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Abstract
Organic semiconductor materials composed of p-p stacking aromatic compounds have been
under intense investigation for their potential uses in flexible electronics and other advanced
technologies. Herein we report a new family of seven p-p stacking compounds of Silver(I) N-(4pyridyl) Benzamide with varying counterions, namely [Ag(NPBA)2]X, where NPBA is N-(4pyridyl) Benzamine, X = NO3- (1), ClO4- (2), CF3SO3- (3), PF6- (4), BF4- (5), CH3PhSO3- (6), and
PhSO3- (7), which form extended p-p stacking networks in one-dimensional (1D), 2D and 3D
directions in the crystalline solid-state via the phenyl moiety, with average inter-ring distances of
3.823 Å. Interestingly, the counterions that contain p-p stacking-capable groups, such as in 6 and
7, can induce the formation of mesomorphic phases at 130 C in dimethylformamide (DMF), and
can generate highly branched networks at the mesoscale. Atomic force microscopy studies
showed that 2D interconnected fibers form right after nucleation, and they extend from ~30 nm
in diameter grow to reach the micron scale, which suggests that it may be possible to stop the
process in order to obtain nanofibers. Differential scanning calorimetry studies showed no
remarkable thermal behavior in the complexes in the solid state, which suggests that the
mesomorphic phases originate from the mechanisms that occur in the DMF solution at high
temperatures. An all-electron level simulation of the band gaps using NRLMOL (Naval Research
Laboratory Molecular Research Library) on the crystals gave 3.25 eV for (1), 3.68 eV for (2),
1.48 eV for (3), 5.08 eV for (4), 1.53 eV for (5), and 3.55 eV for (6). Mesomorphic behavior in
materials containing p-p stacking aromatic interactions that also exhibit low-band gap properties
may pave the way to a new generation of highly branched organic semiconductors.
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Chapter 1: Mesomorphic Behavior in Silver(I) N-(4-Pyridyl) Benzamide with
Aromatic p-p Stacking Counterions
1.1

Introduction
Organic semiconductor materials composed of p-p stacking aromatic compounds have

been under intense investigation for their potential uses in flexible electronics1, field-effect
transistors2,3, light-emitting diodes4-6, and photovoltaics7-9. In organic semiconductors, the
electrical charge is transported along the direction of p-p stacking, and this is highly dependent on
the surface area. and morphology of the material. Due to this phenomenon, architectures that
elucidate p-p stacking interactions and that can induce new morphologies are warranted.
Engineering new materials with directional non-covalent interactions is a rapidly growing area1013,

with the potential to generate novel molecular architectures using hydrogen bonding14, metal–

ligand coordination15,16, and p-p stacking interactions17-22. In particular, aromatic p-p stacking
interactions can direct the formation of one-dimensional (1D), 2D, and 3D crystalline
nanostructures through self assembly23,24 and they can serve to engineer the physical properties of
organic semiconductors25-29. With regard to intermolecular interactions, other factors such as
solvents30-34 and counterions35-45 have been shown to play key roles in the structure of the final
assembly. Therefore, the studies that establish the relationship of supramolecular structures in pp stacking architectures can lead to a roadmap of synergistic intermolecular effects that pave the
way to the rational design of materials.
Silver (Ag)(I) complexes have been reported to form molecular materials with an assorted
set of structural topologies suitable for systematic structural studies46,47. For example, variations
of the counterions in silver complexes have revealed trends useful in catalysis48,49, optics50, and
medicine50,51. The anion influence in the assembly of silver-complexes is particularly notable52-57,
since the low coordination number and cationic nature of Ag(I) facilitates the influence of anions
during self-organization in the crystalline solid-state. Generally, the anions act either as
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coordinated, bridging, or non-coordinated void-filling species and their influence on self-assembly
is unpredictable.
Herein we carry out a systematic study of the influence of counterions during the formation
of non-covalent networks in the crystalline solid state of silver(I) complexes of N-(4-pyridyl)
benzamine (NPBA), namely [Ag(NPBA)2]X, where X = NO3- (1), ClO4- (2), CF3SO3- (3), PF6- (4),
BF4- (5), CH3PhSO3- (6), and PhSO3- (7). This allowed us to correlate supramolecular structures,
resulting in p-p stacking networks of 1D, 2D, and 3D formations in the crystalline solid-state. This
study allowed us to discover that p-p stacking capable counterions, such as those in 6 and 7, form
mesomorphic phases at 130 °C in dimethylformamide (DMF), giving rise to highly branched
flexible fibers as small as ~30 nm in diameter and extended into the micron scale. This mesogenic
property induced by p-p stacking capable counterions, will have important implications in the
design of nano- and micro-structured organic semiconductors.
1.2

Experimental Section
The synthesis of [Ag(NPBA)2](NO3-) (1). A solution of NPBA (85.9 mg, 0.433 mmol) in

10 ml of methanol was added to a 10 ml solution of silver nitrate (36.8 mg, 0.217 mmol), upon
which the solution immediately produces a cloudy white mixture of the complex suspended within
the solvent system. After allowing the reaction mixture to stir for approximately 3 h, the precipitate
was collected by filtration. A saturated solution of the complex in hot methanol produced blockshaped crystals upon cooling. X-ray crystallography was used to verify the product. Yield: 99.7
mg, 81%; IR (cm-1): 1740, 1675, 1589, 1504, 1415, 1292, 1210, 1109, 993, 823, 712, 652.
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Synthesis of [Ag(NPBA)2](ClO4-) (2). A solution of NPBA (20 mg, 0.10 mmol) in 7 mL
methanol was added to a separate solution containing silver perchlorate (10.7 mg, 0.05 mmol) in
3 mL of methanol. After constant stirring, a white precipitate appeared and after allowing the
mixture to react under stirring for 3 h, the precipitate was filtered. A saturated solution of this
complex in DMF was prepared and left for diethyl ether diffusion for 48 h in the dark, generating
colorless prism-shaped crystals that were subsequently filtered and washed with diethyl ether.
Yield: 26.8 mg, 87%; IR (cm-1): 2360, 1658, 1584, 1506, 1418, 1331, 1266, 1064, 824, 712, 622.
Elemental analysis calculated for [Ag(NPBA)2](ClO4-): C, 47.74; H, 3.34; N, 9.28. Found: C,
47.60; H, 3.38; N, 9.14. CCDC (Cambridge Crystallographic Data Centre): 1404799.
Synthesis of [Ag(NPBA)2](OTF—Triflate) (3). A solution of NPBA (20 mg, 0.10 mmol)
in 7 mL of ethanol was added to a separate solution containing silver triflate (13.2mg, 0.05 mmol)
in 3 mL of ethanol. The resulting solution was allowed to stir for 3 h; the precipitate formed was
then filtered. A saturated solution of the complex in methanol was then prepared and left for
diethyl ether diffusion into the reaction mixture for 72 h in the dark, generating colorless block
shaped crystals. These crystals were subsequently collected, filtered, and washed with diethyl
ether. Yield: 28.1 mg, 85%; IR (cm−1): 2367, 1682, 1604, 1520, 1424, 1337, 1266, 1033. Elemental
analysis calculated for [Ag(NPBA)2](OTF): C, 53.78; H, 3.72; N, 10.35. Found: C, 45.96; H, 3.22;
N, 8.62. CCDC: 1404800.
Synthesis of [Ag(NPBA)2](PF6) (4). A solution of NPBA (40 mg, 0.20 mmol) in 10 mL of
propanol was added to a separate solution containing silver hexafluorophosphate (25.5 mg, 0.10
mmol) in 10 mL of propanol. Upon mixing, the mixture did not immediately produce a precipitate,
even after being allowed to react for several hours. The complex could be crystallized by allowing
the propanol to evaporate slowly. Yield: 53.7 mg, 82%; IR (cm−1): 2359, 1662, 1589, 1520, 1417,
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1334, 1218, 822, 706. Elemental analysis calculated for [Ag(NPBA)2](PF6): C, 44.40; H, 3.10; N,
8.63. Found: C, 46.27; H, 3.74; N, 8.46. CCDC: 1404801.
Synthesis of [Ag(NPBA)2](BF4) (5). A solution of NPBA (40 mg, 0.20 mmol) in 10 mL of
methanol was added to a separate solution containing silver tetrafluoroborate (19.6 mg, 0.10 mmol)
in 10 mL of methanol. After allowing the mixture to react for approximately 2 h, a white precipitate
appeared and was subsequently filtered. A saturated solution of this complex in DMF was prepared
and left for diethyl ether diffusion over 48 h in the dark to obtain crystals, which were subsequently
filtered and washed with diethyl ether. Yield: 51.3 mg, 86%; IR (cm−1): 1658, 1586, 1517, 1419,
1334, 1215, 1011, 822, 705, 589. Elemental analysis calculated for [Ag(NPBA)2](BF4): C, 48.77;
H, 3.41; N, 9.48. Found: C, 48.84; H, 3.49; N, 9.48. CCDC: 1404802.
Synthesis of [Ag(NPBA)2](tosylate) (6). A solution of NPBA (20 mg, 0.10 mmol) in 7 mL
of ethanol was added to a separate solution containing silver tosylate (14.4 mg, 0.05 mmol) in 3
mL of ethanol. After allowing the mixture to react for 3 h, a white precipitate formed, and it
was filtered from the reaction mixture. A saturated solution of this precipitate in methanol was left
for diethyl ether diffusion for 48 h in the dark, and this generated colorless prism-shaped crystals.
Yield: 28.9 mg, 84%; IR (cm−1): 1693, 1601, 1510, 1165, 1011, 814, 685, 561. Elemental analysis
calculated for [Ag(NPBA)2](tosylate): C, 55.12; H, 4.03; N, 8.29. Found: C, 55.00; H, 4.16; N,
8.30. CCDC: 1532773.
Synthesis of [Ag(NPBA)2](Phenyl sulfonate) (7). A mixture of sodium benzene-1,3disulfonate (141 mg, 0.50 mmol) and silver nitrate (170 mg, 1.0 mmol) in 2 mL of water was stirred
for 5 min. Meanwhile, a solution of NPBA (190 mg, 1 mmol) was dissolved in 5 mL of methanol.
After adding both solutions, there was immediate production of a white precipitate, which was
dissolved by the dropwise addition of aqueous NH3 (2 mL). The clear solution was kept for
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crystallization in the dark for one week, generating silver rectangular shaped crystals. Yield 132
mg, 26.3%; IR (cm−1): 2358, 1674, 1591, 1504, 1415, 1327, 1292, 824, 709.

Table 1. Synthesis and yield summary of complexes 1-7.

Ag Complex
Ag Counterions (X)
NPBA
Methanol
Ethanol
Propanol
Yield %

1.3

1

2

3

4

5

6

7

36.8 mg,
10.7 mg,
13.2 mg,
25.5 mg,
19.6 mg,
14.4 mg,
141 mg,
0.216 mmol 0.05 mmol 0.05 mmol 0.10 mmol 0.10 mmol 0.05 mmol 0.50 mmol
85.9 mg,
20 mg,
20 mg,
40 mg,
40 mg,
20 mg,
190 mg,
0.433 mmol 0.10 mmol 0.10 mmol 0.20 mmol 0.20 mmol 0.10 mmol 1 mmol
10 mL
10 mL
10 mL
5 mL
10 mL
10 mL
10 mL
81 %
87 %
85 %
82 %
86 %
28.9 %
26.3 %

Results and discussion
Synthesis. The syntheses of the Ag complexes 1–7 consisted of dissolving NPBA and the

corresponding silver salt into methanol or ethanol, and allowing crystallization using diethyl ether
diffusion in the dark. The crystals were isolated by filtration, and they were characterized with FTIR
(Fourier-transform infrared spectroscopy), XRPD (X-ray powder diffraction), and X-ray
crystallography.
Structure. Silver(I) bis-N-(4-pyridyl) benzamide has two molecules of NPBA coordinated
to Ag(I) ion in the trans configuration (Figure 1). The carboxamide and phenyl groups in the
complex allow it to form intermolecular donor/acceptor hydrogen bonds and π–π stacking
interactions, respectively. The single positive charge of the complex allowed for the study of the
influence that various anions have on the arrangement of intermolecular hydrogen bonding and π–
π stacking interactions in the crystalline solid state. For this study, the anions selected were NO3−
(1), ClO4− (2), CF3SO3− (3), PF6− (4), BF4− (5), CH3PhSO3− (6), and PhSO3− (7). These counterions
provided a variation in the charge density and electrostatic potential, as well as varying in their
abilities to hydrogen bond and engage in π–π stacking interactions.
5

Figure 1. Structure of [Ag(NPBA)2]X, where X− = NO3− (1), ClO4− (2), CF3SO3− (3), PF6− (4), BF4− (5),
CH3PhSO3− (6), and PhSO3− (7).

The ORTEP (The Oak Ridge Thermal Ellipsoid Plot) view of Ag-complex 1 is shown in
Figure 2a. It crystallizes in the triclinic crystal system in the Pī space group. The structure revealed
the overall length of the ligand–Ag–ligand component, as defined by the internuclear distance from
the furthest two hydrogens possible, to be 24. 53 Å, and these two hydrogens formed a 166.2° angle
with the silver center. The N–Ag–N bond angle is 168.6° and the planes formed by the pyridyl
groups of the respective nitrogen atoms are offset by 5.0°. The two peripheral aromatic groups of
the ligands form planes that intersect at an angle of 18.9°. Because the inner two pyridyl groups
coordinated to the silver center are nearly coplanar, an average plane of the two can be created to
be used as a reference for the outer aromatic portions of the ligand. The two outer phenyl planes of
the ligands intersect this average plane at angles of 30.5° and 46.3° in the same direction. The bond
lengths between the silver and the nitrogen atoms are 2.15 Å, whereas the distance between the
silver and the oxygen belonging to the nitrate anion is 2.71 Å. The crystallographic values for
compounds 2 – 6 are shown in Table 1.
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Figure 2. (a) ORTEP view of complex 1 with ellipsoids drawn at 30% probability; (b) View of the π–π interaction
network of complex 1, showing that the aromatic centroid-to-centroid distances are less than 4.80 Å.

In Ag complex 1, the hydrogen bonding observed between the amide proton and the oxygen
atom belonging to the nitrate anion are only separated by 2.11 Å. The amide oxygen also interacts
with two nearby aromatic protons, with distances within 2.59 Å and 2.49 Å. The distance between
the silvers on two adjacent molecules within the lattice is 3.48 Å. A remarkable feature of Agcomplex 1 is the directional π–π stacking interaction network that it exhibits (Figure 2b). The
molecules stack lengthwise along the a crystallographic axis on top of each other, allowing for a
virtually complete overlap between the corresponding aromatic elements. The average planes of
adjacent complexes that participate in the π–π stacking are parallel with each other, while the
peripheral phenyl planes of two adjacent π–π stacked complexes intersect at one end at an angle
of 18.8° and at 18.9°. The opposing phenyl planes of two separate complexes are in parallel for
one set, and for the other set, it intersects at an angle of 0.2°. There is a total of eight π-stacking

7

interactions with centroid-to-centroid distances of 4.80 Å or less. The central complex’s aromatic
centroids overlap with the centroids of the complex below it, and it is offset from the aromatic
rings above it. This motif is repeated in such a way as to form a “column” of complexes where
there is a slight offset in overlap at every other complex molecule. XRPD analysis of 1 revealed a
consistency of the crystalline structure throughout the material (Supplementary Information,
Figure S1). FTIR showed carbonyl stretching at 1740 (cm−1), amide stretching at 1675 (cm−1) and
a C–N double bond at 1504 (cm−1).
The ORTEP view of Ag complex 2 with ClO4- as the counterion is shown in Figure 3a. It
crystallizes in the triclinic crystal system in the Pī space group. The unit cell in this case consists
of two molecules of the silver complex, each with a slightly different dimensional specification.
One of the moieties measures 24.60 Å, whereas the second measures 24.63 Å in overall length, as
previously defined, and they form angles of 176.5° and 179.7° with respect to the outermost
aromatic protons, respectively. The N–Ag–N bond lengths of each of the silver complexes in the
unit cell are 2.13 Å, 2.13 Å, and 2.12 Å, 2.12 Å for each complex. The N–Ag–N bond angles for
each complex were found to be 172.3° and 176.0°. The Ag centers of the complexes were not
coordinated to the perchlorate anions, as was the case with the nitrate complex. The pyridyl groups
directly bonded to the Ag center are similarly not coplanar, and their respective planes intersect at
an angle of 6.0° for the first moiety, and 8.8° for the second. The peripheral aromatic groups, those
belonging to the phenyl rings of the ligand, intersect at an angle of 9.5° and 9.5° for each of the
two complexes.
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Figure 3. (a) ORTEP view of complex 2 with ellipsoids drawn at 30% probability; (b) The view according to
the inset of the intermolecular π–π interactions of four adjacent molecules of complex 2, highlighting the
centroid–centroid distances that are less than 3.96 Å.

Two types of hydrogen bonds are displayed within the structure of complex 2. One of them
is between the amide proton and the oxygen of the perchlorate anion, which are separated by a
distance of 2.17 Å. The other is between a solvent molecule of methanol, which was trapped within
the lattice during the synthesis, and hydrogen bonds via its hydroxyl proton to the amide oxygen
of the complex, with a distance of 1.98 Å. Complex 2 forms an extended π–π stacking network
along three dimensions in the crystal (Figure 3b). The distance between the nearest silver ions is
5.65 Å. While the silver ion centers are farther than those found in the other anion complexes, the
π–π stacking interactions are more pronounced, as one molecule of the complex can interact with
as many as five other complexes. Four of the complexes are stacked in a lengthwise staggered
arrangement, and they form a “sheet” with their average planes being essentially parallel, whereas
the fifth complex lies slightly outside of this sheet and is diagonal to the central complex unit in a
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parallel displaced arrangement. Choosing any arbitrary complex molecule to analyze the πinteractions, there are seven centroid-to-centroid distances of less than 3.96 Å. An XRPD analysis
of 2 revealed a consistency of crystalline structure throughout the material (Supplementary
Information, Figure S2). FTIR analysis showed the carbonyl stretching at 1658 (cm−1).
The ORTEP view of complex 3 with CF3SO3- as the counterion is shown in Figure 4a.
It crystallizes in the triclinic crystal system in the Pī space group. The unit cell in this case consists
of two molecules of the silver complex, as in the case of complex 2. The first of the complexes
measures at 24.63 Å, whereas the second measures at 24.48 Å in overall length with respect to the
first definition that was previously given, and both form perfectly linear angles of 180.0° with
respect to the outermost aromatic protons. The N–Ag–N bond lengths of each of the silver
complexes in the unit cell are equivalent, unlike the previous complexes, and they measure 2.11 Å
and 2.10 Å. The N–Ag–N bond angles for each were found to be equivalent for each moiety, and
they are also perfectly linear at 180.0°. The Ag centers of the complexes are not coordinated to the
triflouromethanesulfonate (triflate) anions. The pyridyl groups that are directly bonded to the Ag
center are the closest to being coplanar in comparison with the other complexes, with their angles
of intersection measuring 0.1° and 0.5°. The planes of the phenyl rings of the ligands intersect at
angles of 0.8° and 0.1° for each of the two complexes. The average planes of the complexes
intersect at an angle of 85.3°.
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Figure 4. (a) ORTEP view of complex 3 with ellipsoids drawn at 30% probability. (b) The view of π–π
interactions of three adjacent molecules of complex 3, showing centroid-to-centroid distances of less than
4.80 Å.

Hydrogen bonding is present within the lattice between adjacent oxygen atoms of the
triflouromethanesulfonate anion and the amide proton of two adjacent complexes, and these have
a distance of 2.13 Å, and 2.27 Å. The two complex molecules that participate in these interactions
do not belong to the same unit cell, but their average planes also intersect at an angle of 85.3°. The
closest silver-to-silver spacing is 7.47 Å. The overall structure of the lattice exhibits alternating
layers of the complexes, arranged in a type of three-dimensional herringbone array (Figure 4b).
Again, choosing any arbitrary complex molecule for π-interaction analysis shows that there are
five π–π interactions with centroid-to-centroid distances of less than 4.80 Å. An XRPD analysis of
3 revealed that other polymorphs may be present throughout the material (Supplementary
Information, Figure S3). FTIR analysis showed carbonyl stretching at 1682 (cm−1).
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The ORTEP view of complex 4 with PF6− as the counterion is shown in Figure 5a. It
crystallizes in the triclinic crystal system in the Pī space group. The overall length of the ligand–
Ag–ligand component is 24.57 Å, and the two outermost hydrogens form a 175.6° angle with the
silver center. The N–Ag–N bond angle is 175.8°, and the planes formed by the pyridyl groups of
the respective nitrogen atoms intersect at an angle of 5.0°. The two peripheral aromatic groups of
the ligands form planes that intersect at an angle of 13.6°. The two outer phenyl planes of the
ligands intersect the average plane of the inner pyridyl planes at angles of 20.7° and 8.0°. The bond
lengths between the silver and the nitrogen are 2.13Å and 2.14 Å. As is typical of these complexes,
π–π stacking interactions predominate, as any one individual complex can form strong interactions
with as many as three other complexes (Figure 5b). Unlike the case of complex 2, the average
planes of adjacent complexes that participate in the π–π stacking are not in parallel with each other.
There are seven π–π interactions with centroid distances of 4.54 Å or less. XRPD analysis of 4
revealed that other polymorphs may be present throughout the material (Supplementary
Information, Figure S4). FTIR analysis shows the carbonyl stretching at 1662 (cm−1).

Figure 5. (a) The ORTEP view of complex 4 with ellipsoids drawn at 30% probability. (b) The view of the π–π
interaction network of complex 4, highlighting centroid–centroid distances of less than 4.54 Å.
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The ORTEP view of complex 5 with BF4- as the counterion is shown in Figure 6a. It
crystallizes in the triclinic crystal system in the Pī space group. The unit cell in this case consists
of the anion, two molecules of the silver complex, and two molecules of methanol, the solvent
used for crystallization. The two complex molecules and methanol molecules are symmetrical with
respect to an inversion center between them, with the methanol molecules being disordered over
their positions. The length of the complex, as previously defined in all structures, is 24.68 Å. The
two N–Ag bond lengths are 2.12 and 2.12 Å. The N–Ag–N bond angle is 178.1°. The methanolic
oxygen is coordinated to silver, with a distance of 2.67 Å. The pyridyl groups directly bonded to
the Ag center are not coplanar, with their respective planes intersecting at an angle of 17.0°. The
peripheral aromatic groups, those belonging to the phenyl rings of the ligand, intersect at an angle
of 18.7°. Complex 5 forms an extended π–π stacking network along two dimensions in the crystal,
and a single complex molecule forms π–π stacking interactions with three molecules in the
immediate vicinity (Figure 6b). Three of those interactions are face-to-face interactions between
the complexes, which helps to form a sheet-like array of complexes that are arranged in a bricklike pattern. There are seven aromatic centroid-to-centroid distances of 4.00 Å or less. XRPD
analysis of 5 revealed that other polymorphs may be present throughout the material
(Supplementary Information, Figure S5). The FTIR shows the carbonyl stretching at 1658 (cm−1).
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Figure 6. (a) The ORTEP view of complex 5, with ellipsoids drawn at 30% probability. (b) The view of
the π–π interaction network of complex 5, highlighting the centroid-centroid distances of less than 4.00
Å.

The ORTEP view of complex 6 with CH3C6H4SO3− as the counterion is shown in Figure
7a. It crystallizes in the triclinic crystal system in the Pī space group. In this complex, the N–Ag–
N bond lengths are 2.12 Å and 2.12 Å, with the overall length of the complex being 24.54 Å. The
N–Ag–N angle was measured to be 176.9°, and the distance between an oxygen atom of the ptoluenesulfonate (tosylate) anion to the silver center was 2.90 Å. Once again, as typical in these
complexes, the planes formed by the pyridyl groups are not coplanar, and they intersect at an angle
of 6.9°. The peripheral planes formed by the exterior phenyl rings intersect at an angle of 13.9°.
The angles formed by the phenyl groups and the average plane of the pyridyl groups are 26.9° and
13.1°, with both exterior groups rotating in the same direction relative to the inner plane.
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Figure 7. (a) The ORTEP view of complex 6, with ellipsoids drawn at 30% probability. (b) The view
according to π–π interaction network complex 6, highlighting the centroid-to-centroid distances of 4.25 Å
or less.

Hydrogen bonds are displayed between the amide protons and the p-toluenesulfonate
oxygens, whose internuclear distance is 2.01 Å. The shortest distance between any two silver
centers is 3.74 Å. Complex 6 is unique in the sense that the p-toluenesulfonate anion itself contains
an aromatic π system that also participates within the π–π stacking network between the ligand–
Ag–ligand portions of the complex (Figure 7b). One complex molecule interacts with two other
complexes and two of the p-toluenesulfonate anions. There are six π-interactions with adjacent
complexes and two π-interactions with the tosylate anion, all of which are 4.25 Å or less. XRPD
analysis of 6 revealed that other polymorphs may be present throughout the material
(Supplementary Information, Figure S6). The FTIR, shows the carbonyl stretching at 1693 (cm−1).
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Mesomorphic Phase. Ag complexes 6 and 7 formed mesomorphic phases when the DMF
solutions of the complexes were heated to 130 °C and allowed to slowly evaporate (Figure 8 and
Supplementary Information, Figure S7). The mesomorphic phases consist of flexible fibers,
presumably of π–π stacking networks, that range in size from the nanometer to the micron scale.
When the Ag complexes 1–5, which do not have π–π stacking counterions, were placed under
similar conditions, they formed ordinary microcrystalline materials (Supplementary Information,
Figure S7). Since the Ag complexes 6 and 7 have counterions that are capable of π–π stacking via
the phenyl moiety, it is likely that at high temperature in DMF, they cause bifurcation of the crystal
lattice, resulting in flexible π–π-driven fibers and the mesomorphic phases. To our knowledge, this
is the first example of this type of phenomena, which opens a wide range of possibilities to develop
novel stacking organic materials with unique properties, and potential applications in the design
of novel high-surface area organic semiconductors.

Figure 8. Optical microscopy images of mesomorphic phases of 6 in dimethylformamide (DMF). Scale
bar is 50 μm.
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Atomic Force Microscopy. Figure 9 shows the atomic force microscopy scan of the
mesomorphic phase of complex 6 during its nucleation and crystal growth from DMF after heating
at 130 °C. AFM indicated that the nanocrystals of complex 6 bifurcate into branches as small as
30 nm that eventually interconnect, forming long range networks that result in mesoscale phases.

Figure 9. Atomic force microscopy (AFM) of crystal 6 during (A) nucleation and (B) growth in DMF at
130 °C.

Differential Scanning Calorimetry. In order to investigate whether there were any special
physical properties that contributed to the mesomorphic crystals, we studied crystals 1–6 with
DSC. Figure 10 shows the heating thermographs of crystals 1–6 heated from room temperature to
200 °C. The results indicated strong endothermic points associated with melting points for crystals
2, 3, 4, and 6 at 119, 76, 125, and 92 °C, respectively. Only crystal 5 appeared to decompose at over
150 °C. These results indicate that there is no remarkable thermal behavior in the Ag complexes in
the solid state, and that the mesomorphic phases are most likely related to the mechanisms of
crystal growth during the interference of π–π stackable counterions in solution at high
temperatures.
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Figure 10. Thermographs for crystals 1–6 when heated from room temperature to 200 °C.

DFT (Density Functional Theory) calculation of band gaps. Since polycyclic aromatic
hydrocarbon with π–π stacking interactions in the solid-state are known to exhibit semi-conducting
properties due to their low band gap properties, we carried an all-electron calculation using DFT
in NRLMOL [59-64] to determine the theoretical band gaps of 1–6. This was accomplished using
the crystal structures of the compounds and employing a large polarized Gaussian basis set for the
calculations. The Perdew–Burke–Ernzerhof exchange-correlation functional was applied. The
band gaps, as given by DFT using the pure functionals, were underestimated; therefore, the quasi
particle (QP) gap was calculated using a finite model from the difference between the ionization
potential and electron affinity of the finite system. The ionization energy, from the delta-SCF (Selfconsistent Field) method, was well-defined within DFT, since both energies of both the neutral
and charged systems were obtained as ground state energies. The QP gaps are typically larger than
the optical gaps since the excitation binding energies are not taken into account; thus, they form
an upper bound to the band gap of the materials under study. The molecular model consisted of
clusters of two to four units of Ag complexes with the interstitial linking units. We noted that the
18

crystal field effect was pronounced in these systems, with smaller ionization energies for the larger
clusters. The necessity to consider larger clusters limited our ability to calculate the optical spectra
using TDDFT (Time-dependent density functional theory). The simulated band gaps are shown in
Table 3. The calculated band gap energies for complexes 1–6 based on their crystal structure were
3.25, 3.68, 1.48, 5.08, 1.53, and 3.55 eV, respectively. Experimental measurements of the band
gaps of the Ag complexes were difficult to obtain, due to the polymorphic nature of the crystals.
However, we were able to measure the experimental band gap using solid-state UV absorption
spectra for the mono-morphic Ag complexes 1–3, and the resulting band gaps were determined to
be 3.85, 3.90, and 3.89 eV, respectively. The calculations were generally close to the experimental
values in the monomorphic crystals. Interestingly, the theory predicted very low band gap energies
for crystals 3 and 5. Investigating the semi-conductive properties of the Ag complexes will be the
subject of future reports. Mesomorphic fibers induced by π–π stacking-capable anions in Silver(I)
N-(4-pyridyl) Benzamide.
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Table 2. Crystallographic data for Ag complexes 2–6.

Ag Complex
FW (Formula Weight)
Crystal syst.
Space Group
a (Å)
b (Å)
c (Å)
α (degrees)
β (degrees)
tγ (degrees)
V (Å3)
Z (Formula units)
Dcalcd(Mg/m3)
μ (mm−1)
Data/restrains/parameters
GOF (Goodness of fit)

2
619.78
Triclinic
Pī
9.8275(2)
12.4752(2)
21.0802(3)
73.7175(11)
79.3526(10)
76.1280(7)
2389.18(7)
4
1.732
1.008
10,777/0/860
1.013
R1 = 0.0363
Final R indices (1 > 2σ(1))
wR2 =
0.0843

3
653.38
Triclinic
Pī
7.46740(1)
10.0328(2)
17.8647(5)
84.7974(8)
85.6311(8)
72.2666(16)
1267.89(5)
2
1.711
0.944
5640/0/435
1.052
R1 = 0.0290
wR2 =
0.0688
R1 = 0.0350
R1 = 0.0565
Final R indices (all data)
wR2 =
wR2=0.0960
0.0725

4
679.33
Triclinic
Pī
9.9001(7)
10.7078(7)
13.0099(10)
77.930(3)
75.843(4)
81.012(5)
1299.65(16)
2
1.736
0.915
5428/0/452
1.063
R1 = 0.0556
wR2 =
0.1370
R1 = 0.0744
wR2 =
0.1538

5
614.15
Triclinic
Pī
9.8917(2)
10.5460(2)
12.3966(3)
74.8291(10)
74.8542(9)
80.3443(8)
1197.89(4)
2
1.703
0.907
5325/0/438
1.038
R1 = 0.0334
wR2 =
0.0835
R1 = 0.0376
wR2 =
0.0865

Table 3. Experimental and calculated band gap energies (eV) of Ag complexes 1–6.

1
Experimental 3.85
Calculated
3.25

2
3.90
3.68
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3
3.89
1.48

4
5.08

5
1.53

6
3.55

6
675.5
Triclinic
Pī
10.7933(2)
10.8375(2)
14.0935(3)
67.7623(7)
76.8080(7)
66.1412(12)
1390.03(5)
2
1.614
0.85
6163/0/476
1.055
R1 = 0.0265
wR2 =
0.0634
R1 = 0.0319
wR2 =
0.0666

1.4

Conclusions
In summary, we have synthesized seven silver(I) N-(4-pyridyl) Benzamide complexes (1–

7) with varying counter ions that form a rich array of π–π stacking networks via the phenyl moiety
in the ligand, which propagate in 1D, 2D and 3D crystal directions. This systematic study allowed
us to discover that when the counterions are capable of π–π stacking, as is the case for 6 and 7,
they can interfere during the crystal growth in DMF at 130 °C, and induce the formation of highly
branched, flexible fibers that extend from ~30 nm in diameter to the micron scale, resulting in
mesomorphic phases. DFT calculations of the band gaps of the Ag complexes predicted that the
Ag complexes have generally low band gaps from 3.25–5.05, some of which were closely
corroborated with experimental measurements. Taken together, the ability to induce nanoscale
bifurcations in π–π stacking rich materials that also exhibit low band gap properties can lead to a
new generation of highly branched organic semiconductors for applications in molecular
electronics.
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Chapter 2: Antibacterial Properties of Mesomorphic Silver Complexes

Mesomorphic silver complexes 1-6 have shown to exhibit unique physical properties
characterized by their unique crystal structure, additionally we propose to use complexes 1-6 as
antibacterial agents for its use in antibacterial applications. Elemental silver is proven to exhibit
antibacterial properties in its natural state, for that reason we intend to demonstrate that Silver(I)
N-(4-Pyridyl) Benzamide complexes have the necessary components to inhibit the growth of
bacteria in surfaces. For the purposes of this project, we performed a Kirby-Bauer test, which
reveals the diameter of antimicrobial susceptibility of the desired compounds being tested, with a
positive control included in order to compare the size of antimicrobial inhibition from a known
antibiotic and therefore determine the level of efficiency.
2.1

Introduction
With the use of a Muller-Hinton agar, and the application of a bacterial solution (E. coli –

ATCC 25922), Ag complexes 1-6 were tested for its reputed antibacterial properties. Repeated
experiments were performed in order to confirm that the results remain constant and accurate. Ag
complexes 1-6 are coordinated with N-(4-Pyridyl) Benzamide (NPBA) and different sources of
silver salts, therefore each individual silver salt was tested to determine whether the initial
compound or the Ag complex causes the bacterial inhibition. Once solubilized in methanol,
complexes 1-6 were mixed at two different concentrations, from which 5 µl were loaded into
sterilized filter paper disks. A known antibiotic was placed in the middle of the Muller-Hinton
agar petri dish in order to compare as a reference to the activity in the rest of the disks.
2.2

Experimental
For the purposes of this experiment, three identical Muller-Hinton agar plates (5-inch

radius) were tested in order to replicate the results and increase the accuracy of the results. Prior
to starting the preparation of the Muller-Hinton agar, every piece of equipment, including the paper
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disks utilized to load the compounds of interest, was autoclaved for 15 minutes at a temperature
of 121 °C in order to prevent contamination of any kind.
Preparation of Muller-Hinton agar
With accordance to the reported procedure65, a suspension of 38 g of Muller-Hinton agar
medium in 1 L of deionized water was mixed thoroughly until the boiling solution dissolved
completely. Once the solution was entirely dissolved, the solution was autoclaved at a temperature
of 121 °C for 15 minutes. The liquid agar was allowed to cool down until reaching a temperature
of approximately 45 °C. Subsequently, the cooled agar was poured into sterile petri dishes on a
level, horizontal surface at a uniform depth of 4 mm (60 ml of liquid per sample). Petri dishes were
allowed to solidify at room temperature.
Propagation Procedure
Using a single 6 ml tube of ATCC Medium 18 (Trypticase Soy Broth), 1 ml was withdrawn
with a Pasteur pipette to rehydrate a single pellet of Escherichia Coli ATCC 25922. The sample
was mixed meticulously before the pellet was re-placed in its original tube. Using a 10 µl
inoculating loop, each agar plate was streaked generously until the petri dish was entirely covered.
Each petri dish was incubated at a temperature of 37 °C for 24 hours in order to grow the bacteria
in the surface of the petri dish.
Kirby-Bauer Test
Using the previously stated sterilized filter paper disks, Ag complexes 1-6 were prepared
at a concentration of 0.500 mg/ml in a methanol solution, from which 5 µl was loaded on each
disk and allowed to dry. Each sample was placed meticulously at an equal distance on the edge of
the petri dish for uniform results. Additionally, Cefepime (a known antibiotic) was used as a
positive control and placed in the center.
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2.3

Results
Once the samples were incubated for 24 hours, the diameter of inhibition was observed for

each of the individual 1-6 complexes, and it is clear that Silver(I) N-(4-Pyridyl) Benzamide
complexes reveal antibacterial properties in gram-negative bacteria E. Coli (ATCC 25922). Gramnegative bacteria, specifically E. coli, were utilized as they are easily cultured and as a model
organism to assess the antibacterial potency of the silver complexes under analysis. Illustration 1.
Displays that the diameter of inhibition of complexes 1-6 is smaller than the positive control
antibiotic Cefepime. In addition, it is clear that complex 1 has a larger and distinctive zone of
inhibition as compared with complexes 2-6. Complex 3 and 5 show a similar behavior by
producing a similar diameter with a considerable size after complex 1. Additionally, it is also
evident that complex 4 has the least amount of activity during this experiment, and that can be due
to a number of reasons such as lack of dispersibility through the agar matrix or simply the
compound has an extended period for the release of its antibacterial properties, therefore a time
release profile study must be followed.

Illustration 1. a) Front image of Kirby Bauer Test after 24 hours of incubation with Ag complexes 1-6.
b) Rear image of Kirby Bauer Test after 24 hours of incubation with Ag complexes 1-6.
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Moreover, in order to determine the dependency of the zone of inhibition in terms of
concentration, a second set of triplicate experiments was followed with a loading concentration of
250 mg/ml from which 5 µl was loaded into each paper filter disk. Illustration1. Depicts the results
after 24 hours of incubation, and it is clear that the zone of inhibition diameter decreased by more
than half as compared to the original loading concentration. For that reason, it is safe to state that
Silver(I) N-(4-Pyridyl) Benzamide complexes exhibit antibacterial properties dependent upon
concentration, which is only limited by its saturation point.

Illustration 2. Front image of Kirby Bauer Test after 24 hours of incubation with Ag complexes 1-6 after a
decreased loading concentration.

2.4

Water Solubility Properties
After thorough analysis of the results given by the Kirby Bauer disk diffusion test, it is

arguable that the lethal effect of Ag complexes 1-6 is dependent upon concentration, but also
reliant on the dispersibility properties exhibited by the different complexes. Intermolecular
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interactions that generate different degree of packing strengths are ultimately expected to lead to
unique time release properties.
In this experiment, we attempt to calculate and compare the different time release profiles
of complexes 1-3, 5-6 in a glutathione solution, which will interact with the silver enclosed in each
compound and simulate biological conditions in which glutathione will consume the silver content
over a period of time. As previously reported in literature66-67, functional groups, namely thiol
groups that form part of the structure of glutathione have a strong affinity for silver and tend to
interact through covalent bonding68. Through this mechanism, and with readings at different time
intervals, the different time releasing behaviors of complexes 1-3, 5-6 are attained.
Table 4. Solubility properties of complexes 1-3, 5-6 dissolved in water measured by UV-vis spectroscopy.

Table 4. Indicates the water solubility properties of the different silver mesomorphic
complexes (1-3, 5-6) when dissolved in deionized water and analyzed under UV-vis spectroscopy.
Complex 1 shows a higher solubility than any other complex analyzed, which suggests a faster
release and therefore an accelerated antibacterial effect as demonstrated in Illustration 1.a) where
complex 1 represents the largest zone of bacterial inhibition. Additionally, complex 6 portrays an
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interesting behavior, as it has the lowest water solubility value, however its antibacterial activity
is slightly smaller than complex 1, which exhibits the largest zone of inhibition.
Table 5. Solubility properties of complexes 1-3, 5-6 in the presence of Glutathione measured by UV-vis
spectroscopy.

Table 5. Denotes the solubility properties of complexes 1-3, 5-6 in the presence of
glutathione after 10 minutes of interaction. Due to the unique intermolecular forces, each of the
different complexes analyzed show a distinctive behavior after being treated with glutathione. This
means that independently of their analogous composition, the activity in physiological conditions
would differ in terms of time release as a result of the different degree of packing strengths.
Additionally, in this case, complex 6 shows the highest solubility after interacting with glutathione,
denoting the biggest change in solubility properties out all the complexes being analyzed,
suggesting that the packing strength is the weakest. Complex 3 and 5 show the lowest solubility
values following 10 minutes of treatment, this behavior is possibly caused by the precipitation of
glutathione, therefore suggesting a slow and steady release over time.
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2.5

Conclusions
In summary, we have examined the antibacterial properties of Silver(I) N-(4-Pyridyl)

Benzamide complexes with gram-negative bacteria E. Coli (ATCC 25922) and proved the
antibacterial properties are dependent upon concentration and dispersibility properties. When
compared to Cefepime, the saturated samples demonstrated to be approximately 30% effective
relative to the diameter of the zone of inhibition from the positive control. Gram-negative bacteria,
specifically E. coli, were utilized as they are easily cultured and as a model organism to assess the
antibacterial potency of the silver complexes under analysis. Further studies will be broader,
assessing potency and specificity in both gram-positive and gram-negative bacterial strains for the
development of analogues that could serve as lead molecules.
Additionally, water solubility of complexes 1-3, 5-6 indicate the kinetic trends of the
proven antibacterial properties. Simulated physiological conditions using glutathione reflect the
unique properties of each of the complexes under investigation and imply a different level of
intermolecular interactions that affect the time release properties when inhibiting the growth of
bacteria. Complexes 3 and 5 display promising results that insinuate the fundamental goal for a
slow and steady release for a prolonged antibacterial effect.
Table 6. Summarizes the antimicrobial experimental data for complexes 1-6, additionally
individual values for Tables 4-5 are displayed for purposes of statistical comparison between the
different silver complexes. In conclusion, Table 6. Serves to analyze the behavior of mesomorphic
silver complexes 1-6 under study, further investigation will be followed to determine the full
antibacterial and time release profiles to conclude the viability for the future application of
complexes 1-6 as a topical antibacterial agent. Further studies will attempt to prove the efficiency
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of the given silver complexes in a liniment matrix for the purpose of a prolonged potent
antibacterial agent.

Table 6. Summary of Antimicrobial data for complexes 1-6.

Ag Complex
1
0.553
mg/ml
Water
Solubility
Ag
Degradation 0.126 mg/ml
by
Glutathione
E. Coli
Bacterial
ATCC
25922
Line Used
500
250
Loading
µg
µg
Concentration
Zone of
15
7
Inhibition
mm
mm
Diameter
Antibacterial 35% 65.%
Activity %

2

3

4

5

6

0.204 mg/ml

0.232 mg/ml

-

0.335 mg/ml

0.140 mg/ml

0.208 mg/ml

0.054 mg/ml

-

0.0418 mg/ml

0.437 mg/ml

E. Coli
ATCC 25922

E. Coli
ATCC 25922

E. Coli
ATCC 25922

E. Coli
ATCC 25922

E. Coli
ATCC 25922

500
µg

250
µg

500
µg

250
µg

500
µg

250
µg

500
µg

250
µg

500
µg

250
µg

11
mm

8
mm

15
mm

7
mm

9
mm

6
mm

14
mm

6
mm

9
mm

6
mm

47.%

40%

65.2%

35%

39.1%

30%

60.8%

30%

39.1%

30%
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