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A B S T R A C T   

Covalently linked peptide-porphyrin compounds are most suitable systems for fundamental studies aiming to the 
comprehension of the mechanisms driving photoinduced energy/electron transfer processes. Mimicking photo
synthetic units, the porphyrin groups act as antenna moieties while the peptide chain is the active medium 
through which energy and/or electron funneling occur. In this contribution we studied the transfer of excitation 
between two identical tetraphenylporphyrin groups connected by short peptide chains of different length formed 
by non-coded conformationally constrained α-amino acids, i.e., Cα-methylvaline. The photophysical events 
following porphyrin photoexcitation were characterized from the microsecond to the picosecond time region by 
time-resolved spectroscopy techniques. Ultrafast transient absorption measurements revealed the presence of a 
transient species that we assign to a self-trapped exciton migrating through the peptide chain. The exciton species 
propagates the electronic coupling between the two porphyrin groups giving rise to a characteristic bisignate 
band measured by circular dichroism experiments. Molecular dynamics simulations strongly suggest that the 
long lifetime (hundreds of picoseconds) of the exciton species is determined by the rigidity of the Cα-methyl
valine residues, that inhibited energy relaxation pathways coupled to torsional motions of the peptide chain.   

1. Introduction 

Porphyrins feature unique photophysical and photochemical prop
erties, which foster application in a wide range of fields, spanning from 
biomedicine to molecular electronics [1,2]. Their very high extinction 
coefficients in the visible and near-IR regions, photoinduced 
electron-transfer efficiency, semiconducting capabilities, and moderate, 
but useful fluorescence quantum yields have been stimulating the 
development of porphyrin-based materials as photosensitizers in 
photodynamic therapy (PDT) [3] and dye sensitized solar cells [4]. 
Moreover, porphyrins demonstrate versatile building blocks in the 
construction of multicomponent architectures because of 
well-established and affordable synthetic procedures, high stability, and 
remarkable self-assembly properties [5]. 

When porphyrin sensitizers are excited to high-energy singlet states, 
they efficiently populate triplet states by intersystem crossing, gener
ating radical oxygen species (ROS) by energy (EnT) and electron (ElT) 

transfer processes to molecular oxygen [6]. Photosensitizers usually 
produce superoxide anions, hydroxyl radicals and peroxides through a 
first ElT step, that triggers the apoptosis of cancer cells by further 
electron- or hydrogen-transfer reactions [7]. Alternatively, EnT from the 
photosensitizer to 3O2 can generate singlet oxygen, which is the 
tissue-damaging species [8]. 

Among the highly populated family of porphyrin-based materials, 
bis-porphyrins have been used as core components for sensor devices 
capable of chiral recognition [9] and EnT/ElT donor(D)-acceptor (A) 
systems [10]. A variety of bis-porphyrin compounds have been synthe
sized in which porphyrin groups are connected by covalently linked 
spacers, characterized by flexible [11] or constrained [12] geometries. 
Free-base/free-base, free-base/metal or metal/metal porphyrins fused at 
the β,β’-positions [13], or bridged by a polyphenylene linker [14], a 
ferrocene group [15] or a 310- helical peptide [16,17] have been 
investigated as covalently linked homodimers in EnT/ ElT studies, 
aiming to develop hybrid devices mimicking natural photosynthesis. It 
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has been shown that in bis-porphyrins linked by conductive or semi-
conductive bridges, the rate of singlet/singlet and singlet/triplet EnT 
increases under resonance condition, i.e. as the energies of the bridge 
singlet and triplet excited states approach that of the donor excited state 
[18]. 

EnT can occur at short distances through the Dexter exchange 
mechanism that requires the overlap of the D-A electronic distributions. 
Otherwise, long-range EnT can be described as a dipole-dipole process 
(Förster mechanism), the efficiency of which depends on the inverse of 
the sixth power of the distance, but also contains a relevant orientation 
factor [19,20]. In an array of porphyrin moieties, the energy can migrate 
within the array, mimicking the behavior of porphyrin antennas in 
photosynthetic units [21]. Gros et al. [22] studied singlet-singlet energy 
transfer for co-facial Zn-porphyrin (D) and etio-porphyrin (A) hetero
dimers, linked alternatively by a rigid or a flexible bulky spacer, showing 
how the structural and dynamical properties of the spacer can affect the 
EnT efficiency in these systems. 

In the case of a rigid spacer (S), the D-A distance is the predominant 
factor controlling the ElT rate, so that ElT in D-S-A generally takes place 
by a through-space mechanism when the D-A pair is separated by small 
interchromophoric distances, i.e., less than 20 Å, or via through-bond for 
distances up to 20–100 Å [23]. In bioinspired D-S-A systems mimicking 
photosynthesis, long-range ElT has been shown to occur through a series 
of redox steps involving the peptide bonds of the protein matrix [24]. 
Two mechanisms have been proposed to explain the efficiency of 
long-range ElT through peptide chains: the super-exchange mechanism, 
where electron tunneling occurs without transient occupation of the 
bridging states, and the hopping mechanism, where the amide bonds are 
involved in the process as transient residence sites [25]. 

The capacity of oligo- and polypeptide to transfer electrons over long 
distances have extensively been studied by time-resolved fluorescence 
and pump-probe transient absorption spectroscopies [26]. It has been 
pointed out that the peptide bridge does not act as a simple spacer 
separating the D-A pair, but it plays an active role favoring ElT over long 
distances, this property being most evident when a peptide spacer at
tains an α- or 310- helical conformation [27]. The unique ElT efficiency 
through helical peptide chains is explained by the ordered coupling of 
intramolecularly hydrogen-bonded (HB) amide sites, which mediate the 
travel of electrons or holes through the peptide chain [28]. 

As conformationally constrained α-amino acids show a high pro
pensity to form helical structures, oligopeptides formed by Cα-tetra
substituted α-amino acids have been largely used in supramolecular 
chemistry as templates or rigid spacers [29]. In Cα-tetrasubstituted 
α-amino acids, the Cα -H atom is substituted with an alkyl group, causing 
a severe restriction of the conformational energy region accessible to the 
φ and ψ torsional angles [30]. In particular, (L)-Cα-methylvaline [(αMe) 

Val] has been shown, by photophysical, NMR and theoretical confor
mational studies, to be one of the most efficient Cα-tetrasubstituted 
residues in the formation of rigid chiral peptide chains, attaining pref
erentially a 310-helix conformation [31–33]. The latter conformation is 
characterized by an i←i + 3 C = O•••H–N HB pattern, 3.34 number of 
residues per turn, a 6.29 Å helix pitch, 10 atoms involved in the for
mation of a single intramolecular H-bond, and φ=− 63◦and ψ=− 42◦

torsional angles. Therefore, a 310–helix is tighter, more elongated, and 
slightly less stable than the α-helix, because of some HB distortion and 
unfavorable van der Waals interactions [34]. 

Herein, the photophysical properties of three bis-porphyrin peptide 
compounds comprising two identical tetraphenylporphyrin (TPP) units 
separated by [L-(αMe)Val] spacers of different length are presented, 
spanning a temporal range from the μs to the ps region. In the following, 
the investigated compounds of general formula TPP-CO-L-Ala-[L-(αMe) 
Val]n-NH-cHe-NH–CO-TPP (n = 2, 4, 6) will be denoted by the acronym 
PMVnP, with n = 2, 4, 6 (Scheme 1). 

The two TPP groups in the PMVnP compounds have already been 
shown to be coupled through exciton interaction by circular dichroism 
(CD) measurements [16]. Mark of the exciton interaction was the 
observation of an intense bisignate CD curve showing a positive 
maximum at 422 nm and a negative maximum at 413 nm, with a 
cross-over point at 417 nm in the proximity of the Soret absorption 
maximum. This effect was explained in terms of a (weak) long-range 
dipole-dipole interaction, excluding overlap of electronic distributions 
of the porphyrin pair [17]. It was found that TPP-TPP exciton coupling 
strongly depends on the relative distance and orientation of the two 
chromophores, and that it was still detectable over distances of about 30 
Å. The intensities of the signals in terms of molar ellipticities were found 
to be PMV2P (Δε422≈+17; Δε413≈− 12) >PBMV4P (Δε422≈+13; 
Δε413≈− 6) >>PMV6P (Δε422≈+1; Δε413≈+3) [17]. Notably, the 
exciton-coupled CD is absent for PMV6P, where only two positive and 
weak Cotton effects could be detected. FTIR and NMR spectroscopy data 
indicated that all the PMVnP compounds attained a restricted confor
mational landscape [16,17]. 

Aim of this study is to determine the dependence of the bis-porphyrin 
exciton-coupling interaction, well established by CD spectroscopy 
measurements, on the structural and dynamical properties of the peptide 
bridge. The nature of the exciton-coupling interaction between the two 
porphyrin moieties was investigated by fluorescence and transient ab
sorption time-resolved experiments. Molecular Dynamics (MD) simula
tions have also been carried out to obtain information on the dynamical 
properties of the peptide chain bridging the two porphyrin moieties. The 
reported results are expected to open new perspectives in the design of 
porphyrin-based photosensitizers to be used in PDT of tumors or as 
photoactive elements in Dye-Sensitized Solar Cells (DSSC’s). 

Scheme 1. Chemical structure of the bis-porphyrin-compounds investigated. Acronym PMVnP: n = 2,4,6. The alanine (Ala) and cyclohexane (cHe) groups linking 
the TPP moieties to the α(Me)Val-oligopeptide chain are also shown. 
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2. Experimental section 

2.1. Chemicals 

The synthesis and characterization of the peptide-bridged bis- 
porphyrin compounds here investigated were already reported else
where [16]. TPP was kindly supplied by Carlos Monteiro (Luzitin). 
Solvents such as acetonitrile (99.9%), toluene (99,8%), methanol 
(99.9%) and glycerol (99.5%) were purchased from Fisher. Perinaph
thenone (1H-phenalen-1-one) (97%), purchased from Sigma Aldrich, 
was used as photosensitizer for the determination of singlet oxygen 
quantum yield. All the solvents and chemical reagents were used as 
received. All spectroscopic experiments were carried out using quartz 
cuvettes of 1-cm optical path (l) with exception of femtosecond transient 
absorption measurements (l = 0.2 cm). 

2.2. Methods 

2.2.1. UV/Vis absorption spectra 
Absorption spectra in solution were recorded with a Shimadzu UV- 

2100 (Japan) spectrophotometer and recorded from 350 to 700 nm. 

2.2.2. Fluorescence spectroscopy 
Steady-state fluorescence spectra were carried out on a Horiba- 

Jobin-Ivon SPEX Fluorolog 3–22 spectrophotometer, setting excitation 
and emission slit- widths at 2.5 nm. Samples were excited at λex=414 nm 
and the emission spectra were collected from 600 to 800 nm. Relative 
fluorescence quantum yields (Φf) of PMVnP were determined with 
respect to the TPP reference compound upon excitation at λex=511 nm 
in toluene (Φf

R=0.11) [35], using Eq. (1): 

Φf = ΦR
f

If

IR
f

AR

A

( n
nR

)2
(1)  

where the superscript “R” indicates the reference compound, Φf the 
fluorescence quantum yield, If the integrated fluorescence intensity, A 
the absorbance at the excitation wavelength and n the refractive index of 
the solvent used [n(toluene) = 1.49693; n(acetonitrile) = 1.3404]. The 
bis-porphyrins and reference compounds were excited at λex = 511 nm. 
All the solutions were degassed for 20 min by fluxing ultrapure nitrogen, 
unless otherwise stated. 

Fluorescence decays were measured using a home-built, time- 
correlated single photon counting (TCSPC) apparatus equipped with a 
Horiba-Jobin-Yvon Nanoled excitation source (λex= 373 nm, IRFFWHM~ 
1 ns). Emission was collected at 90◦ geometry through a double sub
tractive Oriel Cornerstone 260 monochromator and detected by a 
Hamamatsu microchannel plate photomultiplier (R3809U-50). Signal 
acquisition and data processing were performed employing a Beck
er&Hickl SPC-630 TCSPC module. 

Fluorescence time decays and the instrumental response function 
(IRF) were collected over 1024 channels (100 ns time window), until 5 
× 103 counts at maximum were reached. Deconvolution of the fluores
cence decay curves was performed using the modulating function 
method as implemented in the SAND program [36]. TPP and PMV2P 
decays were collected at λem = 655 nm, while for PMV4P and PMV6P the 
decays were collected at λem = 635, 660 and 710 nm. If necessary, the 
samples were accurately degassed to minimize oxygen quenching, and 
the optical densities of the bis-porphyrin and reference solutions were 
adjusted so that the absorbance at the excitation wavelength (λex=373 
nm) resulted to be around 0.2. 

Anisotropy time decays were measured at λex= 409 nm and λem=

650 nm at 292 K, applying Eq. (2): 

r(t) =
I(t)VV − I(t)VH

I(t)VV + 2 ∗ I(t)VH
(2) 

Where the time decay intensities at time t I(t)VV and I(t)VH were 

measured with a vertical excitation polarizer and a vertical and hori
zontal emission polarizer, respectively. Rotational correlation times, τr, 
were obtained by fitting the anisotropy decay, r(t), within the spherical 
rotor approximation, (Eq. (3)): 

r(t) = r0exp(− t/τr) (3)  

2.2.3. Nanosecond transient absorption 
Time-resolved triplet-triplet absorption spectra and triplet state de

cays were recorded by an applied Photophysics LKS.60 laser flash 
photolysis spectrometer equipped with a Hewlett-Packard Infinium 
Oscilloscope and a Spectra-Physics Quanta-Ray GCR-130 Nd:YAG laser 
as the excitation source (Emax = 30 mJ per pulse, FWHM = 6 ns). At least 
seven kinetic runs for aerated and N2–flushed acetonitrile freshly pre
pared solutions were acquired at room temperature for each sample. For 
all the experiments each solution was prepared with an absorbance of 
about 0.2 at the excitation wavelength. The same apparatus in emission 
mode and coupled to a NIR detector was used to measure the singlet 
oxygen sensitization quantum yield. Room temperature singlet oxygen 
phosphorescence at λem=1270 nm from aerated solutions of the samples 
was collected with a Hamamatsu R5509–42 photomultiplier cooled with 
liquid nitrogen at 193 K. The modifications to the spectrometer included 
the use of a Melles Griot (03MCS005) cold mirror and a Schott filter 
RG850 to cut the excitation scattered light and the samples emission 
harmonics. Both entrance and exit slits of the monochromator were set 
at 3 nm. 

2.2.4. Ultrafast transient absorption 
Ultrafast transient absorption experiments were carried out using a 

broadband (350–1600 nm) HELIOS pump-probe femtosecond transient 
absorption spectrometer from Ultrafast Systems. A Spectra-Physics Sol
stice-100F laser (128 fs pulse width; 1 kHz repetition rate) coupled with 
a Spectra-Physics TOPAS Prime F optical parametric amplifier 
(195–22,000 nm) was used for pulse pump generation. Probe light in the 
Vis (450–800 nm) and NIR (800–1600 nm) ranges was generated by 
passing a small portion of the 795 nm light from the Solstice-100F laser 
through a computerized optical delay (7.6-ns time window) and 
focusing it in a sapphire plate to generate a white-light continuum. All 
measurements were carried out in a 2-mm quartz cuvette with optical 
densities below 0.3 and using pump excitation energies below 0.5 mJ. 
To minimize photodegradation, the solutions were stirred during the 
experiments. Transient absorption data were analyzed using the Surface 
Xplorer PRO program from Ultrafast Systems. 

2.2.5. Molecular dynamics simulations 
MD simulations were performed using the AMBER99 force field as 

implemented in the GROMACS v. 5.1.2 software package [37]. The 
parameters used for TPP, cHe, and the (αMe)Val-moieties are reported 
as Supplementary Information (SI, Table T1). Parameters for TPP were 
obtained starting from the porphyrin parameters reported by Paulo et al. 
[38]. (αMe)Val-parameters were generated in analogy with those of the 
standard amino acids present in the AMBER force field. The parameters 
for acetonitrile (SI, Table T1) were optimized by reproducing the 
experimental density of the solvent [39]. 

Two MD simulations of 200 ns time length each have been performed 
for the three bis-porphyrin compounds. In the simulation cubic box (9.5 
× 9.5 × 9.5 nm3) a molecule of the investigated compound and 6084 
solvent molecules were inserted, applying periodic boundary conditions 
in the XYZ directions. A cut-off approach was used for coulombic and 
van der Waals interactions using a potential-shift-Verlet modifier with a 
cut-off distance of 1.4 nm. Within the weak coupling regime, a tem
perature/velocity coupling rescaled with a time constant of 0.6 ps and a 
reference temperature of 300 K were used for the NPT simulation. No 
pressure coupling was applied. All the chemical bonds were constrained 
using the LINCS constraint-algorithm, except during the equilibration 
and annealing steps (time step of 0.5 fs). The compressibility was put 
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equal to 9.5‧10− 6 bar− 1. Cluster analysis for the three systems investi
gated was carried out applying a cut-off of 0.13 nm and using the linkage 
method as implemented in GROMACS. 

3. Results and discussion 

3.1. Singlet state properties 

Porphyrins feature a widely delocalized π-electron distribution 
causing strong absorption in a large region of the UV–Vis spectrum. All 
the PMVnP compounds, here investigated in acetonitrile, show the 
typical absorption spectrum of the porphyrin chromophore, presenting a 
sharp and very intense Soret band (S0→S2), peaked at λmax=414 nm, and 
the less intense Q bands system (S0→S1) with absorption maxima at 
λmax=511, 546, 589 and 645 nm (Supporting Information, Figure SI1). It 
should be noted that the ratio between the Soret transition and the first 
Q band oscillatory strengths is very sensitive to the aggregation state of 
the porphyrin compound. For TPP (reference compound), PMV2P, 
PMV4P and PBMV6P this ratio amounts to 26, 24, 25 and 22, respec
tively, which indicates that the investigated samples are predominantly 
in a non-aggregate state under the applied experimental conditions. As 
compared to TPP, a weak bathochromic shift (Δλ≈1 nm) of the Soret 
transition can be observed for all the PMVnP samples under investiga
tion, most likely due to the covalent linkage of the porphyrin moieties to 
the peptide bridge. 

Free-base porphyrins give also rise to significant fluorescence emis
sion in the Vis region. The fluorescence emission spectra of the PMVnP 
compounds are quite similar to the emission of the TPP reference 
compound, characterized by a structured emission band peaked at 
λem=650 nm [Q(0,0)] and 715 nm [Q(0,1)] (Fig. 1). In the bis-porphyrin 
compounds a slight hypsochromic shift of the emission bands and a 
slight decrease of the Q(0,0)/Q(0,1) intensity ratio could be observed, 
pointing to a weak interaction between the porphyrin units or the 
porphyrin/peptide bridge (Table 1). 

Interestingly, the fluorescence quantum yields of the PMVnP com
pounds in N2-saturated solutions were found to slightly increase with 
respect to the TPP reference with the lengthening of the peptide bridge 
(Table 1). 

Fluorescence lifetimes for PMVnP and TPP were measured in 
acetonitrile by the TCSPC method (Figs. 2 and SI2). 

In general, the PMVnP decays are well fitted with a single expo
nential decay law with lifetimes of ~12 ns. The exception was PMV6P, 

where the decays are best fitted with a biexponential decay law 
(Figure SI2): a minor faster component τ1 = 2.81 ns (α1= 0.07) and a 
predominant slower component τ2 = 12.1 ns (α2=0.93), similar to the 
lifetime of the reference porphyrin compound. 

The short-time component may be tentatively assigned to a 
conformer in which the two porphyrin moieties interact each other, 
causing excited state fluorescence quenching. Radiative (kr) and non- 
radiative (knr) decay rate constants of the PMVnP compounds, ob
tained by the experimental fluorescence quantum yields and time- 
decays (Eq. (4)), are reported in Table 1. 

kr =
ϕf

τf
knr =

1
τf
− kr =

1
τf

(
1 − ϕf

)
(4) 

These results clearly indicate that the peptide spacer slightly affects 
the singlet state relaxation processes. In particular, the PMVnP com
pounds exhibit a marginal enhancement of fluorescence quantum yields 
and longer decay times as the length of the peptide spacer increases, 
giving rise to slightly increasing radiative rate constants and decreasing 
non-radiative rate constants for the longer homologues of the series. 

Fluorescence anisotropy decay measurements were carried out to 
obtain information on the mobility of the samples under investigation 
(SI, Table T2). In methanol solutions, the fluorescence anisotropy of TPP 
and PMVnP decays with a single lifetime of about 300 ps, that can be 
associated to emission depolarization caused by the overall rotational 
motion of the fluorophores. Fluorescence anisotropy decay measure
ments carried out in a 70/30 methanol/glycerol solution (η=11 cPs) 
showed a significant decrease of the mobility of the molecules. 

Fig. 1. Emission spectra of the samples in aerated acetonitrile measured upon excitation at 511 nm. Light blue: TPP; blue: PMV2P; red: PMV4P; black: PMV6P. The 
spectra were normalized to unity at λ=649 nm. 

Table 1 
Spectroscopic (fluorescence λmax, intensity ratio) and photophysical properties 
(fluorescence quantum yields, ΦF, fluorescence lifetimes, τF, radiative, krad and 
radiationless rate constants, knr) for TPP and bis-porphyrin compounds (PMVnP, 
n = 2,4,6) in acetonitrile (T = 25 ◦C).  

Samples F[Q(0,0)]/ F[Q 
(0,1)] 

Φf
[a] τf 

(ns)[b] 
krad [*106 

(s− 1)] 
knr [*107 

(s− 1)] 

TPP 2.1 0.10 11.7 8.6 7.7 
PMV2P 1.9 0.11 12.0 9.2 7.4 
PMV4P 1.8 0.12 12.1 9.9 7.3 
PMV6P 1.7 0.13 12.1 10.7 7.2  

[a] N2-saturated solution, using TPP in toluene as reference compound [33]. 
Error: ±0.01. 

[b] Error: ±0.1 ns. 
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Consequently, an increase of the overall rotational time of the bis- 
porphyrin compounds can be observed in the viscous medium with 
respect to TPP (230 ps). Interestingly, the rotational correlation time of 
PMV4P (1.02 ns) is significantly slower than those of PMV2P (640 ps) 
and PMV6P (590 ps), suggesting a higher conformational rigidity of the 
mid-term homologue of this series. 

3.2. Triplet state properties 

To further investigate the excited state dynamics of the PMVnP 
compounds time-resolved nanosecond transient absorption spectra 
(TAS) were measured with excitation at 355 nm, together with the 
singlet oxygen photosensitized quantum yields. The obtained singlet- 
triplet difference absorption spectra show a depletion band in the 
Soret region and a triplet state band centered at 450 nm, which are 
observed under both aerated and de-aerated solutions of all the samples 
under investigation. As an example, in Fig. 3 we illustrate the TAS’s of 
PMV4P in N2-saturated and in aerated acetonitrile solutions. The same 
results for TPP, PMV2P and PMV6P are reported as SI (Figures SI3-SI5). 

The triplet lifetimes (τT) obtained by the best-fitting of the reported 
decay curves are listed in Table 2. All the samples showed comparable 
triplet-state lifetimes in aerated solutions, suggesting that oxygen- 
quenching processes predominate over all other competitive relaxa
tion pathways involving the porphyrin triplet state. From the triplet- 

state lifetimes and the oxygen concentration in acetonitrile (9.1 mmol 
L − 1) [40], the triplet-state oxygen quenching rate constant results to be 
3.0 (±0.1)⋅108 M − 1 s − 1 for the reference compound and all the bis- 
porphyrins investigated. 

Interestingly, in de-aerated solutions, the triplet lifetime steadily 
increases with increasing the number of L-(αMe)Val-residues in the 
peptide chain, paralleling the photophysical behavior of the PMVnP’s 
singlet state. 

The triplet-state formation quantum yields, ϕT, were obtained by the 
singlet-depletion method (measuring transient decays at two different 

Fig. 2. Experimental and reconstructed time decays of TPP (red) and PMV2P (blue). The experimental excitation pulse is reported as a dashed line. The weighted 
residuals of the reconstructed vs. experimental decay are also reported. In the inset the lifetimes of TPP (red) and PMV2P (blue) obtained by the iterative decon
volution fitting procedure are shown. 

Fig. 3. Nanosecond transient absorption spectra of PMV4P in acetonitrile: A) aerated solution; B) N2-saturated solution (λex=355 nm).  

Table 2 
Triplet-state lifetimes (τT), triplet-state (ΦT) and singlet-oxygen (ΦΔ) quantum 
yields of PMVnP and TPP (reference compound) in aerated and in N2-saturated 
acetonitrile solutions.   

τT (TPP) τT(PMV2P) τT(PBMV4P) τT(PMV6P) 

aerated 353 ns 378 ns 376 ns 357 ns 
N2-flushed 28 µs 17 µs 34 µs 47 µs  

ΦT (TPP)a ΦT(PMV2P) ΦT(PMV4P) ΦT(PMV6P) 
aerated 0.88 0.58 0.79 0.73  

ΦΔ(TPP) ΦΔ (PMV2P) ΦΔ (PMV4P) ΦΔ (PMV6P)  
0.61 ± 0.07 0.38 ± 0.06 0.34 ± 0.05 0.45 ± 0.07  

[a] Triplet quantum yield used as reference in acetonitrile [38]. 
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wavelengths, i.e., at λ=421 nm for the singlet depletion and λ=460 nm 
for the triplet absorption) (Table 2). From the exponential fit of these 
decays, the pre-exponential parameters, ΔODT and ΔODS, are employed 
to calculate the triplet molar absorption coefficient (εT) using the 
singlet-depletion method and the ground-state molar absorption coef
ficient (Eq. (5)). The triplet molar absorption coefficient and the pre- 
exponential factors from the triplet absorption were therefore used 
(Eq. (6)) to derive the triplet quantum yield (ΦT) [41]. 

ϵT =
ϵS⋅ ΔODT

ΔODS
(5)  

ΦT =
ϵref

T ⋅ΔODT

ϵT⋅ΔODref
T

⋅Φref
T (6) 

The PMVnP samples under investigation present a lower triplet 
quantum yield with respect to that of the reference compound. 
Considering the sum of ΦT and Φf, it can be argued that for PMV2P (ΦT 
+ Φf = 0.71), non-radiative processes significantly contribute to its 
relaxation pathway. For the longer compounds of the series, the 
importance of non-radiative processes decreases, being ΦT + Φf equal to 
0.92 and 0.83 for PMV4P and PMV6P, respectively. 

3.3. Singlet oxygen quantum yield 

As the bis-porphyrin compounds investigated have a relatively long 
triplet lifetime, the oxygen quenching is very efficient, as shown by 
comparison of the PMVnP triplet lifetime measurements in aerated and 
de-aerated solutions (Table 2). Typically, porphyrins transfer a large 
part of their triplet-state energy to molecular oxygen, leading to high- 
yield production of singlet oxygen. Singlet-oxygen quantum yields 
(ΦΔ) were obtained by measuring the phosphorescence decay of singlet 
oxygen (1O2*) at 1270 nm, following pulse laser excitation at λex=355 
nm of the TPP and PMVnP compounds. Perinaphthenone in acetonitrile, 
where singlet oxygen shows a long lifetime (77 µs) and a very high 
quantum yield (0.98), was used as reference compound [42]. ΦΔ is ob
tained by extrapolating the measured luminescence intensities at zero 
time (t = 0) using Eq. (7) [43]: 

ΦΔ =
LΔ(S)t=0

LΔ
(
Sref

)

t=0

Φref
Δ (7) 

LΔ(S)t = 0 is obtained by the slope of the graph reporting the in
tensities of the phosphorescence decay curves as a function of the laser 
relative energy (Figures SI6, SI7). Singlet-oxygen quantum yields of the 
investigated compounds are reported in Table 2. The obtained TPP 
singlet-oxygen quantum yield is 0.61 in agreement with literature data 
[41]. 

From the triplet- and singlet-oxygen quantum yields, it is also 
possible to calculate the fraction of the porphyrin triplet state quenched 
by oxygen (fΔ

T), which results to be 0.66, 0.43 and 0.62 for PMV2P, 
PMV4P and PMV6P respectively. Interestingly, the bis-porphyrin com
pounds presented lower singlet-oxygen quantum yield with respect to 
TPP, but comparable triplet/singlet oxygen quenching fraction [fΔ

T(TPP) 
=0.69], except for PMV4P. 

By bringing together the experimental results concerning triplet- 
state properties, it can be postulated that the bis-porphyrin compounds 
feature almost the same properties as the TPP reference: long triplet 
lifetime, and high triplet- and singlet-oxygen quantum yields. However, 
these values change by varying the length of the peptide chain bridging 
the two porphyrin groups. It was found that in de-aerated solutions, 
PMV6P shows a longer triplet lifetime whereas PMV2P a shorter one 
with respect to that of TPP, although the triplet-state quenching rate 
constant by oxygen is almost the same for all the samples and the 
reference. Interestingly, although PMV2P presents a lower triplet 
quantum yield than those of the other two compounds, it generates 
singlet oxygen with an efficiency of 66%, which is higher than the one 

produced by PMV4P (43%). Moreover, although PMV4P and PMV6P 
exhibit comparable triplet quantum yields, nevertheless PMV6P pre
sents a sensibly higher singlet-oxygen quantum yield (61%). These 
findings are crucial for PDT applications of the PMVnP compounds. 

3.4. Ultrafast transient absorption 

Femtosecond TAS’s and the associated decay kinetics for TPP and 
PMVnP compounds in acetonitrile, were collected with excitation at 535 
nm in a 7.6-ns time window (Fig. 4 and Figure SI7). 

The TPP TAS show several broad positive bands in the 450–800 nm 
spectral range, negative signals due to ground state depletion at λ= 512 
and 647 nm, and two bleaching minima at λ= 548 and 590 nm corre
sponding to the porphyrin Q band system. For wavelengths higher than 
700 nm a slowly growing component is clearly observed together with a 
depletion minimum at λ= 719 nm which is related to the porphyrin 
emission bands. PMV2P and PMV4P TAS spectra show essentially the 
same features (Figure SI8). 

Baskin et al. [44] studied the ultrafast dynamics of TPP in benzene 
for different excitation wavelengths, spanning the whole absorption 
range from the B to the Q bands. Three distinct processes were found to 
affect the Qx band relaxation: intramolecular vibrational relaxation 
(100–200 fs), relaxation by collision with the solvent (1.4 ps), and en
ergy exchange with solvent until thermal equilibrium (10–20 ps). 
Analyzing the Q band relaxation of TPP at λ= 535 and 568 nm, a pre
dominant slow component (τ1~ 9 ns, α1=0.90), comparable with the 
fluorescence lifetime, is ascribed to the decay of the relaxed Qx state. A 
fast lifetime component (τ2~ 2 ps, α2=0.10) is assigned to 
solvent-induced vibrational relaxation [44]. These two decay time 
components were also found for all the PMVnP compounds with little 
changes, i.e. τ1~ 10 ns (α1=0.70) and τ2~ 1 ps (α2=0.10). 

Moreover, the inclusion of a third decay time component of some 
hundred picoseconds was found to be necessary to fit adequately the 
PMVnP decay kinetics, but not for the TPP reference compound. 
Notably, this relatively slow time component is quite sensitive to the 
number of the (αMe)Val-residues in the peptide bridge, lasting τ3=261, 
453 and 241 ps at λ= 535 nm and τ3= 191, 463 and 367 ps at λ= 568 nm 
for PMV2P, PMV4P and PMV6P, respectively (Table 3). 

Interestingly, this third decay time component does not depend 
regularly on the length of the peptide bridge, i.e. it increases from n = 2 
to n = 4 and then decreases for n = 6, suggesting an important role of the 
conformational and dynamical features of the peptide chain on the 
photophysical behavior of the investigated compounds. 

The τ3 decay time, too fast to be properly detected by nanosecond 
transient-absorption experiments, and not revealed by time-resolved 
fluorescence measurements, is too slow to be assigned to an intra
molecular radiationless process. We are very tempted to ascribe this 
decay component to a trapped exciton species resulting from energy 
transfer between the porphyrin homodimers mediated by the peptide 
bridge [45]. This hypothesis is supported by the CD experiments re
ported by Guryanov et al. [17], showing that the two porphyrin chro
mophores are interacting through exciton coupling. The distinctive 
mark of this interaction is the typical bisignate chiral signal resulting 
from the induced Cotton effect exerted by the peptide bridge on the 
achiral TPP units. In the weak regime, this interaction can be described 
by a through-space (long-range) dipole-dipole interaction, highlighting 
the role of the conformational and dynamical properties of the peptide 
spacer bridging the two porphyrin moieties. In the specific case under 
investigation, these considerations are emphasized by the 
conformationally-constrained nature of the rigid [(αMe)Val]n spacer. 

3.5. Molecular dynamics simulations 

The ultrafast TAA experiments described above demonstrate that, in 
the PMVnP compounds examined, the efficiency of exciton transfer and 
relaxation between the porphyrin groups depends on the conformational 

R. Cimino et al.                                                                                                                                                                                                                                 



Journal of Photochemistry and Photobiology 16 (2023) 100191

7

properties of the peptide spacer. 
Molecular Dynamics (MD) simulations were therefore carried out to 

obtain information on the structural (relative distance and orientation) 
and dynamical (peptide bridge and porphyrin-peptide linkages flexi
bility) properties of the two porphyrin groups in the PMVnP compounds. 
Examples of their most representative structures, as provided by cluster 
analysis of the corresponding 200 ns MD simulations, are shown in 
Fig. 5. The distance distribution between the centers of mass of the two 
porphyrin moieties in the PMVnP compounds are reported in Figure SI9. 

In the case of PMV2P (Figs. 5A and SI9A) two main conformers were 
obtained, the more abundant (62.3%) presenting the two porphyrin 
moieties far apart (d = 27.4 ± 2.8 Å), and the second one (37.2%) 
showing the two groups quite closer, most likely stabilized by π-π 
stacking interactions (d = 6.1 ± 0.5 Å). Interestingly, PMV4P (Figs. 5B 
and SI9B) presents a single predominant conformation (99.3%), char
acterized by a TPP-TPP distance distribution peaked at 29.7 ± 2.7 Å. 
Cluster analysis of PMV6P, the longest term of the series, show two main 
conformations (Figs. 5C and SI9C) characterized by statistical weights of 

74.6 and 21.5%, and TPP-TPP distances of 23.1 ± 1.5 Å and 32.6 ± 2.5 
Å, respectively. 

The MD simulation prediction of a compact conformation of PMV2P 
stabilized by π-π stacking of the porphyrin electronic distributions 
(Figure 8A) deserves a deeper insight. It should be noted that this 
conformation was not found for both PMV4P and PMV6P compounds. 
For this reason, we re-analyzed the PMV2P MD data and we extended 
the simulation time for this compound to 1 μs. The MD results were 
essentially confirmed, even if cluster analysis revealed that the weight of 
stacked porphyrin structures lowered to less than 20%. Spectroscopic 
experiments did not provide evidence of π-π interaction between the two 
porphyrin groups. If the lack of time resolved fluorescence evidence 
could be explained in terms of a non-fluorescent conformer, neverthe
less, in this case, fluorescence quantum yields should have been affected 
by such interaction, and this was not observed. The only experimental 
evidence of a peculiar behavior of PMV2P is given by nanosecond 
transient absorption experiments, that showed a significantly lower 
triplet state population of PMV2P with respect to the other bis-porphyrin 
compounds investigated (Table 2). This finding suggests that, in the case 
of PMV2P, π-π stacking interaction does not affect the population of the 
excited singlet state, but rather inhibits singlet-to-triplet state crossing, 
promoting non-radiative relaxation pathways. 

The flexibility of the oligopeptide spacer in PMVnP compounds can 
be best analyzed by taking into account the root mean-square fluctua
tion (RMSF) of the positions of all the amino acid residues and linkers at 
every picosecond of the MD trajectory. All the MD simulations show that 
the peptide spacer is quite rigid, especially in the [L-(αMe)Val]n region 
(Fig. 6). In particular, PMV4P showed the highest rigidity of the bridge 
separating the two porphyrin groups. For this compound, in agreement 
with the results of cluster analysis, also the mobility of the two 
porphyrin end groups appears significantly reduced with respect to that 
of PMV2P and PMV6P. This effect is particularly relevant for Ala-and 

Fig. 4. Femtosecond transient absorption spectra of TPP (A) and PMV6P (C) in acetonitrile measured at different time decays after excitation at λ= 420 nm. The 
kinetic traces of TPP (B) and PMV6P (D) measured at λ= 535 (blue line) and 568 nm (red line) are also illustrated. 

Table 3 
Time decay parameters of the kinetic traces (λ= 535 and 568 nm) from the ul
trafast transient absorption experiments on TPP and the bis-porphyrin com
pounds bridged by two (PMV2P), four (PMV4P), and six (PMV6P) α-amino acids.   

λ(nm) τ1 (ns) τ 2 (ps) τ 3 (ps) α1 α2 α3 

TPP 535 9.5 1.9 – 0.9 0.1 –  
568 8.4 1.6 – 0.9 0.1 – 

PMV2P 535 9.6 2.7 261.0 0.7 0.1 0.2  
568 10.3 0.5 191.1 0.7 0.1 0.2 

PMV4P 535 10.0 0.9 453.3 0.7 0.2 0.1  
568 10.2 1.0 463.1 0.8 0.1 0.1 

PMV6P 535 9.9 1.0 241.2 0.8 0.1 0.1  
568 10.8 0.8 367.0 0.8 0.1 0.1  

R. Cimino et al.                                                                                                                                                                                                                                 



Journal of Photochemistry and Photobiology 16 (2023) 100191

8

cHe, connecting the N- and C-termini of the PMV4P peptide chain to the 
bis-porphyrin moieties, respectively (Fig. 6). 

In the case of PMV4P, Ala(1) is involved in a peptide turn, stabilized 
by a HB between the TPP amide carbonyl group and the NH amide group 
of the N-terminal L-(αMe)Val (Scheme 1). This interaction was found 
only in the case of PMV4P. The cHe group also exhibits a limited 
mobility, which however is lower than that of the Ala-residues. As a 

result of the different mobility of the terminal linkers, the C1 atoms of 
the N-terminal TPP are characterized by a higher RMSF (2–2.5 Å) for 
PMV2P and PMV6P with respect to the RMSF obtained for the C1 atom 
of PMV4P (< 1 Å). 

The conformational rigidity of the peptide bridge is confirmed by 
evaluating the distribution of the φ and ψ dihedral angles that, for all the 
L-(αMe)Val-residues, remain those typical of a 310-helical structure [16, 

Fig. 5. Most representative structures of PMV2P (A), PMV4P (B) and PMV6P (C) as provided by cluster analysis of 200 ns MD simulations.  

Fig. 6. RMSF of the components of the peptide chain linking the two porphyrin groups in PMV2P (A, red dots), PMV4P (B, blue dots) and PMV6P (C, green dots). The 
first and last entries of the abscissa refer to the C1 atoms of the two porphyrin groups. 
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17]. The cHe torsional angles show a greater local mobility with respect 
to those of the L-(αMe)Val-residues, but, overall, also this moiety con
tributes to the conformational rigidity of the spacer. Most of the 
conformational flexibility of the bis-porphyrin peptide compounds 
investigated can therefore be ascribed to the dynamical properties of the 
Ala-residue, as shown by its Cα RMSF values and its dihedral angles 
fluctuations. 

4. Conclusions 

The photophysical properties of the bis-porphyrin fluorophores 
bridged by conformationally constrained peptide spacers have been 
investigated by steady-state and time-resolved spectroscopy techniques. 
MD simulations allowed to characterize the dynamical properties of the 
compounds, differing from each other by the length of the peptide 
bridge composed by two, four and six L-(αMe)Val-residues. Due to the 
rigidity of the peptide spacer, the two chromophores were located at a 
fixed distance and orientation, as confirmed by MD simulations. In the 
past, the porphyrin homodimers here investigated have been already 
studied by CD experiments, that revealed that the two fluorophores were 
coupled by chiral exciton interaction strongly dependent on the inter
chromophoric distance. 

We showed that this interaction does not affect the singlet- and 
triplet-state properties of the porphyrin pair, nor its capacity to give rise 
to singlet-oxygen production. Interestingly, the singlet-oxygen quantum 
yield of the bis-porphyrin compounds investigated is lower than that of 
TPP, most likely because of steric and conformational effects. This 
conclusion is relevant due to the well-known properties of porphyrin 
compounds as photosensitizers for PDT therapy. 

By femtosecond transient absorption it was possible to detect for the 
PMVnP compounds, but not for TPP, a characteristic decay time of some 
hundred picoseconds that we assigned to the decay of a trapped exciton 
species, associated to energy migration between the two symmetric 
chromophores [46]. The exciton migration is associated to the dynamics 
of the peptide chain: the more rigid the peptide chain, the slower the 
exciton time decay is. This conclusion is supported by the results of the 
MD simulations, that showed that the peptide spacer with four (αMe) 
Val-residues is the most rigid homologue of the series, due to a peculiar 
effect of the Ala-residue connecting the peptide chain to the porphyrin 
unit. The Ala-linker is rather mobile in PMV2P and PMV6P, but is almost 
rigid in PMV4P, because, in this case, it is conformationally constrained 
in the winding of a peptide turn. 

The fluorescence anisotropy decays showed that due its rigid 
conformation, PMV4P features a higher rotation correlation time with 
respect to the more flexible PMV2P and PMV6P. However, femtosecond 
TAA of PMV4P in different viscosity environments, provides similar 
decay times, indicating that the formation of the related electronic states 
does not require a conformational rearrangement. 

Summarizing the results discussed here, our bis-porphyrin system 
linked by an almost rigid peptide spacer shows photophysical properties 
almost similar to those of a single porphyrin chromophore from the 
nano- to the microsecond time scale, highlighting the weak nature of the 
porphryin-porphyrin interaction. Ultrafast time-resolved experiments 
reveal unique properties of these compounds, allowing to detect long- 
living transient species, that mediate the exciton coupling interaction 
between the two porphyrin groups. We judge these findings of relevance 
for the design of porphyrin-based chemicals for both PDT and DSSC 
applications. 
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