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ABSTRACT

Photodegradation is one of the major degradation paths for antibiotics as aquatic micropollutants in
surface water. The photodegradation involves a number of complicated photophysical and photochem-
ical processes. Exploration for the rate-limiting step among these processes can be essential for the
elimination of antibiotics. In this work norfloxacin was selected as a target compound. The rate constants
of photophysical transitions and their competitions were discussed under the framework of Fermi
Golden rule and time-depended perturbation theory. Using density functional theory, the reaction paths
in triplet state were searched. The competitions among the photophysical transitions and photochemical
reaction paths indicate the intersystem crossing (ISC) from the S; state to Ty state is the rate-limiting step
in the aquatic photodegradation of norfloxacin. Ca** ion significantly accelerates this bottleneck by
coordinating with the carbonyl and carboxyl groups of norfloxacin. The coordination creates more ISC
paths to triplet states and increases the spin-orbit coupling, Huang-Rhys factors, and the vibrational
coupling of the ISCs.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

is widespread in aquatic environment due to the extensive
consuming and continuous discharging (Janecko et al., 2016; Zhang

Antibiotics have received increasing concern as the aquatic
micro-pollutants in the past decade because of their potential
threat to human health and ecological environment (Hughes et al.,
2013; Segura et al., 2009). Nowadays, the occurrence of antibiotics
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etal,, 2015). Under long term exposure, signs of bacterial resistance
have already been found in the bacteria sampled from various
environmental water (Chen et al., 2012; Shah et al., 2012; Stoll et al.,
2012). Photodegradation is one of the major abiotic elimination
paths for antibiotics in the surface water (Boreen et al., 2005;
Boreen et al., 2004; Ge et al., 2010; Zhu et al., 2016). However, the
photodegradation is slow (the half-life is usually over 10 h) (Chen
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et al, 2012; Stoll et al., 2012) for a number of antibiotics. To
massively and rapidly photodegrade antibiotics in water, different
light sources, such as visible and UV light sources (Serna-Galvis
et al., 2017), were studied. Various photo-catalysts, such as metal
oxide semi-conductors (Ding et al., 2017; Zhu et al., 2016) and
carbon materials (Qu et al., 2018; Liu et al., 2017), were designed
and tested. Many studies tried to evaluate and estimate the
behavior of the photodegradation of organic contaminants through
analyzing quantitative structure-property relations (Chen et al.,
2001; Zeng et al., 2016). Although considerable effort has been
made to evaluate and enhance the photodegradation of antibiotics,
the fundamental mechanisms were still not fully illustrated. Thus,
the slowest step that limits the rate of the overall process of pho-
todegradation is usually unknown. The mechanism of the photo-
degradation involves complicated photophysical and
photochemical processes. To date, mechanisms of the photo-
chemical processes for some antibiotics have been studied by
density functional theory (DFT) computation (Tentscher et al.,
2013; Wang et al.,, 2015; Wei et al,, 2013; Zeng et al., 2016). How-
ever, photophysical processes have been less investigated. Photo-
physical processes include fluorescence emission (F) and internal
conversion (IC) from the first singlet excited (S1) state to the ground
(So) state, intersystem crossing (ISC) from the Sy state to the excited
triplet (Ty) states, and phosphorescence emission (P) and ISC from
the Ty state to the Sp state (when considering Kasha's rule that one
photophysical or photochemical process initiates from the lowest
lying excited state). Knowing the rate constants of these photo-
physical transitions is of extraordinary importance because the
competitions among these transitions lead the antibiotic molecules
to different fates: after the reactant molecules are excited to the Sq
state whether the molecules will preferentially enter the T; state or
fall back to the Sg state from the S; state, and whether it is more
favorable undergoing a photochemical reaction in the Ty state or
returning to the Sp state from the T; state and losing reactivity.
Accordingly, the investigation of the photophysical process is
important and essential to obtain a comprehensive and complete
view of the photodegradation process. After the details of each path
of photophysical and photochemical processes become clear, the
rate-limiting step can be identified. Then, it is possible to determine
the reason that directly limits the rate of the photodegradation.

On the other hand, the water systems are extremely compli-
cated. Many factors have influence on the photodegradation of
antibiotics. There are already some good examples that the pho-
todegradation of antibiotics are enhanced in natural water. For
instance, Werner et al. (2006) found Ca** and Mg?*, as two of the
most common metal ions in natural water, enhanced the photo-
degradation of tetracycline. Sturini et al. (2010) reported that Ca®*
was able to enhance the photodegradation of several fluo-
roquinolone antibiotics. It seems that some metal ions serve as the
natural photocatalyst in the environmental water. The mechanisms
behind the metal ions' influence can be fascinating and motivating
for the improvement of photocatalytic elimination of antibiotics in
water.

In this work, norfloxacin, which belongs to the fluoroquinolone
class of antibiotics, was chosen as a target model because it has
been wildly applied in animal agriculture and human medicine as a
broad-spectrum antibiotic (Claeys et al., 2018; Golet et al., 2002;
Kim et al., 2018). Its concentration was detected in high level in
water systems. For instance, in urban sewage the concentration of
norfloxacin was reported as 568 ng/l and the concentration was still
73 ng/L after the sewage treatment plant process (Golet et al.,
2002). Herein, we explored the photophysical and the photo-
chemical processes of norfloxacin. The photophysical transition
rate constants were calculated under the framework of Fermi
Golden rule and time-depended perturbation theory. The reaction

paths of photochemical process were searched using DFT method.
The competitions among these photophysical transitions and
photochemical reaction paths were discussed and the rate-limiting
step was finally identified. Furthermore, the influence of Ca®* on
the rate-limiting step of norfloxacin was investigated.

2. Methodology
2.1. Theory
Under the framework of Fermi Golden rule and Franck-Condon

approximation, the radiative transition spectrum is expressed as
(Niu et al., 2010; Peng et al., 2007):
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where # is reduced Planck constant,  is circular frequency, i and f
represent initial and final states respectively, wiy sy is the difference
of the frequencies between the initial and the final states, P;, is the
Boltzmann distribution of initial state, v and u are the vibrational
quantum number of initial and final states respectively, O is
vibrational wavefunction, g is the transition dipole moment from
initial electronic state |®; to final electronic state | 9.

The rate constant of the radiative transition is obtained by the
integration of its spectrum (Niu et al., 2010; Peng et al., 2007):
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Rate constant of IC and ISC as non-radiative transitions are
expressed as (Niu et al., 2008; Peng et al., 2013):
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where 1 is the index of normal vibrational modes in eq. (3), P is the

momentym operator of the nth normal vibrational mode in final

state, H is Hamiltonian operator of spin-orbit coupling.

L@f ﬁnlq)i was solved by the computation of transition of electric
eld (Peng et al., 2013).

2.2. Computational details

Geometry optimization and vibrational frequency were
computed by using Gaussian09 package (Frisch et al., 2009). For the
Sp state and the excited states the geometries and vibrational
modes were respectively computed by DFT and TD-DFT
(Bauernschmitt and Ahlrichs, 1996; Parr and Yang, 1989). The
functional of B3LYP (Becke, 1993) and standard 6-311 + G(d,p) basis
set (McLean and Chandler, 1980; Raghavachari et al., 1980) were
applied. The integral equation formalism of polarized continuum
model (IEFPCM) (Tomasi et al., 2005) as the solvent model in
Gaussian09 package was selected and the solvent is water. Tight
convergence and ultrafine grid-size were applied in the self-
consistent field computation. The computation of transition of
electric field required by IC was performed at the same level of
theory with the computation of geometry optimization and
vibrational frequency. The computation of spin-orbit coupling and
the phosphorescence transition dipole moment were computed by
ADF2013 package (ADF 2013, http://www.scm.com; Fonseca et al.,
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1998; te Velde et al, 2001) using scalar zero-order regular
approximation (ZORA) (van Lenthe et al., 1993, 1994, 1996a; 1996b,
1999) and TD-DFT on the level of B3LYP/Aug-TZP (Baerends et al.,
1973). The rate constants and emission spectrum were calculated
by MOMAP program (Niu et al., 2008, 2010; Peng et al., 2007, 2013).
In all the computation of transition constants the electronic
vibronic couplings (EVC) in the form of internal coordinate were
used and the Duschinsky rotation effect was turned off. For the
potential energy surfaces in the triplet state unrestricted DFT
method was applied. Intrinsic reaction coordinate (IRC) method
(Fukui, 1981) was used to confirm paths towards reactant and
product linked with a transitional state geometry in an elementary
reaction. Zero-point energy correction was considered for each
stationary point.

According to the research by Wammer et al. (2013) about the
photodegradation of fluoroquinolone antibiotics, typically this
classification of antibiotics has several dissociation forms in
different pH conditions. For norfloxacin the first pK; is 6.11
(—COOH) and the second is 9.11 (=NH3%). Around neutral condition
the main form is zwitterion (the structures of different dissociation
forms are shown in Fig. 1). Under different pH norfloxacin is stable
in dark. Under illumination of xenon lamp the highest photo-
degradation rate was observed in a weak alkaline environment
(pH=77) (Wammer et al., 2013). Therefore, the geometry of
zwitterion form of norfloxacin was chosen in the computation.

2.3. Chemicals and emission spectrum measurement

Norfloxacin (98%) was purchased from Aladdin industrial cor-
poration, Co., Ltd. in Shanghai. Fluorescence luminescence spec-
trum of norfloxacin was measured by Thermo Scientific Lumina
spectrophotometer using a quartz cuvette. The slit was 5 nm. The
excitation wavelength was 340 nm which was selected according to
the excitation spectrum of norfloxacin measured.

3. Results and discussion
3.1. Competition in Sy state

As shown in Fig. 2(a) there are three competing transition paths
in the S; state: The F, the IC, and the ISC (S;—Tj). The corre-
sponding rate constants (kr, kic, and kisc (s1-71)) were calculated
and shown in Fig. 2(b). The IC is the largest one among the three
(kic = 6.20 x 108/s~1. The experimental value of the kic is 3.70 x 108/
s~1 (Park et al,, 2002)). The kg calculated as 3.51 x 107/s~! (The
experimental value of kg is 6.48 x 107/s~! (Park et al., 2002)) is less
than one order of magnitude lower than the kic. The difference
between the calculated and experimental values of rate constant is
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Fig. 1. Different dissociation forms of norfloxacin in water.

within one order of magnitude, which means the calculated results
are reasonable. The ISC (S; —T;) is the slowest one among the three
transitions, as shown in Fig. 2(b). Its rate constant (kisc
(s1-T1)=4.57 x 10/s~1) is about 7 and 6 orders of magnitude lower
than the kic and the kp respectively, meaning the majority of the
norfloxacin molecules in the S; state tend to return to the Sy state
from the S; state and only a small proportion of them is able to
reach the Ty state. It is disadvantageous for the reactions to take
place in the Ty state in the next step. The ISC (S; —Tj) is probably
the bottleneck in the photophysical processes. The computed
fluorescence emission transition electric dipole moment is 3.1
Debye which means the fluorescence luminescence is dipole
allowed. The calculated fluorescence spectrum (as shown in Fig. S1)
is coherent with the experimentally measured result, which means
the theoretical method and the calculated results are reasonable.

3.2. Competition in Ty state

After norfloxacin molecules arrive in the Ty state they can fall
back to Sg state through the phosphorescence emission and the ISC
(T1—Sp), or continue to undergo the photo-reactions as shown in
Fig. 2(a) and (c). The rate constants of the phosphorescence and the
ISC (T1— So) (kp and kisc (r1-s0)) were shown in Fig. 2(b). Both the
kp and the kisc (11 s0) are small, meaning a long lifetime in the Ty
state before norfloxacin molecules return to the Sy state. This
conclusion is coherent with the recent experimental findings by
Niu et al. (2018). Meanwhile, the small value of the kp may imply
weak luminescence intensity. At room temperature the phospho-
rescence emission of norfloxacin was not detectable in this study.

In order to investigate the competition in the T state, the rate
constants of photo-reactions are studied. As discussed above, the
ISC (S;1—Tj) is probably the bottleneck due to its low rate constant.
We need to find out if there is a reaction path that is faster than the
ISC (S1—Ty) to identify the rate-limiting step of the overall process
of the photodegradation. If none of the reaction paths is faster than
the ISC (S;—T;), then the photodegradation of norfloxacin is
actually limited by the photochemical process rather than the ISC
(S1—Ty); if one or several reaction paths are found faster than ISC
(S1—Ty), it will be clear that the ISC (S;—Tj) is the rate-limiting
step. According to the experimental research on the photolysis of
fluoroquinolones (Ge et al., 2010; Liang et al., 2015; Wei et al., 2013;
Zhang et al.,, 2019), several representative reaction paths were
schemed and calculated by unrestricted DFT method. The paths
included substitution of the —F by the —OH, decarboxylation, and
cleavage of the piperazine ring. More information of the repre-
sentative photo-reactions of norfloxacin were discussed in the
supporting information (see Fig. S2).

The possible reaction paths and the corresponding activation
energies (E,s) are depicted in Fig. 2(c). Path-1 is the reaction path
with the lowest E, (4.9 kcal mol~!). The —F group is substituted by
the HO™ and the F~ ion is produced (the distance between the F
atom and the C atom is finally stretched to 4.27 A, as shown in
Fig. 2(c)). For Path-2, the carboxyl group is eliminated and CO; is
produced (the length of the C—O bond is stretched from 1.53 A to
3.48 A). The E, of this path is 28.6 kcal mol~! that is the highest E, of
all the calculated paths. In Path-3 and 4, the reaction starts from the
structure in which the piperazine is protonated. In Path-3, the
piperazine ring cleavages with an E, of 9.3 kcalmol~! (the C—N in
the piperazine ring is stretched to 3.22 A). Then the dihedral of
C—N—C—Crotates to another conformation of lower energy with an
Ea of 0.6 kcal mol . In Path-4, the piperazine is separated when the
distance between the C atom and the N atom increases (the length
of the C—N bond is stretched from 1.47 A to 2.45 A) with an E, of
11.2 kcal mol~'. A piperazine-exclusion intermediate is produced.
Then, piperazine-exclusion intermediate joints a hydroxyl ion to
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Fig. 2. Photophysical and photochemical processes of the photodegradation of norfloxacin. (a) The photophysical transitions of norfloxacin. F: fluorescence emission, IC: internal
conversion, ISC: intersystem crossing, P: phosphorescence emission. (b) Rate constants of the photophysical transitions and the reaction path with the lowest activation energy
(Path-1). (c) The possible reaction paths and the corresponding activation energies. The blue number on each stationary point is the relative energy in the unit of kcal/mol. R:
reactant, TS: transition state, P: product. Carbon: gray, nitrogen: blue, fluorine: cyan, oxygen: red, calcium: yellow. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

generate the final product of this reaction path (this reaction is
barrierless in the Sy state). Therefore, Path-1 is the path with the
lowest activation energy when comparing the E,s of these reaction
paths. Its rate constant is used to evaluate the rate constant of the
photochemical process. The reaction rate constant of Path-1 is
calculated with the transition state theory (Eyring, 1935):

kgT AG!
kr = Ki% exp( - ﬁ) (5)

where kg and h are Boltzmann and Planck constants, respectively;
AG* is the activation free energy which is the difference of the free
energies between the transition state and the reactant of one
elementary reaction. The AG! of the Path-1 is calculated to be
23857.9]/mol; «; is transmission coefficient which was calculated
by the following equation (Louis et al., 2000):

_ 1 hVi 2
=1 () ©

where ; is the imaginary frequency of transition state. The calcu-
lated reaction rate constant of Path-1 is 4.10 x 108/s!

Then, we have all the rate constants of the phosphorescence
emission, the ISC (T1—Sp), and the reaction Path-1 as three
competing processes in the Ty state. As shown in Fig. 2(b) it is
evident that the reaction of Path-1 in the T; state is much faster
than the phosphorescence emission and the ISC (T{—Sp). After
norfloxacin molecules arrive in the T; state they will easily undergo
the reaction of Path-1, rather than fall to the Sy state from the T;
state through the phosphorescence emission and the ISC (T — Sp).
Comparing the rate constants of ISC (S; — T1) and that of the Path-1,
it is clear that the ISC (S —Ty) is slower than the reaction of Path-1
in the Ty state. Thus, the ISC (S; —T;) is finally identified as the rate-

limiting step in the photodegradation of norfloxacin. The key to
enhance the photodegradation of norfloxacin is to increase the rate
of the ISC (S1—Tjy).

3.3. The influence of Ca®* on ISC

Sturini et al. (2010) reported that several common ions in nat-
ural water, including Ca®*, Mg?*, CI-, and PO3~, had different ef-
fects on the photodegradation of fluoroquinolones. Among them,
Ca®* ion was able to increase the photodegradation rate constant of
several fluoroquinolones. It is a good example in natural water to
help us understand the mechanism that the photodegradation is
enhanced. Herein, we focused on the effect of Ca?* on the ISC
(S1—T) because, as mentioned above, the ISC (S;—Ty) is the rate-
limiting step. The oxygen-containing functional groups, namely
carbonyl and carboxyl groups, of norfloxacin are able to form
complexes with the Ca** jon (NOR-Ca complexes). Among the
models of the complexes (see Fig. 3), the most stable one is the
complex with the coordination between the Ca®* ion and the ox-
ygen atoms in the carbonyl and carboxyl groups (in Fig. 3(a)). This is
coherent with the experimental findings (Turel, 2002). Thus, this
model was chosen in the following studies. It is true that the metal
ion complex in a real water system is rather complex considering
the hydrogen bond framework and many other factors. While, we
are interested in determining the foremost characteristic of the
effect induced by the Ca?* ion. Herein, the simplified model was
adopted with one Ca®* ion and the solvent model of water.

Based upon the optimized geometry of the S; state the vertical
energies towards different triplet states and the corresponding
spin-orbit coupling constants were computed and listed in Table 1.
For NOR-Ca complex there are four triplet states (Ty, T2, T3, and Ty)
lying lower than the S; state (vertical energy). The ISC from the S4
state to any of these triplet states can occur. For norfloxacin



240 H. Zhang et al. / Chemosphere 219 (2019) 236—242

0.0 kcal/mol

< -]
)»,"‘ ? *
=]
> o %
o = b4 o—9
o | 0 <
R S | °
g 9

13.7 kealimol

Fig. 3. The structures and relative energies of the complexes formed between the norfloxacin molecule and the Ca®* ion. The Ca?* ion is coordinated with (a) the oxygen atoms in
the carbonyl and carboxyl groups, (b) the two oxygen atoms in the carboxyl group, or (c) one single oxygen atom in the carboxyl group. Carbon: gray, nitrogen: blue, fluorine: cyan,
oxygen: red, calcium: yellow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

monomer only the energy of T; state is lower than that of the
corresponding Sy state. Thus, there are more transition channels of
ISCs for the NOR-Ca complex, which is helpful for the NOR-Ca
complex to enter the triplet state through the ISCs. The spin-orbit
coupling constants (HC) for the NOR-Ca complex from the S;
state to the Ty, Ty, T3, and T4 states were computed (in Table 1). The
ISCs from the S; state to the T3 and Ty states have two largest HCs.
The values of these two HCs are several orders of magnitude higher
than the H%C of the ISC (S; — Ty) for the norfloxacin monomer. Thus,
the coordination with the Ca* ion significantly increases the spin-
orbit coupling, which is favorable for the NOR-Ca complex to enter
the triplet state. We calculated the ISC rate constants of the NOR-Ca
complex from the S; state to the T3 and T4 states as two repre-
sentative ISCs. As shown in Table 1, the rate constants of the ISC
(S1—T3) and the ISC (S1—T4) of the NOR-Ca complex are
273 x 105! and 3.37 x 10%s~! respectively. They are several
orders of magnitude larger than the rate constant of the ISC
(S1—T;) of the norfloxacin monomer, implying that the Ca?* ion
can effectively enhance the ISC to bring the complex into the triplet
state. It is important to note that in the real water system the
photodegradation rate constant of fluoroquinolones cannot be
increased that much (Sturini et al., 2010) due to the low coordi-
nation constant (Kawai et al., 1996).

Additionally, we also calculated the rate constants of the IC and
the fluorescence emission of the NOR-Ca complex. The k¢ for the
NOR-Ca complex was calculated to be 6.18 x 10’ s~! and it is about
one order of magnitude lower than that of the norfloxacin mono-
mer (620 x 10%s71). The kg for the NOR-Ca complex is
1.02 x 10%s~1, which is less than one order of magnitude higher
than that of the norfloxacin monomer (3.51 x 107 s~1). Generally,
the sum of the rate constants of the IC and the fluorescence

Table 1

Vertical excitation energies (AE,.;¢) from the S; state (as the reference state) to each
of the excited triplet states, the corresponding spin-orbit coupling constants, and the
rate constants. Negative value of AE,e; means the energy of the final state is lower
than that of the initial state.

ISC AEye/eV  H°/cm™'  Rate constant/s
NOR-Ca?* complex ~ $;—T; —1.54 3.63 -
S$i—-T, —1.37 2.05 -
Si—»T3  —0.99 20.31 2.73 x 100
$,—Ts4 —036 15.70 3.37 x 10°
S;—Ts 030 — -
Norfloxacin S1—-Tq —0.08 0.018 457 x 10
S,—T, 058 - -

emission, which represents the total rate constant that the system
fall to the Sy state from the S; state, is not significantly changed
under the influence of Ca>* ion.

Noteworthy, not only the Ca®" ion is able to change the elec-
tronic property of norfloxacin, but also it has influence on the
coupling of vibrational modes from the initial state to the final
state. The vibrational coupling between the initial state apd the
final state is described by the Franck-Condon factor |0¢,|0;,| inEq.
(4). It can be expressed by the Huang-Rhys factor and displacement
harmonic oscillator (Peng et al., 2007):

’<@fu‘@iv>
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where y is displacement harmonic oscillator, S is Huang-Rhys fac-
tor, uy is the kth vibrational mode in final state of transition.
Therefore, the contribution of a certain vibrational mode to the
vibrational coupling is described by its Huang-Rhys factor. The
vibrational modes and their Huang-Rhys factors of the final states
in the ISCs of the NOR-Ca complex and the norfloxacin monomer
are shown in Fig. 4. It is evident that the Huang-Rhys factors in the
ISC (S;—Ts) and ISC (S;1—T4) of the NOR-Ca complex (in Fig. 4(b)
and (c)) are much larger than that of the ISC (S;—T) of the nor-
floxacin monomer (in Fig. 4(a)). This means much stronger coupling
of the vibrational modes of the NOR-Ca complex in the processes of
the ISCs. The largest Huang-Rhys factor for norfloxacin monomer is
not more than 0.16 (in Fig. 4(a)), which means the vibrational
coupling is weak in the ISC (S;—Tjp). Comparatively, the largest
Huang-Rhys factor are over 5 for the ISC (S;—Ts) and ISC (S1—>Ty)
of the NOR-Ca complex in Fig. 4(b) and (c). In addition, the vibra-
tional modes, that make the major contribution, move from about
700 cm™~! to lower than 100 cm™! (low frequency region) after the
complex is formed compared with the norfloxacin monomer. This
may result in more quantum numbers of transition and increase the
rate constant of a non-radiative transition (Peng et al., 2007; Zhang
et al., 2014). Furthermore, the vibrational displacement (the small
blue arrows extend from the atoms in Fig. 4) of the mode that has
the largest Huang-Rhys factor for the ISC (S;—Tj) of norfloxacin
monomer is distributed throughout the whole molecule in Fig. 4(a).
In contrast, for the ISC (S;—Ts3) and the ISC (S1—Ty) (in Fig. 4(b)
and (c)) of the NOR-Ca complex the vibrational displacements of
the modes which have the largest Huang-Rhys factors are mostly
concentrated on the piperazine ring and the ethyl group. That
means that the vibrations of the piperazine ring and the ethyl group
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Fig. 4. Huang-Rhys factors and vibrational modes of the final states in (a) the ISC
(S1—Ty) of the norfloxacin monomer, (b) the ISC (S; — T3) of the NOR-Ca complex, and
(c) the ISC (S; —Ty4) of the NOR-Ca complex. The blue arrows extended from the atoms
are the displacement vectors of a vibrational mode. Carbon: gray, nitrogen: blue,
fluorine: cyan, oxygen: red, calcium: yellow. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

contribute most to the ISC. Comparing the vibrational modes in
Fig. 4(b) and (c) with that in Fig. 4(a), it is obvious that the vibra-
tional displacements in the carboxyl group and the nearby region
are inhibited after the coordination with the Ca®* ion. The reason
may be that the coordination between the Ca** and the oxygen-
containing groups makes carboxyl group and the nearby region
more rigid (without the coordination with the Ca®>" the carboxyl
group is flexible and it can rotate through the C—C single bond).
This may inhibit the vibrations of carboxyl group. In another word,
the vibrations of the carboxyl group may be ineffective in the ISC
transition. The inhibition of the vibrations in this region is possibly
beneficial for ISC. The vibrations of the piperazine ring and the ethyl
group, by contrast, are highly responsible for the ISC transitions.
The Ca®* ion makes the vibrational displacements mostly concen-
trated on these two functional groups and consequently makes the
ISC transitions more efficient. Similar conclusion can also be drawn
for the initial states of the ISCs of the NOR-Ca complex and the
norfloxacin monomer (shown in Fig. S3). More details of the
vibrational couplings were discussed in the SI.

Additionally, Ca®* ion also reduces the activation energy of Path-
1 to 2.6 kcal mol~! (as shown in Path-1’ in Fig. 2(c)). The original
one-step reaction in Path-1 is changed into two steps as shown in
Path-1'. The decrease of the activation energy makes this photo-
reaction faster, which is also beneficial for the photodegradation.

4. Conclusion

Through the systematic investigation of the photophysical and
photochemical processes, it is established that the ISC transition
from the S; state to the Ty state is the rate-limiting step in the
photodegradation of norfloxacin. It is a new perspective that a
photophysical transition is identified as the rate-limiting step of the
photodegradation process. The study of photophysical processes is
important and essential to have a comprehensive view of the
photodegradation. Ca®" ion can coordinate with the carbonyl and
carboxyl groups of norfloxacin and enhance the rate-limiting step.
Ca* ion has influence on several photophysical properties of nor-
floxacin, including the spin-orbit coupling, Huang-Rhys factors, and
vibrational couplings. This is a new understanding about how a
common metal ion in water exerts influence on the photo-
degradation of an antibiotic through improving the photophysical
properties. We hope the basic understandings of photophysical and
photochemical processes and the rate-limiting step in this research
will provide theoretical supports for the efficient elimination of
antibiotics.
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