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A B S T R A C T   

A series of novel tetra-meso-thien-2-yl porphyrins were synthesised, and the effect of the variation in the thienyl 
group on the photophysical properties were studied. Ground and excited state UV–vis absorption, steady-state 
and time-resolved emission, resonance Raman spectroscopy, and cyclic voltammetry, were used to establish 
the extent of electronic communication between the central Zn(II) porphyrin ring and the various meso-sub
stituent groups. The properties of these novel thienyl porphyrins were compared to zinc tetraphenylporphyrin 
(ZnTPP), to elucidate the effect of the position and number of thienyl rings. The photochemically-driven anti
microbial activity of zinc(II)-5,10,15,20-tetra(thien-2′-yl)porphyrin (ZnThPP) as a coating, was established 
against both Gram-positive and Gram-negative bacteria, and compared to ZnTPP. Visible irradiation of the 
porphyrins results in a significant antimicrobial response.   

1. Introduction 

Thienyl-decorated porphyrins and similar macrocycles can have 
unique properties with the thienyl groups tuning spectroscopic proper
ties.1-3 Thienyl-substituted porphyrins have applications in areas such as 
CO2 reduction, the fabrication of dye-sensitised solar cells (DSSCs) and 
various biological applications.4–8 Meso-thienyl porphyrins are poten
tially suitable for antimicrobial and anticancer applications due to their 
ability to generate singlet oxygen, and to intercalate with DNA.5–10 

Zinc tetraphenylporphyrin (ZnTPP) is often used as a benchmark to 
compare other novel dyes.11 Both electron-withdrawing groups and 
electron-donating groups have a strong influence on the electronic 
behaviour of the porphyrin, with meso-thienyl substituents displaying 
strong electron donation towards the porphyrin core.12–14 Enhanced 
resonance between the meso-substituents and the porphyrin macrocycle 
results in improved π-conjugation.1 Incorporation of thienyl groups at 
the meso position results in a bathochromic shift in both the Soret and Q 
bands due to enhanced electronic and vibronic communication.1,6,14-18 

The Soret band for tetra-5,10,15,20-(5′-methylthien-2′-yl)porphyrin 
displayed a 15 nm red shift compared to the tetraphenyl analogue, 

together with positive solvatochromic behaviour which originates from 
the extended conjugation.19 Replacement of one thienyl unit with a 
phenyl on a porphyrin resulted in hypsochromic shifts of both absorp
tion and fluorescent bands, indicating decreased conjugation between 
the porphyrin macrocycle and thienyl units.20 Planar meso-substituents 
with respect to the porphyrin result in stronger π-conjugation in com
parison to orthogonal orientation, such as phenyl groups.14,17,21. 

Thienyl-containing macrocycles have been reported to exhibit 
reduced excited state lifetimes and enhanced triplet crossing efficiency 
when compared to phenyl substitutents.22-24 Ambre et. al, reported a 
reduction of excited state lifetimes proportional to the addition of 
thiophene units, from 2.00 ns to 0.88 ns as the number of thiophene 
units increased from one to three.25 The presence of sulphur enhances 
the rate of intersystem crossing due to spin–orbit coupling, leading to a 
reduction in fluorescence quantum yield by up to 10 %.1,16,20,21,23 A 
decrease in the HOMO-LUMO energy gap was reported by Bhyrappa and 
Bhavana, when the point of substitution of the thienyl group was varied 
(from tetra(thien-2-yl)porphyrin to tetra(thien-3-yl)porphyrin.26 The 
changes observed in the UV–vis spectra and redox potentials were 
attributed to the inductive effects of the thienyl groups. 
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Modified thienyl porphyrins have displayed improved performance 
for cellular inactivation within photoactivated chemotherapy (PACT) 
applications.9,27 Thienyl-decorated porphyrins have been reported to 
cleave DNA through a 1O2-mediated mechanism.6 These systems have 
also been used to bind DNA and as light-activated antimicrobial agents 
towards both E. coli and S. aureus.28 Modification at either the meta- or 
beta- substituents can potentially increase the generation of 1O2.29-31 

Meso-modifications can impact spectral characteristics, electrochemical 
and phototoxic properties.32,33 Porphyrins can be immobilized, which 
offers many advantages for use in practical applications, such as coat
ings. Beyond tetra-substituted porphyrins, both A3B and A2B2 thienyl 
porphyrins have been developed towards immobilization or enhanced 
DNA groove binding.28,34 Furthermore, they can be easily recovered and 
reused in water purification, thus providing both environmental and 
economic benefits.35 Immobilization allows for easy isolation of the 
reaction products from the photosensitizer in photochemical synthesis 
thus allowing flexibility in fine chemical synthesis.36 

The first investigation into porphyrins for the photodynamic inacti
vation of microbial cells utilized hematoporphyrin (HP) against Gram- 
positive and Gram negative bacteria.37 The photochemical impact was 
investigated using prokaryotes, with high sensitivity for the Gram- 
positive strains identified. In contrast, Gram-negative strains were less 
sensitive which was ascribed to their outer membrane containing lipo
polysaccharide (LPS).37 This layer imparts protection against singlet 
oxygen and oxyradicals, which are generated extracellularly. The bar
rier is especially effective due to the extremely short lifetime of 1O2 in 
water.38 Lacking an LPS membrane, Gram-positive bacteria, have a 
more porous cell membrane and penetration of ROS is easier.39,40 

Differences in response between Gram-positive and Gram-negative 
bacteria have been attributed to differences in their outer cell layers. 
The outer layers of Gram-positive cells comprising peptidoglycan and 
lipoteichoic acid are relatively porous to porphyrins while the cell wall 
of Gram (-) cells are rich in negatively charged LPS layer which hinders 
entry to the cell by neutral and anionic porphyrins.41 Other studies have 
shown that Zn porphyrin-based photosensitizers can be effective against 
Gram-positive and Gram-negative bacteria. Alenezi et al. found that Zn 
porphyrin-based photosensitizers were effective against the Gram- 
negative bacterium E. coli.29 Rahimi et al. studied bacterial inactiva
tion by 5,10,15,20-tetrakis(4-nitrophenyl)porphyrin (TNPP) and its zinc 
analogue (ZnTNPP) on the Gram-negative bacterium Pseudomonas aer
uginosa and the Gram-positive bacterium Bacillus subtilis under visible 
light irradiation.42 Using the plate dilution method, the minimum 
inhibitory concentration (MIC) was investigated and found that bacteria 
growth was inhibited. Mosinger et al. reported the antibacterial activity 
of immobilized zinc tetraphenylporphyrin (ZnTPP) and zinc phthalo
cyanine (ZnPc) on polyurethane nanofabrics.43 Escherichia coli DH5α 

containing plasmid pGEM11Z showed no growth following illumination 
with a cold white light for 30 min. These results indicated that the 
photosensitizer-doped nanofabrics produced enough 1O2 to kill bacteria 
on their surfaces. 

In this study, a range of thienyl porphyrins (see Fig. 1) were syn
thesized and their photophysical characteristics were compared. The 
novel porphyrins were compared to ZnTPP and the porphyrins zinc 
tetrathien-2′-ylporphyrin (ZnTThP) and zinc tetrathien-3′-ylporphyrin 
(ZnT3ThP). We report the spectroscopic, photophysical, and redox 
properties of symmetrical Zn(II) porphyrins with various thiophene- 
based meso-substituents, together with preliminary antibacterial 
studies of zinc tetraphenylpoprhyrin and zinc tetrathien-2′-ylporphyrin 
when coated onto glass beads. 

2. Experimental section 

The synthesis and characterization of the porphyrins studied here are 
described in the Supporting Information. UV–vis absorption and emis
sion spectra were recorded in spectroscopic grade dichloromethane 
(Aldrich) at room temperature on an Agilent Technologies 8453 diode 
array spectrophotometer, using 10 mm quartz cuvettes. Steady-state 
emission spectra were recorded at room temperature on an LS50B 
luminescence spectrophotometer, equipped with a Hammatsu R928 
PMT detector, interfaced with Elonex PC466 using Perkin-Elmer FL 
WinLab. 

Transient absorption (TA) spectral data were obtained using pulsed 
excitation at 355 and 532 nm in toluene under 1 atm of argon at room 
temperature with a typical sample absorbance of 0.8 (±0.1) at the 
wavelength of excitation corresponding to concentrations of less than 1 
µM. All transient species we observed were independent of excitation 
wavelength and formed within the lifetime of the laser pulse (ca. 10 ns). 
The TA difference spectra are attributed to the generation of the lowest 
3(π – π*) porphyrin triplet excited state. All transient signals recorded in 
this study fit well with mono-exponential kinetics indicating unim
olecular decays at this concentration. 

Cyclic voltammograms were recorded using a CH instrument 
model 600a electrochemical workstation at a scan rate of 0.1 V s− 1, at a 
2 mm diameter Teflon shrouded glassy carbon working electrode, with a 
platinum wire auxiliary electrode and a saturated calomel reference 
electrode, with spectrophotometric grade dichloromethane (Aldrich) 
and 0.1 M TBAPF6 (Fluka Chemicals). Solutions were deoxygenated by 
purging with nitrogen and held under a blanket of nitrogen during 
experiments. 

Raman spectra were recorded at 355 nm (10 mW Cobolt Lasers), 
400.8 nm (50 mW at source, Power Technology), 449 nm (35 mW at 
source, Power Technology), and 473 nm (100 mW at source, Cobolt 

Fig. 1. Structures of the meso-Zn(II)thien-2′-ylporphyrins and meso-Zn(II)phenylporphyrins prepared for this study.  
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Lasers) in dichloromethane solutions in quartz cuvettes in a 180◦

backscattering arrangement was used with a 5 cm diameter plano- 
convex lens (f = 6 cm) used for focusing the laser and collecting 
Raman scattering. The collimated Raman scattering was passed through 
an appropriate long pass filter (Semrock) and focused by a second 5 cm 
diameter plano-convex lens (f = 6 cm) into a Shamrock 300i spectro
graph (Andor Technology) with a 1200 L/mm grating blazed at 500 nm 
or 2400 L/mm blazed at 400 nm and acquired with an idus-DV420A- 
BU2 CCD camera (Andor Technology). The slit width was set to 10 or 
20 µm. Each spectrum was accumulated, typically 20 times with 5 s 
acquisition time, resulting in a total acquisition time of 1–2 min per 
spectrum. Data were recorded and processed using Solis (Andor Tech
nology) and Spectragryph with spectral calibration performed using the 
Raman spectrum of acetonitrile/toluene 50:50 (v:v). The UV–vis ab
sorption spectra recorded before and after each measurement verified 
that changes had not taken place during the measurement. Multipoint 
baseline correction was performed for all spectra. The concentrations 
used for resonance Raman studies were ca. 10–100 µM for all samples 
depending on excitation wavelength and molar absorptivity. 

Singlet Oxygen quantum yields were determined from its phos
phorescence at 1270 nm using a 512-element InGaAs diode array de
tector (Andor idus-InGaAs) coupled to a shamrock163 spectrograph 
(Andor Technology) via a round-to-line bundle of fibres (3, 105 µm 
diameter), with the sample held in a Thorlabs cuvette holder (CVH100/ 
M) with long pass filter to reject excitation light and scatter, and with 
excitation at 90◦. The 1O2 quantum yields of the porphyrins P1 –P7 were 
determined in dichloromethane relative to the reference compound, 
ZnTPP (Φ = 0.68) using equation (1), where Φ is the quantum yield for 
singlet oxygen generation, G is the integrated area under the 1O2 
emission and A is the absorbance at the excitation wavelength. Super
scripts and subscripts of REF and S correspond to the reference and 
sample, respectively. In all cases, the 1O2 emission spectra were 
measured by excitation at 430 nm with the absorbance set at less than 
0.2 to minimize the re-absorption of emitted light. 

ϕS = ϕREF
GS

GSAM
.
AREF

AS 

Antimicrobial activity of ZnTThP was assessed using Escherichia 
coli DSM 1103 and Staphylococcus aureus DSM 799. The Bacteria were 
cultured aerobically overnight in 10 ml of nutrient broth at 150 rpm and 
35 ◦C. These bacteria cultures were washed twice (4000 rpm for 20 min) 
and re-suspended in 10 ml of PBS. The optical density was adjusted 
accordingly to give 1 x107 CFU/ml (colony forming units) in PBS. Glass 
beads of 3.00 mm diameter (Merck, Germany) were used as a support to 
immobilize the porphyrins. Two grams of glass beads were added to a 
solution containing 2.00 mg of porphyrin per 2 ml solvent (CH2Cl2). The 
solvent was removed under a stream of nitrogen, leading to the beads 
coated with porphyrin. 

The coated glass beads were placed in glass petri dishes (60 x15mm) 
and covered with 9.9 ml PBS. 100 µl of bacterial suspension was added 
to each petri dish to give a final concentration of 105 CFU/mL. The plates 
were agitated and irradiated under a dichromatic lamp (430 and 660 
nm) for 180 min. An adiometer (Delta Ohm HD 2101.2) equipped with 
an irradiance probe (LP 471 RAD) measured the fluence rate of the 
dichromatic lamp, with 25 cm between it and the samples. 21.93 mW/ 
cm2 was the average fluence rate. Aliquots of 1 ml were taken from each 
petri dish at the start of the experiment and subsequently every 60 min 
(until 180 min). Serial dilutions were carried out and the pour plate 
technique was used to monitor cell numbers. Control experiments using 
uncoated beads and porphyrin-coated beads kept in the dark were 
performed. 

3. Results and discussion 

Synthesis and 1H NMR spectra. The syntheses of the thienyl- 
porphyrins are described in the Supporting information. The 

aldehydes were prepared by Sonogashira coupling.44 Thienyl porphy
rins were prepared using a modified version of Lindsey’s porphyrin 
synthesis.45 Phenyl porphyrins were synthesised using the Alder-Longo 
method.46 

Each of the β pyrrolic protons are equivalent and observed as a sharp 
singlet in their 1H NMR spectra (Figure S1 and S2, Supporting Infor
mation), This signal observed at 8.87 ppm for ZnTPP, and at 8.98 ppm 
for the meso-phenyl substituted porphyrins (P6 / P7), are shifted 
downfield for the thienyl porphyrins, to 9.07 ppm for ZnTThP, 9.21 ppm 
for P1 – P3 and 9.13 ppm for P4 and P5. Deshielding of β-pyrrolic 
protons in thienyl porphyrins was noted earlier,19,22,47 and is ascribed to 
an increase in the ring current of the porphyrin macrocycle due to 
delocalization onto the thienyl units. The β-pyrrolic protons of the 4′- 
thien-2′-yl substituted porphyrins (P4 - P5) show a 0.6 ppm downfield 
shift with respect to ZnTThP and 5′-thien-2′-yl porphyrins (P1-P3) show 
a 0.18 ppm downfield shift. The greater downfield shift of the β-pyrrolic 
protons in P1-P3 compared to P4-P5 is attributed to the increased π 
conjugation of the meso substituents and the porphyrin macrocycle. The 
thienyl proton signals are a combination of those expected for mono 
substituted thienyl groups (2- and 3-) and disubstituted thiophene sys
tems (2,5- and 2,4-). The porphyrin ring results in slightly downfield 
shifted thienyl proton signals. Phenyl ring proton signals are shifted 
downfield due to the presence of the porphyrin ring. There is no indi
cation of atropisomerism. 

UV–vis absorption spectroscopy. The λmax for the Soret and Q 
absorption bands of all porphyrins reported here are shown in Table 1, 
together with molar absorptivity and Stokes shift. The UV–vis absorp
tion spectra of ZnTPP, P1, P4 and, P7 are given in Fig. 2. 

P1-P3 display the most substantial bathochromic shifts, compared to 
ZnTThP (+10 nm), whereas P4 and P5 are largely the same, with an 
intermediate shift (5–6 nm) for P6 and P7. Substitution of the thiophene 
group at the 4′ position in P4 and P5 has little effect on the absorption 
spectrum. Substitution of the phenyl ring at the para position results in a 
red-shifted absorption spectrum. Bathochromically shifted porphyrins 
also exhibit an increased FWHM of the Soret band (P1-P3 and P6, P7). 
The bathochromic shift of the Soret bands increase in the order of: 
ZnTPP < P7 < P6 < ZnTThP = P4 < ZnT3ThP < P1 ¼ P2 ¼ P3. The 
structural similarities between ZnTPP and P6-P7 are consistent with the 
minor bathochromic shifts in the Soret band due to the nonplanar 
orientation of the phenyl ring with respect to the porphyrin plane. This 
arrangement disrupts electronic communication between the thienyl 
substituents and the porphyrin.21 ZnTThP and P4 display a similar small 
bathochromic shift indicating that the phenyl ring does not interact to 
the same extent as in P1 due to the position of the substituent. The 
thienyl groups of P1-P3 appear to interact similarly with the porphyrin. 
The co-planar arrangement of the thien-2-yl permits good electronic and 
vibrionic coupling. 

The normalized spectra highlight the varied position of the Q-bands. 
Porphyrins P1-P3, P6, and P7 exhibited an increase in the absorptivity 
of the Q(0,0) band with respect to Q(1,0) when compared to ZnTTh
P and ZnTPP, respectively. This increase in absorptivity of the Q-bands 
was previously observed by Rochford et. al.15 The Q(0,0) bands 
increased in the order of ZnTPP < P6 < ZnTThP < P1 < P2 ¼ P7 < 
ZnT3ThP < P4. In contrast, the absorbance of the Q(1,0) band increased 
in the order of ZnTPP ¼ ZnTThP < P6 < P2 < ZnT3ThP < P1 < P4 < 
P7. These results are in agreement with those of Harriman and Fonda, 
where increased electronic communication between the porphyrin 
macrocycle and the meso substituents resulted in “intensity exchange” of 
the S2 ← So and S1 ← So transitions.48,49 

Steady-State and Time-Resolved Emission spectroscopy. As for 
the absorption spectra, the emission spectra of the porphyrins follow 
trends dependent on their substitution pattern (Fig. 3). Porphyrins P1- 
P3 exhibit poorly resolved, red-shifted fluorescence bands that arise 
from emission from the Q(0,0)* and Q(0,1)* excited states. The spectra 
are poorly resolved due to the greater redshift of the Q(0,0)* band than 
the Q(0,1)* band (Figure S5, Supporting Information) as reported 
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earlier for tetra-meso(thien-2-yl)porphyrins.19 There is little difference 
in the observed Q(0,0)* and Q(0,1)* bands of P4 and P5 compared to 
ZnTThP (Table 1). The Q(0,0)* of the phenyl-substituted porphyrins P6- 
P7, were bathochromically shifted for the Q(0,0)* band, however the Q 
(0,1)* band remained unchanged (Table 1). 

The fluorescence lifetimes (τfl) of the porphyrins were considerably 
shorter than ZnTPP (1.83 ns)50 and ZnTThP (Table 1).1,15 The meso- 
substituent influenced the profile of the emission spectra (see Fig. 4). 
The shape of the emission spectrum of P4 is similar to that of ZnTThP, 
and P6 and P7 are similar to ZnT3ThP. Shorter lifetimes were obtained 

for the tetra(thein-2′-yl)porphyrins ranging from 0.72 to 1.39 ns with 
the shortest lifetimes observed for P2 and P3 (0.72 ns). In comparison 
to ZnTPP, the fluorescence lifetimes of the tetra(phenyl)porphyrins 
P6 and P7 were shorter (1.56 and 1.47 ns respectively). Shorter fluo
rescence lifetimes and decreased fluorescence quantum yields have been 
attributed to the heavy atom effects induced by the sulfur atoms within 
the thienyl groups,1,16,20,21 due to greater spin–orbit coupling and 
enhanced non-radiative decay processes, i.e. intersystem crossing 
(ISC).15,16 

3(π – π*) Excited State Absorption and Decay. The excited state 

Table 1 
Photophysical data of ZnTPP, ZnTThP, ZnT3ThP, meso-Zn(II)thien-2′-yl porphyrins (P1 – P5) and meso-Zn(II)phenyl porphyrins (P6 -P7) recorded in dichloro
methane at room temperature. 1O2 quantum yields were measured with respect to ZnTPP (430 nm excitation, quantum yield 0.68).   

UV–vis Emission Singlet Oxygen 
Porphyrin Soret λmax, nm  FWHM (cm¡1) Q(0,1) λmax nm Q(0,0) 

λmax, nm 
Fl. Q(0,0)*, 
(0,1)* λmax, nm 

Φfl Stokes shift, (cm¡1) τfl, ns 3τ, µs 1O2 

ZnTPP 419 514 547 588 595, 643  0.13 200  1.8 24  0.68 
ZnTThP 429 813 556 600 617, 658  0.12 459  1.4 20  0.48 
ZnT3ThP 422 958 551 592 601, 647  0.10 253  1.2 8  0.70 
P1 439 1197 559 603 634  0.05 811  0.8 9  0.88 
P2 439 1350 559 603 635  0.12 836  0.7 7  0.61 
P3 439 1252 559 603 635  0.13 836  0.7 11  0.61 
P4 429 870 555 596 613, 652  0.07 465  0.8 36  0.68 
P5 425 828 550 590 601, 647  0.18 311  1.4 51  0.54 
P6 426 772 550 590 605, 646  0.26 420  1.8 26  – 
P7 425 775 550 590 603, 650  0.19 365  1.5 54  0.48  

Fig. 2. Normalised UV–vis spectra of ZnTPP (red), P1 (green), P4 (blue) and P7 (purple) in dichloromethane at room temperature (λmax. = 1 AU).  

Fig. 3. Normalised emission spectra of P1 (green), P4 (blue) and P7 (purple) in 
dichloromethane at room temperature (λexc = 555 nm). 

Fig. 4. Transient absorbance difference spectra of P7 in toluene following 355 
nm excitation under 1 atm argon. 
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transient absorption (TA) difference spectrum of all porphyrins studied, 
display the expected transient absorption spectra with a maximum be
tween 440 and 500 nm, ascribed to the lowest energy 3(π-π*) triplet 
excited state of the porphyrin and a depletion in the Soret region due 
depletion of the porphyrin ground state population. The maximum ab
sorption in the excited state TA spectrum of ZnTThP (λmax = 490 nm) 
was red-shifted relative to ZnTPP (λmax = 470 nm). The tetra(thien-2-yl) 
porphyrins, P1 – P5, also dipalyed bathochromically shifted transient 
absorbance spectra, compared to with respect to ZnTPP. The data cor
responded to an earlier report by Rochford et al., where the transient 
absorption spectra for a series of thien-2-yl porphyrins were also red- 
shifted when compared to ZnTPP.51 P7 showed TA spectra like that of 
ZnTPP with a λmax at 450 nm, and weak TA in the UV region but without 
significant excited state absorption at longer wavelengths. Triplet life
times of 24 µs and 20 µs, respectively were obtained for ZnTPP and 
ZnTThP, which corresponds well with those reported by Rockford and 
Brücker.17,51 The triplet lifetime of the novel thienyl porphyrins follow 
trends previously reported by Nyokong and Manathanath.14,52 For P1- 
P3, triplet lifetimes were shorter than for ZnTPP and ZnTThP (see 
Table 1). Both P4 and P6 have triplet lifetimes similar to ZnTPP and 
ZnTThP (51 µs, 54 µs). In contrast, both P5 and P7 have longer triplet 
excited state lifetimes at 51 µs and 54 µs respectively. 

As reported by Rochford et al., solvatochromism can indicate 
enhanced electronic communication by the appearance of a long 
wavelength fluorescence band in the 580 to 800 nm region.51 In polar 
solvents, an increase in intensity of the low-energy band indicates an 
excited charge transfer transition. The intensity of this low-energy band 
increased with an increase in solvent polarity (SI), consistent with a 
charge transfer excited state. 

Cyclic Voltammetry. The substitution pattern at the meso position 
of the porphyrins in this study was manifested in the redox properties. 
The half-wave potentials (E1/2) at positive potentials (Table 2) corre
spond to the first and second reversible oxidations of the porphyrin π 
system, which are assigned to the porphyrin cation radical and 
porphyrin dication, respectively. All compounds exhibited two redox 
waves at negative potentials corresponding to the formation of the 
porphyrin anion radical and dianonic species. 

Notably, all the meso tetrathien-2-yl porphyrins showed a shift of 
their first oxidation to more positive potential relative to ZnTPP, which 
indicated stabilization of the HOMO of the porphyrin. Similar charac
teristics of thienyl porphyrins have been reported previously.21,51 Pos
itive shifts were observed for P1-P3 (110, 120, 130 mV, respectively) 
against ZnTPP (E1/2 = +0.78 vs SCE). Porphyrins P4 and P5 were 
oxidized at the same potential, +0.85 and + 0.86 V vs SCE (70 and 80 
mV positive shift), respectively, compared to the first oxidation of 
ZnTPP. Stabilization of the HOMO was less pronounced when the meso 
thienyl ring was substituted in the thien-4-yl position. The tetra-phenyl 
substituted porphyrins (P6, 80 mV and P7, 70 mV) showed a similar 
positive shift of their first oxidation with respect to ZnTPP. When the 
phenyl moiety of ZnTPP was replaced with that of a meso-thienyl group 

(P1-P5), first oxidation potentials were shifted to more positive poten
tials indicating stabilization of the HOMO (a2u) orbital, as reported by 
Rochford et. al.51 

Thienyl substitution at the 5′ position resulted in stabilization of the 
HOMO whereas meso-phenyl substituents in place of a thienyl, stabilized 
the LUMO, manifested in a shift to less negative potentials of the first 
reduction. Again P1 – P3 showed the largest effect with a decrease in 
their reduction potential compared to ZnTPP. For P1, P2, and P3 a 
reduction of 250 mV, 240 mV and 150 mV were more positive than 
ZnTPP, respectively (ZnTPP E1/2 = -1.41 vs SCE). Stabilization of the 
LUMO, was less pronounced for the remainder of the porphyrins 
examined. Both thienyl porphyrins P4 and P5 were shifted by 100 and 
90 mV respectively (E1/2 = -1.31 V and − 1.32 V vs SCE). There was no 
evident shift in the first reduction of P6 and only a slight shift to more 
negative potentials for P7 (E1/2 = -1.43 V vs SCE). The redox data 
indicate stabilization of both the HOMO and LUMO, which was unex
pected as the meso-substituents are not co-planar to the porphyrin ring 
reducing overlap of the π- systems. 

Resonance Raman Spectroscopy. Resonance Raman spectra 
recorded at 405 and 473 nm show the expected bands for zinc por
phyrins. The 1605 cm− 1 band is typical for a phenyl ring and is present 
in the spectra of ZnTPP, P6, and P7 only (Fig. 5). The spectra of the 
porphyrins are similar despite the bathochromic shift that occurs for 
thienyl-porphyrins. Compared with ZnTPP, the relative intensity at ~ 
1550 cm− 1 and 1358 cm -1 are similar for all macrocycles. The contri
bution of modes from substituents at the meso position in the porphyrins 
in the spectra following 473 nm excitation, reflects the electronic 
delocalization over these moieties. Notably both P6 and P7 show reso
nance enhancement of the peripheral phenyl group showing extended 
conjugation. 

Raman spectra recorded at 473 nm, are resonant with the Q bands 
and are quite similar to ZnTPP in relation to bands at ~ 1550 cm− 1(v2), 
~1360 cm− 1 (v4) and 1000 cm− 1. 

There are significant differences between the Raman spectra of P6 
and P7 compared to the other porphyrins (see Fig. 7) due to their intense 
band at ~ 1250 cm− 1. The band at 1250 cm− 1 in Fig. 7, was previously 
reported in the spectra of phenylacetylene porphyrins.53 Fig. 6 shows 
structural similarities between ZnTPP, P6, and P7 due to the phenyl 
mode at ~ 1600 cm− 1. The spectra of the other porphyrins are similar to 
ZnTThP, most likely due to the localization of the transition (Soret) on 
the core of the porphyrin. 

Singlet Oxygen Generation. The singlet oxygen generation effi
ciency of the thienyl porphyrins was measured in air-equilibrated 
dichloromethane against ZnTPP by integration of the 1O2 emission 
band at ca. 1260 nm. Within experimental error (+/-5%), most com
plexes displayed similar quantum yields for 1O2 generation except P1 
and P7. The quantum yield for 1O2 emission from P7 (0.48) was similar 
to ZnTThP and substantially lower to that of P1 despite the triplet life 
for P7 being almost twice as long as that of P1. This observation has 
previously been reported by others, with the rationale that energy 
transfer to generate singlet oxygen may compete with electron transfer 
to form superoxides.54 

Antimicrobial Response. The antibacterial activity of glass beads 
coated with ZnTPP and the thienyl porphyrin ZnTThP was evaluated 
against S. aureus and E. coli. Immobilized ZnTPP showed good anti
bacterial activity against S. aureus with a 100 % (5 log) reduction in the 
numbers of S. aureus cells following irradiation for 180 min. Antibac
terial activity against E. coli was also observed albeit that growth inhi
bition was less pronounced with E. coli, and reduced by approximately 
50 %. ZnTThP also showed good antibacterial activity against S. aureus 
with a 100 % (5 log) reduction in the numbers of S. aureus cells following 
irradiation for 180 min. However, the rate of reduction was greater for 
ZnTPP where nearly an 80 % reduction in cell number was observed 
after 120 min, while approximately a 50 % reduction in cell number was 
observed for ZnTThP for the same time interval. The difference in 
response of the two porphyrins is tentatively attributed to the difference 

Table 2 
Redox potentials of thienyl porphyrins in dichloromethane (0.1 M TBAPF6) vs 
SCE. Epa = anodic peak potential. Epc = cathodic peak potential.   

Oxidation (V)  Reduction (V)   

1st 2nd 1st   2nd  

E1/2 E1/2 Epc Epa E1/2 Epc 

ZnTPP 0.78 1.08 − 1.44 − 1.38 − 1.41 − 1.83 
P1 0.89 1.06 − 1.19 − 1.14 − 1.16 − 1.36 
P2 0.90 1.06 − 1.19 − 1.16 − 1.17 − 1.49 
P3 0.91 1.06 − 1.19 − 1.32 − 1.26 − 1.53 
P4 0.85 1.15 − 1.36 − 1.26 − 1.31 − 1.70 
P5 0.86 1.14 − 1.36 − 1.28 − 1.32 − 1.72 
P6 0.86 1.13 − 1.38 − 1.44 − 1.41 − 1.69 
P7 0.85 1.14 − 1.38 − 1.49 − 1.43 − 1.71  
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Fig. 5. Raman spectra (λexc. 473 nm) of ZnTPP, P1-P4, P6, P7 and ZnT3ThP. Spectra are baseline corrected to remove contributions from fluorescence and solvent 
bands were removed by scaled subtraction. 

Fig. 6. Raman spectra (λexc 405 nm) of P2, P3, P4, P6 and P7. Spectra are baseline corrected to remove contributions from fluorescence and solvent bands have been 
removed by scaled subtraction. 

Fig. 7. Bacterial cell concentration of E. coli and S. aureus in the presence of ZnTPP and ZnTThP coated glass beads. Irradiation was with a dichromatic lamp (430 
and 660 nm) for 180 min. Experiments were carried out in triplicate. 
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in the levels of singlet oxygen generated. Zoltan et al. observed an 
efficient inactivation of Escherichia coli when meso-tetra(pyren-1-yl) 
porphyrin complexes of Ni(II), Cu(II), and Zn were evaluated against the 
bacteria, and established a direct relationship between the singlet oxy
gen quantum yield and antibacterial activity.55 

Conclusions. A series of zinc-chelated thienyl-functionalized por
phyrins was synthesised and characterized by photophysical and elec
trochemical methods. All porphyrins within this series show a 
bathochromic shift of the Soret band with respect to the porphyrins 
ZnTPP, ZnTThP and ZnT3ThP due to extended π-conjugation. The 
photophysical characteristics were dictated by π-conjugation and 
structural arrangement. The in-planar thienyl ligands (P1-P3) exhibited 
the most extended π-conjugation and electronic coupling. Porphyrin- 
ligand electronic communication was enhanced by the addition of 
thienyl moieties and disrupted by the addition of phenyl units between 
the macrocycle and a thienyl moiety. Additionally, the substituents at 
the meso-position strongly influenced the shape of the emission spec
trum and lifetimes, with the presence of additional thiophene units 
resulting in shorter fluorescence lifetimes.25 ZnTPP and ZnTThP 
exhibited moderate antibacterial activity towards Gram-positive bacte
ria (S. aureus). Enhanced antibacterial activity was noted for ZnTPP, 
possibly due to the differences in singlet oxygen quantum yield, how
ever, further antimicrobial analyses are required to confirm the mech
anism of action. 
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