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Hollow zinc phthalocyanine nanoshells: quick low
temperature synthesis, enhanced near-IR
absorption and water-dispersibility for
photocatalysis and phototherapy
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A quick (two minutes), low temperature (10 °C) synthesis has been developed to obtain crystalline and
hollow zinc phthalocyanine (ZnPc) nanoshells (major axis: 32.0 4+ 5.2 nm, aspect ratio: 1.3, void size: 18.1

+ 2.3 nm) with a redshift of the Q-band and emergence of a new NIR peak (746 nm). Thioglycolic acid
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Accepted 16th January 2026 (TGA)-capping uniquely imparts the ability for it to act as solo photocatalyst which was not found in
uncapped ZnPc NPs. In addition, it also exhibited robust photothermal effect (AT = 16 °C) under NIR-

DOI: 10.1039/d5ra07242e LED (660 nm) irradiation. The optimum sub-50 nm size also makes them well suited for phototherapy as
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Zinc-phthalocyanine (ZnPc) is a photosensitizer (PS) drug
approved by the FDA for photodynamic therapy (PDT)" having
a diamagnetic centre that enhances the generation of 'O,
species.> Moreover, ZnPc has a large absorption cross-section of
light at the tissue-penetrating spectral range of 650-900 nm.?
However, due to its high hydrophobic nature, it exhibits poor
solubility in water or body fluids, low physiological acceptability
and therefore it is difficult to administer directly to cancer
patients.

In addition to therapeutics, ZnPc also plays key role in
photocatalytic applications. Some of the well-known semi-
conductor photocatalysts such as TiO,, ZnO, MgO etc. absorb in
the UV region which constitutes only 5% of the solar spectrum.
The conjugation of such materials with ZnPc imparts light-
harvesting ability in the vis-NIR range and enhances the pho-
tocatalytic efficiency in sunlight.** The process involves excita-
tion of ZnPc in sunlight which leads to injection of electrons
into the conduction band of semiconductors and the photo-
catalysis ensues. Similar enhancement in photocatalytic effi-
ciency has also been reported in metal-ZnPc conjugates.®’
While there are numerous reports of such metal- or
semiconductor-ZnPc conjugates as catalysts, the works on ZnPc
as a solo photocatalyst are scarce. For a cost-effective, efficient
and sustainable photocatalysis methodology, it is essential to
develop modified ZnPc variants that have good water-
dispersibility. Waste water purification, water-splitting reac-
tions and RAFT (reversible-addition-fragmentation chain
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810 are such crucial areas which

transfer) polymerizations
require good dispersibility of catalysts in aqueous medium.

To overcome the limitations, several chemical and physical
modifications have been employed such as sulfonation, PEGy-
lation, quaternization and encapsulation.*™** For example, ZnPc
derivatives, such as sulfonated ZnPc have been designed to
increase the water solubility."*'* However, these processes
require multiple and complex chemical functionalization steps,
during which the photoactivity could be reduced by destroying
the original electronic conjugation system of the photosensi-
tizer. With the advent of nanotechnology, new strategies have
evolved which utilize the -7 interaction between the rings and
the ZnPc molecules have been self-assembled into various types
of nanostructures.**” Moon et al.** developed a vaporization—
condensation-recrystallization (VCR) method to make crystal-
line ZnPc nanowires (length: 1-10 um; diameter: 50-100 nm) by
vaporizing ZnPc powder (PW) at 550 °C followed by condensa-
tion. ZnPc nanoparticles (NPs) were also prepared by using
concentrated sulfuric acid, CTAB solution and annealing at
200 °C."” However, the NPs were amorphous and lacked crys-
tallinity. Wang et al.*® prepared spherical ZnPc NPs by adding
ZnPc and DMSO dropwise to water with 4 hours of stirring and
subsequent dialysis. In a pioneering approach, hollow ZnPc
nanospheres comprising of covalently linked Pc units were
synthesized which showed better singlet oxygen efficiency,
however, they were amorphous and much bigger, about 230 nm
in diameter."® For an efficient cell-internalization process, ideal
size range has been estimated to be 25-50 nm."

As mentioned above, harsh physicochemical conditions and
lengthy procedures were necessitated for making ZnPc
dispersible in water either through chemical modifications or
by making nanoparticles. In contrast, through this work, we
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report a novel form of ZnPc, a crystalline hollow nanoshells
within sub-50 nm size regime. These nanoshells are highly
water-dispersible due to surface capping of thioglycolic acid
(TGA) and can also be obtained in the form of re-dispersible
nano-powders (SI, Sections, $1.1-S1.3). The methodology as
shown in Fig. 1a is quicker, cleaner and greener as the entire
synthesis is performed in aqueous medium at a low tempera-
ture of 10 °C under ultrasonication for 2 minutes. The TGA-
capped HZPNS i.e., HZPNS@TGA also exhibits a further red-
shifted peak to the NIR region. The water-dispersibility, NIR
tunability and ideal size regime makes it suitable for light-
induced therapeutic applications such as PDT and photo-
thermal therapy (PTT). The thiol-capping also enhances its
photocatalytic activity which is vividly shown in the work.

Fig. 1b shows the optical properties of the ZnPc. B-band
(peaks ranging from 332 to 391 nm) and Q-band (peaks
ranging from 609 to 775 nm) can be clearly seen for the samples
under study. These are attributed to w—-m* electronic transitions
from S, to S, and S, to S; states, respectively for B- and Q-bands.
In the molecular state, two peaks appear in the Q band, at 609
and 671 nm. When these planar rings of ZnPc molecules are
stacked in a particular order, nanoparticles are formed.
Following the scheme given in Fig. 1a, TGA-capped ZnPc
nanoshells as well as bare (uncapped) ZnPc nanoparticles were
prepared. The Q-band of nanoparticles showed a remarkable
red-shift in the following manner: 671 nm (molecular state) —
678 nm (uncapped NPs) — 684 nm (TGA-capped nanoshells) —
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Fig. 1 (a) Scheme representing ultrasonic synthesis of hollow ZnPc
nanoshells with surface-capping of thioglycolic acid (TGA) at 10 °C
under two minutes of ultrasonic irradiation [Solution A: 10 mM ZnPc in
DMSO; Solution B: 1.4 mM TGA in deionized water; ultrasound
frequency: 40 kHz, ultrasound power: 100 W]. (b) UV-vis-NIR
absorption spectra of Zinc Phthalocyanine (ZnPc) in various forms.

4994 | RSC Adv, 2026, 16, 4993-4998

View Article Online

Paper

775 nm (bulk state). As compared to bulk ZnPc semiconductor,
the bare NPs and TGA-capped HZPNS exhibit a huge blue shift
of 97 nm and 91 nm, respectively. These spectral shifts suggest
a slipped cofacial orientation in the solid state.>* Furthermore,
the band gap for the bulk ZnPc semiconductor was found to be
1.49 eV which blue-shifted to 1.58 eV and 1.75 eV for the hollow
nanoshells and bare nanoparticles, respectively. This is attrib-
uted to the quantum confinement of charge carriers.”* The
energy gaps for the Q-band were calculated from the first point
of inflection from the lower energy side in the first derivative
absorption spectra. In contrast, previous researchers found no
red shift in ZnPc nanoshells,*® which were bigger than 200 nm
and were formed due to covalent linkage of ZnPc rings through
side arms. Some other forms such as nanowires'*** show some
redshift of the peak but were much bigger in size (length: 1-10
pm, and diameter: 50-100 nm).

In addition, uniqueness of TGA-capped HZPNS is under-
scored as it exhibits a new peak at 746 nm within the Q-band in
the near IR region, which arises from m-m interactions and
binding of thiol group. As can be seen from the Gaussian
deconvolutions (Fig. S1), this NIR peak contributes substan-
tially ~38% to the overall intensity of Q-band. As seen in Fig. 1,
B-band shows a significant blueshift of 59 nm on moving from
bulk ZnPc semiconductor (391 nm) to TGA-capped hollow
nanoshells (332 nm). It suggests that the nature of - inter-
actions are quite different in nanocrystals as compared to bulk
semiconductor. The photoluminescence (PL) spectra (Fig. S3) of
all the samples were also recorded at two different excitation
wavelengths, 350 nm and 600 nm. As compared to molecular
state, the PL spectra was substantially quenched in both the
spectral regions, 360-600 nm and 620-800 nm, for the nano-
particles, nanoshells and the bulk. It implies that the energy
dissipation in ZnPc nanocrystals proceeds in non-radiative
manner through lattice vibrations.*

The HRTEM image in Fig. 2a clearly illustrates the highly
crystalline nature of the nanoparticles. Additionally, it also
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Fig. 2 (a) HR-TEM image of TGA capped hollow ZnPc nanoshells
(HZPNS), (b) zoomed-in view showing lattice fringes, (c) low magni-
fication TEM image showing particle size and shape distribution. (d)
Schematic view of the nanoshell defining the lengths along different
axes, (e) histogram showing distribution of void size () in HZPNS and
(f) histogram showing distribution of diameter (d,) along major axis in
HZPNS.
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shows that the nanocrystals have ellipsoid shape with rectan-
gular void space. Fig. 2b shows the magnified view wherein
interplanar spacing of 0.3 nm can be seen. Low magnification
image is shown in Fig. 2c which illustrates the size and shape
distribution profile of the nanoparticles. Fig. 2d shows the
schematic description of the hollow nanoshells.

Further, crystallinity of the samples were analysed by X-ray
diffraction. The XRD patterns of the nanopowders of TGA-
capped HZPNS is displayed in Fig. 3a. Intense peaks can be
seen at the 26 values of 6.8, 8.9, 18.0, 27.8, 29.0, 32.3 and 33.7°
which correspond to interplanar spacing (d-values) of 12.9, 9.9,
4.9, 3.2, 3.0, 2.7 and 2.6 A, respectively. Several peaks such as
6.8, 8.9, 18.0, 26.2, and 27.8° match very well with the B-phase of
the bulk ZnPc (Fig. 3b) that are attributed to lattice planes with
hkl values of —101, 101 and —301, 311 and —305, respectively
[JCPDS card no. 39-1882]. However, the maximum intensity is
observed for the reflections at 29.0° (d-spacing: 3.0 A) followed
by 33.7° line. It indicates a different crystal packing pattern due
to binding of thioglycolic acid to Zn-site in the nanoshells. It is
in good agreement with the interplanar spacing determined
through HRTEM imaging (Fig. 2b). Similar high intense lines in
the 28-45° region was also observed by earlier workers for ZnPc
modified with eight carboxyl groups.**** The width of the most
intense XRD peak at 29° was further analysed by Debye-Scher-
rer equation and the average crystallite size was found to be
32.4 nm, which corroborates the size determined by HR-TEM.
Furthermore, on TGA binding, the change in crystal packing
pattern also underscores a change in m-m interaction that
correlates well with the emergence of a new peak at 746 nm in
the optical absorption spectra (Fig. 1b).

In the absence of TGA capping agent, the as-prepared ZnPc
NPs appear to be aggregated as shown in the TEM images
(Fig. S2). These bare ZnPc NPs have ellipsoid-like shape with
average mean diameter, d; (minor axis), of 57.4 £ 10.9 nm
(Fig. S2b) and average aspect ratio (d,/d,) of 1.32 £+ 0.11
(Fig. S2c). Thus, TGA not only reduces the size, it also improves
the crystallinity and homogeneity. In addition, internal void
space is also created under identical conditions of ultrasound
irradiation and temperature. The unique structure-directing
ability of TGA is thus underscored. Mechanistically, the
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Fig. 3 Powder X-ray diffractograms of (a) TGA-capped hollow ZnPc
nanoshells and (b) ZnPc bulk.
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synthesis under ultrasound irradiation involves ‘acoustic cavi-
tation’ phenomenon, in which a bubble is formed, grows in size
and then collapses.* It has been shown earlier that ultrasound
activates the reorientation and adsorption of thiol surfactants*
thereby enhancing their self-assembly. During the interfacial
assembly, chemical precursors or pre-formed thiol-capped
subnanoclusters are likely driven to the surface of the bubble
(the gas-liquid interface) by the high-speed microstreaming
forces. The heat from the bubble's collapse cross-links the
material at the interface, forming a solid shell leaving a void
space within.>®

The binding of TGA to the particle surface has been inves-
tigated by Raman spectroscopy as shown in Fig. 4. Raman
spectra in the lower frequency regime are shown for both the
samples, bulk ZnPc (Fig. 4a) and the TGA-capped nanoshells
(Fig. 4b). When the synthesis is carried out in presence of TGA,
a new peak appears at 225 cm™ ' which is attributed to Zn-
S(thiol) stretching vibrations.?”>* At 430 cm ™' coupled mode of
Zn-S(thiol) is also observed. In addition, the peaks at 623 and
700 cm ™" are assigned to C-S stretching vibrations, related to
gauche and trans conformations, respectively. Thus, Raman
spectroscopy provides crucial evidence of thiol-capping of the
surface of ZnPc nanoshells.

The FTIR spectra (Fig. 5) further support the findings of
Raman spectroscopy. The negative peaks at ~1326, 1163, 1113,
1055, 875 and 748 cm " in ZnPc-bulk powder are assigned to
phthalocyanine skeletal vibrations.** On nanoparticle forma-
tion (TGA-HZPNS and bare ZnPc NPs) from solution phase, the
peak at 1055 cm ' is affected in three ways; it shifts to
1059 cm ™}, broadens and becomes the most intense vibration.

Concomitantly, the peak at 1326 cm™" shows a blueshift of
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Fig. 4 Raman spectra of (a) bulk ZnPc and (b) TGA-capped hollow
ZnPc nanoshells (b). (c) Photograph showing the transformation of
bulk ZnPc powders to nanopowders of hollow ZnPc nanoshells
(HZPNS).
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Fig. 5 FTIR spectra in the 650-2600 cm™* region of TGA-capped
HZPNS, pristine TGA solution, bare ZnPc NPs and bulk ZnPc. The
spectra of 2600-3800 cm™* region is given in Fig. S4, SI.

The three sharp peaks are also observed in ZnPc-bulk sample
between 700 and 800 cm ™', at 721, 748 and 775 cm ™. Two of
these peaks, at 721 and 775 cm ™", are out-of-plane modes, and
the one at 748 cm ™' is in-plane mode.* The out-of-plane modes
are quite sensitive to the crystal structure. Any change in the
packing pattern of the 3-D lattice would alter these peaks. The
relative intensity of the peaks decreases in bare ZnPc NPs while
it is considerably diminished in the TGA-capped HZPNS. In the
XRD patterns (Fig. 3), the same was evidenced as a major
change in the crystal structure of TGA-capped HZPNS vis-a-vis
bulk-ZnPc.

In FTIR spectrum of pristine TGA, the S-H stretching can
also be seen as a low intensity peak at 2568 cm™*, which
disappears as S binds to Zn-site on the hollow nanoshells. The
most-intense peak at 1705 cm™ " is assigned to C=0 stretching
vibrations,*' which disappears implying that the most of free
COOH groups on TGA ionize to COO™. The vibrations at 1380
and 1571 cm™ " in the hollow ZnPc nanoshells are attributed to
the symmetric and asymmetric stretching of COO™, respec-
tively. The peak around 1630 cm ™" is present in both the spectra
that is assigned to OH bending modes of water bound to TGA
molecules. In the high frequency region (Fig. S4), the relative
intensity of peaks at 3220 and 3452 cm ™" corresponding to OH-
stretching®' decreases considerably on TGA binding to the
hollow nanoshells.

As the thiol-end preferentially binds to Zn-sites on the crystal
lattice due to its stronger affinity; the carboxy-end remains free
which can interact with water molecules thereby greatly
enabling and enhancing its dispersibility in aqueous system. As
shown in Table S1 and Fig. S5, the zeta potential of bare ZnPc
NPs is —3.6 mV which turns more negative, —28.5 mV for TGA-
capped HZPNS. The latter acquires substantial surface charge
on account of ionization of carboxyl group which imparts
a combination of steric and electrostatic stabilization. More-
over, for intravenous administration, a negative surface charge
is considered beneficial for long-term drug delivery to solid
tumors.*” There are negatively charged components in extra-
cellular matrix of solid tumours that can easily bind to positively
charged NPs thereby severely restricting its diffusion. In
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contrast, negatively charged NPs exhibit better accumulation
and deeper penetration in 3D tumor spheroids.**

The colloidal solution of hollow ZnPc nanoshells can also be
converted into solid nano-powders, which is possible due to
strong binding of TGA to the ZnPc nanoshells. Fig. 4c shows the
transformation of bulk ZnPc powders to nanopowders of TGA-
capped HZPNS. The sharp colour change from blackish blue
to dark blue can easily be discerned. These nanopowders can be
easily re-dispersed in water to give a transparent blue solution
which regenerates the original absorption spectrum of the
colloidal nanoshells.

To check the efficacy of the ZnPc nanoparticles as solo
photocatalysts, methyl orange (MO) degradation was chosen as
the model system. Photocatalysis (Section S1.5) has been
carried out under the ambient light conditions indoors. The
thiol-capped ZnPc nanoshells were found to act as a robust
photocatalyst for the degradation of MO dye. In contrast,
uncapped ZnPc nanoparticles or ZnPc in molecular state do not
show any photocatalytic activity. Fig. 6 describes the remedia-
tion of MO dye under in-house lighting condition with four
white LED bulbs with the power of 9 W each. The decrease in
MO absorption was followed which is shown in Fig. 6a. The
inset of Fig. 6a shows the plot of —In (4/4,) at a wavelength of
497 nm versus irradiation time. The dye degradation followed
a first order kinetics and the rate constant was found to be
0.00145 min~'. Another set of dye degradation was attempted
with bare or uncapped ZnPc nanoparticles. However, no change
in absorption profile of MO dye was observed even after 24
hours of irradiation (Fig. 6b). This clearly confirms that TGA-
capping imparts the catalytic activity. Here, we also note that
a good catalytic efficiency has been achieved for TGA-capped
HZPNS, even without the assistance of additional electron
donor species, such as TEOA, isopropanol or semiconductor
nanoparticles, which is in contrast to the earlier reports.**¢

Mechanistically, singlet oxygen produced on white light
irradiation likely brings about oxidative degradation of methyl
orange. It is a strong electrophile and the plausible mechanism
involves the attack on the electron-rich site such as azo(-N=N-)
group,®” which is also the main chromophore in MO molecule.
The reaction may proceed through a series of aromatic inter-
mediates, getting transformed as aliphatic acid such as oxalic
acid and finally degraded into CO, and H,0.**®
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Fig. 6 Degradation of methyl orange (MO) under ambient in-house
lighting with four white LED bulbs of 9 W each: (a) absorption of MO
recorded at different time intervals in presence of (a) TGA-capped
hollow ZnPc nanoshells (HZPNS), and (b) bare ZnPc NPs; (inset) log-
arithmic plot of absorbance against irradiation time.
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Fig.7 Photothermal effect as demonstrated through the temperature
changes of TGA-capped HZPNS (0.1 mg ml™) upon NIR irradiation
(660 nm, 20 LED pcs, 36 W, 40 mW cm™2).

In addition to robust photocatalytic activity, the TGA-capped
HZPNS also exhibit light-induced hyperthermia. In most of the
photothermal studies, laser has been employed as the light
source due to its high monochromaticity, intensity and coher-
ence." However, it is expensive and difficult to maintain. In
contrast, light emitting diode (LED) overcomes these limita-
tions; it has lower cost, longer lifetime and better power
conversion efficiency.” Herein, photothermal effect has been
investigated using an array of 660 nm LEDs with 36 W power
(Fig. 7). The solution was irradiated under the LED panel and
the temperature rise was monitored by a digital thermometer.
As can be seen in the Fig. 7, for the aqueous solution of TGA-
HZPNS, the temperature rises exponentially from 25 °C to 41 °
C (AT = 16 °C) for 90 minutes of irradiation. The control set,
consisting of deionized water, shows a much smaller increase of
5 °C under identical condition. This property can be further
harnessed to enhance the cancer phototherapy.

In conclusion, thiol-capped, crystalline and hollow ZnPc
nanoshells have been prepared for the first time by devising
a quicker (2 min), simplified and sustainable method
consuming less energy and generating no waste. Unique ability
of TGA as a structure directing agent, i.e. creating inner void
space, has been discovered. Furthermore, TGA has a multiplier
effect. Besides, providing stability and water-solubility, it also
imparts photocatalytic activity which is the key finding of this
work. It unveils the potential of thiol-capped ZnPc NPs to act as
a solo catalyst in many other industrially and environmentally
relevant reactions. This removes the multitudes of reagents for
making a composite-catalyst. TGA-capping extends the absorp-
tion further into NIR region, thus a major part of sunlight from
visible to NIR can be effectively harvested for various photo-
induced processes. Especially, its role as nanomedicine in
light-induced therapies gets augmented. The pristine ZnPc
molecules are known to exhibit a robust photodynamic effect,
however, loading them onto a nano/micro-carrier was necessi-
tated for transportation to the site of action. The TGA-capping
eliminates the need for external carriers. The carboxyl end
remains free which opens up a window for bioconjugation with
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antibodies for targeting specific diseases. In addition to PDT
effect, the crystalline packing of ZnPc rings also imparts pho-
tothermal efficiency which was peculiarly observed under low
power LED lights. Thus, when irradiated with NIR light, it will
act as dual mode therapeutic tool to hasten the killing of
cancerous cells, by twin modalities of photothermal and
photodynamic therapies working in tandem. Additionally, with
the thiols as capping agent, a third modality “disulfidptosis”*>**
may also be explored to enhance the overall therapeutic efficacy.
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