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ABSTRACT: This paper reports the synthesis, liquid crystal behavior, and charge-transport properties in the mesophase of tri-
phenylene Schiff-bases and their copper(II), nickel(II) and oxovanadium(IV) complexes. The thermal and electronic properties of 
the Schiff-bases are modulated by coordination to the corresponding metal moieties, which have the ability to self-assemble into 
linear structures and help the alignment of the triphenylene columns. This produces two kinds of electronically non-connected 
columnar regions, one purely organic and one more inorganic. The most remarkable effect is a striking charge mobility enhance-
ment in the metal containing mesophases, due to the contribution of the more inorganic columns: compared to values of hole mobil-
ity along the columnar stacking for the purely organic columnar mesophases, in the order of 10-7 cm2 V-1 s-1, these values jump to 1-
10 cm2 V-1 s-1 in these hybrid inorganic/organic columnar materials. 

Supporting Information Placeholder

INTRODUCTION 

Substituted triphenylene derivatives that give rise to colum-
nar mesophases have been systematically investigated in the 
last decades and are nowadays a classic field in the area of 
liquid crystals.1-4 Many studies show that these liquid crystals 
(LC) display interesting physical and chemical properties 
making them suitable candidates for several applications such 
as electrophotography,5 electronics and optoelectronics,6 
LEDs,7 or chemical sensing.8 They have been also studied as 
materials for surface modification,9 as stabilizers of nanoparti-
cles,10,11 as fluorescent ferroelectric materials,12 and even for 
birefringent films that improve the viewing angle of liquid 
crystal displays.13 

There are many reports where electron-withdrawing or do-
nating side groups are covalently bonded directly to the tri-
phenylene core: nitro and amino groups,14-17 cyano group,18 
halides,19,20 alkyl/alkoxy fragments,21,22 or organometallic 
moieties.23-29 In all of them the π-π interactions, critical for the 
columnar stacking, are sensitive to the substituents. There are 
also reports where the triphenylene is functionalized at the end 
of one of the alkoxy substituents,30 so that the triphenylene 
core and the functional group are far apart and electronically 
disconnected. This case can favor the formation of 
mesophases with segregated columns of different nature,31-33 
and interesting mesophases with ambipolar charge transport 
properties,34-37 or with efficient photocurrent generation.38,39  

In previous studies we have shown that in the lack of attrac-
tive intermetallic interactions between the metallic moieties, 
self-organization of the triphenylene discs controls the for-
mation of columnar mesophases, giving rise to well-defined 
organic zones that support the attached metallic moieties.40,41 
However, using metal-containing moieties prone to induce 

metal···metal intermolecular interactions, dual well-ordered 
columnar and highly stabilized phosphorescent mesophases 
were obtained.42 Numerous studies have suggested that metal-
lophilic interactions are key to the induction of mesomorphism 
in platinum(II) materials,43-46 as well as in some gold com-
pounds.47,48  For conventional isocyano benzoquinolate plati-
num complexes that give rise to columnar mesophases, the 
benzoquinolate platinum fragments are connected by Pt…Pt 
interactions, their liquid crystalline version shows high one-
dimensional charge mobility along the columnar stacking. 
Unfortunately, the free benzoquinol ligand was not liquid 
crystal and a direct comparison of charge mobility in 
mesophase between the organic ligand and its metal complex-
es was not possible.49 

Here we focus our attention to Salen-type metal complexes, 
a well studied source of metallomesogens.50-52 They are known 
to self-assemble into one-dimensional structures via 
M···M,53,54 M···O,55,56 or M···N interactions.54 In this work we 
report uncommon mesomorphic triphenylene-Schiff-base 
complexes of copper(II), nickel(II), and oxovanadium(IV), 
which display much higher hole mobility along the columnar 
stacking of their mesophases, than their organic precursors. 
The hole mobility was measured by the space-charge-limited 
current (SCLC) method. 

RESULTS AND DISCUSSION 

Synthesis and Characterization 

The syntheses of the ligands and their complexes are sketched 
in Scheme 1. The starting reactive 4-substituted-2-
hydroxybenzaldehyde was obtained using modified literature 
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methods.57,58 The new Schiff bases 1a-1c were synthesized by 
condensation of the 4-substituted-2-hydroxybenzaldehyde 
with the respective diamine. The metal complexes were pre-
pared by reacting the Schiff bases with the corresponding 
metal salt.57,59 Similar conventional complexes without the 
triphenylene group (reasonable models to 2a-2c, 3a-3c and 4a-
4c) are square planar for Ni,53,54 square-planar or distorted 
square planar for Cu,54,60 and square pyramidal for oxovanadi-
um.54  

 
Scheme 1. Synthesis of Schiff bases (1) and their nickel(II) 
(2), copper(II) (3), and oxovanadium(IV) (4) complexes.  

The IR spectra of the metal complexes display typical 
ν(C=N) bands from the imine groups in the range 1615–1618 
cm-1.61 In addition, the vanadyl complexes display ν(V=O) at 
983, 857, and 871 cm-1, respectively for 4a, 4b, and 4c. These 
V=O bands report on the strength of intermolecular interac-
tions via vanadyl.55,56 Lower ν(V=O) indicate stronger inter-
molecular interactions. In 4a this frequency supports essential-
ly no V=O®V=O interactions, but in 4b and 4c these interac-
tions are observed in the solid state and in the mesomorphic 
state (stronger in 4b than in 4c), giving rise to linear 
®V=O®V=O® chain structures. 

The NiII complexes show well-resolved 1H and 13C{1H} 
NMR spectra, consistent with square-planar diamagnetic mol-
ecules. In contrast, the copper and vanadyl complexes are 
paramagnetic molecules and display very broad 1H NMR 
signals.  

The UV-Vis absorption spectra of both the ligands and their 
complexes in CH2Cl2 solution, plotted in Figure 1 for Salen 
compounds (details in Supporting Information), were recorded 
at high dilution (10-5 M) to avoid autoabsorption phenomena 
induced by molecular aggregation. The electronic absorption 
spectra of the free ligands are all very similar, displaying a 
very structured spectral pattern with intense absorption bands 

typical of 2,3,6,7,10,11-hexaalkoxytriphenylenes.62,63 For the 
metal complexes, the electronic spectra show, in addition, one 
low intensity broad absorption band in the range 406-613 nm, 
corresponding to the metal moiety (Ni,64,60 Cu,65 VO61).   

 

Figure 1. UV-Visible spectra of the free ligand Salen (1a) and 
the complexes [(Salen)Ni] (2a), [(Salen)Cu] (3a),  and 
[(Salen)VO] (4a), in dichloromethane (10-5 M) at 298 K. The 
magnified region is from 10-4 M solutions.  

Thermal behavior and self-organization properties 
The mesomorphic properties have been studied using polar-
ized optical microscopy (POM), differential scanning calorim-
etry (DSC), and small-angle X-ray scattering (SAXS). All 
complexes display good thermal stability. The optical, thermal 
and thermodynamic data are collected in Table 1.  

Table 1. Optical, thermal, and thermodynamic data for the 
Schiff bases and their metal complexes. 

a Cr, crystal phase; G, glass phase; Colh, hexagonal columnar 
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Salen (1a) Cr®Colh 

Colh ®I 
54 
78 

63.6 
18.7 

Ni (2a) Cr®NCol 

NCol®I 

26 
103 

11.8 
18.7 

Cu (3a) G®Colr 

Colr®I 
27 
88 

 
8.5 

VO (4a) G®M 

M®I 
26 
104 

 
3.8 

Salpn (1b) Cr®I 36 37.7c 
Ni (2b) Cr®Colr 

Colr ®I 
23 
99 

8.1 
21.1 

Cu (3b) G® Colr 

Colr ®I 
37 
77 

 
9.6 

VO(4b) Cr® Colh 

Colh ®I 
27 
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15.1 
18.1 

Me2Salpn (1c) Cr®I 35 57.2c 
Ni (2c) G®I 48  
Cu (3c) Cr®I 77 15.7 
VO (4c) Cr® Colr 

Colr ®I 
29 
109 

22.8 
22.7 
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mesophase; Colr, rectangular columnar mesophase; NCol:, ne-
matic columnar mesophase; I, isotropic liquid; M: unidentified 
mesophase. b Data collected from the second heating DSC 
cycle. c Combined enthalpies. The transition temperatures are 
given as peak onsets. 

 

For the free Schiff bases, only Salen (1a) displays liquid 
crystal behavior. All the metal complexes with Salen (2a, 3a, 
4a) or Salpn (2b, 3b, 4b) show enantiotropic mesomorphism 
at temperatures close to ambient. In contrast, for the Me2Salpn 
derivatives only the vanadyl complex (4c) displays liquid 
crystal behavior. Apparently the steric demand of the geminal 
methyls is detrimental for efficient intermolecular interactions, 
but reinforcement with V=O®V=O interactions restores the 
ability to form a mesophase. On cooling, most of the com-
pounds do not display a crystallization process, but a glass 
transition or a partial crystallization, is frequently observed.  

Representative microphotographs are shown in Figure 2. 
The textures observed by POM on cooling from the isotropic 
liquid are fluid and birefringent, but rather unspecific in most 
cases, although 4b displays a beautiful pseudo-focal conic 
texture suggesting a columnar mesophase (Figure 2c), which 
was confirmed in the diffraction studies. 
The quite regular variation in thermal properties of the meso-
morphic families can be summarized as follows: a) all the 
mesomorphic complexes melt at temperatures lower than the 
free ligand, within the short temperature range 23-29 °C; b) 
the clearing temperatures, as well as the mesophase ranges 
decreases regularly in the order VO > Ni > Cu in each series. 

Figure 2. Optical polarizing microscopy photographs (x100, 
crossed polarizers) on cooling from the isotropic phase of: a) 
Salen base (1a), Colh at 65 °C; b) Ni(Salen) complex (2a), NCol 
at 60 °C; and c) vanadyl(Salpn) complex (4b), Colh at 130 °C. 

 

The rationale of the mesomorphic behavior of materials is 
not a simple matter, but for similar molecular systems it can be 
qualitatively approached on the basis of the simple enthal-
py/entropy considerations.49 The formation of a mesophase by 
molecular self-association occurs when the enthalpy of the 
process compensates for the unfavorable entropic contribution 
of association. For the molecules under consideration, similar 

in shape if they use the same ligand, and all leading to colum-
nar-like mesophases, we can suppose that the entropic contri-
bution should be fairly similar in all the complexes. For the 
enthalpic contribution two interactions have to be considered: 
the π-π triphenylene-triphenylene stacking, and the metal-
moieties interactions. Regarding the former, the triphenylenes 
are far away and electronically isolated from the metals. It 
looks plausible that their enthalpic contributions should be 
fairly similar, whether without or with different metals. Hence, 
we can expect the mesophase ranges and temperatures to be 
roughly dependent on the strength of interactions between 
metal moieties. These can be very different, as suggested by 
crystal packing data of analogous but simpler metal complexes 
without triphenylene substituents. These complexes often 
show molecules packed in antiparallel disposition giving rise 
to discrete dimers, in the case of nickel53 and copper Salen 
compounds (models for 2a and 3a),66 or to infinite one-
dimensional chains in the rest.53,55,66 The formation of multiple 
intermolecular N···Haryl and O···Haryl interactions contributes 
in all cases to the stacking of the metal moieties, and oxygen-
metal or other interactions (depending on the metal) also con-
tribute to this ordered arrangement.  

The model complex of 2a displays weak Ni···Ni interac-
tions, through discrete dimers or one-dimensional chains 
(models of 2b),53 whereas the copper complexes display either 
linear chain structures with no specific interactions of the 
metals (in Salpn derivative models of 3b), or discrete dimers 
through two weak axial M···O interactions (in conventional 
Salen complexes model of 3a) (Figure 3).54,66 In addition, in 
the molecular packing of the nickel complexes the intermolec-
ular distances are shorter than in those of the copper deriva-
tives, both in the dimers and in the chain structures. This sug-
gests stronger intermolecular interactions in the nickel com-
plexes than in the copper analogues.  

 
Figure 3. Schematic representation of common molecular 

packings of Salen Ni, Cu and VO complexes.  
 
The oxovanadium derivatives show the already commented 

head-to-tail alignment of vanadyl groups in linear chain struc-
tures (®V=O®V=O®).55,67,68 According to the frequency of 
the V=O stretching mode above discussed, the strength of the 
O®V interaction decreases in the order 4b > 4c >> 4a; in 4a 
this interaction is practically lost. Consistent with this analysis 
the clearing temperature and the mesophase range should 
increase in the order: Shiff-base < Cu < Ni < VO, as observed. 
It is worth noting that in simple monomeric trans-bis-
salicylaldimine complexes, where the mesomorphic behavior 
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depends on the planarity of the chelate core structure, the 
thermal  stability of the  mesophases decreases in the order Ni 
> Cu > VO.52 The different with our complexes is that in our 
salen-type metal complexes the cis-N2O2 coordination creates 
a net molecular dipole, but in the trans-bis-salicylaldimine 
complexes the dipolar moments of the coordinated bonds 
cancel each other. Thus, similar behavior is not necessarily 
expected. 

Small-angle X-ray Scattering (SAXS) Studies.  
X-ray scattering measurements were performed to study the 

structural properties of these mesophases. In the small-angle 
region material 2a shows two broad diffuse reflections at 2q  = 
1.74° and 2q = 3.95°, supporting a nematic phase consistent 
with POM observations (Figure 2b). The characteristic dis-
tances (55 Å and 23 Å) appear also, with only small varia-
tions, in the isotropic phases of all the other materials, suggest-
ing that they are related to the molecular dimensions.  

 

 

Figure 4. (a) Small-angle reflections for 4b at 100 °C (peaks 
Nos. 1-7). Only peaks 2, 3, 4, and 5 were considered for the 
calculation of the charge-density maps. At wide angles peak 8 
is the diffuse halo and peak 9 is connected with the stacking 
distance of the columns in the mesophase. (b) Diffraction 
diagram of material 3b at 70 °C. Red arrows indicate the ob-
served reflections. 

 
The diffraction diagrams of the rest of the compounds are 

typical of columnar phases. The diagrams present systemati-
cally a diffuse halo at wide Bragg angles 2q  ≈ 20°, indicating 
a certain degree of fluidity of the phases (see two representa-
tive examples in Fig. 4). The distance (about 4.5 Å) corre-
sponds to the width of the alkyl chains that fill the empty 
space. This halo could indicate absence of crystalline ordering 
along the column axes, meaning the material is a columnar 
liquid-crystal phase. The two-dimensional columnar order 
observed and the fluidity of these materials, similar to others 

in our previous related papers, lead us to assign the nomencla-
ture of the columnar mesophases in Table 1.  

 At even wider angles 2q  ≈ 24°, a sharper reflection is also 
visible in most cases (see peak 9 in Fig. 4a). This spacing 
(about 3.6 Å) is connected to the stacking distance between 
triphenylene groups, which presumably transmit their colum-
nar organization to the rest of the molecular fragments, finally 
giving rise to the overall columnar mesophase. This reflection 
can also be appreciated in the nematic material 2a, suggesting 
that in this case the objects that present nematic ordering are 
composed of several molecules with columnar-like packing. 

The peak positions of the X-ray reflections together with 
their relative intensities are given in Table 2 for the different 
materials, except for the free ligand 1a and for 4b, which will 
be discussed separately. The diffraction diagrams could be 
indexed assuming a rectangular columnar structure. The low-
angle X-ray diagrams for materials 2a, 3a, 2b, and 4c are 
gathered in Fig. S51. In these structures the calculated mass 
density was close to r = 1 g/cm3 when taking an integer num-
ber of molecules per unit cell (Z) and an intracolumnar stack-
ing distance h = 3.6 Å.  

The other two materials (1a, and 4b) had completely differ-
ent diffraction patterns, and were successfully indexed accord-
ing to a hexagonal lattice (Tables 3 and 4). For the sake of 
completeness the low-angle X-ray diagram for the free ligand 
1a can also be found in the S.I. (Fig. S52). 
 
Table 2. X-ray scattering results of compounds 2a, 3a, 2b, 3b, 
and 4c. The cell parameters depend slightly on the tempera-
ture. (Z = number of molecules per unit cell). 

 

 

Com
pd. 
 

T 
(°C) 

Cell  
parameters 

Peak position  
2q (°)/Miller 
ind.  

Normaliz.  
intensity 

 2a 60 Nematic 1.74 Diffuse 
3.95 Diffuse 

1 
0.18 

 3a 65 a = 85.7 Å 
b = 73.8 Å 
 
Z = 4 

1.56/(11) 
2.65/(12) 
3.69/(13) 
4.01/(40) 

1 
0.01 
0.07 
0.07 

 2b 70 a = 84.5 Å 
b = 54.9 Å 
 
Z = 3 

1.94/(11) 
3.19/(02) 
3.86/(22) 
4.19/(40) 
4.90/(03) 

1 
0.08 
0.11 
0.18 
0.04 

 3b 70 
 

a = 94.3Å 
b = 63.9 Å 
 
Z = 4 

1.66/(11) 
3.05/(31) 
3.74/(40) 
4.11/(03) 

1 
0.03 
0.12 
0.14 

4c 85 a = 87.3 Å 
b = 82.6 Å 
 
Z = 4 

1.46/(11) 
2.00/(20) 
2.89/(22) 
3.85/(23) 
4.03/(40) 
4.73/(24) 
5.37/(05) 

1 
0.15 
0.02 
0.27 
0.35 
0.03 
0.02 
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Table 3.  Small-angle reflections for the free ligand (1a). 
Peaks are indexed according to a hexagonal lattice with cell 
parameter a = 58.6 Å. All combinations of signs in the Miller 
indices are possible and correspond to symmetry equivalent 
reflections. 

 

In the case of complex 4b we could go deeper in our crystallo-
graphic study and deduce the charge-density map of the struc-
ture. For charge-density determination, we have to consider 
the intensity of the different reflections apart from their angu-
lar positions. The procedure is essentially an inverse Fourier 
transform of the diffraction diagram, and it can be carried out 
if the structure factors are real, which in practice holds for the 
symmetry of most mesophases. Assuming that this is the case, 
their absolute values are the square root of the intensities, and 
only their signs have to be determined. The correct sign com-
bination is decided by the physical merit of the density map 
obtained, taking into account the packing conditions, molecu-
lar sizes and optimization of the steric interactions. The tech-
nical details of the procedure can be found in ref. 69. 

Table 4.  Small-angle reflections for 4b. Peaks were indexed 
according to a hexagonal lattice with cell parameter a = 78 Å. 
All combinations of signs in the Miller indices are possible 
and correspond to symmetry equivalent reflections. 

 

Once corrections from the Lorentz and polarization factors 
were made, the four reflections with the highest intensities 
(see peaks Nos. 2, 3, 4, and 5 in Figure 4a) were considered. 
The resulting map is shown in Figure 5a and was chosen 
among the possible 24 maps. The brightest areas correspond to 
the highest electron density. The plane group is p6mm, which 
is the maximal hexagonal plane symmetry. We interpret the 
columns as formed by the stacking of strata of three molecules 
arranged of layers constituted by a molecular arrangement as 
indicated in Figure 5b. The V=O groups are located in the 
central region of the columns. Six triphenylene groups (two 
per molecule) are connected to the central part, and are also 
stacked in columns. Triphenylene groups of each stratum can 
overlap with any of those of the neighboring strata. V=O 
groups can interact with each other between consecutive stra-
ta. If the interaction were strong enough this could give rise to 
magnetic order with magnetization along the column axis. The 
distance between triphenylene and V=O groups is about 25 Å, 
in agreement with the calculations (ACD Laboratories 
Chemsketch). The calculated mass density is r = 0.8 g/cm3. 

 

 
Figure 5. (a) Charge-density map deduced from the X-ray 

measurements of compound 4b. The unit cell parameters are 
also sketched. The scale of the plot is deduced from the hex-
agonal cell parameter a =78 Å. (b) Organization of the mole-
cules within the mesophase giving rise to a disc-like object 
with a charge density in accordance with (a). This object, 

Norma-
liz. Inten-
sity 

2q (°) 
(exp.) 

2q (°) 
(calcd.) 

Ratio of 
 spacings          
d(10)/d(hk) 

Miller indices 
(hk) 

1 1.74 1.74 1 ± (10) ± (01) 
± (1-1) 

0.36 3.01 3.01 √3 ± (11) ± (1-2) 
± (2-1) 

0.12 3.47 3.48 √4 ± (20) ± (02) 
± (2-2) 

0.10 5.21 5.22 √9 ± (30) ± (03) 
± (3-3) 

Reflec. 
No. 

2q  (°) 
(exp.) 

2q (°) 
(calcd.) 

Ratio of  
spacings 
d(10)/d(hk) 

Miller indices 
(hk) 

1 1.31 1.31 1 ± (10) ± (01) 
± (1-1) 

2 2.28 2.26 √3 ± (11) ± (1-2) 
± (2-1) 

3 3.37 3.46 √7 ± (12) ± (2-3) 
± (3-1) ± (21) 
± (3-2) ± (1-3) 

4 3.89 3.91 √9 ± (30) ± (03) 
± (3-3) 

5 4.67 4.70 √13 ± (13) ± (4-1) 
± (3-4) ± (31) 
± (1-4) ± (4-3) 

6 5.74 5.69 √19 ± (23) ± (5-2) 
± (3-5) ± (32) 
± (2-5) ± (5-3) 

7 6.87 6.91 √28 ± (24) ± (6-2) 
± (4-6) ± (42) 
± (2-6) ± (6-4) 
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formed by three molecules, is the repeating unit whose stack-
ing is the origin of the columns in the columnar mesophase. 
 

Three-molecule objects like the one of Figure 5b form a col-
umn by stacking themselves, with the only restriction that 
triphenylene groups of each stratum overlap with those of the 
neighboring strata. Two stacking possibilities differing by a 
60° rotation about the column axis can take place.  

In a real liquid crystal phase disorder should exist and the 
molecular arrangement should be slightly displaced or rotated 
at random about the column axis. Therefore, the proposed 
molecular organization within the columns should be consid-
ered only as an idealized model. However, it is well supported 
that the structure of this mesophase contains segregated organ-
ic and inorganic columns, an arrangement favored by π-π 
stacking of triphenylene discs, and by the V=O®V=O interac-
tions.  

Electrochemical and Charge Mobility Studies. 

In order to analyze the charge transport of these organometal-
lic materials in mesophase, cyclic voltammetry experiments 
and hole mobility (µ) studies were performed for 1a, and for 
2a, 3a and 4b as representative complexes. The cyclic volt-
ammetry data are collected in Table 5. 

Table 5. Electrochemical parameters (HOMO and LUMO 
energy levels). 

a V vs. calomel electrode with a platinum work electrode in 
dichloromethane. b EHOMO (eV) = -[E1/2ox(V)- E1/2ox fc (V)] - 
4.8(eV) (E1/2ox fc is the averaged oxidation potential of the 
system ferrocene/ferricinium (Fc) versus the calomel elec-
trode).70 c LUMO potential were calculated from the optical 
gap observed in the absorption spectra and the HOMO poten-
tials obtained with CV. d Optical gap calculated from Eg = 
1242/λonset where λonset is the onset of the band of the absorp-
tion spectra that appears at highest wavelength. e Data from the 
triphenylene group. f Data from the metal moiety.* Redox 
process of triphenylene core and metal moiety overlapped. 

 

The cyclic voltammograms were recorded in CH2Cl2 solution 
of tetra-n-butylammonium hexafluorophosphate (0.1 M). One 
oxidation wave was observed in all cases (Figure 6) at very 
similar potential (in the range 0.936–0.954 V) , corresponding 
to the triphenylene moieties.49 The characteristic oxidation 

process Mn+/M(n+1)+ of the metal-Salen fragments, expected to 
appear in the range 0.4-0.7 V for the vanadyl complexes,71  
and at about 0.9 V for the nickel72,73 and copper74 complexes, 
is clearly observed for the vanadyl complex at ca. 0.688 V. It 
is a reversible process, partially overlapped with that of the 
triphenylene (Figure 6 up). In the case of the copper and nickel 
complexes, the cyclic voltammetry wave of the triphenylene 
groups and that of the corresponding metal fragment were 
practically coincident, and only the overlapped wave is ob-
served (Figures 6 bottom and figures S43-S45). This 
overlapping was confirmed recording cyclic voltammograms 
of the mixtures of the corresponding N,N’-
ethylenedisalicyldeneaminate (Salen) copper, nickel and vana-
dyl complex with 2,3,6,7,10,11-hexadodecyloxytriphenylene 
in a 1:2 molar ratio (Figures S47-S49). An additional circum-
stance contributing to the non-observation of the expected 
metal contributions to the voltammograms is that the real 
concentration of the metal group at the electrode interface is 
probably low, as the metal fragment in the triphenylene com-
plexes is surrounded by two triphenylene groups and ten do-
decyloxy chains and the charge transfer process involving the 
metal fragment is diffusion controlled.72. Consequently, the 
expected intensity of these redox waves should be lower than 
for the homologous metal derivatives without triphenylene 
substituents, as observed for the vanadyl complex. 

 

 

Figure 6. Cyclic voltammograms of 2a (bottom) and 4b (up). 

Comp. E1/2
ox 

(V)/eVa 
EHOMO/e
Vb 

ELUMO/e
Vc 

Optical gap 
(Eg)/eVd 

1a 0.951 -5.326 -2.026 3.300e 
2a 0.936* -5.294* -2.051e 3.243e 
   -2.695f 2.599f 
3a 0.954* -5.315* -2.238e 3.077e 
   -3.469f 1.846f 
4b 0.946e -5.317e -2.249e 3.068e 
 0.688f -5.060f -3.187f 1.873f 
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In summary, the non-observation of the expected CV band for 
the Ni and Cu complexes is not in contradiction with the pres-
ence, as observed for vanadyl, of two conducting regions, the 
triphenylene columns and the columns of the metal moieties 
not electronically connected and constituting two independent 
electronic systems with their own HOMO, LUMO and gap 
values for each metal moiety (Table 5).  

The hole mobility of the Schiff base 1a, which is the only free 
ligand exhibiting a mesophase, and compounds 2a, 3a and 4b, 
as representative of the metal complexes, was studied by the 
Space-Charge Limited Current (SCLC) method. The details of 
sample preparation and measurements are reported in the 
Supporting Information. Suitable results from SCLC meas-
urements require an ohmic contact between the active material 
and the injecting electrode. In the case of hole conductors, this 
requirement is fulfilled using gold electrodes whose work-
function matches the HOMO level energy of all compounds 
listed in Table 5. 

The lack of crystalline order that usually characterizes amor-
phous or polycrystalline organic semiconductors leads to low 
values of charge mobility. The unidirectional order character-
istic of columnar mesophases represents one of the most effi-
cient ways to overcome this undesired limitation. When mo-
bility is measured via SCLC or other techniques probing 
transport over long-range distances, in order to measure values 
representative of the real charge flow through columns, it is 
necessary to obtain homogeneous alignment of the columns 
between the electrodes. If polydomain morphology is present 
instead, the charge flow is suppressed at grain boundaries and 
much lower values of mobility are measured. The desired 
macroscopic orientation, in the geometry of our cells a homeo-
tropic alignment, is spontaneously present in the N phase of 
complex 2a, as shown in Figure 2b, and also, although to a 
lower extent, in the columnar phases formed by complexes 3a 
and 4b. In contrast, for ligand 1a, a homogeneous macroscopic 
orientation was never achieved: as observed by POM, even 
after repeated thermal treatments, the morphology of the sam-
ples was always very far from a homogeneous homeotropic 
alignment. 

The highest hole mobility value measured after several ther-
mal treatments for the Salen ligand 1a was of the order of 10-7 
cm2 V-1 s-1. However, this low value may very well be a conse-
quence of the polydomain morphology and it may not reflect 
the real features of charge flow through the triphenylene col-
umns in the Colh phase of 1a (Table 6). In contrast, the values 
measured for the three complexes are the same within experi-
mental error, in the order of 5 – 10 cm2 V-1 s-1. It is worth 
noting that the highest values measured on purely organic 
triphenylene columnar mesogens are in the range 10-3 – 10-1 
cm2 V-1 s-1.4 The values reported here for the three metal com-
plexes are then 10-100 times higher than for well oriented 
organic triphenylene samples. As the decreased dynamic dis-
order (hindered rotations around the columnar axis), expected 
in our case for a discotic “dimer”, is known not to induce such 
high values of charge mobility in triphenylene based sys-
tems,75 a plausible explanation for the high mobility values 
obtained is a direct involvement of the metal-containing col-
umns in hole transport.  

 
Table 6. Hole mobility in compounds 1a, 2a, 3a, 4b. 
 

Compound Hole mobility (cm2 V-1 s-1) 
1a 3± 2.5 10-7* 
2a 6 ± 5 
3a 10 ± 5 
4b 8 ± 5 

* Polydomain morphology 

 

In summary, the metal moieties play a double role in the re-
markable hole mobility of these mesophases: they induce a 
longer length-scale of homogeneous orientational order (i.e. 
they reduce the tendency to form polydomains) and, more 
important, they also create their own columnar regions. Con-
sidering that the metal complex arrangement constitutes an 
independent electronic system, we suggest that the increase in 
the hole mobility in the metal complexes is due to the contri-
bution of the inorganic regions. Finally, the fact that the same 
mobility was measured in a nematic phase (2a) as in columnar 
phases (3a, 4b) should not be a surprise. Not only, as shown 
above by SAXS, the nematic phase of 2a contains columnar 
units, but also hole mobilities of the same order of magnitude 
were recently reported for nematic phases formed by disk-
shaped porphyrin dendrimers.76 Incidentally, also in that case, 
high mobilities were measured only for metal-containing 
porphyrins. 

 

CONCLUSIONS 

In conclusion, we have prepared semiconducting organic and 
metal-organic nematic and columnar mesophases based on 
triphenylene Schiff-base derivatives. Their properties are 
modulated by the nature of the metallic group. The greater 
tendency of the Schiff-base complexes to self-assemble into 
inorganic linear structures, particularly through reasonably 
strong interactions (as with vanadyl), favors the formation of 
columnar mesophases, whereas a higher tendency to form 
discrete dimers as in Ni(Salen synton) stabilizes a nematic 
phase. In these systems, where the triphenylene core and the 
metal complex constitute two independent electronic systems, 
metal coordination reduces the tendency to form polydomain 
morphologies. In addition, in the columnar phases tri-
phenylene cores and the metal complexes segregate in 
different columnar units. One likely explanation for the ex-
traordinary enhancement of charge mobility observed in these 
metalorganic fluid systems, compared to the lower mobility in 
their purely organic precursors, is charge transport along the 
columns containing the metal fragment. Charge mobility eval-
uations are known to be sensitive to the experimental tech-
nique and for this reason a confirmation through a different 
measurement method would be desirable. However, the high 
hole mobility values achieved so far (of the order of 5 
cm2V-1s-1) reveal a great potential of metalorganic triphenylene 
molecules as semiconducting soft materials suitable for appli-
cations in modern devices. 
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TOC synopsis 

The coordination of copper(II), nickel(II) or oxovanadium(IV) to triphenylene-Schiff-Base semiconducting mesophases produces a 
striking charge mobility enhancement of eight orders of magnitude along the columnar stacking, due to the contribution of the 
metal-containing columns.   
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