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Schiff base complexes derived from salicylaldehyde and ethylene-, propylene-, and trans-1,2-cyclohexane-

diamines exhibit p-channel transistor properties. The Cu complexes are open-shell compounds, but the

oxidation and the hole transport occur at the highest occupied molecular orbital, where the singly

occupied molecular orbital (SOMO) does not participate in conduction. Although Ni complexes tend to

show larger mobilities than Cu complexes owing to the molecular planarity, the presence of SOMO is

not harmful to the transistor properties.
Introduction

Owing to the potential application to plastic electronics, a great
deal of attention has been paid to organic semiconductors used
in organic light-emitting diodes, transistors, and photovoltaics.
Among organic semiconductors, metal complexes are prom-
ising materials but not sufficiently explored.1 Square planar
dithiolene complexes coordinated by four sulfur atoms (M–S4)
are strong electron acceptors with the lowest unoccupied
molecular orbital (LUMO) level located around �4.2 eV, which
show air-stable n-channel transistor properties.2 Metal
complexes coordinated by four nitrogen atoms (M–N4) are
exemplied by phthalocyanine,3 which is a well known p-
channel material. Several other M–N4 systems show p-channel
transistor properties.4 A metal complex derived from 1,2-phe-
nylenediamine is a strong electron donor,5,6 whose highest
occupied molecular orbital (HOMO) level is located at as high as
�4.44 eV. However, owing to the small energy gaps, the phe-
nylenediamine complexes exhibit ambipolar properties on an
inert interface.6,7 These results demonstrate that metal
complexes realize very strong electron acceptor and donor
abilities which are never attainable by ordinary organic mate-
rials, and at the same time very small energy gaps. Recently,
innite-sheet complexes of M–S4 and M–N4 are attracting
attention as analogues of graphene; these complexes exhibit
high electrical conductivity,8 and even superconductivity.9

Inspired by these ndings, we have investigated M–N2O2

complexes with more ordinary redox properties.10 Schiff base
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complexes derived from salicylaldehyde and ethylene diamine
are known as salen complexes (Scheme 1), which are moderate
electron donors with the HOMO levels located around �5.3 eV.
Electron and hole mobilities of 10�5 cm2 V�1 s�1 have been
reported in the time-of-ight measurement of an
alkylthiophene-substituted salen complex.11 High hole mobility
of 1.5 cm2 V�1 s�1 has been reported in a thiophene-based
Schiff base of 1,2-phenylenediamine.12 Hole mobility in the
10�7 cm2 V�1 s�1 order has been also reported in a Schiff base
with tetrathiafulvalene moieties.13 In M–N2S2 complexes
including thiosalen, we have recently found ambipolar tran-
sistor properties associated with energy gaps as small as 0.5–
0.6 eV.14 However, transistor properties are not investigated in
the most fundamental salen complexes. In particular, all these
Ni complexes are closed shell compounds, but open-shell Cu
compounds have not been examined as transistors.

In the present work, we have investigated transistor properties
of ethylenediamine (salen),15–21 propylenediamine (salpn),22 and
trans-1,2-cyclohexanediamine (salcyh) complexes (Scheme 1).23–26

Changing metal atoms, we can compare transistor properties of
open- and closed-shell materials. A copolymer of salpn complex
Scheme 1 Structures of salen-type metal complexes.
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and thiophene has been reported to show conductivity of 83
mS cm�1.27 We have also examined conducting properties of
a homopolymer containing Schiff base (P1).
Results and discussion
Electronic properties

The salen, salpn and salcyh complexes were prepared according
to literature.15–26,28 Since these complexes do not decompose up
to high temperatures,18,21 the materials were puried by subli-
mation, and the thin lms were formed by vacuum evaporation.

The monomer ligand, 4,40-dihydroxy-1,10-biphenyl-3,30-
dicarboaldehyde, was prepared from 4,40-dihydroxy-1,10-
biphenyl,29 which was successively reacted with octadecyl amine
and metal to afford the metal polymer (P1).
Fig. 1 (a and b) Cyclic voltammograms, and (c and d) absorption spectr

Table 1 Oxidation potentials, energy levels, and optical gaps

Complex E1
1/2 (V) EHOMO

a (eV)

Cu(salen) 0.48 �5.28 (�5.29)
Ni(salen) 0.34 �5.14 (�5.06)
Pd(salen) 0.64 �5.36 (�5.17)
Co(salen) 0.47 �5.27 (�5.13)
Cu(salpn) 0.53 �5.33 (�5.18)
Ni(salpn) 0.44 �5.24 (�4.97)
Cu(salcyh) 0.53 �5.33 (�5.43)
Ni(salcyh) 0.23 �5.03 (�4.95)
P1 0.57 �5.13

a The HOMO levels were estimated from the rst oxidation potentials by a
from the vacuum level.30 The values in the parentheses were calculated by
b The values in the parentheses were from the dd transitions. c The LUMO
values in the parentheses were related to the SOMO levels.

29604 | RSC Adv., 2020, 10, 29603–29609
Cyclic voltammograms of these complexes show oxidation
waves around 0.3–0.6 V (Fig. 1(a) and (b)). These complexes are
moderate electron donors whose HOMO levels are located
around �5.2 to �5.6 eV (Table 1).11,26 The Cu and Co complexes
are open shell materials,19,23 but the observed oxidation waves
seem to come from the HOMO (Fig. 2). The calculated singly
occupied molecular orbital (SOMO) levels are located much
above the HOMO (Fig. 2). Since these complexes are strongly
dimerized in the crystals, we have carried out the calculations
based on the dimers. The SOMO levels split to �0.3 eV
(Fig. S2†), but the resulting occupied levels (�3.8 to�4.2 eV) are
still far from the observed EHOMO in Table 1. The Cu complexes
show slightly large oxidation potentials and deep HOMO levels
in comparison with other complexes (Table 1). This is in
complete agreement with the calculated HOMO levels (Fig. 2).
a.

ledge
b (nm) Optical gapb (eV) ELUMO

c (eV)

438 (676) 2.83 (1.83) �2.45 (�3.45)
496 2.50 �2.64
474 2.62 �2.73
470 2.64 �2.63
495 (824) 2.50 (1.50) �2.83 (�3.78)
510 2.40 �2.84
480 (737) 2.58 (1.68) �2.75 (�3.57)
490 2.53 �2.53
482 2.57 �2.56

ssuming the reference energy level of ferrocene/ferrocenium to be 4.8 eV
using the ADF soware with the B3LYP* functional and TZP basis set.31

levels were obtained from the HOMO levels and the optical gaps. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Calculated (solid) and experimentally determined (dashed) energy levels as well as the molecular orbitals.
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View Article Online
From these observations, the oxidation waves are attributed to
the HOMO levels. Co(salen) exhibits another redox wave around
0 V (Fig. 1(a)), potentially related to the partially occupied
HOMO level.32

The absorption edges around 490 nm come from the pp*

transitions in the Ni and Pd complexes (Fig. 1(c)), indicating the
HOMO–LUMO gaps of 2.5 eV (Table 1).16 This leads to the
LUMO levels around �2.9 eV, which do not conict with the
calculated LUMO levels around �2.0 eV (Fig. 2). In addition,
reduction waves are not observed, and electron conduction is
unlikely.30 In analogy with theM–N2S2 complexes,14 this is partly
because the two ligands are not conjugated.

The Cu complexes show an enhanced dd transition around
590 nm (Fig. 1(c) and (d)),26 but this is much reduced in the thin
lms probably due to the dimerization. This transition suggests
Fig. 3 Transfer characteristics of (a) Cu(salen), (b) Ni(salen), (c)
Pd(salen), (d) Co(salen), (e) Cu(salpn), (f) Ni(salpn), (g) Cu(salcyh), and (h)
Ni(salcyh).

This journal is © The Royal Society of Chemistry 2020
the presence of additional levels around�3.5 to�3.7 eV coming
from the d-like SOMO levels. These orbitals are s-like for the
ligands (Fig. 2), and the oxidation occurs on the HOMO rather
than the SOMO. It is expected from the HOMO levels that these
complexes show hole conduction.30
Transistor properties

These complexes were vacuum evaporated on a SiO2/Si
substrate, and bottom-gate top-contact transistors were fabri-
cated. These complexes show p-channel transistor properties as
depicted in Fig. 3. From these characteristics, the transistor
parameters are extracted as listed in Table 2. Cu(salen) shows
maximum mobility of 4.3 � 10�3 cm2 V�1 s�1, but the Ni, Pd,
and Co analogues show by more than one order lower
mobilities.

Ni(salpn) and Ni(salcyn) exhibit comparable mobilities to
Cu(salen), whereas Cu(salpn) and Cu(salcyn) show lower
mobilities. In these two series, the closed-shell Ni complexes
show higher mobilities than the open-shell Cu complexes.
Transfer integrals

Dimerized crystal structures have been reported in Cu(salen),
Ni(salen), and Pd(salen) (Fig. 4),33–36 where each dimer is
arranged in an alternately tilted manner. Cu(salpn) and
Ni(salpn) make loosely packed stacking structures.22,37 Cu(sal-
cyh) and Ni(salcyh) also have dimerized structures.25,38

In order to interpret the observed signicant difference of
the transistor performance, transfer integrals of the HOMO are
investigated.39,40 As shown in Fig. 4 and Table 3, the salen
complexes form strongly dimerized herringbone structures, but
the structures are not isostructural. Cu(salen) has a dihedral
angle of �140� (Fig. 4(a)), and the unit cell is elongated along
the “stacking” (c) axis.23 Parallel dimers are aligned along the
horizontal (b) axis. Ni(salen) has a similar dihedral angle of
�140� (Fig. 2(b)), but the cell is elongated along the transverse
(a) axis.34 Parallel dimers are aligned along the vertical (b) axis.
Pd(salen) (Fig. 4(c)) is similar to Ni(salen),35 though the latter
has a double layer structure along the c axis.

The intradimer transfer t1 is as large as 200 meV (Table 3),
and the other interdimer transfers are nearly by one order of
magnitude smaller than t1. 2t1 affords the splitting of the two
energy bands, and t2–t4 give the bandwidth. In Cu(salen), t4
makes a two-dimensional network (Fig. 4(a)), while t2–t4 are one
RSC Adv., 2020, 10, 29603–29609 | 29605
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Table 2 Transistor characteristics of the thin-film transistors

Complex mmax (cm
2 V�1 s�1) mave (cm

2 V�1 s�1) Vth (V) On/off ratio

Cu(salen) 4.3 � 10�3 2.5 � 10�3 �45 105

Ni(salen) 6.1 � 10�5 4.4 � 10�5 �44 105

Pd(salen) 8.6 � 10�4 5.4 � 10�4 �60 105

Co(salen) 6.0 � 10�5 4.3 � 10�5 �32 105

Cu(salpn) 5.1 � 10�5 2.9 � 10�5 �37 103

Ni(salpn) 1.7 � 10�3 1.0 � 10�3 �83 105

Cu(salcyh) 2.6 � 10�4 1.3 � 10�4 �36 103

Ni(salcyh) 2.0 � 10�3 1.4 � 10�3 �28 104
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View Article Online
half in Ni(salen) and Pd(salen). This may be related to the
comparatively large mobility of Cu(salen). Co(salen) has only
a highly one-dimensional interaction. Although not strictly
isostructural, Ni(salen), Pd(salen), and Co(salen) have very
similar molecular packing, and the two-dimensional network of
Cu(salen) seems to be more advantageous to the charge
transport.
Fig. 4 Crystal structures and transfer integrals of (a) Cu(salen),33 (b) Ni(sa
Cu(salcyh),25 and (h) Ni(salcyh).38

29606 | RSC Adv., 2020, 10, 29603–29609
The salpn complexes have uniform stacking structures with
t1 � 100 meV (Fig. 4(d) and (e)).36 Although the molecular
planarity is not very good, the interplanar distance is short (3.45
and 3.36�A) and the adjacent molecule is located exactly on the
top of another molecule. Therefore, the transfer is smaller than
t1 in the salen complexes (Table 3). Strong dimerization is not
inherent in the present metal complexes, and the uniform chain
does not seem to be too disadvantageous to the conduction.
len),34 (c) Pd(salen),35 (d) Co(salen),36 (e) Cu(salpn),22,37 (f) Ni(salpn),37 (g)

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05449f


Fig. 5 (a) XRD patterns of evaporated films of the salen complexes. (b)
XRD patterns of evaporated films of the salpn complexes. (c) XRD
patterns of evaporated films of the salcyh complexes.

Table 3 Transfer integrals (meV) of the HOMO and sum of angles
around the metal atom in the salen-type complexes

Complex t1 t2 t3 t4 Angle (�)

Cu(salen) 237 �9 1 40 358.7
Ni(salen) 191 �9 15 21 358.6
Pd(salen) 212 �10 �22 �19 360.0
Co(salen) �34 3 �27 �87 360.0
Cu(salpn) �94 �6 �6 365.8
Ni(salpn) �110 3 �9 359.4
Cu(salcyh) 189 �13 �4 361.7
Ni(salcyh) 102 �10 �25 360.1
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The salcyh complexes have strongly dimerized structures
(Fig. 4(g) and (h)).25,38 Nonetheless, Ni(salcyh) has larger inter-
dimer interaction t3 than Cu(salcyh), and this may be the origin
of the difference of the mobility.

In order to investigate planarity of the complexes, sums of
four bond angles around the metal atoms are compared in
Table 3.22,33–38 When the complex is planar, the angle is 360�.
The deviation is particularly large in Cu(salpn),22 related to the
reduced transistor performance in comparison with Ni(salpn).
Cu(salcyh) shows larger non-planarity than Ni(salcyh) as well.
By contrast, non-planarity is not serious in Cu(salen) with
a shorter alkyl diamine. The transistor performance seems to be
closely related to the molecular planarity.
Table 4 XRD 2q and d values

Complex 2q (�) d (�A) Complex 2q (�) d (�A)

Cu(salen) 6.696 13.20 Cu(salpn) 6.979 12.67
Ni(salen) 6.956 12.71 Ni(salpn) 6.878 12.85
Pd(salen) 6.723 13.15 Cu(salcyh) 8.020 11.02
Co(salen) 6.761 13.07 Ni(salcyh) 8.062 10.97

This journal is © The Royal Society of Chemistry 2020
Thin-lm properties

Evaporated lms of the salen complexes show sharp X-ray
diffraction (XRD) peaks together with the higher-order peaks
(Fig. 5(a)). The d-values are about 13 �A (Table 4), which are in
good agreement with half of the crystallographic a (Cu) and c
(Ni, Pd, and Co) axes.33–36 We have observed several higher-order
peaks. The molecules are standing perpendicular to the
substrate keeping the crystallographic bc and ab planes parallel
to the substrate.

The salpn complexes show XRD peaks at d ¼ 12.7–12.8 �A
(Fig. 3(b) and Table 4). These values correspond to the crystal-
lographic b (Cu) and half of the a axes (Ni),37 and the molecules
are standing perpendicular to the substrate again. However, the
comparatively broad peaks indicate that the crystallinity is not
as good as the salen complexes.

Cu(salcyn) and Ni(salcyn) show sharp XRD peaks around 11.0
�A (Fig. 3(c) and Table 4). These values correspond to the crys-
tallographic a axes. These molecules are standing perpendicular
to the substrate, where the bc plane is parallel to the substrate.

Atomic force microscopy (AFM) images are shown in Fig. 6.
These compounds form crystalline lms; exceptions are Pd(sa-
len) and Co(salen) (Fig. S4†). Cu(salen) shows large plate-like
crystals, whereas other complexes exhibit needle-like crystals.
The plate-like crystals are related to the two-dimensional elec-
tronic structure and the comparatively high mobility. Ni(salen)
and Cu(salcyh) have rough surface, and probably this is asso-
ciated with the relatively low mobility.
Polymer

Since an electrochemically prepared copolymer of VO(salen)
and thiophene has been reported to show conductivity of 83
mS cm�1,13 a homopolymer P1 is chemically prepared. In
Fig. 6 Atomic force microscopy (AFM) images of (a) Cu(salen), (b)
Ni(salen), (c) Cu(salpn), (d) Ni(salpn), (e) Cu(salcyh) and (f) Ni(salcyh).

RSC Adv., 2020, 10, 29603–29609 | 29607
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Fig. 7 Conductivity of P1 upon iodine doping.
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contrast to the electrochemical polymers, the pristine polymer
is entirely undoped. Since P1 does not show transistor proper-
ties, P1 is exposed to iodine vapor, where the conductivity
increases from 1.0 � 10�7 to 3.7 � 10�4 S cm�1 (Fig. 7). The
increase is saturated aer about 30 min. When the sample is
taken out from the iodine vapor, the conductivity decreases
slightly, but is maintained around 0.8 � 10�4 S cm�1 for a long
time (Fig. S6†). These results demonstrate efficient chemical
hole doping is possible in P1.
Conclusions

We have demonstrated that salen-type metal complexes exhibit p-
type transistor properties. Although Cu and Co complexes are
open shell compounds,19,23 the oxidation occurs at the same
HOMO as the other metal complexes, and the hole transport is
mediated by the HOMO. The SOMO does not participate in the
oxidation and conduction due to the d-like character. Owing to the
difference of the molecular packing and thin-lm morphology,
Cu(salen) shows larger mobility than other salen complexes,
whereas the Ni salpn and salcyh complexes show larger mobilities
than the Cu complexes. The latter is due to themolecular planarity
of the Ni complexes, but the former example proves the presence
of SOMO is not harmful to the transistor properties.

Although almost all organic semiconductors investigated so
far are closed-shell materials,4 copper phthalocyanine (CuPc) is
an open-shell compound.41 CuPc is an extensively investigated
material,3 but the SOMO is localized on themetal atom as well,40

and the oxidation occurs at the HOMO.42 Mobilities larger than
1 cm2 V�1 s�1 have been reported in the single-crystal tran-
sistors,3e,f but the thin-lm mobility is typically 0.02 cm2 V�1

s�1,3b which is not largely different from the present materials.
CuPc sometimes shows ambipolar transistor properties, but
this has been attributed to the narrow-gap nature.3f,7

In mixed-stack charge-transfer complexes of tetracyanoquino-
dimethane (TCNQ),43 the donor HOMO does not participate in
the hole conduction, but hybridization of the donor next HOMO
with the TCNQ LUMO leads to the electron-only transport.
Similar to the present metal complexes, this is another example
in which the most “frontier” orbital does not participate in the
conduction, and a lower orbital mediates the charge transport
owing to the larger intermolecular orbital overlap.
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