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The photochemical behavior of lamotrigine was studied in simulated sunlight, and buffered
aqueous solutions at pH 3.3 (99.6% protonated), pH 5.3 (71.5% protonated) and pH 7.7 (1%
protonated) were used to examine the influence of pH and protonation state on lamotrigine’s
molar absorptivity, photodegradation rate, reaction quantum yield, and photoproducts. This
study provides insight into the photochemical fate of lamotrigine and its photoproducts in natural
waters (pH 6 to 9), and tentatively identifies pH-dependent reaction mechanisms that may

interact with natural water constituents like dissolved organic matter.

ABSTRACT

Lamotrigine is an antiepileptic and mood stabilizing drug that has been detected in wastewater,
groundwater, surface water and drinking water, at frequencies in surface water ranging from 47
to 97%. Because lamotrigine is a weak base (pK, = 5.7) that appears in two protonation states in
natural waters, this study examined the direct photodegradation of lamotrigine (11.4 to

12.0 mg L™") in simulated sunlight using liquid chromatography- UV diode array detection and
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buffered aqueous solutions at pH 3.3, 5.3, and 7.7. Lamotrigine’s half-life varied little (100 + 3
to 112 + 2 h) with solution pH, but its specific light absorption rate was 12 times higher, and its
reaction quantum yield was 13 times lower, at pH 7.7 versus pH 3.3. In the estimated midday,
midsummer sunlight in Denver, CO, USA (latitude 39.8617 °N), lamotrigine’s estimated
photodegradation rate was more than twice as fast at pH 7.7 versus pH 3.3. Lamotrigine’s
photoproducts were detected by liquid chromatography-UV diode array detection and time-of-
flight mass spectrometry. Solution pH was shown to affect the identities and relative abundances
of lamotrigine’s photoproducts. Some photoproducts appeared only in solutions containing
protonated lamotrigine, and others appeared only in solutions containing neutral lamotrigine. As
a result, different reaction mechanisms were proposed. Finally, lamotrigine’s reaction quantum
yield (2.51 £ 0.07 x 10~ mol einstein™" at pH 7.7) and other results suggested that lamotrigine
and three photoproducts are approximately as resistant to direct photodegradation as

carbamazepine, a frequently detected pharmaceutical in surface waters.

INTRODUCTION

Due to their widespread use, incomplete removal during water treatment, and sensitive analytical
techniques, trace quantities of pharmaceuticals and their metabolites have been detected in
surface waters, groundwater, drinking water, soils, and biota throughout the world 4 As of the
end of 2011, antiepileptics were the tenth most prescribed therapeutic class of pharmaceuticals in
the United States (128 million prescriptions), and the 12" highest selling therapeutic class
globally (US $14.1 billion) ™ ®. A recent study synthesized 155 studies on pharmaceutical
occurrence in freshwater ecosystems, covering the detection of 203 pharmaceuticals in surface
waters across 41 countries, and determined that one epileptic drug, carbamazepine (CBZ), was
the most frequently studied and detected compound in North America and Europe, and third in
Asia '. Two other antiepileptics (gabapentin and primidone) were among the 61 most frequently
studied pharmaceuticals in surface waters, and among those with mean detection frequencies
exceeding 75% (12 of 61) ' In addition, two antiepileptic drugs (CBZ and phenytoin) have been
among the most frequently detected pharmaceuticals in drinking water > "%, Together, these data
suggest that antiepileptics are ubiquitous in surface waters, and more recalcitrant than many

other therapeutic classes of drugs.
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Lamotrigine [3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine] (LTG) is an antiepileptic and
mood stabilizing drug marketed as Lamictal. In 2008, when generic lamotrigine tablets were
introduced to the United States, Lamictal was the 19™ highest selling brand name pharmaceutical
(US $1.5 billion)?. As an antiepileptic, LTG appears to be effective at treating primary
generalized tonic-clonic seizures and absence seizures, and is at least as effective as CBZ, the
standard drug treatment, for treating partial onset seizures ' ''. As a mood stabilizer, LTG
increases the time between episodes of depression and mania in bipolar disorder, and is

particularly effective against depression ' 2.

Lamotrigine and its primary metabolite, lamotrigine-2-N-glucuronide (LTG-2NG), have recently

13-15

been detected in wastewater, groundwater, surface water and drinking water In surface

13-15

water, LTG’s detection frequency ranged from 47 to 97% , and its average concentration

ranged from 108 to 455ng L™ "> 4.

Also, in a study of the in-stream attenuation of 14
neuroactive pharmaceuticals, LTG, CBZ, and 10,11-dihydro-10,11-hydroxy-carbamazepine
(DiIOH-CBZ, a metabolite common to CBZ and oxcarbazepine), were determined to be most
persistent, with pseudo-first order half-lives ranging from 12 to 21 h'®. Limited sampling
showed that LTG, CBZ and DiOH-CBZ were sequestered into stream biofilm, and the study
suggested that interactions with bed sediments and stream biofilm play an important role in their

fate and transport.

The predicted no-effect concentration (PNEC) of LTG in drinking water has been estimated to
equal 170 ug L™ for children, based upon an exposure duration of 6 years, a drinking water
ingestion rate of 1 L d™', and other factors '’. This PNEC is lower and more conservative than
the PNEC for adults, and orders of magnitude higher than LTG concentrations previously
detected in surface and drinking waters. However, PNECs are based on available toxicological
information (e.g., no observed adverse effect levels, adjusted for uncertainty factors), and the
most sensitive individuals and organisms may not be discovered until after idiosyncratic

18, 19 In

reactions occur (e.g., the collapse of vulture populations exposed to diclofenac)
addition, LTG selectively blocks voltage-gated sodium channels, which predate neurons and
form the basis of electrical excitability in most vertebrate and invertebrate species °>. This

suggests at least a potential for broad ecosystem effects. According to one study, which sought
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Figure 1 Molecular Structure, Absorption and Irradiance Data of Lamotrigine (LTG). Protonated
and unprotonated molecular structure of LTG (center), with (A) a comparison of the spectral irradiance
() of the Suntest CPS+ solar simulator, the estimated solar irradiance (/) in Denver, CO, USA (latitude
39.8617 °N) on June 21, 2013 at 1:00 p.m. MDT (SMARTS v 2.9.5), and LTG’s molar absorptivity (g,) in
buffered aqueous solutions at pH 3.3, 5.3 and 7.7; plus (B) LTG’s specific light absorption rate (ka\ =
2.303 { Iy €)) in quartz glass culture tubes irradiated by the solar simulator (pathlength, £, = 1 cm).

to prioritize the environmental risk of the top 200 prescription drugs from 2009, LTG was one of

only 13 pharmaceuticals appearing in the top 20 for at least 6 of the 12 toxic endpoints

considered **,

1416 “and absorbs light at

Because LTG is incompletely removed during wastewater treatment
wavelengths present in natural waters (e.g., > 290 nm; Figure 1), photodegradation might be
expected to affect LTG’s fate in sunlit waters more than biodegradation®®.  Direct
photodegradation occurs when a molecule absorbs light, becomes electronically excited, and
undergoes chemical transformation. The fastest direct photochemical reactions (~1014 s'l) are
limited by rates of vibrational motion and electron transfer, and the slowest (~10_2 s_l) are
limited by slow phosphorescence rates (a competing process) >’. Indirect photodegradation, by
comparison, is chemical transformation initiated after a co-solute (e.g., dissolved organic matter)
absorbs light and becomes reactive. Various reactive species can be generated, including
hydroxyl radicals (‘OH), singlet oxygen (102), superoxide radical ions (O,"), carbonate radicals
(CO;7), and excited triplet state dissolved organic matter (3DOM*), and the fastest indirect
photochemical reactions are limited by diffusion rates in water (~10'° M™' s™" at 25 °C) "', For
example, "OH reacts with many compounds, including natural water constituents, at nearly

diffusion-controlled rates, but steady state concentrations of ‘OH in natural waters are reported to
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range from only 107" to 10™"® M . As a consequence, organic contaminants would generally

be expected to react with ‘OH in natural waters at rates in the range of 10~ to 10~ h™".

Lamotrigine’s direct photodegradation rate will be governed by the spectrum and intensity of
available light, LTG’s ability to absorb such light (i.e., molar absorptivity), and the efficiency at
which the absorbed light is converted to chemical change (i.e., the reaction quantum yield).
Because upper excited states rapidly decay to lowest excited singlet or triplet states, reaction

3334 This means that

quantum yields (®) are generally assumed to be wavelength-independent
reaction quantum yields can be used to predict direct photodegradation rates across different
lighting conditions. Reaction quantum yields also provide the benchmark for determining the
influence of indirect photodegradation, light screening, and physical quenching in natural

5

waters >°. Therefore, it is appropriate to begin examining LTG’s photochemical fate in sunlit

waters by determining the rates, efficiency, and products of LTG’s direct photodegradation.

Lamotrigine is a water soluble (0.17 mg/mL at 25 °C) weak base (pK, = 5.7) % The site of
LTG’s protonation, and its most basic nitrogen, is located within the triazine ring where 2-N-
glucuronidation occurs (Figure 1) ** . Because the pH of most natural waters ranges from pH 6
to pH 9 *®, LTG’s neutral form will predominate, but its protonated form may also appear. pH is
known to influence photochemistry because different protonation states can produce different

39-43

molar absorptivities, reaction quantum yields, and photodegradation pathways . Therefore,

pH effects should be considered when examining LTG’s direct photochemistry.

The photochemistry of LTG has not been studied in the environmental context, but LTG is
known to produce a phototoxic response in some patients, and its photochemical properties have

been studied on that basis *.

The mean half-life of LTG in healthy volunteers and epileptic
patients receiving LTG monotherapy is 22.8 to 37.4 h*>. Accordingly, the phototoxicity study
by Bilski et al. was conducted over relatively short periods (up to 1 h) with high intensity light.
Among other things, the study found that irradiation of LTG produced an excited triplet state,
generating 'O, and peroxidizing lineolic acid (a representative fatty acid). The study also
detected chloride anions (CI7) by electrochemical assay, O, by spin-trapping studies, and a

phenolic photoproduct resulting from dechlorination and hydroxylation of LTG’s dichlorophenyl
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ring. Based on these results, the study suggested that O, was formed by electron transfer from
LTG to molecular oxygen, and that aryl radicals from photodechlorination might contribute to
LTG’s phototoxic response. Finally, the study determined that '0, photosensitization is the

primary mechanism for LTG phototoxicity.

The purpose of this study was to examine the direct photodegradation of LTG in waters exposed
to simulated sunlight under different pH conditions, and over time periods appropriate for
environmental fate analysis. The results of this study will provide a benchmark for determining
the influence of indirect photodegradation, light screening, and physical quenching in natural
waters, and help in predicting photodegradation pathways for LTG and similarly structured
pharmaceuticals in surface waters. The results of this study will also help in prioritizing research

based on photostability.

EXPERIMENTAL
The following section describes materials and methods used in this study. Additional details can
be found in the Supporting Information. Unless otherwise indicated, all reported confidence

intervals are 95% confidence intervals based on three replicates (n = 3).

Kinetics and Reaction Quantum Yield Experiments

Phosphate-buffered aqueous solutions of LTG (11.4 to 12.0 mg L™") were prepared at pH 3.3
(£0.2), pH 5.3 (x 0.4) and pH 7.7 (£ 0.1). To determine LTG’s reaction quantum yield in each
solution, a chemical actinometer solution (1.6 mg L™ 4-nitroacetophenone, plus 0.05% v/v
pyridine) was prepared in deionized water in accordance with published methods for sunlight

actinometry (Supporting Information) > °.

During each experiment, triplicate 8.5 mL samples of the LTG and chemical actinometer
solutions were placed in quartz glass culture tubes (12 mm o.d. x 100 mm), sealed with Versa
Vial PTFE/silicon closures (Supelco, Bellefonte, PA, USA), and positioned at a 35° angle within
a Suntest CPS+ solar simulator (Atlas Material Testing Technology LLC, Chicago, IL, USA).
The solar simulator’s xenon lamp was operated at 765 W m? irradiance (300 to 800 nm) using a

“UV special glass” filter to eliminate wavelengths below approximately 290 nm. The spectrum
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of the solar simulator was measured with a Maya 2000 Pro spectrometer (Ocean Optics, Inc.,
Dunedin, FL, USA), and the spectral irradiance of the solar simulator (Figure 1) was estimated
with the actinometer solution, assuming a fixed spectrum and applying a factor (2.2) in
accordance with published methods to account for the use of cylindrical tubes (Supporting
Information) *. During the experiments, the solar simulator’s internal temperature (18.2 + 0.3
°C, n = 20) was regulated by a Fuji Electric (Tokyo, Japan) PXZ-4 temperature controller (model
SR1) and Emerson Quiet Kool (Model 6JC63) air conditioning system. For dark controls,
8.5 mL samples of the LTG and the chemical actinometer solutions were placed in borosilicate
glass culture tubes (13 mm o.d. x 100 mm), sealed with PTFE-lined screw caps, covered with
aluminum foil, and positioned within the solar simulator. A 100 pL sample was collected daily
from each culture tube over either a 4 d (pH 3.3) or 5d (pH 5.3 and 7.7) continuous exposure

period, and stored at 4 °C in 2 mL amber glass vials until analysis.

LTG was quantified using an Agilent 1200 series HPLC system equipped with a UV-diode array
detector (HPLC-UV; Agilent Technologies, Inc., Santa Clara, CA, USA). The chromatographic
method used a Kinetex PFP column (100 x 3.1 mm i.d., 2.6 um particle size, Phenomenex,
Torrance, CA), maintained at 40 °C, a constant flow rate of 500 uL min_l, and the following
binary gradient: 10% (A) deionized water with 5 mM ammonium acetate and 0.1% v/v formic
acid, and 90% (B) acetonitrile, for 4 min; increased to 65% B over 5.5 minutes; stepped to 100%
B and held for 4 minutes to flush the column; and equilibrated at 10% B for 4.5 minutes. The
injection volume of each sample was 10 pL, and the samples were quantified at 260 nm using a

seven-point external calibration curve (method detection limit < 0.1 mg L'l).

4-nitroacetophenone (PNAP) was also quantified using the Agilent HPLC-UV system. The
chromatographic method used an XSelect CSH C;g XP column (75 x 4.6 mm i.d.; 2.5 um
particle size; Waters Corporation, Taunton, MA, USA), maintained at 40 °C, and the following
binary gradient: (A) 60% deionized water, and (B) 40% acetonitrile, at the beginning; increased
to 90% B over 5 minutes at 600 uL min™"; stepped to 100% B and held for 1.5 minutes at 750 pL
min~' to flush the column; and equilibrated at 40% B for 4 minutes at 600 pL min~'. The

injection volume of each sample was 10 pL, and the samples were quantified at 270 nm using a
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seven-point external calibration curve (method detection limit < 0.1 mg L7'). Agilent

ChemStation for LC 3D Systems software was used for all LC-UV data processing.

Photoproduct Experiments

To determine LTG’s photoproducts, an 8.5 mL sample of the LTG solution at pH 5.3 was
irradiated according to the procedures described for the kinetics and reaction quantum yield
experiments. The pH 5.3 solution was chosen for the photoproduct analysis because it contained
protonated and neutral LTG and was expected to generate photoproducts from both protonation
states. A 500 uL sample was collected every fourth day from each culture tube over a 12 d
continuous exposure period, and a 150 pL. sample was collected every fourth day thereafter until
the total continuous exposure period was 24 days. The photoproduct samples were stored at 4 °C

in 2 mL amber glass vials until analysis.

LTG’s photoproducts were analyzed by liquid chromatography-time of flight mass spectrometry
(LC-TOF MS) using an Agilent 1100 series HPLC and Agilent G3250AA MSD TOF system.
The chromatographic method was identical to the chromatographic method used to quantify LTG
for the kinetics and reaction quantum yield experiments. The mass spectrometer was operated in
positive ion mode under the following parameters: 4000 V capillary voltage; 190 V fragmentor
voltage; 45V skimmer voltage; 300 Vpp Oct 1 RF; 45 psig nebulizer pressure; 10 L min™"
drying gas (nitrogen) flow; and 325 °C drying gas temperature. The injection volume of each
sample was 10 or 50 pL, and internal references masses (purine, CsHsN4, m/z 121.05087; and
hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine, CisH;sF24N30¢P3, m/z 922.00980) were
infused during each chromatographic run to permit recalibration of extracted mass spectra.

Agilent MassHunter Workstation Qualitative Analysis software was used for all LC-TOF MS

data processing.

RESULTS

Direct Photodegradation Rates and Reaction Quantum Yields

The following section describes results from experiments in the solar simulator to determine
LTG’s direct photodegradation rates and reaction quantum yields in buffered aqueous solutions

at pH 3.3 £ 0.2 (99 to 100% protonated), pH 5.3 + 0.4 (50 to 86% protonated), and pH 7.7 £ 0.1
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Table 1 Direct photodegradation of lamotrigine (LTG). Pseudo-first order degradation rate
constants (k), half-lives (t,), integrated specific light absorption rates (3 k.), and reaction quantum
yields (o), with 95% confidence intervals (a = 0.05), of buffered aqueous solutions of LTG (11.4 to 12.0
mg L'1) after 4d (pH 3.3) or 5d (pH 5.3 and 7.7) of continuous irradiation in the solar simulator (n = 3),
together with their estimated half-lives at latitude 40°N during summer in a flat water body at a shallow
depth (i.e., < 5% attenuation).

> Kan, predicted
(einstein ty, (h),
mol™ h_l) () summer
pH k (h™) ty, (h) (mol einstein™") ’ 40°NP*
33£02  7.0+£02x10° 1003 22 33+2x 107 500 * 20
53+04 62+01x107° 1122 99 63+0.1x107 273 +5
7701  67+02x107° 103 %2 270 2.51+£0.07 x 107 230+ 6

" 4-Nitroacetophenone (1.6 mg L™, 0.05% v/v pyridine) was used as a chemical actinometer, and approximately
83% was removed after 5 d (Supporting Information). * Based on estimated solar irradiance in Denver, CO, USA
(latitude 39.8617 °N) on June 21, 2013 at 1:00 p.m. MDT (SMARTS v 2.9.5).

(0.79 to 1.2% protonated). These pH values were chosen to represent LTG in its neutral,

protonated, and partially dissociated forms, in order to examine the influence of pH on LTG’s

direct photodegradation.

Figure 1.A compares the spectral irradiance of the solar simulator, the estimated midday,
midsummer solar irradiance in Denver, CO, USA (latitude 39.8617 °N; SMARTS v 2.9.5), and
the molar absorptivities of the three buffered aqueous LTG solutions (pH 3.3, 5.3 and 7.7). Due
to protonation of LTG’s triazine ring, the absorption maximum of LTG’s longest wavelength
absorption band shifted from 307 nm (pH 7.7) to 267 nm (pH 3.3). As a consequence, in quartz
glass culture tubes irradiated by the solar simulator, the specific light absorption rate (einstein
mol™' h™") of LTG’s neutral form (LTG") was approximately 12 times greater than its protonated
form (LTG") (Figure 1.B). This difference increased to approximately 28 times in the estimated
midday, midsummer Denver sun produced by a spectral radiation model (SMARTS v 2.9.5) a7
primarily because the estimated Denver sunlight did not include the shortest wavelengths in the
solar simulator, where LTG" absorbed more light (Figure 1.A; Figure SI-2, Supporting

Information).
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Table 1 contains the direct photodegradation 10

rates, half-lives, and reaction quantum yields 08 y = 1.0188e-0.007x
of the LTG solutions after 4 d (pH 3.3) or 5 d 06 R?*=0.9982
(pH 5.3 and 7.7) of continuous irradiation in g 04
the solar simulator. Except for one data point O 02
0.0 -
(pH 3.3 at 172.7 h), no dark control sample 0 120 40 360
concentration was significantly different Time (h)
(0=0.05, n = 4) from the mean starting | #LTGpH 53
] o ) m Dark Control
concentration, and the remaining data point
. . 0.00 | [ =
was 96.8% of the mean starting concentration. 050 9 120 240 360
There was no significant difference between . 1' 00
o = -
the direct photodegradation rates of LTG" and 8 150
< =-0.0065x
LTG*, even though LTG® absorbed = -200 R2 = 0.9979
approximately 12 times more simulated -2.50 .
PP Y Time (h)

sunlight. As reflected in LTG’s reaction

. Figure 2 Photochemical loss of lamotrigine
quantum yields at pH 3.3 and pH 7.7 (Table (LTG). Progress of photochemical loss of LTG in

1), LTG" converted the absorbed light to the buffered aqueous solution at pH 5.3 during
12d (290.6 h) of continuous irradiation in the
photochemical reactions approximately 13  solar simulator (n = 3), with dark control (n = 1).
times more efficiently than LTG", offsetting the difference in their light absorption rates. When
the same reaction quantum yields were used to predict LTG’s half-life in a flat water body at a
shallow depth (i.e., < 5% attenuation) 48 exposed to the estimated midday, midsummer Denver
sun, LTG" was estimated to degrade more than twice as fast as LTG" (Table 1), primarily

because LTG was estimated to absorb approximately 28 times more Denver sunlight.

Figure 2 shows the photochemical loss of lamotrigine at pH 5.3 after 12d (290.6 h) of
continuous irradiation in the solar simulator. After 12 d, LTG’s half-life (105 + 2) was slightly,
but significantly, shorter than the value reported in Table 1 after 5 d of continuous irradiation
(112 £2). Close inspection of Figure 2.B reveals that LTG’s photodegradation rate increased
slightly with time (and decreasing LTG concentration), suggesting that some amount of self-
screening occurred at the LTG concentration employed (11.7 mg L™"). The reaction quantum

yield, integrated specific light absorption rate, and predicted half-life calculations in Table 1

10
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were adjusted in accordance with published methods to account for this self-screening effect

(Supporting Information) ** >,

In summary, LTG’s direct photodegradation half-life varied little (100 £3 to 112 +2) in the
solar simulator as the solution pH changed. However, LTG’s molar absorptivities and reaction
quantum yields at pH 3.3 and 7.7 were significantly different (Table 1), and LTG was estimated
to degrade more than twice as fast at pH 7.7 under different lighting conditions. The disparity in
reaction quantum yields may suggest that LTG’ and LTG' are following different
photodegradation pathways, and possibly producing different photoproducts. Alternatively,
LTG’s protonation state may influence the relaxation or energy transfer possibilities available to

excited state LTG, leading to a lower quantum yield for LTG.

Photoproducts

The following section describes results from experiments to determine whether LTG produced
different photoproducts at different pH. HPLC-UV was utilized to detect photoproduct
differences, and LC-TOF MS was used to generate accurate mass-to-charge (m/z) measurements

and isotopic information to identify the resulting photoproducts.

Figure 3 contains overlapping LC-UV chromatograms for the LTG solutions at pH 3.3, 5.3, and
7.7 after 8 d of continuous irradiation in the solar simulator. Except for LTG, none of the
exhibited peaks was present in any unexposed LTG solution (pre-exposure or dark control).
Figure 3 is supplemented by Table 2, which contains LC-TOF MS data from the pH 5.3 solution
for the numbered peaks in Figure 3. Preliminary LC-TOF MS experiments for LTG solutions at
~pH 3 and ~pH 8 confirmed that the proposed formulas in Table 2 also apply to the numbered
peaks in Figure 3 from the pH 3.3 and pH 7.7 solutions (data not shown).

Several things stand out in Figure 3. First, many photoproducts were detected, compared to the
phototoxicity study by Bilski et al., where one photoproduct was detected over shorter
timeframes (up to 1 h) M Second, the initial concentrations of LTG in the pH 3.3, 5.3 and 7.7
solutions were similar (11.4 to 12.0 mg L_l), and the peak area of LTG (peak 6) was

approximately the same in all three chromatograms, indicating similar direct photodegradation

11
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Figure 3 HPLC-UV chromatograms of lamotrigine (LTG) and its photoproducts. (A) HPLC-UV
chromatograms (260 nm) of buffered aqueous solutions of LTG at pH 3.3, 5.3 and 7.7 after 8 d (192 h) of
continuous irradiation in the solar simulator. The bottom panel (B) shows a portion (1.5 to 8.4 min) of the
top panel (A) in greater detail. This figure is supplemented by Table 2, which provides liquid

chromatography-time of flight mass spectrometry data for the numbered peaks.

rates (Table 1), and suggesting that differences in photoproduct peak areas (e.g., peak 3) were
primarily the result of pH differences. Finally, some photoproduct peaks (e.g., peaks 1, 2 and 7)
appeared only in solutions containing LTG", and other photoproduct peaks (e.g., peak 4)

appeared only in solutions containing LTG.

According to the LC-TOF MS data in Table 2, peak 1 (CoHsCINsO) corresponds to the
photoproduct detected in the phototoxicity study by Bilski et al. “a phenolic photoproduct
resulting from dechlorination and hydroxylation of the dichlorophenyl ring of LTG (CyH;CI,;N5).
Peak 2 (C9HoCl,N50) and peak 3 (CoHgCl,N4O), by comparison, evidence reactions involving
oxygen addition without dechlorination. The proposed molecular formula of peak 2 suggests a
photohydration product, and the proposed molecular formula of peak 3 demonstrates that LTG
lost one nitrogen and gained one hydrogen atom. Because peak 3 evidences a net increase in
hydrogen atoms, peak 3 does not suggest a photoproduct resulting merely from deamination and

hydroxylation of LTG’s diamino-triazine ring.

12
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Table 2 Proposed lamotrigine photoproduct identities. Liquid chromatography-time of flight mass
spectrometry data for the numbered peaks in Figure 3 from the buffered aqueous solution of lamotrigine
(11.7mg L") at pH 5.3 after 8 d (190.0 h) of continuous irradiation in the solar simulator.

absolute double bond
proposed mass error equivalent
peak formula (M) m/z ion species (ppm) (DBE)
1 CyHgCINsO 238.04901 [M+H]" 1.00 8
2 CyoHoC1,NsO 274.02569 [M+H]" 1.02 7
3 CyoHgClLN4,O 259.01479 [M+H]+ 0.15 7
4 CyoHeCINs 220.03845 [M+H]" 0.07 9
5 CyoH;CIN5 256.01513 [M+H]" 0.02 8
6 CyoH;CIN5 256.01513 [M+H]" 0.45 8
7 CyoH5Cl1,Ns 253.99948 [M+H]" 0.38 9

The proposed molecular formula for peak 4 (CoH¢CINs), which appeared only in solutions
containing LTGO, indicates that LTG lost HCl, and added one double bond equivalent
(DBE 8 — 9). Given the aromatic structure of LTG’s dichlorophenyl and triazine rings, this
suggests a photocycloaddition reaction, and the formation of a third ring. Therefore, peak 4 was

tentatively assigned the one chlorine-tricyclic structure in Figure 4.

The proposed molecular formula for peak 5 (CoH;CI;Ns) indicates an LTG isomer. Peak 5 was
not present at 0 d, and increased in size after 4, 8 and 12 d of continuous irradiation in the solar
simulator (Figure SI-3), conclusively establishing that peak 5 is an LTG photoproduct, and not

the result of poor chromatography.

Finally, the proposed molecular formula for peak 7 (C9HsCl,Ns), which appeared only in
solutions containing LTG", indicates that LTG lost H,, and added one double bond equivalent
(DBE 8 — 9). In accordance with the reasoning for peak 4, peak 7 was tentatively assigned the

two chlorine-tricyclic structure in Figure 4.

Figure 5 shows changes in the areas of the numbered peaks in Figure 3 over a 28 d (670.9 h)
extended irradiation period in the solar simulator. Approximately 90% of the initial LTG
concentration was eliminated after 12d (290.2 h). Thereafter, the areas of peaks 2 and 3
declined sharply, the areas of peaks 1 and 4 declined slowly, and the areas of peaks 5 and 7 were

relatively stable. There was no relationship between photoproduct stability and pH, because

13
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peak 4 only appeared in solutions containing LTG’, peak 5 appeared at every pH, and peak 7
only appeared in solutions containing LTG". According to Figure 5, peaks 4, 5 and 7 were
somewhat to very stable over the 16 d period after most of the initial LTG concentration had
been eliminated, suggesting that the associated photoproducts were even more stable than LTG

under simulated sunlight.

In summary, several photoproducts were detected, and their identities, relative abundances and
reaction mechanisms were influenced by solution pH. Molecular formulas were proposed for the
most prominent peaks, and molecular structures were proposed for peak 4, which appeared only
in solutions containing LTG’, and peak 7, which appeared only in solutions containing LTG".
Three of the most prominent peaks appeared to be even more stable than LTG in simulated

sunlight, but no relationship between solution pH and photostability was observed.

DISCUSSION

Direct Photodegradation Rates and Reaction Quantum Yields

According to Table 1, LTG’s reaction quantum yield was 13 times higher at pH 3.3, when LTG
was almost 100% protonated, than at pH 7.7,

when LTG was approximately 1% protonated. LTG

. _ o 9H CI,Ns
However, LTG" absorbs less light than LTG
at wavelengths present in natural waters.
\NH+ *N
Therefore, pH influenced LTG’s direct

photodegradation rate both by influencing

.- . . h
LTG’s ability to absorb the available light, Y
and by influencing the efficiency at which Ol peak? cl ] Peak 4
such light is converted to photochemical CoH5ClNs N CoHeCINs
. . N
reactions. Because LTG’s neutral form is J >\NH
2

expected to predominate in natural waters, the

photochemistry of LTG" is expected to exert a

Figure 4 Selected photoproduct structures.
Proposed structures for photoproduct peaks 4
waters. and 7 in Figure 3, arising from irradiation of the
buffered aqueous solution of lamotrigine (LTG,
11.7mg L™") at pH 5.3.

greater influence on LTG’s fate in sunlit

14
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LTG’s reaction quantum yield at pH 5.3 arguably should have been closer to that of pH 3.3
(almost 100% protonated) than that of pH 7.7 (approximately 1% protonated), because LTG is
72% protonated at pH 5.3. In general, when a molecule is present in more than one protonation
state, its photochemistry is expected to reflect the photochemistry of all available protonation

. . . 4
states 1n an integrative manner 3949,

In fact, LTG’s molar absorptivity at pH 5.3 did more
closely resemble that of pH 3.3 (Figure 1.A). Chlorinated arenes (like LTG’s dichlorophenyl
ring) have been observed to undergo photochemical reactions through excited state charge
transfer complexes *°, and there is at least some potential for LTG” and LTG" to form ground
state complexes via cation-mt bond interactions 3! but the LTG concentrations used in this study
are low (< 0.05 mM), and LTG concentrations in the environment are even lower. It is more
likely that the reaction quantum yields in Table 1 are affected by small errors in determining the
solar simulator’s spectral irradiance or LTG’s molar absorptivity, particularly at pH 3.3 and 5.3

where their spectral overlap is small (Figure 1). Such errors can cause significant differences in

reaction quantum yields *.

In this study, LTG’s reaction quantum yields ranged from 2.51 x 10~ (pH 7.7) to 33 x 107
(pH 3.3) mol einstein'. These are similar to reaction quantum yields reported for CBZ, which

have ranged from 6 x 107 to 1.3 x 10~ mol einstein™" ** ***’

. Many pharmaceuticals undergo
direct photodegradation with greater efficiency than CBZ and LTG (e.g., naproxen, ® = 0.012;
diclofenac: @®=0.094 to 0.13; and

sulfamethoxazole, ® =0.028 to 0.959 from 24

1<—LTG removal
pH 9.2 to pH 3.2) ** *, which might explain : ~90%
18 ! —+ - Peak 1
why CBZ and LTG seem more recalcitrant g P
o eak 2
than many other drugs in surface waters. T 12 —%—Peak 3
©
. . . . [«
However, indirect photodegradation is & . w++%:- Peak 4
significantly faster and more efficient than dac
) ) ) --M--Peak 7
direct photodegradation in some 0 e
0 120 240 360 480 600 720
pharmaceuticals **®, and further study is Time (h)

needed to examine the effect of indirect Figure 5 Lamotrigine (LTG) photoproducts.
Peak areas (detection wavelength = 260 nm) for
the numbered peaks in Figure 3 over a 28d
(670.9 h) extended irradiation period (n = 1).

photochemistry and biodegradation on LTG’s

fate in sunlit waters. For example, LTG

15



Environmental Science: Processes & Impacts

produces an excited triplet state upon photoexcitation **, which suggests the possibility of triplet
energy transfer to dissolved organic matter (DOM)®', or triplet state energy transfer from
‘DOM* %, Similarly, excited state LTG has been reported to undergo electron transfer
reactions **, which suggests the possibility of electron transfer reactions with DOM, CO;™, and

other natural water constituents > %> %3,

The relative importance of each reactant will depend on
its steady-state concentration and second-order rate constant for reaction with LTG 31, but LTG’s
direct photodegradation rates (Table 1) do appear consistent with the range of reaction rates

described in the Introduction for reactions between organic contaminants and "OH.

Photoproducts
As Figure 3 demonstrates, pH and degree of protonation affected the identities and relative
abundances of most LTG photoproducts. For example, peaks 1, 2 and 7 appeared only in

solutions containing LTG", and peak 4 appeared only in solutions containing LTG".

Figure 4 contains proposed molecular structures for peaks 4 and 7, both of which involve the
photochemical addition of an amino group from LTG’s triazine ring to the adjacent
dichlorophenyl ring. In the case of peak 4, dechlorination also occurred. The resulting
photoproducts feature tricyclic heteroaromatic systems, and Figure 5 suggests that both
photoproducts are more stable than LTG in simulated sunlight. Given the apparent similarity of
the peak 4 and 7 photoproducts, their mutual exclusivity at different pH is surprising, and

suggests that different photodegradation pathways were involved.

Peaks 1 and 7 both evidence the addition of an electron-donating group (OH™ or R-NH,) to
LTG’s dichlorophenyl ring. In the case of peak 1, dechlorination also occurred. Each peak
appeared only in solutions containing LTG", suggesting a similar reaction mechanism. Because
the positive charge in LTG" is located on the triazine ring, one possibility is that photoexcitation
and intersystem crossing to LTG"’s excited triplet state caused the transfer of an electron from
LTG"s dichlorophenyl ring to its triazine ring, facilitating the addition of electron-donating
groups to LTG™s dichlorophenyl ring (Figure SI-4, Supporting Information). Bilski et al.
demonstrated that excited triplet state LTG forms upon irradiation **, and addition reactions have

been reported to occur at aromatic rings activated by single-electron oxidation % or electron

16
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withdrawing groups ©.  Alternatively, LTG"s protonated triazine ring might be directing
photosubstitution reactions to adjacent (ortho) positions on the dichlorophenyl ring °, but this
mechanism might also be expected to produce the peak 4 photoproduct, which does not appear in
solutions containing LTG*. More work is needed to elucidate the mechanisms involved, and the
results of such reactions in the presence of natural water constituents like DOM. However, it is
significant that the peak 7 photoproduct forms without dechlorination, a common process among

. 67-70
other chlorinated arenes .

Peak 4 appears to evidence electron transfer in the opposite direction, possibly due to the change
in LTG’s protonation state. Specifically, peak 4 appears to evidence the transfer of an electron
from the 5-amino group in LTG’s triazine ring to its dichlorophenyl ring, causing dechlorination,
and the formation of a new pyrrole ring (Figure SI-5, Supporting Information). Triclosan has
been observed to undergo a similar reaction, resulting in the formation of a 1,4-dioxin ring *"* "
2 n addition, Bilski et al. observed O, formation by electron transfer from LTG to molecular
oxygen, and “strongly” accelerated Cl~ production in the presence of ascorbic acid (a reducing
agent 3 during LTG photodegradation in polar solvents “, Finally, protonation of the electron-
donating amino group in 4-chloroaniline has been shown to inhibit heterolytic
photodechlorination ®, and protonation of LTG’s triazine ring did inhibit the formation of
photoproduct peak 4 in this study. Additional work is needed to elucidate the mechanisms
involved, and to explore the effect of such reactions in natural waters, where reducing agents

comparable to ascorbic acid (e.g., redox active chromophores in DOM *°) might enhance LTG’s

photodegradation through similar electron transfer reactions.

The results of this study suggest that photoinduced substitution and electron transfer reactions
could be important pH-influenced photodegradation pathways in natural waters, particularly for
LTG and similarly structured pharmaceuticals. Because LTG’s neutral form will predominate in

natural waters, the electron transfer process could be especially important.

CONCLUSION
To our knowledge, this is the first study to examine the direct photodegradation of LTG under

environmentally relevant conditions, even though LTG has been detected in surface waters at

17
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frequencies of 47 to 97% "*'°, found to be relatively persistent among 14 neuroactive
pharmaceuticals during in-stream attenuation '°, and ranked highly across all toxicity endpoints
4

when comparing the environmental risks of top-selling prescription drugs **. Three general

findings from this study have special significance.

First, LTG undergoes direct photodegradation slowly and inefficiently under environmentally
relevant conditions. Under the estimated midday, midsummer sun in Denver, CO, USA (latitude
39.8617 °N; SMARTS v 2.9.5), LTG’s half-life was estimated to equal at least 230 £ 6 h of
continuous sunlight, and LTG’s reaction quantum yield was determined to be no greater than 3.3
x 10™ mol einstein™'. The reaction quantum yield of CBZ is similar (® < 1.3 x 10™ mol

: . =1y 29, 52-57
einstein ) 9. 525

, and CBZ has been described as the most frequently detected and studied
compound in North America and Europe, and third in Asia'. Little is known about the
biodegradation and indirect photodegradation of LTG in natural waters, but the existing data
suggest that LTG is approximately as recalcitrant as CBZ, and commonly present in surface

waters like other pharmaceuticals in its therapeutic class.

Second, LTG appears in neutral and protonated forms in natural waters, and this has a significant
effect on the direct photodegradation of LTG. Lamotrigine’s specific light absorption rate was
12 times higher, and its reaction quantum yield was 13 times lower, at pH 7.7 versus pH 3.3. In
addition, certain photoproducts appeared only when neutral LTG was present, and others
appeared only when protonated LTG was present. This mutually exclusive behavior suggested

different reaction mechanisms, even for photoproducts that appeared structurally similar.

Finally, the pH-dependent reactions observed in this study may be important to LTG’s
photodegradation in natural waters, and to the photodegradation of structurally similar
compounds. Lamotrigine’s pH-dependent reactions suggested a potential for accelerated LTG
photodegradation through photoinduced substitution reactions with m electron donors present in
DOM, and photoinduced electron transfer reactions with redox active chromophores in DOM.

163

These reactions are not novel ~°, but they are not often considered as alternatives to

photosensitization and reactive intermediate species (e.g., ‘OH, 102, and O,") in natural waters.

18
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This study was intended to provide insight into the photodegradation of LTG and similarly
structured compounds in natural waters. The results of this study will provide a benchmark for
determining the influence of indirect photodegradation, light screening, and physical quenching
on LTG’s photodegradation, and might also help in prioritizing research based on photostability

in natural waters.
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