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Neutral and mono-oxidized states of novel sandwich-type tetrakis[2,3,9,10,16,17,23,
24-octa(dodecanoyloxy)phthalocyaninato] terbium–cadmium quadruple-decker complex
{[Pc(OC12H25)8]Tb[Pc(OC12H25)8]Cd[Pc(OC12H25)8]Tb[Pc(OC12H25)8]} (1) and {[Pc(OC12H25)8]
Tb[Pc(OC12H25)8]Cd[Pc(OC12H25)8]Tb[Pc(OC12H25)8]}�SbCl6 (2) were synthesized and spec-
troscopically characterized. Polarized optical microscope (POM) together with differential
scanning calorimeter (DSC) measurement revealed their similar two rectangular columnar
mesophases over a relatively lower temperature range and higher temperature range,
respectively, within their wide liquid crystal temperature range of 19–266 �C for 1 and
4–249 �C for 2. Temperature-dependent X-ray diffraction (XRD) analysis result disclosed
the slight difference in terms of the neighboring quadruple-decker p–p stacking between
these two mesophases, which in turn accounts for their electric conducting behavior along
with the change in temperature. In addition, due to the ionic conductive nature, the mono-
oxidized liquid crystals of 2 display more than 2 order of magnitude higher electric conduc-
tivity than that for 1, with the highest value 4.1 � 10�4 S cm�1 achieved at 140 �C.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Liquid crystals (LCs), as an important self-organized
functional soft materials, have found a wide range of appli-
cations such as liquid–crystal display technology, single-
molecule magnets, and biomaterials [1]. In recent years,
the aromatic core-based liquid crystals, which are also
known as discotic liquid crystals, have received increasing
research interest due to their good semiconductivity in the
mesophase associated with effective p–p intermolecular
stacking among their self-organized liquid crystal mole-
cules [2]. As one of the most important functional molecu-
lar materials with large p-conjugated electronic structure
and extraordinary thermal and photochemical stability
[3], phthalocyanine derivatives have been among the most
intensively studied discotic liquid crystal materials due to
their strong absorption in the visible and NIR regions,
which enables their applications in optoelectronic devices
[4].

Monomeric phthalocyanine derivatives with discotic
liquid crystal behavior were first reported in 1982 [5]. In
the following years, more extensive studies have been car-
ried out in this direction, leading to the report of a large
number of various phthalocyanine liquid crystals with
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good stability and electric conductivity [6]. Due also to the
good semiconducting properties revealed for the sand-
wich-type bis(phthalocyaninato) rare earth complexes,
the phase behaviors of quite a number of such kind of dou-
ble-deckers have been systematically studied for potential
applications in various organic electronic devices [7]. Quite
recently, the mesophase behavior of tris(phthalocyaninato)
rare earth complexes was also investigated by this group
[8]. However, despite the quite systematic studies of the
semiconducting properties of both monomeric phthalocya-
nine and bis(phthalocyaninato) rare earth liquid crystals,
the electric conductivity for the liquid crystals based on
the tris(phthalocyaninato) rare earth triple-decker or sand-
wiches with more than three phthalocyanine decks has not
yet been reported thus far.

Very recently, novel sandwich-type tetrakis(phthaloc-
yaninato) rare earth-cadmium quadruple-decker com-
plexes were synthesized on the basis of the capability of
phthalocyanine to coordinate with divalent transition
metal of cadimium in the formation of stacked tetrapyrrole
metal oligomers. The tetrapyrrole rare earth-cadmium
quadruple–decker analogs have aroused increasing
attention because of the extension of the p networks along
the axis perpendicular to the macrocycle plane,
which makes them even more promising as active materi-
als for efficient charge transport compared with their dou-
ble-/triple-decker counterparts [9]. For the purpose of
introducing the mesophase behavior into this new species
of sandwich compounds with large fraction of aromatic
discotic core, long dodecanoyloxy chains were incorpo-
rated onto the phthalocyanine periphery in the quadru-
ple-decker molecule, yielding tetrakis[2,3,9,10,16,17,23,
24-octa(dodecanoyloxy)phthalocyaninato] terbium–cad-
mium quadruple-decker complex {[Pc(OC12H25)8]Tb
[Pc(OC12H25)8]Cd[Pc(OC12H25)8]Tb[Pc(OC12H25)8]} (1), Sch
eme 1. Oxidation with phenoxathiin hexachloroantimo-
nate afforded the mono-oxidized derivative {[Pc(OC12

H25)8]Tb[Pc(OC12H25)8]Cd[Pc(OC12H25)8]Tb[Pc(OC12H25)8]}
�SbCl6 (2). Both neutral and mono-oxidized states exhib-
ited two similar rectangular columnar LC mesophases
within their wide liquid crystal temperature range from
19 to 266 �C for 1 and 4 to 249 �C for 2, respectively, with
slight differences in terms of the neighboring quadruple-
decker p–p stacking between these two mesophases. This
in turn rationalizes their electric conducting behavior as
a function of temperature. In addition, due to the ionic con-
ductive nature [10], the mono-oxidized liquid crystals of 2
Scheme 1. Schematic molecular structure of tetrakis(phthal
display more than 2 order of magnitude higher electric
conductivity than that for 1, with the highest value
4.1 � 10�4 S cm�1 achieved at 140 �C.
2. Experimental section

2.1. General remarks

All the reagents and solvents were used as received. The
compounds of {[Pc(OC12H25)8]Tb[Pc(OC12H25)8]} [11] and
phenoxathiin hexachloroantimonate [12] were prepared
according to published procedure.

Electronic absorption spectra were recorded on a Perk-
inElmer Lambda 750 UV/VIS Spectrophotometer. MALDI-
TOF mass spectra were taken on a Bruker BIFLEX III
ultra-high-resolution Fourier-transform ion-cyclotron-
resonance (FT-ICR) mass spectrometer with alpha-cyano-
4-hydroxycinnamic acid as matrix. Elemental analysis
was performed on an Elementar Vavio El III. Phase transi-
tion behavior was observed using a Carl Zeiss Axio Csope.
A1 polarized optical microscope (POM) with a Linkam
LTS420 liquid crystal freezing and heating stage system.
Differential scanning calorimeter (DSC) measurements
were performed on a Perkin Elmer DSC8000. The X-ray
diffraction measurements were carried out using Rigaku
D-Max (Cu Ka radiation) equipped with a heating plate
controlled by a thermoregulator.
2.2. Synthesis of {[Pc(OC12H25)8]Tb[Pc(OC12H25)8]
Cd[Pc(OC12H25)8] Tb[Pc(OC12H25)8]} (1)

A mixture of Cd(OAc)2�2H2O (5.3 mg, 0.02 mmol) and
neutral bis(phthalocyaninato) terbium double-decker
{[Pc(OC12H25)8]Tb[Pc(OC12H25)8]} (42.5 mg, 0.01 mmol) in
1,2,4-trichlorobenzene (TCB) (4 mL) was heated to reflux
under nitrogen for 2.5 h. After being cooled to room temper-
ature, the volatiles were removed under reduced pressure.
The residue was chromatographed on a silica gel column
using CHCl3 as the eluent to give a green band, which
contained mainly the unreacted {[Pc(OC12H25)8]Tb[Pc
(OC12H25)8]}. Further elution with CHCl3 gave a blue band
containing the target quadruple-decker complex {[Pc(OC12

H25)8]Tb[Pc(OC12H25)8]Cd[Pc(OC12H25)8]Tb[Pc(OC12H25)8]}
(1). Repeated chromatography gave the pure homoleptic
quadruple-decker complex 1 in the yield of 18.1 mg, 43%.
ocyaninato) Tb(III)–Cd(II) quadruple-decker complex.



Fig. 1. Electronic absorption spectra of 1 (solid line) and 2 (dash line) at
the concentration of 5 � 10�6 M in CH2Cl2.
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2.3. Synthesis of {[Pc(OC12H25)8]Tb[Pc(OC12H25)8]Cd
[Pc(OC12H25)8]Tb[Pc(OC12H25)8]}�SbCl6 (2)

Phenoxathiin hexachloroantimonate (3.2 mg, 0.006 m
mol) was added into a solution of 1 (50.0 mg, 0.006 mmol)
dissolved in 200 mL CH2Cl2 at room temperature under a
nitrogen atmosphere [13]. The solution was stirred for
30 min as monitored by UV–vis spectroscopy.
3. Result and discussion

3.1. Synthesis and characterization

Following the published procedure [9], homoleptic
tetrakis[2,3,9,10,16,17,23,24-octa(dodecanoyloxy)phthaloc-
yaninato] terbium–cadmium quadruple-decker complex
{[Pc(OC12H25)8]Tb[Pc(OC12H25)8]Cd[Pc(OC12H25)8]Tb[Pc(O
C12H25)8]} (1) was prepared in relatively good yield with the
neutral unprotonated bis(phthalocyaninato) terbium dou-
ble-decker as starting material in the presence of cadmium
acetate in refluxing TCB. Oxidation of this quadruple-decker
compound by phenoxathiin hexachloroantimonate pro-
vided the mono-oxidized quadruple-decker species
{[Pc(OC12H25)8]Tb[Pc(OC12H25)8]Cd[Pc(OC12H25)8]Tb[Pc(O
C12H25)8]}�SbCl6 (2) in almost the quantitative yield. Satis-
factory elemental analysis results were obtained for both
the newly prepared quadruple-decker complexes 1 and 2.
Fig. 2. The POM textures (200� magnifica
The MALDI-TOF mass spectra of both compounds clearly
showed intense signal for corresponding molecular ion
[M]+, Table S1 (Supplementary material), indicating their
sandwich quadruple-decker nature with the composition
of two terbium cations, one cadmium cation, and four
phthalocyanine ligands.
3.2. Electronic absorption spectra

The electronic absorption spectra of both the neutral
and mono-oxidized quadruple-deckers 1 and 2 were
recorded in CH2Cl2 and are compared in Fig. 1. The absorp-
tion for 1 at 352 nm is attributed to the phthalocyanine
Soret band for the neutral quadruple-decker, while the
one at 659 nm with a shoulder at 587 nm to the phthalocy-
anine Q-band. As can be seen in Fig. 1, after oxidizing the
neutral species 1 into the mono-oxidized analog 2, both
the Soret absorption and the main Q band of phthalocya-
nine are almost unchanged at 351 and 661 nm. However,
the shoulder Q band at 587 nm for 2 disappears, while a
new absorption with low intensity appears at 514 nm
associated with the phthalocyanine p-radical due to the
transition from the deep occupied molecular orbitals to
the semi-occupied HOMO [14]. It is worth mentioning that
the whole oxidation procedure of 1 with phenoxathiin
hexachloroantimonate was monitored by UV–vis spectros-
copy and is shown in Fig. S1 (Supplementary material) for
the readers convenience.

The electronic absorption spectra of solution-cast films
of these two quadruple-decker complexes at room temper-
ature on the quartz substrate were also recorded and given
in Figs. S2 and S3 (Supplementary material), respectively.
As shown in Fig. S2 (Supplementary material), when dis-
persed on the quartz substrate, both the phthalocyanine
Soret and Q bands for 1 significantly blue shift from 352,
659, and 587 nm in CH2Cl2 to 343, 651, and 567 nm,
respectively. This is also true for the mono-oxidized com-
pound 2 with the Soret band blue-shifted into the region
far less than 300 nm and the Q absorptions from 661 and
514 nm in solution to 489 and 378 nm on the quartz sub-
strate, Fig. S3 (Supplementary material). The mono-oxi-
dized complex shows a much larger blue shift from
solution to film than the neutral complex due likely to
the strong electrostatic interactions between mono-oxi-
dized complex and its counterparts in the solid state. On
the basis of Kasha’s excition theory [15], blue shift in the
tion) of 1 at 250 (A) and 130 (B) �C.



Fig. 3. DSC thermograms of 1 (A) and 2 (B) on second heating/cooling at
10 �C/min (the upper line is heating and the lower line is cooling).

Fig. 4. XRD diffraction patterns of the mesophase of 1 at different
temperatures.
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main absorption bands of both 1 and 2 upon aggregation is
typically a sign of the effective p–p interaction between
neighboring molecules of both neutral and mono-oxidized
states, indicating the formation of H-aggregate for both
compounds on the quartz substrate at room temperature
(actually in the liquid crystal state). This result is in good
accordance with the XRD analysis as detailed below.

3.3. Mesogenic properties

The liquid crystal phase transition behavior of both 1
and 2 was first observed by polarizing optical microscope
(POM) in the range of 25–300 �C for samples placed
between a clean untreated glass slide and a cover slip. As
shown in Fig. 2A, upon cooling from isotropic liquid to
250 �C at a rate of 10 �C/min, the neutral quadruple-decker
compound 1 displays a fan-shaped dendritic texture, typi-
cal of columnar mesophase [16]. Continuous decrease in
the temperature to 130 �C does not induce any noticeable
change in the liquid crystal dendritic texture. However,
the color changed from blue for the liquid crystal at
250 �C to purple for the one at 130 �C, Fig. 2B, suggesting
the change in the columnar mesophase of 1 occurring in
this temperature range between 250 and 130 �C. This is
indeed verified by the DSC as well as the X-ray diffraction
analysis result as detailed below. Further cooling until
room temperature leads to no noticeable change in both
the dendritic texture and color of the mesophase, Fig. S4
(Supplementary material), indicating the liquid crystal
state of 1 even at room temperature. This actually is also
true for the mono-oxidized quadruple-decker species 2,
Fig. S5 (Supplementary material), with the change in the
isotropic transition temperature appearing at 249 �C.

The phase transition temperatures for the quadruple-
decker compounds were further measured by differential
scanning calorimeter (DSC) in the range of 0–280 �C. As
summarized in Table S2 (Supplementary material) and
shown in Fig. 3A, for the neutral quadruple-decker 1, three
distinct endothermic peaks around 26.4, 158.0, and
265.9 �C were observed in the DSC thermogram, corre-
sponding to the phase transition from crystalline to colum-
nar mesophase, from columnar mesophase to columnar
mesophase, and from columnar mesophase to isotropic
liquid, respectively. Upon cooling from 280 to 0 �C, the same
three transitions are mirrored with hysteresis at about 19.5,
153.8, and 265.5 �C. Obviously, observation of the phase
transition by DSC for the liquid crystal of 1 at about
153.8 �C is in good agreement with the above mentioned
POM result. As for the mono-oxidized species 2, despite
the feasible columnar mesophase transition suggested by
the POM technique, a corresponding endothermic peak
was not observed in the temperature range between 250
and 130 �C in the DSC thermogram, Fig. 3B. The only two
endothermic peaks observed at around 7.5 and 244.9 �C
upon heating and at about 4.4 and 248.8 �C upon cooling
in the DSC thermograms correspond to the phase transition
from crystalline to columnar mesophase and from columnar
mesophase to isotropic liquid, respectively.

The molecular packing of the compounds in liquid crys-
tal phases was examined by temperature-dependent X-ray
diffraction analysis. Fig. 4 shows the XRD diffraction pat-
terns of 1 at different temperatures. It is worth noting that
for the purpose of differentiating the mesophase of 1
between ca. 160 and 260 �C from that at relatively lower
temperature range by XRD method, the sample was held
above its clear point temperature for 20 min and then
cooled to 200 �C. As shown in the XRD pattern recorded
at this temperature, Fig. 4, three peaks were revealed in
the low angle range at ca. 28.9 Å (2h = 3.1�), 17.2 Å



Fig. 5. Schematic molecular packing in the columnar liquid mesophases Colr1 (A) and Colr2 (B) formed from 1, respectively.

Fig. 6. I–V curves measured on the liquid crystal materials formed from 1
(h) and 2 (d), respectively, as a function of temperature.
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(2h = 5.1�), and ca. 12.5 Å (2h = 7.1�), originating from the
(100), (010), and (001) planes, respectively. The former
two peaks are related with the distance between the
neighboring columns in two different directions and the
latter one with the distance between the centers of two
neighboring quadruple-decker molecules within the col-
umn of the rectangular columnar (Colr1) mesophase. These
diffraction results could be assigned to the refractions from
a rectangular lattice with the cell parameter of a = 28.9 Å,
b = 17.2 Å, and c = 12.5 Å, Fig. 5. Upon being cooled to
130 �C, along with the change in the mesophase to the
one at relatively lower temperature range between ca. 19
and 160 �C as detailed above by POM and DSC measure-
ment, significant change occurs in the XRD diffraction pat-
tern, Fig. 4.

In the low angle region, the peak originating from the
(010) plane due to the distance between the neighboring
columns along the b axis disappears, indicating the loss
of molecular ordering along this direction. While the other
two peaks that originate from the (100) and (001) planes
are almost unchanged in the XRD pattern, indicating the
appearance of a new rectangular columnar (Colr2) meso-
phase with the lattice parameters of a = 28.9 Å (2h = 3.1�)
and c = 12.5 Å (2h = 7.1�). In the wide angle region, a new
sharp diffraction peak was observed at 3.3 Å (2h = 27.1�),
denoted as h, and is due to the average p–p distance
between the quadruple-decker molecules [9,17], Fig. 5. It
is noteworthy that the loss of regular molecular ordering
between the 2D ac layers along the b-axis due to the unfa-
vorable mixing among the rigid Pc core and flexible side
chains seems to correspond well with the simultaneous
stacking up of p-conjugated cores along the h direction
for the liquid crystal at this temperature range in terms
of the energy balance. Further cooling from 130 �C till
room temperature does not result in significant change in
the X-ray diffraction pattern except the very slight shift
in the position of the peak due to the average p–p distance,
which indicates the very slight change in the p–p stacking
from 3.3 to 3.2 Å, Fig. 4. In addition, as can be clearly seen
from Fig. 4, along with the decrease in temperature, the
relatively broad halo due to the molten alkyl chains at ca.
4.3 Å (2h = 20.5�) gets a bit of more obvious. This is also
true in particular for the case of 2, Fig. S6 (Supplementary
material).

X-ray diffraction analysis over the liquid crystal meso-
phases of the mono-oxidized compound 2 at different tem-
peratures, Fig. S6 (Supplementary material), actually
revealed its very much similar liquid crystal mesophases
with similar molecular packing to 1. In line with the POM
experimental result, two rectangular columnar (Colr)
mesophase states have been disclosed between the isotro-
pic and crystalline phase of 2 by the temperature-
dependent X-ray diffraction analysis result. On the basis
of the XRD pattern recorded at 200 �C for 2, a rectangular
columnar (Colr1) mesophase existing at higher tempera-
ture range with the cell parameters a = 28.8 Å (2h = 3.0�),
b = 18.4 Å (2h = 4.8�), and c = 12.6 Å (2h = 7.1�), respec-
tively, Fig. S6 (Supplementary material), and a similar
one (Colr2) existing at relatively lower temperature range
with the lattice parameters of 28.8 Å (2h = 3.0�) and
c = 12.6 Å (2h = 7.1�) could be deduced.
3.4. I–V properties

To demonstrate the potential application of the liquid
crystal materials formed from homoleptic tetra-
kis[2,3,9,10,16,17,23,24-octa(dodecanoyloxy)phthalocyan-
inato] terbium–cadmium quadruple-decker compounds in
electronic devices, Au electrodes were thermally evapo-
rated onto the liquid crystal structures to measure their
current–voltage characteristics. The conductivity, r, can
be calculated by the following equation [18]: r = d � I/
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[(2n � 1) � L � h � V], where d is the inter-electrode spac-
ing, I the current, n the number of electrode digits, L the
overlapping length of the electrodes, h the calculated
thickness of the aggregates, and V the voltage.

Fig. 6 shows the conductivity estimated from current–
voltage (I–V) characteristics of liquid crystal materials
formed from 1 and 2 as a function of temperature. As can
be seen, over the same liquid crystal temperature range,
the mono-oxidized quadruple-decker 2 shows much higher
electric conductivity in the range of 6.2 � 10�7–4.1 � 10�4

S cm�1 than that of the neutral analog 1, 6.6 � 10�9–5.4
� 10�6 S cm�1 due to the ionic conductive nature of the for-
mer compound. The liquid crystal material of 1 formed at
room temperature exhibits the lowest conductivity of
6.6 � 10�9 S cm�1 due to the less molecular ordering.
With increasing temperature, the conductivity obtained
for the liquid crystals of this compound increases in the
same trend of compound 2 with the highest value of
9.5 � 10�6 S cm�1 achieved at the phase transition temper-
ature around 160 �C, which then gets decreased along with
the further increase in the temperature, Fig. 6. Interestingly,
this result seems to be in good agreement with the molecu-
lar ordering degree as suggested by the XRD analysis. As
indicated above, the molecular ordering in particular in
terms of the intermolecular p–p stacking in the mesophase
of 1 is gradually enhanced along with the increase in tem-
perature, with the highest degree achieved also at the phase
transition temperature at 160 �C, after which order-
ing diminishes with further increase in temperature. As a
consequence, intermolecular p–p stacking between neigh-
boring quadruple-decker molecules within the column in
the rectangular columnar mesophase is responsible for
the semiconducting properties of the sandwich tetra-
kis(phthalocyaninato) terbium–cadmium quadruple-
decker liquid crystals. In particular, this is also true for the
mono-oxidized analog despite the ionic conductive nature
of this complex. The good semiconducting properties
unveiled for the liquid crystal film of novel sandwich-type
tetrakis(phthalocyaninato) rare earth quadruple-decker
complex in particular in the mono-oxidized state at rela-
tively high temperature indicate their potential application
in solution-processable organic electronics. It is worth not-
ing that, in comparison with the DC conductivities of dou-
ble-decker liquid crystals such as bis[tetrakis(alkylthio)
phthalocyaninato]lutetium(III) double-decker complexes
Lu[(CnH2n+1S)4Pc]2 (n = 10, 12, 16) in the range of 10�7 to
10�8 S/cm [19], the quadruple-deckers in the present case
have shown higher conductivity due to the extended p net-
works along the axis perpendicular to the macrocycle plane.
However, these quadruple-decker liquid crystals are less con-
ductive than the triple-decker Eu2[Pc(15C5)4]2[Pc(OC10H21)8]
according to our previous study [18] due probably to the
increase in the hopping distance between the neighboring
hopping centers associated with the increase in the alkyl
chain length in the quadruple-decker liquid crystals [20].
4. Conclusions

Novel sandwich-type tetrakis[2,3,9,10,16,17,23,24-
octa(dodecanoyloxy)phthalocyaninato] terbium–cadmium
quadruple-decker complex in both neutral and mono-
oxidized states was revealed to exhibit two rectangular
columnar mesophases within a relatively wide liquid crys-
tal temperature range. The slight difference in terms of the
neighboring quadruple-decker p–p stacking between
these two mesophases accounts well for their electric con-
ducting behavior along with the change in temperature.
However, the mono-oxidized liquid crystals of 2 display
more than 2 order of magnitude higher electric conductiv-
ity than that for 1 due to the ionic conductive nature. The
highest electric conductivity, 4.1 � 10�4 S cm�1, achieved
for the mesophase of 2 at 140 �C reveals its great potential
applications in various organic nano-electronics.
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