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The degradation of lumiflavin (7,8,10-trimethyl-isoalloxazine, LF) in aqueous 1-4 M sodium hydrox-
ide solutions (pH 14-14.6) at room temperature in the dark was studied by absorption spectroscopy,
fluorescence spectroscopy, and mass spectrometry. Absorption cross-section spectra, fluorescence
quantum distributions, fluorescence quantum yields, and fluorescence lifetimes at certain times
after sample preparation were determined. The degradation products were analyzed by combined

liquid chromatography and mass spectrometry. Lumiflavin is present in anionic form (LF-). It

Keywords:

Lumiflavin

Alkaline hydrolysis dynamics
Quinoxaline derivatives
7,8-Dimethyl-isoalloxazine
Methyl-isoalloxazine

Absorption cross-section spectra
Fluorescence quantum distributions
Fluorescence lifetimes

Hydrolysis rate constants

degrades to anionic 7,8-dimethyl-isoalloxazine (DMIA-), anionic methyl-isoalloxazine (MIA~), and
to the quinoxaline derivatives of 1,2-dihydro-2-keto-1,6,7-trimethyl-quinoxaline-3-carboxylic acid
(QO01), 2-methoxy-6,7-dimethyl-quinoxaline-3-carboxylic acid (Q02), methyl-quinoxaline-2-ol (Q03),
and 3-hydroxy-1,6,7-trimethyl-1H-quinoxaline-2-one (QO4). The rate constants of the NaOH catalyzed
lumiflavin degradation are determined for the investigated samples.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lumiflavin (7,8,10-trimethyl-isoalloxazine, LF) is a member of
the huge class of flavins [1,2]. It is the photoproduct of riboflavin
(RF), flavin mononucleotide (FMN), and flavin adenine dinu-
cleotide (FAD) in alkaline solution (pH >9)[1,2]. The photo-physical
behaviour of lumiflavin is described in [1-5] and references therein.
The pH dependence of absorption and emission was studied
in [5-8] and ionization equilibria between cationic and neutral
forms (pK.=0.38), as well as between neutral and anionic forms
(pK;=10.8) were determined [5].

The photo-stability of lumiflavin in aqueous solutions [3,9,10],
organic solvents [3,9,11], and in biological matter [12-16] was
investigated. In alkaline solution at elevated temperatures lumi-
flavin was found to be unstable [17-24]. Hydrolysis products of
lumiflavin (LF, C;3H12N405) were found to be 1,2-dihydro-2-keto-
1,6,7-trimethyl-quinoxaline-3-carboxylic acid (Q01, C;H1,N503),
1,2-dihydro-2-keto-1,6,7-trimethyl-quinoxaline (Q, C;1H12N,0),
urea (H,N-CO-NH;) and CO, [18,24] according to the reac-
tions (a) LF+2H,0— QO1+urea, and (b) Q01— Q+CO, [18].

* Corresponding author at: Fakultdt fiir Physik, Universitat Regensburg, Univer-
sitatsstrasse 31, D-93053 Regensburg, Germany. Tel.: +49 941 943 2107; fax: +49
941 943 2754.

E-mail address: alfons.penzkofer@physik.uni-regensburg.de (A. Penzkofer).

1010-6030/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2010.11.007

Thermal hydrolysis of flavins to quinoxaline derivatives and
urea in alkaline solutions is not limited to lumiflavin. It was
observed and studied on the yellow oxidation ferment (FMN as
cofactor of the enzyme) [25,26], on riboflavin [17,18,27-30], D-
and L-arabinoflavin [24]. The 1,2-dihydro-6,7-dimethyl-2-keto-
1-p-ribityl-quinoxaline-3-carboxylic acid from riboflavin alkaline
hydrolysis has a depressant action on cardiac and visceral muscles
when injected intravenously [24].

Recently we studied the pH dependent absorption and emission
behaviour of lumiflavin [5] in aqueous solutions in the range from
pH —1.08 to 14.6. For pH >14 we observed spectral changes with
time at room temperature. The observed temporal degradation of
lumiflavin in alkaline aqueous solution at high pH (>14) initiated
the studies presented in this paper.

We investigated the degradation of lumiflavin in 1M, 2 M, and
4 M NaOH aqueous solutions at room temperature in the dark (pH
range 14-14.6). In this high pH range LF is present completely in its
anionic form LF~ [5-8,31]. The thermal degradation of LF~ was fol-
lowed by absorption measurements at certain times. Fluorescence
emission spectra excited at different wavelengths in the absorption
region were recorded after complete conversion of lumiflavin in
4M NaOH to degradation products. Luminflavin dissolved in 4 M
NaOH after complete conversion to degradation products was ana-
lyzed by combined HPLC and electrospray mass spectrometry to
help identifying the degradation products. Six degradation species
are found with fluorescence maxima at 530nm (anionic 7,8-
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Fig. 1. Structural formulae of anionic lumiflavin (LF-, sum formula C;3H;1N40~, molar mass M=255.25Da), anionic 7,8-dimethyl-isoalloxazine (DMIA~, C;2H9N4O;~,
M=241.23 Da), anionic 7-methyl-isoalloxazine (MIA~, C;1H;N40,~, M=227.20Da), 1,2-dihydro-2-keto-1,6,7-trimethyl-quinoxaline-3-carboxylic acid (QO1, C;2H;2N,03,
M =232.24Da), 2-methoxy-6,7-dimethyl-quinoxaline-3-carboxylic acid (Q02, C;2H12N,03, M =232.24 Da), 6-methyl-quinoxaline-2-ol (Q03, C9HgN,0, M=160.17 Da), and

1-hydroxy-1,6,7-trimethyl-1H-quinoxaline-2-one (Q04, C;1H12N,02, M=204.23 Da).

dimethyl-isoalloxazine, DMIA~, [32] and 7-methyl-isoalloxazine
or 8-methyl-isoalloxazine, MIA~), 430nm (1,2-dihydro-2-keto-
1,6,7-trimethyl-quinoxaline-3-carboxylic acid, QO1 [18] and
3-hydroxy-1,6,7-trimethyl-1H-quinoxaline-2-one, QO4), 375nm
(2-methoxy-6,7-dimethyl-quinoxaline-3-carboxylic acid, QO2),
and 305 nm (6-methyl-quinoxaline-2-ol or 7-methyl-quinoxaline-
2-ol, QO3). Structural formulae of LF-, DMIA-, MIA—, QO1, QO02,
QO03, and Q04 are shown in Fig. 1. The hydrolysis product urea
[17-22] absorbs weakly below 210nm and therefore does not
affect our absorption and emission spectroscopic studies in the
excitation wavelength region from 220 nm to 480 nm.

2. Experimental

Lumiflavin (LF) was purchased from Sigma-Aldrich and used as
delivered. The dye was dissolved in 1 M NaOH, 2 M NaOH, and 4 M
NaOH (1 M=1moldm=3, the sodium hydroxide was dissolved in
Millipore water, 1 M NaOH is the short-writing of 1 moldm~3 NaOH
in water). All measurements were carried out at room temperature
under aerobic conditions. The samples were stored in the dark.

The absorption spectra were measured with a commercial
spectrophotometer (Cary 50 from Varian). The fluorescence emis-
sion spectra were recorded with a commercial fluorimeter (Cary
Eclipse from Varian) under magic angle conditions. The spec-
tra were corrected for the spectral sensitivities of the detection
system [33,34]. For absolute intrinsic fluorescence quantum dis-

tribution and quantum yield calibration the dyes lumiflavin in
sodium phosphate buffer at pH 8 (¢g=0.29 [5]) and POPOP (1,4-
di(5-phenyloxazolyl)benzene)in ethanol (¢ =0.85[35]) were used
as reference standards.

Time-resolved fluorescence traces were measured using second
harmonic picosecond pulses at 400 nm of a mode-locked titanium-
sapphire laser oscillator amplifier system (Hurricane from Spectra
Physics) and an ultrafast streak-camera (type C1587 temporal dis-
perser with M1952 high-speed streak unit from Hamamatsu) [36].

Combined high-pressure liquid chromatography-electrospray
mass spectroscopy (HPLC-ES-MS) measurements were carried
out with an Agilent 1100 HPLC system and a TSQ 7000 mass
spectrometer from Thermo Quest Finnigan. The studied sample
(lumiflavin in 4 M NaOH stored at room temperature in the dark
for 150 days) was neutralized in acetic acid and extracted to
dichloromethane. The used chromatographic column was Luna
2.5 pm, 50mm x 2.1 mm, C18(2)-HST from Phenomenex, and the
eluents were formic acid and acetonitrile (binary pump system
used). The mass-spectrometer was operated with electrospray in
positive ion mode.

3. Results
Apparent absorption cross-section spectra, o(A), of the studied

lumiflavin samples are shown in Fig. 2a-2c. They were calcu-
lated from measured transmission spectra (o =—In(T)/(£ Ng), T:



A. Penzkofer et al. / Journal of Photochemistry and Photobiology A: Chemistry 217 (2011) 369-375

a ) T T T T T T
LFin 1 MNaOH 7

0.4h

=
<
J
T

Absorption Cross-Section ¢ (cm?)
S

371

T T T T T

LFin2MNaOH 1

0.62 h

1017 X ‘. \ E

108

Absorption Cross-Section & (cm?)

10-19

400

1 0-19 1 | | I
250 300 350 400
Wavelength A (nm)
¢

10-16

10"k

107

Absorption Cross-Section o (cm?)

300

250

30

200 450

Wavelength A (nm)

Fig. 2. Temporal development of absorption cross-section spectra of lumiflavin in (a) 1M NaOH, (b) 2M NaOH, and (c) 4 M NaOH at room temperature (~21°C). Storage

times after preparation are listed in the legends.

transmission, £: sample length, Ny: initial LF molecule number den-
sity). The LF concentration was in the range of 2 x 107> moldm—3
to 5 x 10~> moldm3. The spectra were measured at certain times
after sample preparation which are indicated in the figures. In
part (a) the curves belong to LF in 1M NaOH, in part (b) LF was
dissolved in 2 M NaOH, and in part (c) the solvent was 4 M NaOH.
In all three cases the absorption spectra changed similarly, only
the speed of change was fastest for LF in 4M NaOH and slowest
for LF in 1 M NaOH. The long-wavelength absorption band around
450 nm decreased with time. Some pedestal absorption around
440 nm remained. The second absorption band around 350 nm
was only slightly reduced. A new band around 300 nm was built
up. The absorption of the band around 270 nm was lowered.

The absorption cross-section development at Apr=446nm
versus storage time is shown in Fig. 3 for LF in 4 M NaOH (circles),
2 M NaOH (triangles),and 1 M NaOH (dots). At this wavelength only
LF~ and the hydrolysis products DMIA~ and MIA~ (see below reac-
tions (R3) and (R4)) are absorbing. The absorption decrease is fitted

by exponential decrease of the LF~ absorption and exponential
build-up of DMIA~ and MIA~ absorption according to

—t —t
o(t, Apr) = o p-(Apr) €Xp (a) +O'1A*()\pr)xmioo [1 —exp (a)} s

(1)

In Eq. (1) IA- stands for DMIA~ and MIA~ (both compounds are
thought to have a similar absorption cross-section spectrum). It
is o p-(Apr) =3.93 x 1077 cm? [5] and 01a- (Apr) ~ oppa-(Apr) =
2.62 x 10717 cm? [32]. The best fitting parameters are the degra-
dation time constants 4 (1 M NaOH)=39h, 4 (2M NaOH)=13.5h,
74 (4M NaOH)=4.4 h, and the sum of the mole fractions of formed
DMIA~ and MIA™ at infinite time of storage X5~ ., = Xpyia- oo +
XMiA- .o = 0.022 for 1M NaOH, x4 = 0.027 for 2M NaOH, and
X~ o, =0.039 for 4M NaOH. The time-constant of absorption
degfadation, T4, shortens over-proportional with increasing NaOH
concentration, and the mole fraction of finally formed DMIA~ and
MIA- increases with NaOH concentration. The absorption reduc-



372 A. Penzkofer et al. / Journal of Photochemistry and Photobiology A: Chemistry 217 (2011) 369-375

P %p, =446 nm

e 2 1

o

R :

;c_> ) o 4MNaOH

= i 4 2MNaOH |

2‘1 d e 1M NaOH

5

C

i)

g

(8] )

§ 02t 1

g :

m o

2 0.1 o
200 600 800
Time t (h)

Fig. 3. Absorption cross-sections, 0(446 nm), versus storage time at room tempera-
ture for lumiflavinin 1 M NaOH (dots), 2 M NaOH (triangles), and 4 M NaOH (circles).
Fitted curves are explained in the text.

tion at Apr =446 nm is attributed to the degradation of lumiflavin
to the quinoxaline derivatives QO1 [18], Q02, QO3, and Q04 (see
reactions (R1), (R2), (R5), and (R6)) which are not absorbing at
Apr =446 nm.

In Fig. 4 absorption cross-section spectra of the original lumi-
flavin and of degradation products are shown. The solid curve
shows the spectrum of freshly prepared lumiflavin in 1 M NaOH (pH
14). It is the absorption cross-section spectrum of LF~ (pK,=10.8
[5]). The dashed curve shows the absorption cross-section spec-
trum of DMIA~ (taken from [32], the same spectrum is assumed
for MIA™). The dash-dotted curve shows the apparent absorp-
tion cross-section spectrum of the formed quinoxaline derivatives
QO01, QO2, QO03, and Q04 which are abbreviated by QOs. It
was obtained by subtracting the DMIA~ and MIA~ contribution
from the spectrum of lumiflavin in 4 NaOH after 818 h of stor-
age and renormalization (i.e. ogos(A) = [0(A, 818 h,4M NaOH) —
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Fig. 4. Absorption cross-section spectra of LF~ (solid curve), DMIA- (dashed curve,
from[32]), combined apparent absorption cross-section spectrum of Q01,Q02,Q03,
and QO4 (dash-dotted curve, abbreviated by QOs), and absorption cross-section
spectrum of urea in water (dotted curve, from [37]).
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Fig.5. Fluorescence quantum distributions of lumiflavinin4 M NaOH stored at room
temperature in the dark. Fluorescence excitation wavelengths, Acxc, and obtained
fluorescence quantum yields, ¢, are listed in the sub-figures. The curve in the top
part was measured 1h after sample preparation. The other curves were measured
136 days after sample preparation.

Xia- oo Opmia- (AM1/(1 = xja- ) with x4~ . =0.039). The dotted
curve shows the absorptiori cross-section épectrum ofureain water
(from [37]).

In Fig. 5 fluorescence quantum distributions of LF in 4M
NaOH are shown. The corresponding fluorescence quantum yields,
¢r= f Eg(A)dA, are listed in the sub-figures. The curve in the
top part was measured 1h after sample preparation. The fluo-
rescence excitation occurred at Aexc =440nm. The fluorescence
signal belongs to LF~. The obtained fluorescence quantum yield is
¢r=0.0062. The other curves were measured 136 days after sample
preparation whereby the sample was stored at room temperature
in the dark. At that time lumiflavin was completely degraded. The
excitation wavelength was varied in the range from Aexc =240 nm
to 460 nm. The fluorescence quantum distributions depended on
the excitation wavelength indicating the presence of at least four
degradation products (fluorescence peaks around 305 nm, 375 nm,
430 nm and 530 nm).

In the lowest panel of Fig. 5 (excitation in the range
lexc =420-460 nm) the fluorescence is dominated by DMIA- and
MIA~ emission. Maximum emission occurs at 530 nm. The flu-
orescence quantum yield is ¢r~0.065. The results are in good
agreement with previous studies on DMIA~ [32].

In the lower middle panel, for excitation in the range from 340 to
380 nm, the fluorescence is dominated by Q01 emission [24] with
small Q04 contribution. The emission peaks at 430 nm. The fluo-
rescence quantum yield is ¢ ~ 0.027. The emission comes from the
first absorption band of the quinoxaline derivatives (peak absorp-
tion at 360 nm, see dash-dotted curve in Fig. 4). Excitation at 400 nm
results in a combined emission from QO1, Q04, DMIA-, and MIA~.

In the upper middle panel of Fig. 5 (excitation in the range of
240-300 nm) the fluorescence band peaking at 375 nm is attributed
to Q02 emission. The emission comes from the second absorption
band of the quinoxaline derivatives (peak absorption at 305 nm, see
dash-dotted curve in Fig. 4). The fluorescence quantum yield of Q02
is roughly ¢ ~ 0.04. For all excitation wavelengths from 240 nm to
300 nm, fluorescence contributions from Q02, Q01, Q04, DMIA~
and MIA~ are present. Excitation at 240 nm and 260 nm shows the
appearance of a weak fluorescence band peaking at 305 nm. This
fluorescence band is attributed to the emission of QO3.
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Fig. 6. Streak-camera fluorescence traces of lumiflavin in 2 M NaOH (top part) and
in 4M NaOH (bottom part) 2 to 3h after sample preparation. Solid curves were
measured with streak speed of 10 ps per pixel, and dotted curves were measured
with streak speed of 1 ps per pixel. Dash-dotted curves are bi-exponential fits with
short time constant of 105 ps and long time constant of 2.3 ns.

In Fig. 6 temporal fluorescence traces are shown for LF in 2M
NaOH (top part) and LF in 4M NaOH (bottom part). The traces
were measured 2-3 h after sample preparation. The samples were
excited with 3 ps pulses at 400 nm and the fluorescence was col-
lected in the range Ag>500nm. The solid curves were measured
with a streak speed of 10 ps per pixel, and the dotted curves were
measured with a streak speed of 1 ps per pixel. The time resolu-
tions are indicated by the rise times of the traces. Bi-exponential
fluorescence decay is observed. The short decay component with a
time constant of about 105 ps belongs to LF~ emission, and the long
decay component with a time constant of about 2.3 ns belongs to
emission from DMIA~ and MIA~. The determined lifetimes agree
reasonably well with the fluorescence lifetimes of LF~ and DMIA~
determined previously in [5,32], respectively.

Our LC-MS mass spectroscopic results on lumiflavin in Mil-
lipore water (diluted with acetonitrile for measurement) are
shown in Fig. S1 of the supporting information. The top part of
Fig. S1 shows the normalized total ion current (relative abun-
dance) versus retention time tye¢ (one peak at trer =4.60 min). The
mass spectrum at this retention time peak is shown in the lower
part of Fig. S1. The main peak at m/z=257.0 belongs to [LF+H]*
(sum formula of lumiflavin: Ci3H13N405; molar mass of lumi-
flavin: M=256.26 gmol~!). The peak at m/z=298.0 is attributed
to [LF+MeCN+H]* (MeCN = acetonitrile). The peak at m/z=513.1
belongs to [2LF+H]*.

Our LC-MS mass spectroscopic results on lumiflavin in 4 M
NaOH stored at room temperature in the dark for 154 days
are shown in Fig. S2 of the supporting information. There the
top part shows the relative abundance versus retention time.
Four peaks with retention times of trr=2.83min, 4.93 min,
5.03min, and 5.45min are found. The corresponding mass-
spectra to these retention peaks are shown in the lower parts
of Fig. S2. The mass spectrum at tyt =2.83 min gives a dominant
peak at m/z=161.0. It is attributed to 6-methyl-quinoxaline-2-ol
and/or 7-methyl-quinoxaline-2-ol (QO3, sum formula CgHgN,O,
molar mass of M=160.17Da; 1Da=1Dalton=1gmol~!, struc-
tural formula is shown in Fig. 1, fluorescence peak around
305nm). The small peaks at m/z=201.9 and m/z=321.0 belong
to [QO3+MeCN+H]* and [2QO3+H]*. The mass spectrum at
tret =4.93 min shows several peaks resulting from the compo-

nent 7,8-dimethyl-isoalloxazine (DMIA, sum formula C;,H1gN40>,
molar mass M=242.24Da, structural formula depicted in Fig. 1,
fluorescence peak around 530nm). The observed mass peaks at
mfz=242.9, 284.0, 485.1, and 502.1 are assigned to [DMIA+H]*,
[DMIA+MeCN+H]*, [2DMIA+H]*, and [2DMIA+NH4]", respectively.
The mass spectrum to trer=5.03min is attributed to 7-methyl-
isoalloxazine and/or 8-methyl-isoalloxazine (MIA) with molar
mass M=228.21Da (sum formula C;;HgN40,, structural formula
shown in Fig. 1, fluorescence peak around 530 nm) and 3-hydroxy-
1,6,7-trimethyl-1H-quinoxaline-2-one (QO4) with molar mass
M =204.23 Da (sum formula C;1H;2N,0,, contribution to fluores-
cence peak at 430 nm). The mass peaks at m/z=229.0, 270.0, and
457.2 are assigned to [MIA+H]*, [MIA+MeCN+H]*, and [2MIA+H]*,
respectively. The peaks at m/z=205.0,222.0 and 433.0 are assigned
to [QO4+H]*, [QO4+NH4]*, and [QO4+MIA+H]*, respectively. The
mass spectrum to trer =5.45 min shows mass peaks at m/z=233.0,
250.0, 465.0, and 482.1. They are attributed to [M+H]*, [M+NH4]*,
[2M+H]*, and [2M+NH4]*, respectively. Thereby M stands for
the two isomers 1,2-dihydro-2-keto-1,6,7-trimethyl-quinoxaline-
3-carboxylic acid (QO1, sum formula C;,Hi3N;03, molar mass
M=232.24Da, structural formula shown in Fig. 1, fluorescence
peak around 430nm) and 2-methoxy-6,7-dimethyl-quinoxaline-
3-carboxylic acid (Q02, sum formula C;3H{3N,03, molar mass
M=232.24Da, structural formula shown in Fig. 1, fluorescence peak
around 375 nm).

4. Discussion

The thermal lability of lumiflavin at high pH (>14) is clearly
seen by the absorption spectra changes (Fig. 2) and the fluores-
cence spectra changes (Fig. 5). The hydrolysis of lumiflavin and
riboflavin in alkaline solution at elevated temperature is docu-
mented in [17-30]. There only the formation of QO1 and some
de-carboxylation of QO1 were resolved.

Our absorption, emission, and mass spectroscopic analysis
reveals the hydrolysis of lumiflavin in strongly alkaline solution
at room temperature into six components.

The dominant degradation products, Q01 and Q02, are formed
by the hydrolysis processes (R1) [24] and (R2):

LF + 2H,0%'Q01 + urea. (R1)
LF + 2H,0™%002 + urea. (R2)

QO1 and QO2 have the same molar mass (Fig. S2 with retention time
tret = 5.45 min), but their structural formulae, absorption spectra,
and fluorescence spectra are different. A separation of the absorp-
tion cross-section spectra of Q01 and QO2 is not possible from
the presented spectra (Fig. 2) since LF degrades in parallel into
QO1 and QO2. Only the fluorescence spectra give a clear separa-
tion (fluorescence peaks at 430 nm and 375 nm). Semi-empirical
quantum chemical calculations (PM3 method) indicate that the
absorption peaking around 360 nm and the fluorescence peaking
around 430 nm belong to QO1, and the absorption peaking around
305nm and the fluorescence peaking around 375 nm belong to
QO2.

The hydrolysis products DMIA~ and MIA~ are thought to be
formed by the processes (R3) and (R4):

LF~ + Hy0""DMIA~ + CH30H (R3)
LF~ + 2H,0M%MIA~ + 2CH;0H (R4)

The components DMIA~ and MIA~ cannot be distinguished from
the measured absorption and fluorescence spectra because the
absorbing and the emitting chromophore is in both cases the
same. The presence of both components is seen in the LC-MS
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mass-spectra of Fig. S2 (top part and mass spectra belonging to
tret =4.93 min and tet =5.03 min).

The hydrolysis product QO3 is obtained by the formal reaction
(R5):

NaOH

LF + 4H,0 — QO3 + urea + CO, + 2CH30H. (R5)
(see Fig. S2 with tre=2.83 min). The absorption of QO3 is below
300 nm and its fluorescence is seen in a peak around 305 nm.

The hydrolysis product Q04 is obtained by the reaction process
(R6):
LF + 2H,0™%q04 + urea + CO. (R6)

(see Fig. S2 with trer =5.03 min and m/z=205.0 for [QO4+H]*").
The absorption spectrum and fluorescence spectrum of Q04 is
thought to coincide with those of Q01 because of the same chro-
mophore part.

The formation of the degradation products, i, may be described
by

dN|p-
stF = _ZkiNLF’ = —kpp-Nig-, (2)
i
dN;
T = ki 3)

where Np- is the number density of LF~, and N; is the number
density of product i.
The solutions are

Nig- = No exp(—k;g-t), (4)

_ ki
kLF_

where Ny is the initial number density of LF~.

The degradation rate constant k- is obtained from the initial
exponential absorption decrease in Fig. 3. The determined val-
ues are kjp- =7.2 x 10851 for LF in 1M NaOH, 2.1 x 105 s~!
for LF in 2M NaOH, and 6.3 x 102> s~! for LF in 4M NaOH. The
constant k; - increases with NaOH concentration as expected in
a NaOH catalyzed reaction (transition state formation with NaOH
involvement and subsequent NaOH release; see Michaelis—-Menten
kinetics [38]). The over-proportional increase of k;p- with NaOH
concentration indicates some transition state activation barrier
decrease with NaOH concentration. The transition state activation
energy, E5, may be estimated by the Arrhenius equation [39-42]:

kg E

where kg is the Boltzmann constant, ¥ is the temperature, and h is
the Planck constant. Using k- = 6.3 x 107> s~! for LFin 4 M NaOH
a value of E5~8000cm™! is estimated. The barrier height differ-
ences for the different NaOH concentrations may be estimated from
the relation

N;

No[1 — exp(—kg- )], (5)

Ky F- NaoH1 _ [NaOH], exp(—(En,1/ks?))
ki~ naowz  [NaOH], exp(—(Ea 2/ks?))

_ [NaOH], Epz —Ea1
~ [NaoH], e"p( ks 0 )

where the rate constant of degradation is set proportional to
the NaOH concentration. The obtained transition state barrier
height differences are Eo(1M NaOH)—Ea(2M NaOH)~77cm™ 1,
and Ex(1 M NaOH) — Ex(4M NaOH)~160cm™!.

The rate constant of LF~ degradation is composed of the rate
constants of formation of the hydrolysis products, i.e. kjp- =
ko1 + kqoz + kqos + kqoa + kppia- + Kyvia- = Kaqos + kja-- For LF in
4M NaOH the total degradation rate constant is kjp- ~ 6.3 x

(7)

107> s~1, the rate constant of DMIA~ and MIA~ formation is k- =
Xip- ookip- & 2.5 x 10651 (%1a- » = 0.039), and the rate constant
of quinoxaline derivatives formation is kqos = kg~ — kjp- ~ 6 x
107%s71

5. Conclusions

The degradation of lumiflavin in aqueous 1M, 2M, and
4M NaOH at room temperature in the dark was investi-
gated by absorption, fluorescence, and mass spectroscopy.
The hydrolysis of LF~ into the quinoxaline derivatives 1,2-
dihydro-2-keto-1,6,7-trimethyl-quinoxaline-3-carboxylic acid
QO1, 2-methoxy-6,7-dimethyl-quinoxaline-3-carboxylic acid Q02,
methyl-quinoxaline-2-ol QO3, and 3-hydroxy-1,6,7-trimethyl-
1H-quinoxaline-2-one QO4 and into the isoalloxazine derivatives
7,8-dimethyl-isoalloxazine DMIA and methyl-isoalloxazine MIA
was revealed. The rate of degradation increased with NaOH (or
OH™) concentration. The time constant of hydrolysis was found
to be 4.4 h for LF in 4 M NaOH, 13.5h for LF in 2M NaOH, 39h for
LF in 1M NaOH, and it is expected to be >400 h for LF in aqueous
solution at pH 13 (0.1 M NaOH).
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