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ABSTRACT: This paper reports the synthesis, liquid crystal behavior, and charge-
transport properties in the mesophase of isocyano-triphenylene gold, copper,
palladium, and platinum complexes [MX(CNR)] (CNR = 2-(6-(4- Triphenylene columns Inorganic columns
isocyanophenoxy)hexyloxy)-3,6,7,10,11-pentakisdodecyloxytriphenylene; M = Au, - i ! -

X = Cl, CgFs, CF,0CH,;, CN; M = Cu, X = CI); [(/’1'4J4,'C6F4C6F4){Au' == Bg:
(CNR)}Z]) [(ﬂ'CIZ){Cu(CNR)Z}Z]) and [MXZ(CNR)Z] (M =Pd, Pt; X=Cl, By, ], .% T
and M = Pt, X = CN). The thermal and electronic properties of these materials are ‘ %&- . =
modulated by the metal fragment. The complexes that display columnar = — ——
mesomorphism are those that support more than one triphenylene per molecule
or those that produce a similar effect by dipole—dipole interactions between the
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metal groups. These circumstances improve the balance of favorable enthalpic interactions versus unfavorable entropic
contributions into a columnar stacking. Hybrid inorganic/organic dual columnar mesophases with high SCLC hole mobility
along the columnar stacking, above 1 cm® V™' s/, have been found. It is worth noting that the dicyanoplatinum complex displays

mesophase phosphorescence based on Pt---Pt interactions.

B INTRODUCTION

Columnar mesophases based on discotic z-systems are
nanostructured materials with potential use as soft organic
semiconductors with unidirectional charge carrier transporting
properties. This property is of interest in the preparation of
electronic devices, such as photovoltaic cells, light emitting
diodes, or field effect transistors.' ™"

Triphenylene-based mesogens, where the stacking of the
polyaromatic cores provides an efficient structure for charge
transport along the columns,'” are among the most widely
studied columnar liquid crystals, including some examples of
metal—organic complexes."”™'” The conductivity of pure
organic triphenylene derivatives is low at normal conditions
but can be enhanced by chemical doping or photoexcita-
tion."*"” Another possibility to increase the conductivity is the
use of mesomorphic metal complexes (metallomesogens).”’
This possibility has been frequently argued,”"** but only in a
few cases charge-carrier mobilities have been measured.” "

A useful strategy for developing functional materials is the
design of molecules containing different functionalities, which
are able to organize spontaneously in domains at the
nanoscale.”’ For columnar liquid crystals, mesophases having
segregated columns different in nature can be achieved from
molecules with fragments prone to self-assemble separately in a
multicolumnar structure.”” For example, mesophases based on
donor—acceptor heterojunction columnar structures, exhibiting
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ambipolar charge transport properties and
photocurrent generation,””** have been reported.

Transition metal complexes are attractive building blocks for
nanowires in the solid state, due to their capacity to self-
assemble into one-dimensional structures through metal---metal
349 For example, nanowires formed by self-
assembling of cyclometalated platinum(II) complexes are
luminescent and behave as ambipolar semiconductors.”"
Triphenylene molecules functionalized with a metallic group
sufficiently far from the aromatic core might allow for
microsegregation of segregated organic and inorganic columns
and provide functional soft materials with properties tuned by
the metal (e.g, luminescence or electric one-dimensional
conductivity along the piled metal fragments) or properties
derived from the intercolumnar connections (e.g, p—n
semiconductor heterojunction or metal—semiconductor junc-
tion between columns of different electronic nature).

In this context, we have reported previously mesomorphic
organometallic complexes containing triphenylene moieties
where organic and organometallic columns coexist in the
mesophase,"””** including benzoquinolate complexes ([Pt-
(bzq)(CNR),]A, (CNR = 2-(6-(4-isocyanophenoxy)-

interactions.
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hexyloxy)-3,6,7,10,11-pentakisdodecyloxytriphenylene; A~
NO;7, BE,~, PF,") that display aggregation-induced phosphor-
escence based on interdisc Pt---Pt interactions.”* The multi-
columnar structure of these mesophases seems promising to
display efficient charge transport properties in a fluid state.
Here we are reporting the charge-carrier mobility properties in
that system and in a new series of related isocyano-triphenylene
gold, copper, palladium, and platinum complexes. The
mesomorphic and the electronic properties of these materials
with hybrid inorganic/organic dual columnar mesophases are
clearly modulated by the metal fragment. The charge-carrier
mobility measurements have been carried out by the space-
charge-limited current (SCLC) method. We have found high
mobility along the columnar stacking, above 1 cm” V™' 7% Tt is
worth noting that the dicyanoplatinum complex displays
mesophase phosphorescence based on Pt---Pt interactions.

B RESULTS AND DISCUSSION

Synthesis. The isocyanide metal complexes were prepared
by reaction of 2-(6-(4-isocyanophenoxy)hexyloxy)-3,6,7,10,11-
pentakisdodecyloxytriphenylene (CNR)** with the correspond-
ing metal precursors, as shown in Scheme 1. Full synthetic

Scheme 1. Synthesis of the Au', 1—4 and 6; Cu', § and 7;
Pd", 8, 12, and 13; and Pt", 9—11 and 14 Complexes
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description, C, H, and N analyses, yields, MALDI-TOF mass
spectra, and relevant IR and NMR characterization data are
given in the experimental details (Supporting Information).
Chemical and Spectroscopic Characterization. The IR
spectra are very informative. Compounds 1—14 exhibit
isocyanide (C=N) absorptions at higher wavenumbers than
the free ligand: about 100 cm™ higher for Au' complexes, 34
cm™! for the Cu' compound 5, and 60—80 cm™ for the
dinuclear copper complex and the Pd" and Pt" complexes.
Compounds 1—6 and the trans-dihalopalladium and platinum
complexes 12—14 (D,;, symmetry) display one v(C=N) IR
absorption, whereas the cis-dichloropalladium and platinum
complexes 10 and 11 (C,, symmet?I) show two bands, as
reported for related compounds.””*® The dinuclear copper
complex 7 (D,;) shows two isocyanide v(C=N) absorptions
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(B, + Bjy), as for related complexes.”” Compound 4 shows
one additional (C=N) absorption from the cyanide group, at
2159 cm™L Analogously, complex 11 displays two additional
v(C=N) absorptions from the two cis cyanide groups, at 2159
and 2153 cm™.*

In the '"H NMR spectra, coordination produces a slight
deshielding of the aromatic protons ortho to the isocyanide
group, as reported for related compounds.** The —OCH,—
protons appear at ca. 4 ppm, and the rest of the alkyl protons
are in the range 1.94—0.88 ppm. The '’F NMR spectra of the
fluoroaryl complexes show typical fluorophenyl patterns: three
resonances for the AA'MXX' spin system of CFg;* two
somewhat distorted pseudodoublets for the AA'XX' spin
system of the tetrafluorophenyl complexes;** and two complex
multiplets at —117.68 ppm and —140.57 ppm, corresponding to
the ortho and the meta fluorine atoms of the two AA’XX' spin
systems of the 4,4'-octafluorobiphenyl compound.”"

From the IR and NMR spectra, all complexes are
isomerically pure in the solid state and in solution, with the
exception of the dichloropalladium complex (8), which, similar
to the related [PACL{CNCH,(3,4,5-OC,H,,,1):}.],* is the
cis isomer in condensed phases (solid or LC by IR) but a cis/
trans ~ 70/30 mixture in CDCl; by 'H NMR.

The UV—vis absorption and fluorescence spectra of the free
isocyanide and the metal complexes in dichloromethane
solution are all very similar (Table S1 in Supporting
Information) and analogous to those of 2,3,6,7,10,11-
hexaalkoxytriphenylenes®”>® and related isocyanide com-
plexes.** This supports that, as expected for the alkyl chain
used as linker between the triphenylene and the metal moieties,
these two fragments are not electronically connected. As
observed frequently in aromatic compounds,” including
isocyanides,"* the luminescence is lost in the solid state
(room temperature and 77 K) and in the mesophase for
compounds 4—10 but not for the cis-dicyanoplatinum complex
11. The emission spectra of 11 show one structureless
phosphorescence band at 587 nm, with a lifetime of 7 ps.*
This emission band is not observed in solution or in the
isotropic liquid (Figure 1) and has been assigned, in the solid
state of nonmesogenic bisisocyanide Pt complexes with almost
identical coordination sphere, to excimer-like ‘zz* and
SMMLCT transitions,” which reinforce when the discs self-
assemble more efficiently in the mesophase. It is worth noting

emission

excitation

I/u. a.

Figure 1. Luminescence spectra of cis-[Pt(CN),(CNR),] (11) in the
solid state (25 °C), in the mesophase (75 °C), in the isotropic liquid
(125 °C), and in the mesophase (38 °C*) after thermal annealing.
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that when the mesophase is obtained from the isotropic liquid
by a thermal annealing process (after 12 h at 103 °C, cooling at
0.1 °C/min until 38 °C), the emission intensity of the
mesophase is clearly higher than that observed on heating from
the solid state.

Thermal Behavior and Self-Organization Properties.
The mesomorphic properties of the compounds have been
studied with polarized optical microscopy (POM, Figure 2),

Figure 2. Optical polarizing microscopy photographs (X100, crossed
polarizers) on cooling from the isotropic phase: (a) 5 at 70 °C; (b) 9
at 92 °C; (c) 6 at 83 °C; and (d) 6 at 73 °C.

differential scanning calorimetry (DSC, Supporting Informa-
tion), and small-angle X-ray scattering (SAXS, Figure 3, and
additional information in Supporting Information). All the
complexes display good thermal stability in the range of study.
By POM, neither the free isocyanide ligand nor complexes 1, 2,
3, 12, 13, and 14 are mesomorphic. Upon heating, these
compounds melt directly to the isotropic liquid, and on cooling,
they slowly recrystallize. In contrast, the cyano and
octafluorobyphenyl gold complexes (4, 6), the chloro copper
compounds (5, 7), and the cis-isocyanide palladium and
platinum complexes (8—11) display fluid and birefringent
optical textures and show enantiotropic mesophases close to
room temperature (Figure 2 and Table 1). The textures
observed by POM on cooling from the isotropic liquid are
similar for all compounds but one and show mosaic-like
textures not specific to a particular type of mesophase. As an
exception, the dinuclear gold complex 6 displays textures with
spherulitic and pseudoisotropic areas (Figure 2), which are
compatible with columnar mesophases.

SAXS Studies. Complete identification of the liquid
crystalline properties was achieved by small-angle X-ray
scattering (SAXS, Figure 3 and the figures in Supporting
Information) on powder samples measured as a function of
temperature (from ambient up to the isotropic liquid and back
to room temperature). A single-mesophase behavior was
confirmed for all the mesomorphic complexes (4—11, Table
2 and Table S2 in Supporting Information), in agreement with
the POM and DSC observations. Except for the digold
mesogen (6), which will be discussed separately, the SAXS
profiles of the mesomorphous monometallic and dicopper
compounds are all quasi-identical and reveal features of a
columnar mesophase, formed by the simultaneous z-stacking of
the triphenylene discs into one-dimensional columns and the
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Figure 3. Representative X-ray patterns of the mesomorphic
compounds: SAXS pattern of [CuCI(CNR)] (5), recorded on cooling
from isotropic at T = 60 °C, and of [(u-4,4'-C¢F,C¢F,){Au(CNR)},]
(6) at T = 100 °C, on cooling from isotropic liquid.

aggregation of the metallic fragments into tortuous threads,
running parallel to the triphenylene columns, both segregated
from the molten chains merged into an infinite continuum.
This is evidenced by the presence of the half-broad scattering
signal h, &~ 3.5-3.6 A, associated with the orthogonal stacking
of the discs correlated over short distances, and the broad signal
hy, & 4.5 A, arising from the lateral distances between molten
peripheral chains and spacer; the signal corresponding from the
metallic fragment, hg, remains undifferentiated from the chain
contribution and is overlapped with hy,. The presence of several
sharp, small-angle reflections (from S to 8 diffraction peaks,
Figure 3 and Figures S62—S66 in Supporting Information),
systematically observed for all compounds, indicated the two-
dimensional expansion of the supramolecular arrangement and
were easily indexed according to a rectangular lattice with the
c2mm plane group symmetry (Table S2). The high intensity of
the first order reflections, along with the modulation of the
intensity distribution of the higher order ones, is in good
agreement with the long-range planar ordering of the
supramolecular organization and confirms the good segregation
between the various molecular constituents, namely, the
triphenylene discs, the metallic fragments, and the aliphatic
continuum, respectively. The lattice area A is remarkably
constant in this series, showing a fractional dependence of the
connectivity of the complexes on the lattice expansion,
displaying a mere variation of the a/b ratio (Table 2) between
1.1 (4) and 1.33—1.41 (S, 7—11). The mesogenic ligand, which
is the same for all compounds, contributes more than 90—95%
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Table 1. Thermal and Thermodynamic Data for the Free

Isocyanide Derivative and Its Metal Complexes

i AH"
compound transition® (°C) (kJ mol™")
(CNR)* Cr—o1 49 81.6
(1) [AuCI(CNR)] Cr' - Cr? 30 3.7
Cr* -1 42 192
(2) [Au(C4F5)(CNR)] Cr—1 26 238
(3) [Au(C¢F,0C,oH,,) Cr' - Cr? 21 10.7
(CNR)] - cf 31 284
Ccr* - crt 45 284
Cr* > 1 56 38.8
(4) [Au(CN)(CNR)] Cr — Col,,. 61 19.0
Col,, - I 98 37
(5) [CuCI(CNR)] Cr — Col,,. 46 42.8
Col,,. — I 79 3.4
(6) [(u-4,4'-C(F,CeF,) Cr — LamCol,,. 22 61.5
{Au(CNR)}, ] LamCol,,, — I 98 202
(7) [(u-Cl,){Cu(CNR),},] Cr' - Cr? S8 172.5
Cr* — Col,,. 72 38.6
Col,. = I 79 24.8
(8) cis-[PACL,(CNR),] Cr = Col,,. 34 50.9
Col,,. = I 53 5.8
(9) cis-[PtCl,(CNR),] Cr — Col,,, 457
Col,,. = I 79 12.5
(10) cis-[PtBr,(CNR),] Cr — Col,.. 35 742
Col,,. — I 69 10.7
(11) cis-[Pt(CN),(CNR),] Cr — Col,,. 35 62.5
Col,,. = I 105 163
(12) trans-[PdBr,(CNR),] Cr' - Cr? 315 5.7
Ccr? -1 53 40.4
(13) trans-[PdL,(CNR),] Cr' - Cr? 50 249
Cr* > 1 58 52.0
(14) trans-[PtI,(CNR),] Cr—1 59 106.2

“Cr, Cr!, and Cr’ crystal phases; Col,, rectangular columnar
mesophase; LamCol,, lamello columnar mesophase; I, isotropic
liquid. "Data from second heating DSC cycle. For Pd and Pt
complexes, data from first heating scan. Transition temperatures are
given as peak onsets. “Data from ref 44. “Data from POM.

to the molecular volume, but the metal complexes determine
the number of triphenylene columns involved in the lattice.
The ratio between the estimated molecular volume versus
the area of the cell (for Z = 2, from the c2mm symmetry and
weighted by N, ,; molecules per repeat patterns—varying with
the metal complexes connectivity, Table 2) provides a value for
B0 ranging between 3.41 and 3.76 A, close to h, ~ 3.5 A and
consistent with a 2D arrangement of nearly orthogonal
columns. From our geometrical analysis, the number of
triphenylene cores per lattice is homogeneous and equal to 8
throughout the series (see details in Table 2). One plausible
supramolecular arrangement in the mesophase would then
consist in the packing of the dot-like metallic fragments at the
nodes of the rectangular lattice (corners and center), interlaced
by a network of discoid columns (respecting the triphenylene—
metallic fragment stoichiometry), both separated by the
aliphatic continuum, in complete agreement with the centered
symmetry and the lattice dimensions, as shown in Figure 4.
The SAX patterns of the rod-like digold complex (6) is, as
expected from its particular molecular structure, very different
from those previously described, which indicates another type
of columnar phase. The broad scattering signal, though weak,
~ 3.5-3.6 A, confirms the columnar nature of the mesophase,

7590

Table 2. Mesomorphic, Structural, and Geometrical

Parameters”
complexes parameters
(4) [Au(CN)(CNR)]; T = 70 °C, a=759 A Vool = 2478 A3
Col,o.—c2mm b=695A Byt = 376 A
A= 5275 A? (Npor = 4)
Z=2 Zripn = 8
a/b = 1.092 (Rpgipn, = 1)
(5) Cu(Cl)(CNR)] T = 60 °C, a=887A Vol = 2448 A3
Colyee—c2mm b=648 A Bl = 341 A
A = 5748 A? (Npot = 4)
Z=2 Zrph = 8
a/b = 1.369 (e = 1)
(6) [(u-44'C4F,CeF,){Au(CNR)},] d=461A Vool = 5253 A3
T = 100 °C, LamCol,..—p2gg a=2d=9224 A, =114 A?
b=339A Tmot = 3.36 A
A = 3126 A? (Npor = 1)
Z=2 Zrpn = 4
a/b = 2.720 (Mrgpn = 2)
(7) [CuCl(CNR),], T=65°Con a=862A Vol = 9723 A3
cooling, Col,..—c2mm b=6l2A Byt = 3.69 A
A = 5275 A? (Npor = 1)
Z=2 Zrpn = 8
a/b = 1.408 (Mrgpn = 4)
(8) cis-[PACL(CNR),] T=50°C, a=872A Vool = 4898 A3
Col,..—c2mm b=647 A By = 347 A
A = 5642 A? (Npor = 2)
Z=2 Zripn = 8
a/b = 1348 (Mrgen = 2)
(9) cis-[PtCL,(CNR),] T = 70 °C, a=851A Vol = 4968 A3
Col,..—c2mm b=632A By = 370 A
A = 5378 A? (Npt = 2)
Z=2 Zoriph = 8
a/b = 1.347 (Mrgien = 2)
(10) cis-[PtBr,(CNR),] T = 60 °C, a=851A Vool = 4948 A3
Colyee—c2mm b=638A Bt = 3.65 A
A = 5429 A? (Npot = 2)
Z=2 Zripn = 8
a/b = 1334 (Pppn = 2)
(11) cis-[Pt(CN),(CNR),] a=2868A Vool = 5077 A3
T =100 °C, Col,,.—c2mm b=641A By = 3.65 A
A = 5564 A? (Npor = 2)
Z=2 Zripn = 8
a/b = 1.354 (Mg, = 2)

“a and b are the parameters of the rectangular lattice, A is the lattice
area (A = a X b), Z is the number of repeated patterns per lattice, V,,,
is the molecular volume; h,, is the thickness of the repeat pattern slice
involving N, molecules (Ao = (Vinot X Npol)/(A/Z)), Zrgpy, is the
number of triphenylene stacks per lattice (Zrpp = Z X Npot X ipyiph),
where nppy, is the number of triphenylene groups per molecule, d is

the lamellar periodicity; and A,,; is the molecular area (A, = Vyno1/d)-

driven by the stacking of the triphenylene cores into 1D
columns, and is further segregated from the metal-containing
cores into ribbons and the aliphatic continuum (hy, + h & 4.5
A). The eight sharp, small-angle reflections (Figure 3 and
Figure S61) could be indexed according to a two-dimensional
rectangular lattice with the p2gg plane group symmetry (Table
S2). The h,,, value (calculated as above, Table 2) is close to the
disc stacking distance and consistent with a 2D arrangement of
nearly orthogonal columns, although the broadness of the
signal indicates that the stacking is short-range. The mesophase
presents a strong lamello-columnar character on account of the
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re2mm; Z2=2; Zypn = 8

Figure 4. Schematic representations and chart of the supramolecular
organizations of complexes (4, S, and 7—11) in the Col -c2mm
mesophase and of complex 6 in the LamCol,.-p2gg mesophase.
Aliphatic chains occupying the white zones are not shown for clarity.
See complementary figures below.

Col rec”

presence of even lamellar orders (h0, h = 21, n = 2, 4, 8), having
a periodic alternation of sublayers of high and low electronic
density, respectively, along the a-lattice parameter of the
rectangular lattice (e.g., ribbons, triphenylene columns, aliphatic
continuum, Figure 4). This has been previously noticed for 2
related digold complex with undecoupled rigid core and discs.*
A model for the mesophase, in accordance with the SAXS
pattern, is proposed in Figure 4, and consists of sublayers of
metal-containing ribbons alternating with sublayers of columns,
embedded in an aliphatic continuum. The constraints imposed
by the lattice dimensions force the anisometric ribbons to
alternate their directions along the g-parameter and the discs to
be disposed according to a zigzag configuration. This
alternation is fully consistent with the reduced noncentered
p2gg symmetry of the mesophase, manifested by the presence
of reflections (41), (61), and (81) (h + k = 2n + 1).

Role of the Metal Moiety. In contrast to previous
studies,® here the metal fragment is sufficiently distant from
the triphenylene core for any significant electronic influence. As
supported by our SAXS studies, the different nature of both
parts of the molecule (trlphenylene and metal fragments)
favors their nanosegregation.’® The formation of columnar
mesophases when the compounds are mesomorphic is due to
self-organization of the triphenylene discs and not to
spontaneous self-organization of the metal moieties. As a
consequence, the latter are not necessarily self-aggregated but
are segregated from the triphenylene columns, occupying the
space between them. Self-organization of the triphenylene discs
should be equally possible in all the complexes and also in the
free isocyanide, but in fact different mesogenic behaviors were
observed for apparently structurally related complexes.
Obviously these differences must be explained as an effect of
the metal moiety or as a synergistic effect with contribution of
the metal moiety.

The metal complexes studied are molecules bearing either
one, two, or four triphenylene moieties per molecule. Roughly
speaking, upon self-association the entire different systems in
play are stabilized by n attractive 7—n stacking contributions
per molecule (n 1, 2, 4; this is the main enthalpic
contribution) but are destabilized by the entropic unfavorable
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contribution of reducing in one the number of independent
molecules. The balance of negative entropic contributions
when associating molecules versus the number of positive 7—x
stacking contributions per molecule at the melting transition
should be very influencing in the formation of ordered phases.
This enthalpy/entropy balance is more favorable in molecules
with four triphenylenes per molecule (complex 7), less
favorable in molecules with two triphenylenes per molecule
(complexes 6 and 8—14), and even less favorable for molecules
with one triphenylene per molecule (1—5). Additionally, other
contributions such as the presence of strong dipoles in the
metal moiety can contribute unfavorably (as in 12—14) or
favorably (as in 4) to the free energy balance of association, via
dipole—dipole interactions. A favorable (as in 6) or less
favorable (as in 7) molecular aspect is also influencing the
result. A discussion of the different cases follows below.

The simplest way to look at the isocyanide molecule and its
monoisocyanide complexes (1—5) is to consider them as
structurally similar molecules, with a different terminal MX
substituent (or no substituent) attached to the isocyanide
group. The free isocyanide itself is not mesomorphic, showing
that the #—z stacking interactions alone are not able to
compensate the unfavorable entropic contribution in order to
sustain the columnar order at the melting point or above.
Complexes 1—3 are also nonmesomorphic, but the cyano
complex of gold, 4, and the chloro complex of copper, S, are
mesomorphic. In spite of the structural similarity of molecules
1-5 when considered as individuals, compared to the Au—Cl
and Au—Ar groups in 1-3, the Au—CN and Cu—ClI groups in
4and 5 produce much higher dipoles associated with the metal
fragment.”” We suggest that a significant antiparallel dipole—
dipole interaction of the metal fragments in 4 and § (Figure S)

-
e PO . 5o
oy

Figure S. Molecular shape of the pairs in complexes 4 and §, with the
symbols and color code of Figure 4.

pays in part for the entropically unfavorable contribution of
self-assembling these complexes. In simple words using an
extreme image, these molecules behave in entropic terms not as
individual molecules but as pairs, and each pair provides two
triphenylene stacking interactions. Consistent with this analysis,
4 and S produce mesophases, while the free isocyanide and 1—
3 do not. The conclusion is that in these molecules varying the
polarity of the metallic fragment result in facilitation of
molecular pairing that is decisive for the formation of
mesophases.

For the case of complex [(u-4,4'-C¢F,C¢F,){Au(CNR)},]
(6), this molecule is symmetrical (has no dipolar moment) and
lacks bonds along the central rod that could create large partial
dipoles (Figure 6). Stacking is favored by the participation of
two triphenylenes per molecule as discussed before. The
additional synergic contribution to produce stacking order at
the melting point is the tendency of octafluorobiphenyl to
segregate fluorinated and nonfluorinated areas in the molten
material.*®> We have already reported this effect in other
mesomorphic systems.43"59’60
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Figure 6. Molecular shape of 6, with the symbols and color code of
Figure 4.
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For the cis- and trans-[MX,(CNR),] [M = Pd, Pt; X
halogen or pseudohalogen) complexes, there is participation of
two triphenylenes per molecule, but this is not sufficient to
produce mesogenic behavior: the cis compounds 8—11 show
liquid crystal properties, but the trans complexes 12—14 do not.
The additional stabilizing interaction that is decisive for the cis
complexes is again related to dipolar moments in the metal
moiety. In fact this case is closely related to the behavior of
[MX,{CNC4H,(3,4,5-OC,H,,,1)3},] that we reported some
years ago.'® Both structures, cis and trans, can generate
columnar stacking (Figure 7), but only the cis complexes

Figure 7. Left: Molecular structures of the cis or trans
[MX,{CNC¢H,(3,4,5-OC,H,,,1)3},]-* Right: Stacking of two mole-
cules to give rise in each case to four columns if pairs were formed.

possess a net dipolar moment associated with the metal
fragment, whereas the trans isomers are nonpolar. The deeply
stabilizing intermolecular antiparallel dipole—dipole interac-
tions are decisive to support the stacked arrangement after
chain melting, giving rise to mesophases only for the cis
complexes (Figure 8).

Figure 8. Molecular shape of 8—11 with the symbols and color code of
Figure 4.

As a matter of fact the antiparallel arrangement proposed in
Figure 7 has been observed in the crystalline structures of cis-
[PtCL,(CNC¢Hy),] or cis-[Pt(CN),(CNC¢H;-Et),], which
further supports our proposal.**" Short Pt---Pt distances
(3.48 and 3.28 A, respectively) were found, which might be
additionally contributing to the larger mesophase range of 11.

Finally, complex 7 is a dimer contributing four favorable 7—7x
stacking interactions per molecule, which explains its mesogenic
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behavior in spite of the unfavorable nonplanar geometry of the
tetrahedral core of the metal moiety (Figure 9).

R B AR

Figure 9. Molecular shape of the dimer 7, with the symbols and color
code of Figure 4.

Charge Mobility Studies. In order to analyze the charge
transport in the columnar stacking of triphenylene units in
these organometallic materials, hole mobility (1) was measured
for three representative complexes 8, 9, and 11 and for the
related benzoquinolate compound [Pt(Bzq)(CNR),]PF, (15).
As previously reported,** 15 exhibits a columnar phase as well,
but with a hexagonal rather than a rectangular lattice. The
complexes were chosen on the basis of their good thermal
stability and, in the case of 11 and 1§, hoping that that the
presence of Pt---Pt metallophillic interactions might increase
the charge-carrier mobility in the mesophases.

Given the values of the HOMO energy levels of the studied
compounds, hole mobility (4) was measured at room
temperature by the space-charge limited current (SCLC)
method, as described in detail in the Supporting Information.
Several other methods for mobility measurement are known,
such as the so-called time of flight (TOF) technique, which
measures the transit time of photogenerated charges across the
sample. As with the SCLC method, if the sample is anisotropic,
this technique is sensitive to its orientational properties.
However, with the SCLC method sensitive to the effectiveness
of charge injection from one of the electrodes, the values of
SCLC mobility tend to be slightly lower than those of TOF
mobility if truly ohmic contacts are not established. A
dependence of the measured mobility on the orientational
properties of the sample is also observed when using the
material under investigation in a field effect transistor (FET). A
method that is instead insensitive to sample orientation is the
time-resolved microwave conductivity (TRMC) technique,
since the short lifetime of the charges, in this case generated
by an electron pulse, do not allow the sampling of different
orientational domains.

Our SCLC measurements were extremely dependent on the
thermal history of the samples. In all cases, after a rapid cooling
from the isotropic phase, very low values of hole mobility (x in
the range 107°—10"" cm® V™' s7'), typical of amorphous
phases, were found for all compounds. However (see
Supporting Information), thermal annealing turned out to be
an effective method to improve the alignment of the columnar
axes in a direction normal to the electrode plane. It is worth
noting that, in spite of the fact that optical microscopy revealed
that uniform homeotropic alignment was never obtained on the
whole surface of the samples, in some areas of the annealed
samples the hole mobility was up to 10 orders of magnitude
higher than in nonannealed samples. These results reveal a clear
monodimensional semiconducting behavior in the mesophases.
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As a consequence of the partial alignment of the samples, even
in the areas with better alignment, the values of mobility were
scattered across a range from 107 to 10 cm’ V! s7L
Consequently, instead of averaging over the different values of
hole mobility measured on different areas, it seems more
reasonable to report the range of the observed values, as listed
in Table 3.

Table 3. Charge Mobility Values for the Different
Compounds after Thermal Annealing

charge mobility (4) cm® V' 57!

compound” aligned areas disordered areas
(8) [PACL(CNR),] 107-10 1078-107
(9) [PtCL,(CNR),] 1072-1 1078-10°
(11) [Pt(CN),(CNR),] 10710 (3+28)x 107
(15) [Pt(Bzq)(CNR),]PF 1072—1 (5 +2)x 107

“Bzq = benzoquinolate.

The difficulty in obtaining samples with uniform orienta-
tional properties along with the extreme sensitivity of the
measured mobility to the size and orientation of the columnar
domains does not allow establishing structure/property
relationships for the mobility of the four complexes examined.’
However, it is out of question that when the columnar domains
are well aligned on the length-scale of sensitivity of the
measurement technique, very high values of hole mobility can
be measured. The hole mobility values listed in Table 3,
corresponding to the best aligned areas, are higher than any
value reported so far in the literature for purely organic
triphenylene mesogens'"** whether in columnar phases (in the
range 107°—1072 cm® V™' s7') or in the lower temperature
crystal phases (values around 107! cm? V™! s7%).

B CONCLUSIONS

In isocyano-triphenylene gold, copper, palladium, and platinum
complexes derived from 2-(6-(4-isocyanophenoxy)hexyloxy)-
3,6,7,10,11-pentakisdodecyloxytriphenylene, the metal moiety
can play different roles in favoring the formation of
mesophases: (i) upon coordination of the isocyanide ligand
they can produce molecules with a higher number of
triphenylenes per molecule, improving the enthalpy/entropy
ratio upon self-assembly, and (ii) in some of the molecules
antiparallel alignment of large dipolar moments of the metal
moiety contribute also to favor self-assembly and can be
decisive.

Despite the different stoichiometries and molecular struc-
tures of the complexes, all of the mesomorphic materials display
very similar rectangular columnar mesophases, except for the
dimeric gold complex, which gives rise to a lamellar rectangular
columnar mesophase. Both types of mesophase display,
simultaneously, 7-stacking of the triphenylene discs in columns
and aggregation of the metallic moieties into segregated
columnar zones. These heterocolumnar arrangements are a
consequence of the nanosegregation induced by the very
different nature of the molecular components. It is worth
noting that the dicyanoplatinum complex displays mesophase
phosphorescence based on the existence of Pt--Pt interactions.

The mesophases display semiconductor properties with hole
mobility values along the columnar stacking up to 10 cm* V™
s!, revealing the great potential of the metal—organic
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triphenylene molecules as semiconducting soft materials with
high charge mobility.
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