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Introduction

Organic fluorescent materials have attracted enor-
mous attention in many fields ranging from biologi-
cal imaging [1, 2], chemical sensors [3], and
optoelectronic devices [4] mainly because of their
excellent properties including versatile synthetic tai-
lorability and high fluorescence quantum yield.
Generally, the conventional organic fluorophores
should be used in their dilute solution, since their
fluorescent emission would be declined or even fully
quenched when they were aggregated or existed in
solid state, resulting to the so-called notorious
aggregation-caused quenching (ACQ) effect, which is
mainly resulted from the formation of non-photoactive
species (excimers, H-type aggregates, etc.) [5, 6]. Thus,
the ACQ effect of organic fluorophores would strongly
hinder their potential applications in fluorescent bio-
probes, data storage, chemical sensory systems, and
organic light-emitting diodes (OLED) [7-12]. There-
fore, many research groups have attempted to over-
come these inherent disadvantages through chemical
and physical approaches to improve the fluorescence
quantum yield in aggregated and solid state.

In 2001, the Tang's team firstly reported the aggre-
gation-induced emission (AIE) for the silole com-
pound 1-methyl-1,2,3,4,5-pentaphenylsilole showing
stronger fluorescence in the aggregated state com-
pared to its molecular state in pure solution [13]. The
AIE mechanism has been lately rationalized as the
restriction of intramolecular rotation that normally
dissipates energy of excited fluorophores via various
non-radiation channels. Afterward, the tetraphen-
ylethene, 8,8a-dihydrocyclopentalalindene, benzene-
1,3,5-tricarboxamide,  conjugated  poly(dipheny-
lacetylene)s, and other hexaphenylsilole derivatives
were found with AIE characteristic and have been
applied in many cutting edge fields, such as fluores-
cent pH sensors, biological DNA probes, polarized
light emitters, and multi-responsive nanomaterials
[14-18]. Thanks to these flourishing applications,
increasing efforts have been devoted to design and
synthesize enhanced AIE fluorophores including BF,
fluorescent dyes [19], 1,1-Dicyano-2,2-bis(4-dimethy-
laminophenyl)ethylene [20], 4,4’-(9-oxo-9H-fluorene-
2,7-diyl)dibenzaldehyde [21], (1,3-dimethyl)barbituric
acid-functionalized anthracenes [22], and a-cyanostil-
bene functionalized tetraphenyl imidazole derivatives
[23]. However, the majority of these AIE fluorophores
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are non-luminescent in molecular state due to the
presence of diverse non-radiative channels. Therefore,
the exploration of new-type fluorophores that exhibit
both molecular emission and AIE-enabled aggregated
or solid-state fluorescence is of great importance for
even wider practical applications.

Zinc phthalocyanines have attracted increasing
interests and attentions in the photodynamic therapy,
non-linear optoelectronic devices, sensitive chemosen-
sors, and photocatalysis for visible-light-driven
degradation of organic dyes, thanks to their rich pho-
tochemical and photophysical properties including
near-infrared emission, high singlet oxygen genera-
tion efficiency, and excellent photostability [24-31]. In
the above-mentioned applications, a larger number of
chemical protocols were utilized to synthesize soluble
and non-aggregated zinc phthalocyanine complexes,
mainly because of the fact that aggregated zinc
phthalocyanines show attenuated or completely
quenched optical properties [32-35]. Specifically, the
reason for the quenched luminescence of zinc
phthalocyanines was attributed to the formation of less
emissive species including delocalized excimers or
excitons upon aggregation. Meanwhile, photolumi-
nescent properties for zinc phthalocyanine molecules
have been hardly investigated in the solid state or in
thin films.

In this work, we reported a series of dendritic zinc
phthalocyanines showing both molecular emission
and AlE-enabled aggregated or solid-state fluores-
cence, and their chemical structures, photophysical
properties, intramolecular charge transfers, as well as
morphology of self-assembling superstructures were
fully characterized.

Experimental
Materials

4-nitrophthalonitrile, hydroquinone, 2, 6-naph-
thalenediol, 4, 4'-dihydroxybiphenyl, 4, 4’-dihydrox-
ydiphenylmethane, and bisphenol A were obtained
from Adamas Reagent Co. Ltd (Shanghai, China),
while anhydrous potassium carbonate, zinc chloride,
ammonium molybdate, dimethyl sulfoxide, metha-
nol, acetone, ethanol, dimethylacetamide, and N, N-
dimethylformamide were received from Kelong
Reagent Co. Ltd (Chengdu, China). The polymethyl
methacrylate (PMMA) was obtained from Titan
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Scientific Co. Ltd (Shanghai, China). All the chemical
materials were used as received without any further
purification.

Measurements

Fourier transform infrared spectra of the prepared
compounds were characterized with Shimadzu
8400S spectrometer. NMR spectra were obtained
with a Bruker AV 11-400 spectrometer. The 'H-NMR
(400 MHz) chemical shifts were measured relative to
DMSO-de (H: 6 = 2.50 ppm) as the internal refer-
ences. Elemental analyses were performed by a
Vario EL microelemental analyzer. The weight
average molecular weight (M,,), number average
molecular weight (M,), and polydispersity index
(M,,/M,) were measured with gel permeation
chromatography (PL-GPC220, Agilent). The melting
temperature (Ty,) of the synthesized compounds was
tested with a TA Instruments DSC-Q100 at a heating
rate of 20 °C min~'. Thermal gravimetric analysis
(TGA) of the prepared samples was conducted with
a TA Instrument TGA-Q50 at a heating rate of 20 °C
min~'. The UV-Vis absorption spectra for dendritic
zinc phthalocyanines in DMF solution and DMEF/
H,0O mixed solvent were recorded using a Persee TU
1901 UV-Vis spectrophotometer. The fluorescence
excitation and emission spectra of dendritic zinc
phthalocyanines in DMF solvent, in DMF/H,O
mixed solution, as well as in the solid state were
obtained using a fluorescence spectrophotometer (F-
4600, Hitachi). The scanning electron microscope
(JSM-6490LV, JEOL) was utilized to obtain the self-
assembling  microstructure of dendritic zinc
phthalocyanines in DMF/H,0O (50/50 vol%) mixed
solution and surface morphology of the prepared
polymer composite film. The fluorescence images
were recorded with a fluorescent microscope (DP80,
Olympus). The photos of sample vials under UV
light were captured using a DSLR camera (D7000,
Nikon).

Synthesis

The synthetic route and chemical structures of the
compounds 2A-2E and dendritic zinc phthalocyani-
nes 3A-3E are shown in Scheme 1. The specific pro-
cedure was demonstrated in the following.
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Synthesis of compounds 2A-2E

The mixture containing compound 1 (2.9 mmol),
4-nitrophthalonitrile (1.00 g, 5.8 mmol), and anhy-
drous potassium carbonate (K,COz;) (0.90 g,
6.5 mmol) in 15 mL dimethyl sulfoxide (DMSO)
solution was stirred at room temperature for 24 h
under nitrogen atmosphere. The thermal transition
and chemical structures of the compounds were
characterized using DSC, FTIR, and "TH-NMR spectra
as well as elemental analyses. The DSC curves of the
synthesized compounds 2A-2E are shown in Fig. S1
in Electronic Supplementary Information (ESI).

Compound 2A

The reaction mixture was poured into H,O, and the
precipitate was washed with H,O for three times and
hot methanol for two times. The pure product was
dried under vacuum for 12 h to obtain white powder.
Yield: 0.75 g, 71.4%. Ty 260.4 °C. "H-NMR [DMSO-
de, 400 MHz, 6 (ppm)l: 8.14 (d, | =88 Hz, 2H,
—CeHy), 7.88 (d, ] = 2 Hz, 2H, -C¢Ha), 7.53-7.51 (m,
2H, -C4H3), 7.34 (s, 4H, -C4Hy). IR (KBr, cm™): 3108,
3077, 3049, 2233, 1596, 1562, 1498, 1482, 1285, 1248,
1191, 1091, 1016. Anal.Calcd. (%) for CyoH;oN4O,: C
72.92; H2.78; N 15.46; found: C 72.92; H 2.82; N 15.35.

Compound 2B

The reaction mixture was poured into H,O, and the
precipitate was washed with H,O for three times, ace-
tone for two times, and hot methanol for two times. The
pure product was dried under vacuum for 12 h to
obtain white powder. Yield: 0.93 g, 77.4%. Ty 266.9 °C.
'"H-NMR [DMSO-ds, 400 MHz, 6 (ppm)]: 8.14 (4,
] = 8.8 Hz,2H,-C¢H3),8.07(d,] = 8.8 Hz, 2H,-CyoHy),
7.90 (s, 2H, -C¢Ha), 7.82 (s, 2H, -C¢H3), 7.50-7.44 (¢, 4H,
~CyoHy). IR (KBr, cm™"): 3112, 3078, 3044, 2234, 1592,
1566, 1492, 1414, 1380, 1308, 1282, 1256, 1208, 1145, 1109,
1085. Anal.Calcd. (%) for Co6H1oN4O,: C75.72; H2.93; N
13.59; found: C 75.80; H 2.90; N 13.53.

Compound 2C

The reaction mixture was poured into H,O, and the
precipitate was washed with H,O for three times,
acetone for two times, and hot methanol for two
times. The pure product was dried under vacuum for
12 h to obtain white powder. Yield: 0.98 g, 76.8%. Ty:
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Scheme 1 Synthetic route CN
and chemical structures of the
targeted compounds. Synthetic O,N CN  +
condition: (i) K,CO3;, DMSO,

room temperature; (i7)

ammonium molybdate,

DMAC, reflux.
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234.6 °C. '"H-NMR [DMSO-ds, 400 MHz, & (ppm)I:
8.13 (d, ] = 8.8 Hz, 2H, -C¢H3), 7.87 (d, ] = 2 Hz, 2H,
—-C¢Hj3),7.82 (d, ] = 8.4 Hz, 4H, —-C,,Hy), 7.47-7.45 (m,
2H, -C¢H3), 7.31 (d, ] = 8.4 Hz, 4H, -C;,H5). IR (KBr,
cm™Y): 3109, 3075, 3039, 2233, 1592, 1489, 1417, 1384,
1317, 1285, 1252, 1205, 1159, 1090, 1007. Anal.Calcd.
(%) for CosH14N4O,: C 76.70; H 3.22; N 12.78; found:
C 77.05; H 3.18; N 12.72.

Compound 2D

The reaction mixture was poured into H,O, and the
precipitate was washed with H,O for three times,
alcohol for two times, and hot methanol for two times.
The pure product was dried under vacuum for 12 h to
obtain white powder. Yield: 1.15g, 87.7%. Tu:
196.5 °C."H-NMR [DMSO-d,, 400 MHz, § (ppm)]: 8.08

+ ZnClz

CN
CN

3A:R=— )~

3B:R=
3¢ R =<4

3D:R= I
3E:R:

(d, ] = 8.8 Hz, 2H, -C¢Ha), 7.78 (s, 2H, -C¢Ha), 7.37
(t, 6H, Ar-H), 7.14 (d, ] = 8.0 Hz, 4H, -CcH,), 4.05
(s, 2H, -CH,-). IR (KBr, cm™!): 3080, 3040, 2927, 2232,
1592, 1565, 1501, 1484, 1418, 1286, 1278, 1250, 1202,
1167, 1094, 1017. Anal.Calcd. (%) for CooH1sN4O,: C
76.98; H 3.56; N 12.38; found: C 76.90; H 3.60; N 12.52.

Compound 2E

The reaction mixture was poured into H,O, and the
precipitate was washed with H,O for three times,
alcohol for two times, and hot methanol for two
times. The pure product was dried under vacuum for
12 h to obtain white powder. Yield: 1.22 g, 87.6%. Tr,:
196.5 °C. '"H-NMR [DMSO-dg, 400 MHz, § (ppm)I:
8.10 (d, | = 8.8 Hz, 2H, -C¢H3), 7.80 (s, 2H, -C¢Hy),
7.37(d,] = 84 Hz, 6H, Ar-H),7.13 (d, ] = 8.4 Hz, 4H,
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—C¢Hy), 1.69 (s, 6H, -CH3). IR (KBr, cm™"): 3108, 3075,
3046, 2975, 2233, 1590, 1561, 1503, 1489, 1421, 1305,
1289, 1256, 1211, 1178, 1083, 1016. Anal.Calcd. (%) for
C31H9N4O,: C 77.49; H 4.20; N 11.66; found: C 77.60;
H 4.15; N 11.59.

Synthesis of dendritic zinc phthalocyanines
3A-3E

A mixture of compound 2 (2 mmol), zinc chloride
(0.068 g, 0.5 mmol), and ammonium molybdate
(5 mg) in 20 mL of dimethylacetamide (DMAC) was
heated at reflux under stirring. After the reaction lig-
uid color turned into light-green, the mixture was kept
reflux for 4.0 h. Next, the reaction mixture was poured
into H,O, and the precipitate was washed with H,O
for three times, hot methanol for two times, and dried
under vacuum for 12 h. The chemical structures of the
dendritic zinc phthalocyanines were characterized
using UV-Vis, GPC, FTIR, and 'H-NMR spectra. The
'"H-NMR spectra of dendritic zinc phthalocyanines
3A-3E are displayed in Fig. 510 in ESL

Dendritic zinc phthalocyanine 3A

light-green powder, yield: 0.27 g. 37.3%. 'H-NMR
[DMSO-de, 400 MHz, 6 (ppm)]: 8.13 (d, ] = 8.8 Hz,
Pc-H), 7.88-7.83 (m, Pc-H), 7.41 (d, ] = 7.6 Hz, Pc-H),
7.34-7.27 (m, -CgHy). IR (KBr, cm™'): 2233, 1766, 1720,
1610, 1499, 1476, 1447, 1365, 1309, 1268, 1229, 1190,
1089, 1040. GPC (relative to polystyrene standards):
M, =1801, M, =1712, M,/M, =1.05. UV-Vis
(DMF, nm): Amax1 = 610, Amaxa = 679.

Dendritic zinc phthalocyanine 3B

light-green powder, yield: 0.25 ¢, 30.3%. 'H-NMR
[DMSO-de, 400 MHz, 6 (ppm)]: 8.14 (d, ] = 8.8 Hz, Pc-
H), 8.07 (d, ] = 8.4 Hz, ~C,0H), 7.90 (d, ] = 8.0 Hz, Pc—
H), 7.87-7.77 (m, Pc-H), 7.50-7.42 (in, -C10Hy). IR (KB,
em™'): 2234, 1769, 1721, 1595, 1484, 1444, 1380, 1309,
1278, 1146, 1112, 1042. GPC (relative to polystyrene
standards): M,, = 1989, M, = 1872, M,,/M, = 1.06.
UV-Vis (DMF, nm): Amax1 = 611, Amaxa = 680.

Dendritic zinc phthalocyanine 3C

light-green powder, yield: 0.32 g, 36.5%. 'H-NMR
[DMSO-de, 400 MHz, 6 (ppm)]: 8.13 (d, ] = 8.8 Hz, Pc—
H), 7.86 (s, Pc-H), 7.82 (d, ] = 7.6 Hz, -Cy,Hyg), 7.47-7 41
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(m, Pc—H), 7.30 (d, ] = 8.8 Hz, -C;,Hg). IR (KBr, cm™):
2232,1769, 1720, 1593, 1486, 1361, 1312, 1279, 1247, 1207,
1166, 1089, 1041, 1008. GPC (relative to polystyrene
standards): M,, = 2122, M, = 2096, M,,/M, = 1.01.
UV-Vis (DMF, nm): Amax1 = 610, Amaxz = 678.

Dendritic zinc phthalocyanine 3D

light-green powder, yield: 0.20 g, 22.1%. 'H-NMR
[DMSO-ds, 400 MHz, 6 (ppm)]: 8.08 (d, ] = 8.0 Hz,
Pc-H), 7.80 (d, ] = 9.6 Hz, Pc-H), 7.37-7.32 (m, Ar-
H), 7.19-7.12 (m, -C¢Hy), 4.03 (s, -CH,-). IR (KBr,
em™): 2232, 1767, 1719, 1652, 1598, 1561, 1502, 1478,
1441, 1363, 1312, 1276, 1234, 1203, 1167, 1092, 1041.
GPC (relative to polystyrene standards): M,, = 2347,
M, = 2306, M,,/M, =1.02. UV-Vis (DMF, nm):
Amax1 = 611, Amaxa = 680.

Dendritic zinc phthalocyanine 3E

light-green powder, yield: 0.15 g, 15.6%. 'H-NMR
[DMSO-dg, 400 MHz, 6 (ppm)]: 8.09 (d, ] = 8.6 Hz,
Pc-H), 7.79 (s, Pc-H), 7.35 (s, Ar-H), 7.11 (s, ~<CsH,),
1.69 (s, -CHj). IR (KBr, cm™"): 2233, 1770, 1723, 1652,
1560, 1504, 1480, 1427, 1385, 1310, 1276, 1234, 1173,
1084, 1016. GPC (relative to polystyrene standards):
M,, = 2633, M, = 2415, M,,/M, =1.09. UV-Vis
(DMF, nm): Amax1 = 610, Amaxo = 681.

Preparation of zinc phthalocyanine-polymer
composite film

The polymethyl methacrylate (125 mg) was dissolved
in THF solution (5.0 mL) by stirring at room tem-
perature for 12 h. Then the DMF solution (1.0 mL) of
dendritic zinc phthalocyanine 3A at a concentration
of 1.0 and 2.0 mg mL~" was added into the PMMA /
THF mixture (5.0 mL), respectively. Finally, zinc
phthalocyanine-polymer composite films were pre-
pared using a spinning coater (KW-4A, Chemat
Technology) at a rotation rate of 4000 rpm for 30 s
and dried under vacuum at 30 °C for 12 h.

Results and discussion
Synthesis

As shown in Scheme 1, the compounds 2A-2E were
successfully  synthesized via a nucleophilic
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Table 1 Electronic
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absorption, excitation, and Fluorophore Matrix Q-band Excitation Emission Stokes shift
emission spectral data of Amax/(nm)* /i (nm)° Apm/(nm)°® Astokes/(nm)’
‘;:’_d:}f:“’ zine phthalocyanines 5 DMF 679 365 439, 694 74, 329
DMF/H,0 688 365 465 100
(50/50 vol%)
Solid - 365 467 102
3B DMF 680 365 433, 695 68, 330
DMEF/H,0 690 365 491 126
(50/50 vol%)
Solid - 365 487 122
3C DMF 678 365 443, 695 78, 330
DMF/H,0 688 365 475 110
(50/50 vol%)
Solid — 365 468 103
3D DMF 680 365 445, 695 80, 330
DMF/H,0 687 365 - -
(50/50 vol%)
Solid — 365 - —
3E DMF 681 365 438, 695 73, 330
DMF/H,0 686 365 - -
(50/50 vol%)
Solid - 365 - -
Astrokes = “/Em — b/lEx

? Maximum wavelength recorded using UV-Vis spectrophotometer

bed Maximum wavelength or data derived from fluorescence excitation/emission spectra

substitution reaction of 4-nitrophthalonitrile with
compound 1A-1E in the presence of anhydrous
potassium carbonate as the alkaline catalyst in DMSO
solvent at room temperature, respectively. The
cycloaddition reaction of compounds 2A-2E with
zinc chloride using the ammonium molybdate as the
catalyst in DMAC solution was utilized to prepare
dendritic zinc phthalocyanines 3A-3E. All the stud-
ied zinc phthalocyanines could be obtained success-
fully through two-step synthesis, and the chemical
structures of the synthesized dendritic zinc phthalo-
cyanines were fully characterized with ultraviolet-
visible absorption, infrared spectroscopy, and
hydrogen nuclear magnetic resonance spectroscopy
as well as gel permeation chromatography.

Electronic absorption and fluorescence
spectra

The electronic absorption of dendritic zinc phthalo-
cyanines 3A-3E exhibited representative Q-band
absorption in the visible light region at around
600-700 nm in DMF solution, and the Q-band
absorption spectral data of dendritic =zinc

phthalocyanines 3A-3E are summarized in Table 1.
The UV-Vis optical spectroscopy of dendritic zinc
phthalocyanines in DMF solution is shown in Fig. 52
(using dendritic zinc phthalocyanine 3A as an exam-
ple). The dendritic zinc phthalocyanine 3A showed an
intense UV absorption peak at 275 nm (B-band) along
with a characteristic absorbance peak in the range of
600-700 nm (see inset of Fig. S2). While the B-band
around 200-400 nm is attributed to the a;,—e; transi-
tion, the typical Q-band corresponds to the n—n* (a;,—
eg) transition of phthalocyanine rings from the highest
occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) [36, 37].
Aggregation behavior of metallized phthalocya-
nine complexes was usually investigated because of
the fact that photoactive properties of these com-
plexes could be controlled through the change of
molecular state from single monomer to dimer and
highly ordered supramolecules. In this work, the
aggregation behavior of dendritic zinc phthalocya-
nines at different concentrations in DMF solution was
examined using dendritic zinc phthalocyanine 3A as
an example. As shown in Fig. 1, when the concen-
tration increased from 0.05 to 0.60 mg mL ™",
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Figure 1 Aggregation behavior of the UV—Vis absorption spectra
for dendritic zinc phthalocyanine 3A using DMF as solvent at
different concentrations: 0.60 (A), 0.40 (B), 0.20 (C), 0.10 (D),

0.05 (E) mg mL™". Inset Plot of absorbance at 679 nm versus
concentration.

dendritic zinc phthalocyanine 3A showed propor-
tionally increased Q-band absorption at 600-700 nm
region without any peak shift or distortion, mean-
while the linear Lambert-Beer law was observed
from Q-band absorption intensity at 679 nm versus
concentration of 3A solution (see inset of Fig. 1),
which demonstrated that dendritic zinc phthalocya-
nine aggregate was not formed at concentrations
ranging from 0.05 to 0.60 mg mL~".

—~
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~
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Concentration (mg mL™)
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—0.10
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200 +

Fluorescent Intensity (a.u.)

- T .
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Wavelength (nm)

Figure 2 The fluorescence emission spectra of dendritic zinc
phthalocyanine 3A in DMF solution under excitation at 365 nm at
different concentrations: 0.02, 0.05, 0.10, 0.20, 0.40, 0.60, 1.00,
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The fluorescence excitation and emission spectra of
dendritic zinc phthalocyanines were recorded in
DMF solution as shown in Fig. S3 (using dendritic
zinc phthalocyanine 3A as an example). It was
observed that three fluorescent excitation peaks were
detected at 365, 616, and 682 nm for dendritic zinc
phthalocyanine 3A through monitoring the fluores-
cent emission at 694 nm. The dendritic zinc
phthalocyanine 3A exhibited a sharp red emission
peak at ~694 nm along with a broad blue emission at
approximately 439 nm when the sample was excited
at 365 nm, and it was clear that only single fluores-
cent emission peak at 694 nm was found under
excitation at 616 nm and 682 nm. And the excitation
and emission spectral data of dendritic zinc
phthalocyanines 3B-3E are fully summarized in
Table 1. All the samples in DMF solution exhibited
dual-emissive spectra at ~440 and ~695 nm as
observed in Table 1, and the stokes shift of all den-
dritic zinc phthalocyanines was around 330 nm.

Fluorescence properties in the molecular
state

The fluorescent properties of zinc phthalocyanines
in the molecular state were dependent on the nature
of the solution, the concentration, and the sub-
stituents. The dendritic zinc phthalocyanines 3A-3E
possessed good solubility in most organic solvents
including dimethylformamide, dimethylacetamide,

(b) 400 -
a0 e
7\
5 300 - o)
: /
‘?
=
S
= 20 7
g
2 ( under UV light
3 )
=
= 100 - J
2) O
T T T T T T T T T T T T
0 1 2 3 4 5

Concentration (mg/ml)

2.00, 3.00, 6.00 mg mL~" (a) and plot of red emission intensity
versus concentration (b). Inset Image of sample under UV
irradiation at 365 nm in DMF solution using a cuvette.
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<«Figure 3 The fluorescence emission spectra of dendritic zinc
phthalocyanines 3A (a), 3B (b), and 3C (c) under excitation at
365 nm in DMF/H,O mixture with different H,O fractions and the
plots of fluorescent emission intensity of dendritic zinc phthalo-
cyanines 3A (d), 3B (e), and 3C (f) versus the water fraction in
the DMF/H,0 mixed solution.

dimethylsulfoxide, and pyridine as well as THF.
Specifically, dendritic zinc phthalocyanine 3E showed
largest solubility in DMF when compared to other
dendritic zinc phthalocyanines, which should be
attributed to the more sterically demanding configu-
ration presented in dendritic zinc phthalocyanine 3E.
The fluorescence emission spectra of dendritic zinc
phthalocyanines at concentrations ranging from min-
imum concentration (0.02 mg mL™') to maximum
concentration (6.00 mg mL™") are shown in Fig. 2
(using dendritic zinc phthalocyanine 3A as an exam-
ple). As seen in Fig. 2a, when the concentration
increased, the red emission peak red-shifted ranging
from 692 to 715 nm and blue band emission peak also
red-shifted. This demonstrated that the concentration
of dendritic zinc phthalocyanine 3A in DMF solution
plays an important role for the location of fluorescent
emission peak resulting from the formation of zinc
phthalocyanine dimers. Figure 2b shows the plot of
red emission intensity versus concentration; the max-
imum emission intensity was clearly observed when
the concentration of dendritic zinc phthalocyanine 3A
was at ~0.40 mg mL ™" as displayed the image under
UV light illumination in inset of Fig. 2b. The decreased
red fluorescent emission intensity of dendritic zinc
phthalocyanine 3A at maximum concentration in DMF
solution was clearly observed, and the photolumines-
cent intensity of the concentrated solution of dendritic
zinc phthalocyanine 3A was weak when compared to
that of the dilute solvent, which implied that dendritic
zinc phthalocyanine molecules under the condition of
high concentration in DMF solution tend to form
H-type (face to face) aggregation rather than J-type
(head to tail) aggregation due to the combination of
strong intermolecular n—m interactions and metal-li-
gand coordination bonding [38—41].

Fluorescence properties in the aggregated
state

Similar to the conventional fluorophores, the fluo-
rescence emission of dendritic zinc phthalocyanines

@ Springer

J Mater Sci (2017) 52:3402-3418

3D and 3E dispersed in DMF/H,0O mixed solution
was obviously quenched compared to that recorded
from DMF solution as displayed in Fig. 54. More
specifically, the DMF solution of 3D and 3E was
highly fluorescent with dual-emissive peaks at ~440
and 695 nm, and their emission intensity was obvi-
ously reduced when water was introduced into DMF
solvent. The intensity of red fluorescence was so poor
when water fraction was up to >30 vol% and blue
emission was also attenuated, suggesting that abun-
dant molecules of dendritic zinc phthalocyanines
become aggregated. These results confirmed that the
fluorescent emission of dendritic zinc phthalocyani-
nes 3D and 3E was basically determined by the typ-
ical ACQ effect. Furthermore, the electronic
absorption was used to probe the aggregation for-
mation in DMF/H,O mixed solution. The Q-band
absorption at around 600-700 nm was red-shifted
and became broader as shown in Fig. 54, which
confirmed that zinc phthalocyanines might experi-
ence intense n-n interactions, leading to the forma-
tion of detrimental species that strongly quenched
fluorescence [42].

Quite interestingly, we discovered that the fluo-
rescent emission of dendritic zinc phthalocyanines
3A, 3B, and 3C in DMF/H,0 solution can be mod-
ulated between ACQ and AIE-dominated frame-
work, depending on the water fractions in mixed
solution. As shown in Fig. 3, the intense sharp red
emission at ~695 nm along with broad blue emission
was obviously observed for dendritic zinc phthalo-
cyanines 3A, 3B, and 3C in pure DMF solvent, and
the similar behavior was displayed for dendritic zinc
phthalocyanines 3D and 3E (see Fig. S4). When the
zinc phthalocyanines were dispersed in the DMF/
H,O mixed solvents where H,O volume ratio was
less than 30%, their red-emitting peak intensity was
quenched as increasing of water quantity, which
indicated the fluorescence of dendritic zinc phthalo-
cyanines 3A, 3B, and 3C were mainly determined by
ACQ effect in this range. However, as more than 30%
water was added to induce zinc phthalocyanine
aggregation formation (see red-shift and broaden
UV-Vis spectra shown in Fig. 55), it was clear from
Fig. 3 that the blue-emissive peak for all these sam-
ples in the aqueous mixtures gradually appeared.
The enhanced blue-emissive intensity was recorded
by increasing water content, and a highest broad
blue-emissive signal was obtained in 50 vol% aque-
ous mixture. These spectra data demonstrated that
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Figure 4 Aggregating time-dependent fluorescence emission emission intensity for dendritic zinc phthalocyanines 3A-3C
spectrum for dendritic zinc phthalocyanine 3C under excitation versus aggregation time (b) under excitation at 365 nm.

at 365 nm in DMF/H,0 (50/50 vol%) mixture (a) and plot of

Figure 5 Dependence of self-assembled supramolecular struc- structures at 60 s; low-magnification SEM image (c) and high-
tures for dendritic zinc phthalocyanine 3A to aggregating time in magnification SEM image (d) of supramolecular structures at
DMF/H,0 (50/50 vol%) mixture: low-magnification SEM image 120 s.

(a) and high-magnification SEM image (b) of supramolecular
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dendritic zinc phthalocyanines 3A, 3B, and 3C were
typical blue AIE fluorophores. It was believed that
the restriction of intramolecular rotation and strong
n—n interactions were main reasons for the observed
AIE enhancement. Afterward, the intensity of broad
blue emission was again quenched when water
fraction was higher than 50%, indicating that the
ACQ again became the dominant factor for fluores-
cence of random zinc phthalocyanine aggregates
generated via the fast precipitation process. Based on
the above results, the fluorescent emission of den-
dritic zinc phthalocyanines 3A, 3B, and 3C can be
readily modulated from basically red emitting in
molecular state to blue fluorescent in aggregated
state.

To well understand the kinetics of the AIE effect for
dendritic zinc phthalocyanines 3A-3C, influence of
the aggregating time on their fluorescence emission
in DMF/H,O (50/50 vol%) mixed solution was
investigated. Equal volume of water was immedi-
ately added into the DMF solvent of dendritic zinc
phthalocyanines to obtain the DMF/H,O mixture.
Next, the emission spectrum of the mixture was
recorded using a fluorescence spectrophotometer at a
specific time interval. As shown in Fig. 4a, the blue
emission intensity of dendritic zinc phthalocyanine
3C was enhanced drastically for the first 30 min, and
reached a maximum emissive value thereafter.
However, the maximum value of fluorescence emis-
sion for dendritic zinc phthalocyanine 3A was
obtained within 2 min as displayed in Fig. 4b. This
demonstrated that intramolecular rotation of den-
dritic zinc phthalocyanine 3A was restricted more
rapidly when compared to 3C, as the biphenyl
groups of dendritic zinc phthalocyanine 3C were
larger than others and more time was required to
enhance the restricted intramolecular rotation effects.

Furthermore, the surface morphology of zinc
phthalocyanine supramolecular structures formed
during aggregation process was characterized with
SEM. Taking dendritic zinc phthalocyanine 3A as an
example, the well-organized self-assembled super-
structures with different morphologies could be
successfully formed. Specifically, equal volume of
water was rapidly added into DMF solution of 3A,
and the resulted mixture of phthalocyanine aggre-
gates was kept at room temperature for 60 s, during
which the two-dimensional (2D) microstructures
were obtained as displayed in Fig. 5a. From the high-
magnification SEM image (see Fig. 5b), it was clear
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that the 2D microstructure was a well-designed leaf-
like supramolecular microstructure. We assumed that
this leaf-like structure was developed via the fol-
lowing steps: a rigid rod-like building block was
initially formed via self-assembly of zinc phthalo-
cyanines, which served as the “seeds” for further
growth of more rod-like molecules. Thus, it was
assumed that the driven force for the rod-like
microstructure formation was the combination of
metal-ligand coordination bonding, intermolecular
cyano interactions, and strong intermolecular n—n
interactions [43]. More interestingly, when the
aggregating time was prolonged to 120 s, the self-
assembled three-dimensional (3D) microspheres
could be successfully formed as observed in the low-
magnification SEM image (see Fig. 5c). Furthermore,
as shown in high-magnification SEM image of
Fig. 5d, the self-assembled supramolecular aggrega-
tion was a well-organized 3D microsphere which was
composed of abundant assembling rod-like building

(a)
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4500

3000

Fluorescent Intensity (a.u.)

1500

T T T T T T T
400 500 600 700
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3A 3B 3C 3D 3E

Figure 6 The fluorescence emission spectra of dendritic zinc
phthalocyanines 3A-3E in the solid state at an excitation
wavelength of 365 nm (a) and the color of dendritic zinc
phthalocyanines 3A-3E in the solid state under visible light (top)
and UV 365 nm (down) illumination (b).
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blocks. Based on the obtained result from the fluo-
rescence spectra as seen in Fig. 4, it could be con-
cluded that the 3D microsphere was highly
photoluminescent compared to the 2D leaf-like
microstructure.

Fluorescence properties in the solid state

It is well known that conventional metallized
phthalocyanines in the solid state exhibit non-pho-
toluminescence properties mainly due to delocalized
excimers or excitons leading to enhanced non-radia-
tive deactivation [44]. However, dendritic zinc
phthalocyanines 3A, 3B, and 3C in this work showed
attractive photoactive properties as displayed in
Fig. S6. Two peaks at ~280 and 365 nm were detec-
ted from excitation spectra of dendritic zinc
phthalocyanines 3A, 3B, and 3C in the solid state, and
the highest fluorescence emission intensity of den-
dritic zinc phthalocyanines could be obtained under
excitation at 365 nm. As shown in Fig. 6, dendritic

Figure 7 The frontier Compound

molecular orbitals of

(] g 2
compounds 2A—-2E (the =y : >
geometry was optimized at the 2A R : "2 ? ‘.‘
hybrid B3LYP level using the y ‘. 5": "‘;) )

split valence 6-31G basis set).
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zinc phthalocyanine 3C exhibited the maximum flu-
orescent emission intensity, and the emitting inten-
sity of dendritic zinc phthalocyanine 3C was nearly
two-fold larger than that of dendritic zinc phthalo-
cyanines 3A and 3B. The enhanced emission intensity
of dendritic zinc phthalocyanine 3C was likely owing
to the biphenyl group presented in dendritic zinc
phthalocyanine 3C. The naphthalene-conjugated
structure leads to the red-shifted emission wave-
length of dendritic zinc phthalocyanine 3B
(c. 487 nm) in the solid state when compared to that
of dendritic zinc phthalocyanines 3A (465 nm) and
3C (468 nm). Meanwhile, it can be obviously
observed that dendritic zinc phthalocyanines con-
taining diphenylmethane or bisphenol A units (3D
and 3E) in the solid state showed quite weak fluo-
rescence emission in the visible light region, which
might be attributed to the flexible structure of the
diphenylmethane and bisphenol A units resulting in
the free intramolecular rotation effects. The color of
dendritic zinc phthalocyanines 3A-3D was light-

HOMO

LUMO
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Table 2 Thermal properties of dendritic zinc phthalocyanines
3A-3E

Fluorophore Ts% (°C) T10% (°C) Char yield (%)
at 600 °C

3A 373.86 387.48 45.53

3B 382.93 399.72 67.04

3C 396.61 412.75 61.53

3D 388.57 439.15 73.63

3E 357.62 409.15 63.94

green, while 3E exhibited green under visible light
illumination as shown in Fig. 6b. Under UV lamp
excitation (365 nm), dendritic zinc phthalocyanine 3A
was authentic blue and green color was detected
from 3B. Moreover, dendritic zinc phthalocyanine 3C
showed highest luminescence which could be con-
firmed by the fluorescence spectrum.

It has been believed that the solid-state fluores-
cence properties of dendritic zinc phthalocyanines
3A-3E have a close relationship with the chemical

J Mater Sci (2017) 52:3402-3418

structure of their corresponding precursor com-
pounds 2A-2E according to our best knowledge.
Therefore, the density functional theory (DFT) cal-
culations were carried out at the hybrid B3LYP level
using the split valence 6-31G basis set to simulate the
optimized molecular configuration and charge
transfer process. The data obtained from DFT calcu-
lations including HOMO energy, LUMO energy, and
HOMO-LUMO energy gap are fully summarized in
Table S1. The optimized molecular configuration and
the electron density distribution of the HOMO and
LUMO levels for compounds 2A-2E are shown in
Fig. 7. It was clearly observed that molecular struc-
tures of compounds 2A, 2B, and 2C showed better
planarity in comparison to that of compounds 2D
and 2E resulting in the easier charge transfer from the
HOMO to the LUMO, and the charge transfer of
compound 2C was enhanced compared to that of
compounds 2A and 2B, which should be due to the
presence of longer conjugation bridge of biphenyl.
The enhanced charge transfer of compound 2C
would normally contribute to an easier electron

Figure 8 Concentration-dependent luminescent behavior of den-
dritic zinc phthalocyanine 3A in the polymer composite film: low-
concentration image (a) and high-concentration image (c) under
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transition, which in turn leads to its increased lumi-
nescence. Meanwhile, the lowest HOMO-LUMO
energy gap of 4.287 eV was recorded for compound
2B as shown in Table S1, which was well correlated
with the largest fluorescent emission wavelength of
dendritic zinc phthalocyanine 3B. Interestingly,
compounds 2D and 2E displayed totally different
electron density distribution compared with those of
compounds 2A, 2B, and 2C. More specifically, the
electrons, uniformly dispersed in the overall mole-
cule of 2D at ground state, were obviously trans-
ferred to the phthalonitrile moiety with strong
electron-withdrawing ability upon photoexcitation,
and the charge transfer process from HOMO to
LUMO was further enhanced for 2E. The nearly “total
charge transfer” for 2D and 2E should be attributed
to the presence of electron-donating groups (methy-
lene and propyl), which would promote the photo-
induced electron transfer process that strongly
quenches their luminescence.

Thermal stability of metallized phthalocyanines is
important for their practical applications; thus, the
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thermal properties of dendritic zinc phthalocyanines
3A-3E were evaluated by the TGA analysis as shown
in Fig. 57, and the detail data from the TGA curves
are listed in Table 2. All dendritic zinc phthalocya-
nines 3A-3E exhibited good thermal stability, and the
temperatures corresponding to 5wt% weight loss
(T5%) are higher than 350 °C. The maximum value of
T5% was detected from dendritic zinc phthalocyanine
3C (396.61 °C), which would be attributed to molec-
ular structure of compound 2C. However, the T5%
value was lowest for dendritic zinc phthalocyanine
3E (357.62 °C) mainly owing to the destruction of
rigid construction and conjugated degree by propyl

group.

Fluorescent images of zinc phthalocyanine—
polymer composite film

As discussed previously, the luminescent properties
of dendritic zinc phthalocyanines 3A-3C can be well
modulated from molecular state to aggregated state
Therefore, the

and solid state. experimental

Figure 9 The SEM images of dendritic zinc phthalocyanine 3A in the polymer composite film: low-concentration image (a and b) and

high-concentration image (c and d).
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investigations of polymer composite film with dif-
ferent concentrations of zinc phthalocyanines are of
great interests. In this work, PMMA solution con-
taining different concentrations of dendritic zinc
phthalocyanines (using dendritic zinc phthalocya-
nine 3A as an example) was spin coated to fabri-
cated flexible fluorescent film. As displayed in
Fig. S8, the small particles were clearly observed and
well dispersed from low-concentration sample,
while vast rod-like structures were found and local
regions have abundant rod-like structures in high-
concentration image. It was believed that the small
particle and rod-like structure were attributed to the
nanoassembles of zinc phthalocyanine molecules.
For polymer composite film containing lower con-
centration of 3A, the weak blue-emitting fluores-
cence and intense red fluorescence were detected
from fluorescent microscope images (see Fig. 8a, b),
while for polymer composite film doping with
higher content of 3A, the intense blue fluorescence
along with quenched red emission was observed
due to the presence of zinc phthalocyanine aggre-
gates (see Fig. 8c, d). These results demonstrated
that the luminescent behavior of zinc phthalocya-
nine-polymer composite film could be readily
modulated by controlling the doping concentration
of zinc phthalocyanines, which was similar to the
emissive spectra of dendritic zinc phthalocyanines in
DMF/H,0 mixed solution.

The surface morphology of zinc phthalocyanine—
polymer composite film has been investigated uti-
lizing a scanning electron microscope. It can be seen
that the polymer composite film displayed out-
standing transmittance because of their loose net-
work structures. Meanwhile, the luminescence
properties of dendritic zinc phthalocyanines were not
almost influenced after introducing the PMMA into
THF/DMF mixed solvent (see Fig. S9). As shown in
Fig. 9a, b, zinc phthalocyanine molecular aggregates
were not found for the polymer composite film with a
low concentration of dendritic zinc phthalocyanines.
On the contrary, abundant assembling rod-like
microstructures had been detected from the polymer
composite film with a high concentration of dendritic
zinc phthalocyanines as visualized in Fig. 9c. It was
clear that a rod-like microstructure was embedded in
the loose network structure of PMMA observed in
Fig. 9d. The results assumed that the PMMA plays an
important character about the formation of dendritic
zinc phthalocyanine aggregation.
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Conclusions

In conclusion, we designed and synthesized a new
family of fluorophores based on dendritic zinc
phthalocyanines that can emit strongly in molecular,
aggregated, solid states as well as in polymer com-
posite films. Specifically, dendritic zinc phthalocya-
nines 3A-3C exhibited enhanced blue-emitting
Iuminescence in comparison to typical ACQ charac-
teristics of dendritic zinc phthalocyanines 3D-3E
upon their aggregation. More interestingly, novel
dendritic zinc phthalocyanines 3A-3C showed an
interesting change from highly NIR emitting in
molecular state to strongly blue fluorescence in
aggregated state. Aggregating time-dependent fluo-
rescence emission and self-assembling supramolecu-
lar microstructures in 50 vol% aqueous mixture were
fully investigated, and a well-organized self-assem-
bled aggregation including 3D microsphere and 2D
leaf-like microstructure for dendritic zinc phthalo-
cyanine 3A could be successfully obtained. Mean-
while, these dendritic zinc phthalocyanines 3A-3C
displayed solid-state luminescence, and their solid-
state fluorescence was rationalized in terms of
molecular configuration and charge transfer as clari-
fied by the DFT calculations. Moreover, dendritic
zinc phthalocyanine-doped PMMA polymer com-
posite films were prepared via a simple approach,
and their luminescent behaviors were systematically
explored. Based on the above results, we believed
that dendritic zinc phthalocyanines 3A-3C could find
potential applications in high-tech fields of biological
imaging agents, fluorescent chemosensor, as well as
flexible optoelectronic devices.
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