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Abstract: Thiophene-containing photosensitizers are gaining recognition for their role in photo-
dynamic therapy (PDT). However, the inherent reactivity of the thiophene moiety toward singlet
oxygen threatens the stability and efficiency of these photosensitizers. This study presents a novel
mathematical model capable of predicting the reactivity of thiophene toward singlet oxygen in PDT,
using Conceptual Density Functional Theory (CDFT) and genetic programming. The research com-
bines advanced computational methods, including various DFT techniques and symbolic regression,
and is validated with experimental data. The findings underscore the capacity of the model to
classify photosensitizers based on their photodynamic efficiency and safety, particularly noting that
photosensitizers with a constant rate 1000 times lower than that of unmodified thiophene retain
their photodynamic performance without substantial singlet oxygen quenching. Additionally, the
research offers insights into the impact of electronic effects on thiophene reactivity. Finally, this study
significantly advances thiophene-based photosensitizer design, paving the way for therapeutic agents
that achieve a desirable balance between efficiency and safety in PDT.

Keywords: safe PDT; efficient PDT; thiophene-containing photosensitizer; singlet oxygen; conceptual
DFT

1. Introduction

Photodynamic therapy (PDT) is an emergent and actively researched therapeutic
method [1-3]. Its sophisticated mechanism combines light, photosensitizers, and oxygen
to produce cytotoxic reactive oxygen species (ROS) [4-7], such as singlet oxygen (1O;) [8].
The success of PDT hinges on the dual mechanisms of ROS generation—Type I and Type
II processes. Type I involves electron transfer leading to radical species formation, while
Type Il predominantly generates singlet oxygen through energy transfer [4,5]. These processes
are crucial for therapeutic efficacy, depending on both the abundant generation of these
reactive species and the resilience of photosensitizers against ROS-induced oxidation [9-12].
Concurrently, the judicious selection of photosensitizers capable of self-degrading after
treatment through oxidation by the produced ROS addresses crucial safety concerns. This
self-degradation minimizes the risks of prolonged photosensitivity, underscoring the impor-
tance of meticulously adjusting the oxidative reactivity of photosensitizers. Such fine-tuning
is essential for achieving an optimal equilibrium between the therapeutic effectiveness
and safety of PDT, thereby enhancing its application as a minimally invasive and targeted
cancer treatment strategy [13-19].

Shifting focus to the structural aspect, thiophene and its derivatives have emerged as
strong candidates. They have gained significant attention as potential building blocks in
the design of photosensitizers, primarily due to their electron-donating ability [20], their
enhanced 7-conjugation [21-29], and their unique photophysical and photochemical prop-
erties [30-33]. In the field of theranostic applications, these derivatives are particularly vital,
encompassing the latest advancements in photosensitizers based on aggregation-induced
emission luminogens (AlEgens) [14,34—42]. Photosensitizers containing thiophene are
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notable for their significant red-shifts in absorption and emission wavelengths [38—40,43],
which is advantageous for deeper tissue penetration in therapeutic applications. Their
enhanced intersystem crossing ability [44,45] ensures a higher yield of triplet-state pho-
tosensitizers, which is key for ROS generation [39,46]. Moreover, the incorporation of
thiophene moieties in photosensitizers has enabled targeted action on specific cellular
components, thereby enhancing the specificity of PDT [47,48].

In the context of the type Il mechanism, an ideal photosensitizer would generate 1O,
while also being resistant to oxidative degradation. High stability in a photosensitizer
can yield remarkable treatment efficiency, as it stays predominantly focused on its photo-
dynamic role [49]. In opposition, the advantage of self-degradable photosensitizers lies
in their post-treatment safety, as their oxidative breakdown facilitates removal from the
body [13]. Furthermore, in scenarios where the photosensitizer accumulates significantly
more in the tumor than in healthy tissue, photodegradation can aid in minimizing col-
lateral damage during treatment [50,51]. Therefore, finding the right balance between
stability and self-degradability is essential for optimizing both the efficiency and safety of
the treatment. The inherent reactivity of thiophene toward singlet oxygen ('O5) can lead to
the self-degradation of thiophene-based photosensitizers [52]. In this regard, a moderate
reactivity toward 'O, could be a critical attribute for achieving an optimal balance between
safety and photodynamic efficiency.

Historically, research on thiophenes has been predominantly focused on petrochemical
derivatization processes, particularly in the context of asphaltenes [53,54]. Their potential
in the medical field, especially in PDT, has been largely overlooked [55-57]. This lack
of recognition might account for the limited exploration of the reactivity of thiophene-
containing compounds in the presence of singlet oxygen. To address this underexplored
aspect, the application of Density Functional Theory (DFT) [58] within a theoretical frame-
work emerges as a promising approach. This methodology could offer deeper insights into
both the reactivity and practical applications of these compounds in PDT.

Building on this understanding, we aim to further advance the field by developing
a mathematical model that forecasts the reactivity landscape of thiophene and its deriva-
tives against !0,. Using genetic programming [59,60], transition state theory [61,62], and
the conceptual foundations of DFT [63-68], our approach seeks to provide a comprehen-
sive framework for our model. This framework is meant to not only clarify the stability
of thiophene-based photosensitizers but also to pave the way for their rational design,
ensuring an optimal balance between efficiency and safety in PDT.

2. Results and Discussion
2.1. Mechanism and Theory Level

The oxidation reaction mechanism of thiophenes by singlet oxygen was theoretically
investigated by Song et al. [69]. They reported the concerted [2 + 4] cycloaddition as the
most favorable pathway, leading to the observed final product through the formation of
an endoperoxide intermediate (see Scheme 1) [52,70]. The exploration of the reactivity of
thiophenes in this study was structured based on this mechanism.
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Scheme 1. Illustration of the rate-determining step for singlet-oxygen oxidation of thiophene. The
double dagger symbol (}) denotes the transition state of reaction.

Table 1 reveals wB97X-D3/def2-TZVP to be the level of theory that most accurately
replicates the behavior of the eight relative rate constants as experimentally reported by
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van Tilborg [52]. This is further evidenced by the robust Pearson correlation coefficient
squared (r2) of 98% associated with the wB97X-D3/def2-TZVP level of theory, emphasizing
its reliability and precision in modeling the reactivity changes in thiophenes. The functional
wB97X-D3 was selected for its established efficacy in predicting reaction barrier heights
and thermodynamic properties [67].

Table 1. DFT levels of theory and their corresponding Pearson Correlation Coefficient Squared (r?) for
the relationship between experimental # and theoretical rate constants in the oxidation of thiophenes

by singlet oxygen.
Level of Theory 2
B97-3C 0.8184
B3LYP-D3BJ/def2-TZVP 0.9437
M06-2X/def2-TZVP 0.5021
M06-2X-D3(0)/ def2-TZVP 0.7573
wB97X-D3/TZVP 0.9420
wB97X-D3/def2-TZVP 0.9838
wB97X-D3/ma-def2-TZVP 0.9109

2 Adapted with permission from Ref. [52]. Copyright © 2024, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
Germany.

Assessing the kinetics of these reactions in experimental settings presents significant
limitations. In every instance, kinetic characterizations were systematically executed within
the framework of transition state theory. The identification of each transition state was
achieved by discerning the unique imaginary frequency, accompanied by a thorough
Intrinsic Reaction Coordinate (IRC) analysis, as exemplified and illustrated in Figure 1.
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Figure 1. Intrinsic reaction coordinate (IRC) for the initial step of the thiophene oxidation reaction with
singlet oxygen calculated using the wB97X-D3/def2-TZVP level of theory. Depiction of thiophene
and molecular oxygen in the Licorice model, represented with IUPAC color standards: sulfur (yellow),
carbon (gray), and hydrogen (white) illustrate the structure of thiophene, while molecular oxygen is
shown as connected red spheres.
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2.2. The Role of Mulliken Electronegativity

To evaluate the influence of structural modifications on the reactivity of the thiophene
scaffold in the presence of singlet oxygen, a comprehensive array of 90 derivatives was
considered, encapsulating electronic effects such as inductive effect, resonance, and hyper-
conjugation, along with effects attributable to the structural ring expansion of the thiophene
core. This approach enabled the analysis of thiophene reactivity in response to structural
modifications. Derivatives are detailed in Scheme 2.
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Scheme 2. Structural modifications of thiophene designed to assess the influence of substituents and
of the expansion of the thiophene scaffold on singlet oxygen oxidation kinetics.

The findings indicate that thiophene derivatives with substitutions at the alpha car-
bons to sulfur exhibit significant variations in rate constants compared to the unmodified
thiophene. These variations in reactivity are markedly influenced by the nature of the
substituents: electron-withdrawing groups are associated with lower reactivity, whereas
electron-donating substituents lead to higher reactivity, as illustrated in Scheme 3.



Int. J. Mol. Sci. 2024, 25, 2528 5 0f 18
Low Reactivity High Reactivity
N Neoo
Dt T SR 5 ¥
\ ! L (H;0), g~ "N(CH3), H,N" g~ ~NH,
N N !
> s i N(CHy), NH,
S :
T e o | oD L
N=  clocNgo~cocl | ELONT g H,N " Ng
— _/ + :
N—I?\F , OCH,
B (et | o LS
! A, B e
S .
— F,C7 g7 CEs P H,COT N (H;O),N" g
Oy U0 w0l an DD
0,N" g~ ~NO, — =/ HO™ ~g~ ~OH HNT™g
S |

Scheme 3. Least reactive and most reactive thiophene structures from the studied set.

To quantify the substituent effect, CDFT quantities were calculated, revealing that Mul-
liken electronegativity, xam, correlates significantly with reactivity changes in the evaluated
thiophenes.

As illustrated in Figure 2A, the logarithm of Mulliken Electronegativity (log (xm))
exhibited a correlation coefficient (R?) of 0.759 with respect to the logarithms of rate
constant ratios (log (k/kg)) computed for all 90 compounds. This correlation was notably
enhanced (R? = 0.913) upon the exclusion of the outlier: compound 89 (dibenzothiophene).
The integrity of the calculations and the structural configuration for compound 89 were
scrutinized without identifying any anomalies. Therefore, this deviation may arise from
variations in 7-conjugation configurations across the central ring, which arise when fused
with six-membered rings as opposed to five-membered ones. Mulliken electronegativity
cannot adequately describe the aforementioned structure, and the homogeneity of the data
set is lost. To accurately include compound 89, a more nuanced model must be considered.
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Figure 2. Plot of calculated logarithms of rate constant ratios (log (k/kg))s for singlet-oxygen
oxidation of thiophenes versus logarithm of Mulliken electronegativity (log (xa1)). The log (k/ky)
values are calculated in a vacuum using transition state theory and the wB97X-D3/def2-TZVP level
of theory. The log (xr) values were obtained from conceptual DFT calculations carried out on
the reactants. (A) Data for all 90 compounds analyzed. (B) Data after excluding compound 89,
highlighting the trend without the influence of the outlier.
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Given that x s can demonstrate unusual reactivity patterns in thiophenes, it should
be considered a rough indicator that highlights the effect of substituents on the overall
reactivity trends in thiophenes. Higher electronegativity within thiophene-containing
compounds correlates with decreased reactivity toward oxidation by singlet oxygen. These
findings are in complete alignment with those reported by van Tilborg [71], who concluded
that electron-withdrawing groups reduce thiophene reactivity in the presence of singlet
oxygen. This underscores the quantitative significance of electron-withdrawing phenomena
through Mulliken electronegativity, a concept that has been endorsed by Taft [71] and has
recently been deemed essential in developing a predictive model for pK, values [72].

In the context of PDT, we infer thiophene-containing photosensitizers with lower x
will exhibit greater resilience against oxidation by singlet oxygen. Conversely, thiophene-
containing photosensitizers with higher xs could likely be categorized within the safer
spectrum of PDT agents.

2.3. Reactivity Prediction Model

Determining the oxidation rate constants of thiophene-containing photosensitizers
through the elucidation of transition states, and their corresponding thermodynamic prop-
erties, demands extensive computational resources that often exceed the realms of feasibility
for many researchers.

Consequently, the application of transition state theory for predicting the reactiv-
ity of emergent photosensitizing agents may not be a feasible strategy for practitioners
outside the specialized domain. An aspirational yet more accessible alternative would
involve deducing the reactivity directly from the intrinsic molecular architecture of the
photosensitizer, thereby avoiding the need for extensive analysis of the transition state and
thermodynamic properties.

To address this challenge, we have integrated the principles of conceptual DFT with
the robust methodology of genetic programming to facilitate symbolic regression analyses.
This synergistic application has culminated in the derivation of a mathematical model
capable of simulating the reactivity trends obtained through transition state theory. The
outcomes of this methodological innovation are captured in Equation (1).

L == J—
log (kH>idea1 8.61 (g2 + q5) — 76.00 F + 53.25 o
with F = log{ xp [S+a(s3 +s3)] +B/(s3 +53)}

Herein, k and kp are the rate constants for the modified and unmodified thiophen
determined using the wB97X-D3/def2-TZVP level of theory, in gas phase. g, and g5
represent the Hirshfeld charges (in electron unit) on carbon atoms 2 and 5 within the
thiophene moieties, respectively. Analogously, s, and si describe the condensed local
softness (in eV ~!-electron unit) for nucleophilic attacks (singlet oxygen) targeting carbon
atoms 2 and 5. The parameters S and x, refer to the global chemical softness (in eV ™!
unit) and Mulliken electronegativity (in eV unit) of the compound, in that order. The Greek
letters « and B are constants that fine-tune the fit and ensure an appropriate unit conversion,
with a defined as 30.75 (eV?-electron) ! and B equating to 0.03822 eV ~!-electron. Finally,
the numerical data associated with Equation (1) can be found in Table S1.

In contrast to the correlation depicted in Figure 2A, Equation (1) incorporates three ad-
ditional descriptors into the reactivity estimation: the Hirshfeld charge (1), global softness
(5), and condensed softness (52+ and s;). The incorporation of these indices into the model
markedly improves the predictive power regarding the kinetic behavior of the thiophens.
This improvement is evidenced by the increase in the coefficient of determination from
R? = 0.759 to R? = 0.949 when comparing results in Figure 2A with those in Figure 3. This
enables the estimation of the reactivity of thiophene-containing photosensitizers through
Equation (1), based solely on the reactant structure, thereby circumventing the necessity
for TS characterization. The precision of this model is highlighted by a standard deviation
(SD) of 1.096 which, when presented on a logarithmic scale, denotes an order of magnitude
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in the context of relative rate constants. This degree of precision indicates the capacity
of the model to discern between the reactivities of two photosensitizers, even when their
estimated reactivity differs by two orders of magnitude.

15| 4 Training | Safe PDT
] Linear Fit :
R2=0.948
10 -
| sp=1.106 “ A
= 59
=R
=
= 07
=
@)
S -5-
_10 -
~159%Efficient PDT
1 v I ! ] N 1 i | N 1 ' 1
45  -10 -5 0 5 10 15

Log (k/ky)1s

Figure 3. Plot of log (k/kr)Ts vs. log (k/kf)ideal for singlet-oxygen oxidation of thiophenes. The log
(k/kpp)Ts values are based on transition state theory, computed in a vacuum using the wB97X-D3/def2-
TZVP level of theory and Equation (1). The log (k/kp)iqeal Values are derived from conceptual DFT
applying Equation (2) solely to the reactant. Triangle markers represent training data points, and the
red line indicates the linear fit.

While there is significant variability in discriminating thiophenes with similar reactivi-
ties, precision in this regard is not necessary in PDT. In PDT, the primary goal is to evaluate
the reactivity of photosensitizers, categorizing them as either safe or efficient therapeutic
agents based on their resistance to singlet oxygen oxidation. In this sense, Equation (1)
represents a significant advancement in modeling the reactivity of thiophene-containing
photosensitizers, offering a streamlined and computationally inexpensive alternative to
conventional approaches.

2.4. Conceptual Interpretation of the Model

A closer examination of Equation (1) reveals that it incorporates the cumulative charges
(g2 + g5) of the alpha carbon atoms to sulfur, along with an F term associated with Mulliken
electronegativity, local softness, and global softness. A positive coefficient of 8.61 for
(g2 + g5) suggests that generating positive charges on carbon atoms 2 and 5 accelerates the
oxidation reaction, which is reasonable. However, this correlation is not the predominant
driving force in thiophene reactivity. The inclusion of these charges in the model improves
the fit only by 2.1%, in stark contrast to the overarching influence of the F term, which
contributes 97.9% to the R? value. This finding corroborates the non-ionic character often
associated with pericyclic reactions.
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The F term introduces an interesting interplay among descriptors, with a non-linear
expression with respect to “s, +s; ” in the logarithmic operation. This expression, when
contrasted with the expression in Figure 2, represents a nuanced variation of x .

As with log (x ), illustrated in Figure 2, the F term in Equation (1) exhibits a nega-
tive correlation with the rate constant of thiophenes, indicated by its negative coefficient
(—76.00). This implies that a higher F value corresponds to a decreased reactivity of thio-
phenes. In this context, all factors included in the logarithmic expression of F serve to reduce
the reactivity as they increase, given their positive coefficients (« = 30.75 and = 0.03822).
Keeping this in mind, the term 3/ (s5 + s ) becomes larger as (s, + s+ ) decreases, indicat-
ing that reactivity diminishes when (s; + s2 ) increases. This is reasonable since lower local
condensed softness in the alpha atoms to sulfur correlates with reduced reactivity toward
singlet oxygen attack. On the other hand, the expression x,; [S+ a(s3 + 54 )] consists
of two components with opposing responses to reactivity: an increase in x s leads to a
decrease in reactivity, whereas an increase in [S + «(s; + s4 )| enhances it. This suggests
that [S+ a(s) +s4 )] balances out the impact of electronegativity alterations resulting
from substituent modifications. Concurrently, x s mitigates the reactivity linked with the
softness parameter, particularly in the context of singlet oxygen attack.

2.5. Fitting the Model to the Experimental Data

The model described in Equation (1) presents an idealized depiction of the kinetic
behavior of 90 thiophenes when exposed to singlet oxygen in a vacuum, without solvent
effect. This model is grounded in a theoretical framework conducted at an appropriate level
of theory. Consequently, it offers a conceptual and idealized perspective on the reactivity of
thiophenes toward oxidation by singlet oxygen.

log (kk) = 0.52510g (kk) + 8.646 2)
2T / Methanol H / ideal

In the context of this idealized framework, as delineated in Equation (1), it becomes
feasible to approximate the experimental findings reported in the literature through sim-
ple adjustments. Table 2 displays the juxtaposition of both experimentally derived and
theoretically estimated relative rate constants for a set of eight thiophenes, relative to
2-tert-butylthiophene (2T), using a logarithmic function (log(k/ ka7 )Methanol)- It is important
to note that the empirical rate constants, determined in methanol by van Tilborg [52], do
not include the unmodified thiophene. This omission renders the conversion of k/kjt into
k/kp infeasible. Nonetheless, the experimentally observed rate constants relative to 2T
were successfully predicted by employing Equation (2) (adjusted ideal model), demon-
strating a significant correlation of 92.5%, as illustrated in Figure 4. The numerical data
associated with Equation (2) can be found in Table S2.

Table 2. Logarithm of the Experimental and Theoretical Relative Rate Constants.

D Log (k/k>1)Methanot ™ Log (k/kar)Methanol™
Experimental Theoretical
2 0.08 0.21
3 0.00 0.40
8 —0.70 -0.73
21 —0.30 —0.59
40 1.81 1.43
42 1.67 1.63
54 —0.05 —0.04
59 0.90 1.11

2 kot represents the oxidation rate constant of 2-tert-butylthiophene, and the subscript ‘Methanol” denotes the
methanolic phase. ® Reprinted with permission from Ref. [52]. Copyright © 2024, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim, Germany. ¢ Calculated according to Equation (2), with 3 in log (k/km)ideal (referenced in
Equation (1)) equal to 0.11686.
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Figure 4. Plot of experimental log (k/k2T)Methanol VS- theoretical log (k/kaT)Methanol fOr singlet-oxygen
oxidation of thiophenes in methanol. The theoretical log (k/kaT)Methanol i calculated according to
Equation (3), with B in log (k/k)igeal (referenced in Equation (1)) equal to 0.11686. The diamond
markers indicate the specific points of convergence between the experimental and theoretical values.

This implies that the development of a conceptual model (Equation (1)) based on
transition state theory, combined with quantum mechanical calculations, conceptual DFT,
and genetic programming, captures the kinetic behavior of thiophenes in the presence
of singlet oxygen. Furthermore, its proper adjustment has the potential to estimate their
reactivity under real conditions, as demonstrated with Equation (2).

2.6. Evaluating the Reactivity of Some Thiophene-Based Photosensitizers

Scheme 4 presents a range of compounds, 91-105, with distinct properties and applica-
tions in the field of PDT [14,20-22,24,27,28,39,43,45,46,48,73,74]. Compounds 91-97 show-
case Aggregation-Induced Emission (AIE) characteristics, a novel attribute enhancing
luminescence and photodynamic activity in aggregated states, making them suitable for
targeted applications [75]. Meanwhile, compounds 98 and 99 are part of the esteemed
porphyrinoid family, a group highly recognized for its pivotal role in PDT research. Com-
pounds 100-105, belonging to the bodipy family, provide an alternative to porphyrinic
compounds, broadening the scope of options in this field. A common feature among all
these compounds is the presence of at least one thiophene moiety in their structure.
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95 S0
Log (klk)ideal -4.06
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Scheme 4. Reactivity for some photosensitizers as predicted by Equation (1) (in blue) and Equation (2)
(in red). Log (k/kq)ideal Tepresents the reactivity excluding solvent effects, measured relative to the
rate constant of unmodified thiophene (kgy). Log (k/kaT)Methanol denotes the reactivity in a methanolic
environment, compared against the rate constant of 2-tert-butylthiophene (k,7). The photosensitizers
framed herein are derived from the literature [14,20-22,24,27,28,39,43,45,46,48,73,74].

The results indicate that, with the exception of compound 94, all photosensitizers
exhibit reactivity at least three orders of magnitude lower than unmodified thiophene,
rendering them 1000 times more stable. This discovery is crucial as it suggests that photo-
sensitizers based on thiophene with reactivities of log (k/kp)igear < —3 could demonstrate
effective photodynamic action, countering the potential mechanisms of singlet oxygen
oxidation. This is particularly exemplified by compound 103 which, with reactivities of
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log (k/kpp)ideal = —3-39, exhibits a singlet oxygen quantum yield (®,) of 58.1% and a triplet
quantum yield (®1) of 63.7% [45]. This indicates that for compound 103, processes such
as radiative and non-radiative deactivations of its triplet state, or chemical quenching by
singlet oxygen, are relatively insignificant. Similarly, the estimated reactivity in methanol
indicates that photodynamic action is maintained effectively when log (k/kaT)Methanol < —4-
Conversely, photosensitizers with log (k/kp)ideal > —3 0 log (k/kaT)Methanol > —4 could
be categorized within the safer spectrum of PDT agents, albeit at the expense of their
photosensitizing efficiency.

2.7. Script-Like Tool Description

To facilitate the application of our methodology, we have developed a script that
automates the calculation of reactivities using only the output or single points from the
N, N — 1, and N + 1 electron states of thiophene-containing compounds. The script is
available at the following link: https:/ /github.com/Jacksonalcazar/Thiophene-Reactivity-
toward-Singlet-Oxygen (accessed on 19 December 2023).

3. Materials and Methods
3.1. Choice of Theoretical Level

The theoretical level was selected based on the reproduction of experimental data
previously reported by van Tilborg [52]. The trialed methods included B3LYP-D3B]J/def2-
TZVP [76-79], M06-2X/def2-TZVP [79,80], M06-2X-D3(0)/def2-TZVP [79-81], wB97X-
D3/TZVP [82], wB97X-D3/def2-TZVP [79,82], and wB97X-D3/ma-def2-TZVP [82,83].
These levels of theories are highly recommended because of their robust performance
in predicting barrier heights and thermodynamic data across a broad spectrum of over
200 chemical reactions [67]. Additionally, the B97-3C method was examined given its
commendable balance between reliability and computational cost [84].

The process was initiated with the geometric optimization of the compounds 2,5-
dimethylthiophene, 2,5-di-tert-butylthiophene, 2,4-di-tert-butylthiophene, 2-methylthiophene,
2-tert-butylthiophene, 2,5-diphenylthiophene, 3-methylthiophene, and 2-bromothiophene,
along with their respective endoperoxide products, as depicted in Scheme 1. These op-
timizations were conducted in the presence of an implicit methanol solvent modeled
using the conductor-like polarizable continuum model with the COSMO epsilon function
(CPCMC) [85,86].

Transition state (TS) identification was accomplished utilizing the Nudged Elastic Band
with TS optimization method (NEB-TS) based on the optimized geometries of the reactants
and product [87]. Vibrational mode analysis and optimization convergence were ensured
for isolated reactants, products, and TSs. All reactants and products displayed exclusively
positive frequencies, whereas every TS exhibited a singular imaginary frequency. An
IRC analysis was employed to ensure the located TS connected the desired reactants and
products [88]. Upon careful verification of all outputs, the Gibbs free energy was extracted
and subsequently employed to compute the rate constant utilizing the Eyring’s Transition
State Theory equation (Equation (3)) [61,62]:

i
k= kaTTf% 3)

Herein, the rate constant (k) is dictated by the Boltzmann constant, kg, temperature,
T, Planck’s constant, h, the universal gas constant, R, the Gibbs free energy of activation,
AGH, and the transmission coefficient, v, which was uniformly considered as 1 across
all computations.

This methodology was systematically applied with each of the previously mentioned
DEFT levels of theory. The results were then compared with experimental data to evaluate
the performance employing the square of the Pearson correlation coefficient (r?).

All geometric optimizations and frequency calculations were performed using the ORCA
software package (Program Version 5.0.3) [89,90]. We employed the auxiliary basis set def2/]
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and utilized the RIJCOSX approximation to expedite hybrid DFT calculations [91,92]. To
ensure a high level of precision in the computed properties, the defgrid3 grid level was
chosen for our DFT calculations [90]. All computations adhered to the TightSCF conver-
gence protocol.

3.2. Kinetics of Singlet-Oxygen Oxidation of Thiophene Derivatives

A series of thiophene derivatives were designed to assess the influence of substituents
and of the structural expansion of the thiophene scaffold on the rate constant for oxidation
by singlet oxygen. The structural modifications are illustrated in Scheme 2. All electronic
effects, including those related to the expansion of the thiophene ring, were covered using
diverse substituents; this resulted in a total of 90 derivatives.

For each thiophene derivative, the determination of the TS was achieved using the
NEB-TS method in a vacuum to eliminate solvent effects [87]. The identified transition
states were further verified using IRC calculations. For our calculations, we employed the
wB97X-D3/def2-TZVP level of theory [79,82], in conjunction with the auxiliary basis set
def2/]. To speed up hybrid DFT calculations, we used the RIJCOSX approximation with the
TightSCF convergence protocol and the defgrid3 grid level [91,92], as implemented in the
ORCA program (Version 5.0.3) [89,90]. Notably, the wB97X-D3/def2-TZVP method /basis
set exhibited the highest Pearson correlation with experimental data (see Table 1).

The rate constant for each derivative was calculated using Equation (1) and then
normalized to the rate constant of the unmodified thiophene.

3.3. Development of a Reactivity Prediction Model Using Conceptual DFT

In the realm of quantum chemistry, understanding and predicting molecular reactivity is
paramount for numerous applications, ranging from drug design to material science [93-97].
Density Functional Theory offers a computationally efficient approach to addressing these
challenges. Specifically, Conceptual DFT (CDFT) [63,98], a subfield that focuses on link-
ing DFT quantities to chemical reactivity, has emerged as a powerful tool [99-103]. In
this methodology, we detail the development of a model for predicting the reactivity of
thiophene derivatives based on their structure and the conceptual DFT principles involved.

3.3.1. Conceptual DFT Quantities:

Central to any study involving CDFT is the requirement of information regarding
electronic energy (E) and electron density for states with N, N + 1, and N — 1 electrons.
Typically, N represents the number of electrons that a system possesses in its most stable
configuration. For all calculations, including those involving states with N + 1and N — 1
electrons, it is imperative to use the geometry optimized for the N electron.

Several global indices help understand and analyze the reactivity of molecules. Vertical
Ionization Potential (VIP) is the energy difference between states N and N — 1. Vertical
Electron Affinity (VEA) is the energy difference between states N and N + 1. Mulliken
Electronegativity (x1) is the arithmetic average of VIP and VEA [104,105]. Chemical
Potential is the negative of x 1 [105]. Hardness is the difference between VIP and VEA, and
can also be equated to the fundamental gap [106]. Softness is the reciprocal of hardness [107].
Electrophilicity Index [108] and Nucleophilicity Index [109] are parameters reflecting the
electrophilic and nucleophilic tendencies of molecules, respectively.

Expanding on the theme of molecular reactivity, real space functions come into play.
The Fukui function [110] and local softness [107,111] offer critical insights into the loci of
nucleophilic, electrophilic, and radical attacks. Similarly, atom indices encompass con-
densed Fukui functions [112,113] and local softness [112,113] metrics that provide insights
for various types of chemical attacks, such as nucleophilic, electrophilic, and radical.

3.3.2. Model Construction

To develop the model, all descriptors based on conceptual DFT were computed using
the ORCA software (version 5.0.3). The local descriptors related to atomic charge, such as
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condensed Fukui functions, were derived from the Hirshfeld charge [113] on the carbon
atoms of the thiophene scaffold directly involved in the singlet oxygen cycloaddition (at
the 2/ and 5'-carbon positions).

In this study, a total of 90 thiophene derivatives were evaluated. Electronic descriptors
for these compounds were calculated and then subjected to symbolic regression via the
genetic programming learning method, utilizing the Python library [59,60]. The dependent
variable in this analysis was the logarithm of the relative rate constant ratio, denoted
as log (k/kp)igea, Wwhere k and kjy represent the modified and unmodified thiophenes,
respectively.

To refine the genetic programming approach, several key parameters were adjusted.
The population size was set at 5000, and the generation count was established at 10,000.
The probabilities for crossover and subtree mutation were determined to be 0.7 and 0.1,
respectively. The maximum sample size was capped at 0.9, and the parsimony coefficient
was fixed at 0.01. The symbolic regression encompassed a comprehensive range of opera-
tions, including addition, subtraction, multiplication, division, square root, logarithm, and
inversion. Throughout the process, the determination coefficient (R?) served as the primary
metric for monitoring evolutionary progress.

4. Conclusions

This study presents a groundbreaking mathematical model that harnesses CDFT and
genetic programming to predict the reactivity of thiophene toward singlet oxygen in PDT.
Our research bridges advanced computational methods, including various DFT techniques
and symbolic regression, with experimental validation to deliver a robust tool for aiding
in the design of thiophene-based photosensitizing agents. The model demonstrates a
remarkable ability to classify thiophene-containing photosensitizers based on their pho-
todynamic efficiency and safety, revealing that photosensitizers incorporating thiophene
with significantly lower reactivity than unmodified thiophene retain their photodynamic
performance without substantial singlet oxygen quenching.

Key insights into the impact of electronic effects on thiophene reactivity offer a deeper
understanding of the molecular underpinnings of photosensitizer design. By achieving
a delicate balance between efficiency and safety, our model provides a pathway to the
development of therapeutic agents that harness the full potential of thiophene-based
photosensitizers. The integration of CDFT with genetic programming not only elucidates
the reactivity trends of thiophenes but also paves the way for their rational design, ensuring
optimal therapeutic outcomes.

Furthermore, the development of a user-friendly script enhances the accessibility of our
model, allowing for its massification and facilitating the modulation of efficiency and safety
in the design of PDT agents containing thiophene moieties. This study marks a significant
step forward in the quest for optimal photosensitizer design, offering a promising direction
for future research in the field of PDT.
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