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ARTICLE INFO ABSTRACT

Keywords: Porphyrin aggregates formed via self-assembly have shown promising photocatalytic activity due to the com-
Porphyrin bination of their optical and morphological properties. The structural and physical properties of porphyrin affect
Self-assembly its self-assembly and the properties of the resulting aggregates. The hydrophobicity/hydrophilicity of the por-
Photocatalysis

phyrins in solvent mixtures, which affect self-assembly, can be altered by the introduction of fluorine groups. In
this work, we report the synthesis of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP). The differing
solubilities of TPFPP in organic and aqueous solutions were exploited to promote the self-assembly of mono-
meric TPFPP in THF/H,0 solvent mixtures. The effect of the H,O fraction on the assembly process and resulting
morphologies was probed using UV-vis spectroscopy, photoluminescence spectroscopy, and scanning electron
microscopy (SEM). It was observed that well-defined TPFPP microrods with a diameter of 1-3 pm and length of
20-100 pm as well as octahedral crystals 30 um in size were produced with H,O fractions of 70 and 80%,
respectively. These TPFPP aggregates with controlled morphologies exhibited high photocatalytic activity,
evident in photocatalytic degradation studies with rhodamine B (RhB) which degraded under visible light ir-
radiation with rate constants of 3.76 x 10~ > (with microrods) and 2.93 x 10~ 3min~! (with octahedral crys-
tals). A possible mechanism for the photocatalytic activity of the TPFPP aggregates for RhB degradation was
proposed.

Dye degradation
Self-assembled nanomaterials

1. Introduction [11,12]. Numerous porphyrin nanostructures have been reported with

well-defined nanostructures, including spherical structures, nanopr-

Supramolecular self-assembly is an effective tool for the design and
fabrication of functional materials and has been extensively employed
to produce soft nanomaterials, such as porphyrin-based nanomaterials,
during the last 10 years [1,2]. In particular, n-conjugated porphyrins
have attracted great interest as building blocks for functional nano-
materials [3-7]. Porphyrin nanostructures can be formed using bottom-
up approaches via self-assembly [8]. The main driving force of the self-
assembly process is non-covalent interactions, which consist of hy-
drogen bonding, van der Waals interactions, electrostatic interactions,
aromatic ;-7 interactions, and coordination bonds. Several self-as-
sembly procedures can be employed, such as surfactant-assisted self-
assembly (SAS) [9], ionic self-assembly [10], and reprecipitation
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isms, nanotubes, nanofibers, nanorods, nanosheets, nanoclovers, and
nanowires [13-20].

Porphyrin nanomaterials exhibit unique physical properties which
can be employed in many applications, including optoelectronic de-
vices, energy storage, energy conversion, catalysis, photodynamic
therapy, sensors, and photonics [19,21-26]. Recently, the visible-light
photocatalytic abilities of porphyrin aggregates have garnered great
attention [27-29]. This is influenced by the role of porphyrin-like
photoactive molecules as light-harvesting materials in many biological
energy transduction processes [30,31]. Therefore, it is of significant
interest to design and fabricate supramolecular nanomaterials from
porphyrins for applications in photocatalysis. In the past few years,
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various porphyrin nanostructures have been utilized for photocatalytic
degradation under visible light irradiation [11,29,32,33]. For example,
Zhong et al. successfully fabricated hierarchical porphyrin nanocrystals
such as nanosheets, octahedra, and microspheres and investigated the
effect of these morphologies on the photocatalytic activity of the na-
nocrystals [34]. More recently, we successfully produced nanobelts
from tetrakis(4-carboxyphenyl)porphyrin (TCPP) via arginine-induced
self-assembly; this photocatalyst was used for the photodegradation of
rhodamine B (RhB) dyes under simulated sunlight exposure [34,35].
We also reported the formation of well-dispersed TCPP nanorods on
graphene via CTAB-assisted self-assembly [36]. This hybrid nanoma-
terial exhibited enhanced photocatalytic activity toward RhB dyes. The
majority of the previous works related to self-assembly of porphyrins
and their applications for photocatalysis have been based on TCPP and
its derivatives.

Herein, we reveal the design and synthesis of a new porphyrin de-
rivative, 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP),
and investigate its self-assembly properties and photocatalytic perfor-
mance. Well-defined TPFPP microrods and octahedral crystals were
produced via self-assembly in solvent mixtures with controlled H,O
content. These porphyrin aggregates exhibit high photocatalytic per-
formance for RhB degradation under simulated sunlight irradiation.
The hypothesized mechanism for photocatalysis via these porphyrin
aggregates will be discussed. The results of this work indicate that the
self-assembly of supramolecular porphyrin nanomaterials can be con-
trolled through the introduction of F groups in the porphyrin core and
the control of the solvent properties during synthesis. This allows for
the controlled aggregation of porphyrin monomers into well-defined
morphologies, thereby yielding photocatalysts with environmental ap-
plications.

2. Results and discussion

The optical properties of the monomeric and assembled TPFPP
samples were investigated using UV-vis absorption spectroscopy as
shown in Fig. 1 and S1. The UV-vis spectrum of the monomeric TPFPP
in pure THF, where the monomer is highly soluble, displayed a strong
peak at 407 nm, which is due to the m-t* transition in the porphyrin
structure. Upon the addition of increasing amounts of H,O to the so-
lution (up to a H,O fraction of 60%), the characteristic peak at 407 nm
was only slightly decreased. A further increase in the H,O fraction
above 70% led to a sharp decline of the absorption peak at 407 nm,
indicating the initiation of TPFPP self-assembly at this THF/H,O ratio.

Absorbance (a.u.)
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Fig. 1. (a) The structure of the TPFPP monomer used in this investigation. (b)
Normalized UV-vis absorption spectra of monomeric TPFPP (black curve),
TPFPP in THF upon addition of 70% (blue curve) and 80% (dark red curve)

H,0. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2. (a) Photoluminescence spectra of monomeric TPFPP (black line) and
TPFPP upon the addition of H,O from 10 to 95%. (b) Photographic images of
TPFPP in THF and THF/H,0 irradiated by UV light (Aex = 407 nm).

The self-assembly was accompanied by a red-shift in the absorption
peak of approximately 7 nm at H,O fractions of 70 and 80%, which
indicates that the supramolecular self-assemblies of the TPFPP mono-
mers are J-aggregates [37,38].

Photoluminescence (PL) spectroscopy was employed to investigate
the optical properties of monomeric and aggregate TPFPP (Fig. 2a). The
PL spectra of the TPFPP samples were obtained with an excitation
wavelength of 407 nm. The PL spectrum of the monomeric TPFPP in
pure THF showed three characteristic emission peaks at 637, 657, and
704 nm. When H,0O was added, the fluorescent emission intensity was
significantly decreased and was completely quenched at a H,O fraction
of 95%. The quenching effect can also be clearly seen by naked eye
(Fig. 2b). The decrease in the emission intensity can be ascribed to the
coupling resulting from the spatial packing of the TPFPP molecules
upon assembly [34,38].

The morphologies of the TPFPP materials that were self-assembled
in THF/H,O mixtures with various H,O fractions were observed by
scanning electron microscopy (SEM) after the preparation of sample on
a silicon surface (Fig. 3, S2-S5). The TPFPP molecules formed microrod
structures with diameters of 1-3 um and lengths of 20-100 um at 70%
H,0, possibly due to assembly in a head-to-tail fashion. Upon further
increase of the H,O fraction to 80%, octahedral crystals with an average
size of approximately 30 um were observed. However, when the H,O
fraction increased to > 90%, the well-defined morphologies of the as-
sembled TPFPP tended to aggregate, forming a network of fused par-
ticles (Fig. 3c and d). This is attributed to the lower solubility of TPFPP
at high H,O fractions, preventing proper nucleation for the self-as-
sembly process during evaporation [34].

Fourier transform infrared spectroscopy (FTIR) analysis was used in
order to further confirm the role of non-covalent interactions in the
formation of TPFPP nanostructures. Spectra of monomeric and ag-
gregate TPFPP (prepared from THF/H,0 mixtures with H,O fractions of
70 and 80%) were obtained as shown in Fig. 4. In the FTIR spectrum of
TPFPP powder (black solid line), the stretching vibrations at 1044 and
1474 cm™ ! are attributed to C—F and C=C bonds, respectively. As
previously mentioned, the formation of the TPFPP nanostructures is
probably due to the m-mw stacking of C=C functional groups in the
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Fig. 3. SEM images depicting the microstructures of TPFPP assembled in (a) f,, = 70%, (b) f,v = 80%, (¢) fw = 90%, and (d) fiy = 95% in THF/H>0.

~
o J
Y] PURIE, vy

u '

900 1200 1500 1800

Wavenumber (cm™)

Fig. 4. FTIR spectra of monomeric TPFPP, f,, = 70% microrods, and f,, = 80%
octahedral crystals obtained from THF/H,0.
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porphyrin molecules. This is demonstrated by a shift in the stretching
vibrations of C=C groups from 1474 cm ™! (monomer) to 1493 cm ™!
(aggregate).

It has been demonstrated that the porphyrin employed here is si-
milar in structure to the naturally photoactive molecule chlorophyll,
which exhibits high photocatalytic activity in many biological systems,
such as plants and algae [39]. Various assembled porphyrin nanoma-
terials have previously been used as photocatalysts under visible light
irradiation [21,40,41]. The band gap energy of TPFPP microrods and
octahedral crystals was determined from the UV-vis spectrum in Fig. 1
to be ca. 2.83 eV, indicating that the photocatalytic properties of TPFPP
aggregates can be activated by visible light irradiation, similar to our

earlier study of tetracarboxyporphyrin [39].

In this work, the photocatalytic performance of the assembled
TPFPP nanomaterials was studied through the degradation of RhB dye
under visible light irradiation and compared to the same analysis of the
monomeric TPFPP molecule (Fig. 5). As seen in Fig. 5a, when the
TPFPP monomer is used as the photocatalyst, the rate of RhB de-
gradation is relatively slow, even after 330 min of irradiation. However,
the degradation rate of the RhB dye was significantly increased when
porphyrin aggregates were employed instead. The change in the in-
tensity of the absorption peak of the RhB dye at 553 nm was plotted as a
function of time in order to study the kinetics of the reaction. The plot
of C/C, vs time is presented in Fig. 5c, where C, is the initial con-
centration of dye and C is the dye concentration at time t. It is observed
that without photocatalyst, the amount of RhB that is degraded is
negligible, indicating that self-sensitized photodegradation of RhB does
not occur under these conditions. When monomeric TPFPP was used, a
17% decrease in RhB concentration was observed after 330 min of ir-
radiation. Interestingly, when TPFPP aggregates were employed as the
photocatalyst, the RhB dye was significantly degraded with con-
centration decreases of approximately 71 and 62% for aggregates self-
assembled in 70 an 80% H,O in THF, respectively, indicating that the
TPFPP aggregates have greater photocatalytic performance under
visible light than the corresponding monomer. The difference in the
photocatalytic activity of the two aggregate forms can be attributed to
the higher surface area of the microrods compared to that of the oc-
tahedral crystals. The kinetics of the photocatalytic reaction were in-
vestigated by plotting In(C,/C,) vs time (where C, is the intensity of the
absorption peak at time zero and C, is the intensity at time t) (Fig. 5d).
The rate constants were determined from this plot. The relative rate
constants for RhB degradation under visible light irradiation using
TPFPP aggregates (assembled in THF/H,O mixtures with H,O fractions
of 70 and 80%) were 3.76 x 10™2 and 2.93 x 10 3min ", respec-
tively. This further confirms that the TPFPP microrods exhibit higher



M.D. Aljabri, et al.

Absorbance (a.u.)

480 500 520 540 560 580 600

Wavelength (nm)
100
(c)
X
g 80
AN
g 60 - ,A" v
& ' -
T 40- e e
8
S
o
an]
c
14

' 50
Time (min)

100 150 200 250 300 350

Ln(C/Co)

Fuel 254 (2019) 115639

Absorbance (a.u.)

460 480 500 520 540 560 580 600
Wavelength (nm)

024 % v

1 2 A \\V\
-0.4 A g

1 ‘ AL Ve N
0.6 2, v
-0.81 eng
-1.0 s ¥
1.2 b

0 50 100 150 200 250 300 350

Time (min)

Fig. 5. Photocatalytic performance for RhB degradation with (a) monomeric TPFPP or (b) TPFPP microrods. (c) percentage of RhB degradation and (d) kinetic
simulation curve of control (black solid curve), monomeric TPFPP (red dashed curve), TPFPP aggregates with H,O fraction of 70% (blue dot-dashed curve), and
TPFPP aggregates with H,O fraction of 80% (green dotted curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

RhB Degraded products

Fig. 6. Possible photocatalytic mechanism of TPFPP aggregates in the de-
gradation of RhB dyes.

photocatalytic activity than the octahedral crystals. These rate con-
stants are also similar to the photocatalytic performance of a well-
known self-assembled tetrakis(4-carboxyphenyl)porphyrin reported
previously [39,42], and are significantly higher than the standard

photocatalyst P-25 Degussa TiO, with a relative rate constant of
1.2 X 10 ®min~"! for RhB degradation [37,43]. It is of note that the
reaction rate depends on the conditions of the reaction, therefore the
rate constants were determined under identical reaction conditions. The
higher photocatalytic performance of the porphyrin aggregates com-
pared to the porphyrin monomers is due to the molecular structure of
the aggregates, which is similar to photoactive molecules such as
chlorophyll, a key molecule in biological light harvesting processes,
though the porphyrin aggregates are arranged to achieve better charge
separation than that of chlorophyll monomers [44].

Nanostructured porphyrin shows higher photocatalytic activity than
amorphous porphyrin due to the improved charge separation resulting
from the ordered structure, as compared to the chlorophyll monomer.
The porphyrin aggregates act as photoactive molecules, similar to
chlorophyll, a porphyrin derivative taking part in many biological en-
ergy transduction processes in plants and algae [44]. It has been es-
tablished that electronic delocalization in J-type aggregates of m-con-
jugated organic compounds can span over the assembled molecules
yielding strong m-it interactions [39], which enables semiconductor
properties of such aggregates. Therefore, J-aggregates of porphyrins
can be employed as photocatalysts to harvest light and generate elec-
tron-hole pairs under visible light irradiation [44,45]. Furthermore, J-
aggregates of porphyrin exhibit enhanced charge separation due to
excitation-coupled charge transfer processes, which results in improved
photocatalytic performance [46]. Based on these results and relevant
literature, a possible photocatalytic mechanism for the degradation of
RhB dyes by TPFPP aggregates is proposed in Fig. 6, which is similar to
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our previously reported mechanism of the photocatalytic activity of
self-assembled porphyrins [37-39,42]. Under simulated sunlight irra-
diation, the TPFPP aggregates harvest photon energy in the visible
range. The absorption of photo-energy causes the promotion of elec-
trons from the valence band to the conduction band, generating elec-
tron-hole pairs [47]. These electron-hole pairs participate in the de-
gradative redox reaction. The generated holes take part in the oxidative
degradation of the RhB dye while the electrons reduce the oxygen of
H,0 to 'O, on the surface of the TPFPP aggregates.

3. Conclusion

In summary, we have successfully synthesized and characterized a
TPFPP molecule that contains hydrophobic groups to control its solu-
bility in THF/H,0 mixtures. This allowed TPFPP to self-assemble into
microstructures as the H,O fraction of the solvent mixture was in-
creased. With a H,O fraction of 70%, TPFPP assembled to form mi-
crorod structures at 1-3 pm in diameter and 20-100 um in length.
Octahedral crystals with an average size of 30 um were produced by
self-assembly of TPFPP in the THF/H,0 mixture with a H,O fraction of
80%. These porphyrin aggregates exhibited relatively high photo-
catalytic activity for RhB degradation under simulated sunlight irra-
diation with rate constants of 3.76 x 10~ and 2.93 x 10~ *min ! for
porphyrin microrods and octahedral crystals, respectively. This study
has provided insight into the fabrication of organic semiconductors via
self-assembly. In particular, it is determined that control of the por-
phyrin structure through the introduction of fluorine groups affects the
solubility in mixed solvents, allowing for morphological control of the
resulting aggregates, which affects their activity in environmental ap-
plications.
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