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Mechanism of direct UVC photolysis of dibenzazepine-type
drug imipramine (IM1) was revealed by the combination of
laser flash photolysis for the detection of short lived
intermediates and steady-state photolysis coupled with
LC-MS for identification of final products. Both quantum
yield of IM| photoionization and molar absor ption coefficient
of IMI radical cation were determined for thefirst time.

Main pathways of
imipramine UVC photolysis
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Pharmaceuticals and personal care products (PPCPs) are among
most of widespread persistent contaminants in environment® and
great attention is paid now to development of different techniques
for their decomposition including photochemical ones.? Tricyclic
antidepressants (TAs) belong to PPCPs and are widely used for
treatment of different diseases, including depression, anxiety
and a variety of chronic pain syndromes. These compounds are
quite resistant to common wastewater treatment procedures, so
they have been extensively detected in surface waters and
soils.®> One of the urgent questions is a fate of TAs under
influence of solar light ( > 290 nm) in natural waters or during
UVC treatment (1 < 290 nm) of TA containing wastewaters.

Published data on TA photodegradation in water is scarce.
Generally, direct UVC (254 nm) photolysis of these compounds®-?
or combination of UV irradiation with addition of hydrogen
peroxide,®° potassium persulfate,81° chlorine,® Fe'/Fe"! ions®
or titanium dioxide TiO,™ were applied. Direct photolysis of
TAs in water exhibits low quantum yields (1.4% for nortriptyline
and 0.76% for amitriptyline) and leads to the products of
hydroxylation, deamination and side chain elimination.®® The
presence of chemical additives and photocatalysts enhances the
degradation of TAs due to generation of reactive radicals (CI*,
SO, and °OH). Under optimal conditions, complete
mineralization of TAs and organic photoproducts can be
achieved.’ However, detailed mechanisms of photoreactions
and identification of short lived intermediates are absent in
aforesaid works. There is only one work? in which mechanism of
photolysis of a set of imipramine (IMI) derivatives was studied in
different solvents by laser flash photolysis (LFP, As, = 266 nm)
and fluorescence techniques. It was assumed that initial
photoprocess in water was the photoionization with the formation
of radical cation and hydrated electron.

© 2020 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

Finally, it was shown that TAs amitriptyline and nortriptyline
underwent indirect photodegradation in the presence of the
fulvic acid.®® The mechanism of photodegradation was proposed
including electron transfer between the triplet state of the fulvic
acid and TAs, similar for other amine drugs.!41> The electron
transfer could take place in a complex between fulvic acids and
TAs as it was demonstrated recently by fluorescence
spectroscopy.t6

The goal of the current work was to reveal the mechanism of
direct UVC photolysis of dibenzazepine-type TA, namely
imipramine (IMI), 5-(3-dimethylaminopropyl)-10,11-dihydro-
5H-dibenzo[b,flazepine, by LFP, steady-state photolysis and
LC-MS technique (for experimental details, see Online
Supplementary Materials and refs. 17,18). The main attention
was paid to the identification of short-lived intermediates and
final photoproducts and to the determination of quantum yields
of both primary species and IMI photolysis. This data could be
important for further understanding of TAs photodegradation in
processes of UVC disinfection.

Flash (266 nm) excitation of IMI aqueous air-equilibrated
solutions leads to formation of transient absorption (Figure 1)
belonging to two intermediates in accordance with the reported
data.'? First short-lived intermediate exhibits maximum
absorbance at 720 nm and its lifetime increases from 0.17 to 2.5 ps
after removal of dissolved oxygen, being characteristic of hydrated
electron.’® The second one is not sensitive to the presence of
dissolved oxygen (lifetime is about 100 ps) and demonstrates
absorption maximum at 680 nm?2 (see Figure 1, spectrum at delay
of 8.5 ps).

Therefore, excitation of IMI leads to its photoionization with
the formation of a hydrated electron (e,,")-radical cation (IMI**)
pair.!? Yields of both species from excitation energy could be
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Figure 1 Laserflash (266 nm, 1.7 mJ per pulse) photolysis of air-equilibrated
IMI (5 x 104 mol dm~3) solutions. Transient absorption spectra at different
time delays between excitation and probing pulses are shown. Note that some
points at short delays (5-220 ns) are omitted due to an artefact created by
scattered excitation pulse. Inset shows a kinetic curve at 720 nm.

calculated using two-exponential fits at 680 and 720 nm,
respectively [Figure 2(a)], according to the following equation:

AA= AL, e3,) exp(tiry) + A, IMI*) exp(Ury), @)

where A is a registration wavelength (680 or 720 nm);
A4, e3) and A(4, IMI**) are absorption amplitudes at t = 0 for
€ and IMI**, respectively; 7, and 7, are observed lifetimes of e,
and IMI**, respectively.

The quantum yield of the hydrated electron is not sensitive to
both initial IMI (107°-10~* mol dm=3) or dissolved oxygen
concentration and it is equal to (8 £ 0.8)%. Linear dependence of
A(680, IMI™*) on A(720, e;) allows one to determine
molar absorption coefficient of IMI**, (680, IMI**) =
= (5.3 £ 1.0) x 10 dm? mol-! [Figure 2(b)] using published
value of £(720, e5,) = 2.27 x 10° dm? mol~.% Both photoionization
quantum yield and absorption coefficient of the radical cation
were determined for the first time. So, in primary stage of IMI
photolysis in air-saturated solution the formation of two main
intermediates, IMI** and superoxide radical anion are expected:

TVIRLUSTTVIEC )

hv,

e + 0, 1% 0, k=2x 10 dm® mol-t s (ref. 19)  (3)

Products and efficiency of IMI photodegradation were
determined by steady-state photolysis (254 nm) with HPLC
separation and UV detection [Figure 3(a)]. Quantum vyield of
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Figure 2 Laser flash (266 nm) photolysis of argon-saturated IMI
(5.3 x 10~ mol dm=3) solutions. (a) Kinetic curves at 720 nm, excitation
energy (1) 0.3, (2) 1.4, (3) 2.3, (4) 4.2 and (5) 5.2 mJ per pulse. Solid
curves are the best fits using equation (1). Inset is the dependence of
A(720 nm, e,) upon excitation energy. (b) The dependence of
A(680 nm, IMI**) on concentration of hydrated electron.
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Figure 3 Steady state (254 nm, 0.15 J min~1) photolysis of air-equilibrated
IMI (8 x 10-% mol dm~3) solutions. (a) UV chromatograms at 250 and 280 nm
for non-irradiated sample and sample after 126 min of UVC irradiation.
(b) Change of integral peak intensity of IMI and main photoproducts during
photolysis. Straight line is the best linear fit used for calculation of IMI
photodegradation quantum yield. Note that intensity for IMI was multiplied
by factor 0.2 for better visualization.

IMI UVC photolysis is rather low, ¢254 = (3.3 + 0.5) x 10~ in
agreement with reported findings®® and 90% removal of the drug
takes more than 350 min of UVC irradiation. Degradation of IMI
leads to four main photoproducts (Scheme 1, Table 1), which
exhibits red-shifted absorption up to 500 nm (see Online
Supplementary Materials, Figure S1). Among them P4 is the
primary photoproduct which is very sensitive to photolysis and
P1-P3 demonstrate more resistance to the direct photodegradation
than IMI as could be seen from HPLC data [Figure 3(b)]. Based
on chemical formulae of photoproducts determined by the high-
resolution LC-MS technique (see Table 1) and their Kinetic
behavior the following mechanism of IMI photolysis was
proposed (see Scheme 1).

The radical cation of IMI undergoes either side chain
elimination leading to P4 or oxidative hydroxylation [by
dissolved oxygen or by O, formed in reaction (3)] with
formation of P2 (hydroxylated IMI). Both P2 and P4 are sensitive
to secondary photolysis and give products P3 (hydroxylated IMI
without side chain) and P1 (doubly hydroxylated IMI) in the
same main photoprocesses (see Scheme 1). These products are
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Table 1 Main products of IMI photolysis in air-equilibrated aqueous
solution.

Retention Measured Theoretical Acronym
time/min ion mass ion mass and theoretical
[M + H]*(m/2) [M + H]*(n/2) molecular formula
16.9 313.1913 313.1911 P1, C1oH,,N,0,
17.6 297.1961 297.1961 P2, Cy9H,4N,0,
20.2 281.2013 281.2012 IMI, CygHuN,
212.1066 212.1070
252 210.0911 (-H,) 2100913 (-H,) "3 C1H1NO
31.6 196.1123 196.1121 P4, C4,H3N
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also not photostable [see Figure 3(b)], however their
photooxidation proceeds very slowly and this was not investigated
in the work.

In conclusion, the combination of laser flash photolysis and
high-resolution LC-MS techniques allowed us to establish the
mechanism of direct UVC photolysis of IMI in aqueous solution.
Primary stage is the photoionization with the formation of radical
cation—hydrated electron pair. The latter species is rapidly
converted to the superoxide radical anion in presence of dissolved
oxygen. The radical cation would undergo oxidative
hydroxylation and side chain elimination leading to four main
photoproducts. This data could be important for understanding
the fate of IMI and similar TAs in the processes of UVC
disinfection.
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