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ABSTRACT: Four multiring heterocyclic ligands with benzimidazole (L1 and L3) and benzothiazole nuclei (L2 and L4) are
reported. Their silver(I) complexes involving a variety of anions (both organic and inorganic) have been prepared by the process
of self-assembly and structurally characterized by single-crystal X-ray diffraction analyses. Discrete metallocyclic complexes
[Ag(L3)(X)]2 (X = NO3

-, 3a; cis-HOOCCHdCHCOO-, 3b; 0.5SiF6
2-, 3c) and [Ag(L4)(Y)]2 (Y = NO3

-, 4a; CF3SO3
-, 4b)

have been formedwith the ligands L3 andL4, respectively, where the pyridine nitrogen atomN1 is in the 3-position as against the
coordination polymers [Ag(L1)(H2O)(NO3)]n, 1a, [Ag(L1)(CF3COO)]n, 1b and {2[Ag(L2)2(ClO4)].0.5.C2H5OH}n 2a, and
[Ag(L2)2(cis-HOOCCHdCHCOO)]n, 2b, with the ligands L

1 and L2, respectively, in which theN1 atom occupies the 4-position
in the pyridine ring. In addition to the primary ligands (L1-L4), the counteranions also have a dominant influence on the overall
structures of these compounds. Secondary bonding interactions, namely, hydrogen bonding, π 3 3 3π-stacking, and C-H 3 3 3π
interactions, are also proven effective in shaping the dimensionalities of the solid state structures. Thus, a zigzag chain structure
of 1amediated by a nitrate anion generates a more complicated double layer structure in 1bwhere trifluoroacetate has replaced
nitrate as the counterion. Discrete 12-membered metallocycles in 3a-3c generate 2-D arrays of flat (3a) and undulating
topologies (3b and 3c), depending upon the type of their associated anions. Metallocycles 4a and 4b have less complicated
structures compared to those of 3a-3c because of the replacement of NH by S in the heterocyclic ring, thereby reducing the
hydrogen-bonding potential in the primary ligand in going from L3 to L4. In the solid state, the complexes show enhanced
phosphorescence at 77 K with triplet lifetime in the range of 0.5-0.8 s, much shorter than those for the free ligands (2.3- 3.3 s)
because of increased spin-orbit coupling introduced by the coordinated Agþ ion. This heavy-atom effect also has a causative
influence in shortening the fluorescence lifetimes of these compounds.

Introduction

Crystal engineering of supramolecular architectures invol-
vingmetalloorganic frameworks (MOFs) as building blocks is
a rapidly developing area of research in contemporary co-
ordination chemistry because of their intrinsic aesthetic ap-
peal,1 as well as for many of their fascinating properties, both
realized and potential, in the domains of catalysis, nonlinear
optics, magnetism, microelectronics, exchange and storage
materials, etc.2 The observed properties are very much influ-
enced by subtle changes in the network structure of the
polymeric entities and the development of synthetic strategies
to generate the desired product with a predefined property is a
long-term challenge. Numerous routes have been investigated
in recent times, some are controlled by the formation of
conventional bonds and others by supramolecular contacts
such as hydrogen bonding, π-π-stacking and X-H 3 3 3π
(X = O, N, C) interactions, etc.3-9

Since the pioneering work of Thompson and Forrest10

regarding the application of phosphorescent metal-organic
luminophores as emitting materials in solid-state organic
light-emitting devices (OLEDs), major emphasis is now
placed on the development of new MOFs as emitters for
OLEDs. Because of mixing of the singlet and triplet states in
heavy metal phosphorescent complexes through efficient

spin-orbit coupling, the luminous efficiency of OLEDs may
potentially be improved to a large extent.11 Many such
compounds with interesting phosphorescence properties have
also found applications in light emitting electrochemical cells
(LEC)12-16 and in phosphorescence based photodynamic
therapy.17 Ionic complexes are particularly promising for
LEC device applications since they facilitate electronic charge
injection into the light emitting film.16,18,19 High phosphores-
cence intensity of the emitters with sharp color in the blue,
green, and red regions enables high efficiency in LEC. Coor-
dination polymers are widely regarded as promisingmaterials
for many optoelectronic device applications because of their
higher thermal stability, superior quantum efficiency, bright-
ness, and insolubility in polar and nonpolar solvents.20-23 In
addition, complexation of organic chromophores to the
metal atoms and the presence of several supramolecular
interactions induced by anions, solvents, metal-metal inter-
actions, etc., help in tuning their emission wavelengths,
making these materials attractive for both fundamental
research and practical applications.

Silver complexes have attracted enormous attention over
the years with the observation of a large variety of coordina-
tion architectures, structural variability correlated with dis-
parate anions or solvent, and fascinating luminescence
properties;24 several reviews are available.25 Examples of
highlights from the very recent literature include a direct
white-light emitting silver-based MOF,26a anion-dependent
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mesomorphism,26b and conformational polymorphism in he-
lical coordination polymers,26c and variable self-assembly
mechanisms and coordination geometries in architectures
based on noncovalent interactions.26d-26f Such a rich and
diverse chemistry, often leading to aesthetically pleasing
structural motifs in addition to materials with potentially
useful properties, underscores the intense contemporary inter-
est in the supramolecular chemistry of silver and offers
challenges for their systematic and controlled assembly.

Herein, we report the synthesis and photophysical proper-
ties of some supramolecular cationic silver(I) complexes (1a,
1b, 2a, 2b, 3a-3c, 4a, and 4b) and describe a strategy to tune
the phosphorescence wavelength and enhance their emission
intensity. These have been achieved by (i) varying the counter-
anions of these cationic complexes, (ii) changing the non-
coordinating heteroatom (S in place of NH), and (iii)
changing the relative positions of the coordinating atoms in
a series of closely related ligands (L1-L4). The ease of synth-
esis of these heterocyclic rigid multiring ligands and their
metal complexes readily allows structuralmodification for the
optimization of their photophysical properties.

Experimental Section

Materials. Silver maleate was prepared by combining an equiva-
lent of silver carbonate with an aqueous solution of maleic acid.
Pyridine-4-carboxaldehyde, pyridine-3-carboxaldehyde, 2-amino-
thiophenol, and silver trifluoroacetate were purchased from
Aldrich. All other reagents were commercially available and used
as received. Solvents were reagent grade, dried by standard meth-
ods27 and distilled under nitrogen prior to use.

Preparation of Ligands. Ligands L1-L4 were prepared following
a general procedure. The synthesis of 2-(pyridin-4-yl)-1H-benzo-
[d]imidazole (L1) is described as an archetype.

2-(Pyridin-4-yl)-1H-benzo[d]imidazole (L1). To a stirred solution
of o-phenylenediamine (1.08 g, 10 mmol) in methanol (25 mL) was
added an equimolar amount of pyridine-4-carboxaldehyde (1.07 g)
in the same solvent (10mL). The solution was stirred for 30min and
then evaporated to dryness under reduced pressure. The crude
product was recrystallized from ethyl acetate to get a yellow-brown
product. Yield: (80%). mp: 224 �C. Anal. Calcd for C12H9N3: C,
73.83; H, 4.64; N, 21.52. Found: C, 73.64; H, 4.58; N, 21.59%. IR
(KBr pellet, cm-1): 3467br, 3072, 1610, 1436, 1000, 829, 742, 692.
UV-vis (CH3OH) [λmax, nm (ε, mol-1 cm2)]: 311 (25 100), 243
(8800), 208 (22 200). 1H NMR (300 MHz, CD3OD, 293 K, δ/ppm):
8.72 (d, 2H, J=6.0 Hz), 8.08 (d, 2H, J=6.0 Hz), 7.66 (s, 2H), 7.33
(m, 2H).

2-(Pyridin-4-yl)benzo[d]thiazole (L2). This compound was pre-
pared using 2-aminothiophenol and pyridine-4-carboxaldehyde
following an identical procedure as mentioned above for L1. The
compound was recrystallized from methanol as a yellow-brown
product. Yield: 89%. mp: 130 �C. Anal. Calcd for C12H8N2S: C,
67.90; H, 3.79; N, 13.19. Found: C, 68.02; H, 3.70; N, 13.32%. IR
(KBr pellet, cm-1): 3483br, 1593, 1475, 1407, 977, 823, 704. UV-vis
(CH3OH) [λmax, nm (ε, mol-1 cm2)]: 302 (18 100), 255 (7100), 217
(23 800), 205 (28 500). 1H NMR (300MHz, CDCl3, 293 K, δ/ppm):
8.77 (d, 2H, J=5.8Hz), 8.13 (d, 1H, J=8.3Hz), 7.95 (m, 3H), 7.55
(m, 1H), 7.46 (m, 1H).

2-(Pyridin-3-yl)-1H-benzo[d]imidazole (L3). This compound was
prepared as described for L1, but using pyridine-3-carboxaldehyde.
The product was recrystallized frommethanol as an off-white solid.
Yield: 82%.mp: 246 �C.Anal. Calcd forC12H9N3:C, 73.83;H, 4.64;
N, 21.52. Found: C, 73.44; H, 4.52; N, 21.85%. IR (KBr pellet,
cm-1): 3043br, 2678, 1623, 1575, 1448, 1429, 1317, 962, 744, 711,
702. UV-vis (CH3OH) [λmax, nm (ε, mol-1 cm2)]: 305 (17 000), 240
(8500). 1HNMR (300MHz, CD3OD, 293K, δ/ppm): 9.26 (bs, 1H),
8.66 (d, 1H, J= 1.2 Hz), 8.48 (m, 1H), 7.62 (m, 3H), 7.30 (dd, 2H,
J = 3.1, 6.1 Hz).

2-(Pyridin-3-yl)benzo[d]thiazole (L4). This compound was pre-
pared using 2-aminothiophenol and pyridine-3-carboxaldehyde

following the procedure described for L1. The compound was
recrystallized from methanol as an off-white solid. Yield: 90%.
mp: 125 �C. Anal. Calcd for C12H8N2S: C, 67.90; H, 3.79; N, 13.19.
Found:C, 67.58;H, 3.87;N, 13.31%. IR (KBr pellet, cm-1): 3481br,
3053, 1608, 1460, 1427, 1309, 964, 765, 704. UV-vis (CH3OH)
[λmax, nm (ε, mol-1 cm2)]: 299 (16 700), 248 (7100), 224 (19 000). 1H
NMR (300 MHz, CDCl3, 293 K, δ/ppm): 9.29 (d, 1H, J= 2.1 Hz),
8.71 (dd, 1H, J = 1.4, 4.8 Hz), 8.37 (m, 1H,), 8.10 (d, 1H, J = 8.1
Hz), 7.92 (d, 1H, J = 7.7 Hz), 7.52 (m, 1H), 7.45-7.39 (m, 2H).

Preparation of Complexes. [Ag(L1)(H2O)(NO3)]n (1a).Ametha-
nolic solution (5mL) ofL1 (19.5mg, 0.1mmol) was carefully layered
on to a solution of silver nitrate (16.9 mg, 0.1 mmol) in water (25
mL). Diffusion between the two layers over a period of four days
produced brown crystals. Yield: 34 mg (89%). Anal. Calcd for
C12H11AgN4O4: C, 37.62; H, 2.89; N, 14.62. Found: C, 37.76; H,
3.01; N, 14.52%. IR (KBr pellet, cm-1): 3215br, 1610, 1429, 1383,
1220, 831, 742, 690.

[Ag(L1)(CF3COO)]n (1b). This compound was prepared as a
brown crystalline solid following an identical procedure as de-
scribed for 1a but using silver trifluoroacetate. Yield: 84%. Anal.
Calcd for C14H9AgF3N3O2: C, 40.41; H, 2.18; N, 10.09. Found: C,
40.22; H, 2.12; N, 10.21%. IR (KBr pellet, cm-1): 3421br, 3099,
1681, 1662, 1612, 1436, 1205, 1124, 837, 744.

{2[Ag(L2)2(ClO4)] 3 0.5C2H5OH}n (2a). An ethanolic solution
(5 mL) of L2 (21.2 mg, 0.1 mmol) was carefully poured on to a
solution of silver perchlorate monohydrate (22.5 mg, 0.1 mmol) in
water (10 mL), forming two distinct layers. Diffusion between these
two layers over a period of two days produced a light-yellow
crystalline compound. Yield: 51.47 mg (80%). Anal. Calcd for
C49H35Ag2Cl2N8O8.5S4: C, 45.73; H, 2.74; N, 8.70. Found: C,
45.81; H, 2.62; N, 8.76%. IR (KBr pellet, cm-1): 3494br, 3056,
1606, 1552, 1477, 1431, 1413 1141, 1110, 1087, 759, 707, 624.

[Ag(L2)2(cis-HOOCCHdCHCOO)]n (2b). This compound was
prepared following the procedure described for 2a using a metha-
nolic solution of L2 and an aqueous solution of silver maleate.
Light-yellow crystals were obtained within three days. Yield: 84%.
Anal. Calcd for C28H19AgN4O4S2: C, 51.94; H, 2.95; N, 8.65.
Found: C, 51.56; H, 2.88; N, 8.56%. IR (KBr pellet, cm-1):
3436br, 3053, 2885, 1606, 1583, 1475, 1468, 1429, 1350, 1186, 979,
761, 709, 551.

[Ag(L3)(NO3)]2 (3a). A solution of L3 (19.5 mg, 0.1 mmol) in
methanol (5 mL) was allowed to diffuse slowly on to an aqueous
solution (10mL) of silver nitrate (17mg, 0.1mmol).Within a period
of five days a white crystalline compound was obtained. Yield: 29.2
mg (80%). Anal. Calcd for C24H18Ag2N8O6: C, 39.47; H, 2.48; N,
15.34. Found: C, 40.00; H, 2.51; N, 15.42%. IR (KBr pellet, cm-1):
3460br, 3049, 1448, 1382, 1313, 746, 698, 671.

[Ag(L3)(cis-HOOCCHdCHCOO)]2 (3b). This compound was
prepared as a yellow crystalline solid as described for 3a but using
silver maleate. Yield: 78%. Anal. Calcd for C32H24Ag2N6O8: C,
45.95; H, 2.89; N, 10.04. Found: C, 46.20; H, 2.93; N, 10.30%. IR
(KBr pellet, cm-1): 3431br, 3055, 2883, 1608, 1577, 1481, 1448,
1417, 1379, 1353, 968, 707, 694.

[Ag(L3)(SiF6)0.5]2 (3c). This compound was prepared as a yellow
crystalline solid following an identical procedure as described for 3a
but using silver hexafluorosilicate. Yield: 81%. Anal. Calcd for
C24H18Ag2F6N6Si: C, 38.52; H, 2.42; N, 11.23. Found: C, 39.01; H,
2.42; N, 11.01%. IR (KBr pellet, cm-1): 3452br, 3053, 2927, 1450,
952, 750, 640.

[Ag(L4)(NO3)]2 (4a). A solution of the ligand L4 (21.2 mg, 0.1
mmol) in methanol (5 mL) was carefully layered over a solution of
silver nitrate (17mg, 0.1mmol) in water (10mL). Diffusion between
the two solutions over a period of three days produced light-yellow
crystals. Yield: 31.7 mg (83%). Anal. Calcd for C24H16Ag2N6O6S2:
C, 37.71;H, 2.10;N, 10.99. Found: C, 37.81; H, 2.15;N, 11.12%. IR
(KBr pellet, cm-1): 3483br, 3051, 1461, 1429, 1382, 964, 765, 702.

[Ag(L4)(CF3SO3)]2 (4b). This compound was prepared as a light
yellow crystalline solid following an identical procedure as des-
cribed for 4a using silver trifluoromethanesulfonate as a replace-
ment for silver nitrate. Yield: 80%. Anal. Calcd for C26H16Ag2F6-
N4O6S4: C, 33.27; H, 1.72; N, 5.97. Found: C, 33.36; H, 1.71; N,
6.18%. IR (KBr pellet, cm-1): 3431br, 3083, 1596, 1429, 1271, 1249,
1166, 1049, 1024, 763, 698, 657, 628.
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Caution! Perchlorate salts of metal complexes containing organic
ligands are potentially explosive28 and should be handled in small
quantities with sufficient care.

Physical Measurements. Microanalyses (for C, H and N) were
performed at IACS using a Perkin-Elmer model 2400 Series II
elemental analyzer. 1H NMR, IR, and electronic spectra were
recoded using instruments as described elsewhere.29 The steady
state fluorescence measurements were carried out in a Hitachi
F-7000 spectrofluorimeter (equippedwith a 150Wxenon lamp) using
a 1 cm path length quartz cuvette. All the fluorescence measure-
ments at 77 K were taken by exciting the samples at 243 and 330 nm
using 5 nm band-passes for excitation and emission. Emission
studies at 77 K were conducted using a Dewar system having a
5 mm outside diameter quartz tube; freezing of the samples at 77 K
was carried out at the same rate for all the samples. Triplet state
emissions were measured in a Hitachi F-7000 spectrofluorimeter
equipped with phosphorescence accessories at 77 K. The samples
were excited using a 10 nm band-pass, and the emission band-pass
was 1.5 nm.

Singlet state time-resolved emission studies were carried out in a
Time Master Fluorimeter from Photon Technology International
(PTI), U.S.A. The system measures the fluorescence lifetime using
PTI’s patented strobe technique and gated detection. The software
Felix 32 controls all acquisitionmodes and data analysis of the Time
Master system.30 The sample was excited using a thyratron gated
nitrogen flash lamp fwhm 1.2 ns that is capable of measuring
fluorescence time-resolved acquisition at flash rate of 25 kHz. Lamp
profiles were measured at the excitation wavelength using slits with
a band-pass of 3 nm using Ludox as the scatterer. The decay
parameters were recovered using a nonlinear iterative fitting pro-
cedure based on theMarquardt algorithm. The quality of the fit was
assessed over the entire decay, including the rising edge, and tested
with a plot of weighted residuals and other statistical parameters,
for example, the reduced χ2 ratio.30 The phosphorescence lifetime
was measured using a Hitachi F-4010 spectrofluorimeter equipped
with a phosphorescence accessory.

X-ray Crystallography. Diffraction grade crystals in each case
were collected from the reaction pot for crystal structure analysis.
Intensity data were measured at 223(2) K on a Bruker SMART
CCD diffractometer employing Mo KR radiation. Data processing
and empirical absorption corrections were accomplished with the
programs SAINT31a and SADABS,31b respectively. The structures
were solvedbyheavy-atommethods31c and refinements (anisotropicdis-
placement parameters, hydrogen atoms in the riding model approx-
imation and a weighting scheme of the formw=1/[σ2(Fo

2)þ aP2þ
bP] for P= (Fo

2þ 2Fc
2)/3) were on F2.31d Data sets were truncated

so that 2θmax was 55.0�. However, in the cases of 1b and 3c,
irretrievable processing errors resulted in the data sets being trun-
cated at 2θmax = 46.4�. Although each of these data sets is
incomplete in terms of the range of 2θ used in the refinement, the
molecular structures present no unusual features and have been

determined unambiguously. The structure of 1a was refined as a
racemic twin. The crystallographic asymmetric unit of 2a comprises
a pair of [Ag(L2)2]

þ complex cations, two perchlorate anions and
half a solvent ethanol molecule of crystallization. Disorder in each
of the cations was detected in terms of interchange of the sulfur and
nitrogen atoms. Fractional refinement gave site occupancies for the
S1-S4 atoms of 0.651(5), 0.858(7), 0.913(6), and 0.780(5), respec-
tively. High thermal motion was also detected for the perchlorate
anions in 2a but multiple sites could not be resolved. Crystal-
lographic data and final refinement details are given in Tables 1
and 2. Figures 1, 3, 5a, 6, and 8 were drawn with ORTEP-II31e at
50% probability level (35% for 1a, 1b, 4a, and 4b) and the remaining
figures were drawnwith theDIAMONDprogram.31f Datamanipula-
tion and analysis were accomplishedwith teXsan31g and PLATON.31h

Results and Discussion

Syntheses. A high yield (80-90%) protocol has been
developed for the synthesis of multiring rigid heterocyclic
ligands (L1-L4) involving 2-pyridyl substitutions in benzoi-
midazole and benzothiazole rings. Such molecules are
known to have various therapeutic applications32 and show
enormous potential as pharmacophores in contemporary
drug discovery research.33 The neutral ligands with the
benzoimidazole appendage, that is, L1 and L3, Chart 1, have
three different nitrogen atoms of which only N1 and N2 are
capable of coordination to Ag atoms, thus making these to
coordinate as potentially ditopic ligands. The tertiary nitro-
gen N3 on the other hand can only participate in supramo-
lecular aggregation through hydrogen bonding. Replace-
ment of this tertiary nitrogen NH in L1 and L3 by sulfur
generates the ligands L2 and L4, respectively, containing a
benzothiazole nucleus. Between the latter, L4 is ditopic while
L2 coordinates Ag atom in amonotopic fashion. Silver being
a soft metal atom, is expected to be coordinated by the sulfur
atom9k,9n in the complexes with L2 and L4. However, this
does not happen in the systems investigated here as in both
the cases sulfur, being part of a five-membered thiazole ring,
engages one of its electron lone-pairs to fulfill the aromatic
sextet of the ring and subsequently becomes tooweakly basic
to participate in metal coordination.

Coordination polymers of silver(I) are remarkably sus-
ceptible to the influence of the ligands, anion functionality
and the solvent type used in the syntheses.2c,25 Complexes 1a,
1b, 2a, 2b, 3a-3c, 4a, and 4b have been synthesized by the
reactions between the ligands L1-L4 and themetal saltsAgX

Table 1. Crystallographic Parameters and Refinement Details for 1a, 1b, 2a and 2b

parameter 1a 1b 2a 2b

formula C12H11AgN4O4 C14H9AgF3N3O2 C49H35Ag2Cl2N8O8.5S4 C28H19AgN4O4S2
fw 383.12 416.11 1286.77 647.46
cryst syst orthorhombic monoclinic monoclinic triclinic
space group Aba2 C2/c P21/c P1
a, Å 18.0934(12) 20.362(4) 11.7893(5) 5.8280(4)
b, Å 12.9305(9) 10.759(2) 16.9090(7) 7.4235(5)
c, Å 10.9566(8) 14.713(3) 24.3902(11) 28.6613(17)
R, deg 90 90 90 87.738(1)
β, deg 90 119.614(4) 94.909(1) 85.342(1)
γ, deg 90 90 90 83.904(1)
V, Å3 2563.4(3) 2802.2(10) 4844.2(4) 1228.33(14)
Z 8 8 4 2
μ, cm-1 1.596 1.486 1.158 1.037
Dx, g cm-3 1.985 1.973 1.764 1.751
no. unique reflns 2194 2004 11123 5634
no obsd reflns with I > 2σ(I) 1849 1680 8295 5082
R (obsd data) 0.031 0.029 0.058 0.042
a,b in weighting scheme 0.035, 0 0.040, 2.129 0.064, 9.599 0.065, 0.154
Rw (all data) 0.066 0.071 0.160 0.114
CCDC No. 666481 666482 666483 666484
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(X = NO3
-, ClO4

-, CF3SO3
-, CF3CO2

-, cis-HO2CCHd
CHCO2

-, and SiF6
2-) in a methanol-water medium. For

compound 2a, ethanol was used instead of methanol to aid
crystallization of the compound. Variation of the Ag(I)/L
ratio practically has no influence on the composition of the
products despite it being known that coordination numbers
from two to six are all possible for silver(I).34 The new
compounds are all coordination/supramolecular polymers
with diversified structural features because of the flexible
coordination behavior of silver(I), hydrogen bonding by the
coordinated ligands (L1-L4), and secondary bonding inter-
actions from the anions. These are all sparingly soluble
compounds in common organic solvents and show immense
light-stability in the solid state.

IR spectra of the complexes display all the pertinent
bands of the coordinated heterocyclic ligands. In addition,
complexes 1a, 3a, and 4a display a strong band at ∼1380
cm-1 because of the presence of NO3

- anion. For 1b, four
strong bands in the 1685-1120 cm-1 region appear as a
signature for the CF3CO2

- anion.6 The appearance of
strong and medium intensity bands at 1087 and 624 cm-1,
respectively, confirms the presence of ionic perchlorate in
2a.35 In compounds 2b and 3b, four carboxylate stretchings
are observed, two in the form of strong bands in the 1610-
1570 cm-1 region and two asmedium intensity broad bands
in the 1380-1350 cm-1 range. These are the result of the
antisymmetric νa(COO-) and symmetric νs(COO-) vibra-
tions, respectively, originating from two different types of
carboxylates present in those compounds, one of which is
protonated, while the other is in the deprotonated form.35

The IR spectrum of 4b displays three bands at 1249, 1166,
and 1024 cm-1, characteristic of the CF3SO3

- anion.6 A
strong, albeit broad, feature at 750 cm-1 provides a signa-
ture for the SiF6

2- anion in 3c.

Description of Crystal Structures. Full structural charac-
terization of the complexes 1a, 1b, 2a, 2b, 3a-3c, 4a, and 4b

was afforded by single crystal X-ray crystallography. The
relevant metrical parameters are displayed in Table 3. The
crystallographic asymmetric unit of [Ag(L1)(OH2)(NO3)]n
(1a) comprises a [Ag(L1)]þ cation, a weakly coordinatedwater
molecule and a nitrate anion as displayed in Figure 1A. The
structure of 1a is oligomeric with the Ag atom being coordi-
nated by the imine-N2 atom (2.162(3) Å) and a symmetry
relatedpyridine-N1i atom (2.214(4) Å; (i) 11/2-x,y,-1/2þ z)
that define an approximately linear coordination geometry,
150.9(1)�. Distortions from the ideal are related to the loose
contact formed between the Ag atom and the water molecule
of crystallization (2.582(4) Å), and if considered to form a
significant interaction, the coordination geometry is approxi-
matelyT-shapedwithO4-Ag-N2,N1i angles of 114.5(1) and
89.6(1)�, respectively. The topology of the resultant oligomer is
a zigzag chain aligned along the c-axis, and this is stabilized by
internal Owater-H 3 3 3Onitrate and Namine-H 3 3 3Onitrate hydro-
gen bonds,36 shown in Figure 2A. The chains pack alongside
each other in the ac-plane, being connected by a number of
weak C-H 3 3 3Onitrate contacts. The second hydrogen atom of
each watermolecule is disposed to one side of the ac-plane and
serves to connect layers related by 2-fold symmetry via by
Owater-H 3 3 3Onitrate interactions to form a double layer as
highlighted in Figure 2B. Interactions of the π 3 3 3π type,
formed between the five-membered rings, serve to consolidate
the double layer and the primary interactions between the
double layers are of the type C-H 3 3 3O.36 The coordination
geometry about the Ag atom in [Ag(L1)(O2CCF3)]n (1b) is
distinct to that just described (Figure 1B), with Ag-N2, N1i

bond distances of 2.192(3) and 2.257(3) Å, respectively. These
are each longer than the comparative bond in 1a and subtend
an angle of 145.1(1)� at theAg atom; i=11/2- x, 1/2þ y, 21/
2 - z. The variation in structure is traced to the coordination
mode of theCF3CO2

- anion, which is loosely associated to the
Ag atom (Ag 3 3 3O1= 2.520(3) Å) but at the same time forms
a second interaction, also via the O1 atom, to a symmetry
related Ag atom, Ag 3 3 3O1ii = 2.559(3) Å (ii= 11/2- x, 11/
2 - y, 2 - z). This has the dual result that the Ag atom is
pseudotetrahedral as shown in Figure 2C, with a range of
angles, excluding the aforementioned N2-Ag-N1i angle, of
76.9(1)� for O1-Ag-O1ii to 115.6(1)� for O1-Ag-N2, and
that a binuclear [Ag2(L

1)4(O2CCF3)2] aggregate ensues. This

Table 2. Crystallographic Parameters and Refinement Details for 3a-3c, 4a, and 4b

parameter 3a 3b 3c 4a 4b

formula C24H18Ag2N8O6 C32H24Ag2N6O8 C24H18Ag2F6N6Si C12H8AgN3O3S C13H8AgF3N2O3S2
fw 730.20 836.32 748.27 382.15 469.20
cryst syst triclinic monoclinic monoclinic triclinic triclinic
space group P1 P21/n C2/c P1 P1
a, Å 8.2886(7) 4.8547(3) 15.924(2) 8.6754(11) 8.0905(4)
b, Å 9.0739(7) 21.3116(13) 11.5960(17) 8.8529(11) 9.9052(5)
c, Å 9.8794(8) 14.3407(8) 12.9422(19) 9.5078(11) 10.4672(6)
R, deg 106.184(2) 90 90 102.345(3) 109.183(1)
β, deg 96.569(2) 96.1150(10) 93.207(3) 114.366(2) 101.972(1)
γ, deg 116.873(2) 90 90 102.287(3) 97.667(1)
V, Å3 610.95(9) 1475.27(15) 2386.1(6) 611.49(13) 756.34(7)
Z 1 2 4 2 2
μ, cm-1 1.663 1.394 1.768 1.829 1.658
Dx, g cm-3 1.985 1.883 2.083 2.075 2.060
no. reflns 2771 3401 1713 2784 3461
no obsd reflns with I > 2σ(I) 2522 2948 1600 2315 3219
R (obsd data) 0.033 0.033 0.022 0.033 0.028
a,b in weighting scheme 0.053, 0.328 0.046, 0.298 0.034, 3.259 0.045, 0 0.036, 0.521
Rw (all data) 0.097 0.085 0.057 0.082 0.070
CCDC No. 666485 666486 666487 666488 666489

Chart 1
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aggregate has four N-donor sites available for coordination to
symmetry related Ag atoms and four N-H hydrogen bond-
ing sites for the noncoordinating O2 atoms derived from
CF3CO2

- anions, and their participation in coordination/
hydrogen bonding, respectively, leads to a 2-D array that
stacks along the b-axis.36Within layers, zigzag chains, as found
for 1a, may be discerned but in this case alternating pivots in
the chain, occupied by Ag atoms, are bridged to neighboring
Agatoms so that adouble chain is formedwith trifluoromethyl
groups directed to the exterior of the layers and face each other
in the stacking packing, displayed in Figure 2D.

Two independent [Ag(L2)2] cations, two perchlorate an-
ions, and a half occupied ethanol molecule of crystallization
comprise the crystallographic asymmetric unit of 2[Ag(L2)2-
(ClO4)] 3 0.5EtOH (2a). The Ag atoms are linearly coordi-
nated by two pyridine-N atoms (Ag1-N1, N3 = 2.133(4)
and 2.140(4) Å, Ag2-N5, N7 = 2.144(4) and 2.144(4) Å)
with N-Ag-N angles = 178.9(2) and 173.4(2)�, respec-
tively. The key difference between the two cations is found in
the relative orientations of the benzothiazole substituents so

that for the Ag1-cation, the sulfur atoms lie to one side of the
molecule and in the Ag2-cation, they lie to opposite sides
(Figure 3). On the basis of the relative disposition of the
sulfur atoms, the isomers might be labeled syn and anti,
respectively; minor disorder was noted in the occupancy of
the S/N atoms (see Experimental Section) confirming that
only a small energy difference exists between the conforma-
tions. The pyridine and thiazole residues are effectively cop-
lanar in each case with the maximum twist between these
residues seen in the C26/C27/C30/S3 torsion angle of
-169.7(4)�. A further difference in conformation within
the cations is manifested in the dihedral angles between the
pyridine residues of 89.2(2) and 7.0(2)� for the Ag1 and Ag2
cations, respectively, indicating orthogonal and coplanar
conformations.Rather thanbeing a simple structural oddity,
these conformations have a profound influence on the crystal
packing. The orthogonally shaped Ag1-cations aggregate
head to tail, via π 3 3 3π interactions,37 to form twisted
supramolecular chains aligned along the b-axis as displayed
in Figure 4A. By contrast, centrosymmetrically related,

Table 3. Selected Bond Lengths (Å) and Angles (deg) for 1a, 1b, 2a, 2b, 3a-3c, 4a,and 4ba

1a

Ag-N2 2.162(3) Ag-N1i 2.214(4) Ag-O4 2.582(4)
N2-Ag-N1i 150.9(1) N2-Ag-O4 114.5(1) N1i-Ag-O4 89.6(1)

1b

Ag-N2 2.192(3) Ag-N1i 2.257(3) Ag-O1 2.520(3)
Ag-O1ii 2.559(3) O1-Ag-O1ii 76.9(1)
N2-Ag-N1i 145.1(1) N2-Ag-O1 115.6(1) N1-Ag-O1ii 91.1(1)

2a

Ag1-N1 2.133(4) Ag1-N3 2.140(4) Ag2-N5 2.144(4)
Ag2-N7 2.144(4) Ag2-Ag2i 3.211(8)
N1-Ag1-N3 178.9(2) N5-Ag2-N7 173.4(2)

2b

Ag-N1 2.178(2) Ag-N3 2.191(2) Ag-O1 2.654 (2)
Ag-O2i 2.925(2) Ag-O3ii 3.045(3)
N1-Ag-N3 174.7(8)

3a

Ag-N2 2.161(3) Ag-N1 2.197(3) Ag-O1 2.685(4)
Ag-O3 2.827(4) Ag-O2i 2.772(3)
N2-Ag-N1 154.6(1)

3b

Ag-N2 2.190(2) Ag-N1 2.224(2) Ag-O1 2.501(2)
N2-Ag-N1 146.5(7) N2-Ag-O1 116.4(8) N1-Ag-O1 96.4(8)

3c

Ag-N2 2.133(2) Ag-N1 2.166(2) Ag-F1 2.689(2)
Ag-F2i 3.112(2)
N2-Ag-N1 158.6(9)

4a

Ag-N2 2.219(3) Ag-N1i 2.225(3) Ag-O1 2.565(3)
Ag-O2ii 2.617(4) Ag-O3ii 2.824(4)
N2-Ag-N1i 144.0(1) N2-Ag-O1 106.3(9) N1i-Ag-O1 90.5(9)

4b

Ag-N1i 2.202(2) Ag-N2 2.216(2) Ag-O1 2.601(2)
Ag-O3ii 2.612(2) Ag-O2ii 3.046(2)
N1i-Ag-N2 147.5(7)

a Symmetryoperations.For 1a: (i) 11/2-x, y,-1/2þ z. For 1b: (i) 11/2-x, 1/2þ y, 21/2- z; (ii) 11/2-x, 11/2- y, 2- z. For 2a: (i) 2-x, 1- y, 1- z.
For 2b: (i)-1þ x, y, z; (ii) x, 1þ y, z. For 3a: (i)-x, 1- y, 1- z. For 3c: (i) 2- x, 1- y,-z. For 4a and 4b: (i) 1- x, 1- y, 1- z; (ii)-x, 1- y, 1- z.
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approximately flat, Ag2-cations face each other being
connected via argentophilic interactions (Ag2 3 3 3Ag2i =
3.211(8) Å), as well as via π 3 3 3π interactions (Figure 4B):37

(i) 2 - x, 1 - y, 1 - z. The dimeric aggregates are inter-
digitated along the b-axis. There are additional π 3 3 3π inter-
actions operating between the supramolecular chains and
columns of Ag2-cations,37 and interspersed between these
are channels occupied by the perchlorate anions and par-
tially occupied ethanol molecules, with evidence for
O-H 3 3 3O hydrogen bonding between them (Figure 4C).37

Changing the anion in (2a) to HO2CC(H)dC(H)CO2
- leads

to [Ag(L2)2(HO2CC(H)dC(H)CO2)]n (2b), featuring a pla-
nar conformation (Ag-N1, N3 = 2.178(2) and 2.191(2) Å)
and an “anti” disposition of the benzothiazole-S atoms
(Figure 5A). The uninegative anion exhibits an internal
O-H 3 3 3O hydrogen bond37 and forms a close Ag 3 3 3O1
contact of 2.654(2) Å, as well as weaker intermolecular
Ag 3 3 3O2i and Ag 3 3 3O3ii contacts of 2.925(2) and 3.045(3)
Å, respectively, (i) -1 þ x, y, z and (ii) x, 1 þ y, z. In the
crystal structure, stacks of cations associate along the b-axis
via π 3 3 3π interactions, the closest of which occurs between
centrosymmetrically related benzothiazole rings,37 and de-
fine channels in which reside the anions that formC-H 3 3 3O
contacts37 with the cations, as indicated in Figure 5B.

Figure 1. Crystallographic asymmetric unit showing atomic num-
bering schemes for (A) [Ag(L1)(OH2)(NO3)]n (1a) and (B) [Ag(L1)-
(O2CCF3)]n (1b). IntermolecularAg 3 3 3O interactions andN-H 3 3 3
O hydrogen bonding are shown as dashed lines.

Figure 2. (A) Layer formation in the crystal structure of
[Ag(L1)(OH2)(NO3)]n (1a); O-H 3 3 3O and N-H 3 3 3O hydrogen
bonds are shown as orange-dashed lines. (B) The water-bound H
atoms not involved in hydrogen bonding within the layer shown in
Figure 2A lie to the same side and interact via O-H 3 3 3O hydrogen
bonds (pink-dashed lines) with a layer related by 2-fold symmetry to
form a double layer. The double layers stack along the b-axis. (C)
Dimeric aggregate in [Ag(L1)(O2CCF3)]n (1b) showing eight sites for
supramolecular aggregation and (D) layer formation in the crystal
structure. N-H 3 3 3Ohydrogen bonding is shown as orange-dashed
lines.
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A common feature of the next three structures to be
described, that is, [Ag(L3)(NO3)]2 (3a), [Ag(L

3)(HO2CC(H)d
C(H)CO2)]2 (3b), and [Ag(L3)(SiF6)0.5]2 (3c), is the formation
of dimeric aggregateswith essentially linearAgN2 coordination
geometries but with loosely associated anions as displayed in
Figures 6A, 6B, and 6C, respectively. Oligomerization leading
to metallocycles occurs in these structures owing to the relative
disposition of the imine-N2 and 3-pyridine-N1 atoms. The
sequence of Ag-N1, N2 bond distances is 2.197(3) and
2.161(3) Å, 2.224(2) and 2.190(2) Å and 2.166(2) and
2.133(2) Å, for 3a-3c, respectively, that is, indicating an
opposite trend in relative magnitudes of Ag-Nimine and
Ag-Npyridine bond distances compared to that seen in the
structures of 1a and 1b. In 3a and 3b, the 12-membered rings
are disposed about a center of inversion but in 3c, the ring is
disposed about a 2-fold axis. The different symmetry reflects
the different conformations of the rings which adopt extended
chair conformations in the cases of 3a and 3b but adopts a
distinctlymore concave arrangement in 3c. The crystal packing
in 3a-3c is dominated by cation 3 3 3 anion interactions, as well
as by N-H 3 3 3O, F hydrogen bonding.

In 3a, a 2-D array is formed by the cross-linking of
Ag 3 3 3O interactions along the a-axis andN-H 3 3 3O hydro-
gen bonding along the b-axis as displayed in Figure 7A. Each
nitrate “chelates” one Ag atom (Ag 3 3 3O1, O3 = 2.685(4)
and 2.827(4) Å) and at the same time bridges a second Ag
atom of a neighboring dimer (Ag 3 3 3O2i= 2.772(3) Å for (i)
-x, 1 - y, 1 - z). Orthogonal to these chains are N-H...O
interactions.38 The N-H atom is bifurcated but only the
shortest contact is highlighted in Figure 7A. Interdigitation

between the layers along the c-axis allows for the formation
of π 3 3 3π interactions between the five-membered N2, N3,
C6-C8, and aromatic C7-C12 rings, as well as C-H 3 3 3O
contacts.38 2-D arrays are also found in the crystal structure
of 3b (Figure 7B) but these have distinctive undulating topo-
logies compared with the flat topology found in 3a. The
anion in 3b features an intramolecular O-H 3 3 3O bond38

and forms only one primary interaction to the Ag atom,
Ag 3 3 3O1= 2.501(2) Å, with the interaction reinforced by a
charge-assisted C-H 3 3 3O contact involving the O2 atom.38

The carboxylate end of the anion forms a strong N-H 3 3 3O
hydrogen bond via the O4 atom to link a symmetry related
dimer; these are complemented by C-H 3 3 3O4 contacts, not
shown in Figure 7B.38 Dimers, being surrounded by four
anions, stack into columns primarily stabilized by π 3 3 3π
interactions between the five-membered N2, N3, C6-C8,
and pyridine rings.38 The undulating topology of the layer is
highlighted in Figure 7C. The third structure of this series
features a dinegative SiF6

2-anion and consistent with the
above, a 2-D array is formed. The anion is situated about a 2-
fold axis and forms twoAg 3 3 3F contacts less than 3.0 Å, that
is, Ag 3 3 3F1=2.689(2) Å; the next closest Ag 3 3 3F contact is
Ag 3 3 3F2

i = 3.112(2) Å; i: 2-x, 1-y, -z. The Ag 3 3 3F1 inter-
actions link the dimers into rows alignedwith the c-axis. Two
of the F atoms participate in N-H 3 3 3F interactions leading
to a 2-D array as shown in Figure 7D, and these are
complimented by weaker C-H 3 3 3F contacts (not shown).38

The organic residues of adjacent rows overlap somewhat
allowing for the formation ofπ 3 3 3π interactions between the
five-membered N2, N3, C6-C8, and aromatic C7-C12
rings.38 The topology of the resulting layer, which accom-
modates the dianions within, is undulating, Figure 7E, and

Figure 3. Molecular structures for the two independent cations in
the crystallographic asymmetric unit of 2[Ag(L2)2(ClO4)].0.5EtOH
(2a) showing atomic numbering schemes. For each molecule, only
the major component of the disordered S/N atoms of each five-
membered ring is shown for reasons of clarity (see Experimental
Section).

Figure 4. Views of the supramolecular association in 2[Ag(L2)2-
(ClO4)].0.5EtOH (2a): (A) supramolecular chain mediated by
π 3 3 3π interactions between Ag1-cations, (B) dimeric aggregates of
Ag2-cations mediated by Ag 3 3 3Ag (orange dashed lines) and π 3 3 3π
interactions; and (C) view of the unit cell contents down the c-axis.
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the primary connections between layers stacked along the
b-axis are of the type C-H 3 3 3π.

38

The structures of 4a and 4b are readily derived from the
previous series in that the imine group in the ligand has been
replaced by a sulfur atom, and thereby, a potent crystal
structure-directing source has been removed. Centrosym-
metric dimers with extended chair conformations are found
in each of [Ag(L4)(NO3)]2 (4a) and [Ag(L4)(O3SCF3)]2 (4b),
Figures 8A and B. Deviations from linear coordination geo-
metries of Ag ion are again apparent and are traced to the
influence of Ag 3 3 3O, F interactions, with Ag-N2, N1i =
2.219(3) and 2.225(3) Å, N2-Ag-N1i = 144.0(1)� for 4a,
and 2.216(2), 2.202(2) Å, andN2-Ag-N1i= 147.54(7)� for
4b, (i) 1 - x, 1 - y, 1 - z. The key supramolecular aggrega-
tion in the crystal structure of 4a involves interionic Ag 3 3 3O
interactions that lead to a supramolecular oligomer, orien-
tated along the a-axis, comprising dimeric cations inter-
spersed by pairs of nitrate anion, Figure 9. In this pattern,
each nitrate binds oneAg atom (Ag 3 3 3O1=2.565(3) Å) and
simultaneously “chelates” a second Ag atom of a neighbor-
ing dimeric unit (Ag...O2ii, O3ii = 2.617(4), 2.824(4) Å, (ii)
-x, 1 - y, 1 - z). Adjacent chains interdigitate allowing for
the formation of C-H 3 3 3O contacts between them.39 The
packing appears to allow for π 3 3 3π interactions but the
shortest ring centroid...ring centroid distance is quite long
at 3.969(2) Å.39 Should the aforementioned C-H 3 3 3O and
π 3 3 3π interactions be considered significant, the global

crystal packing might be described as being comprised of
layers. Each of the triflate-O atoms in the isostructural
4b, forms a contact with the Ag atom but one distance
(Ag...O2i= 3.046(2) Å) is significantly longer than the other
two, that is, Ag 3 3 3O1, O3i = 2.601(2) and 2.612(2) Å, and
must be considered marginal, (i) -x, 1 - y, 1 - z. Never-
theless, the resulting supramolecular chain resembles closely
to that seen in the structure of 4a where the bridging anions
linked the dimeric units to form a supramolecular chain.
Interdigitation is again facilitated by C-H 3 3 3O contacts
between adjacent chains in 4b and there is evidence forπ 3 3 3π
interactions.39

Influence of Counter Ions. The anions used here have
profound influence in controlling the molecular architec-
tures through supramolecular contacts, namely, Ag 3 3 3O

Figure 6. Dimeric aggregates and loosely associated anions show-
ing atomic numbering schemes for (A) [Ag(L3)(NO3)]2 (3a), (B)
[Ag(L3)(HO2CC(H)dC(H)CO2)]2 (3b), and (C) [Ag(L3)(SiF6)0.5]2
(3c). Intermolecular Ag 3 3 3O andAg 3 3 3F interactions are shown as
dashed lines. Symmetry codes: (A) (i) 1- x, 1- y, 1- z; (B) (i)-x, 2
- y, 1 - z; (C) (i) 2 - x, y, 1/2 - z, (ii) 2 - x, y, -1/2 - z.

Figure 5. Views of the structure of [Ag(L2)2(HO2CC(H)dC(H)-
CO2)]n (2b): (A) Crystallographic asymmetric unit showing atomic
numbering scheme; intermolecular Ag 3 3 3O interaction is shown as
a dashed line. (B) Crystal packing viewed down the a-axis;
C-H 3 3 3O interactions are shown as orange-dashed lines.
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and Ag 3 3 3F secondary bonding (1b, 2b, 3a-3c, 4a, 4b) and
O-H 3 3 3O (1a, 2a, 2b), N-H 3 3 3O, F (1b, 2b, 3a-3c), and
C-H 3 3 3O, F (2b, 3a-3c) hydrogen bonding. As the ligands
L2 and L4 have no NH hydrogen donor, most of the anions
prefer to interact only with the silver(I) ion as in 2a, 2b, 4a
and 4b. By contrast, the presence of the NH group in the
ligands L1 and L3 facilitates the formation of N-H 3 3 3O, F
hydrogen bonds. Thus in 1a, NO3

- prefers to bind only the
ligand, while in other compounds, namely, 1b and 3a-3c, the
anions, including NO3

-, are attached to both the ligands as
well as the silver(I) ion. Bridging through the anions in some
of the structures has a dominating influence upon the overall
crystal packing. Thus, CF3COO- bridges strongly in 1b and

controls the network formation. Also, an undulating topol-
ogy of the layers in 3c is favored by the bridging interaction
of SiF6

2- anion (Figure 7E). However, similar interactions of
the other anions in 3a, 4a, and 4b are too weak to show any
significant influence upon the overall supramolecular archi-
tectures.

Photophysical Properties. In CH3OH, the free ligands
(L1-L4) show two absorption peaks in the regions
311-299 and 255-240 nm attributable to π-π* transitions
centered at the 2-pyridin-3/4-yl-benzoimidazolyl/benzothia-
zolyl moieties.

The fluorescence, phosphorescence and excitation spectra
of the free ligands have been recorded both in the solid state

Figure 7. (A) Crystal packing in [Ag(L3)(NO3)]2 (3a) highlighting the 2-D array, (B) unit cell contents for [Ag(L3)(HO2CC(H)dC(H)CO2)]2
(3b) viewed down the a-axis, (C) undulating topology of the 2-D array in (3b) viewed down (-1 0 3), (D) crystal packing in [Ag(L3)(SiF6)0.5]2
(3c) highlighting the 2-D array, and (E) stacking of undulating layers in (3c). Intermolecular Ag 3 3 3O and Ag 3 3 3F interactions are shown as
dashed lines, and N-H 3 3 3O, F hydrogen bonding is shown as orange-dashed lines.



1278 Crystal Growth & Design, Vol. 10, No. 3, 2010 Kundu et al.

as well as in solution at 298 and 77 K. The spectra for the
complexes are studied only in the solid state at 77 K as these
are only sparingly soluble in common organic solvents
as well as in water. The results are summarized in Tables 4
and 5. All the complexes including the ligands show both
fluorescence and phosphorescence in the solid state at this

temperature. The free ligands in CH3OH solution also dis-
play both fluorescence and phosphorescence. A dramatic
red-shift was observed for emission of the complexes and the
ligands in the solid statewith respect to the ligand in solution,
which is caused by intermolecular interactions in the solid
state that effectively decrease the energy gaps between the
concerned energy states. The fluorescence maxima of 1a, 1b,
3a, 3b, and 3c are less intense and blue-shifted with respect to
the free ligands L1 and L3 in the solid state, while the
complexes 2a, 2b and 4a, 4b exhibit fluorescence with band
maxima at 465, 431, 404, and 428 nm, respectively; these
values are red-shifted from the fluorescence of the corres-
ponding free ligands L2 and L4 (418 and 375 nm, res-
pectively). The excitation spectra and the corresponding life

Figure 8. Dimeric aggregates and loosely associated anions
showing atomic numbering schemes for (A) [Ag(L4)(NO3)]2 (4a)
and (B) [Ag(L4)(O3SCF3)]2 (4b). Intermolecular Ag 3 3 3O interac-
tions are shown as dashed lines. Symmetry codes: (A) (i) 1-x, 1- y,
1 - z; (B) (i) -x, -y, -z.

Figure 9. Crystal packing diagram for [Ag(L4)(NO3)]2 (4a). Inter-
molecular Ag 3 3 3O interactions are shown as dashed lines.

Table 4. Emission Spectral and Phosphorescence Lifetime Data for the

Complexes 1a, 1b, 2a, 2b, 3a-3c, 4a, and 4b and Free Ligands L1-L4

at 77 K

compound

fluore-
scence
λ/nm

position of the
phosphorescence
(0, 0) band (nm)

phosphore-
scence lifetime

(sec) medium

L1 380 451 2.4 CH3OH
407 485 2.4 solid

1a 394 495 0.6 solid
1b 394 517 0.6 solid
L2 396 487 2.3 CH3OH

418 510 2.3 solid
2a 465 554 0.7 solid
2b 431 566 0.6 solid
L3 365 446 3.3 CH3OH

403 522 3.3 solid
3a 377 467 0.6 solid
3b 373 480 0.5 solid
3c 352 464 0.7 solid
L4 380 486 3.0 CH3OH

375 502 3.0 solid
4a 404 513 0.5 solid
4b 428 507 0.8 solid

Table 5. Fluorescence Lifetimesa for L2 and the Complexes 2a and 2b

L2 glassb L2c 2ac 2bc

τ1 0.75 (85.5%) 0.74 (86.5%) 0.4 (97%) 0.5 (100%)
τ2 4.2 (14.5%) 3.9 (13.5%) 2.7 (3%)

a in ns. b In methanol glass at 77 K. c In solid at 77 K.
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times in nanosecond range suggest that π-π* intraligand
transitions are responsible for the fluorescence. A substantial
amount of red-shift for 2a, 2b and 4a, 4b is indicative of a
marginal MLCT contribution over and above the ligand-
localized π-π* transition. Weak intermolecular Ag 3 3 3Ag
interactions in 2a are probably responsible for the more
pronounced red shift in the emission energy of this com-
pound.

The phosphorescence spectra for the ligands and their
complexes in the solid state together with those of the free
ligands in solution at 77 K are shown in Figure 10. The
observed enhancements in the phosphorescence of the com-
plexes result from substantial spin-orbit coupling provided
by the heavy atom Ag.40 To access the extent of this heavy
atom effect, we analyzed the phosphorescence lifetimes for
the free ligands and the complexes. Interestingly, the com-
plexes have triplet lifetimes in the range 0.5-0.8 s, much
shorter than the lifetimes for the free ligands (2.3-3.3 s) as
reported recently byGabbai et al.40a,40c The crystal structure
analyses of the silver complexes reveal that there are short

Ag-Caromatic contacts in the range 2.9-4.1 Å in 1a, 2a, 3a,
3b, and 3c (Ag-ring centroid distances for these compounds
are 3.19, 3.54 and 3.70, 3.97, 3.43, 3.77 Å, respectively),
suggesting the presence of secondary Ag 3 3 3π interactions.
While the Ag(I) complex of L1 with NO3

- anion (1a) has a
strong Ag 3 3 3π interaction (Figure 11), there is no appreci-
able interaction present in 1b, with CF3COO- as counter-
anion. The same phosphorescence lifetime (0.6 s) for these
two complexes suggest that the internal heavy atom pertur-
bation due to the presence of the Ag atom in close proximity
(bonding distance) to the chromophore makes the internal
heavy atom effect overwhelm the external heavy atom effect
(secondary metal 3 3 3π interaction) and the triplet lifetimes
remain almost unperturbed due to the external effect. More-
over, the lifetime reduction with respect to the free ligands is
more drastic for complexes with 2-pyridin-3-yl-benzoimida-
zole/benzothiazole ligands (3a-3c, 4a, 4b) relative to 2-pyri-
din-4-yl-benzoimidazole/benzothiazole ligands (1a, 1b, 2a,
2b). The spin orbit coupling inducing the heavy atom effect
depends not only on the distance of the heavy atomperturber

Figure 10. Phosphorescence excitation and emission spectra of the free ligands and their silver complexes with different counteranions at 77K:
(A) L1 in solid (cyan), L1 in methanol solution (gray), 1a (magenta), 1b (blue), (B) L2 in solid (cyan), L2 in methanol solution (gray), 2a
(magenta), 2b (blue), (C) L3 in solid (cyan), L3 in methanol solution (gray), 3a (red), 3b (magenta), 3c (blue), (D) L4 in solid (cyan), L4 in
methanol solution (gray), 4a (blue), 4b (magenta); excitation band-pass = 10 nm, emission band-pass = 2.5 nm.
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from the π-system but also on the orientation of the pertur-
ber with respect to the π-plane of the ligand.41 Thus, in the
cases of 3a-3c and 4a, 4b it appears that the orientations of
the Agþ ion with respect to the π-plane of the ligands are
favorable for enhanced spin orbit coupling.

Measured fluorescence lifetimes for the complexes are also
much shorter than the free ligands at 77 K. Figure 12
represents the fluorescence decay of the free ligand L2 in
solution and in solid together with its Ag-complexes 2a and
2b in the solid state at 77 K. The χ2 values are found to be
close to 1 in all cases (two are shown in the inset of Figure 12).
The decays for L2 in methanol glass and in the solid state at
77 K are found to fit two exponentials. The shorter lifetime
(0.75 ns) contributes 86% while the contribution of the
longer component (∼4 ns) is 14% (Table 5). The lifetimes

of the complexes reduce to 0.4 ns with 97% contribution in
the case of 2a whereas the complex 2b shows a single
component of 0.5 ns. The shortening of fluorescence life-
times further supports the presence of heavy atom effect
which increases the nonradiative rate S1f T1 in the com-
plexes.

Concluding Remarks

A series of silver(I) complexes with rigid multiring hete-
rocyclic ligands (L1-L4) have been synthesized by the process
of self-assembly. Both anions and the ligand donor sets
(NH vs S) have a profound influence on the resulting solid
state structures in which the Ag atoms have either linear,
T-shaped or tetrahedral geometries. Supramolecular contacts
such as hydrogen bonding, π 3 3 3π stacking and C-H 3 3 3π
interactions, all consolidate the crystal packing. In the solid
state these compounds are all photoactive at 77 K exhibiting
phosphorescent emissions which are likely to originate from
the intraligand π-π* transitions with enhanced intensity due
to coordination to the silver(I) ion.Both counteranions aswell
as ligand donor sets (S vs NH) have marked influence on the
emission properties of these compounds.
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i =

2.719(3) Å with an angle at H3n = 178�; C1-H1 3 3 3F3
ii = 2.41 Å,

C1 3 3 3F3
ii= 3.284(3) with angle= 155�; C5-H5 3 3 3F2

iii = 2.22 Å,
C5-H5 3 3 3F2

iii = 3.094(3) Å with angle = 154�; Cg(N2,N3,C6-
C8) 3 3 3Cg(C7-C12)iv = 3.637(2) Å; C2-H2 3 3 3Cg(C7-C12)v =
2.70 Å with angle= 138� for (i) 11/2- x, 1/2- y,-z, (ii) x, y, 1þ z,
(iii) 2 - x, 1 - y, -z, (iv) 11/2 - x, 1/2 - y, -z, and (v) 11/2 - x,
-1/2 þ y, 1/2 - z.

(39) Intermolecular interactions in (4a): C10-H10 3 3 3O1i = 2.36 Å,
C10 3 3 3O1i = 3.227(5) Å with an angle at H10 of 154�; Cg(N1,
C1-C5) 3 3 3Cg(C7-C12)ii = 3.969(2) Å for (i)-1þ x,-1þ y,-1
þ z and (ii) -x, 1 - y, -z. Intermolecular interactions in (4b): C2-
H2 3 3 3O2i = 2.52 Å, C10 3 3 3O1i = 3.452(4) Å with an angle at H2
of 169�; Cg(S1,N2,C6-C8) 3 3 3Cg(C7-C12)ii= 3.789(2) Å for (i) 1
- x, 1 - y, 2 - z and (ii) -x, -y, 1 - z.
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