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ABSTRACT: In oxygenated aquatic environments, the predominant Conventional pfeverse Back electron
scavenging of the triplet excited state of chromophoric dissolved Crossing ronter

organic matter (*\CDOM?*) involves dissolved ground-state oxygen, gl Hectron Singet excplex ) CDOM

diverting attention away from the scavenging mechanisms of Transfer Trip_let-[ & QI
3CDOM* mediated through specific organic compounds. Previous P L coom+ quencher

studies demonstrated that model *CDOM* exhibited quantum yields | . Charge separstion

(i, 1-56%) in the formation of radical ions, resulting from the CDOM"+ Quencher :

competition between physical and chemical quenching through a mprn ot pack lecron ranster
common exciplex intermediate. Physical quenching was rationalized
through the reverse intersystem crossing of the exciplex, followed by
back electron transfer, yielding ground-state reactants. Despite this, Single Eectron
direct experimental evidence for exciplex involvement has been Transfer
elusive, owing to detection challenges. Herein, employing density

functional theory (DFT) and time-dependent DFT specifically for excited state surrogate CDOM and organic scavengers, we unveil,
for the first time, the underlying mechanisms responsible for the quenching of Rose Bengal through oxidative and reductive
scavengers. Our computational findings provide evidence for the involvement of exciplexes during the quenching process of the
excited triplet state of Rose Bengal, highlighting the impact of electronic coupling between Rose Bengal and quenchers on the
quantum yield for radical ion formation.

Singlet exciplex . CDOM + Quencher

Proposed -[
AR

Triplet exciplex : CDOM* + Quencher**

Charge separation

H INTRODUCTION knowledge gaps persist regarding the quenching mechanism,
primarily owing to the major scavenging of *CDOM* through
dissolved oxygen, preventing detailed investigations. The
quenching process of *°CDOM* via a quencher (Q) involves

In environmental waters, dissolved organic matter (DOM) is a
complex mixture of organic carbons resulting from the
dissolution of environmental products and anthropogenic

contaminants.”> DOM affects the abiotic and microbial fate the formation of an encounter complex ([*CDOM* + QJ)
and transport of contaminants’ and formation of disinfection (Scheme 1)‘16_19 This encounter complex undergoes SET to
byproducts during drinking water treatment.” Chromophoric generate the triplet state of an exciplex (3[CDOM._"‘Q..+:|*)
DOM (CDOM) absorbs sunlight and is involved in the that can either dissociate to form the free radical ions of
photochemical fate of the contaminants. CDOM"™ and Q" or regenerate ground-state CDOM and Q

Photochemically produced reactive intermediates (PPRIs), via back electron transfer (bET). Notably, the ground-state

such as the triplet excited state of CDOM (*CDOM?*), singlet CDOM and Q exist in singlet multiplicity, leading to the
oxygen, hydroxyl radicals, and hydrogen peroxide, play reverse intersystem crossing (rISC) of the exciplex and the
important roles in determining the abiotic fate of organic formation of the singlet state of an exciplex (\[CDOM"® -
and inorganic compounds in surface waters exposed to sunlight Q°*]*). Although previous studies successfully explained the

oo O 58 3 % ;

1rrad1?tlon. Among the P_PRIS’ CDOM s the major kinetics of the encounter complex mechanism using Marcus or

contributor to the photochemical fate of organic compounds, Rehm—Weller equations for the outer-sphere SET,'#2°
)

undergoing single electron transfer (SET) or proton coupled
ET reactions that generate the radical anion of CDOM
(CDOM*®”) and the radical cation of the organic compound Received: May 20, 2024
(R**).>*~"" CDOM"™ reacts with dissolved oxygen in water to Revised:  August 14, 2024
reproduce CDOM, while R** irreversibly decomposes to R® + Accepted:  August 15, 2024
H* via deprotonation.12’13 Published: August 27, 2024
Despite extensive studies on the kinetics of *CDOM*
quenching using a surrogate and standard CDOM,>'*"
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Scheme 1. Postulated Mechanism for Chemical and Physical Quenching of *CDOM* by a Quencher, Q
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experimentally observed smaller quantum yields (e.g., 0.01 to
0.56)' 191 =** for the formation of the free radical ions of
CDOM*™ and Q®* could not account for the regeneration of
ground-state CDOM and Q. The absence of experimental
evidence is attributed to the difficulties in identifying such an
exciplex of surrogate CDOM in the aqueous-phase, charac-
terized by a short lifetime in the range from 10~°—107'2 §*%%¢
owing to rapid electronic transitions. Consequently, alternative
approaches that connect the experimentally observed stable
products with the electronic structure of the intermediate
exciplexes must be undertaken. Quantum mechanics (QM)-
based computations can provide the energies of the different
excited states of encounter complexes and their individual
comI)onents.27’28

Herein, we employ QM-based density functional theory
(DFT) and time-dependent DFT (TD-DFT) calculations to
provide computational evidence supporting the involvement of
exciplexes in the regeneration of ground-state CDOM and Q
via rISC and bET using Rose Bengal (RB>”) as a surrogate
CDOM, while structurally diverse organic compounds function
as an oxidative or a reductive Q in the absence of dissolved
oxygen. Based on strong correlations between experimentally
obtained quantum yields for the formation of free radical ions
of RB*>™ and Q, as reported in the literature, and the molecular
properties of the exciplexes, we propose a new reaction
pathway for the quenching of the triplet excited state of RB*~
(*RB*"*). We underpin the overlooked role of electronic
coupling in SET reactions within the photochemically excited
CDOM of aqueous phase environmental samples.

B MATERIALS AND METHODS

Data Collection. We compiled 12 experimentally obtained
quantum yields (®) pertaining to the quenching of the triplet
excited state of RB*>~ for the formation of free radical ions in
the deoxygenated aqueous solution at neutral pH.'® Table S1
in the SI summarizes the chemical structure of RB>~ and the 12
Qs.
QM-Based DFT and TD-DFT Calculations. Owing to the
substantial size of some complexes containing more than 60
atoms with heavy elements, conducting geometry optimization
followed by frequency calculations and subsequent TD-DFT
calculations becomes computationally prohibitive. To strike a
balance between computational cost and accuracy, 6-31+G(d)
basis set was selected owing to the previous prediction of
electronic transitions of organic molecules®* and our
benchmark calculations and the validation with the exper-
imental values (Text S2 in the SI). Geometry optimization for
the complexes and their individual compounds was conducted
using the M06-2X"'/6-31 + G(d) level of theory with the
universal solvation model based on the electron density of the
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solute.*” For iodine atoms of RB?>", the Los Alamos National
Lab (LANL2DZ) pseudopotential with frozen core electrons
was used.” The selection of the M06-2X exchange-correlation
functional was driven by its accuracy in estimating the
geometries of organic compounds and intermolecular inter-
actions.”® We also conducted geometry optimizations of the
complexes employing two additional hybrid exchange-
correlation functionals, BMK>® and @-B97X-D,*° which
incorporate dispersion corrections for noncovalent corrections.
Table S2 in the SI compares energies at the first singlet and
triplet excited states of RB>” obtained at different DFT
functionals and basis sets to experimental values. Text S1 in the
SI provides a detailed discussion of the comparison.

For the geometry optimization of a complex and an exciplex,
we optimized the minimum-energy molecular geometries of
RB*™ and the 12 Qs at the ground state. To determine the
molecular structure of a complex involving RB*~ and each Q,
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) were calculated first
(Figures SI and S2 in the SI). We then placed each Q in a
cofacial orientation to the xanthene group of RB*>~ to maximize
the overlap between the HOMO and LUMO, employing a
conformer search procedure previously developed in the
literature.””~** Text S2 in the SI provides a detailed geometry
optimization procedure. Figure S3 in the SI shows the
examples of constructive interference of RB*~ and oxidative
or reductive Q. All the computations were performed using
Gaussian 16 Revision C.01"" at Michigan Tech HPC cluster
“Superior” and homemade workstations.

For simulating the unimolecular SET reaction of the
complex, we used the Marcus equation (eq 1), as shown
below:*"**

kpp = 2 =P 1 o~ U+ AEgr) /(470T)
h 4rkgTA (1)

where kg is the unimolecular reaction rate constant, H is the
electronic tunneling matrix element between an electron donor
and an acceptor,43 /A is the reorganization energy for the SET
reaction, h is the Planck constant, T is the absolute
temperature, and kg is the Boltzmann constant. AEgy is the
energy difference between the triplet excited state of a complex
(i.e., exciplex) and the encounter complex [*RB*™* + Q]. The
H value exhibits an exponential dependency on the separation
distance, , between the RB*™ and Q, as shown in eq 2; thus,
the klﬂ Xglue maintains an exponential relation with the r
value: ™"
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where /3 is the decay parameter of a contact distance to the H
value, and r, is the contact distance between RB*>~ and Q.
Here, using the coordinates of an optimized complex, we
determined the r-value, defined as the distance between the
center of the RB>~ benzene, yielding the delocalized negative
charge (i.e., the site at HOMO), and the center of the ring on
oxidative Qs (i.e., the site at LUMO) such as methyl viologen
(MV), anthraquinone-2-sulfonate (AQS), duroquinone (DQ),
dimethylbenzoquinone (DMBQ), 4-nitroimidazole (4NI), 2-
nitroimidazole (2NI), and benzoquinone (BQ). For reductive
Qs such as tryptophan (TRP), cysteine (CYS), tyrosine
(TYR), hydroquinone (HQ), and ascorbate (ASC), we used
the distance between the heteroatom of Q (i.e., the site at
HOMO) and the center of the pyran ring in RB>~ (i.e., the site
at LUMO). Figure 1 shows schematics illustrating the
definition of r using examples of quinone and hydroxylated
benzene base structures for oxidative and reductive Q,
respectively.

Figure 1. Definition of the separation distance, r, for a complex
between RB*~ and Q (quinone, a; hydroxylated benzene, b).

The rate of ISC or rISC, where the rate constant is defined
as kigc, is governed by the spin—orbit coupling (SOC),
represented as the term (SlHSOCIT), and the energy dlfference
between triplet and singlet exciplex, AE;gc, according to eq 3:*

kigc o |<S|HSOC|T>|2 exp(— AEISC (3)

B RESULTS AND DISCUSSION

Molecular Structures of the Encounter Complex. The
optimized molecular structure of RB>” exhibits HOMO
localized on the aromatic rings of the xanthene moiety (Figure
S1 in the SI), showcasing delocalization of the negative charges
(Flgure S4 in the SI) , consistent with previous observations.*®
The LUMO orbital is located on the central pyran ring of RB*~
(Figure S1 in the SI). Figure 2 represents the HOMO and
LUMO of the complex of RB*™ and oxidative and reductive
Qs, illustrated by using benzoquinone and tyrosine as
examples, respectively. Additionally, Figure S5 in the SI
shows the HOMO and LUMO of all other complexes with
oxidative and reductive Qs. For oxidative Qs, the optimized
structure of the complex featuring RB*~ and benzoquinone
shows a cofacial 7—n stacking arrangement between the
HOMO site of RB*™ and the LUMO site of benzoquinone
(Figure 2a). For reductive Qs, the LUMO of RB*" aligns
cofacially with the HOMO of tyrosine (Figure 2b). The
analysis of the molecular structures of the encounter complexes
indicates the importance of the electronic structures of both
RB> and oxidative or reductive Qs.

a
‘ ‘
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° "ﬂ;‘.i °® ‘,’,3,0

Kvde g

b S °
° [*)
HOMO LUMO

b o o

:g‘ ;jf ',o.%;?"
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Figure 2. HOMO and LUMO structures of complexes of both RB*~
and oxidative (i.e., benzoquinone) (a) or reductive (i.e., tyrosine) (b)

Qs.

To investigate the physical distance between RB*~ and Q
within an encounter complex, Figure 3 plots the r values

0.6

A e
ASC 0O Oxidative

0.5 1 AReductive

0.4 -

S 0.3

0.2 A1

0

2.0 6.0

Figure 3. Correlations between ®'° and r for oxidative and reductive
Qs. Lines are approximated based on the exponential function.

obtained through MO06-2X and @ values, while Table 1
includes each r value along with other molecular orbital
energies of the exciplex and the AEpr and AEp. values
alongside experimental @ values. The exponential correlation
observed between r and @ values for oxidative and reductive
Qs confirms the inverse relation with the electron transfer rate,
as per eq 2, indicating the impact of the physical distance
between RB*>~ and Q of the complex on the yield of radical
ions. Geometry optimizations of the complex were also
conducted using other hybrid exchange-correlation functions
of BMK and @-B97X-D, which include dispersion corrections
for noncovalent interactions, confirming the same trend as
those obtained by M06-2X (Figure S6 in the SI).
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Table 1. Interaction Distance between RB>~ and Q, Exciplex Energies of Triplet and Singlet States, Electron Transfer, and ISC
Energies for Oxidative and Reductive Qs Calculated at the Level of M06-2X, and Experimentally Determined @ Values

r, A energy of triplet exciplex, kcal/mol energy of singlet exciplex, kcal/mol AEgy, keal/mol  AEjsc, keal/mol ~ ®'¢
8y o o 8y g B SC
methyl viologen (MV) 4.6 S1.0 SL3 13.3 0.2 0.01
anthraquinone-2-sulfonate (AQS) 4.5 44.5 44.7 6.8 0.2 0.02
duroquinone (DQ) 4.4 44.7 453 7.0 0.6 0.04
dimethyl benzoquinone (DMBQ) 4.5 40.3 40.8 2.6 0.5 0.06
4-nitroimidazole (4NI) 4.1 41.9 424 42 0.5 0.09
2-nitroimidazole (2NT) 4.0 34.0 34.4 =37 0.4 0.11
benzoquinone (BQ) 3.8 36.0 37.2 -1.7 1.2 0.12
tryptophan (TRP) 3.8 54.6 55.0 169 0.4 001
cysteine (CYS) 34 79.1 79.2 41.4 0.1 0.05
tyrosine (TYR) 33 67.1 69.0 29.4 2.0 0.10
hydroquinone (HQ) 32 59.2 61.1 21.5 2.0 0.27
ascorbate (ASC) 3.1 43.4 44.3 5.7 0.9 0.56
. e_
Exciplex —
IIRB-J- . Q-+]*
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['RB+ Q] ['RB>+Q]  3RB> Qb —
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SET .
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Figure 4. Jablonski diagrams (top) of RB>~ with oxidative Q_(left) and reductive Q_ (right) and schematic frontier molecular orbital diagram
(bottom) for oxidative (left) and reductive (right) quenching,
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Figure S. Plots of LUMO-SOMO and (SOMO-1)-HOMO vs energy of the triplet exciplex for oxidative (left) and reductive (right) Qs. Energy
gaps and triplet exciplex energy values obtained at the PBE0/6-31+G(d)+LANL2DZ level of theory with the SMD solvation model.

Electronic Structures of the Encounter Complex and
Exciplex. Utilizing the energies at the excited states of each
RB>7, Q, and complex, general Jablonski diagrams were
constructed for oxidative and reductive Qs separately (Figure
4). Tables S3—S27 in the SI show energy values for all Qs.
Once the precursor complex of the triplet excited state of RB*~
(ie, RB**) and Q is formed, a SET occurs inside the
complex, forming a triplet state of the exciplex. Subsequently,
the exciplex undergoes reversible rISC, resulting in a singlet
state of the exciplex. This singlet state further undergoes bET,
regenerating RB*~ and Q. Charge separation in both exciplexes
generates a radical ion pair of RB*” and Q. A detailed
discussion of the electronic structures of the complex and
exciplex is as follows.

In oxidative quenching, an electron transitions from the
singly occupied molecular orbital (SOMO) of *RB*™* to the
LUMO of Q, whereas in reductive quenching, an electron
flows from the HOMO of Q to the SOMO of *RB** (Figure
4). Thus, the LUMO—SOMO and SOMO—HOMO energy
gaps strongly correlate with the corresponding energy of triplet
exciplex for oxidative and reductive quenching, respectively
(Figure S). Because the HOMO—LUMO energies depend on
the DFT functionals,*”*? other functionals that included range-
separated corrections and different degreees of Hartree—Fock
exchange functionals (i.e., ®-B97X-D and BMK) were used to
calculate the HOMO—LUMO energies and confirmed the
consistent correlations with those obtained by PBEO (Figures
S7 and S8 in the SI). Notably, the correlations are evident for
the first singlet excited state (S1), first triplet excited state
(T1), and redox potentials of Q with the energy of the triplet
exciplex in reductive quenching but not in oxidative quenching
(Figures S9 and S10 in the SI). Evidently, the redox potentials
of Q are intrinsically related to the HOMO of a molecule, and
the HOMO is not involved in the SET process for oxidative
Qs.
Rate-Determining Step for the Formation of Radical
Pair and Reaction Mechanisms. The previously postulated
reaction mechanism in Scheme 1 and eq 3 indicates that if the
rate of rISC (k,sc) is the rate-limiting factor for bET, then @
should exhibit a linear correlation with the AE values
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because of the limited conversion of electrons to its triplet
exciplex. However, the plot of the AEj. values of all Qs
against a natural logarithm of @ does not exhibit any
correlations (r* < 0.4 for all cases), as observed with three
DFT methods (Figure S11 in the SI). We then investigated the
correlation with the AEg; values of all of the Qs. Figure 6

0.0

ASC O Oxidative

AReductive
-1.0 4

MV -—o

O TRP

15 25 35

AEyy, keal/mol

-5 5 45

Figure 6. In ®' vs AEg; for oxidative and reductive Qs.

exhibits a strong linear correlation between In ® and AEgpy
values, except for a data point for TRP as a reductive Q.
Further verification with two other DFT methods confirmed
the overall trend (Figures S12 in the SI), highlighting the
exception of TRP. The abnormally larger r values of TRP
appear to cause the inconsistent trend observed in Figure 6.
Previously, @ values were determined based on the degree
of bET proceeding through the rISC from triplet to singlet
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exciplex.'®"” However, our theoretical calculations for the ®
dependence on r and AEgy collectively demonstrate that the
SET step exerts an enhanced influence on the measured values
of ®. Thus, we propose that during the formation of an
encounter complex between *RB>™* and Q, ISC to the singlet
exciplex competes with SET to the triplet exciplex (Scheme 2).

Scheme 2. Comparison of the Conventional and Our
Proposed Model for *RB*>* Quenching through an
Electron Donor Q

Conventional model:

Rate-limiting
SET ¢ e HSC e T OET
3RB2* : i > RB>+Q
Q N e e mm e e cm e m—— e ——— e ———————— .
Charge\ L. .
. Radical ion pair
separation
Proposed model:
Singlet
ISC exciplex bET RB> + Q
3 9% Local 1
RB Q Excited | | L_ o
State H Triplet | . .
‘SET . exciplex Radical ion pair
ot ' Charge
Rate-limiting separation

Moreover, we propose that the rate of ISC to the singlet
exciplex is notably faster than that of SET, which explains why
only exciplexes with small values of r and AEg; display
relatively large values of @ for the formation of the radical ion
pair. When the coupling between *RB** and Q is low
(resulting in large separation distance r) and AEgy is large, ISC
to a singlet exciplex followed by bET becomes dominant to
yield ground state RB*~ and Q, leading to less formation of
radical ion pair and consequently low values of ®@. The fast ISC
from *RB>7* to the singlet exciplex can be attributed to the
amplification of the SOC induced by iodine atoms in the
structure of RB?7, in combination with the small energy
difference between *RB* * and the singlet exciplex. Previous
studies have demonstrated that the presence of heavy atoms in
the structure of either the photosensitizer or the Q_ greatly
decreases @ for radical ion formation.'”"

B CONCLUSIONS

It is estimated that under normal air-saturated environmental
surface water conditions, relaxation of *CDOM¥* via dissolved
ground state triplet oxygen, *O,, (ko, X [O,], where kg, is the
second order rate constant of 0, with 3CDOM?* and [0O,] is
approximately 8—9 mg/L) is faster than the *O,-independent
relaxation (kp is the first order relaxation rate of *CDOM*) by
an order of magnitude.’” This dominant *0,-dependent
relaxation of *CDOM* generally hinders the minor scavenging
of *\CDOM* by organic compounds. The results of this study
suggest the importance of the geometrical conformation of the
encounter complex formed by *RB*™* and a biologically
relevant quencher in SET reactions. This stands in contrast to
the commonly assumed outer-sphere mechanism, where
quenching occurs through an electron transfer without
necessitating a specific orientation. It has long been known
that SET reactions lack a well-defined stationary structure on
the potential energy surface representing the reaction extent.””
Herein, we offer an alternative concept, demonstrating that
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SET occurs within complexes where molecules are arranged in
a specific orientation, facilitating orbital overlap, and creating a
pathway for electron transfer. Understanding the geometrical
and electronic parameters that control the efficiency of triplet
quenching of surrogate CDOM provides mechanistic insight
into the reactivity of a complex mixture of CDOM that is
present in natural aquatic environments. Holistic under-
standing of triplet quenching of a diverse surrogate CDOM
will enhance our ability to make accurate predictions regarding
the fate of organic contaminants in natural waters.

Further experimental investigations employing different
model CDOM are essential to fully comprehend the role of
exciplex conformation and charge transfer states on @ values.
Systematic studies involving the introduction of a steric
hindrance to model CDOM while keeping the molecular and
electronic structure of the Q_constant would provide additional
insights into the dependence of @ on the separation distance
between CDOM and Q. We envision that experiments in
which one organic quencher is used as a reference by
incrementally accommodating a variety of functional groups
will allow one to systematically investigate the steric effect of
functional groups. Model CDOM compounds with less
pronounced ISC than in RB>™ are necessary to validate the
present results without competing ISC/SET. For example, the
use of quinones as model CDOM is a potential way to
exploring the SET mechanism because of their greater
oxidizing abilities in the excited triplet state than other
surrogate CDOM. Further, lack of heavy elements could
accelerate ISC.
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