Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 9J0uma1 Name Journal of Materials Chemistry C Dynamic Article Links»

2

2

3

3

4

4

o

o

S

S

=3

&

0

o

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX ARTICLE TYPE
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The synthesis of the first chiral Ag(I) bis chelated bipypiridine ionic complexes showing chromonic liquid crystalline
behaviour in water is reported. Single crystal X-ray analysis revealed a pre-chromonic organization in the crystalline state,
with silver(I) cations stacking into columns reinforced by hydrogen bonding with the acetate counterions and water
molecules. Due to the presence of molecules with an unconventional shape for the generation of typical chromonic phases,
a full characterization based on phase diagram analysis, completely resolved by POM, DSC and X-Ray powder diffraction
measurements, has been conducted. Moreover, cryo-TEM experiments have been carried out in order to confirm the
appearance of the nematic columnar phases. A “route” to drive the alignment of the liquid crystalline phases of these
compounds has been developed, particularly important for future application in biophotonic devices. Finally, the presence
of transient twisted periodical stripe structures has been observed, when an initial planar alignment is destroyed in favour of
a homeotropic configuration of the molecules dictated by the confining surfaces.

organic system featuring the properties highlighted above. All
Introduction these features, together with their ability to organize themselves
into columns forming ordered phases and the possibility to align
them between surfaces, make LCLCs ideal candidates for a new
s0 branch of application in photonic devices or biosening.’
Lately, some metal complexes have been shown to form LCLC
phases.” Metal complexes have broad range of oxidation states
and coordination geometries offering new opportunities for the
design of original LCLC mesophases, rendering them
ss advantageous over their organic counterparts.®*’ Indeed, metal
complexes may offer different functionalities, modulated by the
type of coordinated ligands, as well as intriguing spectroscopic,
catalytic and redox properties.
.The chemistry of Ag(I) complexes is in general extremely
0 versatile in building supramolecular ‘soft’ ionic systems by
coordination with oligopyridines and varying counterions.
Indeed, D. Pucci ef al reported previously the synthesis of several
thermotropic Ag(I) complexes, built up using differently
functionalized N,N-donor ligands and counterions, that exhibited
os lamellar or columnar ‘soft’ organizations with different
symmetries.'” Herein, we report the synthesis and characterization
of new carboxylate ionic N,N- coordinated Ag(I) complexes, in
which the length of the counterion has been varied (complexes 1-
3 in Figure 1). Moreover, the choice of the hydroxyl substituents
on the bipyridine ligand is related to their potential ability to help
in the formation of solvate species and then to form networks of
intermolecular interactions via hydrogen bonds.''

Chromonics are a very interesting class of lyotropic liquid
crystals (LLC), which have become in the last years, an important
research topic in several domains, like optical materials and
devices in high technology, molecular electronics and biological
sensing.'” Although the behaviour of these dynamic ‘soft’ phases
is not completely understood yet, Lydon, Attwood and co-
workers showed the main differences between the chromonic
molecules and the conventional amphiphilic lyotropic liquid
crystals."* The main structural features of the compounds forming
this class of LLC is the lack of amphiphilic nature and the
presence of a planar, aromatic n—delocalised core (with a disk-
like shape), with solubilising groups (e.g. CO,, SOy’ in the
periphery of the molecules. In a polar solvent, molecules tend to
aggregate into stacks due to weak intermolecular interactions,
mainly van der Waals between the aromatic cores (n-m stacking),
hydrophobic and electrostatic interactions. At all concentrations,
there is some degree of aggregation and as the concentration
increases, the distribution of the aggregates size shifts to higher
and higher numbers of molecules. Therefore, instead of
exhibiting a critical micellar concentration, these systems show
isodesmic aggregation.® If the concentration is high enough to
form large and interacting rod-like aggregates, liquid crystalline
phases are formed. The stability of these phases depends on both
temperature and concentration, and nematic phase, with just
orientational order, together with columnar phase, with hexagonal
packing, have been observed."* The majority of lyotropic
chromonic liquid crystals (LCLCs) reported to date are based on

-
S

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 0000 |1



w

20

2:

G

3

S

3

&

4

S

45

Journal of Materials Chemistry C

Page 2 of 9

HOH, G, ,  CHOH +
PE 2
1,\ 7N 1: X = 0OCCHs
] X 2:X=00CC,Hs
—N N— 3: X =00CCgH44
N/ N\ /
| HOM,C CH,OH |

Figure 1. Chemical structures of the silver(I) complexes 1, 2 and
3.

The ability of these silver(I) complexes to organize into columnar
structures is highlighted in the solid crystalline state, by means of
single crystal X-ray analysis performed on complex 1.

These complexes spontaneously self-assemble in water into
LCLC phases, characterized by their phase diagram completely
resolved by polarized optical microscopy (POM) and X-Ray
powder diffraction techniques. Cryo-TEM experiments have also
been carried out in order to directly reveal the chromonic nature
at a suitable water concentration.'? Furthermore, the LCLC
phases have been aligned between two polymer covered glasses,
following a method already reported in the literature® and
showing transient twisted periodical stripe structures, a sign of
elastic anisotropy.

Results and discussion
Synthesis and characterization

For the synthesis of the Ag(l) complexes 1-3, the ligand 4,4’-
bis(hydroxymethyl)-2,2’-bipyridine (bpy-OH) was previously
prepared according to the method reported in literature."> The
ligand was further reacted with half equivalent of AgX, X=
CH;COO, C,HsCOO and CsH;;COO respectively, for 4-6 h in
EtOH, under nitrogen atmosphere in a vessel protected from
light. The final complexes were obtained in relative high yields as
yellowish solids, after recrystallization from EtOH/Hexane. The
complexes were dried for several days under high pressure
vacuum.

These complexes were fully characterized and their proposed
structures were confirmed by IR, '"H NMR and elemental
analysis. Indeed, the IR spectra of all complex show the
corresponding asymmetric and symmetric stretching vibration
frequencies for the carboxylate counterions at around 1560 cm™
(vas (COOY)) and at 1390 cm’ (Vasy(COO), respectively.'*
Furthermore, the IR spectra show a large band at approx. 3400
cm’!, regardless of several attempts to dry the powders, and
therefore reasonably attributable to the ,2’-bipyridine —CH,OH
substituents.. The presence of solvent was revealed by TGA
analysis. The thermograms show loss of weight corresponding to
one water molecule for all compounds (See Supporting
Information, Figs. S1-S3).

The 'H NMR spectra of the complexes recorded in MeOD
solutions show the signals corresponding to the protons of the
carboxylate counterions and the protons of the coordinated
ligand, the integration being indicative of the 2:1 stoichiometry

s0 ratio.

The ionic nature was confirmed by conductivity measurements
performed in MeOH solution (See Experimental Section). Indeed,
the conductivity values obtained for these complexes are

characteristic for univalent electrolytes.'>

ss The molecular structure of 1 has been obtained by single crystal
X-ray analysis performed on suitable crystals grown from very
slow evaporation of a methanol solution. The ionic nature of
complex 1 is finally confirmed, with the metal cation containing
the Ag(I) ion in a tetra-coordination geometry bis-chelated by

6
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two bipyridine ligands (Figure 2a). The asymmetric unit is then

completed by the presence of the acetate anion and two water
molecules, one of which probably crystallized over the long
crystallization process. Bond distances and angles around the
silver ion are in good agreement with those already reported for

6s similar complexes.'®
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go Figure 2. Perspective view of ionic complex 1 with atomic numbering

scheme (ellipsoids at the 50% level) (a) and the crystallographic

independent complex cation in A configuration (b).

Both coordinated bipyridine ligands deviate from planarity,

8;

&

showing the internal torsion angle N-C-C-N of 9.4(5) and 4.4(5)°,

respectively. Generally, symmetric bis-chelate pseudo tetrahedral
complexes themselves are not chiral. Nevertheless complex 1
crystallizes in the chiral orthorhombic P2(1)2(1)2(1) space group.
The symmetry within each bipyridine is broken by means of the
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different mutual orientation of the —CH,OH substituents (torsion

angles around the C,,,-C bond of: C(2)-C(3)-C(11)-O(1)
35.0(6)°, C(9)-C(8)-C(12)-O(2) 163.0(4)°, C(14)-C(15)-C(23)-
03) 16.6(7)°, C(21)-C(20)-C(24)-O(4) 175.5(4)°), generating
chirality around the metal centre. The relative orientation of the

9.

a

two ligands creates a helicity around the metal ion, and the

absolute configuration has been properly resolved. Labelling the
aromatic ring bearing the —CH,OH group with the same
orientation in the two bipyridine ligands, allow to identify othe

single crystallographic

100 configuration (Figure 2b)."”

S

independent complex cation in A

The analysis of the intermolecular interactions existing within the
asymmetric unit and in the 3D crystal packing of 1 is of particular
interest for understanding the relationships between structure and
LCLC properties for this class of complexes. The presence of

10.
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water molecules both in the powder and in the crystalline solid

state of 1 has confirmed the usefulness of the properly
functionalized 2,2’-bipyridine with hydroxyl groups around the as

2|Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]



Page 3 of 9

Journal of Materials Chemistry C

well as the acetate anion in the formation of water aggregates
species. The presence of water molecules and the acetate anion
interacting via hydrogen bonds with the hydroxyl groups at the
periphery of the metal containing cation, generates the formation

s of cation dimeric repeating units despite the potential electrostatic
repulsion (Figure 3).

1s Figure 3. View of the repeating unit of metal containing cations of
complex 1 within columns showing the shortest ©-n stacking distance and
external hydrogen bonds.

Within the dimeric unit, cations interact through aromatic m-w
2 stacking interactions with distance of about 3.6 A (defined as the
distance between the centroid of one aromatic ring and the mean
plane passing through the above aromatic coplanar ring) and the
silver ions of closest cations are forced at a distance of 3.951(2)
A. The dimeric unit, regularly repeating along the a axis, gives
25 rise to metal containing columns. The tight hydrogen bonding
network is formed in the 3D space and the columns of metal
cations are segregated between layers of acetate ions and water
molecules by means of O---H hydrogen bonds type (Figure 4a).
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Figure 4. Solid state organization of complex 1 showing the formation of
metal containing cation columns running along the a axis, held together

s0 by means of hydrogen bonds formed with acetate anions and water
molecules (a) and the repetition of columns in the bc plane forming a 2D
hexagonal structure (b).

The repetition of columns viewed down the a axis (in the bc

ss plane) shows clearly that columns are organized in a close-
packed hexagonal structure with an average intermolecular
distance of about 17 A (Figure 4b).

Phase diagram in water solutions
60
The phase diagram of complexes 1 and 2 were completely
determined by POM and the relative type of mesophases
confirmed by X-Ray Diffraction analysis. The phase diagram of
complex 3 was not investigated since the nematic phase appears
6s at a concentration above 50%wt. The decrease of the complexes
hydrophilicity is related to the increase of the carboxylate
counterion chain lengths.
Water solutions of complex 1 exhibit LC phases from 15%wt to
60%wt of concentration. In Figure 5, the phase diagram of
70 complex 1 is reported with some POM pictures of the textures
observed inside the cell.

Concentration (% wt)

75

(o) smepdun],

40 H

10 15 20 25 30 35 40 45 50 65 60 65
L

ss Figure 5. Phase diagram of complex 1 and POM pictures of the texture
observed at different temperature and concentration, confirming the
presence of LC phases

Concentration (%o wt)

(Do) damundun]

100 &
=

105 Figure 6. Phase diagram of complex 2 and POM pictures of the texture
observed at different temperature and concentration, confirming the
presence of LC phases

The presence of nematic and hexagonal phases at different weight
110 concentrations together with the non amphiphilic nature of these

new metal based complexes and their ability to dissolve in water

forming ordered aggregates, confirm their chromonic nature.

115
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X Ray Powder Diffraction analysis

In addition to phase diagrams and POM characterization, X-Ray
powder diffraction measurements (PXRD) were done, at room
temperature, on both 20%wt and 60%wt LCLCs non aligned
phases of complex 1 and on 20%wt in the case of complex 2.

In the case of complex 1, the nematic diffuse peak in the PXRD
pattern is centered at 20 = 2.5°, corresponding to a d value of
35.3 A (Figure 7).
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Figure 7. Complex 1 X-Ray diffraction pattern (low angle region in the
inset) acquired at room temperature in the nematic phase at 20%wt

concentration.

A moderately sharp reflection in the high-angle region of the
PXRD pattern, is centered at 3.48 A corresponding to the average
stacking repeat distance within columns. The intensity of this
high-angle reflection, sharper than the usually broad stacking
repeat peak encountered in the discotic nematic phase, points
towards the existence of a truly N chromonic phase.

By changing concentration, moving to 60%wt, the low angle
reflection moves to 26 = 4.88°, which corresponds to a much
lower d value of 18.1 A (Figure 8).
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Figure 8. Complex 1 X-Ray diffraction pattern acquired at room

temperature in the hexagonal phase at 60%wt concentration.

This observed d value reduction with the complex concentration

w
o
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in the water solution is consistent with a decrease of the average
columns distance due to the diminished amount of “see water” in
between chromonic molecules and concomitant increase of
columnar organization order.'® The presence in the small angle
region of two other reflections, together with the first one in the
ratio 1:+/3 :/4, are characteristic of a 2D lattice of a hexagonal
columnar phase, corresponding to the indexation (kk) = (10), (11)
and (20), with a cell parameter @ = 20.8 A. This value is similar
to the intermolecular distance found in the close-packed
hexagonal structure of the crystal phase (of about 17 A)
indicating that the hexagonal arrangement in the mesophase is
obtained from the crystalline solid state through decorrelation
between columns with maintenance of the intra columns
interactions. Indeed, the major feature in PXRD pattern of 1 of
the presence of a chromonic M phase is a sharp high-angle
reflection corresponding to the stacking repeat distance of 3.51 A.
This value is found to be slightly larger than the stacking repeat
distance of 3.40 A, usually reported for organic chromonic
molecules. This increase is fundamentally due to the stacking
within columns of non planar molecules, aggregated through
aromatic interactions between facing bipyridine fragments and
consistent with the aromatic n-n stacking distance of about 3.6 A
found in the crystalline solid state.

Furthermore, the peak centred at 12.4 A is due to some
polymorphic crystalline microdomains remained underneath the
the LCLC phase, as confirmed when the liquid crystalline pattern
is compared with the PXRD pattern of the crystalline powder of
complex 1 (See S4 in ESI).'®

At room temperature, the PXRD pattern of complex 2 at 20% wt
in water, shows at low angle a nematic peak at 26 = 2.3°,
corresponding to a d value of 38.4 A (see figure S5 in ESI). This
increase of the nematic d-spacing when compared with the one of
complex 1 recorded in the same conditions should be related to
the increase of the molecular length, i.e. the increase of the
carboxylate counterion chain length.

Cryo-TEM analysis

Cryo-TEM analysis carried out on complex 1 solution in its
nematic phase (20%wt), directly demonstrate the assembly of the
molecules into columnar aggregates and the nematic arrangement
of the aggregates. Figs. 9a and 9b show typical side-view
(corresponding to a planar orientation of the columns with the
electron beam perpendicular to the LC film) and top-view (a
homeotropic orientation) of the aggregates, respectively. The
aggregates are represented by the dark stripes (Fig. 9a) and dots
(Fig. 9b)."" The length of the aggregates mostly varies between
10 nm and 60 nm, measured from the side-views by assuming a
planar orientation. Fig. 9a also reveals that the elongated
aggregates are oriented along roughly the same direction which is
also the long axis of the aggregates.

4|Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9

o

o

20

2

o

30

3

by

40

4

o

50

Journal of Materials Chemistry C

Figure 9. Cryo-TEM images of complex 1 aggregates in its nematic
phase at 20%wt: side view (a) and top view (b). The inset of Fig. 9a is the
corresponding FFT pattern. The inset of Fig. 9b is a magnified image of
the marked area (30 nm x 30 nm) with a dashed square.

The top-views of the aggregates enable the direct observation of
the distribution pattern of the aggregates in the plane
perpendicular to the aggregate axis. The aggregates can arrange
themselves into approximate hexagons and roughly straight lines
(Fig. 9b and its inset) in local regions. However, it is quite clear
that the overall distribution is random and no long-range order is
formed.

The distances measured between the adjacent aggregates from the
top views normally falls within the range of 3-4 nm with an
average of 3.4 nm, which is in excellent agreement with the XRD
result (35.3 A). The ones measured from the side views are
slightly smaller due the projection effect and have an average of
~3 nm. The fast Fourier transform (FFT) pattern in Fig. 9a shows
two major diffused bright spots which are also elongated
perpendicular to the aggregate axis. This indicates a rather largely
varying distance between the aggregates and a slightly changing
aggregate orientation. The above results clearly confirm that the
20%wt complex 1 solution has a nematic structure. It should be
mentioned that currently it is still challenging for us to carry out
cryo-TEM observation on highly viscous LCLCs (e.g., 60%wt
complex 1), as discussed in Ref. 12.

Alignment

The alignment of LCLCs phases was carried out confining
complexes 1 and 2 between two properly treated surfaces. As
reported in a previous work, it is possible to align chromonic
liquid crystal phases by means of polymeric substrates
characterized by different surface energies."’i A high surface
energy (Polymethyil-methacrylate - PMMA) and a low surface
energy (Cytop) materials were used in this work (see
Experimental Section for details).

Just after filling, the nematic phase of complex 1 (20%wt)
confined between PMMA treated glasses, shows textures
characterized by a coexistence of degenerate planar alignment
and homeotropic anchoring. With time, the degenerate planar
anchoring (Figs 10a-c) evolves in an ordered structure,
characterized by stripes, disappearing after about 60-70 minutes
in favor of stable homeotropic anchoring (confirmed by Maltese
cross in conoscopy). The hexagonal phase, instead, shows
immediately the homeotropic anchoring (Figure 10d).
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Figure 10. POM images of nematic phase (a,b,c) and hexagonal phase
(d) of complex 1 confined between PMMA treated glasses. (a,b,d) are
acquired using a 5x objective, while (c) using a 20x objective. ¢) line
profile highlighting the periodicity of the stripes observed in (c). The
mean pitch measured is of 25 um, with a modulation in the middle at

about 13 pm.

Recently, J. Jeong et al reported the presence of transient stripes
in sunset yellow nematic LCLCs phase when confined between
parylene coated glasses.'” The transient stripes reported are, in
average, aligned parallel to the direction of the initial flow,
inducing a planar alignment. The authors model was further
confirmed by compensator and POM measurements. Even if a
different polymer was used in our case, the stripes observed are
transient too, and disappear in favor of the homeotropic
configuration after about 1 hour and half. It is possible to re-
induce stripes formation by heating up the cell to 60°C and
slowly cooling down the system, until the homeotropic alignment
is reached again. In order to evaluate the stripes periodicity, the
images were analyzed with a home-made program written in
Mathematica, obtaining a periodicity of about 25pm, with a
modulation in the middle at about 13pum.

The stripes were investigated crossing and uncrossing polarizer
and analyzer, and inserting in the optical path a tilting
compensator (5A) confirming the twisting nature of the
periodicity observed (Figure 11)."

T
3
b

Figure 11. Optical microscopy images of the stripe textures under crossed
polarizers. White arrows represent the directions of the input polarizer (P)
and the analyzer (a). In b) and c) the tilting compensator is inserted in the
optical path.

A detailed analysis is reported in Figure 11; all images reported
were acquired in the same region using a 20x objective. The
direction of analyzer and polarizer are reported in the pictures.
The stripes are not clearly visible when polarizer and analyzer are
parallel or when only one polarizing plate is present. The sketch
of the model proposed by J. Jeong et al.' and reported for clarity
in Figure S6 in ESI, may be taken into consideration.

This journal is © The Royal Society of Chemistry [year]
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These stripes appear as a balance of confining surface energy, self
assembly properties and LCLC elastic constants anisotropy: the
twist constant is at least one order of magnitude less than the
splay and bend ones; the cell thickness plays as well an important
role in stripes dimension. The tilting compensator rotated in both
directions compensates alternatively the stripes doubling their
spacing and confirming their twisted nature. The same
experiments were done using LC solutions of complex 2 at 20
%wt and no stripes were observed (data not reported).

Different scenario is observed for the “low surface energy
material” used as alignment layer. Indeed, when Complex 1 (i.e.
20%wt) is confined between Cytop treated glasses, an initial
perfect planar alignment is observed, that rapidly disappear in
favor of well ordered stripes, that cover the whole cell. After 3
hours, the molecules reorient in the whole cell, reaching a
homeotropic alignment. The stripes pitch is in this case about 14
pm. If an external stress is applied to the cell, the planar
alignment could be reproduced and follows the same evolution in
time described above ( Figure S7 in ESI). A similar behavior but
with an initial quasi-perfect planar alignment with some
characteristic defects (Schlieren texture) is observed for complex
2 but in this case, the periodicity of the stripes is doubled (25pum)
(Figure S8 in ESI).

From the optical observation reported here, a discotic-like
behaviour for the compounds may be suggested. A planar
alignment of the LC phases, for both complexes, was achieved
temporarily only with highly hydrophobic surfaces even if the
final configuration, is always the homeotropic one. It seems that
highly hydrophobic substrates are able to disrupt in some way the
aggregates forming the LC phases, allowing an initial planar
(complex 1) and quasi planar (complex 2) alignment, that is lost
in favor of a more stable hometropic configuration. This means
that in the competition between the alignment imposed by the
substrates and the forces that bond the aggregates together, the n-
7 stacking between the disks win the anchoring energy.

Conclusions

The synthesis and characterization of the ionic Ag(I) complexes
1, 2 and 3, having aliphatic carboxylate counterions with different
chain lengths are reported. The single crystal X ray structure
analysis of complex 1 has confirmed its ionic nature as well as
the great affinity to aggregate in water. The presence of co-
crystallized water molecules and the acetate anion interacting via
hydrogen bonds with the hydroxyl groups at the periphery of the
metal containing cation, generates the formation of cation dimeric
repeating units despite of the potential electrostatic repulsion. In
the 3D space, cations organize themselves into columns along the
a axis and the metal containing columns are imbibed between
layers of strongly interacting water molecules and acetate anions.

The cations stack into columns held together by m-n interactions
helped by hydrogen bonding with the acetate counterions and
water molecules. The repetition of columns in the bc plane shows
clearly their organization in a close-packed hexagonal structure
with an average intermolecular distance of about 17 A.

Even if the structural features of these new Ag(I) complexes does

& phases, complexes 1 and 2

S

S

b

not fit the characteristic class of molecules forming LCLC
spontaneously self-assembly into
nematic and hexagonal chromonic phases in water.

The suppression of the hexagonal phase in complexes 2 and 3 and
also the appearance of the nematic organization at higher
concentration with respect to complex 1 (particularly in the case
of complex 3), is clearly related to the counterion. With the
increasing of the counterion chain length, its facility to be
involved in hydrogen bonding with water molecules should be
inhibited, probably blocking the formation of the cation dimeric
repeating units and favoring their electrostatic repulsions.
Therefore, the characterization of the LCLC formed phases has
been performed on complexes 1 and 2 in water solution at
different concentrations.

The phase diagram of complexes 1 and 2, completely resolved by
POM, has firstly indicated the formation of nematic and
hexagonal phases in the case of complex 1 at 20% wt and 60%wt
of concentration, while only nematic aggregation is observed in
the case of complex 2. PXRD measurements performed at the
various concentration have confirmed the formation of chromonic
phases by dispersion of complexes 1 and 2 in water. Both
nematic and hexagonal phases in the case of complex 1, have
shown in the wide angle region of the PXRD pattern a reflection
centered at about 3.5 A, whose intensity and sharpness points
towards the existence of truly N and M chromonic phases. The
same feature has confirmed in the case of complex 2 in the only
observed N phase. Moreover, the hexagonal cell parameter of
20.8 A calculated in the M mesophase in the case of 1, is in
agreement to the intermolecular distance found in its close-
packed hexagonal organization in the crystalline solid state (of
about 17 A), indicating that the mesophase is most probably
arising from the crystalline phase through decorrelation between
columns with maintenance of the intra column interactions.

The direct cryo-TEM observation of the 20%wt solution of
complex 1 have revealed the top- and side-views of elongated
column, and confirm the self-assembly of the molecules into
columnar aggregates. The aggregates are normally 10-60 nm long
and are preferentially oriented along their long axis. The
distribution of the aggregates is rather random and has no long-
range order in the plane perpendicular to the aggregate axis,
consistent with a nematic nature. In addition, the distance
between the aggregate axis measured from the cryo-TEM results
matches closely the XRD result. Based on the cryo-TEM and
XRD results, it is reasonable to assume a hexagonal lattice for
higher concentration solutions, though a direct cryo-TEM
observation is still not available.

In addition, the LCLC phases of both complexes were aligned
between two polymer covered glasses showing transient twisted
periodical stripe structures that are a sign of elastic anisotropy,
proving their potential for applications in optical devices or
biosensing.

In conclusion, the synthesis and characterization of
unconventional Ag(I) chromonic complexes have been reported.
Most probably these complexes assemble in water forming LCLC
phases due to the presence of suitable building blocks, such as the
right anions and N,N-coordinated ligand substituents, as well as

s the metal ion. A route for future synthesis of metal based

chromonic compounds has been highlighted, as well as the
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opening to a new branch of applications in biocompatible
devices.

Experimental

Materials and measurements

All commercially available starting materials were used as
received without further purification.

Instrumentation

The '"H NMR spectra were recorded on a BrukerAvance AC-300
spectrometer in MeOD solution, using tetramethylsilane (TMS)
as internal standar. Elemental analyses (CHN) were performed
with Perkin Elmer 2400 microanalyzer by the Microanalytical
Laboratory at the University of Calabria. Infrared spectra (KBr)
were recorded on a Spectrum One FT-IR Perkin Elmer
spectrometer. A Perkin-Elmer Lambda 900 spectrophotometer
was used to record absortion spectra complexes on water
solutions. AlnoLab Cond Level 1-720 conductometer equipped
with LR 325/001 immersion cell was used to conductivity
measures. The thermal stability was measured on a Perkin-Elmer
Termogravimetric Analyser Pyris 6 TGA. Bright field, polarized
optical microscopy (POM) images and conoscopy images were
collected using a microscope (Zeiss) with a 5x, 20x objective or
100x objective, respectively. The calibration of the microscope
hot stage was performed by checking the transition temperatures
of the E7 liquid crystal. The samples were rotated on a circular
stage located between a polarizer and an analyzer. Most images
were taken with a colour CCD camera under polychromatic
illumination.

X-ray Crystallography

X-ray data for 1 were collected at room temperature on a Bruker-
Nonius X8 Apex CCD area detector equipped with graphite
monochromator and Mo Ko radiation (A = 0.71073 A). Data were
processed through the SAINT? reduction and SADABS*'
absorption software. The structures were solved by standard
Patterson methods through the SHELXTL-NT? structure
determination package and refined by full-matrix least-squares
based on F2. In general, all non-hydrogen atoms were refined
anisotropically and hydrogen atoms were included as idealized
atoms riding on the respective carbon atoms with C-H bond
lengths appropriate to the carbon atom hybridization. Hydrogen
atoms of the co-crystallized water molecules have been included
in calculated positions and restrained bond distances and angles
have been used.

Details of data and structure refinements are given in Table 1.
CCDC 1017854 (1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Powder X-ray diffraction

The powder X-ray diffraction patterns of complex 1 in its
hexagonal phase and nematic phase in the wide angle region as
well as in the solid state were obtained at room temperature by
using a Bruker D2 PHASER Diffraction System equipped with
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1D high speed solid state LinxEye detector and Cu-Ka radiation
(A = 1.54056 A). Measurements were performed by placing
samples on a zero background sample holder with protection for
solvent evaporation along the measurements.

The X ray pattern of complexes 1 and 2 in their nematic phase at
low angle were obtained at room temperature using a DS
Discover, Bruker-AXS with Cu-Ka radiation (A = 1.5418 A). The
LC solutions were hosted in a glass capillary (Mark tubes,
Hilgenberg, 80 mm length, outside diameter 0.8 mm or 1 mm and
wall thickness 0.1 mm) placed in a home-made sample holder.

Cryo-TEM measurements

The cryo-TEM observation was carried out using a FEI Tecnai
F20 microscope (200 KV) equipped with an anti-contaminator, a
low-dose operation mode, and a Gatan UltraScan 4000 CCD
camera. To prepare cryo-TEM specimens, we employ a FEI
Vitrobot (environmental chamber set to 22 °C) to plunge-freeze
liquid crystal thin films supported by holey carbon coated grids.
Liquid ethane was used as the cryogen in the rapid cooling
process to ensure the preservation of the native structure. The
vitrified LC specimens were then mounted on a Gatan 626.DH
cryo-holder and transferred into the TEM. During the whole
specimen transfer and TEM observation process, the TEM
specimen was kept at temperatures below -170°C. The TEM
images shown here were all taken from the electron-transparent
areas suspended in the holes of the supporting carbon films.

Synthesis of complexes 1-3

[(Bpy-OH),Ag|[CH;COO]-H,0, 1. To a solution of 2 eq. of
bpy-OH (100 mg, 0.46 mmol) in EtOH was added 1 eq. of
AgOOCCH; (30 mg, 0.23 mmol). The solution was stirred 4
hours under nitrogen and darkness. The solution was filtered,
washed with EtOH, concentrate under reduced pressure and
recrystallized from n-hexane. ( 203 mg, 72% yield). Mp 182° C.
IR (Vma/em™: 3369 (OH), 2920-2818 (CH), 1602 (C-C),
1560(v,4sy C=0), 1407 (Veym C=0). 'H NMR (300MHz, MeOD):
oy 8.58 (d, 4H, J(H-H)= 5.07 Hz, H, ), 8.39 (s, 4H, H;3:), 7.58
(d, 4H, J(H-H)= 4.66 Hz, H,,:), 4.91 (s, 8H, CH,), 1.89(s, 3H,
CHs;). Anal. Calc. for C,sHy0AgN,0; (671.40 g/mol): C, 50.58; H,
4.73; N, 9.07. Found: C, 50.41; H, 4.57; N, 9.14%. UV-vis (H,0)
Aoax (€, Mem™): 235nm (61699), 281nm (72087). Ameon=
82.72 Q" -cm’mol™.

[(Bpy-OH),Ag][CH;CH,COO]-H,0,2. Toa solution of 2 eq.
of bpy-OH (100 mg, 0.46 mmol) in EtOH was added 1 eq. of
AgOOCCH,CHj; (41.6 mg, 0.23 mmol). The solution was stirred
4 hours under nitrogen and darkness. The solution was filtered,
washed with EtOH, concentrate under reduced pressure and
recrystallized from n-hexane. (176 mg, 63% yield). Mp 171°
C(dec.). IR (Vpa/cm™: 3370 (OH), 2884-2833 (CH), 1603 (C-C),
1562 (Vay C=0), 1407 (veym C=0). 'H NMR (300MHz, MeOD):
oy 8.58 (d, 4H, J(H-H)= 5.1 Hz, H, ), 8.38 (s, 4H, H;3), 7.58
(d, 4H, JH-H)= 4.6 Hz, H,,- ), 4.83 (s, 8H, CH,), 2.15 (q, 2H,
J(H-H)=22.86, H,), 1.08 (s, 3H, CH;). Anal. Calc. for
CyH;3AgN,O; (63143 g/mol): C, 51.36; H, 4.95; N, 8.87.
Found: C, 51.26; H, 5.14; N, 8.86%. UV-vis (Hy0) Ay (€, M
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Lem™): 234nm (13608), 282nm (14822). Ameon= 87.83 O
Lem? mol ™.

Table 1 Details of data collection and structure refinements for complex 1

3 1
formula Ca6H31AgN4Og
Mr 635.42

crystal size [mm] 0.32x0.18 x0.12

crystal system Orthorhombic

space group P2,2,2,
a[A] 7.7993(4)
b[A] 16.4226(8)
N c[A] 20.2988(11)
al°] 90
Bl 90
7[°] 90
20
VA% 2600.0(2)
Z 4
pcald [gem?] 1.623
2 [em™] 0.833
25
Orange [°] 1.59-24.94
data collected 48505
unique data, R, 4542, 0.0360
" obs. data [/>20(1)] 4100
no. parameters 364
Flack parameter 0.00(3)
R, [obs. data] 0.0335
35 WR; [all data] 0.0996
GOF 1.106

[(pr-OH)zAgl[CH3CH2CH2CH2CH2COO]HzO, 3. To a
40 solution of 2 eq. of Bpy-OH (100 mg, 0.46 mmol) in EtOH was
added 1 eq. of AgOOCCH,CH,CH,CH,CHj; (51 mg, 0.23 mmol).
The solution was stirred 6 hours under nitrogen and darkness.
The solution was filtered, washed with EtOH, concentrate under
reduced pressure and recrystallized from n-hexane. ( 108 mg,
45 71% yield). Mp 139° C(dec). IR (Vagd/cm™: 3369 (OH), 1604 (C-
C), 1564 (Vo C=0), 1408 (V4 C=0). 'H NMR (300MHz,
MeOD): 8;8.57 (d, 4H, J(H-H)= 5.25 Hz, H,,), 8.38 (s, 4H,
Hsy), 7.57 (d, 4H, JH-H)= 6.53 Hz, H,,. ), 4.82 (s, 8H, CH,),
2.13 (t, 2H, JH-H)=7.8, H,), 1.58 (q), 2H, J(H-H)=7.52, H,),
so 1.31 (m, 4H, H, 4),0.88 (t, 3H, J(H-H)=6.91,CHj3). Anal. Calc. for
C;30H3,AgN,0; (673.51 g/mol): C, 53.50; H, 5.54; N, 8.32.
Found: C, 53.38; H, 5.51; N, 8.45%. UV-vis (H,0) Ay (e, M
Lem™): 235nm (16008), 283nm (19439). Ameor= 59.49 O
'-cm? mol™.
55
Mesophases and cells preparation
Liquid crystal solutions of both compounds were prepared by
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105

dissolving an amount of complex 1 and 2 in pure distilled water
(Millipore, 18MQ cm) in a range of concentrations between
6 15%wt and 60%wt. Glass slides used for the preparation of the
cells were obtained from Pearl, China. They were cleaned in a
NaOH bath, sonicated for 15 minutes and rinsed several times
with Millipore water before drying them under a heat flow. For
the phase diagram studies, we used bare glasses for the
os preparation of the cells, while for the alignment studies, the
glasses were pre-treated covering them with polymeric films, in
order to obtain planar or homeotropic alignment of the LCLCs
solutions. Polymethyil-methacrylate (PMMA) was purchased
from Sigma Aldrich, while Cytop, a highly transparent
70 fluoropolymer, has been obtained from Asahi Glass. Polymeric
thin films were prepared by spin coating technique, at 3000rpm,
using a spin coater from Calctec (Italy), followed by an
appropriate thermal treatment. PMMA treated glasses, after
cooling down, were rubbed using a custom built machine, with a
75 rotating velvet cloth.
Cells were assembled using two glasses with the same surface
treatment and 12um mylar stripes as spacers, hence they were
filled with the LC solution in isotropic phase and sealed by an
epoxy glue, in order to avoid water evaporation. After filling,
so each cell was slowly cooled down and observed by polarized
optical microscopy (POM). Each cell has been subjected to a
temperature cycle in order to test the sealing. We focused our
attention on complex 1 and 2, because complex 3 presents
nematic phase only at very high concentration (50%wt).
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