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The controllable nanostructure and photocatalytic behaviour of
5,10,15,20-tetra-(3,4,5 trimethoxyphenyl) porphyrin through
solvophobic supramolecular self-assembly

Ratan W. Jadhav,” Duong Duc La, ® Tuan Ngoc Truong, ® Shambhu V. Khalap,® Dang Viet Quang, “*
Sheshanath V. Bhosale **

In this study, the self-assembly of 5,10,15,20-tetra(3,4,5-trimethoxyphenyl)porphyrin (coded as: TTOP) in the mixture of
tetrahydrofuran (THF) and H,O and the photocatalytic activity of resulting self-assembled aggregates toward the
degradation of organic compounds were investigated. TTOP were well dispersed as monomers in THF, however, they
stacked into aggregates upon the addition of water (20-90%). Depending on the THF/H,0 mixture various nanostructures
were observed. Microrods with an average width of 0.62+0.22 pm and length of 10.1742.04 um and the sphere-like
particles with diameters ranging from 0.5 to 1.2 um were obtained in 70% water in THF. Nonetheless, the particles
disappeared and rods turned to slabs with same length but much larger width (4.48+2.27 um) as 80% water in THF was
used. The particles with irregular shapes, which connected into large aggregates, were obtained at 90% water in THF.
These structures exhibited significant difference in photocatalytic ability for the degradation of dye (rohdamine B, RhB
and methylene blue, MB). The rate constants of RhB degradation were 4.35-10 min™, 1.13-10° min™, 2.63-10° min™,
and 3.52-10” min™ for the porphyrin monomers in THF and its aggregates states obtained by mixing of 70%, 80%, and 90%
water in THF, respectively. The results indicated the important role of solvent in the formation and control the structures
of porphyrin aggregates, which are crucial to an effective porphyrin-based photocatalyst.

Introduction

Porphyrin and its derivatives possess very unique physicochemical
properties,l'2 which can be significantly varied by the attachment of
functional groups on macrocycles and/or by chelation with metal
ions in the center of macrocyles. The attachment of organic
moieties e.g. hydrogen bonding motifs and exocyclic ligands allows
porphyrins  to
nanomaterials.” * The porphyrin self-assembly is based on physical

self-assemble into various supramolecular

interactions such as hydrogen bonding, van der Waals interaction,
and m-Tt interaction. The porphyrin self-assembled nanomaterials
show a great photocatalytic activity, which has recently drawn
significant attention.

Porphyrin derivatives such as TiO,-porphyrin and metal-porphyrins
show highly photocatalytic activity for photosynthesis and
photodegradation of organic compounds, CO, reduction, water
splitting.l' 3 515 Signh et al. developed a self-assembled carbon
nitride/cobalt porphyrin, which has been successfully applied as
photocatalyst for selective production of L-glutamate and o-
ketoglutarate. Zhang et al. have demonstrated the high H, and O,
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evolution (40.8 and 36.1 mmol/g’lh’l) by using metal-free porphyrin
supramolecular nanomaterial as photocatalyst.9 Porphyrin
nanomaterials show a great potential for CO, conversion.”® The
system of iron porphyrins and phenoxazine-based organic
photosensitizer converted CO, to CO and CH,; with the turnover
number (TON) of 149 and 29, respectively, by the irradiation of
visible light (A>430 nm). Won et al. revealed that a Zn-
porphyrin/TiO,/Re catalyst can offer an effective CO, to CO
reduction with the TON upto 1000 in 42 h."

In the past, metal-porphyrins were frequently investigated as
photocatalysts.3' ¥ However, recently the investigation of metal-
free porphyrins as photocatalysts has been of interest. Several
nanomaterials based on self-assembled supramolecular metal-free
porphyrins have been explored as photocatalysts for oxidation
reaction such as water splitting and the degradation of organic
compounds. The self-assembled supramolecular metal-free
porphyrin nanomaterials are usually obtained by grafting different
functional groups on porphyrin macrocycles and self-assembling in
a mixture of good and poor solvents or by changing the pH. By
grafting 4-pyridyl, 4-cyanophenyl or 4-carboxyphenyl groups on
porphyrin macrocycle, Zhang group demonstrated that 5,10,15,20-
(TCPP) has better
photodegradation activity toward phenol compounds compared to
C3N, and BiZWOS.9 The photocatalytic activity of TCPP is greatly
affected by the structures of self-assemblies. Lu et al. indicated that

tetra-(4-carboxyphenyl)porphyrin

self-assembled TCPP showed higher catalytic activity for phenol
degradation than its powder form and that for the aggregates of
nanorods were better than nanofibers.” In another study, La et al.
also showed the enhanced catalytic activity of TCPP in the form of
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nanobelt structure with 90% rohdamine B (RhB) degraded in 3n.2
The self-assemblies of protoporphyrin with L-/D-arginine generated
a rose-like nanostructure, which can degrade 78-80% RhB under
sunlight irradiation for 340 min.? Aljabri et al. grafted
pentaflourophenyl groups to form 5,10,15,20-tetra
(pentaflourophenyl)porphyrin ~ (TPFPP) and  examined its
photodegradation activity against RhB.* They revealed that TPFPP
can be assembled in the mixture of THF and H,0 to form aggregates
of microrods or octahedral crystals, which both had a good
photocatalytic activity for the degradation of RhB with rate
constants of 3.76x10° and 2.93x10> min™", respectively. Obviously,
porphyrin-based promising
photocatalysts by modifying the macrocycle with various functional
groups without the addition of any co-catalyst. Functional groups
attached onto porphyrin macrocycle play utmost important role on
the properties and photocatalytic activity of the resulting
nanomaterials. Even though, porphyrins have been modified with
several functional groups, the functionalization of porphyrin to its
periphery with trimethoxyphenyl group for photocatalyst has never
been investigated. Therefore, this study will fabricate the
supramolecular  nanostructures of 5,10,15,20-tetra  (3,4,5-
trimethoxyphenyl) porphyrin (TTOP, Figure 1 a) in THF/H,O solvent
and investigate their photocatalytic ability for the degradation of
RhB.

nanomaterials could become

Results and Discussion

Self-assembly behavior of TTOP in THF/H,0 solvent

TTOP monomer is a highly soluble in THF solvent, which showed a
strong absorption at 420 nm on UV-Vis spectrum (Figure 1 b) due to
the characteristic n-rt* transition on the porphyrin structure. Beside
the strong absorption at 420 nm belonging to the electron transfer
from ground state (Sp) to the second excited state (S,), the
electronic absorption spectra for TTOP showed other four Q bands
at 514, 549, 593, and 649 nm corresponding to the electron
transition from ground state, S, to the first excited state, S; ¥ The
intensity of these absorption bands decreased upon the addition of
increasing water percentage (20 to 90%) into the solvent indicating
the occurrence of the TTOP self-assembly. According to recent
studies, the porphyrin macrocycle aggregation in a mixture of good
and poor solvents has been considered as a major mechanism for
the self-assembly of porphyrin supramolecular nanomaterials.” %
The addition of a poor solvent, in which porphyrins are insoluble,
into a good solvent in which porphyrins are well dissolved resulting
in the formation of supramolecular aggregates. The aggregates are
usually formed through non-covalent bonds such as the n-n
stacking, hydrogen bonding, ligand coordination, or/and spatial
arrangement of porphyrins. Based on the molecular structure of
TTOP as shown in Figure 1 a, it can be deduced that the m-n
stacking should be a major interaction leading to the formation of
TTOP supramolecular aggregates.

To further investigate the possible bonds that may contribute to the
formation of aggregates. The FTIR spectra of TTOP in THF and the
aggregates in H,O/THF have been collected for an evaluation. As
can be seen in their FTIR spectra (Figure 2), except some peaks
belong water at 1630 em™ and 3400 ¢cm™, no new peak was
detected for the aggregates in H,O/THF solvent. This observation
indicated that the formation of TTOP aggregates is based on the
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non-covalent bond, particularly the m-mt stacking integaction.Jhese
results revealed that TTOP macrocycle® Moo/ PapRieates
through m-mt stacking interaction in a head to tail fashion and
perfectly matches with literature.”
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Figure 1. Molecular structure of TTOP porphyrin (a) and UV-vis
spectra of TTOP in THF upon addition of water fraction 20-90% as
shown in (b), respectively. Inset is enlarged UV-vis spectra at the
range of 450-700nm.
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Figure 2. FTIR spectra of TTOP porphyrin in THF (a) and TTOP
aggregates in THF/H,0 mixture (b).
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The effect of water on the optical properties of TTOP was further
studied by the photoluminescence (PL) spectroscopy. The PL
spectra were attained by the excitation at 420 nm and results are
shown in Figure 3. Two distinct emission peaks were observed at
662 nm and 727 nm on the spectrum of TTOP in THF solvent. The
quenching in photoluminescence was apparently observed as the
water was added into the solution. The luminescence became
weakened with the increasing water fraction and almost completely
guenching at 90% water; this further confirmed the aggregation of
TTOP macrocycles.

x103
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— — TTOP monomer
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Figure 3. PL spectra of TTOP in THF and with water fraction of 90%
(a), and optical images of TTOP aggregates in THF with different
water fractions (b).

The formation of TTOP supramolecular aggregates can be observed
on SEM images exhibited in Figure 4. At the water fraction of 70%, a
mixture of microrods and sphere-like particles was obtained (Figure
4 a) in which microrods are 0.62+0.22 um in width and 10.17+2.04
um in length and the particles have diameters ranging from 0.5 to
1.2 um, respectively. When the water fraction increased to 80%, the
sphere-like particles disappeared and slabs with the similar length
of above microrods (10.57+4.37 um) were received; but, the width
enlarged significantly to 4.48+2.27 um (Figure 4 b). At the water
fraction above 90%, the particles with irregular shapes tending to
fuse into large aggregates were obtained. Those aggregates are
relatively stable; their size and shape were not changed after being
used in photocatalytic reaction as exhibited in Figure S1. Just to see
whether TTOP further influence with 95% water in THF, it can be
clearly seen that only small particular aggregates observed. The
variation in shapes and sizes with the H,O/THF ratios was most
likely due to the variation in the solubility of TTOP in the solvent
mixture, which influenced the creation of crystalline nuclei and the

This journal is © The Royal Society of Chemistry 20xx

New Journal of Chemistry

growth process. As seen in Figure 4, the solvent with 80% water
produced higher crystalline TTOP nanomatefials0é6rmared o’ the
others and this was aligned with the observation on XRD spectra in
Figure S2. No diffraction peak was presented in the XRD pattern of
the TTOP monomers, which indicates that monomeric TTOP
molecule is amorphous in nature. Whereas, sharp peaks at about
20.1, 26.3, and 46.9 ° were found on the XRD patterns of the TTOP
aggregates produced in the THF/H,0 mixtures at the water fraction
of 70% and 80%. These peaks are attributed to the crystalline
structure of self-assembled TTOP, indicating that m-nt stacking and
electrostatic interactions lead to the formation of well-ordered
crystals of the TTOP molecules in the THF/H,O mixture. These
results indicated that the TTOP supramolecular nanomaterials were
successfully synthesized by the addition of water into the solvent.
The size and shape of the resulting nanomaterial can be controlled

by tuning the H,0 fraction in solvent mixture.

Figure 4. SEM image of TTOP porphyrins self-assembled in THF with
different water fractions of a) 70%, b) 80%, c) 90%, and d) 95%.

The photocatalytic activity

Porphyrins have a structure that is similar to chlorophyll, a natural
photoactive molecule with strong photocatalytic activity in plant
and algae. Thanks to the structural similarity, porphyrins and their
assembled nanomaterials possess a photocatalytic activity and they
have been extensively exploited as photocatalyst for the
degradation of organic compound contaminants under the visible
light. Based on the UV-Vis spectra, the energy bandgap for TTOP
self-assembled supramolecular nanomaterial was calculated to
evaluate its potential application for photocatalytic reaction. TTOP
porphyrin and assembled aggregates have a bandgap of =2.85 eV
that indicated the possible photoactivity of this nanomaterial in the
visible light.

The photocatalytic activities of TTOP monomer and assembled
nanomaterial were experimentally evaluated through the
degradation of RhB dye under the visible light irradiation. The
concentration of RhB was determined based on UV-Vis absorption
at the wavelength of 553 nm. The removal efficiency of RhB by the
photodegradation are shown in Figure 5 a. Slight change (5.1%) was

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


https://doi.org/10.1039/d0nj03355c

oNOYTULT D WN =

New Journal of Chemistry

observed after the RhB solution (without photocatalyst) was
irradiated with visible light at wavelength of 420 nm for 360 min.
This indicated that the self-photodegradation of RhB was
insignificant. Meanwhile, 14.5% RhB was degraded at the same
irradiation period as the TTOP monomer was added. This revealed
an apparent photocatalytic activity induced by TTOP molecules.
Interestingly, the RhB degradation increased considerably with the
utilization of TTOP self-assembled nanomaterials. TTOP aggregates
prepared by using solvent with 70% water can degrade 38.7% RhB
after 360 min irradiation. Surprisingly, the degradation efficiency
sharply increased to 65.0% and 70.8% with TTOP aggregates
synthesized by using solvent with 80% and 90% water, respectively.
This photocatalytic behaviour was also observed as Methylene blue
(MB) was used in place of RhB. Negligible MB degradation was
observed in the absence of TTOP aggregates (Figure S3), which
implies that the self-sensitized photodegradation of MB does not
occur readily under these. The TTOP aggregates show a remarkable
photocatalytic performance toward MB under visible light
irradiation. The MB removal percentage reached 38, 68, and 74%,
when TTOP aggregates were produced in THF/H,O mixtures with
the water fraction of 70, 80, and 90%, respectively. This observation
confirmed that the formation of supramolecular materials helps
improve catalytic activity of TTOP porphyrin. Higher photocatalytic
activity of TTOP aggregates synthesized by using solvent with 80%
and 90% water compared to the one with 70% water could be
resulted from the differences in their shape and size. 70% Water
produced a mixture of microrods and sphere-like particles, 80%
water generated highly crystalline slabs, and meanwhile, 90% water
favored the formation of irregular shaped particles which
interconnected to large aggregates. This interconnected TTOP self-
assembled nanomaterials could adsorb more RhB resulting in higher
photocatalytic performance.

The kinetics of photocatalytic degradation was investigated based
on the first-order kinetic equation (Eq. 1).

dc
r——E—kC (1)

where, r is reaction rate, C is RhB concentration, t is reaction time,
and k is first-order rate constant. Applying the boundary conditions:
t=0, C;=C, is the initial RhB concentration, it has an integrated form
as follows:

Ln(c) = —kt 2)

Linear plot of Ln(C,/C,) vs time (t) allows one to determine reaction
rate constant, k. Here, the light absorption intensity of RhB solution
at 553 nm at the beginning and at time t can be used instead of
actual concentration. In this study, the plots of LnC/C, vs t is shown
in Figure 5 b. The rate constant of the RhB degradation by TTOP
monomer, and aggregates in 70%, 80%, and 90% water solvent
were 4.35-10* min™, 1.13-10° min™, 2.63-10° min™, and 3.52:10°®
min™, respectively. These results confirmed that the photocatalytic
activity was significantly improved when porphyrin monomer
transformed into aggregate forms. This similar trend was also
observed in other metal-free porphyrins.la' 22 The variation in the
rate of RhB photodegradation by TTOP assembled aggregates
obtained in different water fraction is likely due to their differences
in the shape and size.”® The RhB photodegradation rate of TTOP
self-assembled aggregates is comparable to some other porphyrin
aggregates, 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin

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

aggregates self-assembled in THF/H,0(70% water) 13\e§vnA¢t\.ctlg%§Ll\(ﬁi(§
(4-carboxyphenyl) porphyrin aggregates Bowitho rate, constaris of
3.76:10° min™ and 3.9-10° min™, respectively. It is also slightly

higher than that for P-25 Degussa TiO, (2.2:10%min™).2
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Figure 5. Photocatalytic behaviour of TTOP porphyrin aggregates
toward Rhodamine B dye: a) removal efficiency and b)
photodegradation kinetics.

As discussed in previous works, the RhB degradation by porphyrins
and their derivatives is due to the oxidation caused by the holes and
oxidative radicals that are generated upon the visible light
irradiation.” * % The key to an efficient photocatalyst is its ability
to generate electron/hole couples in which electron and hole
(charges) can be separately existed long enough for the redox
reaction as shown in Eq. 3-8. The charges are generated due to the
jump of electrons (negative charges) from the highest occupied to

This journal is © The Royal Society of Chemistry 20xx
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the lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively) leaving behind holes (positive charges). When the
molecules are far from each other, the charge transfer is dominated
by an intramolecular process. However, when the HOMO and
LUMO orbitals of neighboring molecules are in the close distance of
few angstroms (=3.5-4 A, such as the distance found in molecular
n-stacks 24) and overlapped, intermolecular charge transfer process
may occur and which could enhance the electron/hole separation.

Photocatalyst + hv = e g + h'yg (3)
h've + H,0 > -OH + H' (4)
h*ys + OH = -OH (5)
eg+0,>0, (6)
OH + organic compounds + O, - degradation (7)
-0, + organic compounds -> degradation (8)

In this study, TTOP molecules dispersed in the THF solvent, they
could exist as single molecules that randomly collide and contact
and therefore the charge transfer is likely based mainly on
intramolecular process. Since there is a lack of strong charge
withdrawal group on TTOP molecule, the electron/hole couples
could be recombined quickly and this could be a reason for the
lower photocatalytic performance of TTOP solution. The situation,
however, was different as TTOP porphyrins assemble into the J-type
aggregates through the m-m interaction. The charge transfer could
occur via intermolecular process. Once electrons and holes are
separated, they are more difficult to recombine than in the
intramolecular charge transfer process because of the defection on
TTOP supramolecular crystals, which increase the lifetime of
charges. Accordingly, the higher structural disorder degree found in
porphyrin aggregates can generate charge with longer lifetime and
this could be the explanation to the higher RhB photodegradation
of the aggregates received by 90% water solvent. The observation
in this study is in congruence with previous works on different types
of the self-assembled porphyrins revealing the utmost importance
of the shape control in photocatalytic performance of porphyrin
aggregates.B’ 14,22

To demonstrate the roles of 'OH, ‘0,, and hole (h*) free radicals for
the RhB degradation process on the surface of the TTOP aggregates,
three radical trapping agents including isopropanol, ammonia
oxalate, and benzoquinone were used to trap ‘OH, h*, and ‘O,
radicals, respectively." The results are shown in Figure 6. It can be
clearly seen from the figure that with the presence of the radical
scavengers, the RhB degradation efficiencies are significantly
decreased in comparison to that without radical scavengers. After
90 minutes of irradiation, the RhB removal percentage decreases
from 74.8% to 64.2, 32.3, and 20.7% upon addition of isopropanol,
ammonia oxalate, and benzoquinone, respectively. This can be
concluded that the ‘OH, ‘0,, and hole (h*) free radicals play an
important role for the degrading process of RhB using TTOP
aggregates as photocatalyst.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Effect of radical intermediate trapping agents on the
removal efficiency of RhB upon the visible light irradiation

Conclusion

Supramolecular nanomaterials of TTOP porphyrin were successfully
synthesized by self-assembly in THF/H,0O solvent. The shape and
size of aggregates can be easily controlled by tuning the THF/H,0
ratio. 70% Water produced a mixture of microrods (0.62+0.22 pm in
diameter and 10.17+2.04 um in length, respectively) and sphere-
like nanoparticles (diameters in a range of 0.5 to 1.2 um). These
particles disappeared meanwhile the diameter of microrod
increased significantly to about 4.48+2.27 um at the water fraction
of 80%. Interestingly, this highly ordered structure was completely
transformed to irregularly shaped particles, which tend to flocculate
into large and porous aggregates. These differences in shapes and
sizes caused a great variation in the photocatalytic activity of
resulting self-assembled TTO aggregates. The rate constants of RhB
photodegradation were 4.35-10* min™, 1.13-10° min™, 2.63-10°
min™, and 3.52:10° min™ for TTOP monomer, and aggregates
formed by 70%, 80%, and 90% water solvent, respectively. This
result indicated that the photocatalytic performance of TTOP
porphyrin can be enhanced by the transformation of monomers to
self-assembly forms and further improvement can be achieved by
the control of size and morphology of assembled aggregates.
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