrum and also has one more absorbance
band in the area 400-450 nm. This indicates that in the solid
state, there are intermolecular interactions, which are similar
for different salts. However, the fluorescence properties of 1f
and 2f are essentially different (see below); thus, we should
find out the reason of this fact by analyzing their emission and
excitation spectra."®
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Fig. 26 1f absorbance (a and b), emission (a, b, and c), and excitation
(c) spectra in ethanol (a) and in the solid state (b and c); excitation wave-

length is 320 nm (red and magenta curves) and 420 nm (blue curve),
and the registration wavelength is 380 nm (cyan curve).

Table 1 TD-DFT ab initio calculations for 2f anion (isolated molecule)
via the B3LYP method and def2-TZVPP basis and experimental values
for 2f ethanol solution

Parameter Calculation Experimental
Aﬁ?;x’ nm

So— Sy 473.1

S — S, 334.0 338
So— S;3 323.3

So = Sa 299.9

So = Ss 292.1

So = Se 279.3

So— S, 260.2 268
So = Sg 255.4

A m

S; = Sp 758.2

S, — So 398.3 407
Enomo-rumos €V

0-0 transition 3.87 3.36

“Determined via the intersection point of 2f emission and long-wave-
length absorbance bands in ethanol.

Fluorescence properties

All the investigated ATCNs possess no visible fluorescence in
solution. As an example, Fig. 25(a) shows the 2f fluorescence
spectrum in ethanol, which mirrors symmetrically its long-
wavelength absorption band. The relative fluorescence
quantum yield ¢, of 2f ethanol solution is equal to 0.4%, and
its fluorescence lifetime 7z is 8.1 ns. The 1f fluorescence spec-
trum in ethanol (Fig. 26(a)) is similar to that of 2f. However, in

This journal is © The Royal Society of Chemistry 2017
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Table 2 Fluorescence excitation and emission maxima for the compounds 1a—4f in the solid state (corresponding registration and excitation wave-
lengths are given in brackets). Images of ATCN under UV (450 nm)/visible light, and CCDC deposit numbers are also provided

Visual appearance of the
compounds under UV/visible

ATCN A% (A7), nm Am (A7), nm light CCDC Structure type

1a 32874, 368%, 462 (525) 527 (365) 694326 1

1b 332, 365, 400, 462 (525) 511 (365) . 1452033 5

a-le 328 (380) 400, 488~, 533 (320) 1452034 8
365, 435 (525) 495, 528 (420)
537, 5847 (640) 562, 584~ (500)

p-1c 3317, 370, 426 (525) 522 (365) i A 1574996 2

W

a-1d 318 (380) 378, 511 (320) 1452031 8
3317, 370, 427 (525) 511 (365)

p-1d 275, 3077, 372, 426 (525) 471 (365) . 1574998 2

1le 318 (380) 380, 4147, 508 (320) 1581463 9
3347, 368, 446 (525) 511 (365)

1f 318 (380) 380, 514 (320) 1580717 9
320, 365™ (525) 528 (365)

2a 3227, 373, 426 (580) 553 (365) 1575039 4

2b 3307, 370, 418 (525) 470 (365) . 1575056 6

a-2c 3227, 369, 452 (525) 505 (365) 1575015 7
3207, 369, 450, 480~ (550) 554 (490)

p-2¢ 319 (380) 379, 509 (320) 1575014 4
3257, 368, 465 (525) 509 (365)
3257, 368, 476, 524 (580) 543 (525)

2d 3207, 369, 455 (525) 521 (365) 1575020 3

This journal is © The Royal Society of Chemistry 2017
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Visual appearance of the
compounds under UV/visible

ATCN A (A7), nm am (A%, nm light CCDC Structure type
2e 3317, 370, 435 (525) 496 (365) 1575001 3
2f 3347, 372, 424 (525) 485 (365) 1575038 4
3a 318 (380) 379, 482 (320) 1575023 2
328, 368, 413 (480) 488 (365)
3257, 365, 437, 525 (580) 591 (525)
3b 3287, 372, 422 (525) 480 (365) 1575055 4
3c 3267, 370, 423 (525) 496 (365) ._a', 1575016 2
a-3d 319 (380) 375, 460 (320) 1575088 2
3237, 370, 418 (460) 460 (365)
3257, 368, 434, 469 (525) 513 (450)
#-3d 276, 3097, 370, 444 (525) 506 (365) . 1575000 3
3e 3287, 370, 450 (525) 504 (365) . 1575021 3
3f 319 (380) 378, 484 (320) No X-ray data
3247, 371, 425 (525) 484 (365)
4a 319 (380) 377,513 (320) 1575024 1
3337, 371, 428 (525) 513 (365)
4b 318 (380) 380, 476 (320) 1575057 6
332, 370, 427, 485~ (525) 476 (365)
4c 3347, 373, 459 (525) 517 (365) . 1575040 7
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Visual appearance of the
compounds under UV/visible

ATCN A (A7), nm am (A%, nm light CCDC Structure type
ad 276, 3077, 369, 465 (525) 527 (365) 1575041 3
e 3327, 370, 440 (525) 510 (365) 1575022 1
af 318 (380) 379, 486 (320) 1575037 10

327, 371, 426 (525) 489 (365)

“Shoulder ~. ? Principal maximum in bold.

the solid state, 2f possesses visible fluorescence at 450-600 nm
(like most of the investigated tetracyanopropenide salts, see
Table 2 and Fig. 9-32 in the ESIT), and 1f possesses no visible
fluorescence.

We then examined the fluorescence properties of cesium
salt powders in the series 1f, 4f, 3f, and 2f. We have estimated
that there is a fluorescence intensity increase in this row: 4f,
3f, and 2f have absolute fluorescence quantum yields @aps
equal to 0.6%, 1.9% and 16.7%, respectively; consequently,
their fluorescence lifetimes 7 are 7.4 ns, 4.5 ns, and 3.7 ns (1f
fluorescence in the solid state is very weak). There are two
emission optical centers (OC) in the 1f fluorescence spectra:
OC1 (Agm = 380 nm, Fig. 26(c)) and OC2 (A5n. = 514 nm,
Fig. 26(b)), and the OC1 band is more intense. The 1f exci-
tation spectra also consist of two bands - an intense band at
319 nm (OC1) and another band at 365 nm with low intensity
(OC2), which can be seen only as a shoulder (see Fig. 14 in the
ESIT). The OC1 and OC2 bands in the 4f emission and exci-

i -
==}
==
>} [—)
— =)
en en
QS
3e) Q g
300 400 500 600

Wavelength, nm

Fig. 27 Solid state 4f emission and excitation spectra; excitation wave-
length is 320 nm (green curve) and 365 nm (blue curve), registration
wavelength is 380 nm (black curve) and 525 nm (red curve).

This journal is © The Royal Society of Chemistry 2017

tation spectra are almost of the same intensity (Fig. 27). The
OC2 bands in the 3f emission and excitation spectra are about
ten times more intense as compared to the OC1 bands
(Fig. 28). There is only an OC2 emission band in the 2f spectra
(Aem =485 nm), and the OC1 band in its excitation spectra can
be seen only as a shoulder (Fig. 25(b)).

The fluorescence properties of the ATCN « and § polymorph
modification are also different. We found out that the fluo-
rescence of f-1c, f-1d, and B-3d is more intense than that of
o-1c, a-1d, and o-3d. As we can see in Fig. 29, there are two
OC bands in the a-1d emission and excitation spectra: OC1
(Agm =380 nm, ASY, =318 nm) and OC2 (A{™ =511 nm, A =
435 nm). Moreover, only OC2 is responsible for the p-1d fluo-
rescence (ASM =471 nm, A5 =426 nm). For the a-2¢ and $-2¢

species, several OC bands are observed (see Table 2), and both
these polymorphs show a weak fluorescence.

.
1.2+
5 5 3
4
0.8+
0.4 - RS
on en
x10
0.0 : r :
300 400 500 600

Wavelength, nm

Fig. 28 Solid state 3f emission and excitation spectra; excitation wave-
length is 320 nm (green curve) and 365 nm (blue curve), and registration
wavelength is 380 nm (black curve) and 525 nm (red curve). Black and
green curves intensity are ten times multiplied.
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Fig. 29 Solid state a-1d (a and b) and B-1d (c) emission and excitation
spectra; excitation wavelength is 320 nm (blue curve) and 365 nm
(magenta and red curves), and registration wavelength is 380 nm (green
curve) and 500 nm (cyan and black curves).

Comparison and discussion

The revealed fluorescence property differences of tetracyano-
propenide salts in the solid state (or visible fluorescence
origin) can be explained by a comparison of the obtained elec-
tron spectra and the results of the X-ray experiment for the
same compounds. There are two types of interactions in the
ATCN crystals: anion-anion (between different tetracyanoallyl
fragments) and anion-cation (between CN-groups of tetra-
cyanoallyl fragments and ammonia or alkali metal cation).
Tetracyanoallyl fragments in the 1f cesium salt crystal are not
parallel, and the distances between their CN-groups are about
3.52-6.37 A. In the 4f crystals, these fragments are parallel, but
shifted to each other, and the distances between them are a
bit shorter and equal to 4.05-4.41 A. In the 2f crystals, the
tetracyanoallyl fragments are parallel, turned to each other for
about 90°; thus, the examined distances are shorter and equal
to about 3.54-3.79 A. For rubidium salts, these distances are
about 3.49-5.47 A for 1e, 3.50-4.57 A for 4e, 3.55-4.54 A for 3e,
and 3.45-3.61 A for 2e. In the case of 2f and 2e crystals, direct
short contacts between tetracyanoallyl fragments of different
ligands are detected. Anion-cation interactions for cesium and
rubidium salts don’t differ significantly. For cesium salts, each
tetracyanoallyl fragment is coordinated with four (1f) or five
(4f and 2f) cesium cations. This type of cesium coordination
can lead to distortion of tetracyanoallyl fragments: their
torsion angles are equal: 10.8° for 1f, 3.5° for 4f, and 6.9° for
2f. For rubidium salts, these values are similar.

The lack of visible fluorescence in ATCN dilute solutions
and its origin in the solid state led us speculate that the fluo-
rescence of powders was due to the intermolecular inter-
actions, which didn’t exist in solution. We suppose that the
origin of the visible fluorescence is mainly due to the anion-
anion interactions between tetracyanoallyl fragments at their
parallel location at the distances of 3.5-4.0 A (for different
types of anion-anion interactions in the crystals see litera-
ture®®). In this case, the fluorescence properties of tetracyano-
propenide salts are determined by one OC of emission, and
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Fig. 30 Solid state emission spectra of 2b (black curve, 1 = 450 nm),
2f (blue curve, 1 = 420 nm), 2e (green curve, 1 = 425 nm), and 2d
(red curve, 1 = 425 nm).

these samples possess more intense fluorescence as compared
to those that have several OCs. Further research is required to
estimate the observed OC nature. It should be noted that the
samples 1e and 1f, which show a weak fluorescence and have
more intense OC1 emission bands than OC2 bands, belong to
the same 9th structure type.

A characteristic feature of the tetracyanopropenide fluo-
rescence spectra is that their emission maxima values correlate
with distances between parallel tetracyanoallyl fragments.
When these distances decrease in the series 2b, 2f, 2e, and 2d
from 4.2 to 3.4 A, fluorescence bands shift bathochromically
by about 50 nm (Fig. 30). These results correspond to the
analogous effect, which has been reported for
tetracyanopirrolates.>*

H-bond is another factor that influences the fluorescence
properties of tetracyanopropenides in the solid state. H-bond
existence between cation and anion (for 2a) or between anion
and molecules of solvated water (for 2c¢) leads to emission
band broadening (for about 2500 cm™, i.e. almost twice) and
long-wavelength shift (Fig. 31). A more detailed study of

10} -
max m
1.21 z z
. @
7 W
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0.4
0.0 : ,
500 600

Wavelength, nm

Fig. 31 Solid state emission spectra of 2a (black curve, 1 = 420 nm)
and a-2c¢ (red curve, 1°* = 450 nm).
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H-bond influence on the emission spectra of tetracyanoprope-
nides is required.

Conclusions

In conclusion, we have synthesized 24 ammonia and alkali
metal ATCN salts, most of which have not been described pre-
viously. The crystal structures of 23 of them are reported. Some
ATCN were obtained as two crystalline polymorphs. Moreover,
ten structure types of these salts are described, three of which
are predominant. In the solid state, most ATCN exhibit blue,
green or yellow-green photoluminescence with nanosecond
lifetimes. ATCN absorbance and fluorescence spectra in a
dilute solution are almost the same. It is shown that ATCN
fluorescence in the solid state is mainly originated due to
intermolecular anion-anion interactions between different tet-
racyanoallyl fragments of ligands. Fluorescence band location
and shape are mostly determined by distances between tetra-
cyanoallyl fragments, their orientation to each other, and by
the presence of H-bonds. ATCN might be used as bridging
ligands for the construction of various 1D, 2D, and 3D coordi-
nation polymeric frameworks and potentially functional
materials.
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