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� Systematically simulate both photo-
physical and photochemical pro-
cesses of sulfapyridine.

� The rate constants for each photo-
physical process were calculated, the
photoreaction mechanism was
revealed.

� The theoretically predicted photo-
degradation rate constant agrees well
with our experimental measurement.

� Theoretically predict the reaction
quantum yield and the photo-
degradation rate constant under
certain light irradiation.
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a b s t r a c t

Fororganicpollutants,photodegradation, asamajorabiotic eliminationprocessandofgreat importance to the
environmental fate and risk, involves rather complicated physical and chemical processes of excited mole-
cules. Herein, we systematically studied the photophysical and photochemical processes of a widely used
antibiotic, namely sulfapyridine. Bymeans of density functional theory (DFT) computations,weexamined the
rate constants and the competition of both photophysical and photochemical processes, elucidated the
photochemical reactionmechanism, calculated reaction quantumyield (F) based on both photophysical and
photochemical processes, and subsequently estimated the photodegradation rate constant. We further
conducted photolysis experiments to measure the photodegradation rate constant of sulfapyridine. Our
computations showed that sulfapyridine at the lowest excited singlet state (S1) mainly undergoes internal
conversion to its groundstate, and is difficult to transfer to the lowest excited triplet states (T1) via intersystem
crossing (ISC) and emitfluorescence. InT1 state, comparedwith phosphorescence emission and ISC, chemical
reaction ismuch easier to initiate. Encouragingly, the theoretically predicted photodegradation rate constant
is close to the experimentally observed value, indicating that quantum chemistry computation is powerful
enough to study photodegradation involving ultra-fast photophysical and photochemical processes.
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1. Introduction

Photodegradation, which can irreversibly alter the structure of
organicmolecules by light, is amajor abiotic elimination process for
organic pollutants. Various experimental studies showed that
many organic pollutants, e.g., pharmaceuticals and personal care
products, can undergo photodegradation under sunlight or simu-
lated sunlight irradiation (Bonvin et al., 2013; Boreen et al., 2003;
Kelly and Arnold, 2012; Wang and Lin, 2012; Yan and Song, 2014).
For example, fluoroquinolone antibiotics can photodegrade via
defluorination, cleavage of the piperazine ring and decarboxylation
in natural water with short half-lives of a few minutes (Wei et al.,
2013).

Organic pollutants with different structures may have distinct
photolytic mechanisms and kinetics constants. For example, sul-
fonamides with five-membered heterocyclic groups mainly un-
dergo photocleavage, while sulfonamides with six-membered
heterocyclic groups mainly photodegrade to SO2 extrusion prod-
ucts, concomitantly the photolytic quantumyields (F) of the former
are about 2e3 orders of magnitude higher than those of the latter
(Boreen et al., 2004, 2005).

Given the huge and ever-increasing number of organic pollut-
ants (Schwarzenbach et al., 2006), it is necessary to evaluate their
photodegradation, that involves numerous photophysical and
photochemical processes, by computational approaches, as the
speed of experimental determination of photodegradation lags
behind the speed of pollutants that emerge, and experimental
determination usually requires high expenditure and expensive
equipments. Recently, quantum chemistry methods have been
employed to clarify the mechanisms of photochemical processes.
For example, by means of density functional theory (DFT) compu-
tations, Wei et al. (2013) discovered that the photoinduced
defluorination of ciprofloxacin at the lowest excited triplet state
(T1) is mainly induced by OH� addition. Sun et al. (2015) investi-
gated the $OH radical-initiated oxidation degradation of N-ethyl-
perfluorobutyramide, and Li et al. (2016b) examined the catalytic
mechanism of CeF bond cleavage of fluoroacetate dehalogenase.
However, photophysical processes have been generally ignored in
previous studies. As shown in Fig. 1, photophysical processes are
clarified by a Jablonski diagram. An organic compound can be
excited from its ground state (S0) to excited singlet states (Sn, n� 1)
after the sunlight absorption and fall to S1 state. Organics in S1
states can go back to the S0 state by internal conversion (IC) and
fluorescence emission (F), and transfer to excited triplet states (T1)
Fig. 1. Simplified Jablonski diagram. S0: ground state; Sn (n � 1): excited singlet states;
Tn (n � 1): excited triplet states; F: fluorescence emission; IC: internal conversion; P:
phosphorescence emission; ISC: intersystem crossing.
via intersystem crossing (ISC). In T1 states, organics can deactivate
through phosphorescence emission (P) and ISC back to S0 state, and
also can undergo primary chemical reactions. Illustrating the
transition rate constants and competition of these processes can
reveal many valuable information, for example the quantum yield,
which measures how efficiently a compound reacts upon absorp-
tion of a photon, is an important parameter when studying organic
photo-degradation (Boreen et al., 2004, 2005; Wei et al., 2013).
Thus, to grasp the overall picture of the photodegradation of a
certain organic, it is necessary to study both photophysical and
photochemical processes.

In this study, we selected a widely used and highly detected
sulfonamide antibiotic namely sulfapyridine (detected in effluent at
63e135 ng/l by G€obel et al., 2004) as a case to systematically
simulate its photophysical and photochemical processes. The rate
constants for each photophysical process of sulfapyridine were
calculated, their competition were discussed, and the photoreac-
tion mechanism was revealed. Based on the understanding of each
photophysical and photochemical process and their overall
competition, we evaluated the photolytic reaction quantum yields
(F), and further estimated the photodegradation rate constant of
sulfapyridine based on the reaction quantum yields and other
experimental data. The validity of our prediction procedure was
confirmed by the good agreement between the theoretically pre-
dicted and the experimentally measured photodegradation rate
constants.

2. Methods and materials

2.1. Computational details

All the geometry optimizations and frequency analyses were
carried out with the Gaussian 09 program package (Frisch et al.,
2009), using the B3LYP functional (Silva-Junior et al., 2008;
Jacquemin et al., 2010) in conjunction with the 6-31 þ G (d,p) ba-
sis set. Solvent effect of water was considered by the integral
equation formalism of polarized continuum model (IEFPCM) based
on the self-consistent-reaction-field (SCRF) method (Tomasi et al.,
2005). The geometries of sulfapyridine at the S0 and T1 states
were calculated at spin multiplicities of 1 and 3, respectively
(Nozaki et al., 2006). While for the sulfapyridine at the lowest
excited singlet state (S1), the geometry optimization and frequency
calculation were performed using time-dependent density func-
tional theory (TD-DFT). No significant differences were found be-
tween the computed and experimentally measured key geometric
parameters of sulfapyridine (see Table S1 in Supporting
Information, SI), indicating the reliability of the selected methods
for the system under study.

For the photophysical processes, we computed the transition
electronic dipole moment of fluorescence emission and the elec-
tronic transition field required for IC at the same level of theory as
that for geometry optimization with Gaussian 09 program. Tran-
sition electronic dipole moment of phosphorescence emission and
spin-orbit coupling constant of ISC were computed by ADF2013
program package (ADF 2013, SCM, Theoretical Chemistry, Vrije
Universiteit, Amsterdam, The Netherlands, http://www.scm.com;
Fonseca et al., 1998; Te Velde et al., 2001) with the method of scalar
zero-order regular approximation (ZORA) (Van Lenthe et al., 1993,
1994, 1996a, 1996b, 1999) at TD-DFT/B3LYP/Aug-DZP level of the-
ory. The agreement between the calculated and experimentally
measured fluorescence spectrum of sulfapyridine (shown in Fig. S2)
validates the rigidity of our theoretical methods to describe the
behaviors at excited states. Rate constants of photophysical tran-
sitions were computed viaMOMAP program (Niu et al., 2008, 2010;
Peng et al., 2007, 2013).

http://www.scm.com
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According to previous studies (Albini and Monti, 2003; Ji et al.,
2013; Li et al., 2016a) and our photolytic experiments (Fig. S3),
we theoretically studied the photochemical reactions of sulfapyr-
idine in triplet state. Based on the photoproducts detected for
sulfonamides (Challis et al., 2013; García-Gal�an et al., 2012), reac-
tion paths were searched. The nature of stationary points was
determined by frequency calculations, and the transition states (TS)
were characterized by only one imaginary vibrational frequency.
The intrinsic reaction coordinate (IRC) analysis (Fukui, 1981) was
executed to verify that each TS uniquely connects the reactants
with products. The potential energy surface profiles include zero-
point energy and thermal energy corrections. The spin densities
were evaluated by the Hirshfeld analysis (Hirshfeld, 1977).

2.2. Chemicals and experimental methods

Sulfapyridine (98.0% purity) and Sorbic acid (99%) were pur-
chased from Tokyo Chemical Industry CO., Ltd. and J&K Scientific
Ltd., respectively. Ultrapure water (18 MU cm) was obtained from
an OKP ultrapure water system produced by Shanghai Lakecore
Instrument Co., Ltd.

Photolytic experiments were performed with an XPA-7 merry-
go-round photochemical reactor from Xujiang Electromechanical
Plant, Nanjing, China. A water-refrigerated 500 W mercury lamp
surrounded by 290 nm cut-off filters was used as the light source
(l > 290 nm). The equilibrium temperature of the photolytic system
was around 35 �C adjusted by an air cooling system. The spectra of
the light source were measured by a spectroradiometer with a
RAMSES-ACC-UV sensor from TriOS CO., Ltd., Germany. During the
photolytic processes, aqueous solution of sulfapyridine (5 mmol/L,
pH ¼ 6.5) was placed into quartz tubes.

The concentration of sulfapyridine was determined by a Hitachi
L-2000 HPLC with an Agilent Eclipse XDB-C18 column
(4.6 � 150 mm, 5 mm) and a L-2455 diode array detector (detection
wavelength: 260 nm). The mobile phase consisted of 20% acetoni-
trile and 80% ammonium acetate buffered water (pH ¼ 5). The flow
rate was 0.8 mL/min, injection volume was 20 mL, and column
temperaturewas 25 �C. Fluorescence spectrum of sulfapyridinewas
detected by Spectrofluorometer FS5 fluorescence spectrometer
produced by Edinburgh Instruments, EI. The light slit in the mea-
surement of fluorescence emission spectrum was set to 5 nm and
the excitation wavelength was 310 nm. To obtain enough signals,
the concentration of sulfapyridine in the fluorescence emission
spectrum measurement was increased to 40 mg/L (0.16 mmol/L).

3. Results and discussion

3.1. Competitive processes of sulfapyridine in S1 state

According to the Kasha's rule (1950), the photophysical and
photochemical processes of sulfapyridine can be dictated by the
lowest-lying excited state (S1 and T1 states). For sulfapyridine in S1
state, there are three competitive processes, namely fluorescence
emission, internal conversion (IC), and intersystem crossing (ISC).
Based on Fermi's golden rule, the rate constants of these three
processes can be described by as follows (Lin, 1966):

kif ¼
2p
Z

���DjijV jjf

E���2r�Ef� (1)

where i and f represent the initial and final states, respectively; Z is
the reduced Planck constant, Z¼ h/2p, h is the Planck constant;Ѱ is
the wave function which can describe the state of system; V is the
electronic coupling, which depends on the nature of the process; r
and E stand for the density and energy of states, respectively.
Considering time-dependent perturbation and Franck-Condon
approximation, emission spectrum can be considered as a differ-
ential of the dipole-allowed spontaneous photon emission rate,
sem(u) (Niu et al., 2010; Peng et al., 2007):
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where u is the circular frequency; c is speed of light in vacuum;
Pi,vi(T) is the Boltzmann distribution function for the initial vibronic
manifold; yi and yf are the quantum number of the initial and final
viberational modes, respectively; T is temperature, m!0 is the elec-
tric transition dipole moment; Q is the vibrational wave function,
and d is the Dirac operator. Thus, the rate constant of fluorescence
emission (kF) can be calculated by the integration of sem(u) (Niu
et al., 2010):

kF ðor kPÞ ¼
Zþ∞

0

semðuÞdu (3)

And the rate constants of IC (kIC) (Niu et al., 2008) and ISC (kISC)
(Peng et al., 2013) can be calculated as follows:
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where n is the index of normal mode; F is the electron wave
function; bPn is the momentum operator of the nth normal mode in
the final electronic state; bHSO is the spin-orbit coupling Hamilton
operator.

We first computed the rate constants of fluorescence emission
(kF), internal conversion (kIC), intersystem crossing (kISC,S1-T1) for
sulfapyridine at the S1 state (see Table 1). Among these rate
constants, the kIC value is the largest, and is “two” orders of
magnitude higher than kF and “four” orders of magnitude higher
than kISC,S1-T1, indicating that sulfapyridine in S1 state mainly
undergoes IC and deactivates to S0 state. The relatively small kF
value (2.2 � 106 s�1) suggests that the fluorescence emission of
sulfapyridine is weak. This predicted weak fluorescence emission
well explains why pre-column derivatization with fluorescamine
is commonly used to markedly increase the fluorescence detec-
tion sensitivity of sulfapyridine in very low concentration
(Maudens et al., 2004; Stoev and Michailova, 2000; Schwaiger and
Schuch, 2000), which also suggests the reliability of our compu-
tational method. The rate constant k for ISC is smallest
(8.4 � 103 s�1 for the S1 / T1 process), indicating that the tran-
sition from the S1 state to T1 state is difficult. Since the photo-
chemical reaction of sulfapyridine mainly occurs at triplet state,
ISC(S1 / T1) is suspicious to be the bottleneck for the photo-
degradation of sulfapyridine. However, the final answer can only
be reached after we also clarify the rate-limiting step of the
photochemical reaction.

By comparing the vertical electronic excitation energies of the
optimized S1 geometry (listed in Table S2), we found that the T2
state is 0.23 eV higher in energy than that of the S1 state, while
energetically the S1 and T1 states are close and T1 is just 0.01 eV
below S1 state. Thus, ISC from S1 to T1 is the main intersystem
crossing, and we only considered ISC from S1 to T1 for further



Table 1
Rate constants of fluorescence emission (kF), internal conversion (kIC), intersystem
crossing (kISC), phosphorescence emission (kP) and photochemical reactions for
sulfapyridine.

Competitive processes in S1
state

Competitive processes in T1 state

kF 2.2 � 106 s�1 kP 5.8 � 10�4 s�1

kIC 1.5 � 108 s�1 kISC,T1-S0 3.7 � 107 s�1

kISC,S1-T1 8.4 � 103 s�1 kR 2.1 � 1012 s�1; 9.3 � 10�6 s�1
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studies in this work.
3.2. Competitive processes of sulfapyridine in T1 state

At T1 state, besides phosphorescence emission and intersystem
crossing as two photophysical processes, sulfapyridine also can
undergo photochemical reactions. Thus, we computed the rate
constants of phosphorescence emission (kP), intersystem crossing
(kISC,T1-S0), and photochemical reactions (kR) for sulfapyridine in T1
state (see Table 1).

To calculate the rate constant of photochemical reactions (kR),
the reaction mechanism was studied. We examined two possible
SO2-extrusion reaction pathways, passing transition states of
TS2A and TS2B respectively (Fig. 2) based on the photoproducts
detected experimentally for sulfonamides (Challis et al., 2013;
García-Gal�an et al., 2012). Both reaction pathways are initiated
by the elongation of the SeN1 bond: in the reactant (R), the SeN1
bond is 1.78 Å, after crossing a small activation barrier (0.6 kcal/
mol), the SeN1 bond is ruptured with a distance of 4.25 Å in the
intermediate (IM). Subsequently, there are two possible path-
ways: in Path A, the carbon atom C1 (connected with SO2 group)
attack N1 by crossing a 20.3 kcal/mol barrier, and the C1eN1 bond
is reduced to 1.36 Å in the product PA; in Path B, the C1 atom
attacks N2 by crossing a 37.9 kcal/mol barrier, forming a C1eN2
bond of 1.42 Å in the product PB. In both pathways, the SeC1
bond cleavage occurs, resulting in the SO2 extrusion product and
SO2 (see Fig. 2).

As indicated by the calculated activation energies (Ea) in
Fig. 2(a), for the first step, Ea,1 (0.6 kcal mol�1) is much smaller
than the Eas in the second step. For the second step, Path A has a
much lower activation barrier (20.3 kcal/mol) than that in Path B
(37.9 kcal/mol). Thus, sulfapyridine in T1 state mainly undergoes
Path A to form PA and SO2. The preference of Path A over Path B can
also be revealed from the spin density distribution on N1 (rN1),
and N2 (rN2), atoms. rN1 increases from 0.05 in R to 0.52 in IM,
indicating that a N1-centered radical is formed in IM; in com-
parison, rN2 is only 0.13 on N2 atom in IM. Generally, the higher
spin density may result in more facile reaction, thus it is easy to
understand why the N1 site with stronger radical character ex-
hibits higher activity than N2. In addition, the product (the com-
plex of PA and SO2) of Path A is 28.8 kcal/mol lower in energy than
that of Path-B, indicating that Path A is also thermodynamically
more favorable. Therefore, PA is preferred both kinetically and
thermodynamically, and is the main product of photodegradation.
Note that García-Gal�an et al. (2012) also identified PA as a main
photoproduct for sulfapyridine experimentally, while PB was not
detected, which confirms that the major reaction pathway found
in this work is reasonable.

We further computed the Gibbs free energies of activation (DGz)
of the elementary reaction steps for sulfapyridine in T1 state
following both reaction pathways. The DGz value (0.7 kcal/mol) for
the first step is very small. For the second step, DGz values in Path A
and Path B are 25.2 and 43.5 kcal/mol, respectively. Based on these
DGz values, we can estimate the rate constants of the two
elementary reaction steps in the major reaction Path A (kR1 and
kR,2A) as (Eyring, 1935):

kR ¼ ki
kBT
h

exp
�
� DGz

RT

�
(6)

where kB and h are Boltzmann and Planck constants, respectively; ki
is transmission coefficient. ki can be calculated as (Louis et al.,
2000):

ki ¼ 1þ 1
24

�
hni
kBT

�2

(7)

where ni is the imaginary frequency of TS. The value of kR1 and kR2
were calculated to be 2.1� 1012 s�1 and 9.3� 10�6 s�1, respectively.

By using Eqs.(3) and (5), the rate constants of phosphorescence
emission (kP) and intersystem crossing (kISC,T1-S0) were calculated
to be are 5.8� 10�4 s�1 and 3.7� 107 s�1, respectively. Note that the
kP value is extremely small, while rate constant for intersystem
crossing in T1 state here (3.7 � 107 s�1) is nearly four orders of
magnitude than that at the S1 state (8.4 � 103 s�1).

Summarizing all the calculated rate constants for the photo-
physical and photochemical processes of sulfapyridine in T1 state
(shown in Table 1), the competition of these processes is clear. kP
(5.8 � 10�4 s�1) is so small and much lower than kISC,T1-S0
(3.7 � 107 s�1) and kR1 (2.1 � 1012 s�1), respectively. These data
suggest the phosphorescence emission may not be easy, which
echoes our experimental finding that no phosphorescence signal
for sulfapyridine was observed in the room temperature. kR1
(2.1 � 1012 s�1) is much larger than kISC,T1-S0 (3.7 � 107 s�1), indi-
cating that in T1 state it is much easier for sulfapyridine to undergo
photochemical reaction to generate IM. Subsequently, IM un-
dergoes the second step of Path A to form the photoproducts of PA
and SO2 with a very small kR,2A (9.3 � 10�6 s�1). As discussed, the
second step of Path A is the rate-limiting step of photochemical
reaction. Comparing its rate constant kR,2A (9.3� 10�6 s�1) and that
of ISCS1/T1 (kISC,S1-T1, 8.4� 103 s�1), clearly the rate-limiting step in
Path A is much slower than ISC (S1/T1), the bottleneck of photo-
physical process. Thus, the second step in Path A is the rate-limiting
step in the overall competition between both photophysical and
photochemical processes. Therefore, lowering the Ea of the photo-
chemical reaction could be an effective strategy to enhance the
direct photolysis of sulfapyridine. Other strategies, like introducing
$OH radical, to undergo reaction paths with lower Ea could also be
promising (Sun et al., 2015; Li et al., 2016b).
3.3. Evaluation of reaction quantum yield and direct photolysis rate
constant

The reaction quantum yield F is a major characteristics for an
organic photodegradation process. Once F is obtained, it is possible
to evaluate the photodegradation rate constant under certain light
sources. Therefore, determining F is essential for us to predict the
behavior of organic photodegradation (Zepp and Cline, 1977). In
this work, based upon the understanding of all the competitive
photophysical and photochemical processes, F was calculated:

F ¼ kISC;S1�T1

kF þ kIC þ kISC;S1�T1
� kR1
kR1 þ kP þ kISC;T1�S0

(8)

The theoretically calculated value of the F is 5.6 � 10�5.
With this calculated F value, we can estimate the photo-

degradation rate constant of sulfapyridine. In transparent dilute
solutions, the direct photolysis rate constant (k) of an organic
compound can be expressed as (Zepp and Cline, 1977):



Fig. 2. Potential energy surface profiles for the photochemical reaction paths A (red line) and B (blue line) of sulfapyridine, and optimized structures of reactant (R), transition states
(TS1, TS2A and TS2B), intermediate (IM), and products (PA and PB). Dark gray atom: C; Blue atom: N; Red atom: O; Yellow atom: S; Light gray atom: H. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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k ¼ 2:303F
X

Llεl (9)

where Ll is the incident light intensity at a givenwavelength l; εl is
themolar absorptivity. Ll and εlweremeasured experimentally (for
detailed data, refer to Table S3). When measuring the Ll, the prober
and the reaction tube were placed at the same position to ensure
Fig. 3. Photolytic kinetics of sulfapyridine in pure water and in dark control. The error
bars represent 95% confidence intervals (n ¼ 3).
that they receive the same light intensity. Based on Eq. (8), using
the theoretical F value and the experimentally measured Ll and εl,
we estimated the photodegradation rate constant k to be
3.4 � 10�5 s�1 (Refer to SI for detailed process).

To validate the theoretical estimation of the photodegradation
rate constant, we conducted the photolysis experiments of sulfa-
pyridine. Upon the light irradiation, the concentration of sulfapyr-
idine in reaction tubes was measured at each time interval. The
reaction rate of sulfapyridine was fitted into the pseudo-first order
kinetic model, where the decrease of the concentrationwith time is
proportional to the sulfapyridine concentration in the tube:

�dc
dt

¼ kc (10)

The correlation coefficients (r2) of the fitting is 0.995 ± 0.003,
indicating that the direct photolysis of sulfapyridine in water obeys
the pseudo-first order kinetic model (kinetics is shown in Fig. 3),
and the fitted rate constant of sulfapyridine is 2.8 � 10�5 s�1.
Meanwhile, no significant elimination of sulfapyridine was
observed in the dark control. The difference between the calculated
and experimentally measured degradation rate constants is within
one order of magnitude.

Though the agreement between theoretical and experimental
results is rather encouraging, we have to be aware of the approxi-
mations made in our computations. For example, Eq. (5) used to
calculate the rate coefficient of ISC is a simple first-order expres-
sion, which neglects the contribution of non-adiabatic coupling.
Under this treatment, only the first-order ISC coefficient is
considered, but sometimes the second-order coefficient may have a
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dominant contribution28; Moreover, the triplet state reaction paths
were computed by the unrestricted DFT method, while the more
appropriate method to search for TS at excited state, namely TD-
DFT, is still beyond our current computational capability. There-
fore, more advanced computational methods are still desirable for
precise predictions.

4. Conclusion

In this study, we theoretically studied both the photophysical
and photochemical processes of SPY. The competition of photo-
physical processes reveals that ISC(S1 / T1) is the bottleneck for
sulfapyridine to reach triplet state and may limit the initiation step
of photochemical reaction, which is a new understanding of the
low photodegradation rate of sulfapyridine in water from photo-
physical perspective. For the photochemical process of sulfapyr-
idine, a mechanism of two steps and radical property of the rate-
limiting step was found, which is similar with the direct photol-
ysis mechanisms of other sulfanilamide antibiotics containing a six-
membered ring in our previous works (Shah et al., 2015; Shah and
Hao, 2016). The result may be instructive in the environmental
assessment and elimination of this group of antibiotics.

Based on the understanding of both the photophysical and
photochemical processes, quantum yield F was estimated for the
first time and direct photodegradation rate constant was evaluated
with a good agreement with experimental result. On the current
stage, this work only attempted to make an estimation in a simple
system taking no account of rather complicated factors in real
water environment like dissolved organic matters and inorganic
ions. While, faced upon with a large number of known organic
pollutants in water environment and even more emerging chem-
icals in market, the traditional experimental determination of F is
not efficient enough and high-throughout computational predic-
tion can be a tendency in the future.
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