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Photochemistry of aqueous solutions of kynurenic acid
and kynurenine yellow†
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The photophysics and photochemistry of kynurenic acid (KNA) and kynurenine yellow (KNY) in neutral

aqueous solutions were investigated using time-resolved optical spectroscopy. Both molecules have

similar quinoline-like structures, the only difference being the absence of conjugation in the nitrogen

containing cycle in KNY. The main channel of S1 excited state decay in the case of partially-unconjugated

KNY is the solvent assisted S1 → S0 radiationless transition via intermolecular hydrogen bonds

(ΦIC = 0.96), whereas, in the case of fully-conjugated KNA, it is intersystem crossing to the triplet state

(ΦT = 0.82). The major intermediate products of the singlet excited KNY deactivation are the triplet state

(ΦT = 0.022) and, most probably, the enol form (Φenol = 0.012), which decay with the formation of

2,3-dihydro-4-hydroxyquinoline and 4-hydroxyquinoline, respectively. The results obtained show that

KNA and KNY, which are products of the decomposition of the UV filter kynurenine, are significantly

more photoactive and less photostable than the parent molecule.

Introduction

Photoprotection of the human eye is provided by molecular UV
filters, consisting of low molecular weight compounds con-
tained in the lens and absorbing UV light in the 300–400 nm
spectral region. The main deactivation pathway of the photo-
excited UV filter in aqueous solutions is solvent-assisted internal
conversion to the ground state, which proceeds with an
efficiency of about 99%.1,2 The “primary” UV filters, namely
kynurenine (KN), 3-hydroxykynurenine (3OHKN) and 3-hydro-
xykynurenine O-β-D-glucoside (3OHKG), are synthesized enzy-
matically from tryptophan.3–6 Under physiological conditions,
these compounds can undergo spontaneous deamination7,8

yielding highly reactive carboxyketoalkenes (CKAs), the
subsequent reactions of the latter resulting in the production
of “secondary” UV filters, e.g. glutathionyl-3-hydroxykynure-
nine glucoside, 4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic
acid O-β-D-glucoside, and 4-(2-amino-3-hydroxyphenyl)-4-oxo-
butanoic acid O-β-D-diglucoside.7,9,10 All these compounds are
present in the human lens at concentrations varying from

about 500 nmoles g−1 (3OHKG, young lenses) to 1–2 nmoles g−1

(3OHKN, old lenses).11

The decomposition of UV filters gives rise to the formation
of different products. For example, the reactions of KN can
result in the formation of 4-hydroxyquinoline (4HQN),8

xanthurenic acid (XAN),12,13 kynurenine yellow (KNY),7 and
kynurenic acid (KNA).14,15 However, the concentrations of
these products in the human lens are either much smaller
than that of the UV filters, or below the limit of detection.
That may indicate that these products are chemically or photo-
chemically much more active than the original UV filters, and,
once produced, undergo chemical reactions, so their abun-
dance in the lens remains very low. The reactions of the pro-
ducts of UV filter decomposition may cause post-translational
modifications of the lens proteins and promote the develop-
ment of cataract. Thus, the investigation of the reactivity of
these compounds is important for a better understanding
of the role of UV-induced processes in the mechanisms of
cataractogenesis.

In our previous work, we studied the properties of the
ground and photoexcited states of 4HQN and XAN.16,17 These
investigations have revealed that both compounds are much
better photosensitizers than UV filters: the major short-lived
intermediates formed under UV irradiation in neutral aqueous
solution being a triplet state in the case of 4HQN, and an enol
form for XAN. This paper is devoted to the investigation of the
photophysics and photochemistry of KNA and KNY in aqueous
solutions, the chemical structures of these molecules being
shown in Chart 1. KNY is the major product of KN thermal

†Electronic supplementary information (ESI) available. See DOI:
10.1039/c2pp25357g

aInternational Tomography Center SB RAS, Institutskaya str., 3A,

630090 Novosibirsk, Russia
bNovosibirsk State University, Pirogova str. 2, 630090 Novosibirsk, Russia.

E-mail: yura@tomo.nsc.ru; Fax: +7-383-3331399; Tel: +7-383-3303136
cDepartment of Physical Chemistry, University of Geneva, quai Ernest-Ansermet 30,

CH-1211 Geneva, Switzerland
dBijvoet Center, Utrecht University, Utrecht, The Netherlands

546 | Photochem. Photobiol. Sci., 2013, 12, 546–558 This journal is © The Royal Society of Chemistry and Owner Societies 2013

Pu
bl

is
he

d 
on

 0
3 

D
ec

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

04
/0

2/
20

14
 1

5:
03

:1
1.

 

View Article Online
View Journal  | View Issue

www.rsc.org/pps
http://dx.doi.org/10.1039/C2PP25357G
http://pubs.rsc.org/en/journals/journal/PP
http://pubs.rsc.org/en/journals/journal/PP?issueid=PP012003


decomposition, formed in the cyclization reaction of CKA;7,18

however, up to date, the presence of KNY in mammalian
lenses has not been reported. To the best of our knowledge,
the photochemical properties of this compound have not been
studied.

KNA can be synthesized from KN either enzymati-
cally,15,19,20 or through an oxidative pathway.14 It was found in
various human tissues;15,21,22 in a normal human lens, the
KNA level is about 1 nmole g−1, whereas in a cataractous lens,
this level increases markedly.23 The elevation of the KNA level
has been also revealed in the cataractous lenses of rats.24 In a
study of the spectroscopic and photosensitizing properties of
KNA by Pileni et al.,25,26 it had been shown that the photolysis
of KNA results in population of its triplet state, the latter being
able to oxidize amino acids and other substrates. The photo-
sensitizing properties of KNA were confirmed by the work of
Krishna et al.,27 which reported a significant singlet oxygen
yield upon UV irradiation of KNA solutions. Conversely, the
ability of KNA to scavenge free radicals and to reduce reactive
oxygen species formation has been reported.28 Thus, the data
on the oxidative properties of KNA found in the literature
seem to be somewhat contradictive, and the mechanism of
KNA photolysis requires a more detailed quantitative analysis.

Experimental part
Materials

D,L-Kynurenine, kynurenic acid and quinine bisulphate were
from Sigma/Aldrich, 2-aminopyridine from Acros, acetonitrile
HPLC grade from Panreac, deuterated water from Armar and
were used as received. H2O was distilled and deionized
(18 MΩ).

Kynurenine yellow (KNY) was synthesized as follows: an
aqueous solution of KN (7 mM, pH 9) was de-aerated with
argon, then capped, sealed with parafilm and incubated in a
thermostat at 70 °C for 24 hours. After incubation and fil-
tration, the solution was separated by HPLC (LC 1200, Agilent)
equipped with a multiple wavelength UV-Vis detector on a C16
preparative column (16 × 250 mm, 7 μm, Diasorb-130-C16-T;
BioChimMac ST, Russia). Separation was performed using an
acetonitrile/0.05% (v/v) TFA in H2O gradient. The acetonitrile
percentage in the gradient was 0% (0–3 min), 0–30%
(3–5 min), 30–45% (5–35 min), 45–100% (35–37 min), 100%
(37–38 min), 100–0% (38–40 min), 0% (40–45 min). The flow
rate was 4 mL min−1, the injection volume was 1 mL, and the
detection was performed simultaneously at five wavelengths –

280, 320, 360, 380 and 400 nm. The fraction containing

KNY (retention time 18.3 min) was collected, lyophilized, and
stored at −20 °C until use. The identity of KNY was verified by
mass-spectrometry using an Esquire6000 (Bruker Daltonics)
ion trap and by NMR spectrometry with an Avance 400 (Bruker
Spectrospin) NMR spectrometer. The ions detected in MS
measurements (positive mode) are: molecular ion m/z 192,
fragments m/z 174 (H2O loss), m/z 164 (CO loss), m/z 146 (CO +
H2O loss). 1H NMR data (400 MHz, D2O): aliphatic: δ = 3.07
(m, 2 H, CH2), δ = 4.46 (dd, J = 7.3 Hz, J = 6.0 Hz, 1 H, CH);
aromatic: δ = 6.88 (t, J = 8.0 Hz, 1 H), δ = 6.99 (d, J = 8.1 Hz,
1 H), δ = 7.52 (td, J = 7.8 Hz, J = 1.6 Hz, 1 H), δ = 7.76 (dd,
J = 8.0 Hz, J = 1.6 Hz, 1 H).

Steady-state optical measurements

UV-visible electronic absorption spectra were recorded with an
Agilent 8453 (Hewlett–Packard) and a Cary 50 (Varian) spectro-
photometer. Fluorescence and emission spectra were
measured with a FLSP920 (Edinburgh Instruments) spectro-
fluorimeter. The fluorescence quantum yields of KNA and KNY
were determined relatively to a 0.1 N H2SO4 aqueous solution
of 2-aminopyridine (λex = 315 nm, ΦF = 0.60)29 and to a 1 N
H2SO4 aqueous solution of quinine bisulphate (λex = 366 nm,
ΦF = 0.56),30 respectively. All fluorescence spectra were cor-
rected for the wavelength-dependent sensitivity of the detec-
tion. For all measurements, a 10 × 10 mm2 quartz cell was
used, and the absorbance of samples was below 0.1 at the
absorption maximum.

Steady-state photolysis

The solutions for steady-state photolysis were prepared in a
phosphate buffer (pH 6.8), the sample concentrations (around
1 mM) were adjusted in such a way that all solutions had the
same absorbance of A = 3.0 at the absorption maxima for a
1 cm optical path. The samples were placed in NMR glass
tubes (5 mm outer diameter) and irradiated with a DRSh-
1000 mercury lamp. The sample volume was 1 cm3. A water
filter was used to cut off infrared light, and the 300–400 nm
region was selected with a set of UV glass filters. The solutions
were bubbled with argon or oxygen for 10 min prior to and
during irradiation. During photolysis, samples (15 μL) were
periodically taken off with a syringe and stored at 4 °C until
use. These samples were diluted with water up to 200 μL and
analyzed by HPLC.

Actinometry was performed using an aqueous solution of
potassium ferri-oxalate according to standard methods.31 The
intensity of light on the sample in the 300–400 nm region was
equal to (1.1 ± 0.1) × 1018 quanta per second.

The HPLC analysis of the irradiated samples was performed
on a 4.6 × 150 mm, 5 μm, ZORBAX Eclipse XBD-C18 analytical
column using an acetonitrile/0.05% (v/v) TFA in H2O gradient.
The acetonitrile percentage in the gradient was 0% (0–5 min),
0–20% (5–5.1 min), 20–80% (5.1–25 min), 80–100%
(25–26 min), 100% (26–30 min), 100–0% (30–31 min), 0%
(31–45 min). The flow rate was 1 mL min−1, the samples
(volume 50 μL) were injected with the use of an autosampler
thermostated at 4 °C, and the detection was performed

Chart 1
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simultaneously at four wavelengths – 320, 332, 360 and
380 nm. The chromatograms were recorded and the peak areas
integrated using Agilent ChemStation for Windows.

Time-resolved fluorescence measurements

The early fluorescence dynamics was recorded using a fluo-
rescence up-conversion setup described in detail elsewhere.32

Briefly, a part of the output of a tunable mode-locked Ti:sap-
phire laser (Spectra Physics “MaiTai”) was frequency-doubled
and used to excite the sample at 400 nm. The polarization of
the probe pulses was at the magic angle relative to that of the
gate pulses at 800 nm. The fluorescence was gated by sum-fre-
quency mixing with the fundamental of the oscillator output.
The up-converted UV photons were directed into a monochro-
mator and detected by a photomultiplier tube with photon
counting electronics. The sample solutions were kept in a
1.0 mm thick spinning cell and had an absorbance of about
0.2 at the excitation wavelength. The full width at half-
maximum (FWHM) of the instrument response function was
around 210 fs.

The fluorescence dynamics on the nanosecond time scale
was detected using a time-correlated single photon counting
(TCSPC) unit of a FLSP920 spectrofluorimeter (Edinburgh
Instruments). A pulsed light emitting diode (EPLED-330, λ =
330 nm, FWHM ≈ 800 ps) was used for the irradiation of KNA
samples, and a pulsed diode laser (EPL-375, λ = 375 nm,
FWHM ≈ 80 ps) – for the irradiation of KNY samples. The time
profiles were recorded at the maxima of fluorescence bands
with a 50 MHz repetition rate. A 10 × 10 mm2 quartz cell was
used; the sample absorbance at the absorption maximum was
below 0.1. The fluorescence time profiles obtained were ana-
lyzed using the convolution of the experimental instrument
response function with either an exponential function or a
sum of two exponential functions.

Transient absorption (TA) measurements

The TA dynamics at femtosecond time scale was carried out
with the experimental setup described in ref. 33, 34. Excitation
was performed at 400 nm using the frequency doubled output
of a standard 1 kHz amplified Ti : Sapphire system (Spectra-
Physics). The pump intensity on the sample was around 1.5 mJ
cm−2. Probing was achieved with a white-light continuum
obtained by focusing a small fraction of the 800 nm pulses in
a CaF2 plane window. The polarization of the probe pulses was
at the magic angle relative to that of the pump pulses. All
spectra were corrected for the chirp of the white light probe
pulses. The FWHM of the instrument response function was
ca. 200 fs. The sample solutions were placed in a 1 mm thick
quartz cell where they were continuously stirred by N2-bub-
bling. Their absorbance at the excitation wavelength was
around 0.2.

Slower TA dynamics was recorded with a nanosecond laser
flash photolysis (LFP) setup described earlier.35 Briefly, solu-
tions, placed in a rectangular cell (inner dimensions 10 mm ×
10 mm), were irradiated with either a Quanta-Ray LAB-130-10
Nd : YAG laser (355 nm, pulse duration 8 ns, pulse energy up

to 135 mJ), or a Lambda Physik EMG 101 excimer laser
(308 nm, pulse duration 15–20 ns, pulse energy up to 100 mJ).
A fraction of the laser beam was split by a quartz plate and
directed to a photodiode for triggering the oscilloscope and to
a Newport 1918-C power meter for the permanent monitoring
of the laser energy. The dimensions of the laser beam at the
front of the cell were 2.5 mm × 8 mm. The monitoring system
includes a DKSh-150 xenon short-arc lamp connected to a
high current pulser, a Newport 78025 monochromator, a
9794B photomultiplier (Electron Tubes Ltd.), and a LeCroy
WaveRunner 104MXi digital oscilloscope. The monitoring
light, concentrated in a rectangle of 2.5 mm height and 1 mm
width, passed through the cell along the front (laser irra-
diated) window. Thus, in all experiments the excitation optical
length was 1 mm, and the monitoring optical length was
8 mm. All solutions were bubbled with argon or oxygen for
10 minutes prior to and during irradiation.

Results
1. Steady-state measurements

1.1. Steady-state absorption spectra. The electronic
absorption spectrum of KNA in neutral aqueous solution exhi-
bits a band with a maximum at 332 nm and shoulders at
320 nm and 345 nm (Fig. 1A). The shape of the spectrum sig-
nificantly changes in acidic and basic solutions (ESI, Fig. S1†).
A titration curve of the absorbance at 345 nm, where the spec-
tral changes are the most pronounced, was measured (ESI,
inset of Fig. S1†). The obtained pKa1 = 2.5 and pKa2 = 11.6
values are in good agreement with a previous report.25 Since
the dissolution of KNA in neutral water leads to the acidifica-
tion of solution, one can conclude that under physiological
conditions KNA is present in the anionic form. Thus, the value
pKa1 can be attributed to the protonation of either an acidic
group with the formation of a neutral molecule, or an amino

Fig. 1 Absorption (blue traces) and fluorescence (red traces) spectra of (A)
KNA and (B) KNY in neutral aqueous solution.
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group to give a zwitterionic form. Quantum chemical calcu-
lations17 for a similar compound, xanthurenic acid, demon-
strated that the neutral and zwitterionic forms have almost
equal Gibbs free energies, so it is difficult to predict which
form of KNA is preferable at low pH. The second titration
point pKa2 should be attributed to the deprotonation of the
amino group.

The absorption spectrum of KNY in neutral aqueous solu-
tion is characterized by bands with maxima at 235 nm,
260 nm (not shown) and 380 nm (Fig. 1B), similarly to those of
KN36 and other UV filters contained in the human eye.2,35

Measurements at different pH values showed only one proto-
nation site (COO– group), which has a very weak conjugation
with the chromophore part of the molecule. In acidic solution,
the absorption band undergoes a slight shift from 380 nm to
373 nm, whereas no changes were observed in basic solutions
(ESI, Fig. S2†). Titration of KNY performed by monitoring the
absorbance at 400 nm (ESI, inset of Fig. S2†) yielded a dis-
sociation constant of pKa = 3.7. The difference of pKa values
between the COO– groups of KNA and KNY should be attribu-
ted to a stronger conjugation of this group with the aromatic
part of the molecule in KNA.

1.2. Steady-state fluorescence spectra. The fluorescence
emission spectra of KNA and KNY in neutral aqueous solution
are shown in Fig. 1. For both compounds, the fluorescence
excitation spectra practically coincide with the absorption
spectra, and the fluorescence emission spectra do not depend
on the excitation wavelength (ESI, Fig. S3†). These observations
testify that, in neutral aqueous solutions, both KNA and KNY
are present in a single tautomeric form. The fluorescence spec-
trum of KNA is similar to that of 4HQN,16 which exists only in
the keto form in neutral aqueous solution.16,37 Since the
chemical structures of 4HQN and KNA are similar, one can
presume that the keto form is the major tautomeric state of
KNA in neutral aqueous solution as well. NMR data on KNY
(see Materials) testify that in neutral solution KNY is also
present in the keto form. The measured fluorescence quantum

yields are ΦF = (1.4 ± 0.2) × 10−3 for KNA and ΦF = (7.5 ± 1.0) ×
10−3 for KNY.

1.3. Steady-state photolysis. The photolysis of KNA and
KNY was performed in aqueous neutral solutions under both
aerobic and anaerobic conditions. Since the decomposition of
KNY proceeded much faster than that of KNA, the irradiation
of KNY was performed with a 5% neutral density filter. Fig. 2
shows the kinetics of the starting material decomposition
under steady-state UV irradiation. Both compounds exhibit
faster decomposition under anaerobic conditions as compared
with aerobic ones, the difference between anaerobic/aerobic
conditions being more pronounced with KNY. The quantum
yields of photodecomposition were calculated using the part of
the time profile where the compound concentration decreases
almost linearly. The obtained values for KNA are Φdec(KNA, Ar) =
(6.0 ± 1.5) × 10−3, Φdec(KNA, O2) = (2.6 ± 0.6) × 10−3 and for
KNY – Φdec(KNY, Ar) = (3.0 ± 0.8) × 10−2, Φdec(KNY, O2) = (8 ± 2) ×
10−3. The same tendency of a decreased decomposition rate in
the presence of oxygen has been observed for KNA in the work
of Pileni et al.,26 although the decomposition yields measured
here are somewhat higher than those reported in ref. 26. This
observation testifies that the quenching of KNA and KNY
excited states by oxygen reduces product formation.

HPLC analysis of KNA irradiated samples revealed numer-
ous photodecomposition products, the identification of which
has not been performed. In the case of KNY, the formation of
two major products has been observed. Fig. 3 displays an
example of a HPLC chromatogram obtained during the ana-
lysis of an irradiated KNY sample in buffered solution at pH 7.4.
The first signal with a retention time of 9.8 min co-eluted with
the standard 4HQN has the same UV-Vis spectrum, and dis-
plays a molecular ion with m/z = 146 and a fragment with m/z =
128 (H2O loss). The peak at 11.4 min with an absorption spec-
trum similar to that of KNY and a molecular ion with m/z =
148, and fragments with m/z = 130 (H2O loss) and m/z = 120
(CO loss) was attributed to 2,3-dihydro-4-hydroxyquinoline
(DHQN). The open and solid triangles in Fig. 2B show the time

Fig. 2 Kinetics of anaerobic (squares) and aerobic (circles) photodecomposition of (A) KNA and (B) KNY in aqueous buffered solutions, pH 7.4. The open and solid
triangles show the kinetics of the formation of 4HQN and DHQN, respectively. The data were obtained from the integration of HPLC profiles of the irradiated
samples. Solid lines show linear fits.
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profiles of 4HQN and DHQN formation under anaerobic
conditions. The calculated quantum yields of 4HQN and
DHQN formation are Φ4HQN = (1.2 ± 0.4) × 10−2 and ΦDHQN =
(2.2 ± 0.6) × 10−2. The sum of Φ4HQN and ΦDHQN is close to the
Φdec(KNY, Ar) value, which testifies that 4HQN and DHQN are
the main products of KNY anaerobic photolysis. It is important
to note that the presence of oxygen blocks the formation of
DHQN almost completely, whereas the formation of 4HQN
under aerobic conditions is practically the same as in argon-
saturated solutions.

2. Time-resolved measurements

2.1. Femtosecond fluorescence measurements. The fluo-
rescence dynamics of KNY in H2O at pH 6.7 upon 400 nm exci-
tation was measured at 9 wavelengths throughout the
emission band over different time windows up to 400 ps. The
intensity-normalized time profiles are shown in Fig. 4A, and
the early dynamics at the same wavelengths is displayed in
Fig. 4B. The fast decay of the intensity at short wavelengths
and the corresponding rise at long wavelengths are character-
istic features of solvent relaxation leading to a red shift of the
emission spectrum, a so-called dynamic Stokes shift. This
shift can be clearly seen in Fig. 4C, where the reconstructed
time-resolved emission spectra are presented. After this
dynamic shift, the shape of the emission spectrum remains
unchanged and coincides with the steady-state emission spec-
trum (grey line).

The obtained data were analyzed globally using a sum of
exponential functions convolved with the Gaussian-like instru-
ment response function. A good agreement between experi-
mental and calculated data was achieved with four exponential
functions, the best fits being shown in Fig. 4A and 4B and
the corresponding time constants τi (i = 1,2,3,4) listed in
Table 1. Fig. 4D shows the spectrum of each pre-exponential
factor Ai(λ), used in the global analysis, the so-called Decay
Associated Spectra (DAS). Positive DAS amplitudes correspond
to decay, and negative ones to a rise of signal intensity. The

A1(λ) and A2(λ) spectra exhibit positive and negative bands,
indicating a decay on the blue side and a rise on the red side
of the emission band. These components can be attributed to
the dynamic Stokes shift. The τ3 DAS exhibits mostly positive
values indicating a decay of the fluorescence signal with a
minor negative contribution on the red side of the spectrum.
The last DAS, associated with the largest time constant, almost
coincides with the steady-state emission spectrum (thin grey
line). Thus, τ4 was attributed to the decay of the S1 state of
KNY. We should note that the accuracy on τ4 in these measure-
ments is rather low, as the obtained value varied significantly
with the sample degradation. Because of this, the long-lived
component was fitted globally, and only its average value over
different wavelengths is presented in Table 1. This value
should be considered as a rough estimate only. The fluo-
rescence dynamics of KNA on a femtosecond timescale have
not been studied because KNA does not absorb in the range of
370–520 nm available for excitation in our up-conversion
setup.

2.2. Nanosecond fluorescence measurements. More accu-
rate measurements of the S1 state lifetime of KNY in aqueous
solution were carried out by TCSPC, where much less excit-
ation intensity is used compared to up-conversion. An
example of the fluorescence time profile recorded with KNY in
aqueous solution (pH 6.7, excitation at 375 nm, detection at
510 nm) is presented in ESI, Fig. S4.† The obtained kinetic
curves were treated as a sum of two exponentials (with time
constants τ4 and τ5, and relative amplitudes A4 and A5) numeri-
cally convolved with the instrument response function (IRF).
The obtained results (τ4 = 0.35 ns, A4 = 0.994, τ5 = 3.1 ns, A5 =
0.006) show that, on a time scale longer than 100 ps, the fluo-
rescence decay is almost purely mono-exponential with a life-
time of 350 ps. The minor component with the time constant
τ5 = 3.1 ns was attributed to a contribution from impurities
present in solution. Similar fluorescence dynamics were
observed with KNY in acidic (pH 1.3, τ4 = 0.38 ns) and basic
solutions (pH 13, τ4 = 0.37 ns), indicating that the fluorescence
lifetime of KNY is not pH dependent. Similarly, no depen-
dence on the presence of buffer salts could be observed
(Table 1). However, the τ4 value increases almost twice to
620 ps in deuterated water pointing to a participation of inter-
molecular hydrogen bonding in the deactivation of the S1
excited state of KNY.

TCSPC measurements were also performed with aqueous
KNA solutions (pH 6.8, excitation at 330 nm, detection at
380 nm, ESI, Fig. S5†). The obtained fluorescence lifetime of τ4
= 150 ps should be considered as an estimate only, since this
value is at the limit of the temporal resolution of the TCSPC
unit equipped with the 330 nm excitation source (EPLED330).
The KNA fluorescence lifetime has been estimated earlier to be
≤200 ps using Br− as a fluorescence quencher.25 Measure-
ments with KNA in aqueous solutions at various pH values
and in heavy water revealed no effect of pH, presence of buffer,
or isotopic effect (not shown). This observation testifies that
intermolecular hydrogen bonds do not play a significant role
in the decay of the S1 state population of KNA.

Fig. 3 HPLC profile of the irradiated sample of KNY in aqueous buffered solu-
tion, pH 7.4, detection at 320 nm. The peaks were identified as follows:
1. 4HQN (9.8 min), 2. KNY (10.8 min), 3. DHQN (11.4 min).
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2.3. Femtosecond TA measurements. Fig. 5A illustrates TA
spectra recorded with KNY in H2O at pH 6.9 at various time

delays after 400 nm excitation. Immediately after excitation, a
TA band with a maximum at 535 nm and shoulders at 460 and
650 nm is visible. During first 2 ps after excitation, the band
maximum shifts from 535 to 525 nm, the dip at about 480 nm
vanishes, and another dip appears around 600 nm. Within the
following 35 ps, a growth of the TA signal in the 470–670 nm
region can be observed. The subsequent dynamics exhibits a
monotonic decay without significant spectral changes. The
observed TA spectra consist of a superposition of Sn ← S1
absorption (excited state absorption, ESA) and S1 → S0 stimu-
lated emission (SE) bands. Indeed, the fluorescence spectrum
overlaps with the ESA band over almost the whole spectral
window (see Fig. 1). Thus, the early dynamics could be
assigned to the time-dependent Stokes shift of the S1 → S0 SE
band and, possibly, to a blue shift of the ESA band, due to the
stabilization of the S1 state upon solvation. The subsequent
increase of the TA signal might originate from a partial decay
of the SE, corresponding to the time constant τ3 found in the
fluorescence up-conversion measurements of KNY (see A3(λ),

Fig. 4 (A) Fluorescence time profiles recorded with KNY in neutral aqueous solution, pH 6.7, after 400 nm excitation; the smooth lines represent the best 4-expo-
nential fit. (B) Early dynamics at the same wavelengths. (C) Intensity-normalized time-resolved emission spectra. (D) DAS obtained from a global analysis of the fluo-
rescence time profiles. The grey traces represent the steady-state fluorescence spectrum.

Table 1 Fluorescence quantum yields (ΦF) and time constants (τi, i = 1, 2, 3, 4)
obtained from a global analysis of the time-resolved fluorescence and TA data
with KNY. The experimental errors for all listed values are 10%

Solution ΦF τ1/ps τ2/ps τ3/ps τ4/ps

Phosphate buffer saline, pH 7.4 0.0073 0.54a 1.9a 35a 370a

380b

H2O pH 6.7 0.0075 0.53a 1.8a 32a 360a

0.59c 2.1c 39c 510c

350b

H2O pH 1.3 0.0068 0.52a 2.0a 46a 370a

380b

H2O pH 13 0.0072 0.58a 2.8a 31a 340a

370b

D2O 0.012 0.60a 2.4a 39a 840a

620b

a TA data, λex = 400 nm; b TCSPC data, λex = 375 nm; cUp-conversion
data, λex = 400 nm.
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Fig. 4D). The monotonic decay and the absence of any signifi-
cant absorption after the decay of the main TA band indicate
that the formation product does not make a significant contri-
bution in the observed TA dynamics.

The TA data were analyzed globally using the sum of four
exponential functions and time constants very similar to those
obtained from the fluorescence up-conversion measurements.
The resulting DAS Bi(λ), i = 1,2,3,4 are shown in Fig. 5B (y0 is
the residual signal), and the corresponding time constants are
listed in Table 1. The shapes of the DAS, related to the two
fastest components, are similar to the DAS obtained in the fluo-
rescence measurements (Fig. 4D), but have opposite signs
because of the negative intensity of the SE band in the TA
spectra. Therefore, these components can be assigned to the
dynamic Stokes shift of the SE. The third DAS exhibits a broad
negative band with a small positive tail at λ > 700 nm. We have
presently no explanation for the origin of this time constant.
The last DAS is related to a time constant close to the S1 life-
time obtained in fluorescence experiments, and can thus be
attributed to the decay of the S1 state population.

2.4. Nanosecond laser flash photolysis measurements.
Fig. 6 shows TA spectra obtained during 308 nm photolysis of
1 × 10−4 M KNA in buffered aqueous solution (pH 7.2) 20 μs
after the laser flash under anaerobic (solid circles) and aerobic
(open circles) conditions. The transient with the absorption
maxima around 260 nm and 600 nm is readily quenched by

oxygen (see the inset of Fig. 6 for the kinetic curves) with a rate
constant of 2.9 × 109 M−1 s−1 that allows an assignment of this
signal to the KNA triplet state. Under anaerobic conditions,
the signal decays by second-order kinetics with k2/ε = 4.6 × 105

cm s−1 for 600 nm and k2/ε = 2.7 × 105 cm s−1 for 290 nm, and
no formation of other intermediates or products has been
observed. This testifies that, in the absence of quenchers, the
major triplet decay channel is triplet–triplet annihilation. The
same triplet state behavior has been observed for the related
compound 4HQN.16

The kinetics observed under 355 nm photolysis of KNY
buffered aqueous solution (2.4 × 10−4 M, pH 7.2) is more
complex. Analysis of the signal evolution shows that there are
at least two processes proceeding on different time scales. A
signal with a broad absorption band with a maximum at
approximately 470 nm and a band below 280 nm (Fig. 7A)
exhibit a rapid exponential decay (Fig. 7C) with a rate constant
of 1.0 × 106 s−1. As this signal is readily quenched by oxygen, it
was attributed to KNY triplet state. To check this assignment,
we performed acetone-sensitized photolysis of KNY using 1.2 M
acetone (Ac) and 4.1 × 10−4 M KNY aqueous solution
(pH 6.9) upon 308 nm excitation with a XeCl laser:

Ac �!hν TAcþ KNY ! Acþ TKNY ð1Þ

The resulting spectrum (not shown) is very similar to that
obtained in the direct photolysis (Fig. 7A, triangles), confirm-
ing that the intermediate observed in the direct photolysis is
indeed the triplet state of KNY. The absorption spectrum of
this intermediate after correction for the bleaching of the KNY
ground state is presented in Fig. 7D.

Fig. 5 (A) TA spectra at various time delays after 400 nm excitation of KNY in
neutral aqueous solution, pH 6.9. (B) DAS obtained from a global analysis of TA
data.

Fig. 6 TA spectra recorded with 1 × 10−4 M KNA in buffered aqueous solution,
pH 7.2, 20 μs after 308 nm excitation under argon (solid circles) and oxygen
(open circles). Solid trace: steady-state absorption spectrum of KNA. Inset: TA
time profiles at 600 nm under argon (1) and oxygen (2).
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The other process observed in KNY photolysis manifests
itself as an exponential signal growth with the rate constant of
4.7 × 104 s−1 in the 300–340 nm region. Fig. 7A shows the tran-
sient absorption spectra obtained 1.6 μs after the laser flash
(i.e. at a time when the triplet decay is already completed) and
80 μs after the laser flash, and Fig. 7B shows the kinetic curve
recorded at 330 nm. The spectrum at 80 μs has a maximum
near 330 nm, which is very similar to the absorption spectrum
of 4HQN (blue line in Fig. 7A). Since 4HQN is the major
product of KNY photolysis (see above), the final product
observed in flash photolysis of KNY was attributed to 4HQN.
The presence of oxygen changes neither the transient spectra
nor the kinetics observed after triplet decay, testifying that
triplet state is not the precursor in the formation of 4HQN.
The spectrum of the intermediate, which is the precursor of

4HQN, can be derived from the transient absorption spectrum
at 1.6 μs after correcting for the starting compound depletion
(KNY spectrum is shown in Fig. 7A, black line) and for the
minor amount of 4HQN formed at 1.6 μs. The spectrum
obtained is presented in Fig. 7D with open squares. This inter-
mediate was tentatively attributed to the enol form of KNY,
although we do not have solid evidence for this assignment.

The rate constants of 4HQN formation in the temperature
range 300–340 K were determined from the absorption growth
at 330 nm (Fig. 7B), and the following Arrhenius parameters A =
6.8 × 109 s−1 and Ea = 30 kJ mol−1 were extracted from the
Arrhenius plot (ESI, Fig. S6†).

The triplet quantum yields upon KNA photolysis were
measured according to the procedure described earlier.35

Briefly, the triplet quantum yields were determined by compar-
ing the triplet state concentrations upon direct and acetone-
sensitized photolysis. As an example, Fig. 8A shows transient
absorption kinetics observed at 600 nm in 308 nm photolysis
of KNA (1.7 × 10−4 M) in the absence (red line) and in the pres-
ence (blue line) of 1.7 M acetone (Ac). The concentrations of
KNA and Ac were selected in such a way that their optical den-
sities at 308 nm were equal: ODKYN = ODAc = 0.68. The signal
observed immediately after the laser flash is attributed to the
triplet state populated in the direct KNA photolysis, while the
signal growth during the first 2 μs corresponds to triplet
energy transfer from TAc to KNA. The kinetic curves were
treated as a sum of exponentials:

ΔOD ¼ A� expð�k1tÞ þ B� ðexpð�k1tÞ � expð�k2tÞÞ ð2Þ
Here A corresponds to the intensity of the triplet signal

formed in the direct photolysis, and B – to the signal from the
acetone-sensitized triplet state of KNA. Eqn (2) holds as long
as the pseudo-first-order triplet energy transfer reaction is
much faster than the second-order triplet annihilation reac-
tion, and the efficiency of triplet KNA formation in the
acetone-sensitized photolysis is close to 100%.35 The laser
pulse energy dependence of the A and B parameters shown in
Fig. 8B exhibits a deviation from linear dependence which
takes place at laser intensities above 0.5 mJ per pulse. From
the linear part of the plot (inset of Fig. 8B), a KNA triplet
quantum yield ΦT = A/B = 0.82 can be calculated.

Similar measurements were also performed with KNY.
However, due to the fast decay of triplet KNY (see Figure 7C),
the rate of the signal decay in the acetone-sensitized photolysis
was comparable with the rate of the signal growth and, there-
fore, the comparison of the signal intensities in direct and sen-
sitized photolysis is rather inaccurate. Consequently, we are
only able to make a very rough estimate of the triplet quantum
yield ΦT for direct KNY photolysis in the range 0.01–0.05.

The values obtained for the fluorescence lifetime (τF) and
quantum yields of fluorescence, triplet and enol formations
(ΦF, ΦT and Φenol) were used to estimate the corresponding
rate constants of fluorescence, intersystem crossing (ISC),
internal conversion (IC) and tautomerization (kF, kISC, kIC and
kenol) for both KNA and KNY in neutral aqueous solution.
Since only rough estimation for ΦT and Φenol values in KNY

Fig. 7 TA data obtained with 2.4 × 10−4 M KNY in buffered aqueous solution,
pH 7.2, under argon. (A): TA spectra recorded after 150 ns (open triangles),
1.6 μs (red circles) and 80 μs (solid squares) after 355 nm excitation. The smooth
traces are the steady-state absorption spectra of KNY (black line) and 4HQN
(blue line). (B) and (C): TA time profiles recorded at 330 and 430 nm, respect-
ively. (D): Absorption spectra of KNY triplet state (solid circles) and enol form
(open squares).
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photolysis can be extracted from LFP data, we assumed
that the yields of triplet and enol formation are equal to the
yields of their decomposition products: ΦT(KNY) = ΦDHQN,
Φenol(KNY) = Φ4HQN (see the Steady-state photolysis section).
The calculated values are listed in Table 2. It has also been
assumed that the quantum yield of internal conversion is ΦIC =
1 − ΦF − ΦT − Φenol.

Discussion
Photochemistry of KNA

The photochemical properties of KNA are similar to those of
the related compound 4HQN, whose photochemistry has been
recently reported.16 The major difference between 4HQN and
KNA is the lower kIC value for the latter, which results in a sig-
nificantly higher triplet quantum yield (0.35 for 4HQN and
0.82 for KNA, see Table 2). The signal evolution observed in
nanosecond flash photolysis upon UV irradiation of KNA can
be described with a simple reaction scheme:

KNA �!hν S1KNA ! TKNA ! S0KNA ð3Þ
The triplet state is the only short-lived intermediate formed

in the KNA photolysis. It is characterized by an intense and
narrow absorption band with peaking at 600 nm. Even at the
lowest laser energies (about 2 mJ per pulse), the main channel
of the triplet decay remains triplet annihilation with kT−T/εT ≈
5 × 105 s−1 cm, where kT−T is the rate constant of the triplet
annihilation, and εT is the triplet absorption coefficient at
600 nm. The contribution of the first-order decay in all
measurements was below 104 s−1. That indicates that the
intrinsic triplet lifetime exceeds 100 μs.

Photophysics and photochemistry of KNY

As the photochemistry of KNY is more complex than that of
KNA, it has been studied in more detail. The early excited-state
dynamics of KNY is similar to that of KN.1 It has been shown
that excitation of KN and other UV filters results in a charge

transfer from the amino to the carbonyl group;35 very likely
that the same charge transfer occurs during the KNY exci-
tation, which is supported by a large Stokes shift of the fluor-
escence band relative to the absorption spectrum (Fig. 1). The
time-dependent Stokes shift observed in Fig. 4 and 5 reflects
mainly solvent relaxation around the excited KNY molecule.
The first time constant τ1 can be associated with the diffusive
motion of water molecules that is known to occur with a
characteristic time of about 1 ps. The second time constant
might be assigned to the conformational relaxation of KNY in
the excited state. The τ2 value is two times smaller than that
for KN that is most probably due to a more rigid molecular
structure of KNY as compared to KN.

The excited singlet lifetime of KNY (τ4 in Table 1) does prac-
tically not depend on the pH of the solution, but its value
increases by more than a factor of two in deuterated water.
That indicates that the hydrogen bonding between photo-
excited KNY and solvent molecules plays a crucial role in S1 state
deactivation. Most likely, the IC mechanism of KNY is similar
to that of KN and other UV filters, and includes transformation
of the absorbed light energy into heat via hydrogen bond
vibrations.1,2,35

Photolysis of KNY in aqueous solution results in the for-
mation of two intermediates, observed by nanosecond flash-
photolysis, namely the KNY triplet state and the species which
was attributed to the KNY enol form in the ground state, and
of two products detected in the irradiated samples by HPLC,
i.e. 4HQN and DHQN. LFP data reveal unambiguously that
4HQN is the product of the thermal decomposition of the
intermediate attributed to enol: the formation of 4HQN pro-
ceeds with the same rate as the enol decay, and this process is
not affected by the presence of oxygen in solution.

The electronic absorption spectrum of DHQN in the
300–400 nm region practically coincides with that of KNY
(inset of Fig. 3), so LFP data alone do not allow a determi-
nation of the major pathway of KNY triplet decay: it may
proceed either via IC with the restoration of the starting com-
pound in the ground state, or via chemical reaction with the

Fig. 8 (A): TA time profiles recorded at 600 nm after 308 nm excitation of neutral aqueous solution of 1.7 × 10−4 M KNA in the absence (red trace) and presence
(blue trace) of 1.7 M Ac. Solid black traces: best mono- and bi-exponential fits. (B): Laser pulse energy dependence of the triplet signal generated in direct (solid
circles, parameter A in eqn (2)) and acetone-sensitized photolysis (open circles, parameter B in eqn (2)) of KNA.
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formation of DHQN. However, the results obtained in the
steady-state photolysis give strong evidence in favor of the
second pathway: DHQN formation occurs efficiently under
anaerobic conditions only, and quenching of the KNY triplet
state by oxygen blocks this process. The yield of DHQN for-
mation is similar to the KNY triplet yield, which is an
additional confirmation that DHQN is a direct product of
triplet KNY scission. To further confirm this conclusion, we
performed acetone-sensitized photolysis of KNY in aqueous
solution. A sample containing 3.4 × 10−4 M of KNY and 1.4 M
of acetone at pH 7.2 was irradiated with 0.5 mJ XeCl laser
pulses at 308 nm. Aliquots of 15 μl were taken periodically, the
concentrations of KNY and DHQN were measured by HPLC,
and the yields of KNY decomposition and product formation
were calculated from the dependences of the concentrations
on the number of light quanta absorbed by the sample (ESI,
Fig. S7†). Under such conditions, both KNY decomposition
and DHQN formation quantum yields (0.30 and 0.26, respect-
ively) were approximately 10-fold greater than upon direct photo-
lysis. This finding confirms that the KNY triplet state is the
direct precursor of DHQN.

The results obtained provide a complete picture of the pro-
cesses taking place upon UV irradiation of aqueous solution of
KNY (Scheme 1). Photoexcitation results in the population of
the Frank–Condon (vibrationally, solvent and conformationally
unrelaxed) S1 excited state; all relaxations proceed on the pico-
second time scale. According to the results obtained, the
major pathways of the relaxed S1 state decay are internal con-
version, intersystem crossing, fluorescence and tautomeriza-
tion into the enol form, proceeding with the rate constants kIC,
kISC, kF and kenol (Table 2). The most important channel of the
S1 state decay is IC, leading to the restoration of the starting
compound in the ground state and proceeding with a
quantum yield of ΦIC ≈ 0.96 and a rate constant of kIC = 2.6 ×
109 s−1. The other channels, namely fluorescence (ΦF = 0.0075,
kF = 2.0 × 107 s−1), intersystem crossing to the triplet state (ΦT =
0.022, kISC = 5.9 × 107 s−1), and tautomerization into the enol
form (Φenol = 0.012, kenol = 3.2 × 107 s−1) contribute signifi-
cantly less to the overall decay of the S1 excited state popu-
lation. The major decay channel of KNY triplet state is
decarboxylation (k = 1.0 × 106 s−1) yielding DHQN, whereas
thermal decarboxylation of the enol (A = 6.8 × 109 s−1, Ea =
30 kJ mol−1, k(300 K) = 4.7 × 104 s−1) results in the formation
of 4HQN.

Table 2 summarizes the major photochemical properties of
KN and its decomposition products, KNA and KNY, studied in
the present work, and 4HQN and XAN, whose photochemical
properties have been reported earlier.16,17 It demonstrates that
all the decomposition products are better photosensitizers
than KN itself. KNA, KNY and 4HQN have significantly longer
singlet excited-state lifetimes and much higher triplet and
photodecomposition yields. This difference originates from
specific mechanisms of IC for KN and other UV filters. Exci-
tation of KN results in an increase of the electron density on
the carbonyl oxygen that augments the acidity of the amino
group and the basicity of the carbonyl group, which, in turn,Ta
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leads to an enhancement of their hydrogen bonding ability.
The stretching vibrations of the hydrogen bonds act as accept-
ing modes for the S1 → S0 non-radiative transition and thus
the electronic energy dissipates through the hydrogen bonds
as vibrational energy.1 As a result, solvent-assisted IC, based
on the hydrogen bonding interactions between KN in the S1
state and the solvent molecules, proceeds very fast, and
becomes the main deactivation channel of the S1 state in
protic solvents. In KNY, this mechanism is apparently less
effective. In the case of KNA and 4HQN, the absence of isotope
effects points to an insignificant role of solvent-assisted IC in
the decay of S1 state population. This should be explained by
aromatic conjugation, which reduces the charge transfer from
nitrogen to the carbonyl group after the optical excitation. This
is supported by the markedly smaller fluorescence Stokes
shifts of KNA as compared with KNY (Δν = 3.8 × 103 cm−1 for
KNA and Δν = 7.1 × 103 cm−1 for KNY, Fig. 1). The absorption
spectrum of KNY is red-shifted compared to KNA (Fig. 1),
although KNA has a more extended conjugated system; this
observation may also be attributed to a stronger charge trans-
fer upon excitation in the case of KNY. On the other hand, the
inclusion of a nitrogen atom into an aromatic system enhances
the spin–orbit coupling and accelerates ISC.38–41 In total, the
values of kIC for these compounds are by order of magnitude
lower than for KN, and the ISC to the triplet state plays an
important role in the S1 state decay, especially for KNA and
4HQN.

XAN is an exception among the decomposition products of
KN: its singlet excited-state lifetime in aqueous solution is
even shorter than that for KN (Table 2), the population of the
triplet state has not been detected,17 and the photostability
under anaerobic conditions is very high. However, the decay of
the XAN singlet excited state occurs with the formation of an
enol form, the latter converting back into the starting keto
form on the nanosecond time scale (both enol and keto forms
are in the ground state).17 The enol form of XAN might be sig-
nificantly more reactive than the keto form, and may cause

damages to the surrounding molecules. Indeed, enhanced oxi-
dation and polymerization of lens proteins upon their UV
irradiation in the presence of XAN have been reported.42,43 The
photochemical formation of the enol form has been also
detected in the photolysis of KNY aqueous solutions in the
present work. Although the rate constant and the quantum
yield of enol formation are much lower for KNY than for XAN
(Table 2), the enol form of KNY seems to be significantly more
reactive than that of XAN: the decay of the XAN enol results in
the restoration of the keto form, whereas KNY enol undergoes
decarboxylation yielding 4HQN. The instability of the triplet
state and the enol form of KNY is the main factor behind
the low photochemical stability of this compound, and,
probably, the main reason why KNY has never been detected
in the human or animal’s lens. Most likely, the rate of KNY
formation inside the lens is much lower than its decompo-
sition rate, so the steady-state concentration of KNY is
extremely low.

Conclusions

The cyclization of KN results in the formation of products,
which, under UV irradiation, generate significantly larger
amounts of reactive species as compared with the parent KN.
In the case of KNY with an unconjugated cycle, two species,
i.e. the triplet state and the species attributed to the enol form,
are generated with relatively small yields of ΦT ≈ 2% and Φenol

≈ 1%. These intermediates are unstable and are rapidly trans-
formed into subsequent products, DHQN and 4HQN, from the
triplet state and the enol form, respectively. In the case of
KNA, with a conjugated cycle, the only reactive species is the
triplet state, which is populated with a tremendously high
yield, around 80%. The observed short-lived species and their
products might react with the protein environment of the lens
and might contribute to the development of oxidative stress
conditions, the main factor of the development of cataract.

Scheme 1
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