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a b s t r a c t

Diffusion of methanol into the chloroform solution of metal free 5,10,15,20-tetrakis(4-
pentyloxyphenyl)porphyrin H2TPOPP yields large single crystals with length as long as 1.5 mm,
which allow the fabrication of single crystal-based organic field effect transistors (OFETs). These single
crystal-based devices were revealed to exhibit relatively good OFET performance with the carrier
mobility for hole of 0.0018 cm2 V−1 s−1 and current modulation of 104. In addition to confirming the
tetrappyrole nature, single crystal X-ray diffraction analysis also reveals the planar two-dimensional
supramolecular structures formed via porphyrin molecules in the head-to-tail manner through C–H· · ·O
interaction between oxygen atom and pyrrole hydrogen atom as well as p(O)–�(phenyl) interaction
between the meso-attached phenyloxy groups of neighboring porphyrin molecules in the single crystal.
This results in effective intermolecular interaction due to the significant participation of phenyloxy
groups to the HOMO of the central porphyrin core as revealed by density functional theory (DFT) analysis

and in turn is responsible for the relatively good OFET performance in terms of carrier mobility for hole
in the direction parallel to the aromatic porphyrin ring. Density functional theory (DFT) calculation also
reproduces the experimentally revealed carrier mobility for hole in the single crystal of H2TPOPP. The
present work, representing our continuous efforts in understanding the relationship between molecular
structure, crystal packing, and OFET performance of tetrapyrrole organic semiconductors, will be helpful
for attracting further research interest over the semiconducting properties of tetra(aryl)porphyrin

licati
compounds for OFET app

. Introduction

Organic semiconductors have attracted significant research
nterest since 1986 when they were first constructed into field
ffect transistors (OFETs) as active layers [1]. Great industrial inter-
sts for these OFETs come from their potential applications in
ow-cost electronic circuits such as large area and flexible displayer,
ctive-matrix electronic-paper, and smart cards and price tags
2–11]. Despite that the performance of organic semiconductor-
ased FETs achieved thus far can still not completely compete

ith the widely utilized inorganic analogues, significant progress
as been made in the past two decades in this field. In addi-
ion to paying great efforts in continuously searching for novel
rganic semiconductors with good OFET performance, understand-
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ing the relationship between molecular structure, crystal packing,
and device performance still remains a great challenge for chemists
and material scientists.

Among various organic semiconductors, artificial phthalocya-
nine derivatives have been the focus of the most intensively studied
small molecule organic semiconductor [12–19]. In good contrast,
porphyrins as another species of the most important tetrapyrrole
derivatives have been relatively less investigated for their semi-
conducting properties. Despite the investigation over the semi-
conductor properties of some peripherally substituted porphyrin
compounds via indirect pulse-radiolysis time-resolved microwave
conductivity technique (PR-TRMC) as early as in 1991 [20], fabri-
cation of OFET devices from porphyrin compounds still remains
rare, limited to very few scaffolds such as 2,3,7,8,12,13,17,18-
octaethyl-porphyrin and tetrabenzoporphyrin derivatives with

planar molecular structure. In 2003, Noh et al. fabricated the
epitaxially grown crystalline film of 2,3,7,8,12,13,17,18-octaethyl-
porphyrinato platinum PtOEP into OFETs [21]. Later, Minari et al.
fabricated a series of 2,3,7,8,12,13,17,18-octaethyl-porphyrinato
metal complexes MOEP (M = Co, Cu, Zn, Pd) into single crystal-based

ghts reserved.
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Table 1
Crystallographic data for H2TPOPP.

Compound
Formula C64H70O4N4

Mr 959.24
Crystal size [mm3] 0.20 × 0.15 × 0.10
Crystal system Monoclinic
Space group P21/c
a [Å] 14.27(3)
b [Å] 16.52(3)
c [Å] 12.43(2)
˛ [◦] 90.00
ˇ [◦] 93.58(3)
� [◦] 90.00
V [Å3] 2924(9)
Z 2
F(0 0 0) 1028
�calcd [mg m−3] 1.090
� [mm−1] 0.068
� range [◦] 1.89 to 25.00
Total no. of reflns. 21326
No. of indep. reflns. 4409 (Rint = 0.0320)
Parameters 290
R1 [I > 2�(I)] 0.0706
cheme 1. Schematic molecular structure of metal free tetrakis(4-
entyloxyphenyl)porphyrin H2TPOPP.

FET devices, with the largest carrier mobility of 0.20 cm2 V−1 s−1

btained from CoOEP single crystal [22]. Since 2004, several groups
ave studied the performance of OFET devices fabricated from
etrabenzoporphyrin derivatives MTBP (M = 2H, Ni, Cu) using a
oluble precursor method [23–29]. Until 2008, Che et al. fabri-
ated OFETs from a series of porphyrinato platinum complexes and
ried to establish correlation between the peripheral substituents,
lm structure, and charge mobility [30]. It is worth noting that
he carrier mobility for hole recorded for the porphyrin-based
FET devices is about in the range of 10−6 to 10−1 cm2 V−1 s−1.
urprisingly, the device fabricated from the spin coating film of
etal free 5,10,15,20-tetra(phenyl)porphyrin, H2TPP, was revealed

o exhibit carrier mobility for hole as high as 0.007 cm2 V−1 s−1

31]. To the best of our knowledge, this is the sole report on the
etra(aryl)porphyrin-based OFETs. Despite the lack of any infor-

ation about the molecular structure and packing in their spin
oating film, it appears that the four bulky aryl groups attached
t the meso positions of porphyrin ring with a large dihedral
ngle with respect to the central conjugated porphyrin ring in
etra(phenyl)porphyrins does not prevent effective �–� interac-
ion between neighboring H2TPP molecules according to Checcoli
t al.

To get insight into the semiconducting nature of
etra(aryl)porphyrin derivatives, in the present paper, we
escribe the fabrication of OFETs from single crystals of
etal free 5,10,15,20-tetrakis(4-pentyloxyphenyl)porphyrin
2TPOPP (Scheme 1). These single crystal-based devices were

evealed to exhibit relatively high carrier mobility for hole of
.8 × 10−3 cm2 V−1 s−1 in the direction parallel to the aromatic
orphyrin ring. Single crystal X-ray diffraction analysis reveals that
etal free porphyrin molecules form a two-dimensional planar

upramolecular structure in a head-to-tail manner along the b-axis
irection through C–H· · ·O interaction between oxygen atom and
yrrole hydrogen atom as well as p(O)–�(phenyl) interaction
etween the meso-attached phenyloxy groups of neighboring
orphyrin molecules in the single crystal. This results in effec-
ive intermolecular interaction between neighboring porphyrin

olecules due to the significant participation of meso-attached

henyloxy substituents to the HOMO of central porphyrin core as
erified by the DFT analysis, in the direction parallel to the conju-
ated porphryin ring, and in turn is responsible for the relatively
igher carrier mobility for hole in the single crystal. Density func-
wR2 [I > 2�(I)] 0.2059
Goodness of fit 1.077

tional theory (DFT) calculation also reproduces the experimentally
revealed charge transport property of this compound in terms of
carrier mobility for hole in single crystals. The present work, rep-
resenting our continuous efforts in understanding the relationship
between molecular structure, crystal packing, and OFET perfor-
mance of tetrapyrrole organic semiconductors [16–19,32,33],
will be helpful for attracting further research interests over the
semiconducting properties of porphyrin derivatives, in particular
tetra(aryl)porphyrin compounds for OFET applications.

2. Experimental

2.1. Materials

All reagents and solvents were used as received. The metal free
porphyrin H2TPOPP was prepared according to the published pro-
cedure [34]. Single crystals of this compound were obtained by
diffusion of methanol into the chloroform solution of H2TPOPP.

2.2. X-ray crystallographic analyses of H2TPOPP

Crystal data and details of data collection and structure refine-
ment are given in Table 1. Data were collected on a Bruker SMART
CCD diffractometer with an Mo K˛ sealed tube (� = 0.71073 Å) at
293 K, using a ω scan mode with an increment of 0.3◦. Prelimi-
nary unit cell parameters were obtained from 45 frames. Final unit
cell parameters were obtained by global refinements of reflections
obtained from integration of all the frame data. The collected frames
were integrated using the preliminary cell-orientation matrix. The
SMART software was used for collecting frames of data, index-
ing reflections, and determining lattice constants, SAINT-PLUS was
used for integration of intensity of reflections and scaling, SADABS
was used for absorption correction [35], and SHELXL was used for
space group and structure determination, refinements, graphics,
and structure reporting [36]. CCDC-715535 contains the supple-

mentary crystallographic data for this article. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk/data request/cif.

http://www.ccdc.cam.ac.uk/data_request/cif
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.3. Measurements

1H NMR spectra were recorded on a Bruker DPX 300 spectrom-
ter (300 MHz) in CDCl3 using the residual solvent resonance of
HCl3 at 7.26 ppm relative to that of SiMe4 as internal reference.

R spectra were recorded as KBr pellets using a Bio-Rad FTS-165
pectrometer with 2 cm−1 resolution. Electronic absorption spec-
ra were recorded on a Hitachi U-4100 spectrophotometer. SEM
mages were obtained using a HITACHI S-520 scanning electron

icroscopy. For SEM imaging, Au (1–2 nm) was sputtered onto the
ubstrate to prevent charging effects and to improve the image
larity. Electrochemical measurements were carried out with a
AS CV-50W voltammetric analyser. The cell comprised inlets

or a glassy carbon disk working electrode of 3.0 mm in diame-
er and a silver-wire counter electrode. The reference electrode
as Ag/Ag+ (0.01 mol dm−3), which was connected to the solution

y a Luggin capillary whose tip was placed close to the working
lectrode. It was corrected for junction potentials by being ref-
renced internally to the ferrocenium/ferrocene (Fc+/Fc) couple
E1/2 (Fc+/Fc) = 0.50 V versus SCE]. Typically, a 0.1 mol dm−3 solu-
ion of [Bu4N][ClO4] in CH2Cl2 containing 0.5 mmol dm−3 of sample
as purged with nitrogen for 10 min, then the voltammograms
ere recorded at ambient temperature. The scan rate was 20 and

0 mV s−1 for CV and DPV, respectively. The electric characteris-
ics of these devices were measured in air. The current–voltage
haracteristics were obtained with a Hewlett-Packard (HP) 4140B
arameter analyser at room temperature. Substrates used in the
resent study were successively cleaned with pure water, acetone,
nd ethanol.

. Results and discussion

.1. X-ray single crystal structure

Metal free 5,10,15,20-tetrakis(4-pentyloxyphenyl)porphyrin
ith four 4-pentyloxyphenyl groups at the meso positions of por-
hyrin ring, H2TPOPP, was synthesized from the reaction between
-pentyloxybenzaldehyde and pyrrole in propinonic acid follow-

ng the published procedure [34]. The newly prepared porphyrin
ompound was characterized with a wide range of spectroscopic
ethods including 1H NMR, electronic absorption, and IR spec-

roscopy (Supporting information). Diffusion of methanol into
he chloroform solution of this compound yielded large size
ozenge shaped shiny purple crystals with 0.1–1.5 mm in length,
.1–1.5 mm in width, and 10–30 �m in thickness. The crystal and

olecular structure of this metal free porphyrin derivative were

etermined by single crystal X-ray diffraction analysis. H2TPOPP
rystallizes in the monoclinic system with a P21/c space group
ith two molecules in a unit cell. The crystal data are summarized

n Table 1. Fig. S4 (Supporting information) shows the molecu-

Fig. 2. (A) Schematic diagram for the porphyrin single crysta
Fig. 1. Crystal packing diagram for H2TPOPP in the direction parallel to the por-
phyrin ring.

lar structure of H2TPOPP, from which its tetrapyrrole nature and
molecular dimension are clearly revealed.

As revealed in the crystal packing diagram of this metal free por-
phyrin H2TPOPP [Figs. 1 and S5 (Supporting information)], metal
free porphyrin molecules first form a two-dimensional planar
supramolecular structure parallel to porphyrin ring in a head-to-
tail manner along the b-axis direction through C–H· · ·O interaction
between oxygen atom and pyrrole hydrogen atom as well as
p(O)–�(phenyl) interaction between the meso-attached phenyloxy
groups of neighboring porphyrin molecules in the single crys-
tal, leading to a very short separation between the neighboring
metal free porphyrin molecules with the phenyloxy–phenyloxy
distance of 3.368 Å. Nevertheless, in the direction perpendicular
to the porphyrin ring, these two-dimensional planar supramolecu-
lar structures further stack into a three-dimensional face-to-face
stacking supramolecular structure depending on weak C–H· · ·�
interaction. In this three-dimensional supramolecular structure,

the separation between the two C2 axes of the two closest H2TPOPP
units in two neighboring planar two-dimensional supramolecu-
lar structures is 8.931/9.438 Å, indicating the lack of any �–�
overlapping between these porphyrin rings in the neighboring
two-dimensional planar supramolecular structures on the basis of

l-based OFET device and (B) the SEM image of a device.
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Table 2
Half-wave redox potentials of H2TPOPP in CH2Cl2 containing 0.1 M TBAP.

Compound Oxd2 Oxd1 Red1 Red2
a 	E◦

1/2
b

H2TPOPP 1.06 0.85 −1.21 −1.59 2.06
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and S5 (Supporting information)]. As a consequence, the favorable
a Recorded by DPV.
b 	E◦

1/2 is the potential difference between the first oxidation and first reduction
rocesses, i.e. the HOMO–LUMO gap of corresponding molecule.

olecular dimension. As a consequence, growing in this direction
or single crystals during the crystallization process is also limited.
s confirmed by the single crystal X-ray analysis result, the longi-

udinal direction of the crystals for H2TPOPP is actually in a parallel
anner with the conjugated porphyrin ring (Fig. 1). On the basis of

abrication of single crystal-based OFET device as detailed in Fig. 2,
he electrical conduction was actually measured in the direction
arallel instead of perpendicular to the conjugated porphyrin ring.

.2. Electrochemical properties

The electrochemical behavior of H2TPOPP was investigated by
yclic voltammetry (CV) and differential pulse voltammetry (DPV)
n CH2Cl2. This compound displays two one-electron oxidations
abeled as Oxd1 and Oxd2 and two one-electron reductions labeled
s Red1 and Red2 within the electrochemical window of CH2Cl2.
he separation between the reduction and oxidation peak poten-
ials for each process is 65–90 mV. The half-wave redox potential
alues vs. SCE are summarized in Table 2. On the basis of the elec-
rochemical result, the HOMO and LUMO energy for this metal free
orphyrin compound are −5.77 and −3.71 eV, respectively. As can
e seen, the HOMO of H2TPOPP well matches the Fermi energy level
f gold (−5.1 eV), indicating the relatively easy hole injection from
he Au source electrode to the crystal of H2TPOPP [37].

.3. OFET properties

The OFET devices based on individual single crystal of H2TPOPP
ith millimeter size were fabricated on bare Si/SiO2 substrates
ith top contact configuration (Fig. 2) [38]. The heavily doped sil-

con layer functioning as the gate electrode and Au thin films as
he source/drain electrodes were thermally evaporated onto the
2TPOPP single crystal by use of a shadow mask. The electrodes
ave width (W) of 1.28 mm (depending on the size of the single
rystal) and channel length (L) of 55 �m. The SiO2 dielectric layer of
00 nm is of a capacitance per unit area of 10 nF cm−2. All the prop-
rties of the transistors were measured with a source/drain current
long the longest dimension of the crystal which is actually parallel
o the conjugated porphyrin ring according to the X-ray diffraction
nalysis. The devices were dried in vacuum at room temperature
or 24 h before electronic testing, which was carried out at ambient
emperature and open to air.

The OFET devices show typical p-channel characteristic as
hown in Fig. 3. It is worth noting that even using Au as the
ource/drain electrodes, a relatively large electron injection bar-
ier and therefore some contact resistance still existed as videnced
y slight curvatures seen at low Vds in the output plot of the OFET
evice [39]. The carrier mobility (�) was calculated by using the sat-
ration region transistor equation, Ids = (W/2L)�C0 (Vg−Vt)2, where

ds is the source–drain current, Vg the gate voltage, C0 the capac-
tance per unit area of the dielectric layer, and Vt the threshold
oltage [40]. Experimental results indicate that on the bare SiO2/Si

ubstrate, the devices fabricated from H2TPOPP single crystal dis-
lay relatively good OFET performance with the carrier mobility
or hole of 1.8 × 10−3 cm2 V−1 s−1, current modulation of 104, and
hreshold voltage of −14.5 V.
Fig. 3. Drain–source current (Ids) versus drain–source voltage (Vds) characteristic at
different gate voltage (A) and transfer characteristic at Vds = −100 V and (B) for the
OFET of H2TPOPP on the bare SiO2/Si substrate.

3.4. DFT calculations

To understand the charge transport property of H2TPOPP in sin-
gle crystal, DFT calculation on the electronic coupling between the
HOMO orbitals of dimeric molecules connected in a head-to-tail
manner in the two-dimensional planar supramolecular structure
in single crystal of H2TPOPP was carried out (Fig. 4). As can be
seen, in addition to distributing over the central conjugated macro-
cycle ring, the HOMO of H2TPOPP also distributes on the phenyl
group and oxygen atom of the 4-pentyloxyphenyl substitutents,
leading to an effective coupling over the HOMO orbitals between
neighbouring H2TPOPP molecules through phenyl group and oxy-
gen atom of the 4-pentyloxyphenyl substitutents along the b-axis
direction in the planar two-dimensional supramolecular structures
in the single crystal. As clearly shown in Fig. 4, the orbital nodes
distributed on the oxygen atom and the carbon atom of phenyl
group connected with the oxygen atom in one H2TPOPP molecule
display bonding interaction with the orbital nodes of correspond-
ing atoms of the neighbouring H2TPOPP molecule due to their close
distance and more importantly the appropriate orientation of the 4-
pentyloxyphenyl groups. In addition, the orbital nodes distributed
on the two oxygen atoms of H2TPOPP dimer in the direction perpen-
dicular to b-axis in the planar two-dimensional plane is also of some
electron coupling, which however is much weaker in comparison
with that in the b-axis direction due to their much larger separa-
tion and inappropriate orientation. In good contrast, there is almost
no electronic coupling between porphyrin molecules in different
planar two-dimensional supramolecular structures due to the rela-
tively large plane-to-plane separation and in particular completely
slipping between porphyrin molecules of different plane [Figs. 4
transfer route for hole in the single crystal of H2TPOPP is along
the b-axis direction in the planar two-dimensional supramolecu-
lar structure depending on the effective intermolecular interaction
in the head-to-tail manner instead of �–� stacking manner in the
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ig. 4. Schematic diagram of the electronic coupling for the HOMO of H2TPOPP
olecules in the single crystal in the planar two-dimensional supramolecular

tructure (A) and between neighboring planar two-dimensional supramolecular
tructure (B).

ingle crystal.
To have a quantitative insight into the charge mobility for hole

f H2TPOPP single crystal, the electronic couplings (V) and the
harge transfer mobility for hole of H2TPOPP is also calculated on
he basis of its single crystal structure using an incoherent hop-
ing model [41]. According to the calculation result, the vertical

onization energy (IEv) and vertical electronic affinity (EAv) for
2TPOPP are 5.706 and 0.978 eV, respectively. It is well known

hat molecular compounds with large vertical electron affinity EAv

ill show advantage as n-type organic semiconductor in terms
f charge injection while those with small IEv favor p-type semi-
onductor [42,43]. In particular, according to Newman et al. [44],
olecular materials with the electronic affinity locating in the

ange of 3.0–4.0 eV, which is close to the work function of gold
lectrode (around 5.1 eV), can ensure efficient electron injection
rom gold electrode and therefore act as good n-type semiconduc-
or for OFETs. In the present case, the vertical ionization energy of
2TPOPP is obviously much closer to the work function of gold elec-

rode (around 5.1 eV) than its vertical electronic affinity, indicating
he easier hole injection but harder electron injection from the gold
ource electrode into semiconductor layer composed of H2TPOPP
hen being fabricated into OFETs. This in turn suggests the better p-

ype semiconducting property over n-type of this compound. This
orresponds well with the experimental findings that the H2TPOPP
ingle crystal-based OFET devices display relatively higher carrier
obility for hole as described above. The calculated reorganiza-

ion energy for hole (�+) transfer processes of H2TPOPP is 0.234 eV.
ith its X-ray single crystal structure, the charge transfer integrals
etween one randomly selected molecule and all its possible neigh-
ors are calculated in Table S1 (Supporting information). According
o the calculation result, among all the possible routes the largest
ransfer integral for hole in H2TPOPP single crystal occurs in the

[

[
[
[

s 160 (2010) 510–515

two neighbouring molecules along b-axis, amounting to 2.531 meV
[Fig. S6 (Supporting information)]. The intrinsic mobility for hole
(�+) is therefore 2.7 × 10−3 cm2 V−1 s−1. This calculation result is
also in good accordance with the experimentally revealed one,
1.8 × 10−3 cm2 V−1 s−1.

4. Conclusions

In summary, novel organic field effect transistors were fabri-
cated from H2TPOPP single crystals, which exhibit relatively high
carrier mobility, in the direction parallel to the aromatic porphyrin
ring, and current modulation value. In particular, single crystal X-
ray diffraction analysis reveals the close intermolecular interaction
in the direction parallel to the conjugated porphryin ring through
C–H· · ·O interaction between oxygen atom and pyrrole hydrogen
atom as well as p(O)–�(phenyl) interaction between the meso-
attached phenyloxy groups of neighboring porphyrin molecules
in the single crystal, which in turn results in the effective charge
transport along the b-axis direction. The present work, representing
our continuous efforts in understanding the relationship between
molecular structure, crystal packing, and OFET performance of
tetrapyrrole organic semiconductors, will be helpful for attract-
ing further research interest over the semiconducting properties
of porphyrin derivatives, in particular tetra(aryl)porphyrin com-
pounds for OFET applications.
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