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Nonperipherally Octa(butyloxy)-Substituted Phthalocyanine Derivatives
with Good Crystallinity: Effects of Metal-Ligand Coordination on the
Molecular Structure, Internal Structure, and Dimensions of
Self-Assembled Nanostructures
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Abstract: To investigate the effects of
metal-ligand coordination on the mo-
lecular structure, internal structure, di-
mensions, and morphology of self-as-
sembled nanostructures, two nonper-
ipherally octa(alkoxyl)-substituted
phthalocyanine compounds with good
crystallinity, namely, metal-free
1,4,8,11,15,18,22,25-octa(butyloxy)-

phthalocyanine H,Pc(a-OC,Hy); (1)
and its lead complex Pb[Pc(a-OC,Hy)s]
(2), were synthesized. Single-crystal X-
ray diffraction analysis revealed the
distorted molecular structure of metal-
free phthalocyanine with a saddle con-
formation. In the crystal of 2, two mon-
omeric molecules are linked by coordi-
nation of the Pb atom of one molecule
with an aza-nitrogen atom and its two
neighboring oxygen atoms from the bu-
tyloxy substituents of another mole-
cule, thereby forming a Pb-connected
pseudo-double-decker supramolecular
structure with a domed conformation
for the phthalocyanine ligand. The self-
assembling properties of 1 and 2 in the
absence and presence of sodium ions
were comparatively investigated by
scanning electronic microscopy (SEM),
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spectroscopy, and X-ray diffraction
techniques. Intermolecular mt—x interac-
tions between metal-free phthalocya-
nine molecules led to the formation of
nanoribbons several micrometers in
length and with an average width of
approximately 100 nm, whereas the
phthalocyaninato lead complex self-as-
sembles into nanostructures also with
the ribbon morphology and micrometer
length but with a different average
width of approximately 150 nm de-
pending on the m—m interactions be-
tween  neighboring  Pb-connected
pseudo-double-decker building blocks.
This revealed the effect of the molecu-
lar structure (conformation) associated
with metal-ligand (Pb—Nigingores Pb—
N,,., and Pb—Oyy10y,) coordination on
the dimensions of the nanostructures.
In the presence of Na*, additional
metal-ligand (Na—N,,, and Na—
Obuyloxy) coordination bonds formed
between sodium atoms and aza-nitro-
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gen atoms and the neighboring butyl-
oxy oxygen atoms of two metal-free
phthalocyanine molecules cooperate
with the intrinsic intermolecular m—mn
interactions, thereby resulting in an
Na-connected  pseudo-double-decker
building block with a twisted structure
for the phthalocyanine ligand, which
self-assembles into twisted nanoribbons
with an average width of approximate-
ly 50 nm depending on the intertetra-
pyrrole m—m interaction. This is evi-
denced by the X-ray diffraction analy-
sis results for the resulting aggregates.
Twisted nanoribbons with an average
width of approximately 100 nm were
also formed from the lead coordination
compound 2 in the presence of Na®*
with a Pb-connected pseudo-double-
decker as the building block due to the
formation of metal-ligand (Na—N,,
and Na—Oyyyixy,) coordination bonds
between additionally introduced
sodium ions and two phthalocyanine li-
gands of neighboring pseudo-double-
decker building blocks.
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Introduction

A major ambition in the field of nanoscience and nanotech-
nology is the preparation of nanostructures with controllable
dimensions and morphology, and in particular, a high molec-
ular ordering nature due to the significant effects of molecu-
lar ordering and the dimensions of nanostructures on nano-
device performance and size.l''! A wide range of nanostruc-
tures with different morphology have been fabricated from
the self-assembly processes of various functional molecular
materials that are dependent on noncovalent interac-
tions.”"”! However, most probably due to the short range
and relatively low molecular ordering nature of the self-as-
sembled nanostructures associated with the limited dimen-
sion(s) in some direction(s) and the rapidly increasing speed
of self-assembled nanostructures that enable them to form
before reaching their thermodynamic equilibrium, few self-
assembled molecular nanostructures are able to provide
enough internal structural information, especially through
X-ray diffraction analysis. Examination of a large number of
self-assembled nanostructures reported thus far indicates
that self-assembled nanostructures of molecular materials
seldom exhibit rich refraction peak(s) in their X-ray diffrac-
tion (XRD) patterns.'®>! Quite a significant fraction of self-
assembled nanostructures do not even give any XRD refrac-
tion peak.”” As a result, most self-assembled organic
nanostructures reported thus far were usually characterized
only in terms of their morphology and dimension by means
of various electronic microscopic techniques but without
giving enough internal structural information due to the
small amount of XRD data revealed. For the purpose of
fabricating organic nanostructures with controllable mor-
phology, dimensions, and in particular, a high molecular or-
dering nature, which allow for the investigation of the inter-
nal structure through XRD analysis, molecular materials
with good crystallinity associated with a regular molecular
structure and suitable intermolecular interactions are ex-
pected to play an important role in this regard.

Since their first synthesis early last century, phthalocya-
nines, which typically possess a large conjugated molecular
electronic structure, have been an important industrial com-
modity used as inks, dyestuffs, and catalysts for sulfur efflu-
ent removal.®! In particular, bis- and tris(phthalocyaninato)
metal complexes with sandwich-type double- and triple-
decker structures have been recently emerging as advanced
molecular materials with great potential applications in the
fields of sensors, molecular electronics, molecular magnets,
organic field-effect transistors, and molecular information-
storage materials.”>™ For the fabrication of phthalocya-
nine-based nanodevices with diverse applications, the self-
assembly of functional phthalocyanine derivatives into well-
defined nanostructures has attracted increasing research in-
terest in recent years.”’! In addition, organized films of
octa(alkoxy)-substituted phthalocyanines were prepared by
means of the Langmuir-Blodgett (LB) technique.*! The
dominant m—x interaction among the phthalocyanine mole-
cules usually leads to one-dimensional nanostructures. For
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example, nanoribbons and nanowires were obtained from
unsubstituted phthalocyaninato (Pc)-metal complexes MPc
(M =Co, Cu, Fe, Ni, Zn)." Molecules of metal-free periph-
erally substituted octa(octyloxy)phthalocyanine H,Pc-
(OC4H,,)s self-assemble into nanofibers.*?) However, to the
best of our knowledge, octa-substituted phthalocyanine de-
rivatives with eight functional substituents incorporated
onto the nonperipheral positions of the phthalocyanine ring
have never been employed to self-assemble into nanostruc-
tures. It is worth noting that during the preparation of the
present manuscript, Zhang and co-workers reported SEM
images of 1,4,8,11,15,18,22,25-octa(butyloxy)phthalo-
cyaninato copper one-dimensional microwire at the silicon,
glass, and indium-tin oxide (ITO) surface obtained by sol-
vent evaporation.[*)

Among various kinds of phthalocyanine derivatives, non-
peripherally octa(alkoxyl)-substituted phthalocyanine com-
pounds are of good crystallinity;***! they are therefore ex-
pected to induce high molecular ordering in their self-as-
sembled nanostructures, thus allowing for the investigation
of their internal structure by means of X-ray diffraction
techniques. This, in combination with their available crystal
and molecular structure revealed by single-crystal X-ray dif-
fraction analysis, should render it possible to investigate the
formation mechanism as well as the molecular packing
mode of self-assembled nanostructures of corresponding
compounds in a confirmed manner.

Results and Discussion

Synthesis and characterization: Phthalocyanines typically
have a large conjugated molecular electronic structure. The
dominant intermolecular - interactions among the phtha-
locyanine molecules usually lead to one-dimensional nano-
structures. Tuning the intermolecular interaction of such a
tetrapyrrole derivative towards high-molecular-ordered self-
assembled nanostructures can therefore be reached by incor-
porating functional groups (actually, additional noncovalent
interactions) onto the phthalocyanine ring. Previous studies
revealed that incorporation of oxygen atoms at the nonper-
ipheral positions of the phthalocyanine ring renders it possi-
ble to form coordination bonds with additionally introduced
sodium ions with the help of aza-nitrogen atoms.*’! This pro-
vides an effective way to tune the intermolecular interaction
of nonperipherally octa(alkoxyl)-substituted phthalocyanine
derivatives through metal-ligand coordination bonding in-
teractions. Nevertheless, among various kinds of known
phthalocyanine derivatives, nonperipherally octa(alkoxyl)-
substituted phthalocyanine compounds have been revealed
to possess good crystallinity due to their regular molecular
structure and suitable intermolecular interactions**! and
are therefore also expected to induce high molecular order-
ing in their self-assembled nanostructures, thus allowing in-
vestigation of their internal structure through X-ray diffrac-
tion analysis. As a result, metal-free 1,4,8,11,15,18,22,25-
octa(butyloxy)phthalocyanine H,Pc(a-OC,H,)s (1) was pre-
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pared according to the published procedure,®-* and its self-
assembly behavior was comparatively studied in the absence
and presence of sodium ions. In addition, with an idea about
the close relationship between the molecular structure and
dimensions of self-assembled nanostructures in mind, the
lead ion was introduced into the phthalocyanine central
hole to induce the change from the saddle conformation for
metal-free phthalocyanine 1 to a domed one for the phthalo-
cyaninato lead complex."*?l Both the single-crystal struc-
ture and the self-assembled nanostructure of the resulting
complex Pb[Pc(a-OC,Hy)s] (2) were also comparatively
studied to reveal the effects of metal-ligand coordination on
the internal structure, morphology, and dimensions of self-
assembled nanostructures.

The phthalocyaninato lead complex 2 was synthesized in
good yield from the reaction between metal-free phthalo-
cyanine and Pb(OAc)-:3H,0 in DMF. Satisfactory elemental
analysis results were obtained for the newly prepared phtha-
locyaninato lead complex after repeated column chromato-
graphic purification and recrystallization. The MALDI-TOF
mass spectrum of 2 showed an intense signal for the molecu-
lar ion [M+H]*. Compound 2 was also characterized by
means of a range of spectroscopic methods. The 'H NMR
spectrum of this compound was recorded in CDCl; at room
temperature. All the signals can be readily assigned (Fig-
ure S1 in the Supporting Information).

X-ray single-crystal structure: The crystal and molecular
structures of the phthalocyanine derivatives 1 and 2 were
determined by X-ray diffraction analyses. Single crystals of
1 and 2 suitable for X-ray diffraction analysis were obtained
by slow diffusion of MeOH into a solution of 1 or 2 in
CHClL;. Compound 1 crystallizes in the triclinic system with
a P1 space group with two molecules per unit cell (Fig-
ure S2A in the Supporting Information). In contrast, com-
pound 2 crystallizes in the monoclinic system with a P21/c
space group with four molecules per unit cell (Figure S2B).

Figure 1 displays the molecular structure of 1. The steric
hindrance arising from the eight nonperipheral butyloxy
groups induces a distorted molecular structure with a saddle
conformation employed by the metal-free phthalocyanine 1,
Figure 1B. The individual isoindole ring is tilted alternately
up and down from the N(isoindole), mean plane. The dihe-
dral angles formed between the isoindole units and the
N(isoindole), plane are 14.58, 16.78, 18.27, and 18.83°, re-
spectively. Despite the deformed molecular structure with a
saddle conformation adopted by metal-free phthalocyanine,
effective m—m interactions exist between the neighboring
phthalocyanine molecules due to the short distance between
two overlapped isoindole sections of the neighboring phtha-
locyanine molecules with a separation of 3.351 and 4.019 A
in an alternating manner (Figure 1C). As a consequence, the
separation between neighboring phthalocyanine molecules
in terms of the N(isoindole), plane in the crystal of metal-
free phthalocyanine is also in an alternating manner, chang-
ing from 4.848 to 4.961 A (Figure 1C).
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Figure 1. A) Top view and B)side view of the molecular structure of
H,Pc(a-OC4Hy); (1) together with C) the crystal-packing mode. Hydro-
gen atoms in all the parts and alkoxyl side chains in C are omitted for
clarity.

The molecular structure of the phthalocyaninato lead
complex 2 is shown in Figure 2. This represents the first
structurally characterized phthalocyaninato lead complex
with eight alkoxyl groups at the nonperipheral positions. As
shown in Figure 2C, two molecules of 2 are bound to each
other through a Pb-1’-Pc(a-OC,H,)s coordination. The lead
atom of one molecule binds to an aza-nitrogen atom and its
two neighboring oxygen atoms from two butyloxy groups of
another molecule, thus forming a Pb-connected pseudo-
double-decker supramolecular structure. The ring-to-ring
separation of these two virtually parallel N(isoindole), mean
planes of Pc(a-OC,Hy)s is 2.880 A (Figure 2C). This value is
comparable with that found in the corresponding double-
decker complex of EuH[Pc(a-OC,H,)g], (2.89 A),* thereby
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Figure 2. A) Top view and B)side view of the molecular structure of
Pb[Pc(a-OC,Hy)g] (2) together with C) the Pb-connected pseudo-double-
decker supramolecular structures in single crystal of 2 (side view). Hy-
drogen atoms are omitted for clarity.

revealing the high stability of this Pb-connected pseudo-
double-decker supramolecular structure due to the intense
n-7 interaction between the two phthalocyanine rings. It is
worth noting that the short intermolecular distance is a key
parameter responsible for the good carrier transfer proper-
ties in electronic devices of molecular material.™ As de-
tailed below, this Pb-connected pseudo-double-decker
supramolecular structure is revealed to be stable enough to
exist in the self-assembled nanostructures as basic building
blocks according to the XRD data. Similar to the situation
in a single crystal of metal-free phthalocyanine 1, n—x inter-
actions also exist between the neighboring Pb-connected
pseudo-double-decker supramolecular structures with a sep-
aration of 4.844 A in terms of the N(isoindole), plane in the
crystal of 2 (Figure 2C). It is noteworthy that a similar
pseudo-double-decker structure does not exist in the unsub-
stituted phthalocyaninato lead complex,® thereby indicat-
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ing the effect of nonperipheral alkoxyl substituents on the
molecular arrangement.

In each monomeric unit in the dimeric pseudo-double-
decker supramolecular structure, the lead ion is coordinated
with four isoindole nitrogen atoms of the phthalocyanine
ligand, Pc(a-OC,H,)s, in addition to coordinating with one
aza-nitrogen atom and two adjacent butyloxy oxygen atoms
of the other phthalocyanine ligand. The coordination poly-
hedron of the lead is thus essentially a slightly distorted
polyhedron (Figure S3 in the Supporting Information).
However, due to the larger ionic size, the divalent lead ion
cannot situate in the central hole of Pc(a-OC,Hy)s but
rather sits atop, 1.356 A above the N(isoindole), plane. As a
result, the substituted Pc(a-OC,Hy)s ring adopts a conforma-
tion that is domed towards the lead cation with ¢=9.3°,
which is smaller than that in the corresponding double-
decker EuH[Pc(a-OC,Hy)g], (¢p=16.7°).14

Electronic absorption spectra: The electronic absorption

spectra of the two phthalocyanine derivatives 1 and 2 in
CHCI; were recorded and the data are compiled in Table 2.

Table 1. Crystallographic data for 1 and 2.

1 2
formula CeHg,NgOg Cy,HgyNgO¢Pb
M, 1091.38 1296.55
crystal size [mm’] 0.11x0.13x0.15 0.13x0.06 % 0.05
crystal system triclinic monoclinic
space group P1 P2l/c
a[A] 14.0135(3) 8.2788(13)
b [A] 14.3092(3) 33.881(5)
c[A] 16.9072(3) 22.794(4)
a[°] 71.9900(10) 90.00
B I°] 85.8280(10) 99.642(3)
v [°] 73.4420(10) 90.00
V[AY] 3090.01(11) 6303.2(17)
V4 2 4
F(000) 1172 2664
Peatcd [mgm 7] 1.173 1.366
u [mm™] 0.078 0.666
6 range [°] 1.52 to 25.00 1.91 to 23.65
total reflns 32736 27815
independent reflns 10816 (R;,=0.0257) 9464 (R;,=0.0663)
parameters 721 730
R1 (I>20(1)) 0.0791 0.0473
wR2 (I>20(I)) 0.2345 0.1027
GOF 1.024 1.015

As expected, both H,[Pc(a-OC,Hy)s] (1) and Pb[Pc(a-
OC,Hy)s] (2) show typical features of metal-free and phtha-
locyaninato metal compounds,”™™ respectively, in their
electronic absorption spectra, thus revealing their nonaggre-
gated molecular spectroscopic nature in CHCl;. As shown in
Figure 3, the absorption around 330 nm for 1 can be attrib-
uted to the phthalocyanine Soret band, whereas two strong
absorptions at 751 and 772 nm with two weak vibronic
shoulders around 674 and 703 nm can be attributed to the
phthalocyanine Q bands. The weak absorption around
405 nm is common for alkoxyl-substituted phthalocyanines,
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Figure 3. Electronic absorption spectra of A)1 in CHCl;, B) self-assem-
bled aggregates of 1 formed in the absence of Na* in methanol, and
C) self-assembled aggregates of 1 formed in the presence of Na‘ in
methanol.

which is attributed to an n—m* transition.” Upon coordi-
nation with a lead metal ion, the increase in the molecular
symmetry from C,, for 1 to C,, for 2 induces a change in the
electronic absorption spectrum from typical features of
metal-free phthalocyanine to those typical of phthalocyani-
nato metal species (Figure S4A in the Supporting Informa-
tion). The phthalocyanine Soret band is observed at 338 nm
and the Q absorption appears at 799 nm as a very strong
band with a weak vibronic shoulder at 714 nm for 2 in
CHCI;. The weak absorption at 472 nm is due to an n—m*
transition.

The electronic absorption spectra of the aggregates
formed from these two phthalocyanine compounds in the
absence and presence of Na™ are also recorded and shown
in Figures 3 and S4 (Supporting Information), respectively,
which are different from the spectra of corresponding com-
pounds in CHCI;. As shown in Figure 3, when the aggre-
gates formed from metal-free phthalocyanine in the absence
of Na* are dispersed in methanol, the phthalocyanine Soret
band at 330 nm in CHCI; for metal-free phthalocyanine 1
takes a slight blueshift to 328 nm, and the split phthalocya-
nine Q bands at 751 and 772 nm change to one weak band
and blueshift to 765 nm. Meanwhile, the two weak vibronic
bands at 674 and 703 nm also change to one weak absorp-
tion and take a blueshift to 676 nm (Table 2). Addition of
Na™ induces further blueshift for the phthalocyanine Q ab-
sorption and its vibronic shoulder to 718 and 666 nm, re-
spectively, during the self-assembly process (Table 2), with
the phthalocyanine Soret band further blueshifted to
315 nm, thereby revealing the further enhanced intermolec-
ular interaction due to the additionally introduced metal-
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ligand (Na—N,,, and Na—Oyyx,) coordination bonds. This
is also true for compound 2 (Figure S4, Supporting Informa-
tion). On the basis of Kasha’s exciton theory,™ blueshifts in
the main absorption bands of both compounds upon aggre-
gation is typically a sign of the effective m—m interaction be-
tween the phthalocyanine molecules, thus indicating the for-
mation of H aggregates from these two compounds during
the self-assembly process both in the absence and presence
of Na*. Observation of a larger degree of blueshift in the
main electronic absorptions for both compounds upon ag-
gregation in the presence of Na* indicates stronger intermo-
lecular m—m interactions than in the aggregates formed in
the absence of Nat due to the formation of additional
metal-ligand (Na—N,,, and Na—Oyyx,) coordination bonds.
This is in good accordance with the XRD analysis results as
detailed below.

IR spectrum: The IR spectra of both phthalocyanine deriva-
tives and their self-assembled nanostructures are shown in
Figures S5 and S6 in the Supporting Information. The fea-
tures in the IR spectra of the nanostructures that are similar
to that of the corresponding compound for both 1 and 2 un-
ambiguously confirm the composition of nanostructures
from corresponding phthalocyanine compounds. The IR
spectrum of 1 shows three intense bands at 1598, 1268, and
1038 cm™ due to #(C=N-C), 7,,(C-O-C), and #,(C-O-C), re-
spectively (Figure S5A).”"! Similar bands were observed at
1597, 1267, and 1037 cm ' in the IR spectrum of aggregates
of 1 formed in the absence of Na* (Figure S5B). However,
as shown in Figure S5C, these three absorptions lose some
intensity and appear at 1597, 1265, and 1037 cm™! in the IR
spectrum of aggregates of 1 formed in the presence of Na™.
In particular, two new intensive bands at 865 and 687 cm ™
appear in the IR spectrum of the nanostructures of 1
formed in the presence of Na™, thereby indicating the for-
mation of Na—N,,, and Na—Oy,0,, coordination bonds. This
is also true for 2 (Figure S6).

Morphology of the aggregates: The morphology of the ag-
gregates formed was examined by scanning electron micro-
scopy (SEM). Samples were prepared by casting a drop of
sample solution onto a carbon-coated grid. When injecting a
small volume of solution of these two compounds dissolved
in CHCI; into methanol, nanoribbons with different dimen-
sions were obtained. Depending mainly on the intermolecu-
lar m—m stacking interactions, metal-free molecules of com-
pound 1 in MeOH self-assemble into nanostructures with
ribbonlike morphology with uniform size and orientation
(Figure 4A). The nanoribbons were ordered over several mi-
crometers with average width of approximately 100 nm, in
line with the long range periodicity along (001) and (100) di-
rections as revealed by the XRD analysis. This is also true
for 2. As displayed in Figure 4C, molecules of the phthalo-
cyaninato lead complex 2 also self-assemble into several mi-
crometer-long nanoribbons but with a different average
width of approximately 150 nm, thereby revealing the effect
of the molecular structure (conformation) on the dimensions
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Figure 4. SEM images of nanostructures of 1 and 2: A)nanoribbons
formed from 1 in the absence of Na*, B) twisted nanoribbons formed
from 1 in the presence of Na*, with a magnified image inset, C) nanorib-
bons formed from 2 in the absence of Na*, and D) twisted nanoribbons
formed from 2 in the presence of Na* in methanol.

of self-assembled nanostructures. This is also true for the
twisted nanoribbons formed from 1 and 2 in the presence of
sodium ions.

With the addition of sodium ions, a change in the mor-
phology of self-assembled nanoscale aggregates was re-
vealed, thus showing the effect of additional metal-ligand
(Na—N,,, and Na—Oyyy) coordination bonding interac-
tions on the formation of self-assembled nanostructures. As
displayed in Figure 4B, molecules of metal-free phthalocya-
nine 1 self-assemble into nanostructures with a twisted rib-
bonlike morphology several micrometers in length and with
an average width of approximately 50 nm in the presence of
Na*. A schematic illustration for the formation of twisted
nanoribbons in the presence of sodium ions is shown in Fig-
ure S7 in the Supporting Information on the basis of the
XRD analysis as detailed below. As can be seen in this
figure, coordination of two metal-free phthalocyanine mole-
cules with two additionally introduced sodium ions induces
the formation of an Na-connected pseudo-double-decker
with a twisted structure for the phthalocyanine ligand,
which, as a building block, then stacks into the twisted rib-
bonlike nanostructures depending on intertetrapyrrole m—mw
interactions. As expected, with the Pb-connected pseudo-
double-decker supramolecular structure as building blocks,
in the presence of Na* the lead coordination compound 2
also self-assembles into nanostructures with twisted ribbon-
like morphology several micrometers in length and with an
average width of approximately 100 nm (Figure 4D) due to
the formation of additional metal-ligand (Na—N,,, and Na—
Obuylony) coordination bonds (Figure S8 in the Supporting In-
formation). It is noteworthy that the left and right orienta-
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tions of the twisted nanoribbons formed from both com-
pounds 1 and 2 are generally in the ratio of 1:1 in the whole
area of the SEM image as expected.

EDX analysis: To confirm the role of sodium ions in the for-
mation of twisted nanoribbons, energy-dispersive X-ray
(EDX) spectroscopy was used to detect the composition of
the samples. As displayed in Figure S9A in the Supporting
Information, the elemental signature for C, N, O, and Na in
the EDX spectrum for the aggregates formed from 1 in the
presence of Nat clearly indicates the composition of twisted
nanoribbons from metal-free phthalocyanine with the help
of sodium ions. This is also true for compound 2. However,
an additional elemental signature for the Pb atom is also ob-
served in the EDX spectrum for the aggregates formed
from 2 in the presence of Na* (Figure S9B).

X-ray diffraction patterns of the aggregates: The nanostruc-
tures of the two compounds were fabricated by injecting a
small volume of solution of 1 and 2 in chloroform (1 mm)
into a large volume of methanol in the absence and pres-
ence of sodium ions, respectively. Their internal structures
were investigated by XRD analysis (Figures5 and 6; Fig-
ure S10 in the Supporting Information). As shown in Fig-
ure 5A, in the low-angle range, the XRD diagram of the
nanoribbons formed from metal-free phthalocyanine 1 in
methanol in the absence of Na' shows three refraction
peaks at 20=5.49 (corresponding to 1.61 nm), 6.57
(1.34 nm), and 7.30° (1.21 nm), respectively, which are un-
ambiguously ascribed to the refractions from the (001),
(100), and (011) planes on the basis of simulated powder dif-
fraction patterns of the same compound using Mercury
2.20% according to the X-ray crystallographic data of 1 (Fig-
ure 5C; the Miller indices for the simulated powder diffrac-
tion pattern of compound 1 are in Table S1 in the Support-
ing Information). Surprisingly, in the wide-angle range, the
XRD pattern presents rich higher order refractions for
these three planes at 0.54 (003), 0.40 (004), 0.32 (005), 0.27
(006), 0.23 (007), 0.20 nm (008), 0.67 (200), 0.45 (300), and
0.34nm (400), and 0.60 (022), 0.40 (033), 0.30 (044), 0.24 nm
(055), respectively (Figure 5SB), thus revealing the high-mo-
lecular-ordering nature of this nanostructure along these di-
rections. Additional refractions at 0.50, 0.48, 0.42, and
0.39 nm were also observed in the wide-angle range of the
XRD pattern of the nanoribbons formed from 1 in the ab-
sence of Na® and assigned to (10-3), (131), (20-3), and
(3—1-1) planes in a confirmed manner on the basis of the
simulated powder diffraction pattern (Table S1 in the Sup-
porting Information). Both the peaks at 0.50 and 0.48 nm
are assigned to the distance between N(isoindole), planes of
neighboring stacking phthalocyanine molecules in the nano-
ribbons of 1. This result corresponds well with the alterna-
tive separations of 4.961 and 4.848 A between neighboring
phthalocyanine molecules in terms of the N(isoindole),
plane revealed in a single crystal of metal-free phthalocya-
nine. This is also true for the two peaks at 0.40 and 0.34 nm
due to the distance between two overlapped isoindole sec-
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Figure 5. XRD profiles of the nanoribbons formed from 1 in the absence
of Nat in A) the low-angle range and B) wide-angle range, together with
the simulated powder diffraction pattern using Mercury 2.2 on the
basis of X-ray crystallographic data in C)the low-angle range and
D) wide-angle range.

tions of the neighboring phthalocyanine molecules in the
nanoribbons, which is in good accordance with correspond-
ing separations of 3.351 and 4.019 A revealed in the single
crystal. These diffraction results could be assigned to the re-
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Figure 6. XRD profiles of the twisted nanoribbons formed from 1 in the
presence of Na™ in A) the low-angle range and B) wide-angle range.

fractions from a parallelepipedal lattice (including triclinic
system) with cell parameters of a=1.34 nm and ¢=1.61 nm,
Figure 7. Results comparable to those found for nanorib-
bons of 1 were revealed for single crystals of the same com-
pound formed in methanol (a=14.01 and c=16.91 A;
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Figure 7. A schematic representation of the unit cell in the nanoribbons
formed from 1 in the absence of Na*. Hydrogen atoms are omitted for
clarity.
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Table 1), which suggests their similar molecular packing
mode. Further support for this point actually comes from
the excellent correspondence in the refraction peaks ob-

Table 2. Electronic absorption spectral data for 1 and 2 dissolved in CHCI; and their aggregates formed in the

absence and presence of Na* dispersed in methanol.

shown in Figure 8, during the self-assembly process of 1 in
the presence of Na™, at the first stage two metal-free phtha-
locyanine molecules with a saddle conformation coordinate
with two sodium ions to form
an  Na-connected  pseudo-
double-decker supramolecular
structure with a twisted molecu-

lar structure for the phthalocya-

Amax [nm]
CHCl, MeOH (without Nat) MeOH (with Nat)
1 330, 405, 674, 703, 751, 772 328, 403, 676, 765 315, 401, 666, 718
2 338, 472, 714, 799 333, 467, 704, 781 332, 416, 698, 779

nine ligand, which then acts as
the building block for further

served for the nanoribbons of 1
with those in the simulated |

self-assembly into the twisted
nanoribbons, depending mainly

5.11 nm

powder diffraction pattern of
the same compound on the
basis of X-ray crystallographic
data. As a consequence, metal-
free phthalocyanine molecules
in the nanoribbons should also
pack into a triclinic system with
a P1 space group just as in the
single crystals. As can be found
in the unit cell (Figure S2A in
the Supporting Information),
due to the saddle molecular
conformation employed for 1, the m—m interaction between
neighboring metal-free phthalocyanine molecules actually
exists along the c-axis direction for two neighboring isoin-
dole sections, the g-axis direction also for two neighboring
isoindole sections, and the direction perpendicular to the
(011) direction for two neighboring N(isoindole), planes,
thereby suggesting the advantage of crystal growth along
these three directions. This is in good accordance with the
observation of a series of higher-order refraction peaks of
the (001), (100), and (011) planes in the XRD profile of
nanoribbons of 1. It is worth noting that the lack of the
(010) refraction in the XRD diagram of the nanoribbons
formed from metal-free phthalocyanine compound 1 in the
absence of Na™ in methanol indicates the lack of long-range
periodicity along this direction in the self-assembled nano-
structures. As a result, growth in this direction during the
self-assembly process is limited or prohibited, thus resulting
in nanoribbons of metal-free phthalocyanine.

As expected, the twisted nanoribbons formed from metal-
free phthalocyanine in the presence of Na* show different
XRD patterns from those obtained in the absence of Nat.
As shown in Figure 6, in the low-angle range, the XRD dia-
gram of the twisted nanoribbons of 1 shows two narrow re-
fraction peaks at 5.11 and 1.07 nm, which are ascribed to the
refractions from the (100) and (001) planes, respectively. In
addition, the XRD pattern also displays four well-defined
peaks at 0.53, 0.47, 0.31, and 0.24 nm. The first of these
peaks originates from the refraction of the (002) plane,
whereas the last one is assigned to the Na—Oy,yo,y coordina-
tion bond length in the nanoribbons (Figure 6).*! As clearly
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Figure 8. A schematic representation of the unit cell in the twisted nanoribbons formed from 1 in the presence
of Nat*. Hydrogen atoms are omitted for clarity.

on the m—m interactions between two overlapped isoindole
sections of neighboring phthalocyanine rings in two neigh-
boring Na-connected pseudo-double-decker building blocks.
As we found, the self-assembly behavior of 1 in the presence
of Na™* is somehow similar to that of the lead complex 2 in
the absence of sodium ions except for the twisted phthalo-
cyanine structure in the Na-connected pseudo-double-
decker supramolecular structures, thereby resulting in twist-
ed nanoribbons. As detailed above, the further blueshifted
absorption bands observed in the electronic absorption spec-
trum of 1 upon aggregation in the presence of Na™* relative
to those formed in the absence of Na* gives additional sup-
port for the formation of such a pseudo-double-decker
supramolecular structure connected by sodium ions through
metal-ligand (Na—N,,, and Na—Oy0xy) coordination bonds.
As a result, the peaks at 0.47 and 0.31 nm for the twisted
nanoribbons of 1 attributed to the distance between two
overlapped isoindole sections of neighboring phthalocyanine
molecules connected with and without sodium ions, respec-
tively, become greater and smaller, respectively, in compari-
son with those in the single crystals and also in the nanorib-
bons formed from 1 in the absence of Na*t due to the de-
creased and increased intertetrapyrrole interactions between
and within the Na-connected pseudo-double-decker building
blocks. According to the above-described XRD diffraction
analysis results and the single-crystal molecular structure
size of this compound, the unit cell from a parallelepipedal
lattice with a cell parameter of a=5.11 and ¢=1.07 nm is
given in Figure 8 for the twisted nanoribbons of 1 formed in
the presence of Na™.

Chem. Eur. J. 0000, 00, 0-0
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As shown in Figure S10A in the Supporting Information,
in the low-angle range, the XRD profile of the nanoribbons
formed from phthalocyaninato lead complex 2 in methanol
in the absence of Na™ shows three strong refraction peaks
at 1.90, 1.65, and 1.59 nm, respectively, which are attributed
to the (100), (001), and (010) planes due to the observation
of rich higher refraction peaks for the former two peaks.
The remaining weak refraction at 0.94 nm (200) in the low-
angle range is due to the second-order refraction peak of
the (100) plane. In the wide-angle range of the XRD pat-
tern, the three basic (001), (100), and (010) planes give their
higher-order refractions at 0.84 (002), 0.54 (003), 0.42 (004),
0.32 nm (005); 0.62 nm (300); and 0.40 nm (040), respective-
ly. Observation of a series of higher-order refraction peaks
of the (001) plane suggests the advantage of crystal growth
along this direction, thereby resulting in nanostructures with
a ribbonlike morphology for this phthalocyaninato lead
complex. On the basis of these XRD diffraction analysis re-
sults and the single-crystal molecular structure of this com-
pound, the unit cell consisting of two Pb-connected pseudo-
double-decker building blocks (four phthalocyaninato lead
molecules) from a parallelepipedal lattice (including a mon-
oclinic system) with the cell parameters of a=1.90, b=1.59,
and ¢=1.65 nm is given in Figure S11 in the Supporting In-
formation for the nanoribbons of 2. Comparison between
this unit cell of the nanoribbons for 2 and that revealed for
single crystals of the same compound also formed in metha-
nol reveals their different molecular packing mode
(Table 1), thereby indicating the effect of crystal growth
speed on the system and dimensions of the crystal unit cell
for this compound. In addition, as clearly shown in the unit
cell of the single crystals of 2 (Figure S2B in the Supporting
Information), an intertetrapyrrole m—m interaction exists in
the single crystal along the a-axis direction. However, as de-
tailed above, the advantageous growth direction in the nano-
ribbons of the same compound formed in the absence of
Na® is along the ¢ axis. The two remaining sharp refraction
peaks at 0.50 and 0.29 nm observed for the nanoribbons of 2
in the wide-angle region are assigned to the stacking dis-
tance between the N(isoindole), plane of neighboring phtha-
locyanine molecules between and within the Pb-connected
pseudo-double-deckers, respectively, which corresponds well
with those revealed in a single crystal of 2, 4.844 and
2.880 A.

The XRD pattern of twisted nanoribbons self-assembled
from 2 in the presence of Na*t shows two peaks at 1.20 and
1.08 nm in the low-angle region, which are ascribed to the
refractions from the (100) and (001) planes, respectively
(Figure S10B in the Supporting Information).*! In the wide-
angle region, the XRD pattern also presents four sharp
peaks at 0.53, 0.36, 0.27, and 0.21 nm due to the refractions
from the (00!) planes with /=2, 3, 4, and 5. The two addi-
tional peaks at 0.42 and 0.28 are assigned to the refractions
from the stacking distance between the N(isoindole), plane
of neighboring phthalocyanine molecules between and
within the Pb-connected pseudo-double-deckers, respective-
ly (Figure S12). Both of these, in particular the distance be-
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tween the Pb-connected pseudo-double-deckers, become sig-
nificant shorter than those in the nanoribbons of the same
compound formed in the absence of Na™, thereby revealing
the further enhanced intertetrapyrrole interaction between
Pb-connected pseudo-double-deckers due to the formation
of additional metal-ligand (Na—N,,, and Na—Oyyiey,) COOT-
dination bonds. In line with the twisted nanoribbons of 1,
the remaining refraction at 0.24 nm is clearly due to the
Na—O coordination bond length in the twisted nanoribbons
of 2.

Conclusion

In the present paper, two nonperipherally octa(alkoxyl)-sub-
stituted phthalocyanine compounds, 1 and 2, with good crys-
tallinity were synthesized. Their self-assembly behavior in
the absence and presence of sodium ions has been compara-
tively studied. Intermolecular m—mr interactions between the
metal-free phthalocyanine molecules with a saddle molecu-
lar conformation for 1 and Pb-connected pseudo-double-
decker supramolecular building blocks with a domed molec-
ular conformation for the phthalocyanine ligand for 2 led to
the formation of nanoribbons with an average width of ap-
proximately 100 and 150 nm, respectively, thereby revealing
the effect of molecular structure (conformation) on the di-
mensions of the self-assembled nanostructures.

In the presence of sodium ions, the formation of addition-
al metal-ligand (Na—N,,, and Na—Oyy,) coordination
bonds between sodium atoms and aza-nitrogen atoms and
the adjacent butyloxy oxygen atoms of two metal-free
phthalocyanine molecules in cooperation with the intrinsic
intermolecular m— interaction induces the formation of Na-
connected pseudo-double-decker building blocks, which
then self-assemble into twisted nanoribbons with an average
width of approximately 50 nm depending on the intertetra-
pyrrole m—m interaction. Twisted nanoribbons with an aver-
age width of approximately 100 nm were also formed from 2
with Pb-connected pseudo-double-decker supramolecular
structures as building blocks depending on the combination
of metal-ligand (Na—N,,, and Na—Oyyy) coordination
bonding interactions with intrinsic intertetrapyrrole m—m in-
teractions. In particular, both nanoribbons and twisted nano-
ribbons display rich refraction peaks in their X-ray diffrac-
tion patterns, thus revealing the high molecular ordering
nature of these nanostructures. To the best of our knowl-
edge, the present result represents the first self-assembled
nanostructures fabricated from phthalocyanine derivatives
with a confirmed internal structure, controllable dimensions,
and high molecular ordering nature. It will be helpful for
the design and preparation of phthalocyanine-based nanoe-
lectronic and nano-optoelectronic devices with good perfor-
mance due to the close relationship between the molecular
ordering and dimensions of nanostructures and the perfor-
mance and size of nanodevices.
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Experimental Section

Measurements: The nanostructures of compounds 1 and 2 were fabricat-
ed by using the phase-transfer method according to the following proce-
dure 53156 A minimum volume (30-50 pL) of a concentrated solution
of 1 (or 2) (1 mm) in chloroform was injected rapidly into a large volume
of methanol or methanol containing saturated sodium hydroxide (1 mL)
and subsequently mixed with a microinjector. The results were reproduci-
ble under the experimental conditions described above. 'H NMR spectra
were recorded using a Bruker DPX 300 spectrometer (300 MHz) in
CDCl; using the residual solvent resonance of CHCl; at 0 =7.26 ppm rel-
ative to SiMe, as internal reference. Electronic absorption spectra were
recorded using a Hitachi U-4100 spectrophotometer. X-ray diffraction
experiments were carried out using a Rigaku D/max-yB X-ray diffrac-
tometer. MALDI-TOF mass spectra were recorded using a Bruker
BIFLEX III ultra-high resolution Fourier transform ion cyclotron reso-
nance (FTICR) mass spectrometer with o-cyano-4-hydroxycinnamic acid
as the matrix. Elemental analyses were performed by the Institute of
Chemistry, Chinese Academy of Sciences. SEM images were obtained
using a JEOL JSM-6700F field-emission scanning electron microscope.
For SEM imaging, Au (1-2 nm) was sputtered onto the grids to prevent
charging effects and to improve the image clarity.

Chemicals: Column chromatography was carried out on silica gel
(Merck, Kieselgel 60, 70-230 mesh) with the indicated eluents. All other
reagents and solvents were used as received.

Preparation of Pb[Pc(a-OC,H,)g] (2): In a typical procedure, a mixture
of 1,4,8,11,15,18,22,25-octa(butyloxy)phthalocyanine (109 mg, 0.10 mmol)
and Pb(OAc),»3H,0 (76 mg, ca. 0.20 mmol) in DMF (4 mL) was heated
to reflux under nitrogen for approximately 5 h. The solvent was then re-
moved in vacuo, and the residue was subjected to chromatography on a
silica gel column using CHCI; as eluent. The crude product was purified
by recrystallization from CHCl;/MeOH, giving a dark green compound
(118 mg, 91.0%). 'HNMR (CDCl,;, 300 MHz): 0=7.57 (s, 8H; Pc(a-
OC,Hy)s Hg), 4.81-487 (t, 16H; OCH,CH,), 2.18-2.26 (m, 16H;
OCH,CH,C,H;), 1.59-1.69 (m, 16H; OC,H,CH,CH,), 1.05-1.10 ppm (t,
24H; OC;H(CH;). MALDI-TOF MS (with an isotopic cluster peaking at
1297.6): m/z: caled for CoHg)NgOgPb [M+H]*: 1297.6; elemental analysis
caled (%) for CgHgNgOgPb: C 59.29, H 6.22, N 8.64; found: C 59.16, H
5.37, N 8.71.

X-ray crystallographic analyses of 1 and 2: Crystal data and details of
data collection and structure refinement are given in Table 1. Data were
collected using a Bruker SMART CCD diffractometer with an Moy,
sealed tube (1=0.71073 A) at 293 K, using a » scan mode with an incre-
ment of 0.3°. Preliminary unit-cell parameters were obtained from
45 frames. Final unit-cell parameters were obtained by global refine-
ments 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, in-
dexing reflections, and determination of lattice constants; SAINT-PLUS
for integration of intensity of reflections and scaling;®! SADABS for ab-
sorption correction;®! and SHELXL for space group and structure deter-
mination, refinements, graphics, and structure reporting.**

CCDC-720293 (1) and -733416 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Phthalocyanine Derivatives

Small one-der: One-dimensional nano-
structures with a confirmed internal
structure, controllable dimensions and
morphology, and high molecular order-
ing have been successfully fabricated
from 1,4,8,11,15,18,22,25-octa-
(butyloxy)phthalocyanine derivatives
with good crystallinity (see graphic).
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Nonperipherally Octa(butyloxy)-
Substituted Phthalocyanine Deriva-
tives with Good Crystallinity: Effects
of Metal-Ligand Coordination on the
Molecular Structure, Internal Struc-
ture, and Dimensions of Self-Assem-
bled Nanostructures
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