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Two new ferrocene-porphyrin derivatives, namely 5,15-
bis(ferrocenyl)-10,20-bis(4-nitrophenyl)porphyrin (1) and its
nickel congener 5,15-bis(ferrocenyl)-10,20-bis(4-nitrophen-
yl)porphyrinatonickel (2) have been designed, synthesized,
and characterized. Their self-assembly properties have been
comparatively studied by electronic absorption and FTIR
spectroscopy, TEM, SEM, XRD, and X-ray photoelectron
spectroscopy (XPS). Metal-free 1 self-assembles into
nanospheres with diameters in the range of 30-50 nm, de-

pending mainly on intermolecular n—n interactions. In con-
trast, the coordination of nickel to 1 introduces an additional
Ni-O coordination bond between the nitryl group of one mo-
lecule of 2 and the nickel center of the neighboring 2 unit,
which, in cooperation with the intermolecular n—n interac-
tion, induces the formation of nanobelts (ca. 50-300 pm
length, 10-50 nm width) during the self-assembly process of
2.

Introduction

Highly ordered nanostructures self-assembled from func-
tional organic molecules have attracted extensive research
interest for the purpose of constructing molecular-based
electronic and optical devices such as electronic wires,
switches, electroluminescent devices, field-effect transistors,
and photovoltaic devices.'?! As a result, many organic
nanostructures with elaborately designed molecules have
been fabricated into nanofibres,® nanoribbons, nanopar-
ticles,’ nanotubes,'® and nanovesicles!”! in recent years.

As the one of the most important © conjugated systems,
porphyrins have attracted interest due to their wide range of
biologically relevant and industrial applications.®] In recent
years, the self-assembly behavior and nanostructures of
porphyrin compounds have also started to attract interest.”
Investigations have revealed that the self-assembly of por-
phyrin derivatives depends mainly on the intermolecular n—
7 interaction. However, introduction of different functional
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groups onto the peripheral positions of porphyrin mole-
cules can induce additional intermolecular interactions,
such as van der Waals, hydrogen bonding, hydrophilic/
hydrophobic, electrostatic, and metal-ligand coordination.
These factors, in cooperation and/or competition with the
original m—r interaction between the porphyrin molecules,
lead to the formation of nanostructures with different mor-
phologies.['” For example, an intermolecular n—r interac-
tion of metal-free porphyrin H,[DP(CH3;COSCsH,,0),P]
leads to the formation of hollow nanospheres and nanorib-
bons in MeOH and n-hexane, respectively. In contrast, in-
troduction of an additional Zn-O coordination bond in
Zn[DP(CH;COSCsH;40),P] induces competition with the
intermolecular n—r interaction, resulting in nanostructures
with nanorod and hollow nanosphere morphologies in
MeOH and n-hexane.['!l Synergistic interplay of the origi-
nal m—m interaction with metal-ligand coordination or hy-
drogen bonding interactions has also been revealed to suc-
cessfully tune the morphology of self-assembled nanostruc-
tures of porphyrin derivatives.['?]

For their unique physicochemical properties, ferrocenyl
moieties have been introduced on to porphyrin rings using
various strategies.['3] Ferrocene—porphyrins have emerged as
efficient models for artificial photosynthesis owing to their
ability to produce long-lived charge separated states and
subsequent generation of a photocurrent.['¥ These ferro-
cene—porphyrins contain multiredox-active centers, which is
important for their application in molecular-based elec-
tronic devices!' or molecular electrogenic sensors.['®]
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Furthermore, the extremely rich electrochemical activity of
ferrocene—porphyrins can be considered as an increased
memory density allowing multibit information storage.

In this work, we describe the design and synthesis of two
new ferrocene—porphyrin derivatives, namely 5,15-bis(ferro-
cenyl)-10,20-bis(4-nitrophenyl)porphyrin (1) and its nickel
congener 5,15-bis(ferrocenyl)-10,20-bis(4-nitrophenyl)por-
phyrinatonickel (2). Their self-assembly has been investi-
gated comparatively, revealing the effect of the Ni-O coor-
dination bond on the morphology of self-assembled nanos-
tructures. In addition, good semiconductor properties of
the nanostructures fabricated from 1 and 2 have been re-
vealed by -V measurements.

Results and Discussion

Molecular Design, Synthesis, and Characterization

Highly ordered supramolecular structures are usually
prepared by the self-assembly of porphyrin and phthalocy-
anine derivatives because of the dominant intermolecular
71— interaction between porphyrin and phthalocyanine mo-
lecules with large conjugated electronic structures. Mean-
while, the preferentially hexacoordinate nickel ion is intro-
duced into the central hole of the porphyrin ligand, which
is expected to provide an additional chance to tune the
morphology and dimensions of aggregates based on the for-
mation of metal-ligand coordination bonds. In addition, in-
corporating ferrocenyl units on to the peripheral positions
of the porphyrin ring provides the possibility of fabricating
nanoscale optoelectronic devices.

As shown in Scheme 1, 1 was synthesized in good yield
from the condensation of ferrocenecarbaldehyde and 5-(4-
nitrophenyl)dipyrromethane in the presence of BF5-Et,O in

<
-

BF3-Et;0, NH,CI Fe
+ — = > PN
MeCN

Ni(OAc),-4H,0
-
DMF

Scheme 1. Synthesis of 1 and 2.
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MeCN at 0 °C.L'7-18] Its nickel congener 2 was obtained
from the reaction of 1 and nickel acetate in DMF. Satisfac-
tory elemental analyses were obtained for 1 and 2 after pu-
rification by column chromatography followed by repeated
recrystallization from chloroform/methanol. The com-
pounds were further characterized by MALDI-TOF mass
spectrometry and 'H NMR spectroscopy (Figures S1, S2,
and S3, Supporting Information). The MALDI-TOF mass
spectra of the compounds showed an intense signal for the
protonated molecular ion (M)*. The isotopic pattern closely
resembled the simulation shown in Figure S1 (Supporting
Information). These compounds were also characterized by
electronic absorption and IR spectroscopy.

IR Spectra

The IR spectra of 1 and 2 and their self-assembled nano-
structures formed in n-hexane are shown in Figures S4 and
S5 (Supporting Information). The IR spectra of the nanos-
tructures are similar to those of corresponding compounds,
unambiguously confirming the composition of nanostruc-
tures from starting ferrocene—porphyrin compounds. Both
1 and 2 show an intense band at 1594 cm™! due to N-O
stretching vibrations.'”1 A similar band is also observed at
1594 cm™' in the IR spectrum of the self-assembled nano-
structure fabricated from 1 in n-hexane (Figure S4). How-
ever, as can be seen in Figure S5, in the IR spectrum of the
nanostructure fabricated from 2, the N-O stretching vi-
bration band is redshifted to 1489 cm™!, indicating the for-
mation of a Ni-O coordination bond between the oxygen
atom of the nitryl attached to the meso-phenyl groups of 2
with the nickel ion of the neighboring 2 unit.

Electronic Absorption Spectra

The electronic absorption spectra of 1 and 2 were re-
corded in CHCl;, and the data are compiled in Table S1
(Supporting Information). As seen in Figure 1, 1 and 2
showed typical features of metal-free and nickel-porphyrin
compounds containing bis(ferrocenyl) moieties, respec-
tively, revealing the nonaggregated nature of both in chloro-
form. The strong absorption peak with a maximum at
429 nm and three weak absorption peaks with maxima at
504, 637, and 704 nm for 1 can be attributed to the por-
phyrin Soret band and Q bands, respectively, (Figure 1, A)
which is in line with that seen for 2,8,12,18-tetrabutyl-5,15-
bis(ferrocenyl)-3,7,13,17-tetramethylporphyrin.l?l  For 2,
the strong absorption peak with a maximum at 428 nm is
attributed to its Soret band and the absorption peaks with
maxima at 570 and 630 nm are attributed to its Q bands
(Figure 1, B). It is worth noting that, compared to por-
phyrin derivatives without ferrocene moieties,”?!! the Soret
bands of these two compounds are broad, which is a re-
markable feature for ferrocene—porphyrin compounds, and
indicates the vibronic coupling between the porphyrin ring
and the ferrocenyl moieties.[*?]
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Figure 1. Electronic absorption spectra of 1 in dilute CHCl; solu-
tion (dashed line) and its self-assembled nanospheres dispersed in
n-hexane (solid line) (A); compound 2 in dilute CHCl; solution
(dashed line) and its self-assembled nanobelts dispersed in n-hexane
(solid line) (B).

The electronic absorption spectra of the aggregates
formed from 1 and 2 dispersed in n-hexane are also given
in Figure 1. These are different from the spectra of the cor-
responding monomers in chloroform. As shown in part A
of Figure 1, the porphyrin Q bands at 504 nm in CHCl; for
1 are redshifted to 512 nm when dispersed in n-hexane, and
the porphyrin Soret band at 429 nm and the other Q bands
seen at 637 and 704 nm in CHCIl; remain almost un-
changed. However, introduction of nickel induces blueshifts
in all the porphyrin Soret and Q absorption bands for 2
from 428, 570, and 630 nm in CHCI; to 423, 569, and
626 nm in n-hexane, Figure 1 (B) and Table S1 (Supporting
Information), indicating the effect of nickel on the molecu-
lar packing conformation in the aggregates due to the intro-
duction of Ni—O bonding. On the basis of Kasha’s exciton
theory,!?*! blueshifts in the main absorption bands of 2
upon aggregation reveal that the porphyrin molecules self-
assemble into H aggregates with a face-to-face molecular
arrangement in their nanostructures. In contrast, the red-
shifted absorption band in the electronic absorption spectra
of 1 upon aggregation in n-hexane implies that the mole-
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cules of 1 are forced to adopt the J aggregation mode due
to the steric hindrance of the two bulky bis(ferrocenyl) moi-
eties. These results are in accord with the IR spectra, XRD,
and XPS results.

Morphology of the Aggregates

The morphology of the aggregates was examined by
TEM and SEM. Samples were prepared by casting a drop
of the sample solution onto a carbon-coated grid. In line
with the electronic absorption result, different morpho-
logies were observed for the nanostructures formed from 1
and 2 (Figure 2). As shown in part A of Figure 2, molecules
of 1 self-assembled in n-hexane uniformly into nanospheres
with diameters in the range of 30-50 nm, depending mainly
on m-7 interactions between the porphyrin molecules. In
contrast, molecules of 2 self-assembled uniformly into
nanobelts, approximately 50-300 um in length and 10—
50 nm in width, due to the formation of a Ni-O coordina-
tion bond between the oxygen atom of the nitryl on the
meso-phenyl groups of 2 with the nickel ion of the neigh-
boring 2 molecule, Figure 2 (B and C). 1D nanobelts are
believed to be ideal building blocks for nanoscale optoelec-
tronic devices.[>’ It is noteworthy that the distinct morpho-
logies obtained from the self-assembly process of these two
molecules clearly reflects the differences of intermolecular
interactions, which induce different molecular packing con-
formations and morphologies. For 1, the two bulky bis(fer-
rocenyl) moieties prevent effective stacking of the porphyrin
molecules along one dimension to form 1D nanostructures.
As a result, nanospheres were formed. However, introduc-
tion of nickel ions induces additional Ni-O coordination
bonds between the oxygen atom of the nitryl on the meso-
phenyl groups of 2 with the nickel ion of the neighboring
molecule. This, in combination with the intermolecular ©—
7 interactions, facilitates the linear stacking of 2, which re-
sults in the formation of nanobelts.

X-ray Diffraction Patterns of the Aggregates

The internal structure of the self-assembled nanostruc-
tures of 1 and 2 was further investigated by XRD analysis.
Figure 3 exhibits the diffraction patterns of the self-as-
sembled nanostructures formed by 1 and 2. As shown in
Figure 3 (A), the XRD pattern of the nanospheres fabri-

10 um

10 pm

Figure 2. TEM and SEM images of self-assembled nanostructures of 1 and 2. Nanospheres formed from 1 in n-hexane observed by SEM
(A); Nanobelts formed from 2 in n-hexane observed by SEM (B) and TEM (C).
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Figure 3. XRD profiles of the nanostructures of 1 (A) and 2 (B); schematic representations of the unit cells in the aggregates of 1 (C)

and 2 (D).

cated from 1 shows one broad and one sharp peak at 26
= 21.29 and 28.32° (corresponding to 0.42 and 0.32 nm),
respectively. The broad band is ascribed to the stacking dis-
tance between neighboring porphyrin rings along the direc-
tion perpendicular to the porphyrin rings, in line with pre-
vious results (Figure 3, C).! The sharp band is attributed
to the stacking distance between the cyclopentadiene cores
of the ferrocenyl units along the direction perpendicular to
the cyclopentadiene rings (Figure 3, C).12¢l

As shown in Figure 3 (B), the XRD pattern of the nano-
belts formed from 2 shows one narrow refraction peak at
20 = 5.24° (corresponding to 1.69 nm) in the low angle
range and a relatively weak peak at 20 = 12.94° (corre-
sponding to 0.69 nm) in the wide angle range, which are
ascribed to the refraction from the (100) and (010) planes,
respectively. The (100) plane also gives higher order refrac-
tions at 0.85 nm (200), 0.56 nm (300), and 0.43 nm (400) in
the wide angle region of the XRD pattern. On the basis of
the geometry optimization and the energy-minimized mo-
lecular structures of the ferrocene—porphyrins using the
Gaussian 98 program at B3LYP/6-31G(d) level,?” the
width of 2 is ca. 1.69 nm. Therefore, the sharp peaks ob-
served at 1.69 and 0.69 nm can be assigned to the width
and height of a trimer of 2, Figure 3 (D). Considering the
average Ni—O coordination bond length of 0.23 nm, re-
vealed by single-crystal XRD analysis,*®2°! the sharp peaks
observed at 0.23 and 0.46 nm in the XRD pattern of the
nanobelts formed from 2 can be assigned to the metal-li-
4244
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gand coordination bond length between the Ni and oxygen
atoms and the two oxygen atoms coordinated to the central
nickel ion above and below the porphyrin ring, respectively,
as shown in Figure 3 (D). In addition, the nanobelts also
present two refraction peaks at 0.30 and 0.32 nm in the
wide angle region due to the stacking distance between the
neighboring porphyrin rings!®>! and the stacking distance
between the cyclopentadiene cores of ferrocenyl units along
the direction perpendicular to the cyclopentadiene rings,
respectively.*”]

XPS Analysis

To confirm the existence of Ni-O coordination bonds
between the nitryl oxygen attached to the meso-phenyl
groups of the porphyrin molecule with the nickel center of
the neighboring porphyrin molecule in the self-assembled
nanobelts of 2, XPS was employed to detect the nickel ion
circumstances. Figure 4 displays the XPS spectra of 2 in
chloroform and solid aggregates formed from 2. As ex-
pected, both monomeric 2 and its self-assembled nano-
structures show typical signals for the Ni** ion in their XPS
spectra.’% The strong absorption peak at 855.7 ¢V and the
weak absorption peaks at 873.1 eV for monomeric 2 can be
attributed to Ni**5,3, and Ni**,,5, respectively. However,
the Ni?* signals in the XPS spectra of the nanostructures
are shifted to a lower bonding energy direction in compari-
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son with monomeric 2 in chloroform, indicating a change
of Ni** circumstances after the self-assembly process, con-
firming the rationality of the self-assembly mechanism dis-
cussed above.

Intensity (a.u.)

890 880 870 860 850
Binding Energy / eV

Figure 4. XPS spectra for 2 (dashed line) and aggregates of 2 (solid
line) deposited on a silicon surface.

I-V Properties

To demonstrate the potential semiconductor properties
of 1 and 2, their nanostructures were carefully pressed onto
two 0.24 mm spaced Au electrodes to measure their cur-
rent-voltage characteristics. Figure 5 shows the current—
voltage (I-V) characteristics of the nanostructures of 1 and
2. For the devices measured, the conductivity for 1 and 2
extracted from the quasilinear region at low bias (up to
40 V) are about 7.51 X107 and 3.39 X 10® Sm™!, respec-
tively. The better semiconductor property of 2 might be due
to its 1D n—m stacking structure and highly ordered crystal-
line molecular arrangement.

34

Current (nA)

J;ﬂ -6Ill —-;II —Zli) II} l“lll -l:ﬂ blll !I'II
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Figure 5. I-V curves measured on nanospheres formed from 1 (CJ)
and nanobelts formed from 2 (H).

Conclusions

We have designed, synthesized, and investigated the self-
assembly properties of ferrocene—porphyrin 5,15-bis(ferro-
cenyl)-10,20-bis(4-nitrophenyl)porphyrin (1) and its nickel
congener 5,15-bis(ferrocenyl)-10,20-bis(4-nitrophenyl)por-
phyrinatonickel (2). Comparative investigation results re-
veal the effect of the Ni-O metal-ligand coordination bond
on the molecular packing conformations and morphologies
of the self-assembled nanostructures. Nevertheless, the
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nanobelts formed by 2 revealed better semiconductor prop-
erties with a conductivity of 3.39X10° Sm™' than the
nanospheres formed by 1 (7.51 X107 Sm™"). These results
not only reveal the effect of metal coordination bonds on
the morphology of self-assembled nanostructures, but are
also helpful in providing insight into the design and fabrica-
tion of nanostructures of porphyrin and phthalocyanine de-
rivatives with good semiconductor properties.

Experimental Section

General: DMF was distilled from anhydrous MgSO, under reduced
pressure prior to use. Column chromatography was carried out on
silica gel (Merck, Kieselgel 60, 200-300 mesh) with the indicated
eluent. All other reagents and solvents were of reagent grade and
used as received. 5-(4-Nitrophenyl)dipyrromethanet*!l and ferro-
cenecarbaldehydel3?! were prepared according to the published pro-
cedures.

Measurements: 'H NMR spectra were recorded with a Bruker DPX
300 spectrometer (300 MHz) in CDCl; using the residual solvent
resonance of CHCl; at 6 = 7.26 ppm relative to SiMe, as internal
reference. MALDI-TOF mass spectra were detected with a Bruker
BIFLEX III ultra-high resolution Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer with «a-cyano-4-hy-
droxycinnamic acid as matrix. Electronic absorption spectra were
obtained with a Hitachi U-4100 spectrophotometer. Elemental
analyses were performed with an Elementar Vavio El. FTIR spectra
were recorded as KBr pellets with 2 cm ! resolution using a o AL-
PHA-T spectrometer. TEM images were obtained with a JEOL-
100CX 1II electron microscope operated at 100 kV. SEM images
were obtained with a JEOL JSM-6700F. For TEM imaging, a drop
of sample solution was cast onto a carbon-coated copper grid. For
SEM imaging, Au (1-2 nm) was sputtered onto the same grids to
prevent charging effects and improve the image clarity.

Preparation of Nanoaggregates: The nanostructures of the por-
phyrin derivatives were fabricated by the solution mixture method
according to the following procedure.’®! n-Hexane was injected
rapidly into a solution of the porphyrin derivatives in chloroform
(0.5 mm) to give a solution with final chloroform/n-hexane ratio of
1:3 (v/v) in a small flask. After the solution was allowed to equili-
brate at ambient temperature for 2 d, loose aggregates were ob-
served. These precipitates were then transferred to the carbon-
coated grid by pipetting for TEM and SEM observations. The re-
sults were reproducible under the experimental conditions de-
scribed above.

Device Fabrication: The nanostructures were obtained as films at
the chloroform/n-hexane interface and transferred onto a SiO, sub-
strate. After the solvent was evaporated, the Au electrodes were
thermally evaporated onto the nanostructures by use of a shadow
mask. These electrodes had a width of 28.6 mm and channel length
of 0.24 mm. The current-voltage characteristics were obtained with
a Keithley 4200 semiconductor characterization system at room
temperature in air.

5,15-Bis(ferrocenyl)-10,20-bis(4-nitrophenyl)porphyrin (1): Ferro-
cenecarbaldehyde (856 mg, 4.0 mmol), 5-(4-nitrophenyl)dipyrrome-
thane (1.06 g, 4.0 mmol), and NH4Cl (2.14 g, 4.0 mmol) were dis-
solved in MeCN (400 mL) and BF3-Et,O (126 pL, 1.00 mmol) was
added. The mixture was stirred at 0 °C under N, for 12 h. p-
Chloranil (984 mg, 4.0 mmol) was added and the resultant solution
was stirred for additional 4 h at room temperature. The reaction
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mixture was chromatographed on an alumina column with CHCl,
as eluent, and further purified by silica gel column chromatography.
Recrystallization from CHCI;/MeOH gave 1 (450 mg, 12.6%). 'H
NMR (CDCl;, 300 MHz): 6 = 9.88 (d, 4 H, Por § H), 8.66 (d, 4
H, Ph H), 8.57 (d, 4 H, Por  H), 8.37 (d, 4 H, Ph H), 5.51 (s, 4
H, Fc H), 4.86 (s, 4 H, Fc H), 4.13(s, 10 H, Fc H), -1.67 (s, 2 H,
Por N H) ppm. MALDI-TOF MS: an isotopic cluster peaking at
mlz 921.2; caled. for Cs,H3sNgOsFe, [M + H]*: 921.2.
Cs,H36FesNgO4+0.25CH;0H (927.98): caled. C 67.58, H 4.02, N
9.05; found C 67.13, H 3.91, N 8.98.

Preparation of 5,15-Bis(ferrocenyl)-10,20-bis(4-nitrophenyl)por-
phyrinatonickel(II) (2): A solution of 1 (37 mg, 40 umol) was
treated with a solution of Ni(OAc), (424 mg, 1.6 mmol) in DMF
(15 mL) and the mixture was stirred for 16 h. After metallation was
complete (monitored by TLC), the reaction mixture was washed
with water, dried with Na,SO,, concentrated, and chromato-
graphed (silica, CHCIs). Recrystallization from CHCl3/MeOH gave
purple solid (30 mg, 77%). 'H NMR (CDCl;, 300 MHz): § = 9.58
(d, 4 H, Por B H), 8.56 (d, 4 H, Ph H), 8.49 (d, 4 H, Por § H), 8.15
(d, 4 H, Ph H), 5.11 (s, 4 H, Fc H), 4.72 (s, 4 H, Fc H), 3.98 (s, 10
H, Fc H) ppm. MALDI-TOF MS: an isotopic cluster peaking at
mlz  975.8; «caled. for Cs,H3yNqO4Fe,Ni [M]*:  976.0.
Cs,H34Fe;NgNiO4+0.25CH;0H (984.66): caled. C 63.69, H 3.58, N
8.53; found C 63.26, H 3.56, N 8.40.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental and simulated isotopic pattern for the molecular
ion of 2 shown in the MALDI-TOF mass spectrum. 'H NMR
spectra of 1 and 2 in CDCl; (* indicates solvent impurities). IR
spectra of 1, 2, aggregates of 1 with nanosphere morphology, and
aggregates of 2 with nanobelt morphology in the region 400—
2500 cm ! with 2cm™! resolution. TEM image of nanospheres
formed from 1. SEM images of the two-electrode device based
nanospheres formed from 1 (A); nanobelts formed from 2 (B).
Electronic absorption spectroscopic data for 1 and 2 dissolved in
CHCl; and the self-assembled aggregates dispersed in n-hexane.
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