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Abstract
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Here, we investigate the effects introduced in the spectroscopic properties and singlet oxygen generation efficiency of zinc
tetra(4-pyridyl) porphyrin (ZnTPyP) when the molecule undergoes outlying decoration with the [RuCl,(PPh;),(CO)(DMF)]
and [RuCl,(dppb)(CO)(DMF)] ruthenium complexes. Our results show that these metallic compounds can significantly
affect the electronic and vibronic B- and Q-bands; the excited-state deactivation processes; and the singlet oxygen generation
quantum yield of the porphyrin, being their influence affected by the ligands present in the ruthenium complexes.
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1 Introduction

In the field of molecular sciences, the search for systems with
tunable structures and properties is in constant evolution [1-5].
The number of areas is endless, ranging from a great variety
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of devices [6-8] to photoinduced medical applications [9-11].
Notably, the synthesis of supramolecular structures opens the
possibility for emerging properties that only exist due to the
combination of two or more molecules [4, 12, 13]. The supra-
molecular structures allow the exploration of fundamental
structure-properties relationships that can be used as a guide for
systems with novel characteristics. In this scenario, the use of
spectroscopic tools to investigate molecules is well established
and allows us to obtain a big picture of how structural parameters
affect vibronic progressions [14], hot fluorescence [15], excited-
state relaxations [16], and excited triplet state formation [17].

Porphyrins, which are macrorings constituted of four
pyrrole rings, rise as versatile candidates that can be modi-
fied in many ways, e.g., central ring substitution [18-20],
meso-carbon substitution [21, 22], axial ligand biding [23,
241, dimer or aggregate formation [25-27], and supramo-
lecular structure synthesis [13, 28, 29]. In particular, the
decoration of the porphyrins’ rings with outlying metal
complexes like ruthenium [13] or rhenium [30] complexes
offers several possibilities for their technological applica-
tions [13, 30-35]. Due to the nature of their cyclic long-
length conjugation, porphyrins present rich spectroscopic
signatures at the UV—Vis spectral region (B- and Q-bands)
[36] that are assigned to specific structural features. These
molecules also present well-structured fluorescence bands
[36, 37] that are associated with the first and second sin-
glet excited state, and hot fluorescence [15, 38—40].
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Scheme 1 Zn(Il)
5,10,15,20-meso-(4-pyridyl)
porphyrin and outlying
ruthenium complexes (R).

R =[RuCl,(dppb)(CO)] or

R =[RuCl,(PPh;),(CO)]. Here,
(PPhy;) stands for triphenylphos-
phine and P — P=dppb stands
for 1-4-bis-(diphenylphosphine)
butane. The ruthenium com-
plexes are bonded to outlying
pyridyl groups (R sites in the
scheme)

Moreover, porphyrins also present accessible excited
triplet states due to the presence of strong spin—orbit
couplings [36, 37, 41]. This triplet state accessibility
makes these molecules good singlet oxygen species gen-
erators, turning them into ideal structures to be employed
as sensitive drugs in photodynamic therapy (PDT) [11,
42, 43]. Notably, metalloporphyrins have become key
systems for PDT [36], since the presence of metal ions in
the center of the macrocycle ring leads to the heavy atom
effect [44, 45], which enhances the intersystem crossing
(ISC) rate [19]. A natural questioning is related to the
effects introduced when metal substituents are placed
in the outlying positions of the porphyrin ring. In this
context, many investigations have been focused on how
the outlying metal complexes change the properties of
free base porphyrins [32, 44, 46]. However, to the best
of our knowledge, the influence of such complexes on
the spectroscopic properties of metalloporphyrins is still
elusive.

In the present work, we investigated the spectro-
scopic (absorption and emission) properties and singlet
oxygen generation efficiency of supramolecular struc-
tures constituted of Zn(II) meso-tetra (4-pyridyl) por-
phyrin (ZnTPyP), and [RuCl,(dppb)(CO)(DMF)] and
[RuCl, (PPh;),(CO)(DMF)] ruthenium complexes. The
structures are formed through the biding of four ruthe-
nium complexes (of each type) at zinc porphyrin’s pyri-
dyl moiety, forming ZnTPyP[RuCl,(dppb)(CO)],, and
ZnTPyP[RuCl,(PPh;),(CO)],, which are novel supramo-
lecular structures containing five metal sites (as shown in
Scheme 1). Our results show that the metalloporphyrin
singlet oxygen generation’s efficiency is tunable according
to the type of outlying ruthenium complexes.

@ Springer
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2 Results and Discussions
2.1 Light Absorption

According to the four-orbital model proposed by Martin
Gouterman, the UV-Vis spectrum of zinc porphyrins is
caused by the cyclic electron delocalization in the porphy-
rin ring and is assigned to the ® — x* transitions toward
the second (Sy— S,) and first (S;— S,) singlet excited
states which account for the characteristic B- (Soret) and
Q-bands, respectively [36, 37, 47]. The transition ener-
gies (peak center) assigned to these bands are very sensi-
tive to the conjugation length in the porphyrin ring [48].
The outlying decoration of the macrocycle leads to sig-
nificant modifications of selection rules involved in
these transitions reflecting such changes in fluorescence
quantum yield, excited-state lifetimes, intersystem cross-
ing rates, etc. [37, 49]. Figure 1 exhibits representative
spectra for ZnTPyP dissolved in DMSO (solid black lines)
that are compared with their supramolecular equivalents
(solid red and solid green lines). The attachment of ruthe-
nium moieties causes the B-band to broaden and redshift,
similar to what happens for supramolecular structures
derived from the free base porphyrin analog [44, 50,
51]. Taking ZnTPyP as standard, the shift observed for
ZnTPyP[RuCl,(PPh;),(CO)], is approximately three times
greater than the shift observed for ZnTPyP[RuCl,(dppb)
(CO)], (see Fig. 1a and Table 1). The presence of outlying
ruthenium complexes also redshifts, broadens, and favors
the absorption magnitude of the Q-Band’s electronic tran-
sitions (Q(0, 0) bands), see Fig. 1b.

Recently, our group investigated the electronic and
vibronic transitions of free-base meso-tetra(4-pyridyl)
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porphyrins [14] and their metallic species (Zn**, Cu®™,
Ni®*, Co**) [15], mapping the evolution of transitions in
their B- and Q-bands due to the change of the ion in the
center of the porphyrin ring (central ion). For ZnTPyP, the
Q-band presents additional semi-degenerated transitions
that comprise two Q; and Q, electronic bands along with
their respective vibronic components, while the B-band
is composed of a B(0,0) electronic transition with a first
vibronic transition [15]. It was also observed that when the
central ion is changed from Zn** (closed-shell d'° ion) to
Co** (open-shell d” ion) the porphyrin spectrum presents
the following modifications: (i) the B-band shows suppres-
sion of the vibronic transition, which can be understood on
bases of changes in the absorption selection rules; (ii) the
Q-band structuration evolves with a decrease in the con-
tribution of electronic transitions (Q;(0,0) and Q,(0, 0))

Table1 Parameters for B- and Q-bands obtained via the spectral
deconvolution in association with derivative analysis of ZnTPyP,
ZnTPyP[RuCl,(dppb)(CO)],, and ZnTPyP[RuCl,(PPh;),(CO)], absorp-
tion spectra

ZnTPyP  ZnTPyP[RuClI2(dppb) ZnTPyP[R
(CO)l, uCl,(PPh;)
2(CO)l4
B-band

Anax(B(O, 1))  404nm 407 nm 411 nm
Anax(B(0,0))  427nm 428 nm 432 nm
}"max (Bx) """ 432 nm 440 nm
BO.D) ~0.069  ~0.063 ~0.079
B(0,0)

B, 0 ~0.385 ~0.470
B(0,0)

Q-band

Amax (Q2(0,2))  519nm 521 nm 522 nm
Mnax (Q2(0,1))  549nm 549 nm 551 nm
Mmax (Q2(0,0))  582nm 581 nm 584 nm
Amax (Q(0, 1)) 560 nm 559 nm 563 nm
Mo (Q1(0,0)) 598 nm 599 nm 605 nm
20D ~452  ~451 ~2.85
Q,(0,0)
Q©.D ~4.03 ~3.79 ~2.47
Q,(0.0)

Wavelength (nm)

[15]. These results indicate that the change of the cen-
tral ion significantly changes the porphyrin symmetry in
solution, which are manifested in the absorbance spectra
and captured by the method of spectral derivative analysis
and deconvolution as described in references [14—16]. By
extending these considerations to the supramolecular ZnT-
PyP, we obtain a more accurate understanding of the role
played by the outlying ruthenium complexes on the zinc
porphyrins electronic and vibrational properties. In Fig. 2,
we show the B-band of ZnTPyP, ZnTPyP[RuCl,(dppb)
(CO)l4, and ZnTPyP[RuCl,(PPh;),(CO)],, dissolved in
DMSO along with the derivative and Voigt deconvolu-
tion analysis. It is noted that ZnTPyP present a B-band
composed of a main electronic (B(0, 0)) transition located
at 427 nm and a vibronic progression located at 404 nm
(B(0, 1)). The energy gap between the electronic (0, 0) and
first vibronic (1,0) state of ZnTPyP in DMSO presents
very similar structuration when compared to ZnTPyP dis-
solved in the solvent mixture CHCI;:MeOH (9:1 v/v) [15].

Regarding the absorbance spectrum, it is known that
the substitution of different moieties at the meso-carbons
of the macrocyclic ring, only results in a small effect in
the T — z* transitions and HOMO-LUMO gap [21, 36].
However, as can be seen from Fig. 2, the addition of out-
lying ruthenium complexes in each pyridyl site gener-
ates additional transitions (blue lines in Fig. 2b, c) in the
B-band. A new band, from now on named B,-band, arise
at 432 nm for ZnTPyP[RuCl,(dppb)(CO)], and at 440 nm
for ZnTPyP[RuCl,(PPh;),(CO)],. The spectral parameters
obtained from the B-band deconvolution are summarized
in Table 1.

The origin of B,-band can be assigned to (i) contributions
coming from MLCT bands of the ruthenium complexes or
(i1) the rise of new transitions due to modifications in absorp-
tion selection rules, caused by the change in the porphyrin
ring symmetry. Due to MLCT transitions, the presence
of ruthenium groups attached at outlying meso positions
causes an enhancement in the magnitude of the spectrum
in the spectral region between the B- and Q-bands. In the
case of free base tetrapyridyl porphyrin, this enhancement

@ Springer



164 Page 4 of 9

Brazilian Journal of Physics (2022) 52:164

@) . - B00)

Absorbance
Absorbance

2nd derivative

9

nd derivative 7

©

Absorbance

2nd derivative
|

]
‘
‘
1
405 420 435 450 405 420
Wavelength (nm)

Fig.2 B-band deconvoluted spectra for a ZnTPyP, b ZnTPyP[RuCl,(dppb)
(CO)],, and ¢ ZnTPyP[RuCl,(PPh;),(CO)], dissolved in DMSO. The open
circles stand for experimental spectra, and the solid red lines represent the
fitting results. The solid green and blue lines represent individual Voigt

results from a simple superposition of the porphyrin spec-
trum and the spectra from the four ruthenium complexes’
moieties [51]. Here, the same enhancement is observed
for tetraruthenated ZnTPyP, see Fig. 1b. However, while
the presence of MLCT bands modifies the magnitude of
the spectral region between the B- and Q-bands, no influ-
ence is observed in the B-band [51]. Furthermore, no direct
correlation is observed between the magnitude of the B,
sub-band (blue lines in Fig. 2b, c¢) and the magnitude of
absorbance in the spectral region between B-band and Q
-band (Fig. 1b). In one hand, the magnitude of B -band for
ZnTPyP[RuCl,(dppb)(CO)], is just~0.76 times the value of
the B,-band observed for ZnTPyP[RuCl,(PPh;),(CO)],. On
the other hand, in the region between the B- and Q-bands,
the magnitude of the spectrum for ZnTPyP[RuCl,(dppb)
(CO)], is around two times greater than the observed for
ZnTPyP[RuCl,(PPh;),(CO)],, (compare Figs. 1 and 2).
These observations suggest that the rise of the B,-band in
these supramolecular structures is not associated with the
ruthenium complexes’ MLCT bands, supporting the hypoth-
esis that such outlying groups are breaking the ZnTPyP’s

Wavelength (nm)

435 450 465 390 405 420 435 450 465
Wavelength (nm)

functions. The spectra in solid gray lines are the absorbance second deriva-
tive. The Voigt functions represented by the blue solid line in b and ¢ are
assigned to the new B, band that arises due to the presence of the outlying
ruthenium groups

symmetry and favoring new transitions in the B-band spec-
tral region. This interpretation agrees with recently reported
results showing that the multi-structuration of the porphy-
rin’s absorbance spectrum depends on the symmetry of the
porphyrin’s ring indeed [14-16, 21].

The Q-band of both pristine and supramolecular ZnTPyP
are fitted with five Voigt curves that represent the Q, and Q,
electronic transitions with their respective vibronic progres-
sions see Fig. 3.

The values of spectroscopic parameters obtained from
deconvolution of Q-bands are also summarized in Table 1,
and significant differences in the relative intensities and
energy band gaps due to the attaching of the outlying ruthe-
nium complexes are observed. It is shown that ruthenium
complexes distinctly affect the Q, (Qz) transitions causing
blueshifts of ~3.46 meV (~3.67 meV) for
ZnTPyP[RuCl,(dppb)(CO)], and redshifts of ~23.9 meV
(~7.3 meV), for ZnTPyP[RuCl,(PPh;),(CO)], electronic
transitions. The changes in the relative intensities of all the
Q sub-bands seem to relate to modifications in the equilib-
rium positions of the excited state potential energy surfaces

ZaT Py® [R uCl(dp pb)(CD)

oni AV i(a)

Absorption Q-band
Absorption Q-band

2nd deri\:'ative 2nd :rlerivative

Absorption Q-band

2nd dfel'ivative

5(')0 555 5;0 5;5 6(')0 520 540

Wavelength (nm)

Fig.3 Q-band deconvoluted spectra for a ZnTPyP, b ZnTPyP[RuCl,(dppb)
(CO)],, and ¢ ZnTPyP[RuCl,(PPh;),(CO)], dissolved in DMSO. The open
circles stand for experimental spectra, and the solid red lines represent the
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fitting results. The solid green (Q,-bands) and blue (Q,-bands) lines rep-
resent individual Voigt functions. The spectra in solid gray lines are the
absorbance second derivative
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Fig.4 a Steady-state fluorescence and b time-resolved fluorescence
acquired for ZnTPyP (black solid lines), ZnTPyP[RuCl,(dppb)(CO)],
(red solid lines), and ZnTPyP[RuCl,(PPh,),(CO)], (green solid lines)
dissolved in DMSO. The fluorescence spectra in a were acquired by

(PES). Such modifications are associated with changes in
the dipole strength of each vibronic transition which can be

estimated via the Huang-Rhys factor g‘iggi, wherei=1, 2

stands for the electronic transition and n is the final vibra-
tional state in the respective vibronic transition [52, 53].
Table 1 presents the intensity ratios extracted from the spec-
tral deconvolution data. These ratios support that all vibronic
progressions in the supramolecular structure are distinctly
affected, being the increase in the magnitude of electronic
transitions favored by the presence of ruthenium
complexes.

2.2 Fluorescence Emission and Decay

We investigate the ZnTPyP, ZnTPyP[RuCl,(dppb)(CO)],,
and ZnTPyP[RuCl,(PPh;),(CO)], fluorescence responses
and their excited-state deactivation processes. Steady-state
and time-resolved fluorescence from ZnTPyP and their supra-
molecular counterparts (see Fig. 4) show multi-structured
Q(0, 0)- and, Q(0, 1)- bands, and a very weak band located at

e Zn TP yP
===ZnTPyP[RuCl (dppb)(CO)], (b)

«ZnTPyP[RuCI (PPh ) (CO)],

Photon Couting Signal

0 2 4 6 8 10
Lifetime (ns)

exciting the samples at 430 nm. The fluorescence decay curves in b
were acquired exciting the samples at 352 nm and probing the sig-
nal at 608 nm. The inset in a highlights the hot-luminescence spectral
bands

around 565 nm that is assigned to a hot luminescence process
(Qh) [15, 16]. Next, to acquire more information on the deac-
tivation pathways, we study the fluorescence spectra using
the spectral deconvolution analysis (see Fig. 5).

Comparing the fluorescence spectrum of ZnTPyP dissolved
in DMSO (dipole moment 3.96D) with the fluorescence spec-
trum of ZnTPyP dissolved in CHCl;:MeOH (9:1 v/v) (dipole

moment 1.04D:1.70D) [15], it is observed that the % inten-

sity ratio increases with increasing solvent polarity. Moreover,
the presence of the outlying ruthenium complexes causes small
redshifts in Q,(0,0), Q,(0, 0), Q,(0, 1), and Q,(0, 1)-bands,
which is fully correlated with the redshift observed for the
Q,(0,0) and Q,(0, 0) absorption bands shown in Fig. 3b. This
is understood in terms of Kasha’s rule: every emission from
the first excited singlet state originates from radiative deactiva-
tion of these Q,;(0,0) and Q,,(0,0) low-energy bands [14, 52,
53]. Additionally, the ruthenium groups activate the photolu-
minescence decay via the Q, (0, 1) vibronic transition, disfavor-
ing, therefore, the hot-luminescence process previously
observed (see inset in Fig. 4a).

Normalized Fluorescence

Normalized Fluorescence

&

570 600 630 660 690 720 570 600
Wavelength (nm)

Fig.5 Deconvoluted fluorescence spectra for a ZnTPyP, b
ZnTPyP[RuCl,(dppb)(CO)],, and ¢ ZnTPyP[RuCl,(PPh;),(CO)],
dissolved in DMSO. The open circles stand for experimental spec-

Wavelength (nm)

©

Normalized Fluorescence

600 630 660 690 720
Wavelength (nm)

660 690 720 570

tra, the solid red lines represent the resultant fitting. The solid green
(Q;-bands) and blue (Q,-bands) lines represent individual Voigt
functions. The excitation wavelength is 430 nm
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Table 2 Steady-state and time-resolved fluorescence parameters. The
steady-state parameters come from the spectral deconvolution analy-
Sis; Apa(nm) is the band’s center position. The QY is the emission
quantum yield obtained using ZnTPyP as reference; t; (i=1, 2) are

Table 3 Singlet oxygen quantum yield (<I>A) and triplet state lifetime
(tp) obtained for ZnTPyP, ZnTPyP[RuCl,(dppb)(CO)l,, and ZnTPyP
[RuCl, (PPh;),(CO)],

the excited-state lifetimes. The values in parentheses represent the ZnTPyP ZnTPyP[RuCl,(dppb) ZnTPyP[R
relative amplitude of the radiative decay (CO), uCl,(PPh;)
(CO)4
ZnTPyP ZnTPyP[RuCl,(dppb) ZnTPyP[R
(CO)l, uCl,(PPh,) o, 0.09 0.07 0.16
(CO) Tp(ps) 153 252 162
Steady state
Amax (Qn) 569 nm 571 nm 570 nm associated with a new faster relaxation pathway with a relative
Amax (Q1(0,0)) 603 nm 605 nm 605 nm amplitude of 77%. Although [RuCl,(PPh;),(CO)(DMF)] cre-
Amax (Q2(0,0)) 619 nm 621 nm 620 nm ates novel relaxation pathways in the supramolecular structure,
A (Q1 (0, 1)) 656 nm 657 nm 658 nm we observe that the quantum yield of these new pathways is
Mnax (Q2(0, 1)) === 680 nm 685 nm not significant because no evidence for new fluorescence bands
QYFL 0.042" ~0.042 0.035 is found. All the spectroscopic parameters obtained from the
Time resolved fluorescence spectra and time-resolved decay analyses are sum-
7, (ns) ~1.79 (100%) ~1.71 (100%) ~1.39 (23%) ~ marized inTable 2. '
e T ~0.51 (77%) The supramolecular ZnTPyP[RuCl,(PPh;),(CO)], QY evi-

“QYjy_ for ZnTPyP in DMSO obtained from reference [54]

When compared against ZnTPyP [54], the fluorescence
quantum yield (QYFL) and lifetime (t) from the tetraruthenated
zinc porphyrins present distinct behavior among themselves.
Namely, ZnTPyP[RuCl,(dppb)(CO)], shows no modifications
inits QY with a fluorescence lifetime very close to that meas-
ured for ZnTPyP, while ZnTPyP[RuCl,(PPh;),(CO)], presents
a QY equivalent to 84% of the ZnTPyP’s QY [54] and a
drastic modification in its relaxation profile that now shows
a bi-exponential behavior. This bi-exponential behavior is

1.00
o ZnTPyP (a)
B ZnaTPyP[RuCL(PPh,),(CO)],
0.754 © ® ZuTPyP[RuCly(dppb)(CO)],
(=]
<
<
2 0.50
<
0.25
o)
O
i o
0.00 L] L] L) L] Ll
0.0 0.3 0.6 0.9 1.2
Time (ms)

Fig.6 a Normalized transient absorption for ZnTPyP (open blue
circles), ZnTPyP[RuCl,(dppb)(CO)], (full red circles), and ZnTPyP
[RuCl, (PPh;),(CO)], (full black squarer). The black solid lines are
the monoexponential fittings. b Q-band absorption spectra of ZnTPyP
(solid blue lines), ZnTPyP[RuCl,(dppb)(CO)], (solid gray line), and
ZnTPyP [RuCl, (PPh;),(CO)], (solid red line) along with the photo-

@ Springer

dences that ruthenium complexes are likely facilitating the crea-
tion of nonradiative channels for the porphyrin ring, which in
turn quenches the ZnTPyP emission. The literature for H,TPyP
states that the quenching mechanism associated with the ruthe-
nium complexes is a combination of new internal conversions
(IC) [50] with the increasing in the macrocycle intersystem
crossing (ISC) rate driven by the heavy-atom effect [44, 46].

2.3 Triplet Decay and Singlet Oxygen Generation

The capacity of these supramolecular structures to generate
singlet oxygen species is likely affected by the presence of

Green Laser UricAcd Degradaten -
1{(b) e
2 * ConcC
2 f G or
Uric Acid g —
0.8 < 0s a°
=L
Irradiation o “a
4 Time
=0.6 o Irradiation Time (s)
< 30s
= 0020
P
=]
2 04 Qo015
< \ A=']-]‘x‘3
1 = ZnPPH3
0005 ¥ ZnTRyP
0.2 ' ZnDFFE
'.\a L
! \
i 7
0.0 4 S
22
T ¥ T L) L} L]
3 - 550 600 650 700 750
Wavelenght (nm)

degradation of uric acid (UA) as a function of irradiation time (solid
black line) and the emission spectrum of the excitation source (green
laser with Aexc = 532 nm, solid green line). Inserted in b, we have
the dependence of UA absorbance at 290 nm as a function of the
irradiation time for different concentrations (top panel), and the effi-
ciency of '0, formation (bottom panel)
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outlying complexes in the porphyrin ring. This effect can be
confirmed by understanding how such complexes are affecting
the excited state triplet properties. We, therefore, measured
the excited state relaxation time (via laser flash photolysis,
see Fig. 6a) and the singlet oxygen quantum yield (®, ) using
uric acid as a scavenger (Fig. 6b). The obtained results are
summarized in Table 3.

All the samples investigated in this work produce tri-
plet states, and the presence of ruthenium complexes in the
ZnTPyP structure increases the excited triplet state lifetime,
see Table 3. Singlet oxygen is formed via an energy transfer
process between the excited triplet state of zinc porphyrins
and the molecular oxygen’s ground state. Our results show
that ZnTPyP[RuCl,(CO)(PPh;),], presents a higher ®,
compared to that for ZnTPyP, while ZnTPyP[RuCl,(dppb)
(CO)], presents a slightly lower ®,. It is important to note
that the increase in the singlet oxygen production found in
ZnTPyP[RuCl,(CO)(PPh;),], could be explained by the reduc-
tion of fluorescence and internal conversion quantum yields in
favor of the intersystem crossing process.

3 Conclusions

Summarizing, the spectroscopic properties of ZnTPyP,
ZnTPyP[RuCl,(dppb)(CO)],, and ZnTPyP[RuCl,(CO)
(PPh;),], are investigated, demonstrating that the ZnTPyP
vibronic progressions, excited-state PESs, fluorescence quan-
tum yields, and singlet excited-state deactivation pathways
are significantly affected by the presence of the ruthenium
outlying complexes. Such complexes are responsible for trig-
gering additional non-radiative mechanisms in the relaxation
pathways. Although ZnTPyP[RuCl,(dppb)(CO)], systems do
not display any significant modification in their singlet states’
relaxation pathways and the efficiency for generating singlet
oxygen, ZnTPyP[RuCl, (PPh;),(CO)], systems present robust
modifications on both properties, indicating the relevance of
the ligands bonded to ruthenium complexes for the tunning of
the porphyrin’s photophysical properties.

4 Experimental
4.1 Sample Synthesis

The synthesis of ZnTPyP was accomplished following
the procedures described in the literature [19]. The supra-
molecular porphyrins were synthesized under argon fol-
lowing the reaction of ZnTPyP with [RuCl,(PPh;),(CO)
(DMF)] or [Ru,Cl,(dppb);(CO),] to provide the
ZnTPyP[RuCl,(PPh;),(CO)], or ZnTPyP[RuCl,(dppb)(CO)],,
respectively. The solution was stirred for 4 h at room tempera-
ture, and the resulting solution was concentrated to approxi-
mately 90%, being ethyl ether added to produce a solid. The

complex was collected by vacuum filtration, washed with ethyl
ether, and dried under vacuum. The solutions were then filtered,
and the resulting filter cake was washed with ethyl ether. The
resultant powder was finally dried in a vacuum. In detail, (1)
ZnTPyP[RuCl,(CO)(PPh;),], were synthesized using 10 mg
(1.47 %1073 mol) of ZnTPyP with 43.1 mg (5.86x 107> mol) of
[RuCl,(CO)(PPhs),(DMF)] in 20 mL of dichloromethane. Yield:
36.10% (19 mg); Exp. (Calc.), %C=61.40 (61.36); %H=3.98
(3.95); %N=3.14 (3.03) and (2) ZnTPyP[RuCl,(dppb)(CO)],
were synthesized using 10 mg (1.47x 10~> mol) of ZnTPyP
with 61.3 mg (2.94 x 10~ mol) of [Ru,Cl,(dppb);(CO),] in
20 mL of dichloromethane. Yield: 79.3% (33 mg); Exp. (Calc.),
%C=57.92 (58.77); %H=4.51 (4.30); %N=3.44 (3.52).

4.2 Spectroscopic Measurements

The spectroscopic measurements were performed at room
conditions (temperature and pressure) with molecules com-
pletely dissolved in dimethylsulfoxide (DMSO), used as
received from ISOFAR Inc., and placed in a quartz cuvette of
1.0 cm path length (four polished windows). A JASCO V-670
spectrophotometer was employed to acquire the steady-state
absorbance spectra. To measure the steady-state fluorescence
spectra, a setup composed of (1) Xenon lamp, (2) a mon-
ochromator model 300i from ACTON, and (3) a portable
spectrophotometer from Ocean Optics was used. All samples
were excited at the maximum of their respective B-bands.
The supramolecules’ emission quantum yield was estimated
via the external reference method [55], taking ZnTPyP as the
reference sample [54]. Time-resolved fluorescence experi-
ments were performed with a time-correlated single photon
counting (TCSPC) system from Horiba (Delta-Flex
model, 27 ps per channel), equipped with a pulsed LED (exci-
tation wavelength at 352 nm with 8 MHz of repetition rate) as
the excitation source. The decays were collected at the maxi-
mum of the fluorescence spectra. Triplet excited state lifetime
measurements were carried out via the laser flash photolysis
technique using a frequency-doubled, Q-switched Quantel
Brilliant pulsed Nd:YAG laser (532 nm, 10 Hz, 5 ns pulse
width, 5 mJ) as the excitation source. In the experiments,
the solution absorbance at the excitation wavelengths did not
exceed A =0.2. The decay curves of the transient absorption
(AA(t)) were registered by optical absorption at 470 nm.

4.3 Singlet Oxygen Quantum Yield

The singlet oxygen quantum yield (dD A) were obtained by the
indirect method using the uric acid (UA) as quencher scav-
enger [31, 56] and the meso-tetra(phenyl)porphyrin (TPP)
as standard (TPP, ®, = 0.52 [57], in DMSO solution). The
compounds solutions were prepared in three concentrations,
while UA stayed at a fixed concentration. For each porphyrin
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concentration, stirred solutions containing porphyrin and
UA were irradiated in a cuvette (1.0 x 1.0 cm quartz cells)
by a 532 nm laser (50 mW, the peak width Aj,, =9 nm).

The generation of singlet oxygen was quantified by moni-
toring the UA photodegradation through its absorption band
(~290 nm) as a function of irradiation time [58]. The @,
values were obtained using:

Pp=P, (1)

where “0” superscript labels are the parameters for the stand-
ard photosensitizer and vy, is the efficiency of singlet oxygen
formation, which is defined by:

k

YA X — 2)
abs

being k the UA’s rate of photodegradation and n,,, the num-

ber of absorbed photons per second. The n,; is obtained by:

1 [*

Ny =— [ (1 =107"®)PQ)dn 3)

he /5,

In Eq. (3), his the Planck’s constant, c is the velocity of light,
A(A) is the absorbance of the sample, and P(4) is the incident
power. The integration limits were taken based on the porphyrin
absorption and laser irradiation overlapping spectral interval.
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