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A series of unsymmetrical phthalocyaninato copper complexes simultaneously incorporating electron-
withdrawing and electron-donating substituents at the phthalocyanine periphery Cu{Pc(15C5)
[(COOCsH17)6]} (2), Cu{Pc[(adj-15C5),][(COOCsH 17)4]} (3), Cuf{Pc[(0pp-15C5),J[(COOCsH 7)4]} (4),
Cu{Pc(15C5);[(COOCgH 7),]} (5) were prepared and isolated. For comparative studies, symmetrical
analogues including 2,3,9,10,16,17,24,25-octakis(octyloxycarbonyl)phthalocyaninato copper complex
Cu[Pc(COOCgH 7)5] (1) and 2,3,9,10,16,17,24,25-tetrakis(15-crown-5)phthalocyaninato copper
complex Cu[Pc(15C5)4] (6) were also prepared. Their electrochemistry was studied by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). With the help of a solution-based self-
assembly process, these compounds were fabricated into organic field effect transistors (OFETs) with
top contact configuration on hexamethyldisilazane (HMDS)-treated SiO,/Si substrate. In line with
the electrochemical investigation results, a p-type OFET with a carrier mobility (for holes) of 0.06 cm?
V-!'s7! was shown for Cu[Pc(15C5)4] (6) with electron-donating 15-crown-5 as the sole type

of peripheral substituent. In contrast, n-type devices with a carrier mobility (for electrons) of 6.7 x
107%-1.6 x 10~* cm? V! s~! were achieved for 1-5 with electron-withdrawing octyloxycarbonyl
substituents at the peripheral positions of phthalocyanine ring, indicating the significant effect of
electron-withdrawing octyloxycarbonyl substituents on tuning the nature of phthalocyanine organic
semiconductors. The present results represent the first example of solution-processed n-type

phthalocyanine-based OFET devices.

Introduction

Organic field effect transistors (OFETs) with solution-process-
able organic semiconductors as active layers have attracted
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significant research interest due to their great potential industrial
applications in low-cost electronics including large area and
flexible displays, active matrix electronic paper, simple smart
cards and price tags.! Significant progress has been made in the
past decade towards developing novel OFET materials such as
conjugated polymers, oligomeric thiophenes, linear fused acenes,
and perylenes with high carrier mobility, high ambient stability,
and good solubility in common organic solvents.?

Metal phthalocyanines (MPcs) have been among the most
promising active materials for OFETs due to their high thermal
and chemical stability and good semiconducting properties.?
However, except for a few MPcs such as amino-(tri-zerz-butyl)
phthalocyaninato  copper,* hydroxydecyloxy-(tri-zerz-butyl)
phthalocyaninato copper,® and sandwich-type bis/tris(phthalo-
cyaninato) rare earth double/triple-decker complexes bearing
long alkoxyl substituents at the phthlaocyanine peripheral
positions that have been fabricated into OFETSs through solu-
tion-based LB techniques,® most efforts in this direction have
been focused on the commercially available unsubstituted
monomeric phthalocyanine compounds like MPc (M = Cu, Co,
Fe, Mn, Ni, Zn).** Among these, CuPc is one of the most widely
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used molecules for OFETs with hole transfer mobilities in the
range of 107°-1.0 cm? V! s7'.37 Indeed, field effect transistors
based on organic semiconductors are burgeoning with descrip-
tions of hole transporting materials, which are the majority of
OFET materials today. In contrast, electron-transporting n-type
organic semiconductors have significantly lagged behind their
p-type counterparts.® Electron-transporting OFETs are impor-
tant for the implementation of complementary circuits, which
have low power consumption, high operating speeds, and an
increased device lifetime. It has been revealed that for a material
to transport electrons (n-channel), it needs to have an accessible
lowest unoccupied molecular orbital (LUMO) level for electron
injection and sufficient 7t-overlap to achieve reasonable charge
carrier mobilities.® Typically, CuPc-based n-type materials are
made by attaching strong electron-withdrawing groups such as
F,” CL' and CN" to the conjugated Pc core to lower the
molecular orbital (MO) energy levels and allow electron injection
by lowering the charge injection barrier. However, the unsub-
stituted or F, Cl, and CN-substituted phthalocyaninato copper
complexes can only be fabricated into OFET devices by means of
non-solution-based processes, such as vacuum deposition tech-
nique, due to their insolubility in common organic solvents. This
actually retards their potential industrial applications in low
price electronics. As a consequence, the design and synthesis of
novel phthalocyaninato copper complexes, in particular for
n-type semiconductors with solution-processablility, still remains
a challenge for phthalocyanine chemists and material scientists.

In the present paper, we describe the synthesis and
electrochemical properties of a novel series of phthalocyaninato
copper complexes Cu[Pc(COOCgH;7)s] (1), Cu[Pc(15C5)
(COOCgH17)6] (2), Cu[Pc(adj-15C5),(COOCsH 7)4] (3), Cu[Pc
(opp-15C5),(COOCsH 7)4] (4), Cu[Pc(15C5)3(COOCsH,7),] (5),
and Cu[Pc(15C5)4] (6) {Pc(COOCgH,7)s = 2,3,9,10,16,17,24,25-
Octakis(octyloxycarbonyl)phthalocyanine; Pc(15C5)
[(COOCgH 7)¢] = dianion of 2,3-(15-crown-5)-9,10,16,17,24,25-
hexakis(octyloxycarbonyl)phthalocyanine; Pc[(adj-15C5),]
[(COOCgH;7)4] = dianion of 2,3,9,10-bis(15-crown-5)-
16,17,24,25-tetrakis(octyloxycarbonyl)phthalocyanine; Pc[(opp-
15C5),]J[(COOCgH7)4] = dianion of 2,3,16,17-bis(15-crown-
5)-9,10,24,25-tetrakis(octyloxycarbonyl)phthalocyanine; Pc
(15C5);[(COOCgH;7),] = dianion of 2,3,9,10,16,17-tris(15-
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Scheme 1 Schematic molecular structures of complexes 1-6.

(15C5)4 = 2,3,9,10,16,17,24,25- tetrakis(15-crown-5)phthalocy-
anine], Scheme 1. 15-crown-5 voids were introduced onto the
phthalocyanine periphery to improve the solubility of the copper
complexes in common organic solvents and thus enable solution
processability for these intrinsic organic semiconductors. This is
also true for the introduction of octyloxycarbonyl substituents.
However, it is worth noting that incorporating octyloxycarbonyl
chains with electron-withdrawing nature'? onto the phthalocya-
nine periphery actually aims to tune the semiconducting nature
of phthalocyaninato copper complexes from p-type to novel n-
type ones. OFETs fabricated from Cu[Pc(15C5)4] (6) with elec-
tron-dontaing 15-crown-5 as the sole peripheral substituents
were made, showing p-type nature with a carrier mobility (for
holes) of 0.06 cm? V! s7!, while those fabricated from 1-5 con-
taining electron-withdrawing octyloxycarbonyl peripheral
substituents displayed n-type properties with a carrier mobility
(for electrons) of 6.7 x 107°-1.6 x 10~* cm? V' s™', highlighting
the significant effect of electron-withdrawing octyloxycarbonyl
substituents on the nature of phthalocyanine organic semi-
conductors. The present work not only develops a new series of
phthalocyaninato copper complexes as novel organic semi-
conductors but more importantly, to the best of our knowledge,
represents the first example of n-type solution-processed phtha-
locyaninato copper-based OFET devices.

Results and discussion
Synthesis

2,3,9,10,16,17,24,25-Octakis(octyloxycarbonyl)phthalocyani-
nato copper complex compound Cu[Pc(COOCgH;7)g] (1) was
synthesized according to a recently developed procedure.'?
For the purpose of comparative study, 2,3,9,10,16,17,24,25-
tetrakis(15-crown-5)phthalocyaninato copper complex Cu[Pc
(15C5),4] (6) was also prepared following published methods.'?
Nevertheless, a series of unsymmetrical phthalocyaninato copper
(1) complexes Cu{Pc(15C5)[(COOCgH,7)¢]} (2), Cu{Pc[(adj-
ISCS),I(COOCsH )]} (3),  Cu{Pef(opp-15C5),][(COO-
C3H17)4]} (4), CH{PC(I5C5)3[(COOC8H17)2]} (5) have been
successfully prepared and isolated by mixed cyclization of the
two corresponding phthalonitriles, ie. 4,5-dicyanobenzo-15-
crown-5 and 4,5-di(octyloxycarbonyl)phthalonitrile, in the
presence of Cu(acac), - H,O in a solid state reaction at 250—
260 °C. This renders it possible to investigate the effect of the
number of electron-withdrawing groups introduced onto the
phthalocyanine ring on tuning the semiconducting nature of
phthalocyanine compounds. It is noteworthy, again, that puri-
fication of general phthalocyanine compounds has been a chal-
lenge for chemists in this field, not to mention the separation of
a series of closely related isomeric phthalocyanines. Fortunately,
in the present case, all the phthalocyaninato copper complexes
including the two adjacent and opposite isomers Cu{Pc[(adj-
15C5),][(COOCsH 7)4]} (3) and  Cu{Pc[(opp-15C5)]
[(COOCgH 7)4]} (4) could be separated and purified by general
silica gel column chromatography. It is worth noting that in line
with our previous report on the synthesis and density functional
theory calculations of a whole series of benzo-fused low
symmetry metal-free tetraazaporphyrin and phthalocyanine
analogues,' the separation and in particular identification of the
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two adjacent and opposite isomers Cu{Pc[(adj-15C5),]
[(COOCgH17)4]} (3) and Cu{Pc[(opp-15C5),J[(COOCsH 17)4]} (4)
are quite difficult due to their identical molecular weight and
similar molecular structures. However, repeated column chro-
matography processes finally led to the isolation of two fractions
with the first one being the oppositely substituted isomer 4, due
to its molecular polarity being relatively small compared to that
of the adjacently substituted analogue, and the second one the
adjacent isomer 3. All the newly prepared phthalocyaninto
copper complexes gave satisfactory elemental analysis results.
The Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) spectra of all these compounds showed the
molecular ion (M)* signals with correct isotopic pattern. The
isotopic pattern closely resembles the simulated one as exempli-
fied by the spectrum of the compound 2 given in Fig. S1 (see
ESI).t+ At the end of this section, it is worth noting
that unsymmetrically substituted phthalocyanine derivatives
as a whole series still remain very rare, limited to
Hz{Pc[(R)z,,(OCH2CH20CH2CH20CH2CH20CH3)3_2,,]}15 and
Cu[Pc(15C5),]" (n = 1-3), to the best of our knowledge. In
particular, the present phthalocyaninato copper complexes
represent a new series of unsymmetrical phthalocyanine
derivatives simultaneously bringing electron-withdrawing octy-
loxycarbonyl chains and electron-donating 15-crown-5 voids.

Electronic absorption spectra

Electronic absorption spectra of the series of phthalocyaninato
copper complexes 1-6 were recorded in chloroform. Fig. 1 shows
the electronic absorption spectra of 1-6. Symmetrically
substituted compounds 1 and 6 display typical electronic
absorption spectra for monomeric phthalocyaninato metal
complexes with the Soret and Q bands at 350 and 684 nm for 1
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Fig. 1 Electronic absorption spectra of compounds 1-6 (A-F) in dilute
chloroform solution (solid lines), nanostructures of compounds 1-5 (A-
E) dispersed in methanol (dashed lines) and nanostructures of compound
6 (F) dispersed in n-hexane (dashed line).

and 337 and 677 nm for 6, respectively. However, unsymmetri-
cally substituted phthalocyaninato copper complexes 2-5 have
similar electronic absorption feature to zinc complexes of tet-
raazaporphyrin-phthalocyanine  or  phthalocyanine-naph-
thalocyanine analogues in terms of the appearance of electronic
spectra.'*'® As can be seen, in addition to the general Soret band
observed in the range of 342-348 nm for 2-5, intense and split Q
bands are observed at 674 and 696 nm for 2, 666 and 710 nm for
3, and 668 and 694 nm for 5, while one unsplit Q band at 684 nm
for 4. The reason for the Q band splitting of complexes 2, 3, 5 is
the symmetry decrease, compared to complexes 1, 4, 6.

The electronic absorption spectra of the aggregates for these
phthalocyaninato copper compounds 1-5 in methanol and 6 in
n-hexane are also recorded and given in Fig. 1 and Table S1 (see
ESI),t which are different from those of 1-6 in CHCl; solution.
Obvious band broadening was observed due to the significant
intermolecular interaction in the self-assembled nanostructures.
In comparison with the chloroform solution spectrum, the
phthalocyanine Soret band for the nanostructures of 1 is signif-
icantly red-shifted from 350 to 380 nm, and the Q absorptions
also red-shift from 684 nm to 754 nm. On the basis of Kasha’s
exciton theory,'” red-shift of the main absorption bands of 1
upon aggregation in methanol implies that the phthalocyanine
molecules are enforced to adopt the J aggregation mode in the
nanostructures.

As shown in Fig. 1B, in comparison with the spectrum in
chloroform solution, the phthalocyanine Soret absorption for
the nanostructures of 2 red-shifts from 348 to 359 nm, while the
Q bands blue-shift from 674 and 696 nm to 642 and 684 nm.
Kasha’s point-dipole model provides a rationale for the observed
phenomenon. The extreme cases are represented by a head-to-tail
arrangement of the dipoles, which results in a red-shifted
absorption band (J aggregate), and a parallel arrangement of the
dipoles (H aggregate) with a blue-shifted absorption band.'” The
red and blue shifted bands observed in the present case for
aggregates of 2 appear to represent an intermediate case that is
conventionally thought of as a slipped cofacial stack with an
“edge-on” configuration between adjacent Pc chromophores of 2
molecules.'® This phenomenon has also been observed previously
for porphyrin'® and perylene aggregates®® with a slipped cofacial
oriented structure, where two transition moments interact in
face-to-face and parallel orientation to give rise to blue and red
shifts, respectively.

As shown in Fig. 1(C-F), the phthalocyanine Soret band for
the nanostructures of 3—6 significantly blue-shifts from 344, 346,
342, and 337 nm in CHClI; to 337, 335, 334, and 333 nm. This is
also true for the main Q absorptions of these four compounds
upon aggregation. On the basis of Kasha’s exciton theory, blue-
shifts in the main absorption bands of 3-6 upon aggregation are
typically a sign of the effective face-to-face 77 interaction
between phthalocyanine molecules, indicating the formation of
H aggregate from these complexes.

IR spectral spectra

Vibrational spectroscopy has been proved a versatile technique
for studying the intrinsic properties of phthalocyanine
compounds.?! In the IR spectra of 1-6, Fig. S2 (see ESI),T in
addition to the absorption bands contributed from the central
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aromatic Pc macrocycles including the wagging and torsion
vibrations of C-H groups, isoindole ring stretching vibrations,
and the C=N aza group stretching vibrations,?’ the newly
observed absorptions at 2845-2975, 1719-1729, 1271-1288, and
1081-1109 cm ' are attributed to the asymmetric and symmetric
C-H stretching vibrations, C=O stretching vibrations, and
asymmetric and symmetric C-O-C stretching vibrations of the
octyloxycarbonyl and 15-crown-5 groups, respectively. The IR
spectra of the self-assembled nano-structures of 1-6 are also
shown in Fig. S2 (see ESI).T The similar feature in the IR spectra
of the nano-structures to that of corresponding compounds for
1-6 unambiguously confirms that the nano-structures are
composed of the corresponding phthalocyaninato copper
compounds.

Electrochemical properties

The electrochemical behavior of the whole series of phthalo-
cyaninato copper complexes 1-6 was investigated using cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) in
CH,Cl,. These compounds display one one-electron oxidation
labelled as Oxd; and two one-electron reduction (Red;—Red,)
within the electrochemical window of CH,Cl, under the present
conditions. All these processes are attributed to successive
removal from, or addition of one electron to, the ligand-based
orbitals since the reduction of the central copper cation in these
complexes does not occur in this range.>* The half-wave redox
potential values vs. SCE (standard calomel electrode) are
summarized in Table 1. Representative cyclic voltammograms
for 2 are displayed in Fig. S3 (see ESI).T

As can be seen in Fig. S3 (see ESI)T and Table 1, the half-wave
potentials of the first oxidation as well as the first and second
reductions of these compounds correlate linearly with the
number of the peripheral -electron-withdrawing octylox-
ycarbonyl substituents, which are gradually shifted in the anodic
direction along with the increase of the number of octylox-
ycarbonyl substituents from 6 to 1, indicating that both of the
HOMO and LUMO energy levels of the phthalocyaninato
copper compounds get decreased along with the increase in the
number of electron-withdrawing octyloxycarbonyl substituents.
This result is in line with the experimental findings that the
semiconduting nature of phthalocyaninato copper complexes
changes from the p-type for 6 possessing peripheral electron-
donating 15-crown-5 voids to n-type for 1-5 bearing peripheral
electron-withdrawing octyloxycarbonyl substituents as detailed

Table 1 Half-wave redox potentials of 1-6 (V' vs. SCE) in CH,Cl,
containing 0.1 M TBAP (Tetrabutylammonium perruthenate)

LUMO HOMO

Compound  Oxd; Red, Red, AE° Y (eV) (eV)

1° +1.14  —049 —081 1.65 —3.95 —5.58
2 +1.05 —-0.59 —-0.85 1.60 —3.85 -5.49
3 +0.92 —-0.69 —-0.90 1.61 -3.75 —5.36
4 +1.00 -0.79 -099 1.79 —3.65 —5.44
5 +0.88 —0.86 —1.07 1.74 —3.58 —-5.32
6 +0.76 —1.02 —-1.31 1.78 —-342 -5.20

“ AE°), is the potential difference between the first oxidation and first
reduction processes. © Cited from Ref. 12.

below. It is worth mentioning again that the unsubstituted
analogue CuPc displays typical p-type semiconduting nature
with good hole-carrier mobility.3”

The LUMO and HOMO energy levels can be estimated from
the first reduction and oxidation potential (vs. SCE), respectively,
on the basis of electrochemical results according to the literature
method with the formula of Ey ymo = —4.44 — Ereq, and Egomo
= —4.44 — Epq, assuming that Koopmans’ theorem holds.** On
the basis of the first reduction and oxidation potentials revealed
for compounds 1-6, Table 1, LUMO energies of —3.95, —3.85,
—3.75, —3.65, —3.58, and —3.42 eV are estimated for 1-6,
respectively, while the HOMO energy ranges from —5.58, —5.49,
—5.36, —5.44, —5.32, to —5.20 eV for 1-6. It is worth noting that
to ensure the efficient electron injection from Au electrode with
the work function of ~—5.10 eV into the n-type organic semi-
conductor, a low-lying LUMO with the energy level less than
—3.00 eV (vs. vacuum) is necessary.* Obviously, the estimated
LUMO energy for all the six compounds 1-6 in the range of
—3.95-—3.42 eV is smaller than —3.00 eV, indicating their
potential n-type semiconductor nature. On the other hand,
Marks and co-workers have reported that an empirical redox
window between Ereq, = —0.4 and 0.0 V (vs. SCE) is essential to
achieve stable electron transport in air.** The LUMO energy of
1-6 still does not reach the range of air-stable n-type semi-
conductors with the LUMO energy lower than —4.04 eV (and in
turn a first reduction potential more positive than —0.40 V vs.
SCE) against the H,O oxidation,?* suggesting that the n-type
semiconductor properties of these compounds might be detected
only under an inert atmosphere. As detailed below, this is in line
with the OFET properties shown for 1-5 in nitrogen. Never-
theless, the HOMO energy levels of 1-6 are just located within
the range of —5.58-—5.20 eV, indicating their potential as p-type
semiconductor materials.>'® In particular, the HOMO level of 6
matches the work function of gold (—5.1 eV) very well, resulting
in a low contact resistance and good ohmic hole injection from
the source electrode into the semiconductor as verified below in
the OFET property section.

X-ray diffraction patterns

The nanostructures of the series of complexes were fabricated by
diffusion of methanol (1-5) or n-hexane (6) into the chloroform
solution. The internal structure of self-assembled nanostructures
of these complexes was investigated by XRD analysis, Fig. 2. As
shown in Fig. 2A, in the low angle range, the XRD diagram of
the aggregates formed from compound 1 shows three peaks at
2.56, 2.05, and 1.84 nm, respectively, which are ascribed to
diffraction from the (100), (010), and (001) planes. In addition,
the XRD pattern also displays four weaker higher order refrac-
tions at 1.03, 0.66, 0.51, and 0.42 nm, which are ascribed to
diffraction from the (020), (030), (040), and (050) planes,
revealing the high molecular ordering nature of this nano-
structure along the b-axis of the unit cell. The (001) plane gives its
higher order diffractions at 0.90 (002) and 0.60 (003) nm, and the
(100) plane gives its higher order diffractions at 1.41 (200) and
0.69 (300) nm in the wide angle range of XRD pattern. These
diffraction results could be assigned to refraction from a rectan-
gular lattice with the cell parameter of @ = 2.56 nm, b = 2.05 nm,
and ¢ = 1.84 nm, Fig. 3. It is worth noting that in the wide angle

This journal is © The Royal Society of Chemistry 2011
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Fig. 2 XRD profiles of the aggregates of compounds 1-6 (A-F).

region, the nanowire XRD pattern of this compound shows
additional refraction at 0.31 nm, which is attributed to the
stacking distance between tetrapyrrole cores of neighboring
phthalocyanine molecules along the direction perpendicular to
the tetarpyrrole rings.?

As shown in Fig. 2B, the XRD diagram of the aggregates
formed from compound 2 shows two well-defined peaks at 2.36
and 1.87 nm, respectively, originating from the (100) and (001)
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Fig. 3 Schematic representation of the unit cell in the aggregates of
compound 1 formed in methanol: (A) top view and (B) side view.
Hydrogen atoms are omitted for clarity. The blue lines indicate N atoms.
The pink stands for the copper atom while the red part is the oxygen
atom.

planes. These diffraction results could be assigned to refraction
from a rectangular lattice with cell parameters of ¢ = 2.36 nm
and ¢ = 1.87 nm, Fig. S4 (see ESI).T In the wide angle region, the
peak at 0.31 nm is also observed, just the same as that observed
for the nanostructures of compound 1.

As shown in Fig. 2C, the XRD diagram of the aggregates
formed from compound 3 shows three well-defined peaks at 2.61,
1.51, and 0.98 nm, respectively, originating from the (100), (010),
and (001) planes. These diffraction results could be assigned to
refraction from a rectangular lattice with the cell parameters of
a=2.61 nm, b= 1.51 nm, and ¢ = 0.98 nm, Fig. S5 (see ESI).T In
addition, the XRD pattern displays a well-defined peak at the
wide angle region corresponding to the distances of 0.42 nm that
relates to the liquid-like order of the alkyl chains.?® It is worth
noting that in the wide angle region, the XRD pattern also
presents two sharp refractions at 0.31 and 0.32 nm, respectively,
associated with the m—m stacking of neighboring monomeric
molecules in the dimer of the unit cell in the aggregates and
neighboring dimers along the direction perpendicular to the
phthalocyanine rings.?’

The XRD patterns of self-assembled nanostructures of 4, 5,
and 6 show a weak peak at 0.98 nm, originating from the (001)
plane, Fig. 2(D-F). Another refraction observed in the XRD
patterns of the self-assembled nanostructures of 4 and 6 appears
at 2.19 and 2.50 nm, respectively, which is ascribed to the
refraction from the (100) plane, Fig. S6 (see ESI).T In the wide
angle region, the peaks at 0.42, 0.40, 0.32, and 0.31 nm are also
observed, just the same as those observed for the nanostructures
of compounds 1, 2, and 3.

Morphology of the aggregates

The morphology of the aggregates formed from 1-6 was exam-
ined by scanning electron microscopy (SEM) and transmission
electronic microscopy (TEM). Samples were prepared by casting
a drop of sample solution onto a carbon-coated grid or SiO,
substrate. The SEM and TEM images of aggregates of 1-6 are
shown in Fig. 4 and 5, respectively. As shown in Fig. 4A and 5A,
depending mainly on the head-to-tail inter-molecular 7
interactions in cooperation with the van der Waals interactions,
compound 1 self-assembles into one-dimensional (1D) nano-
structures with long, straight wire morphology several centi-
metres in length and about 500 nm—-5 pm in width. In combi-
nation with the electronic absorption and XRD analysis results,
it could be proposed that the wire-like object is formed by the
phthalocyanine disks in a “side-by-side” arrangement along the
a-axis, which constructs the longitudinal direction of the wires,
Fig. 3.

Compound 2 self-assembles into helical nanowires hundreds
of microns in length and about 100 nm-3 pum in width, Fig. 4B
and 5B. Schematic illustration for the formation of helical
nanowires is shown in Fig. S4 (see ESI)T on the basis of the XRD
analysis as detailed above. As can be seen in this figure, four
phthalocyanine molecules as building blocks stack into helical
nanowires depending on inter-molecular 77 interactions in
cooperation with the van der Waals interactions.

As displayed in Fig. 4C and 5C, depending mainly on the
cofacial m—m interactions, compound 3 self-assembles into
nanowires hundreds of microns in length and 100 nm-1 pm in
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Fig. 4 SEM images of nanostructures of compounds 1-6 (A-E). The
insets are is single nanowires of the corresponding compounds.

Fig. 5 TEM images of nanostructures of compounds 1-6 (A-E). The
inset is a single nanofibril of compound 6.

width. Compounds 4 and 5 self-assemble into long, flexible
one-dimensional (1D) nanowires hundreds of microns in length
and 100-800 nm in width, while compound 6 self-assembles
into one-dimensional (1D) nanostructures with wire bundle
morphology several micrometres in length and 100-200 nm in
width. The nanostructures are composed of several single
fibrils. In combination with the electronic absorption and XRD
analysis results, the nanowire objects are considered to be
formed by the phthalocyanine dimeric building blocks in

a “face-to-face” arrangement along the c-axis, constructing the
longitudinal direction of the nanowires, Fig. S5 and Fig. S6
(see ESI).t

OFET properties

The devices fabricated from the aggregates of 1-5 with top
contact configuration show typical n-channel characteristics,
while that from the aggregates of 6 displays typical p-channel
characteristics, Fig. 6 and Fig. S7 (see ESI).t The carrier
mobility (u) was calculated by using the saturation region
transistor equation, Iys = (WR_RL)uCy (Vg—V1)?, where Iy is
the source—drain current, Vg the gate voltage, C, the capaci-
tance per unit area of the dielectric layer, and V't the threshold
voltage.”® The devices fabricated from nanostructures of
compound 1 on HMDS treated SiO,/Si substrate have a carrier
mobility (for electrons) of 1.6 x 10~* cm? V~! s7! with an on/off
ratio of 10* and a threshold voltage of —8 V, Fig. 6. In line
with the increase of the LUMO energy level of 2-5 in
comparison with 1 revealed by the electrochemical measure-
ment, the carrier mobility (for electrons) for 2-5 decreases to
1.6 x 107% 6.7 x 105 8.5 x 10°% and 1.2 x 103 cm?> V! s7},
respectively, with the on/off ratio staying at 10°> and the
threshold voltage being about —3, —7, —5, and —4 V. In good
contrast, the device fabricated from nanostructures of 6 on
a HMDS treated SiO,/Si substrate has a carrier mobility (for
holes) of 0.06 cm? V! s7! with an on/off ratio of 10° and
a threshold voltage of —8 V. This is in line with the electro-
chemical measurement results as detailed above.
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Fig. 6 Drain-source current (lg) versus drain-source voltage (Vys)

characteristics at different gate voltages for the OFET of compound 1 (A)

and 6 (B) on the HMDS-treated SiO,/Si substrate.
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Conclusion

In summary, a series of six phthalocyaninato copper complexes
with different numbers of peripheral electron-withdrawing
octyloxycarbonyl and electron-donating 15-crown-5 substituents
have been designed and prepared. These compounds have been
fabricated into OFET devices by means of a solution-based self-
assembly process and their performance was comparatively
investigated. A p-type OFET device with carrier mobility for
holes was fabricated from the compound with electron-donating
15-crown-5 as the sole type of peripheral substituents, while n-
type devices with carrier mobility for electrons were fabricated
from all the remaining compounds with peripheral electron-
withdrawing octyloxycarbonyl substituents, indicating the
significant effect of electron-withdrawing octyloxycarbonyl
substituents on tuning the nature of organic semiconductors. The
present result not only represents the first example of n-type
solution-processed phthalocyaninato copper-based OFET
devices, but more importantly sheds light on designing and
preparing novel n-type solution-processable phthalocyanine
semiconductors with good OFET performance.

Experimental section
Chemicals

Hexamethyldisilazane (HMDS) was purchased from Aldrich.
Dichloromethane for voltammetric studies was freshly distilled
from CaH, under nitrogen. Column chromatography was
carried out on silica gel (Merck, Kieselgel 60, 70-230 mesh) with
the indicated eluents. The electrolyte [BuyN][ClO4] was recrys-
tallized twice from tetrahydrofuran. All other reagents and
solvents were used as received. The compounds of 4,5-dicyano-
benzo-15-crown-5, 4,5-di(octyloxycarbonyl)phthalonitrile,
Cu[Pc(COOCgH;7)s] (1), and Cu[Pc(15C5)4] (6) were prepared
according to published procedures.'*!3

Measurements

Electronic absorption spectra were recorded on a Hitachi U-4100
spectrophotometer. IR spectra were recorded as KBr pellets
using a Bio-Rad FTS-165 spectrometer with 2 cm~' resolution.
X-ray diffraction experiments were carried out on a Rigaku
D/max-yB X-ray diffractometer. MALDI-TOF mass spectra
were taken on a Bruker BIFLEX III ultra-high resolution
Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer with o-cyano-4-hydroxycinnamic acid as the
matrix. Elemental analysis was performed on an Elementar
Vavio El III. TEM images were measured on a JEOL-100CX 11
electron microscope operated at 100 KV. For TEM imaging,
a drop of sample solution was cast onto a carbon copper grid.
SEM images were obtained using a JEOL JSM-6700F field-
emission scanning electron microscope. For SEM imaging, Au
(1-2 nm) was sputtered onto the grids to prevent charging effects
and to improve the image clarity. Substrates used in the present
study were successively cleaned with pure water, acetone, and
ethanol. Electrochemical measurements were carried out with
a BAS CV-50W voltammetric analyzer. The cell comprised inlets
for a glassy carbon disk working electrode of 2.0 mm in diameter
and a silver wire counter electrode. The reference electrode was

Ag/Ag" (a solution of 0.01M AgNO; and 0.1M TBAP in
acetonitrile), which was connected to the solution by a Luggin
capillary whose tip was placed close to the working electrode. It
was corrected for junction potentials by being referenced inter-
nally to the ferrocenium/ferrocene (Fe*/Fe) couple. Typically,
a 0.1 M solution of [NBuy][ClO,4] in CH,Cl, containing 0.5 M of
sample was purged with nitrogen for 10 min, and then the vol-
tammograms were recorded at ambient temperature. The scan
rates were 20 and 10 mV s~ for CV and DPV, respectively.

OFET device fabrication

The heavily n-doped silicon layer functioning as the gate elec-
trode. The nanostructures of the complexes 1-6 (1 mM) were
fabricated in a binary solvent of chloroform : methanol (1 : 3) or
chloroform : n-hexane (1 : 3) in a vial, which was left still for
about 1 day. Then a drop of the nanostructure sample solution
was cast onto a SiO, substrate. After the solution evaporated, the
source—drain electrodes were thermally evaporated onto the
aggregates by use of a shadow mask. These electrodes have width
(W) of 28.6 mm and channel length (L) of 0.24 mm. The oxide
layer of 5000 Ais the gate dielectric having a capacitance per unit
area of 10 nF cm~2 Before depositing the aggregates, surface
treatment for SiO,/Si substrates was performed according to
literature method using HMDS, as detailed below.? OFET
devices for compounds 1-5 were measured in a dry nitrogen
glove box, and for 6 were measured in air. The current-voltage
characteristics were obtained with a Hewlett-Packard (HP)
4140B parameter analyzer at room temperature.

A drop of HMDS was added to the cell culture dish (90 mm),
which contained cleaned SiO,/Si substrates. Then the cell culture
dish was put into an airtight vial over night. After being taken
out, the substrates were rinsed with chloroform and methanol,
respectively, to remove the redundant HMDS.

Synthesis of unsymmetrical phthalocyaninato copper complexes
2-5

The mixture of dicyanobenzo-15-crown-5 (213 mg, 0.67 mmol),
4,5-di(alkoxycarbonyl)phthalonitrile (295 mg, 0.67 mmol), and
Cu(acac), - H,O (69 mg, 0.35 mmol) sealed under N, atmosphere
was fused at ca. 250-260 °C for 20-30 min. After being cooled,
the residue was washed well with water and methanol, and
subjected to chromatography on a silica gel column (40 x
150 mm). Compound 1 was removed as the first fraction with
CHCl; as the eluent. Then the column was eluted with a mixed
solvent of CHCI; : tricthylamine : CH;0OH to develop four
successive fractions containing mainly the compound of 2, 4, 3,
and 5, respectively, with gradually increasing the content of
CH;OH in the eluent from the ratio of 100:1:0.5, 100:1:2,
100:1:3, to 100: 1 :4 (v/v). The crude products were further
purified by silica gel column chromatography (26 x 80 mm) with
the above mentioned mixed solvent as the eluent. Recrystalliza-
tion from CHCIl; and methanol gave pure target compounds Cu
[Pc(15CS5)(COOCgH 7)6] (2) as a blue powder and Cu[Pc(adj-
15C5),(COOCsH 7)4] (3), Cu[Pc(opp-15C5)2(COOCsH17)4] (4),
Cu[Pc(15C5)3(COOCgH 7),] (5) as green powder.
Cu[Pc(15C5)(COOCgH 7)¢] (2) (46 mg, 8.3%). MS (MALDI-
TOF) an isotopic cluster peaking at mlz 1703.6 (calc. for
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M* 1703.6). Anal. Calc. for CuCosH|56N3O;7: C, 66.27%; H,
7.45%; N, 6.58%. Found: C, 66.23%; H, 7.32%; N, 6.39%. UV-
Vis (CHCI3) [Amax nm (loge)] 348 (4.94), 612 (4.49), 638 (4.56),
674 (5.14), 696 (5.18).

Cu[Pc(adj-15C5),(COOCsH17)4] (3) (7 mg, 1.3%) MS
(MALDI-TOF) an isotopic cluster peaking at m/z 1580.8 (calc.
for [MH]" 1580.3). Anal. Calc. for CuCgsH¢sNgOyg: C, 63.80%;
H, 6.88%; N, 7.09%. Found: C, 63.73%; H, 6.52%; N, 6.83%.
UV-Vis (CHCl3) [Amax nm (loge)] 344 (5.06), 600 (4.53), 646
(4.90), 666 (5.04), 710 (5.22).

Cu[Pc(opp-15C5),(COOCgH17)4] (4) (45 mg, 8.1%) MS
(MALDI-TOF) an isotopic cluster peaking at m/z 1580.5 (calc.
for [MH]* 1580.3). Anal. Calc. for CuCgsH¢sNgO;5: C, 63.80%;
H, 6.88%; N, 7.09%. Found: C, 63.20%; H, 6.50%; N, 6.73%.
UV-Vis (CHCl3) [Amax nm (loge)] 346 (4.91), 616 (4.59), 684
(5.17).

Cu[Pc(15C5);(COOCsH 7)5] (5) (20 mg, 3.7%) MS (MALDI-
TOF) an isotopic cluster peaking at mlz 1460.1 (calc. for [MH]"
1460.1). Anal. Calc. for CuC74HooNgO19: C, 60.91%; H, 6.22%;
N, 7.68%. Found: C, 60.63%; H, 6.24%; N, 7.39%. UV-Vis
(CHCI3) [Amax nm (loge)] 342 (4.74), 608 (4.35), 634 (4.50), 668
(4.81), 694 (4.83).
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