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A homologous series of binuclear mixed-valent diruthenium tetracarboxylates, Ru,(O,C
(CH,),—>-CH3),DHDP (DHDP = di(hexadecyl)phosphate axial anion, n = 10, 12, 14, 16, and 18),
have been synthesized and characterized, and the liquid crystalline properties of these compounds
were examined. All the compounds exhibit a room-temperature crystalline lamellar phase and a high
temperature (above 140°) Col, mesophase. Another, probably semi-crystalline, lamellar intermediate
phase has also been found for all the studied compounds but for the n = 18 derivative. Comparison
with related mesogenic homologous series where the equatorial ligands are also linear carboxylates,
but the axial anions bear just one aliphatic chain (carboxylates, octylsulfonate, and dodecylsulfate),
shows that the presence of a second aliphatic chain in the axial anion both lowers the transition
temperatures and modifies the nature of the intermediate lamellar phase. Structural models at the
molecular level are suggested for the crystalline lamellar and the Col;, phases.

Keywords: Coordination polymers; Ruthenium carboxylates; Metallomesogens; Columnar mesophases;
Di(hexadecyl)phosphate

1. Introduction

Materials based on coordination compounds currently receive great attention due to the
variety of physical properties expected to arise from the combination of their electronic
structures and intermolecular organizations. A key aspect is to master the supramolecular
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structure at a molecular level; in this context, metal-containing liquid crystals (called
metallomesogens) provide a good example [1, 2]. The growth of research in the field of
metallomesogens in the 1980s and 1990s arose from the enrichment of molecular
geometries that coordination compounds could provide with respect to those observed in
purely organic liquid crystals and the potential applications of the electrical, optical, and
magnetic properties expected for coordination compounds in organized fluid media. Results
in the first direction satisfied expectations; indeed, the extensive work carried out on coordi-
nation compounds involving ligands like substituted stilbazole, B-diketonates, Schiff-bases,
phthalocyanines, carboxylates, among others, established firm correlations among molecular
characteristics (type of ligand and nature of the central metal) and the structure of the liquid
crystalline (LC) phases they can exhibit [1, 2]. The lack of significant advances in
properties exploitation and applications prompted, a decade ago, some critical analysis of
the research in the field [3] and a slight concomitant decrease in the research activities.

However, a renewed interest in both structural aspects (including supramolecular) [4-11]
and physical properties [12—-16] has emerged. As far as the molecular structure — type of
mesophase relationship is concerned, the general trend is that nematic or smectic phases are
usually found when Schiff bases, stilbazoles, or B-diketones are used as ligands (columnar
mesophases have also been found when they carry several aliphatic chains), whereas metall-
ophthalocyanines and bimetallic carboxylates usually have columnar mesophases.

In spite of their favorable structures, examples of coordination polymers (CPs) with
columnar mesophases remain scarce [1, 2, 6, 12, 17]. The main reason is that usual bridging
ligands are too long and create a void space between the mesogenic units which disfavors
columnar mesomorphism. Indeed, the most studied mesogenic CPs are “shish-kebab”
metallophthalocyanines [18-20], vanadyl-p-diketonates [21, 22], mixed-valent diruthenium
tetracarboxylates (Ru,(O,CRq)4Xax, scheme 1) [23-27], and iron-containing triazole deriv-
atives [28, 29]. The first two types of compounds involve small axial ligands, like oxide or
cyanide, bridging the essentially flat discotic units. In the third and fourth types of

Xax
\"l-.- e
Molecular —_——
Repeat Unit
Hexagonal
columnar
mesophase

Aliphatic region Coordination polymeric

backbone

Scheme 1. Organization of coordination polymeric strands of mixed-valent diruthenium tertacarboxylates into
hexagonal columnar mesophases.
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Scheme 2. Molecular formula of the repeat unit of the new mesogenic coordination polymers studied in this
work.

compounds, the cores of the mesogenic units are slightly thicker, indeed no columnar meso-
morphism has been found in mixed-valent diruthenium tetracarboxylates even for small
axial anions, like chloride, if single aliphatic chains are equatorially attached [23, 24]. Our
previous studies showed that efficient filling of the intermolecular space in an intracolumnar
way is a successful strategy to columnar mesomorphism in Ru,(O>CR¢q)sXax compounds,
as it provides the necessary preorganization of the polymeric strands as parallel moieties in
the crystalline phase [24, 26]. This has been achieved either with long chain axial
anions (X,y) [23-26] or equatorial R, substituents bearing several aliphatic chains, like
di(alkoxy)- or tri(alkoxy)benzoates. This kind of equatorial filling of the space has also been
used for columnar mesomorphism in the fourth type of compounds mentioned above — tria-
zole-based derivatives — as well as in pyrazine-bridged diruthenium carboxylates [30]. Melt-
ing of the peripheral aliphatic chains during the crystalline to mesophase thermal transition
transforms each CP into a column composed of a central polar core surrounded by an ali-
phatic region, as depicted in scheme 1; in turn, these columns organize in a hexagonal
array. In some cases, more than one CP strand per column have been found [24, 26].

Among mesogenic diruthenium tetracarboxylates containing axial anions bearing one long
aliphatic chain, compounds of general formula Ru,(O,C(CH,),—»CH3)4X;, with
)(l;h = CH3(CH2)n_2COE, CH3(CH2)HOSO§ (dodecylsulfate, DOS), or CH3(CH2)7SO§
(octylsulfonate, OS) axial anions, showed hexagonal columnar mesophases above
140-170 °C, depending on the equatorial chain length, n [23, 24, 26]. In this work, we
extend those studies to a series containing an axial anion bearing two aliphatic chains,
Ru,(0,C(CH,),,—»CH3),DHDP (scheme 2, DHDP = di(hexadecyl)phosphate, (C;cH3,0),
PO;) for n =10, 12, 14, 16, and 18. A molecular model consistent with the structural param-
eters is presented.

2. Experimental

Ru,(0,C(CH,),—,CH3)4DHDP (n = 10, 12, 14, 16, and 18) have been synthesized by
metathesis reactions. 1.1 equivalents AgNO; dissolved in 10 mL methanol was added to a
boiling solution of the corresponding Ru,(O,C(CH,),—,CHj3)4Cl complex [24] (100 mg in
10-15 mL methanol). The precipitated AgCl was filtered off, then 1.2 equivalents potassium
di(hexadecyl)phosphate (KDHDP) [31] dissolved in hot methanol was added to the mother
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liquor. After stirring under reflux for an hour, the solution was left to cool to room
temperature. For n = 12, 14, 16, and 18, the pale brown precipitate was filtered, washed with
cold methanol, and dried under vacuum. For the n = 10 derivative, water was added
dropwise to the brown solution to complete precipitation; the fine precipitate thus obtained
was filtered, washed with cold water—methanol mixture, and dried overnight under vacuum
at 40 °C.

IR spectra were recorded as KBr pellets on a Nicolet FTIR 510P spectrometer. Diagnos-
tic bands: 1490 (vCOjassym), 1430 (8CH,?), 1420 (vCO,sym) [32, 33], 1200 (vPO,), and
1090 (VPO,4) cm™ ' [34].

Elemental analyzes were carried out at Servicio a Terceros of INQUIMAE on a Carlo
Erba CHNS-O EA1108 analyzer. Anal. Calcd for Ru,(O,C(CH,),cCH;)4DHDP (%):
C, 66.4; H, 11.0. Found: C, 66.3; H, 10.9. Calcd for Ru,(O,C(CH,);4CH3)4,DHDP (%): C,
65.2; H, 10.8. Found: C, 64.4; H, 10.9. Caled for Ru,(O,C(CH,);,CH3),DHDP (%):
C, 63.8; H, 10.6. Found: C, 63.6; H, 11.3. Caled for Ru,(O,C(CH,),0CH3)4,DHDP (%): C,
62.2; H, 10.3. Found: C, 61.4; H, 10.4. Calcd for Ru,(O,C(CH,)sCH3),DHDP (%): C,
60.3; H, 10.0. Found: C, 60.2; H, 10.0.

Mesomorphic properties have been studied by means of variable temperature polarizing
optical microscopy (POM), differential scanning calorimetry (DSC), and variable tempera-
ture X-ray diffraction (XRD) techniques. POM has been carried out between crossed polar-
izers using a Leitz DMRX microscope equipped with a Leitz 1350 hot-stage. DSC
experiments have been performed on a Shimadzu DSC-50 calorimeter. For the XRD experi-
ments, powdered samples were contained in Lindemann capillaries of 1 mm diameter. A
linear monochromatic Cu—Ka,; beam (4 = 1.5418 A) was obtained using a Debye-Scherrer
camera, equipped with a bent quartz monochromator and an electric oven. Diffraction
patterns (exposure time approx. 45 min) were registered every 10 °C, from 70 to 200 °C,
with a gas curved counter “Inel CPS 120”; with this system, periodicities up to 60 A can be
measured, and the sample temperature is controlled within + 0.05 °C.

3. Results

A simple two-step metathesis reaction has been employed for replacing the axial C1™ by
DHDP in the starting materials. CI” removal with Ag" allowed subsequent coordination of
DHDP via methanolic bis-adducts as intermediates. The presence of DHDP in the final sol-
ids has been established on the basis of the presence of strong vPO, bands at 1200 and
1090 cm ™' in IR spectra of all of the synthesized compounds, which also exhibited typical
bands associated with lantern-like diruthenium (ILIII) tetracarboxylates [32, 33]. Microana-
lytical data confirmed the nature of the synthesized compounds.

All the compounds showed the same phase sequence: a room temperature crystalline
lamellar phase (noted hereafter Cr) then a columnar hexagonal mesophase (Coly,) at
temperatures higher than 135-145 °C. An intermediate phase has also been detected for the
compounds except n = 18, which is discussed below. Table 1 collects the phase sequence
and thermal parameters of each compound, as well as detailed information of their Coly,
mesophases. Figure 1 compares the XRD patterns obtained in the Col, mesophase for all
the compounds under study. Representative DSC traces and XRD patterns for the
low-temperature phases are given in figures S1 and S2, respectively. Detailed indexation of
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Table 1. Phase sequence, thermal transition parameters and structural analysis of the Col;, mesophase for the

Ruy(02C(CH,),—>CHs),DHDP series.

T. Bottazzi et al.

Phase sequences, transition temperatures (in °C) and
transition enthalpies (in parenthesis, kJ/mol) for Ru,(0,C
(CH,),—.CH3)4,DHDP. XRD data and refinement

N T/°C Aineas/ A hk Intensity deacd A Phase nature and structural parameters
Cr 127 (29) M 142 (2.8) Col,, 175 (-) I/dec
10 150 22.23 10 VS (sh) 22.1 Coly-p6 mm
12.66 11 M (sh) 12.75 a=255A
7.34 - M (br) h, S =563 A’
4.6 - M (br) hen
4.44 - M (sh) hy
Cr 122 (36) M 146 (4.7) Col,, 175 (-) I/dec
12 150 22.98 10 VS (sh) 22.7 Coly-p6 mm
13.17 11 M (sh) 13.1 a=262A
11.17 20 VW (sh) 11.35 S =595 A?
7.25 - M (br) h,
4.7 - M (br) hen
447 - M (sh) hy
Cr 117 (36) M 137 (5.0) Col,, 180 (-) I/dec
14 150 24.31 10 VS (sh) 24.15 Coly-p6 mm
13.85 11 S (sh) 13.95 a=279 A
12.08 20 W (sh) 12.1 S=674 A2
7.22 - M (br) h,
4.6 - M (br) hen
4.48 - M (br) hy
Cr 122 (60) M 140 (3.0) Col,, 195 (-) I/dec
16 170 24.89 10 VS (sh) 249 Coly-p6 mm
14.47 11 S (sh) 14.4 a=2875A
12.39 20 S (sh) 12.45 S§=716 A%
7.18 - M (br) h,
4.65 - M (br) hen
445 - M (br) hy
Cr 127 (76) M 138 (=) Coly, 185 (—) I/dec
18 155 26.07 10 VS (sh) 25.95 Coly-p6 mm
14.85 11 S (sh) 15.0 a=300A
13.03 20 S (sh) 13.0 §=1777 A%
7.59 - M (br) h,
455 - M (br) hen
4.42 - M (br) h,

XRD patterns for each compound in each phase at selected temperatures is presented in
table S1.

The XRD patterns of the crystalline phase of the compounds are characterized (as
shown in figure S2(a) for the n = 16 derivative) by several sharp peaks in the recipro-
cal ratio 1:2:3:4:5:6:7, etc.; narrow peaks at 7.4, 4.7, and 4.4 A are also observed
on every diffractogram. The presence of 3 or 4 broader peaks in the reciprocal ratio
1:2:3 in the XRD patterns of the intermediate phase, in addition to broad halos at
ca. 7.5 and 4.7 A and a weak narrow peak at 4.4 A, as shown in figure S2(b) for
n = 14 homolog, suggests that this intermediate phase possesses a lamellar morphology,
with ordering reminiscent of the crystalline lamellar structure. In the high-temperature
mesophase, all the compounds exhibited XRD patterns, shown in figure 1, with 3 peaks
of decreasing intensity in the reciprocal ratio 1 : v3 : v4, corresponding to the 10, 11,
and 20 reflections of a hexagonal array, broad peaks at ca. 7.5 A and ca. 4.5 A
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Figure 1. X-ray diffraction patterns of the Col;, mesophase for the Ru,(O,C(CH,),—»CH3),DHDP series (7 = 10,
12, 14, 16, and 18).

(labeled on figure 1 as h, and hg,, respectively), as well as a weak and narrower one
at ca. 42 A (hy).

4. Discussion

The crystalline phase of this series of compounds is of the lamellar type, as already found
for previously studied Ru,(O,C(CH;),—oCH3)4X,.;, series. The lamellar nature of this crys-
talline phase can be ascribed to the conformation of the equatorial aliphatic chains. Indeed,
previous structural studies conducted on mid- and long-chain diruthenium (ILII) com-
pounds [35, 36], as well as on divalent bimetallic carboxylates [37-39], found that two
opposite aliphatic chains exhibit a gauche conformation at the C2—C3 bond, leading to elon-
gated binuclear units in which the aliphatic chains run in parallel two by two. The total
molecular length progressively increases by 2.54 A per increment in n (number of carbons
on each equatorial chain) [40, 41].

For mixed-valent Ru,(0O,CR)4X,, compounds, the bimetallic units are axially linked by
X giving “ribbons” with the CP backbone located at the center and the aliphatic chains
pointing outwards. If the length of the axial chain (or chains in the case of DHDP) (/,) is
similar to the length of the equatorial chains (/.q), the CP backbones will be separated by a
double layer of aliphatic chains as described in figure 2(a). In this structure, van der Waals
interchain interactions reach their maximum value due to the interactions present inside
each ribbon. On the other hand, if /,, differs from /4, interdigitation can occur, providing
additional van der Waals interactions between methylene/methyl units of adjacent ribbons,
thus maximizing packing density (figure 2(b)). The distance between CP backbones, which
is directly associated to the interlamellar distance d, varies with the number of carbon atoms
in the equatorial chains (n) following expression (1):

d = Weore + 2lcn, + (m — 1) + (n — 2))lcn, €))
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Figure 2.
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Figure 3.

Interlamellar distance (A)

L 4 1 . 1 o 1 o 1 o 1 . 1 4
6 8 10 12 14 16 18 20

Equatorial chain length, n (number of carbon atoms)

Interlamellar distance d as a function of the length of the equatorial chains, n, for the crystalline phase

of the Ru,(0,C(CH,),—,CH3),DHDP series (filled squares). Data for Ru,(O,C(CH,),—»CHj)s series (open circles)

also shown.

Figure 3 shows the interlamellar distances (d) found for the crystalline phase of the
Ru,(0,C(CH,),—»CH;3)4,DHDP series; the interlamellar distances previously found for
the Ru,(O,C(CH,),—»CH3)s series [24] are also shown for comparison, corresponding to a
situation in which [, = [, As can be seen, d increases linearly with »n in both cases,
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but the slope for the DHDP series (1.57 A/CH,) is about half that for the reference series
(2.56 A/CH,), as expected for the suggested model (see Supplementary material for details).
A similar situation has been found for previously studied OS and DOS series, for which
interdigitation has also been suggested, although without detailed models like the one devel-
oped here.

It is easy to find, both on qualitative and quantitative bases (compare for example equa-
tions (1) and (S1)), that the interlamellar distance expected for an interdigitated structure
should agree with that expected for a non-interdigitated one only when I, = /.,; it is the
case for DOS and OS [26] and for the present DHDP series (figure 3). This point also
supports the assumption that, thanks to the tetrahedral geometry around P, the axial anion
accommodates its aliphatic chains parallel among them as well as to the equatorial ones,
acting in fact as a “wider” axial chain in an arrangement like the one found in the crystal-
line structure of Ru,(0,C(CH,)gCH3),0S [35].

An intermediate LC or semicrystalline Lam phase is a plausible intermediate state between
lamellar Cr and Coly, phases. Indeed, intermediate lamellar phases have already been found
between room temperature Cr lamellar phase and high temperature Col, mesophase of
related compounds [26]. However, in those cases, this intermediate lamellar phase is truly
crystalline, whereas in the present case it is highly disordered, as evidenced by the collapse
of the sharp reflections in almost the entire 26 range and by the presence of the wide-angle
halo characterizing the partially molten chains. This difference, established on the basis of
both XRD and POM results, is in agreement with the low Lam — Col,, transition enthalpy
(2-5 kJ/mol). The interlamellar distance is shorter than in the crystalline phase, possibly
owing to a partial bending of the molten alkyl chains. The dependence of the interlamellar
distance with n for the intermediate Lam phase is not easy to rationalize; moreover, it showed
a strong dependence on temperature (see entries for n = 16 in table S1). Thus, we are not able
to propose a structural model for this intermediate disordered Lam phase at the molecular
level.

The high temperature mesophase is of the same type (Col,) as the mesophase already
found in previously studied Ru,(O,C(CH,),—»CH3)4X,., series. The surface of the hexago-
nal unit cell increases linearly with n (figure 4), suggesting the presence of additional
methylene units contributes just to the lateral expansion of the unit cell of the hexagonal

% 800 |
w
g
5 700 - u
o
3
=
c
S
‘m 600 j=
c
I+
o
2
(1]
500 M 1 M [l M 1 M [ M 1
10 12 14 16 18

Equatorial chain length, n (number of carbon atoms)

Figure 4. Surface of the hexagonal unit cell as a function of the length of the equatorial chains, n, for the Col,
mesophase of the Ru,(0,C(CH,),—>CH;3)4,DHDP series.
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array, but not to modifications in the intracolumnar repeat distance, in agreement with the
invariancy of A, position along the series (figure 1). This supports a model for the Coly,
mesophase in which the central part of the column is occupied by the CP backbone, and
the surrounding aliphatic chains are molten. In such a case, the slope of this straight line
should be p x x x V(CH,)/h (p: number of polymeric strands per column, x: number of
aliphatic chains — per molecular unit — whose length varies along the series, V(CH,): vol-
ume of a CH, group, and /: intracolumnar repeat distance) [24, 27, 42—44]. Assuming the
halo at about 7.4 A (labeled h, in figure 1) corresponds to % (a value fully compatible with
the repeat distance of a coordination polymeric strand with a slightly bent conformation, as
found in Ru,(0O,C(CH,)sCH;3)40S) [35], and taking usual values for V(CH,) in columnar
or smectic mesophases [42, 45], the slope of this straight line (27.8 A*/CH,) shows that
every column is made up of two coordination polymeric strands, suggesting that some
degree of interdigitation between pairs of polymeric strands is still present. This was also
the case for the other series in which /,, # I., (= DOS, OS) [26]. The weak peak detected at
ca. 4.2 A (labeled h;) superimposed to the broad one at approximately the same position
could be interpreted as additional evidence for this suggestion. Indeed, if interdigitation is
assumed for this Col;, mesophase, the interdigitated aliphatic chains will be located at the
center of the column, and will exhibit much more constrained movements than the periphe-
ral chains, expected to exhibit a liquid-like nature. The latter will originate the broad peak
(hep), whereas the former the weak and narrower one (h).

5. Conclusions

The introduction of a second long aliphatic chain in the axial anion of the
Ru,(0,C(CH,),—»CH3)4X;;, family of compounds had two consequences on their
mesomorphic behavior. The presence of this extra chain induces thermotropic
polymorphism, in the form of a Lam — Col, phase sequence for all but the longest
homolog of the Ru,(O,C(CH,),—,CH3),DHDP series and it contributes to a substantial
decrease in the melting temperatures. Indeed, the Col, mesophase appears in the present
case at temperatures lower than those found in structurally related systems with single
alkyl chain sulfate, sulfonate, or carboxylate axial anions. Moreover, if melting
temperatures to the intermediate phase are considered (Cr — Lam), the improvement in
the width of the mesomorphic range is even greater. Combined to its high clearing
temperatures, these thermal features yield the Ru,(O,C(CH;),—»CH;3)4DHDP series one of
the Ru,(0,C(CH;),—2CH3)4X,.;, family exhibiting the widest mesomorphic thermal range.
These findings add new insights to understand the influence that different ligands can
exert on the structural organization of CPs and subsequently on some of their physical
properties, including mesomorphism.

Supplementary material

Representative DSC traces and XRD patterns, detailed XRD information for each com-
pound in each phase as well as a more detailed analysis of the struture of the crystalline
lamellar phase can be found as supplementary material.
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