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Film Structure and Charge Mobility
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Abstract: Organic field-effect transis-
tors incorporating planar m-conjugated
metal-free macrocycles and their metal
derivatives are fabricated by vacuum
deposition. The crystal structures of
[H,(OX)] (H,OX=etioporphyrin-I),
[Cu(OX)], [Pt(OX)], and [Pt(TBP)]
(H,TBP =tetra-(n-butyl)porphyrin) as
determined by single crystal X-ray dif-
fraction (XRD), reveal the absence of
occluded solvent molecules. The field-

thin films of all these metal-free mac-
rocycles and their metal derivatives
show a p-type semiconductor behavior
with a charge mobility (u) ranging
from 107° to 107! cm?V~'s™". Annealing
the as-deposited Pt(OX) film leads to
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the formation of a polycrystalline film
that exhibits excellent overall charge
transport properties with a charge mo-
bility of up to 32x107'cm?’V~'s7!,
which is the best value reported for a
metalloporphyrin. Compared with their
metal derivatives, the field-effect tran-
sistors made from thin films of metal-
free macrocycles (except tetra-(n-pro-
pyl)porphycene) have significantly
lower u  values  (3.0x107°-3.7x

effect transistors (FETs) made from

Introduction

Interest in organic thin-film transistors (OTFTs) has grown
dramatically over recent years because of their potential
practical applications in active-matrix backplanes for flexi-
ble displays, sensors, and memory devices.! In this regard,
there has been a considerable interest in the design and syn-
thesis of planar m-conjugated molecules such as pentacene,”
oligothiophene,® arylacetylene,® indolo-[3,2-b]-carbazole,”!
tetrathiafulvalene,’® and perylene,l”! for uses in OTFT fabri-
cation. The intermolecular arrangements of these organic
molecules, in each case, are dominated by m--m stacking in-
teractions, leading to the formation of highly oriented poly-
crystalline films with good charge transport properties. Re-
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cently, transition-metal complexes have been demonstrated
to be an alternative source of new materials for the develop-
ment of organic field-effect transistors.®) A notable example
is copper(IT) phthalocyanine abbreviated as Cu(Pc), which
has been extensively used in OTFT fabrication, for which a
maximum hole charge mobility of 107> cm*V~'s™! has been
achieved.® Noro et al. recently reported the construction of
a field-effect transistor made from a nickel(II) complex with
a o-diiminobenzosemiquinonate ligand, which has a compa-
rable charge mobility of 3.8x 1072 cm?V~'s~L.B! In the litera-
ture, there are few studies on field-effect transistors made
from porphyrins,”) metalloporphyrins, and related deriva-
tives,'”! despite the fact that these m-conjugated compounds
and metal complexes have a variety of applications such as
in organic light-emitting diodes (OLEDs),!""! as luminescent
oxygen sensors,'”! as phosphorescent probes,' and in pho-
tovoltaic cells.'¥! Porphyrins and metalloporphyrins are
robust, easily prepared, and have varying electronic struc-
tures and interesting excited-state properties."” The report-
ed field-effect transistors made from thin film of 5,10,15,20-
tetra-(phenyl)porphyrin®? and platinum(IT)
2,3,7,8,12,13,17,18-octaethyl-21 H,23 H-porphyrin Pt(OEP)!'"
exhibited a moderate charge mobility of 7.0x
102 em?V~!s7! and 2.2x107* em?*V~!s7!, respectively. How-
ever, when Pt(OEP) film was used as a phosphorescent
dopant for a red light OLED, a low charge mobility of
10 cm®*V-!s™' was observed.'"'* Herein, we described a
series of field-effect transistors made from thin films of
metal-free porphyrins and related macrocyclic compounds:
etioporphyrin-I  [H,(OX)], 2,3,7,8,12,13,17,18-octaethyl-
21H23H-porphine [H,(OEP)], phthalocyanine [H,(Pc)],
2,7,12,17-tetra-(n-propyl)-porphycene  [H,(TPrPc)], and
5,10,15,20-tetra-(n-butyl)-porphyrin [H,(TBP)], as well as
their metal(IT) derivatives (Pt, Ni, and Cu) (Scheme 1). We
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the X-ray crystal structures that
did not contain occluded sol-
vent molecules were used. In
this regard, the data from the

Na=ys =N .
g f Pr Bu B previously reported X-ray crys-
BT Me & tal structures of M(OEP) (M=
H,0XM=2H H,OEP M=2H HPo M =2H H,TPrPo M= 2H H,TBP M =2H Pt, Ni, Cu, and H,),'"*") M(Pc)
M(OX) M= Pt, Ni, Cu MOEP) M = Pt, Ni, Cu M Pc) M =Pt, Cu M(TPrPc) M= Pt MTBPIM= Pt

Scheme 1. Structures of the metal-free porphyrins and their metal derivatives.

also describe their charge transport properties following an-
nealing treatment of the as-deposited thin films at 60—
120°C. Using single crystal X-ray structures and grazing in-
cidence X-ray diffraction data, we have examined the effects
of peripheral substituents on porphyrin ligands and com-
plexed metal ions on the film structure and charge mobility
of the as-fabricated field-effect transistors. A high-perfor-
mance top-contact field-effect transistor made from an an-
nealed Pt(OX) film exhibited a charge mobility of up to
32x107' ecm?*V~'s™!, which is the best value for metallopor-
phyrin materials reported in the literature. Both packing of
molecules and film morphology (continuity and crystal
grain) are important parameters in determining the overall
charge transport properties of organic field-effect transis-
tors.

Results and Discussion

Detailed procedures for the synthesis of H,(TBP) and H,-
(TPrPc), as well as for metalloporphyrins M(OX), M(OEP)
(M =Pt, Ni, Cu), Pt(Pc), Pt(TBP), and Pt(TPrPc) studied in
this work are given in the Supporting Information. The iso-
lated yields of all the metal complexes were 70~80%. The
preparation of single crystals of H,(OX), Cu(OX), Pt(OX)
suitable for X-ray crystal structure determination proved to
be a difficult task, as either a fine powder sample or twinned
crystals were frequently encountered. We found that slow
evaporation of CHCI,;/CH,Cl, solutions of these compounds
or metal complexes gave tiny air-stable crystals (with a max-
imum dimension <200 pm), from which fine-needle
[H,(OX) and Cu(OX)] or thin-plate Pt(OX) crystal habit
was observed. To establish the arrangement of molecules in
the as-deposited and annealed polycrystalline films of
Pt(0X), Cu(OX), H,(OX), and Pt(TBP), only the data from

Abstract in Chinese:
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(M=Pt, Cu, and H,),”™ H,-
(TBP)," and M(TPrPc) (M=
Pt, H,)?4 were used.

X-ray Crystal Structures

The crystal data of Pt(OX), Cu(OX), H,(OX), and Pt(TBP),
and selected bond distances/angles are listed in the Support-
ing Information, Tables S1 and S2. Figure 1 depicts the mo-
lecular structure of Pt(OX) and the packing of Pt(OX) mol-
ecules. The Pt atom is roughly coplanar with the mean plane
of the porphyrin macrocycle. Owing to the presence of
mirror and rotation symmetries, each asymmetric unit con-
tains one-eighth of the Pt(OX) molecule, and the Pt atom
lies on a special position (‘4,'/,'%). All four pyrrole-ring
moieties of each Pt(OX) molecule simultaneously have in-
termolecular st interactions (3.409 A) with its neighbors
along the three crystallographic directions. This results in a
n-stacked molecular arrangement that enables a close pack-
ing in the X-ray crystal structure. The Pt(OX) molecules
crystallized in a tetragonal space group of /4,/amd (No. 141)
that is isomorphic to Ni(OX).®! The Pt—N distances of
1.94(1) A are shorter than those of Ni—N distances found in
Ni(OX) (1.957 A) and Pt(OEP) (2.012 A)."Y Because of the
lattice symmetry imposed on Pt(OX), the methyl and ethyl
substituents were regarded as statistically disordered moiet-
ies. There are no direct metal---metal interactions, as re-
vealed by the shortest non bonded Pt---Pt contacts of
7.952(1) A.

Similar columnar-like m-stacked arrangements of Cu(OX)
or H,(OX) molecules with weak m--m interactions (3.500-
3.532 A for Cu(OX) and 3.485-3.583 A for H,(OX)) have
been found in their respective X-ray crystal structures (Sup-
porting Information, Figures S1 and S2). Each columnar
stack of Cu(OX) molecules is laterally segregated and ex-
tends along one direction of the X-ray crystal structure.
There are non bonded Cu--C distances of 3.42 A, as found
in the X-ray crystal structure of Cu(OX). The Cu atom is
coplanar with the mean plane of porphyrin macrocycle and
the Cu atom lies on the inversion center so that half of the
molecule is contained per asymmetric unit. The Cu—N dis-
tances of 1.988(5) A and 2.018(4) A are slightly longer than
those of 1.944 A and 1.997 A for Cu(OEP)."¥ A non centro-
symmetric arrangement is noted for H,(OX), and the four
methyl carbons of the ethyl substituents are displaced by ap-
proximately 1 A above or below the mean plane of the por-
phyrin macrocycle. Such an arrangement results in a slightly
curved molecular conformation with the dihedral angles, be-
tween the two mean planes of adjacent pyrrole rings of the
molecule, being 1.2-7.4° (Supporting Information Table S2).

Chem. Asian J. 2008, 3, 1092-1103
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Figure 1. ORTEP drawing (30 % probability ellipsoids) of Pt(OX). Owing to the mirror and rotation symmetry
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b in each case. Compared with
the reported X-ray crystal
structures of Pt(TPP)Z* and
Pt(F, TPP)*! (H,TPP =meso-
tetraphenylporphyrin and
H,F,sTPP =perfluorinated
meso-tetraphenylporphyrin), Pt-
(TBP) adopts a less ruffled con-
formation, as evidenced by the
small dihedral angles (0.1-1.2°)
between the two mean planes
of adjacent pyrrole rings of the
molecule (Supporting Informa-
tion, Table S2).

n...® interaction with
upper molecular stack
(not shown)

L . g

of the crystal lattice, the four CH; moieties (C5, C5A, C5B, and C5C) of the ethyl substituents are statistically
disordered (left). Perspective views of the packing of Pt(OX) molecules, showing that the weak - stacking

interactions (3.409 A) (dotted lines) extending along three principle crystallographic directions effectively ena-

bles a close molecular packing (right).

Figure 2 shows a perspective view of the packing of Pt-
(TBP) molecules in a herringbone-like arrangement. The
axial sites of each Pt atom interact weakly with two neigh-
boring pyrrolic C-H hydrogen atoms [Ptl (x, y, z) -H3'—C3’
(x, o=y, 'h+2) and Ptl (x, 3 2)-H'-C" (=x, “h+y,
—!/,—z)] with a non bonded Pt--H distance of 2.871 A and a
Pt---H—C angle of 168.2°. This type of weak interaction may
be classified as a non agostic C—H--M interaction.”*! Neigh-
boring Pt(TBP) molecules are roughly orthogonal to each
other. The shortest centroid-to-centroid distance between
adjacent Pt(TBP) molecules is 7.918(1) A, precluding any
Pt--Pt interactions. The Pt—N distances of 2.024(3) A and
2.027(3) A are comparable to that of the other platinum(II)
meso-substituted porphyrins.”! In the literature, a similar
herringbone-like packing of molecules has previously been
reported in the X-ray crystal structure of H,(TBP).2"! The
X-ray crystal structures of Pt(TBP) and H,TBP reveal no in-
termolecular -7 interactions because the shortest non
bonded neighboring C--C distances are greater than 4.0 A

PXRD and GIXRD Patterns

The crystalline-phase purity of

the as-synthesized and pur-
chased organic compounds and metal complexes studied in
this work were verified by powder X-ray diffraction
(PXRD). The experimental PXRD patterns of Pt(OX),
Cu(0OX), H,(0X), and Pt(TBP) generally match the corre-
sponding simulated PXRD patterns using the data of single
crystal X-ray structures (Supporting Information Figure S3).
There are small variations in the relative peak intensities at-
tributed to an effect of preferred orientation caused by the
crystallite-shape anisotropy.

Figure 3 shows the grazing incidence X-ray diffraction
(GIXRD) pattern of the Pt(OX) film before and after the
annealing treatment at 60°C and 80°C, as well as a pro-
posed orientation of the molecules in the thin film annealed
at 80°C. Prior to the annealing treatment, there are two dif-
fraction peaks with 20 values at 7.47° and 8.25°, indicating
that two molecular orientations with d spacing values of
11.85 A and 10.74 A, respectively, were present. When the
as-deposited Pt(OX) film was annealed at 60°C, the ratio of
the area of these two peaks changed from 60:40 to 53:47.

Intermolecular non-bonded Pt ... H-C contacts

>
AN

[
H3" and C3"— "

H3 and C3 .-
\JRad

Figure 2. ORTEP drawing (30% probability) of Pt(TBP) (left). Perspective view of a ‘herringbone-like’ arrangement of Pt(TBP) molecules with weak
Pt--H—C interactions (e. g. Pt1---H3’ distance =2.871 A, dotted lines and Pt1-+-H3'—C3’ angle =168.2°, symmetry code: x, y, z for Pt1, H3 and C3; —x, —y,
—z for H3a and C3a; x, ',—y, '/, +z for H3 and C3’; —x, '/, +y, —'/,—z for H” and C3") (right).
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ed position (9.135°) of the [010]
Miller plane of the X-ray crys-
tal structure of H,(OX), it sug-

Substrate

gests that the H,(OX) mole-

cules were aligned in a colum-
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which the [010] Miller plane
was parallel to the plane of the
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Figure 3. GIXRD patterns of the as-deposited Pt(OX) film before (a) and after annealing treatment at
60°C (b) and at 80°C (c). The numerical values indicate the peak positions (°) in the 26 scale (left). The front
and side views of a proposed packing of Pt(OX) molecules in the thin film being annealed at 80°C. The
Pt(OX) molecules are coherently oriented along the [101] Miller plane of the X-ray crystal structure at an

angle of 40° with the plane of the substrate (right).

The two peak positions were slightly right-shifted, and an
additional weak peak at 9.32° appeared. When this thin film
was further annealed at 80°C, the diffraction peaks at 7.60°
and 8.43° completely disappeared, whereas the intensity of
the diffraction peak at 9.32° dramatically increased, and
three additional high-order diffraction peaks with 20 values
at 16.55°, 22.07°, and 28.33° developed. These four diffrac-
tion peaks match the calculated positions of 9.36°, 16.71°,
22.43°, and 28.34° for the respective [101], [112], [103], and
[303] Miller planes of the X-ray crystal structure of Pt(OX).
As the diffraction peak at 9.32° is the strongest, and is close
to the calculated position (9.36°) of the [101] Miller plane,
the Pt(OX) molecules in the thin film annealed at 80°C are
coherently aligned, and the mean plane of each Pt(OX)
molecule forms an angle of approximately 40° with the
plane of the substrate.

A similar m-stacked arrangement of metalloporphyrin
molecules has also been found in the Ni(OX) film that was
annealed at 140-160°C (Supporting Information, Figure S4).
However, the m-stacked molecular arrangement was minor
as most of Ni(OX) molecules were packed with a lamellar
d spacing value of 12.30 A, as shown by the strong diffrac-
tion peak with a 20 value of 7.20°. Subjecting the as-deposit-
ed Cu(OX) film to the same annealing treatment at 60—
160°C did not induce any structural transition, and the posi-
tion of the two diffraction
peaks (20=7.43° and 8.65°) re-
mained unaltered, whereas the
peak intensities decreased with
annealing temperature. In the
case of Hy(OX), there were two ™
diffraction peaks with 20 values
of 6.73° and 9.09° in the as-de-
posited film (Supporting Infor- e —
mation, Figure S5). After the

| 799

[/au.
%

Substrate

substrate. When the H,(OX)
film was further annealed at
140°C, the diffraction peak at
9.09° broadened.

The peripheral substituents
on the porphyrin macrocycle
significantly affects the packing
of molecules in the thin film
prepared by a deposition method. Figure4 shows the
GIXRD patterns of the as-deposited M(OEP) films (M =Pt,
Ni Cu, and H,) as well as a proposed packing of molecules
in the as-deposited films. The GIXRD pattern for the as-de-
posited M(OEP) films (M =Pt, Ni Cu, and H,) individually
displayed a single diffraction peak with 26 value near 7.98°,
that matched the calculated peak positions (7.930° and
7.928°) of the [110] Miller plane of the X-ray crystal struc-
tures of Ni(OEP) and Cu(OEP),"'! but significantly devi-
ated from that of 8.891° for the [001] Miller plane, and that
of 8.312° for the [010] Miller plane of the X-ray crystal
structures of Pt(OEP)!'! and H,(OEP),™ respectively.
Based on this finding, a columnar n-stacked arrangement of
M(OEP) molecules (M =Pt, Ni, Cu, H,) is expected in these
as-deposited films, and these m-stacked M(OEP) molecules
were oriented at an angle of approximately 55° from the
plane of the substrate. When these thin films were annealed
at 140°C, both the peak position and intensity of the single
diffraction peak at 7.98° showed little change.

Figure 5 shows the GIXRD pattern of the as-deposited
Pt(TBP) and H,(TBP) films and a proposed packing ar-
rangement of Pt(TBP) molecules in the as-deposited film.
The as-deposited Pt(TBP) film was well-ordered with high
crystallinity. The Pt(TBP) molecules are proposed to stand
on the substrate because the two observed diffraction peaks

s front view
[110]

a0
d=11.004

c)

Substrate

annealing treatment at 100°C,

T T
5 10 15
28/°

the peak at 6.73° disappeared
and the intensity of the peak at
9.09° increased with a small

b) [170] side view
N h / /
# ™ |“" Substrate |

Figure 4. GIXRD patterns of the as-deposited M(OEP) films M =Pt (a), Ni (b), Cu (c), and H, (d). The num-

bers indicate the peak positions (°) in the 20 scale (left). The front and side views of a proposed packing of M-

right-shift of 0.13°. As the peak
at 9.09° is close to the calculat-
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(OEP) molecules (M =Pt, Ni, Cu, or H,) in the as-deposited films oriented along the [110] Miller plane of the
X-ray crystal structure of Cu(OEP) at an angle of 55° with the plane of the substrate (right).

Chem. Asian J. 2008, 3, 1092-1103
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Figure 5. GIXRD patterns of the as-deposited (a) Pt(TBP) and (b) H,(TBP) films. The numbers indicate the
peak positions (°) in the 20 scale (left). The side and top views of a proposed packing of Pt(TBP) molecules in
the as-deposited film oriented along the [100] Miller plane of the X-ray crystal structure of Pt(TBP) at an
angle of 86° with the plane of the substrate. Note that the Pt(TBP) molecules are nearly orthogonal to each

other, and to the substrate (right).

with 26 values at 6.73° and 13.47° match the respective cal-
culated positions of 6.743° and 13.510° for the [100] and
[200] Miller planes of the X-ray crystal structure of Pt-
(TBP), respectively. The mean plane of each Pt(TBP) mac-
rocycle is almost orthogonal to its neighbors, leading to a
herringbone-like arrangement of Pt(TBP) molecules on the
substrate. Furthermore, the as-deposited H,(TBP) film
adopted a similar molecular packing as that observed for
the Pt(TBP) film, but the packing was less ordered as evi-
denced by the presence of a weaker diffraction peak with a
20 value near 6.64°. Subjecting the as-deposited Pt(TBP)
and H,(TBP) films to an annealing treatment at 60-160°C
did not induce any structural transition.

Further studies using GIXRD revealed that the M(Pc)
(M =Pt, Cu, and H,) molecules
adopted a similar m-stacked col-
umnar arrangement in the as-

Effect Transistors

All the m-conjugated macrocy-
clic compounds and their metal
derivatives exhibited a moder-
ate thermal stability with onset
decomposition temperatures at
around 120-350°C under an N, atmosphere. The TGA
curves of these compounds and their metal derivatives are
given in the Supporting Information, Figure S8. All the
metal-free porphyrins decomposed at temperatures above
400-650°C, whereas the metal derivatives exhibited a
weight loss of 70-85% in the temperature range of 300-
500°C, forming black residues containing either Pt-metal
particles (for the Pt-containing derivatives) or metal oxides
(CuO/NiO for the Cu/Ni-containing derivatives). The per-
formance of field-effect transistors made from thin films of
H,(OX) and its metal derivatives are summarized in
Table 1. Even without an annealing treatment, the top-con-
tact field-effect transistor made from the Pt(OX) film
showed a significantly higher charge mobility (p) of 1.1x

Table 1. Device performance of the field-effect transistors made from the as-deposited and annealed films of
H,(OX) and its metal(II) derivatives.

deposited M(Pc) films (Sup-

porting Information, Figure S6). Entry Onset decomposition  Device Annealing Chaltg.e Threshold On/F)ff
. ; temperature [°C] geometry temperature [°C]  mobility voltage [V]  Ratio
The 20 values of the single dif- [em’V s ]
. o
fraction peak near 6.78-6.90% in 7 5oy 300 Bottom contact 25 3.7x10°° 7 10°
each case, were close to that 60 6.1x10-5 4 10°
(6.74-6.87°) of the [200] Miller 80 1.1x10™ -9 10°
plane of the X-ray crystal struc- 100 3.9x 10’2 -10 10:
tures of a- and y- polymorphic 120 3'0“04 - 101
¢ ¢ Pt(Pe). and Top 25 1.1x10 -29 10
orms of Pt(Pc),”™ and compa- contact 60 1.9x10™! -16 10°
rable to that of 7.011° for the 80 32x107" -9 10°
[100] Miller plane, and 7.023° 120 1.0x10" —4 10
for the [001] Miller plane of the Cu(0OX) 300 Bottom contact 25 1.4x107* -1 10!
60 21x107* 4 10°
X-ray crystal structur[eztga] of the 80 83%10-* _10 10*
p-form of Cu(Pc) and 100 55%x107* -2 10°
H,(Pc),®! respectively. In the 120 43x10°* -1 10
case of Pt(TPrP(;) (Supporting NI(OX) 300 Bottom contact 25 1.1x1073 3 10°
-3 2
Information, Figure S7), the 20 80 2.7 107 7 10
| £ 6.94° and 6.12° of th 100 2.0x10° -23 10°
values ot ©.747 and 5.1 ol the 120 1.7x107 —34 10°
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1072ecm?V~!s7! than that of 3.7x10cm?V~'s™! for the
bottom-contact transistor. Figure 6 shows the output and
transfer characteristics of the top- and bottom-contact field-
effect transistors made from the Pt(OX) film that was an-
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104 em*V~!s7!, respectively. For the Pt(OEP), Pt(TBP),
and Pt(TPrPc) films, the charge mobility was in the range of
107* to 107> cm?V~'s~!. Even with an annealing treatment at
80°C, the H,(TBP), H,(OX), H,(OEP), Pt(Pc), and Pt-
(TPrPc) films showed no tran-
sistor performance. Upon an-
nealing up to 120°C, the in-
crease in charge mobility of
other macrocycles and their
metal derivatives was modest,
for example, Ni(OX) (x2.5
times); Cu(OX) (x 6 times); Ni-
(OEP) (x38 times); Cu(OEP)
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(x5 times); Pt(OEP) (x7.5
times); Cu(Pc) (x2.5 times);
H,(Pc) (x1.5 times); H,(TPrPc)
(x1.5 times); and Pt(TBP)
(x1.5 times). However, a de-
crease of 1.5-2.5-fold of the
charge mobility of the annealed
Cu(Pc), H,(Pc), Pt(TBP), and
H,(TPrPc) films was observed.
The charge mobility of the as-
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Figure 6. Output (left) and transfer (right) characteristics of the top-contact (channel length 30 um, channel
width 250 um, (a) and (b), and the bottom-contact (channel length 100 um, channel width 3000 pum, (c) and (d)

transistors made from the Pt(OX) film annealed at 80°C.

nealed at 80°C. There was an increase in channel current
for increasing negative gate voltages, indicative of atypical
p-channel FET behavior with saturating drain current at
high source-drain voltages. For the top- and bottom-contact
field-effect transistors made from a Pt(OX) film, the charge
mobility extracted from the saturation regime of the output
curves are 32x10'em?V~'s™ and 1.1x107' ecm?*V~'s7!, re-
spectively. The top-contact field-effect transistor made from
the annealed Pt(OX) film was analyzed using transient
measurements of the drain current, keeping the drain-
source and gate voltage constant at —40 V (Supporting In-
formation, Figure S9). The drain current decayed exponen-
tially and took several minutes to reach background level or
to completely suppress the current in the channel. This
decay was reproducible as long as the transistor was kept
unbiased in an N, glove box. The devices made from an-
nealed Pt(OX) films showed a considerably high stability
and the overall device performances did not change over a
period of six months.

Device performance of the field-effect transistors made
from thin films of M(OEP) (M=Pt, Cu, Ni, H,), M(Pc)
(M=Pt, Cu, H,), M(TPrPc), and M(TBP) (M=Pt, H,), are
given in the Supporting Information, Table S3). All of them
consistently exhibited a p-channel FET behavior. Without
an annealing treatment, the field-effect charge mobility was
found to vary over a wide range of 10°-10°cm?*V-!s.
The field-effect transistors made from Ni(OX) and Cu(OX)
films had a low optimal charge mobility of 10 and
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deposited Pt(Pc) film was lower
than those of the as-deposited
Cu(Pc) and H,(Pc) films, even
though the packing of mole-
cules in these three films were
similar, with an identical d spac-
ing value of 12.8 A.

Film Morphological Studies Using SEM

Besides molecular packing, the peripheral substituents on
Pt" porphyrins were found to affect the morphology of the
as-deposited and annealed films, which consequently altered
the charge mobility of as-fabricated field-effect transistors.
Figure 7 shows the scanning electron microscopy (SEM)
images of a polycrystalline Pt(OX) film deposited on a SiO,/
Si substrate, before and after annealing treatment at 80°C
and 120°C.

Figure 7. SEM images of the top views of the as-deposited Pt(OX) film
before (left) and after annealing treatments at 80°C (middle) and 120°C
(right).

The as-deposited Pt(OX) film was relatively smooth and
almost covered by plate-like crystallite grains sized between
50-100 nm. When this film was annealed at 80°C, the crys-
tallite grains fused together, resulting in the formation of
crack defects covering approximately 6 % of the image area.
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At 120°C, the percentage of crack defects increased to
about 18 %, which could account for the drop in charge mo-
bility from 1.1x107" to 3.0x102ecm*V~!s™! of the bottom-
contact Pt(OX) device. These crack defects may be attribut-
ed to a mismatch in thermal expansion coefficients between
the Pt(OX) film and SiO,/Si substrate.”® In contrast, the as-
deposited Ni(OX), Cu(OX), and H,(OX) films were fairly
continuous, and the percentage of crack defects increased
with annealing temperature (Supporting Information, Fig-
ure S10). It is noteworthy that rod-shaped crystallites were
obtained when the Ni(OX) and Cu(OX) films were an-
nealed at 80°C and 120°C, respectively. The reason for the
formation of such rod-like crystallites is not clear, and a
probable cause may be related to recrystallization of the hot
films upon cooling to room temperature. Crystallite grain
boundaries were formed as a result of the air gaps in the an-
nealed Ni(OX) and Cu(OX) films, and these grain bounda-
ries likely led to a 50% drop in the charge mobility
[Ni(OX): 2.7x107* (80°C)—1.7x107* (120°C); Cu(OX):
83x107* (80°C)—4.3x10™* (120°C)]. A discontinuous and
cracked film was formed when the H,(OX) film was an-
nealed at 120°C, leading to a low charge mobility.

The SEM images of the as-deposited and annealed films
made from Pt(OEP), Pt(Pc), Pt(TBP), and Pt(TPrPc) were
recorded and are provided in the Supporting Information,
Figure S11. With the exception of the Pt(TPrPc) film, all the
as-deposited Pt" films were uniformly covered with crystal-
lite grains of variable shapes/sizes. For instance, the Pt-
(OEP) film contained needle-like crystallite grains (1000—
2000 nm long, 30-50 nm wide), whereas granular-shaped
particles with average diameter of approximately 25-40 nm
and 100-140 nm were found for the Pt(Pc) and Pt(TBP)
films, respectively. The difference in the charge mobilities of
field-effect transistors made from the as-deposited Pt(OEP),
Pt(Pc), and Pt(TBP) films did not appear to correlate with
the film morphology, as all the polycrystalline films were
similarly covered with crystallite grains with a low percent-
age of insulating grain boundaries. Unlike the Pt(OX) film,
annealing the as-deposited Pt(OEP), Pt(Pc), and Pt(TBP)
films at 80°C or 120°C did not induce any morphological
change. We found that there was a considerable number of
air gaps between neighboring crystallites in the Pt(TPrPc)
film (Supporting Information, Figure S11d), which accounts
for its low charge mobility of 10> cm*V~'s™.. A higher
charge mobility of 10*cm?V's™' was observed for the as-
deposited H,(TPrPc) film fabricated under the same deposi-
tion conditions. This may be attributed to the difference in
film morphology, as the H,(TPrPc) film was completely cov-
ered with crystallite grains (Supporting Information, Fig-
ure S12).

Discussion
Although porphyrins, metalloporphyrins, and related macro-

cycles have been extensively studied over the past decades,
their utilization for fabrication of field-effect transistors has
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received less attention. Pt(OEP)-based transistor-driven
electronic devices, such as OLEDs and photovoltaic cells
have been reported to have a low charge mobility
(=107 em?V~'s71).1M14 In this work, a slight variation in the
peripheral substituents, that is from H,(OEP) to H,(OX),
can significantly alter the arrangement of Pt(Por) molecules
(H,(Por)=H,OEP and H,0X) in the as-deposited crystal-
line film, consequently leading to a dramatic increase in the
charge mobility. The charge mobility of 3.2x10 cm*V!s™!
found for the annealed Pt(OX) film-based transistor is the
highest value reported for an OTFT fabricated from a por-
phyrin or metalloporphyrin. This charge mobility is higher
than the values (0.01-0.1 cm®*V~'s™") found for the OTFTs
constructed from the Pt-containing chain complex [Pt-
(NH,dmoc),][PtCl],, [NH,dmoc=(S)-1-amino-3,7-dimethy-
loctane],*”! a-w-dialky-oligothiophenes,”* and poly(3-hex-
ylthiophene).

As the majority of as-deposited and annealed thin films
studied in this work were crystalline, with one or two strong
diffraction peak(s) at 20 values of 6.73-9.32°, the long axis
of the porphyrin molecule is found to be preferentially ori-
ented along one direction with the d spacing value at
around 9.51-13.14 A. This suggestion is consistent with the
packing of molecules found in the X-ray crystal structures of
Pt(Por) complexes (H,Por=H,O0X, H,OEP, H,TBP, H,Pc,
and H,TPrPc). Based on a chosen Miller plane of the X-ray
crystal structure and the observed molecular orientation in
the X-ray crystal structure, we propose that the molecular
orientation angle ¢ of Pt(Por) in a thin film could be evalu-
ated from an approximate molecular size of Pt(Por) and
d spacing value of the observed GIXRD peak. The ¢ angles
for thin films containing other porphyrin macrocycles are
listed in the Supporting information, Table S4.

For the as-deposited Pt(OX) film, the two molecular ori-
entation angles ¢ were 53.7° and 46.9°, which decreased to
40.3° after an annealing treatment at 80°C. This annealing
treatment led to a remarkable increase in the charge mobili-
ty of the bottom-contact Pt(OX) field-effect transistor by
10*-fold. Among the Pt" complexes studied in this work, the
unique spatial arrangement of the methyl and ethyl substitu-
ents of Pt(OX) accounts for the formation of a spatially-op-
timized pseudo-2D packing arrangement of Pt(OX) mole-
cules with extensive lateral aggregations and weak m--m
stacking interactions. As a result, the charge carrier can
readily move in two dimensions along the Pt(OX) film,
which may account for the high charge mobility of 3.2x
10 em?*V~!s7L. In the literature, a m-conjugated organic po-
lymer, poly(3-hexylthiophene) with a high charge mobility
of 0.1 cm*V~'s™! was studied by in-plane/out-of-plane graz-
ing incidence synchrotron X-ray diffraction. This polymer
has a well-ordered lamellar structure with inter-chain stack-
ing interactions.” Using the same film deposition condi-
tions and the same annealing treatment, the thin films made
from Pt(OEP), Pt(Pc), Pt(TBP), and Pt(TPrPc) individually
exhibited a rather modest or low charge mobility. In these
as-deposited films, the Pt" complexes individually packed
into a columnar m-stacked or herringbone arrangement with
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relatively large molecular orientation angles [¢p=55.2° for
Pt(OEP), 85.5° for Pt(Pc), 86.1° for Pt(TBP), and 90° for
Pt(TPrPc)] (Supporting Information, Table S4). The slightly
greater steric demand of the ethyl substituents of Pt(OEP)
leads to the formation of a columnar-like stacked arrange-
ment of Pt(OEP) molecules. However, the columnar -
stacks of Pt(OEP) molecules are laterally segregated from
each other, revealing that charge transport would be likely
confined along the m--m stacking direction. Replacing the
eight pyrrolic substituents with four n-butyl substituents at
the meso-positions of the porphyrin ligand, significantly in-
creased the spacings between the Pt molecules. The weak
Pt--H—C interactions are crucial to maintain a herringbone
packing arrangement of Pt(TBP) molecules, which inevita-
bly disfavors any cofacial m--m stacking interactions, thus,
accounting for the low charge mobility of the Pt(TBP) film.
When the n-butyl meso-substituents are replaced by phenyl
groups, as in the case of Pt(TPP), no Pt---H—C interaction
between the pyrrolic or phenyl H atoms with Pt atoms has
been noted.™ We found that the charge mobility of both
the as-deposited and annealed Pt(TPP) films were less than
107 cm?V~'s™". Our attempts to make crystalline films con-
taining substituted-porphycene molecules in a single molec-
ular orientation were unsuccessful. We suggest that the co-
existence of two molecular orientations in the as-deposited
and annealed Pt(TPrPc) films would lead to an inefficient
molecular packing and poor film quality, and have a low
charge mobility. In the literature, the charge mobility of a
pentacene-based thin film transistor was found to be sensi-
tive to phase purity. The charge mobility (107°cm?V~'s™)
of the film with pentacene molecules in two separate phases
was found to be significantly lower than that of the film
with one phase (107 cm?V~'s vs 10! cm?V~!s71).5% Apart
from m--; stacking interactions, both the film quality and
morphological features of pentacene film-based transistors
were found to affect the charge mobility.!

In a previous study,®™ a charge mobility of approximately
10~* cm*V's™! was reported for a Pt(Pc) film OTFT device,
which is higher than the value of 1.5x10 °®cm?V s ob-
tained in this work. A possible explanation for this discrep-
ancy is that there may be two crystal polymorphs, namely,
monoclinic and triclinic or a- and y-Pt(Pc) forms,?®! simul-
taneously present in the same Pt(Pc) film, and the Pt(Pc)
molecules were packed into two similar types of columnar
n-stacked arrangements.”™™ Random distribution of crystal
grains of the two polymorphic forms of Pt(Pc) introduced
an insulating effect within the film, leading to a decrease in
charge mobility. In literature, the occurrence of crystal poly-
morphism for M(OX), M(OEP), M(TBP), or M(TPP) is less
common, with the exception of Ni(OEP)®? and Cu(OEP).™!
Nevertheless, both the Ni(OEP) and Cu(OEP) films studied
in this work exhibited a moderate charge mobility.

Although the crystal structures of M(Por) (where M =Pt,
Ni, Cu) do not reveal intermolecular M--M interactions, the
metal ion plays an important role in the packing of mole-
cules in the as-deposited and annealed films. As was found
for Pt(TBP), the weak Pt--H—C interactions direct the Pt-
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(TBP) molecules to adopt a herringbone-like arrangement,
precluding the formation of a columnar-stacked molecular
arrangement or any other form of close molecular packing.
To the best of our knowledge, there has been no report on
close M--H—C contacts in the X-ray crystal structures of Pt"
porphyrins in the literature. Short non bonded Ni---H—C
contacts of 2.65 A and 2.76 A are evident in the X-ray crys-
tal structures of nickel(II) substituted octaethyl-f3-oxo-por-
phyrin®*) and tetra-n-pentylporphyrin, respectively.**! Con-
versely, close Pt---H—C contacts are envisioned to be physi-
cally impossible for Pt(OX) and Pt(OEP) molecules, as both
complexes do not contain any pyrrolic H atoms and the
alkyl substituents (alkyl=methyl or ethyl) are spatially too
crowded to bring Pt and H atoms of adjacent molecules into
close proximity. This explains why Pt(OX) and Pt(OEP)
molecules were individually found to pack with relatively
long Pt--H distances of 3.46 A and 3.33 A, respectively, in
polycrystalline solid samples. The C—H--M interactions have
not been observed in the X-ray crystal structures of Ni-
(OEP) and Pd(OEP). In these two cases, the shortest M---H
distances (A) of 2.970 and 3.394 for the triclinic and tetrago-
nal forms of Ni(OEP), respectively,'"*? and 3.192 for Pd-
(OEP),™ are longer than the sum of van der Waals radii of
the metal ion and hydrogen atom (Ni-~H 2.83 A and Pd--H
2.85 A).1%

With the exception of M(TPrPc) and M(Pc) (M =Pt and
H,), the charge mobility of the as-deposited and annealed
films made from M(OX), M(OEP) (M=Pt, Ni, Cu), or Pt-
(TBP) were higher than those made from the corresponding
metal-free porphyrins. We note that the crystallinity of the
films made from M(OX) and M(OEP) (M =Pt, Ni, Cu), and
Pt(TBP) were generally better than those made from the re-
spective metal-free porphyrins. The incorporation of a metal
ion into the cavity of porphyrin macrocycle increases the ri-
gidity as well as m-conjugation within the porphyrin mole-
cule, and leads to stabilization of X-ray crystal structures by
weak intermolecular metal-porphyrin ligand interactions.
This generally favors the formation of a robust, well-ordered
film structure. For instance, weak Cu--C, Ni--C, or Pt---H in-
teractions are observed in the columnar-like stacked ar-
rangement of Cu(OX) and Ni(OEP) molecules, as well as in
the herringbone-like arrangement of Pt(TBP) molecules, re-
spectively. Compared with metal-free porphyrins, the films
made from the metalloporphyrins were found to have a
higher degree of short- and long-range structural orders, and
hence, a higher degree of film crystallinity. Changing the pe-
ripheral substituents on Pt" porphyrins readily altered the
film morphology arising from the variations in grain size
and shape. The degree of film crystallinity and continuity,
and concentration of defects and grain boundaries within
these thin films altogether affect the charge transport prop-
erties. In this work, the formation of a closely-spaced ar-
rangement of Pt(OX) molecules arising from -7 stacking
interactions and steric effect of the peripheral methyl and
ethyl substituents are probably the most important factors
governing the film quality and morphology of the as-depos-
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ited Pt(OX) film, leading to excellent overall charge trans-
port properties of the Pt(OX) film-based transistor.

Conclusions

We have constructed a number of field-effect transistors
(FETs) made from as-deposited and annealed films of sub-
stituted porphyrin compounds and metalloporphyrin com-
plexes, and have measured their charge transport properties.
An FET made from an annealed Pt(OX) film exhibited ex-
cellent overall charge transport properties, with a charge
mobility up to 3.2x107! cm®*V~'s™". This value is comparable
to those of technologically useful organic semiconductors,
such as pentacenes and oligothiophenes. The Pt(OX)-based
transistor has a charge mobility that is significantly higher
than those of analogous metal-organic macrocycles previ-
ously reported in literature. The unique molecular shape
and peripheral substituents of Pt(OX) enables it to form a
robust and efficient molecular packing with extensive lateral
aggregations and - stacking interactions. This is in con-
trast to the other Pt" porphyrin complexes that were found
to pack into either a columnar m-stacked or herringbone ar-
rangement of the molecules. Annealing treatment of the as-
deposited thin film provides a convenient way to maximize
the device performance (i.e. charge mobility, on/off ratio,
and threshold voltage, etc.), compared with the conventional
substrate-heating approach.

Experimental Section
General

All reagents were used as received. The synthetic procedures of M(OX),
M(OEP) (where M =Pt, Cu, and Ni), Pt(Pc), H,(TBP), and the other Pt"
complexes studied in this work are given in the Supporting Information.
H,(TPrPc) and Pt(TPrPc) were synthesized according to literature meth-
ods.*4l H,(OX) and H,(OEP) were purchased from Frontier Scientific
and purified by flash column chromatography. 'H NMR spectra were re-
corded with a Bruker AVANCE 300/400 MHz DRX FT-NMR spectrom-
eters. Electron impact (EI) mass spectra were recorded on a Finnigan
MAT 95 mass spectrometer. UV/Vis spectra were recorded on a Perkin—
Elmer Lambda 19 UV/Vis spectrophotometer. Elemental analyses were
performed at the Institute of Chemistry, Chinese Academy of Science.

Single Crystal X-ray Diffraction

Intensity data for tiny needle-shaped crystals (maximum dimensions
<200 pm) of H,(OX) and Cu(OX), and a thin plate crystal of Pt(OX)
were collected using an Oxford Diffraction Kappa diffractometer with
enhanced monochromatic CuK, X-ray radiation (1=1.54183 A) at The
Hong Kong University of Science and Technology (HKUST), whereas
the X-ray crystal data of Pt(TBP) was recorded using a Maresearch dif-
fractometer equipped with an image plate detector (diameter =300 mm)
using graphite monochromatized MoK, X-ray radiation (1=0.71073 A)
at The University of Hong Kong. For the glass-fiber mounted crystals of
Pt(0X), Cu(OX), H,(OX), and Pt(TBP), the data collection were per-
formed at room temperature. Crystal data and results of structure refine-
ment are given in the Supporting Information, Table S1). All these crys-
tal structures were solved by direct method employing the SHELXS-97
program on a PC.” In all cases, the majority of non-H atoms were ini-
tially located using Fourier synthesis. Notably, for H,(OX) and Cu(OX),
the lattice constants obtained in this work are different from the reported
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values determined using powder X-ray data, in which monoclinic cell
constants had previously been suggested, but their atomic coordinates
are not available in the literature.” Nevertheless, the structure solution
of H,(OX) using the space group of P-1 failed to achieve a stable conver-
gence (R1> 20% and R,,, ~43 % ). However, an alternative structure so-
lution using a non centrosymmetric space group (P1) gave a model simi-
lar to the one solved from the space group P-1, and this model was final-
ly refined with a lower R-factor. The two N—H hydrogen atoms were not
located in the Fourier difference map. For Pt(OX), owing to the symme-
try imposed by the space group [4,/amd (no. 141 in the International
Tables of Crystallography), a half occupancy factor was used for the
methyl carbon atom C5 of the ethyl group that was treated as statistically
disordered to adopt eight symmetry equivalent sites (x, y, z; /4 +, /i +X%,
Vamzs 1=x, Yoy, 23 =y, X, ez Yy, = x, iz 1, —y, 7
Vit *a—x, Yu—z; X, ',—y, z). Structure refinement was performed by
full-matrix least-square against F* using the SHELXL-97 program.’” In
all these cases, all non-H atoms were refined anisotropically and the aro-
matic C—H hydrogen atoms were treated as a riding model with isotropic
thermal parameters equal to 1.2 times (or 1.5 times for CH; and CH,
moieties) that of the attached C atoms. Crystallographic data (excluding
structure factors) for Pt(OX), Cu(OX), H,(OX), and Pt(TBP) have been
deposited in the Cambridge Crystallographic Data Center (CCDC) as
supplementary publication numbers: CCDC 642325, 642326, 642327, and
642328. Copies of these data can be obtained free of charge on applica-
tion to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(4+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Powder X-ray Diffraction (PXRD)

Solid samples were ground into a fine powder with a mortar and pestle,
and were packed onto a glass slide holder. Powder X-ray diffraction pat-
terns were collected with a Bruker D8 Advance (6/0) diffractometer
equipped with parallel CuK, radiation (A=1.5406 A) operating at 40 kV
and 40 mA. Scan range =3-60° (20), step size=0.02°, and scan speed=
1 step/second. Prior to any device fabrication, the crystalline-phase purity
of the solid samples used in this work was established by comparing the
experimental PXRD patterns with the simulated one. Simulated PXRD
patterns for M(OX) (M=Pt, Cu, and H,) and Pt(TBP) were generated
using the Mercury 1.4.2 program, that can be downloaded free of charge
from the following URL http://www.ccdc.cam.ac.uk/mercury/.

Grazing Incidence X-ray Diffraction (GIXRD)

Grazing incidence X-ray diffraction pattern of as-deposited and annealed
films formed on Si/SiO, substrate were recorded using a Bruker D8 Ad-
vance (0/0) diffractometer with a Gobel mirror attachment. Irradiation
of the parallel CuK, X-ray radiation was fixed at a grazing incident angle
of 1.000° (0), and the detector was independently moved to collect the
diffraction data in 26 range of 3-30° with a step-size of 0.01° (20) at a
fixed speed of 1 step/second.

Field-Effect Transistors and Charge Mobility Measurements

A heavily doped silicon substrate was used as the gate electrode. A sili-
con dioxide dielectric layer (100 nm) was thermally grown on a silicon
substrate. Image reversal photolithography followed by a standard lift-off
process was used to form the Ti/Au source/drain contact patterns. The
fabricated field-effect transistors had a channel width, W, of around
3000-30000 pum and a channel length, L, between 6-100 um. For bottom-
contact field-effect transistor, a thin film of metal-free porphyrin or met-
alloporphyrin with a thickness of 50 nm was coated on the patterned
SiO,/Si substrate by vacuum deposition. For top-contact field-effect tran-
sistors (W=250 pm and L =30 um), the Au electrode (50 nm) was depos-
ited with a shadow mask under a high vacuum of <4x 107 Pa, followed
by thermal annealing treatment of the metal-free porphyrin or metallo-
porphyrin film (50 nm) under a high vacuum (10 Pa). The Au electrode
was grown at a rate of 0.03 nms™'and the sample (porphyrin materials in
this work) layer was grown at a rate of 0.3 nms 'at room temperature.
The output and transfer characteristics of the field-effect transistors were
measured inside a N, glove box (Mbraun MB20G) equipped with a
probe station connected to a semiconductor parameter analyzer (Keith-
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ley 4200 SCS). The field-effect charge mobility u was estimated from the
output characteristics in the saturation regime, in which both drain (V)
and gate (V,) voltages were —40 V, according to Equation (1):

w
I = 57 Cn (V= V)’ 0

(in which, W=channel width; L =channel length; C,=capacitance of the
insulating SiO,/Si layer; V,=gate voltage; and V,=threshold voltage).*!
The device configuration is drawn in Scheme S1 in the Supporting Infor-
mation.

Thermogravimetric Analysis (TGA)

A few milligrams of solid sample were loaded on an aluminium/platinum
crucible. The weight loss of the solid sample was recorded using a
Perkin—Elmer TGA-7 analyzer in the temperature range of 30-800°C
under a flowing N, stream. The onset decomposition temperatures of all
these solid samples are listed in Table 1 and the TGA curves are collec-
tively deposited in the Supporting Information, Figure S8.

Scanning Electron Microscopy (SEM)

Images of film-surface morphology for the field-effect transistors made
from the porphyrin materials were recorded using a scanning electron
microscopy (LEO 1530). Prior to the SEM image acquisition, all film
samples were individually pre-coated with a metallic gold layer with a
thickness of 0.5 nm under a high vacuum.
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