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ABSTRACT: Thionation of carbonyl groups of known dyes is a
rapidly emerging strategy to propose an advance toward heavy-
atom-free photosensitizers to be used in photodynamic therapy
(PDT). The sul.fur-for-oxygen replacement.has recently provled. to v Enhancement of SOC values:
enhance the singlet oxygen quantum yield of some existing O W A v Multitude of ISC pathways;
fluorophores and to shift the absorption band at longer

wavelengths. Drawing inspiration from this challenging evidence, N O b S @

the effect of both sulfur- and selenium-for-oxygen replacement in /“ v a

the skeleton of the oxo0-4-dimethylamino-1,8-naphthalimide @ \jf‘
molecule (DMN) has been analyzed by means of a DFT study. >
The thio- and seleno-derivatives (SDMN and SeDMN, respec-
tively) have been shown to offer the possibility to access a
multitude of ISC (intersystem crossing) pathways involved in the triplet deactivation mechanisms with a consequent enhancement
of the singlet oxygen production, also arising from the change of orbital type involved in the radiationless 'nz* — *zz* transitions.
Moreover, the change in nature from a lz7* to a nz* observed in the SeDMN has been revealed to be crucial to reach more
clinically useful regions of the spectrum suggesting that the selenium-for-oxygen replacement can be proposed as a strategy to
achieve more suitable PDT agents while proposing an advance toward heavy-atom-free PSs.

Sulfur- and Selenium-for-Oxygen
replacement strategy
v' Red-Shift of A,

H INTRODUCTION tumors is limited at shorter wavelengths by the absorption

Photodynamic therapy (PDT) is an approved noninvasive properties of several skin cl?romop hores .an'd at lor}ger

medical treatment used against a consistent number of wavelengths by water absorption, so that it is comprised

diseases'™ among which are different kinds of cancer,’™’ between about 500 and 900 nm. Light irradiation triggers the
)

bacterial, viral and fungal infections,® dental caries,'® photodynamic process, that is the photogeneration of singlet

oxygen through an energy transfer process between the
populated triplet state of the PS and the ground state oxygen
present in the tissue (Type II photoreaction). On the other
hand, excited triplet (T;) quenching mechanism can also
include direct photoinduced electron transfer processes leading
to other ROS (radical oxygen species) generation, among
which the superoxide is one of the most important for its
peculiar biochemical metabolism. Although their involvement
in biomolecule degradation and tissue damage is well
documented, Type II photoreactions are generally considered
the predominant PDT mechanism due to the ability of singlet

theumatoid arthritis,"’ cardiovascular disorders,'” and cuta-
neous manifestations. "’ Compared to chemotherapy, its use in
anticancer therapy produces less side effects, and its high
selectivity is enhanced by an invoked immune response which
causes a mixture of apoptotic and necrotic cell death.”” For
these reasons, basic and applied research aimed at proposing
new drugs for PDT treatment has increased considerably over
the last three decades,'*™** also with the aim of overcoming
some of the most important limitations of current PDT,
namely hypoxia and poor light penetration, focusing in
particular on metallic dyes to abandon the use of traditional
tetrapyrrolic structures. >

Light, oxygen, and a photosensitizer (PS) acting as a pro-
drug are required for the clinical application of the therapy.
The PS administration and localization in target tissue is
followed by irradiation with a light source of proper
wavelength to penetrate deeply in the tissue. The so-called
therapeutic window that allows the treatment of deeper-seated
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oxygen to target crucial unsaturated lipids, amino acid side
chains and nucleic acids bases. Such a mechanism is likely to
occur whether the PS has low fluorescence yield and if a
significant intersystem spin crossing ensures population of a
triplet excited state with energy higher than that required to
promote the g — 'Ag oxygen transition (0.98 eV). Indeed,
according to the Fermi golden rule the efficiency of the ISC
(kigc) mainly depends on the AE, . energy gaps and on the
spin—orbit coupling constant (SOCsi values.”

Accordingly, a good PDT photosensitizer must possess
appropriate singlet—triplet energy separation and large
singlet—triplet spin—orbit couplings to ensure an efficient
ISC. It has been previously shown as SOC values computed for
the approved drug Foscan (§,10,15,20-tetrakis(m-
hydrox_}rphenyl)chlorin)% are quite small (2.4 x 107!
cm ™) but are still sufficient to trigger the energy transfer
process. The insertion of a heavy atom in the molecular
structure considerably increases SOCs and generally red shifts
the absorption band.”°™*' This positive effect is however
countered by the occurrence of toxic effects generally due to
their enhanced dark cytotoxicity. For this reason, sulfur or
other atoms naturally present in tissues are being chosen as
preferential heavier atoms to be inserted into potential drugs
structures for PDT. Recent experimental works pointed out
how the thionation of carbonyl groups of a series of known
dyes increases the possibility to use them in PDT.>*~** Since
then, the sulfur-for-oxygen replacement in existing fluoro-
phores is rapidly emerging as strategy to enhance the singlet
oxygen quantum yield and to shift the absorption band at
longer wavelengths,32 while proposing an advance toward
heavy-atom-free PSs.

Drawn inspiration from that evidence, we decided to
undertake a DFT study analyzing the effects of a single-atom
replacement in the skeleton of the oxo-4-dimethylamino-1,8-
naphthalimide molecule (DMN, Figure 1), in particular
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Figure 1. Molecular structures of DMN, SDMN, and SeDMN.

analyzing sulfur-for-oxygen (SDMN, Figure 1) and selenium-
for-oxygen replacements (SeDMN Figure 1) with a resulting
improvement of those photophysical properties crucial to
propose these systems as drugs in PDT. Along with absorption
properties and characterization, singlet—triplet energy gaps as
well as SOCs values are herein provided. On the basis of these
results, the possible deactivation paths are also predicted.

B COMPUTATIONAL DETAILS

Geometry optimizations and computations of excitation
energies have been performed by using the hybrid Becke
three-parameter exchange functional’® and the Lee—Yang—
Parr correlation functional®® (B3LYP) coupled with the 6-
31+G(d,p) basis set. Grimme dispersion corrections for
nonbonding interactions have been included, applying an
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atom pairwise additive scheme (DFT-D3)*” method. In all
computations, the solvent effects have been estimated using
the IEFPCM continuum solvation model®® as implemented in
Gaussian 16 code,” considering implicit dimethyl sulfoxide
(DMSO, ¢ = 46.826). Absorption spectra were obtained in
DMSO as vertical electronic excitations on the ground-state
structures at the TD-DFT/B3LYP/6-31+G(d,p) level of
theory. The spin—orbit couplings (SOCs) were defined as

2
SOCnm = \/Z |<WSHIHSO|WSm>I

1

1

where i = x, y, z. Hyy is the spin—orbit Hamiltonian. They were
obtained by using the atomic-mean field approximation™ as
implemented in the DALTON code’' by using the B3LYP
functional and the cc-pVDZ basis set for all the atoms.

This computational protocol has been previously used for
the computations of a series of photoph}rsical properties in a
series of organic and inorganic systems.l‘_zﬁ"d'z’43

B RESULTS AND DISCUSSION

Ground state optimized structures reveal that the sulfur- and
selenium-for-oxygen substitution processes just slightly affects
the main geometrical parameters of the dyes, as shown in
Figure 2 and Table S1.

a) ;f

b) ’

et

SDMN

SeDMN

Figure 2. (a) Optimized geometries and (b) Superimposition of
DMN, SDMN, and SeDMN in DMSO environment at the B3LYP/6-
31+G(d,p) level of theory

The peripheral ester groups lie perpendicularly to the
naphthalimide moiety in all cases while the planarity of the
rigid naphthalimide moiety decreases upon oxygen-replace-
ment, being twisted by up to 4° with respect to the plane. The
most significant difference between the investigated com-
pounds concerns the C—X distances (Table S1) that, as
expected, increase going down the chalcogen group with the
longest value found for the SeDMN derivative. Main
geometrical parameters computed for DMN, SDMN, and
SeDMN are reported in the Supporting Information (Tables
S1-S3).

Inspection of the frontier orbitals allows one to detect an
interesting drop in energy of the LUMO and LUMO+1
orbitals upon oxygen replacement with a consequent reduction
of the HOMO—LUMO gaps in SDMN and SeDMN. By sharp
contrast, it can be observed an increase of the HOMO-—1
energy arising from a 7 (DMN) vs n nature change observed in
the thio- and seleno- derivatives. The HOMO energy is much
less affected by the single atom replacement since its 7«
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character is kept unchanged along the series. (See Figure 3 and
Figure S1.)
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Figure 3. Calculated frontier orbital energies and H—L gaps (eV) for
DMN, SDMN, and SeDMN compounds.

A direct consequence of the reduction of HOMO—-LUMO
gap is the observed batochromic shift of the maxima
absorption band. Indeed, a significant red shift characterizes
the thio-based compound, and it is even more pronounced in
the seleno-derivative. Indeed, in agreement with the exper-
imental data (431 nm),”” the DMN compound shows an
intense band centered at 439 nm (S,), clearly 7 — #* in nature
as revealed by the natural transition orbitals involved (See
Figure 4).
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Figure 4. (a) Computed absorption spectra of DMN, SDMN and
SeDMN in DMSO environment at the at the B3LYP/6-31+G(d,p)
level of theory. (b) Natural transition orbitals (NTOs) characterizing
the lowest energy transition for each compound. More details can be
found in the Supporting Information.
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The sulfur—oxygen replacement produces a red shift of the
lowest energy band, experimentally located at 604 nm. In this
case, the S, state computed at 593 nm has n — 7* character
and negligible oscillator strength, explalnmg the low
fluorescence yields of the thio-derivative,”” while the 7 — 7*
S, state can be directly populated and it is found at 545 nm
(see Figure 4 and Figure S2).
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The lowest energy band computed for SeDMN is further
shifted at longer wavelengths. In this case, both S; (741 nm)
and S, (611 nm) have n — 7z* character. Even in this case, the
S, state is not bright while S, is the lowest energy populated
state generating the intense band shown in Figure 4 (see also
Figure S2).

It appears clear that the change in nature from 7 — z* toan
— 7 is crucial to reach more clinically useful regions of the
spectrum and the selenium-for-oxygen substitution can be
proposed as a promising strategy. For SeDMN also, the S3
state can be populated under irradiation (588 nm) and the
involved 7 — #* transition contributes to the broad band in
the red region of the spectra. (Figure S2)

Inspection of the triplet states in the FC region, allows to
identify three and four triplet states lying below S, in SDMN
and S; in SeDMN, respectively, so that the populated states
could relax through at least four or six electronic states in the
thio- and seleno-derivatives (Figure S and Table S2).
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Figure S. Singlet and triplet energies in the FC region and the
proposed deactivation mechanism for DMN, SDMN, and SeDMN in
DMSO.

Computed SOC values show strongly coupled states likely to
give rise to efficient ISC to the triplet manifold, for SDMN and
for SeDMN especially. Compared with DMN, for which a very
low value has been obtained for the only accessible S;-T,
deactivation channel (0.5 cm™), an enhancement of several
orders of magnitude is obtained through a single atom
replacement (127.6 and 833.3 cm™, for SDMN and SeDMN
respectively). The significant increase observed in the $,—T,
coupling for SeDMN is in agreement with the El Sayed rules**
since the radiationless transition involves a change of orbital
type 'nz* — 3zt

For the thionated compound, even the S,—T, coupling is
characterized by high SOC values indicative of a possible role
in the hole deactivation channel. Also in this case, the
transition involves a change of orbital nature 'nz* — *zz*.
Nevertheless, the highest value is obtained between the almost
isoenergetic S, and T;, for which the large computed SOC
reveal a strong coupling in the FC region and is indicative of a
possible efficient ISC mechanism.

In the case of SeDMN, the highest SOC values (Table 1) are
obtained for the S;—T), channel, despite no observed change in
the nature of the orbitals, and for the S, (‘nz*)—T,(az*)
channel, also characterized by a small singlet—triplet splitting
AEg 1. The deactivation from S; can also play a role, either
through internal conversion toward S, or through direct
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Table 1. Computed SOC Value (cm™") and Singlet—Triplet
Energy Gaps AEg.1 (eV) between States Involved in
Possible Deactivation Channels

DMN SDMN SeDMN

SOC AE,; SOC AEg; SOC  AEs;
KW H W) 05 087 1276 047 8333 041
I(‘I’s‘lﬁs‘,l\l’rz)l 43 0.18 2371.2 0.15
QW | L9 ) 727 086 $727 078
(W |19 234 037 13593 0.2
1€ 250 5 Y 1460 002 25521 021
18 250 5 Y 14765 0.84
QW | FL ) 1294 058
QW HL ) 3341 027

deactivation to the triplet manifold, although with a smaller
probability.

On the basis of these results, it emerges that the insertion of
selenium produces a multitude of ISC pathways involved in the
triplet deactivation mechanisms, even more pronounced than
upon thionation, due to the possibility to efficiently populate
two singlet states with different nature and close in energy,
contributing to enhance the singlet oxygen quantum yields.

Indeed, while for DMN just one S;—T,; channel can be
proposed, for SDMN both S; and S, can play roles in the
deactivation channels toward T, and more than one triplet
states can be involved in pathways from S}, S,, and even S; for
SeDMN.

Taking into account the Kasha rules*’ and the possibility of
faster interconversion (IC) processes compared with the
intersystem crossings, the possible deactivation routes can be
summarized as

SDMN:
A IC  ISC A IsC _IC IC
S5o—=28 -8 —>TorS,—>S,—>TL->T,->T
A IC IC | ISC
SeDMN: §; —» §; - S, - §, — T,
A IC IC | 1SC IC
or§g > 8 —->85,->8§—>T,->T
A ISC  ISC IC

or§; > 8§, —§—T, > T

The available experimental O, quantum yields negligible for
DMN and almost equal to 1 for SMND”* agree well with our
findings and lead us to conclude that results concerning the
possible use of selenium are encouraging and deserve further
exploration.

B CONCLUSIONS

The effect of both sulfur- and selenium-for-oxygen replacement
in the skeleton of the oxo-4-dimethylamino-1,8-naphthalimide
molecule has been analyzed by means of a DFT study. The
thio- and seleno-derivatives allow one to reach longer
absorption wavelengths and significantly enhance the possi-
bility of ISC mechanisms toward the triplet manifold. Actually,
the single-atom-substitution offers the possibility to access a
multitude of ISC pathways involved in the triplet deactivation
mechanisms characterized by significant large SOC values
arising from the change of orbital type involved in the
radiationless 'nz* — 3z7* transitions. Moreover, the change in
nature from a 'zz* to a 'nz* observed in the SeDMN has
proved to be an effective strategy to reach more clinically
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useful regions of the spectrum and to pave the way to achieve
more suitable heavy-atom-free PDT agents.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Main geometrical parameters; computed main singlet
absorption wavelengths; plots of HOMO, HOMO-1,
HOMO-2, HOMO-3, LUMO, and LUMO+1 molec-
ular orbitals; occupied (NTO o) and virtual (NTO (v)
natural transition orbitals involved in the lowest singlet—
singlet transitions and of the lowest lying triplet states;
and xyz coordinates of the optimized structures, for the
investigated compounds DMN, SDMN and SeDMN
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Nino Russo — Dipartimento di Chimica e Tecnologie
Chimiche, Universita della Calabria, 87036 Rende, CS,
Italy; ©® orcid.org/0000-0003-3826-3386; Email: nrusso@
unical.it

Authors

Marta Erminia Alberto — Dipartimento di Chimica e
Tecnologie Chimiche, Universita della Calabria, 87036
Rende, CS, Italy; © orcid.org/0000-0001-9925-7233

Bruna Clara De Simone — Dipartimento di Chimica e
Tecnologie Chimiche, Universita della Calabria, 87036
Rende, CS, Italy

Tiziana Marino — Dipartimento di Chimica e Tecnologie
Chimiche, Universita della Calabria, 87036 Rende, CS, Italy

Marirosa Toscano — Dipartimento di Chimica e Tecnologie
Chimiche, Universita della Calabria, 87036 Rende, CS, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.2c03950

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The University of Calabria is acknowledged. M.E.A. thanks the
CINECA for the HPC resources under the ISCRA-C initiative
(PS-Dual).

B REFERENCES

(1) MacDonald, I. J; Dougherty, T. J. Basic Principles of
Photodynamic Therapy. J. Porphyr. Phthalocyan. 2001, 05, 105—129.

(2) Yano, S.; Hirohara, S.; Obata, M.; Hagiya, Y.; Ogura, S.; Ikeda,
1.; Kataoka, H.; Tanaka, M.; Joh, T. Current States and Future Views
in Photodynamic Therapy. J. Photochem. Photobiol. C 2011, 12, 46—
67.

(3) Agostinis, P.; Berg, K; Cengel, K. A; Foster, T. H.; Girotti, A.
W.,; Gollnick, S. O.; Hahn, S. M,; Hamblin, M. R.; Juze-niene, A,;
Kessel, D.; et al. Photodynamic Therapy of Cancer: An Update. CA
Cancer J. Clin. 2011, 61, 250—281.

(4) Dabrowski, J. M.; Pucelik, B.; Regiel-Futyra, A.; Brindell, M.;
Mazuryk, O.; Kyziol, A; Stochel, G.; Macyk, W.; Arnaut, L. G.

https://doi.org/10.1021/acs.jpca.2c03950
J. Phys. Chem. A 2022, 126, 5167—-5172


https://pubs.acs.org/doi/10.1021/acs.jpca.2c03950?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c03950/suppl_file/jp2c03950_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nino+Russo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3826-3386
mailto:nrusso@unical.it
mailto:nrusso@unical.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Erminia+Alberto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9925-7233
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruna+Clara+De+Simone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tiziana+Marino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marirosa+Toscano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c03950?ref=pdf
https://doi.org/10.1002/jpp.328
https://doi.org/10.1002/jpp.328
https://doi.org/10.1016/j.jphotochemrev.2011.06.001
https://doi.org/10.1016/j.jphotochemrev.2011.06.001
https://doi.org/10.3322/caac.20114
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c03950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Engineering of Relevant Photodynamic Processes Through Structural
Modifications of Metallotetrapyrrolic Photosensitizers. Coord. Chem.
Rev. 2016, 325, 67—101.

(5) Dabrowski, J. M.; Arnaut, L. G. Photodynamic Therapy (PDT)
of Cancer: From Local to Systemic Treatment. Photochem. Photobiol.
Sci. 2015, 14, 1765—1780.

(6) Ferreira dos Santos, A,; Queiroz de Almeida, D. R.; Ferreira
Terra, L.; Baptista, M. S.; Labriola, L. Photodynamic Therapy in
Cancer Treatment - an Update Review. J. Cancer Metastasis Treat
2019, $, 25.

(7) Castano, A. P.; Mroz, P; Hamblin, M. R. Photodynamic
Therapy and Anti-tumour Immunity. Nat. Rev. Cancer 2006, 6, S35—
54S.

(8) Romero, O. C.; Straub, A. P.; Kohn, T.; Nguyen, T. H. Role of
Temperature and Suwannee River Natural Organic Matter on
Inactivation Kinetics of Rotavirus and Bacteriophage MS2 by Solar
Irradiation. Environ. Sci. Technol. 2011, 45, 10385—10393.

(9) DeRosa, M. C.; Crutchley, R. J. Photosensitized Singlet Oxygen
and Its Applications. Coord. Chem. Rev. 2002, 233—234, 351—371.

(10) Stajer, A.; Kajari, S.; Gajdacs, M.; Musah-Eroje, A.; Barith, Z.
Utility of Photodynamic Therapy in Dentistry: Current Concepts.
Dent. J. 2020, 8, 43—50.

(11) Dong, Y.; Cao, W.; Cao, J. Treatment of Rheumatoid Arthritis
by Phototherapy: Advances and Perspectives. Nanoscale 2021, 13,
14591—-14608.

(12) Kossodo, S.; LaMuraglia, G. M. Clinical Potential of
Photodynamic therapy in cardiovascular disorders. Am. J. Cardiovasc
Drugs 2001, 1, 15-21.

(13) Monfrecola, G.; Megna, M.; Rovati, C.; Arisi, M.; Rossi, M.;
Calzavara-Pinton, I.; Fabbrocini, G.; Calzavara-Pinton, P. A Critical
Reappraisal of Off-Label Use of Photodynamic Therapy for the
Treatment of Non-Neoplastic Skin Conditions. Dermatology 2021,
237, 262-276.

(14) Algorri, J. F.; Ochoa, M.; Roldén-Varona, P.; Rodriguez-Cobo,
L.; Lopez-Higuera, ]J. M. Photodynamic Therapy: A Compendium of
Latest Reviews. Cancers 2021, 13, 4447—4457.

(15) Alberto, M.; Adamo, C. Synergistic Effects in Pt(II)-
Porphyrinoid Dyes as Candidates for a Dual Anticancer Approach:
a Theoretical Exploration. Chem. Eur. J. 2017, 23, 15124—15132.

(16) Al-Afyouni, M. H.; Rohrabaugh, T. N, Jr.; Al-Afyouni, K. F;
Turro, C. New Ru(II) Photocages Operative with Near-IR Light:
New Platform for Drug Delivery in the PDT Window. Chem. Sci.
2018, 9, 6711—6720.

(17) Gourdon, L.; Cariou, K.; Gasser, G. Phototherapeutic Strategies
with First-Row Transition Metal Complexes: a Critical Review. Chem.
Soc. Rev.,, 2022, 51, 1167—119S.

(18) Paprocka, R.; Wiese-Szadkowska, M.; Janciauskiene, S.;
Kosmalski, T.; Kulik, M.; Helmin-Basa, A. Latest Developments in
Metal Complexes as Anticancer Agents. Coord. Chem. Rev. 2022, 452,
214307.

(19) Alberto, M. E; Russo, N.; Adamo, C. Synergistic Effects of
Metals in a Promising Rull-PtII Assembly for a Combined
Anticancer Approach: Theoretical Exploration of the Photophysical
Properties. Chem. Eur. J. 2016, 22, 9162—9168.

(20) Ponte, F.; Alberto, M. E.; De Simone, B. C.; Russo, N.; Sicilia,
E. Photophysical Exploration of Dual-approach Pt"-BODIPY
Conjugates: Theoretical Insights. Inorg. Chem. 2019, 58, 9882—9889.

(21) Alberto, M. E.; Pirillo, J.; Russo, N.; Adamo, C. A Theoretical
Exploration of Typel/Typell Dual Photoreactivity of new Promising
Ru(II)-dyads for PDT Approach. Inorg. Chem. 2016, S5, 11185—
11192.

(22) Roque, J. A, III; Barrett, P. C.; Cole, H. D.; Lifshits, L. M,;
Bradner, E.; Shi, G.; von Dohlen, D.; Kim, S.; Russo, N.; Deep.; et al.
Os(II) Oligothienyl Complexes as a Hypoxia-Active Photosensitizer
Class for Photodynamic Therapy. Inorg. Chem. 2020, 59, 16341—
16360.

(23) Roque, J. A, III; Barrett, P. C.; Cole, H. D.; Lifshits, L. M.; Shi,
G.; Monro, S.; von Dohlen, D.; Kim, S.; Russo, N.; Deep, G.; et al.
Breaking the Barrier: An Osmium Photosensitizer with Unprece-

5171

dented Hypoxic Phototoxicity for Real World Photodynamic
Therapy. Chem. Sci. 2020, 11, 9784—9806.

(24) Roque, J. A, III; Cole, H. D.; Barrett, P. C.; Hodges, R;
Francés Monerris, A.; Alberto, M. E.; Cameron, C. G.; McFarland, S.
A,; et al. Intraligand Excited States Turn a Ruthenium Oligothiophene
Complex into a Light-Triggered Ubertoxin with Anticancer Effects in
Extreme Hypoxia. J. Am. Chem. Soc. 2022, 144, 8317—8336.

(25) Marian, C. M. Spin-orbit Coupling and Intersystem Crossing in
Molecules. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 187—
203.

(26) Banfi, S.; Caruso, E.; Caprioli, S.; Mazzagatti, L.; Canti, G;
Ravizza, R; Gariboldi, M.; Monti, E. Photodynamic Effects of
Porphyrin and Chlorin Photosensitizers in Human Colon Adeno-
carcinoma Cells. Bioorg. Med. Chem. 2004, 12, 4853—4860.

(27) Alberto, M. E.; Marino, T.; Quartarolo, A. D.; Russo, N.
Photophysical Origin of the Reduced Photodynamic Therapy Activity
of Temocene Compared to Foscans: Insights from Theory. Phys.
Chem. Chem. Phys. 2013, 15, 16167—16171.

(28) De Simone, B. C.; Alberto, M. E.; Russo, N.; Toscano, M.
Photophysical Properties of Heavy Atom Containing Tetrasulfonyl
Phthalocyanines as Possible Photosensitizers in Photodynamic
Therapy. J. Comput. Chem. 2021, 42, 1803—1808.

(29) Alberto, M. E.; De Simone, B. C.; Liuzzi, S.; Marino, T.; Russo,
N.; Toscano, M. Iodine Substituted Phosphorus Corrole Complexes
as Possible Photosensitizers in Photodynamic Therapy: Insights from
Theory. J. Comput. Chem. 2020, 41, 1395—1401.

(30) Zhy, Y.-H; Tang, X.-F.; Chang, X.-P.; Zhang, T.-S.; Xie, B.-B;
Cui, G. Mechanistic Photophysics of Tellurium-Substituted Uracils:
Insights from Multistate Complete-Active-Space Second-Order
Perturbation Calculations. J. Phys. Chem. A 2021, 125, 8816—8826.

(31) Sasaki, Y.; Yanai, N.; Kimizuka, N. Osmium Complex—
Chromophore Conjugates with Both Singlet-to-Triplet Absorption
and Long Triplet Lifetime through Tuning of the Heavy-Atom Effect.
Inorg. Chem. 2022, 61, 5982—5990.

(32) Tang, J.; Wang, L.; Loredo, A.; Cole, C.; Xiao, H. Single-atom
Replacement as a General Approach Towards Visible-light/near-
infrared Heavy-atom Free Photosensitizers for Photodynamic
Therapy. Chem. Sci. 2020, 11, 6701—6708.

(33) Ortiz-Rodriguez, L. A;; Hoehn, S. J.; Loredo, A; Wang, L,;
Xiao, H.; Crespo-Hernandez, C. E. Electronic Relaxation Pathways in
Heavy-Atom-Free Photosensitizers Absorbing Near-Infrared Radia-
tion and Exhibiting High Yields of Singlet Oxygen Generation. J. Am.
Chem. Soc. 2021, 143, 2676—2681.

(34) Ortiz-Rodriguez, L. A.; Crespo-Hernandez, C. E. Thionated
Organic Compounds as Emerging Heavy-atom-free Photodynamic
Therapy Agents. Chem. Sci. 2020, 11, 11113—11123.

(35) Becke, A. D. Density-functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648—5658.

(36) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti Correlation-energy Formula Into a Functional of the Electron
Density. Phys. Rev. B 1988, 37, 785—798.

(37) Grimme, S.; Antony, J.; Ehtlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parameterization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104—154122.

(38) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical
Continuum Solvation Models. Chem. Rev. 2005, 10S, 2999—3093.

(39) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A; Nakatsuji, H; et al. Gaussian 16, Rev. C.01; Gaussian, Inc.:
Wallingford, CT, 2016.

(40) Ruud, K.; Schimmelpfennig, B.; Agren, H. Internal and External
Heavy-atom Effects on Phosphorescence Radiative Lifetimes
Calculated Using a Mean-field Spin—orbit Hamiltonian. Chem. Phys.
Lett. 1999, 310, 215—-221.

(41) Dalton, a Molecular Electronic Structure Program, Release 2011-
07-20 (2011); http://daltonprogram.org.

(42) Alberto, M. E.; Marino, T.; Russo, N.; Sicilia, E.; Toscano, M.
The Performance of Density Functional Based Methods in the

https://doi.org/10.1021/acs.jpca.2c03950
J. Phys. Chem. A 2022, 126, 5167—-5172


https://doi.org/10.1016/j.ccr.2016.06.007
https://doi.org/10.1016/j.ccr.2016.06.007
https://doi.org/10.1039/C5PP00132C
https://doi.org/10.1039/C5PP00132C
https://doi.org/10.20517/2394-4722.2018.83
https://doi.org/10.20517/2394-4722.2018.83
https://doi.org/10.1038/nrc1894
https://doi.org/10.1038/nrc1894
https://doi.org/10.1021/es202067f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202067f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202067f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202067f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0010-8545(02)00034-6
https://doi.org/10.1016/S0010-8545(02)00034-6
https://doi.org/10.3390/dj8020043
https://doi.org/10.1039/D1NR03623H
https://doi.org/10.1039/D1NR03623H
https://doi.org/10.2165/00129784-200101010-00002
https://doi.org/10.2165/00129784-200101010-00002
https://doi.org/10.1159/000507926
https://doi.org/10.1159/000507926
https://doi.org/10.1159/000507926
https://doi.org/10.3390/cancers13174447
https://doi.org/10.3390/cancers13174447
https://doi.org/10.1002/chem.201702876
https://doi.org/10.1002/chem.201702876
https://doi.org/10.1002/chem.201702876
https://doi.org/10.1039/C8SC02094A
https://doi.org/10.1039/C8SC02094A
https://doi.org/10.1039/D1CS00609F
https://doi.org/10.1039/D1CS00609F
https://doi.org/10.1016/j.ccr.2021.214307
https://doi.org/10.1016/j.ccr.2021.214307
https://doi.org/10.1002/chem.201601089
https://doi.org/10.1002/chem.201601089
https://doi.org/10.1002/chem.201601089
https://doi.org/10.1002/chem.201601089
https://doi.org/10.1021/acs.inorgchem.9b01002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b01002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC03008B
https://doi.org/10.1039/D0SC03008B
https://doi.org/10.1039/D0SC03008B
https://doi.org/10.1021/jacs.2c02475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.83
https://doi.org/10.1002/wcms.83
https://doi.org/10.1016/j.bmc.2004.07.011
https://doi.org/10.1016/j.bmc.2004.07.011
https://doi.org/10.1016/j.bmc.2004.07.011
https://doi.org/10.1039/c3cp52698d
https://doi.org/10.1039/c3cp52698d
https://doi.org/10.1002/jcc.26714
https://doi.org/10.1002/jcc.26714
https://doi.org/10.1002/jcc.26714
https://doi.org/10.1002/jcc.26183
https://doi.org/10.1002/jcc.26183
https://doi.org/10.1002/jcc.26183
https://doi.org/10.1021/acs.jpca.1c06169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c06169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c06169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC02286A
https://doi.org/10.1039/D0SC02286A
https://doi.org/10.1039/D0SC02286A
https://doi.org/10.1039/D0SC02286A
https://doi.org/10.1021/jacs.0c13203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c13203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c13203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC04747C
https://doi.org/10.1039/D0SC04747C
https://doi.org/10.1039/D0SC04747C
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0009-2614(99)00712-5
https://doi.org/10.1016/S0009-2614(99)00712-5
https://doi.org/10.1016/S0009-2614(99)00712-5
http://daltonprogram.org
https://doi.org/10.1039/c2cp41836c
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c03950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA

Description of Selected Biological Systems and Processes. Phys. Chem.
Chem. Phys. 2012, 14, 14943—14953.

(43) Ji, S; Ge, J.; Escudero, D.; Wang, Z.; Zhao, J.; Jacquemin, D.
Molecular Structure—Intersystem Crossing Relationship of Heavy-
Atom-Free BODIPY Triplet Photosensitizers. J. Org. Chem. 2015, 80
(11), 5958—-5963.

(44) El-Sayed, M. A. Triplet State. Its Radiative and Nonradiative
Properties. Acc. Chem. Res. 1968, 1, 8—16.

(45) Kasha, M. Characterization of Electronic Transitions in
Complex Molecules. Discuss. Faraday Soc. 1950, 9, 14—19.

5172 https://doi.org/10.1021/acs.jpca.2c03950
J. Phys. Chem. A 2022, 126, 5167—-5172


https://doi.org/10.1039/c2cp41836c
https://doi.org/10.1021/acs.joc.5b00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50001a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50001a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/df9500900014
https://doi.org/10.1039/df9500900014
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c03950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

