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Effect of hydrogen bond on supramolecular self-
aggregation mode and extent of metal-free
benzoxazole-substituted phthalocyanines

Yinghui Bian, Jinshe Chen, Shaotang Xu, Yulu Zhou, Lijun Zhu, Yuzhi Xiang and
Daohong Xia*

Two novel metal-free phthalocyanines have been designed and synthesized, namely
tetra {[ 1H-benzo(d)imidazol-2-yl]thiol} phthalocyanine (TBIT-Pc) and
tetra {[benzo(d)thiazol-2-yl]thiol } phthalocyanine (TBTT-Pc). These two compounds showed
similar structures, while imidazolyl-NH in the substitutes of TBIT-Pc could form more
hydrogen bonds. TBIT-Pc and TBTT-Pc were fully characterized by elemental analysis, 'H
NMR, MALDI-TOF MS, FT-IR and UV-Vis absorption spectrum. The self-assembly
properties of TBIT-Pc and TBTT-Pc were comparatively studied. TBIT-Pc and TBTT-Pc
were present as monomer in DMF in the concentration range of 9.04~20.3 uM. Depending
mainly on the intermolecular hydrogen bonding (N-HN) between benzimidazole
substitutes, “head-to-tail” J-aggregates of TBIT-Pc were formed in DMSO, while there is no
aggregation of TBTT-Pc in the same solvent. “Face-to-face” H-aggregates of TBIT-Pc and
TBTT-Pc were formed with the addition of water to the solutions of DMSO, and the degree
of aggregation increased with the introduction of H-bonds (N-H"N) in the benzimidazole
substitutes of TBIT-Pc. The Atomic Force Microscope (AFM) image and Dynamic light
scattering (DLS) displayed the formation of well-defined nanoparticles with a diameter of
ca. 30£15 nm with J-type aggregation of TBIT-Pc. And the dendritic nanostructures with H-
aggregates of TBIT-Pc and TBTT-Pc with different size were observed from Transmission
Electron Microscopy (TEM) images. The possible mechanism of the effect of H-bonds on
the formation of J-aggregates of TBIT-Pc and the H-aggregation of TBIT-Pc and TBTT-Pc
was also discussed. In the formation process of aggregates, H-bonds and n-x interaction may
be the dominant factors. In addition, the nanostructures fabricated from TBIT-Pc and TBTT-
Pc showed good semiconducting properties revealed by current-voltage measurements.

phthalocyanine  structure  incorporation  with  various
substituents has been shown not only to enhance their solubility,
but also affect their self-assembly effectively.

Phthalocyanines (Pcs) are remarkable compounds possessing
photophysical,’  semiconducting,” and  photoconducting
properties due to their 18m-electron aromatic macrocyclic
structure.>® Phthalocyanines have been used as dyes and
pigments first of all.>’ Because of their excellent thermal
stability and visible area optical properties, phthalocyanines are
also ideal for applications in sensors,™'® electronic displays,*
non-linear optical devices,!" solar cells,'? semi-conductors,?
data storage systems,'* catalysts'® and as photodynamic therapy
(PDT) agents.'"® One of the most important properties of
phthalocyanines is self-assembly or aggregation in solutions.
The aggregation of phthalocyanines is similar to porphyrins
which exist in petroleum and affect the aggregation properties
of petroleum fractions. And the aggregation is interesting and
significant in many chemical'’ and biochemical'® systems,
since strong association interaction between molecules. The

This journal is © The Royal Society of Chemistry 2013

The self-assembly or aggregation of phthalocyanines can be
achieved through the cooperation of intermolecular interactions
such as m-m stacking, hydrogen-bond, acid-base interactions,
and donor-acceptor interactions.'*** As well known, “head-to-
tail” J-type stacking and “face-to-face” H-type stacking of
aggregates are observed in phthalocyanines.”*** Species with
the absorption bands shifted to the blue relative to the monomer
absorption are termed H-aggregates, while species with
absorption bands red-shifted are termed J-aggregates.’>*® H-
aggregates as the predominant component of self-assembly of
phthalocyanines are known to be non-photoactive, while J-type
aggregates with photoactivity are rarely observed.””*® To
reliably change the stacking process or mode of
phthalocyanines self-assembly, the hydrogen bond is an ideal
candidate due to its directionality and reversibility.”’ Shinkai

J. Name., 2013, 00, 1-3 | 1



New Journal of Chemistry

and coworkers®® have found that the hydrogen bonding
interactions among saccharide groups are able to finely change
the face-to-face orientation mode of porphyrin molecules,
resulting in the formation of H- or J-aggregates in an organogel
system. Among the substituted phthalocyanines, the
heterocyclic group has been received considerable attention.®'
In addition, imidazole and thiazole derivatives contain nitrogen
and sulphur atoms which could form hydrogen-bonding among
different phthalocyanine molecules. Recently, imidazole
substituted porphyrins and phthalocyanines have been
synthesized®*>” and investigated for their optical property,*
electrical property,™ electron transfer processes®, catalytic
property®® and molecular switch properties.’”” However, few
researches on the comparative study of self-assembly properties
of imidazole and thiazole substituted phthalocyanines have
been reported. The -NH in imidazole substituted
phthalocyanines could increase the number of N-H™N
hydrogen bonds between neighboring Pcs molecules. And the
self-assembly mode will be varied compared to thiazole-
substituted phthalocyanines.

In this work, we described the design and synthesis of two new
phthalocyanine derivatives, namely tetra{[1H-
benzo(d)imidazol-2-yl]thiol} phthalocyanine (TBIT-Pc, 6) and
tetra{[benzo(d)thiazol-2-yl]thiol}phthalocyanine (TBTT-Pc, 7),
as shown in Scheme 1. The self-assembly properties of TBIT-
Pc and TBTT-Pc at different concentrations and in different
solvents were comparatively investigated. The results indicated
the great effect of hydrogen bonds on the self-assembly mode
and aggregation degree. The semiconducting property of these
nano-aggregates was also explored.
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Scheme 1. Synthetic route of novel tetra {[ | H-benzo(d)imidazol-
2-yl]thiol}phthalocyanine (TBIT-Pc, 6) and
tetra{[benzo(d)thiazol-2-yl]thiol} phthalocyanine (TBTT-Pc, 7) .

DBU
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Materials

2-Mercaptobenzimidazole (2), 2-mercaptobenzothiazole (3) and
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) were purchased
from Aladdin. DMF and n-pentanol were freshly distilled just
before use. The progress of the reactions was monitored by
TLC (Si0O,). Column chromatography was carried out on silica
gel (Haiyang, Kieselgel 60, 200-300 mesh) with the selected
eluents. 4-Nitrophthalonitrile (1) was synthesized according to
the reported literature™.

Instruments

The 'H NMR (600 MHz) spectra were recorded on a Bruker
AVANCE III 600 in CDCl; and DMSO-d¢ solutions. MALDI-
TOF mass spectrum was taken on a Bruker BIFLEX III and
Elemental analysis was performed on an Elementar Vario EL
[II instrument. The FT-IR spectra were recorded with a Nicolet
6700 Fourier transform infrared instrument. The UV-Vis
spectra  were measured on a Hitachi U-3900H
spectrophotometer. Fluorescence emission spectra were
recorded on a Horiban Jobin Yvon FluoroMax-4
spectrofluorometer. AFM images of the aggregates were
performed with a commercial Nanoscope IVa MultiMode
atomic force microscope. TEM images of the aggregates were
performed on a JEOL 1200EX electron microscopy. The size
measurements of nanoaggregates were carried out by Dynamics
light scattering (DLS) technique.

Syntheses

Phthalonitrile derivatives (4-5). 2-Mercaptobenzimidazole (2)
(1.50 g, 0.01 mol) or 2-mercaptobenzothiazole (3) (1.67 g, 0.01
mol) were added to the DMF solution (25 mL) of 4-
nitrophthalonitrile (1) (1.73 g, 0.01 mol), respectively. Then the
mixture solution was stirred at 55-60 ‘C under N, stream.
Powdered anhydrous potassium carbonate (K,CO;3) (1.38 g,
0.01 mol) was added in eight equal portions over 2 h and the
mixture was stirred vigorously at the same temperature for
further 24 h. After one day, the reaction mixture was poured
into ice-water (200 mL). The precipitate formed was filtered
and washed successively with water until the washing became
neutral and then washed with methanol three times. Finally, the
crude product was crystallized repeatedly from ethanol.

4-{[1H-benzo(d)imidazol-2-yl]|thio}phthalonitrile (4).
Grayish crystalline powder. Yield: 65% (1.8 g), MA=276.2
g/mol, m.p.=158°C. "H NMR (600 MHz, DMSO-d,) (5: ppm):
5 13.22 (s, 1H, -NH), 8.28 (d, J = 1.8 Hz, 1H, Ar-H), 8.10 (d, J
=8.4 Hz, 1H, Ar-H), 7.83 (dd, ] = 8.4, 1.9 Hz, 1H, Ar-H), 7.61
(s, 2H, Ar-H), 7.28 (dd, J = 5.7, 2.8 Hz, 2H, Ar-H). MS (ESI),
(m/z): 277.1 [M+H]". For C;sHgN,S Anal. Calc.: C, 65.15; H,
2.90; N, 20.27. Found: C, 67.52; H, 2.83; N, 21.04%.

4-[benzo(d)thiazol-2-ylthio]phthalonitrile 5). Oyster
crystalline powder. Yield: 65% (1.92 g), MA=293.2 g/mol,
m.p.=159°C. "H NMR (600 MHz, CDCl;) (8: ppm):5 8.06-7.98
(m, 2H, Ar-H), 7.92 (dd, J = 8.2, 1.7 Hz, 1H, Ar-H), 7.85 (d, J
= 8.0 Hz, 1H, Ar-H), 7.79 (d, J = 8.3 Hz, 1H, Ar-H), 7.53 (t, J =
7.7 Hz, 1H, Ar-H), 7.45 (t, J = 7.6 Hz, 1H, Ar-H). MS (ESI),
(m/z): 294.0 [M]". For C;sH;N3S, Anal. Calc.: C, 61.35; H,
2.39; N, 14.31. Found: C, 59.68; H, 2.45; N, 13.89%.
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Metal-free phthalocyanines (6-7). 4-{[1H-benzo(d)imidazol-
2-yl]thio}phthalonitrile (4) (0.218 g, 0.79 mmol) or 4-
[benzo(d)thiazol-2-ylthio]phthalonitrile (5) (0.232 g, 0.79 mmol)
were dissolved in 5 mL n-pentanol, respectively. The mixed
solution was heated at 90°C under N, and DBU (0.44 mL, 0.8
mmol) was added to the mixed solution. Then the reaction
mixture was heated to 138°C and stirred at this temperature for
24 h under N,. The dark blue mixture was diluted with 30 mL
n-hexane and stirred for 12 h after cooling to room temperature.
The precipitated was filtered off and washed with methanol,
ethanol, aether, successively. Finally, pure metal-free
phthalocyanines were obtained by column chromatography on
silica gel using CH3;COCH,/THF (10/1, v/v), CH3;COCH,/
CH,Cl, (10/1, v/v) as eluent for compound 6 and compound 7,
respectively.

Tetra{[1H-benzo(d)imidazol-2-yl|thiol}phthalocyanine (6).
Yield: 32% (0.28 g), m.p. >300 C. IR vy,,/(cm™): 3296, 3051,
1609, 1483, 1469, 1449, 1236, 1162, 1104, 1011, 927, 877, 851,
761. UV/Vis (DMF): Ay nm (log €) 719 (4.51), 677 (4.49). 'H
NMR (600 MHz, DMSO-dy) (8: ppm): 12.42 (s, 4H, Im-NH),
8.78-7.38 (m, 28H, Ar-H). MALDI-TOF MS: Calculated:
1107.3 [M]; Found: 1106.9 [M]". For C4H34N14Ss Anal. Calc.:
C, 65.07; H, 3.07; N, 20.20. Found: C, 64.88; H, 3.08; N,
20.27%.

Tetra{[benzo(d)thiazol-2-yl]thiol}phthalocyanine (7). Yield:
33% (0.31 g), m.p. >300 C. IR vy/(cm™): 3288, 3052, 1602,
1491, 1463, 1441, 1238, 1159, 1101, 1019, 926, 870, 850, 758.
UV/Vis (DMF): Ay nm (log €) 714 (4.57), 675 (4.59). 'H
NMR (600 MHz, DMSO-dg) (6: ppm): 8.56-7.58 (m, 28H, Ar-
H). MALDI-TOF MS: Calculated: 1175.4 [M]; Found: 1174.7
[M]". For C4oH3oN1,Sg Anal. Calc.: C, 61.30; H, 2.55; N, 14.30.
Found: C, 61.58; H, 2.54; N, 14.26%.

Results and discussion

Design, synthesis and characterization of TBIT-Pc and
TBTT-Pc

Imidazole and thiazole derivatives substituted phthalocyanines
have been received considerable attention. The -NH in
benzimidazole substitutes of phthalocyanines could increase the
number of N-H'N hydrogen bonds between neighboring Pcs
molecules. The self-assembly stacking mode and aggregation
degree will be different from thiazole substituted
phthalocyanines. Therefore, mercaptobenzimidazole and
mercaptobenzothiazole have been chosen as the peripheral
substituents of phthalocyanines in this paper. The synthesis
route of tetra{[1H-benzo(d)imidazol-2-yl]thiol} phthalocyanine
(TBIT-Pc, 6) and tetra {{benzo(d)thiazol-2-yl]thiol}
phthalocyanine (TBTT-Pc,7) was shown in scheme 1. In the
synthetic procedure, the first step was to obtain 4-{[1H-
benzo(d)imidazol-2-yl]thio}  phthalonitrile (4) and 4-
[benzo(d)thiazol-2-ylthio] phthalonitrile (5) as precursors of
phthalocyanines. Then metal-free phthalocyanines (TBIT-Pc
and TBTT-Pc) were obtained respectively by
cyclotetramerization of compound 4 and compound 5 in dry n-
pentanol in the presence of DBU under N, atmosphere with
reflux for 24 h. The phthalocyanines were purified through
column chromatography. The MALDI-TOF mass spectra of the
obtained compounds clearly showed intense signal
corresponding to the molecular ion M". The compounds were
further characterized by 'H NMR, FT-IR and UV-Vis

This journal is © The Royal Society of Chemistry 2012
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spectroscopic methods. Due to the presence of four polar
peripheral substituents,*® both TBIT-Pc and TBTT-Pc exhibited
excellent solubility in DMF, THF and DMSO. TBTT-Pc also
showed good solubility in chloroform. However, their solubility
in some organic solvents, such as methanol, ethanol, acetone,
dichloromethane and toluene is limited.

Electronic absorption of TBIT-Pc and TBTT-Pc

As well known, phthalocyanines exhibit characteristic
absorption spectra with two distinguished wavelength ranges.
One is termed ‘‘B’’ or Soret band (approx. 300-400 nm) and
the other one is called as the ‘‘Q’> band (approx. 600-800
nm).”*® Due to Dy, symmetry, the Q bands of metal-free
phthalocyanines are splitted into Qx and Q, bands.*' The
absorption spectra of TBIT-Pc and TBTT-Pc in DMF at the
concentration of 2.03x10° M are shown in Fig.1. Similar
absorption spectra were observed for TBIT-Pc and TBTT-Pc.
The B-bands for TBIT-Pc and TBTT-Pc in the UV region were
at about 350-370 nm. And the metal-free TBIT-Pc and TBTT-
Pc gave a split Q-band of high intensity at about 715 (Q,) and
670 nm (Q,), indicating the obtained structure with non-
degenerate D,, symmetry.**** The characteristic absorption
spectra for the synthesized phthalocyanines were also observed
in the DMSO and THF solutions of TBIT-Pc and TBTT-Pc (Fig.
S1).

1.0
0.8
TBTT-Pc
o 0.6
2
< TBIT-Pc
2
5 0.4
[72]
Q2
<
0.2
0.04
300 400 _ 500 600 700 800
Wavelength(nm)

Fig.1. Electronic absorption spectra of TBIT-Pc (red) and TBTT-Pc
(blue) in DMF at 2.03x107° M.

Phthalocyanines have generally high tendency of aggregation
due to their specific 18 m-electron systems. The self-
aggregation has a significant effect on their optical and
electrochemical properties.***® For phthalocyanines, the self-
assembly behavior in solution is a good indication of the
presence of interactions between different molecules.*’
Aggregation is usually investigated by the electronic absorption
spectrum depending on the concentration varied.**° For the
aggregation of phthalocyanine, the Q band exhibits a blue-shift
or red-shift with some decrease in intensity.’' The aggregation
behavior of the metal-free TBIT-Pc and TBTT-Pc were
investigated at different concentrations in DMF. As shown in
Fig.2, in the concentration range of 9.04x10°~20.3x10° M,
intensity of the Q-band gradually increased with an increase of
concentration. Meanwhile, there were no new bands (normally
blue shifted) due to the aggregated species for TBIT-Pc (Fig.2a)
and TBTT-Pc (Fig.2b). It indicated that TBIT-Pc and TBTT-Pc
were mostly present as monomer in DMF and obeyed the Beer-
Lambert law in the tested concentration range.>

J. Name., 2012, 00, 1-3 | 3
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Fig.2. Electronic absorption spectra for TBIT-Pc (A) and TBTT-Pc
(B) in DMF at different concentrations (a-f): 9.04x107, 11.3 x107,
13.6 x10°, 15.8 x10°%, 18.1 10, 20.3x10°® M. (Insets: Plot of
absorbance versus concentration in Q-band.)

The formation of phthalocyanine aggregates is also solvent-
dependent.” Kimura and coworkers® have studied the self-
organizing properties of amphiphilic
metallophthalocyanines in DMSO-water mixtures with different
water content. The aggregated phthalocyanine species with a
cofacial arrangement formed in the solutions. Thus, the
aggregation behavior of TBIT-Pc and TBTT-Pc was studied in
DMSO and mixtures of water and DMSO (1/1, v/v) as a result
of solvent effect. The concentration of TBIT-Pc and TBTT-Pc
was kept constant at 1.58x10° M. As can be seen from Fig.3a,
the Q-band absorption spectrum of TBIT-Pc in DMSO was
significantly different from that in DMF. In comparison with
the monomer in DMF, the Q-band of TBIT-Pc in DMSO after
stabilization showed a remarkable red shift, which is the typical
characteristic of the formation of J-aggregation.”® However,
TBTT-Pc was also present as monomer in DMSO because the
spectrum was similar to those of its monomer in DMF. The
color of the DMSO solution of TBIT-Pc was different from
TBTT-Pc as shown in the insets of Fig.3. This was quite
reasonable because of the different forms in existence. These
results indicate that the presence of hydrogen bonding (N-H'N)
between benzimidazole substitutes of TBIT-Pc affect the
formation of aggregation in DMSO solutions effectively. The
electronic absorption spectra of TBIT-Pc and TBTT-Pc in
DMSO/water are also given in Fig. 3. With respect to the

novel

4| J. Name., 2012, 00, 1-3

monomer, the absorption of TBIT-Pc and TBTT-Pc in
DMSO/water at 710 nm decreased and a new blue-shifted band
appeared, both of which indicated the formation of H-
aggregates promoted by the addition of water.”® In detail, the Q
band took a remarkable blue shift of 60 nm for TBIT-Pc in
DMSO/water. However, a slight blue shift of 10 nm was
observed for TBTT-Pc in DMSO/water, indicating that the
extent of H-aggregation increased with the introduction of
hydrogen bonds (N-H'N) between benzimidazole substitutes
of TBIT-Pc. The images of the H-aggregates formed also
showed aggregates in existence with larger size in DMSO/water
mixture of TBIT-Pc than TBTT-Pc, which agreed with the
results of Q-band absorption spectra.

I
0.6 . ‘ i | ; a
monomer
(RMF)
8 0.4+ / J-aggregate
g (DMSO)
E monomer J-aggregate H-aggregate |
20.2-
<
~ “ H-aggregate =
0.04 (DMSO/water(viv,1/1))
500 600 700 800
Wavelength(nm)
0.8 b
0.6 g 3
|
g0 -
g | monomers H-aggregate |
£ /
o [
£0.24 f
< //’\J
0.0 //
& H-aggregate
(DMSO/water(viv,1/1))
-0.2 T T T

600 700
Wavelength(nm)

Fig.3. Q-band absorption spectra of TBIT-Pc (a) in the form of
monomer (in DMF), J-aggregate (in DMSO, 6 h after dissolving
solid sample), H-aggregate (DMSO/water mixture, 1/1, v/v) and
TBTT-Pc (b) in the form of monomer (in DMF and DMSO), H-
aggregate (DMSO/water mixture, 1/1, v/v). Insets: Images of (a)
monomer, J-aggregate, H-aggregate and (b) monomers, H-aggregate.
The concentration of TBIT-Pc and TBTT-Pc was kept constant at
1.58x10”° M.

J-aggregation of TBIT-Pc in DMSO

The electronic absorption spectra and fluorescence spectra of
TBIT-Pc in DMSO are given in Fig.4. As shown in the
electronic absorption spectra of TBIT-Pc in DMSO (Fig.4a),
the spectrum displayed a broad and single Q band at 715 nm at
the concentration of 9.04x10° M. The absorption at 715 nm
gradually increased with increasing concentration and the new
red-shifted band gradually appeared at 741 nm. According to
the Kasha's exciton theory,*® the new bands observed for TBIT-
Pc in DMSO are attributed to the head-to-tail aggregates, or so-
called J-aggregates. The corresponding fluorescence spectra
obtained at an excitation wavelength of 640 nm are displayed in

This journal is © The Royal Society of Chemistry 2012
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Fig. 4b. The high intensity at 721 nm increased with the
concentration increasing from 9.04x10° M to 11.3x10° M,
while decreased slightly in the concentration range of 11.3x107°
~20.3%10° M. A new red-shifted emission band gradually
appeared at 741 nm. The significant red-shift of emission bands
were observed for the DMSO solution of TBIT-Pc, which also
indicated the formation of J-aggregates promoted by hydrogen
bonds between different phthalocyanine molecules. The
quantum yield of the emission was evaluated to be 0.55 using
that for metal-free phthalocyanine (0.85) as the standard.>” This
result supported that J-aggregates of TBIT-Pc were fluorescent.
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Fig.4. Electronic absorption spectra (a) and fluorescence
spectra (b) of TBIT-Pc in DMSO at different concentrations.
The inset of electronic absorption spectra shows the absorbance
changes of Q-bands at 741 nm.

H-aggregation of TBIT-Pc and TBTT-Pc in DMSO/water
mixture

The electronic absorption spectra and corresponding
fluorescence spectra of TBIT-Pc and TBTT-Pc were studied in
DMSO/water mixed solutions in various volume ratios (10:0~
35:65(v/v)). The concentration of TBIT-Pc and TBTT-Pc was
kept at 1.58x10° M. As shown in Fig. 5a, absorbance at the
Q-band of TBIT-Pc decreased with increasing water content.
And a new band with a great blue-shift of 50 nm (around 652
nm) appeared when water content was more than 30 vol%.
These spectral changes may be attributed to the formation of H-
type (face-to-face conformation) aggregations, which was
promoted by the addition of water. The formation of H-
aggregates has also been supported by fluorescence spectra,
which were obtained at an excitation wavelength of 640 nm in
Fig. 5b. The intensity at 726 nm decreased with increasing
water content in the DMSO/water mixtures and a new blue-
shifted band around 712 nm gradually appeared when water

This journal is © The Royal Society of Chemistry 2012
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content was more than 20 vol%. The intensity at 712 nm further
decreased down to baseline with the increasing water content,
which indicated the new species formed with non fluorescence
(observed from Fig. 5a). This is expected for the H-
aggregates.”® Fluorescence quantum yields (®p) were also
determined by metal-free phthalocyanine (®=0.85) as a
standard.”” @y values for TBIT-Pc decreased dramatically from
0.55 in DMSO to 0.001 in DMSO/water. These results
demonstrated that the stacking mode of TBIT-Pc in DMSO
solution (J-aggregates) could be changed by adding water to the
DMSO solutions.
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Fig.5. Electronic absorption spectra (a) and fluorescence

spectra (b) of TBIT-Pc in DMSO/water mixed solution with

different volume ratios. The concentration of TBIT-Pc was kept

constant at 1.58x107° M. Inset: Dependence of fluorescence

intensity on the content of water in the mixed solutions.

Similar changes of absorption and fluorescence spectra have
been observed in DMSO/water mixed solutions for TBTT-Pc
(Fig. 6). Upon aggregation of TBTT-Pc induced by the addition
of water, the high intensity at 710 nm in monomer of TBTT-Pc
also decreased and a new blue-shifted absorption band at 702
nm was observed. The difference in absorption spectra was that
the aggregation bands of TBTT-Pc were recorded at higher
wavelengths than that of TBIT-Pc. Meanwhile, the fluorescence
intensity at 726 nm decreased down to baseline without the
appearance of a new emission band, indicating the formation of
non-fluorescent H-aggregates. ®; values for TBIT-Pc decreased
dramatically from 0.60 in DMSO to 0.002 in DMSO/water.
Thus, both TBIT-Pc and TBTT-Pc were strongly aggregated in
DMSO/water mixed solutions and the degree of aggregation
increased in the DMSO/water mixture of TBIT-Pc. These
results indicated that H-bonds and strong interactions between
n-clouds gave rise to H-aggregates of TBIT-Pc and TBTT-Pc.
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Fig.6. Electronic absorption spectra (a) and fluorescence spectra (b)
of TBTT-Pc in DMSO/water mixed solution with different volume
ratios. The concentration of TBTT-Pc was kept constant at 1.58x107
M.

Morphology of aggregates

Electronic absorption spectra and fluorescence spectra of TBIT-
Pc and TBTT-Pc in DMSO and DMSO/water mixture
described above revealed the formation of J- and H-aggregates.
To characterize the dimensions and morphologies of the
nanoaggregates, AFM have been recorded for J-aggregates
fabricated from TBIT-Pc (Fig. 7a). TEM images have been
recorded for H-aggregate of TBIT-Pc and TBTT-Pc formed in
DMSO/water mixture (Fig. 7b and Fig. 7c). As shown in the
AFM image (Fig. 7a), the TBIT-Pc molecules assembled into
well-defined nanoparticles with a diameter of ca. 30+15nm. As
displayed in the TEM image (Fig. 7c), TBIT-Pc molecules in
DMSO/water  mixture  self-assembled into  dendritic
nanostructures with a length from 1000 to 150 nm and a width
from 30 to 20 nm. In comparison with the nanostructure of
TBIT-Pc H-aggregates, shorter dendritic nanostructures was
formed in DMSO/water mixture of TBTT-Pc for which the
length was from 600 to 200 nm and the width was from 20 to

10 nm (Fig.7d). Therefore, the results of AFM and TEM agreed
with those by electronic absorption and emission spectra
measurements. All the results establish the fact that J-
aggregation and the increase of H-aggregation degree were
induced by the hydrogen bonds (N-H"N) between
benzimidazole substitutes of TBIT-Pc.

Dynamic light scattering (DLS) was also studied for
estimation of the particle sizes of the TBIT-Pc J-aggregates
formed in DMSO (Fig.7b). The spectra were analyzed for
particle size distribution using the CONTIN algorithm.”® It was
found that the hydrodynamic diameter of nanoparticles formed
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in the DMSO solution of TBIT-Pc is mainly distributed in the
range of 8~89 nm with an average hydrodynamic diameter of
30 nm, which is in good accordance with AFM measurements.
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Fig.7. AFM (a) and TEM (c and d) images of the TBIT-Pc
nanoaggregates in DMSO (a), DMSO/water (c) and TBTT-Pc
nanoaggregates in DMSO/water (d) after 6h of aggregation. DLS
results for TBIT-Pc in DMSO (b).

Mechanism of Self-Assemblies

On the basis of the electron absorption and fluorescence spectra,
the possible mechanism of the TBIT-Pc J-aggregates formed in
DMSO and H-aggregates formed in the DMSO/water mixture
of TBIT-Pc and TBTT-Pc are described in Fig. 8. As shown in
the electron absorption spectrum in Fig. 3b, TBTT-Pc was
mainly present as monomer in DMSO, which was possibly due
to the formation of intermolecular hydrogen bonds between
TBTT-Pc molecules and DMSO molecules. However, the head-
to-tail J-aggregates formed in DMSO solution of TBIT-Pc may
be induced by the hydrogen bonds (N-H"N) between
benzimidazole substitutes. After adding water to the DMSO
solutions of TBIT-Pc and TBTT-Pc, water molecules would be
linked with DMSO molecules via hydrogen bonds, which
resulted in the disruption of the hydrogen bonds existing in the
Pcs and DMSO molecules. As a result, TBIT-Pc and TBTT-Pc
molecules could connect with neighboring molecules and form
face-to-face H-aggregates. In the formation process of H-
aggregates, H-bonds and =w-m interaction may be the dominant
factors. Meanwhile, the aggregation extent increased with an
increase of the H-bond numbers formed in the self-assembly
system. Compared with TBTT-Pc, there were much more H-
bonds in the TBIT-Pc H-aggregates. Therefore, larger size
nanoaggregates as shown in the pictures of Fig.3 and TEM
images were formed in the DMSO/water mixture of TBIT-Pc
than TBTT-Pc.

This journal is © The Royal Society of Chemistry 2012
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Fig.8. Schematic illustration for the formation process of TBIT-Pc J-
aggregates formed in DMSO and H-aggregates formed in
DMSO/water mixed solution of TBIT-Pc and TBTT-Pc.

Current-Voltage (I-V) properties

The uniform aggregates of TBIT-Pc and TBTT-Pc with well-
defined nanoparticles and dendritic nanostructures may be
promising candidates for applications in electronic devices,
which depends on the combination of n-n stacking interactions
and H-bonds between different Pcs molecules. To demonstrate
the semiconducting potentials of these nanostructures, the J and
H -type nanoaggregates were carefully pressed onto 60 pum-
spaced Au electrodes to study their current-voltage properties.
Fig.9 showed the current-voltage (I-V) characteristics of
nanoparticles (a), short and long dendritic nanostructures (b and
¢), respectively. The electronic conductivity extracted from the
quasi-linear region at low bias (up to 40 V) was calculated to be
around 2.09x10°, 6.14x10° and 7.90x10° S m" for the
nanoparticles, short and long dendritic nanostructures,
respectively. In particular, the long dendritic nanostructures of
TBIT-Pc showed the highest conductivity in comparison with
nanoparticles and short dendritic nanostructures. The short
dendritic nanostructures had a better semiconducting ability
than nanoparticles. The improved semiconducting property of
TBIT-Pc H-aggregates (long dendritic nanostructures) was
enhanced by m—m stacking and the additional introduction of
hydrogen bonding (N-H'N) between benzimidazole substitutes
of TBIT-Pc molecules.’*°

Conclusions

Two new metal-free tetra{[ 1H-benzo(d)imidazol-2-
yl]thiol}phthalocyanine (TBIT-Pc) and tetra{[benzo(d)thiazol-
2-yl]thiol}phthalocyanine (TBTT-Pc) have been designed and
synthesized in the present paper. TPIT-Pc and TBTT-Pc
exhibited excellent solubility in THF, DMF and DMSO. The
self-assembly behaviors of TPIT-Pc and TBTT-Pc in solutions
were comparatively studied for the first time. TBIT-Pc and

This journal is © The Royal Society of Chemistry 2012
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TBTT-Pc did not show self-assembly tendency in the solution
of DMF. TBTT-Pc was also present as monomer in DMSO.
While “head-to-tail” self-assemblies (J-
aggregates) were formed in the DMSO solution of TBIT-Pc due
to the presence of hydrogen bonding (N-H"N) between
benzimidazole substitutes. Further comparative investigation of
the self-assembly behavior of TBIT-Pc and TBTT-Pc revealed
that the H-aggregates were formed in the DMSO/water mixture.
In the formation process of aggregates, H-bonds and n-m
interaction may be the dominant factors. The degree of H-
aggregation increased with more hydrogen bonds (N-H"N)
formed. And especially, these results implied the effective
effect of hydrogen bonding (N-HN)

stacking mode

introduced in the

substituents of TBIT-Pc on the stacking mode, size,
morphology and [-V  properties of self-assembled
nanostructures. The  reported  benzoxazole-substituted

phthalocyanines can be also significant in the applications of

optical pH-sensors, optoelectronic devices, photodynamic
therapy (PDT) and nanoscale catalysts. Further studies with the
novel phthalocyanines and their aggregates will be conducted

on these application areas.
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Fig.9. I-V curves measured for nanoparticles fabricated from
DMSO solutions of TBIT-Pc (a), short and long dendritic
nanostructures formed in DMSO/water mixture of TBTT-Pc (b)
and TBIT-Pc (c).
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Novel metal-free tetra{lH-benzo[d]imidazol-2-yl)thiol}phthalocyanine (TBIT-Pc)
and tetra{(benzo[d]thiazol-2-yl)thiol} phthalocyaninate (TBTT-Pc) were synthesized
and characterized. TBIT-Pc self-assembled to J-aggregates and H-aggregates in
DMSO and DMSO/water, while TBTT-Pc was present as monomer and H-aggregates

in DMSO and DMSO/water.
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