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ABSTRACT

The spectroscopic behaviour of lumiflavin (7,8,10-trimethyl-isoalloxazine, oxidized form LF,x ) in aqueous
solutions of pH range —1.08 to 14.6 is studied. Absorption spectra, fluorescence quantum distributions,
quantum yields and lifetimes are determined. The ionization stage of ground-state LF,x changes from
cationic (LFoxH2*) at low pH (pK. ~ 0.38) via neutral (LF,xH) to anionic (LFox~) at high pH (pK, ~10.8).
The cationic, neutral, and anionic forms are identified by their different absorption spectra. LF,xH in
neutral aqueous solution is reasonably fluorescent (fluorescence quantum yield ¢g ~ 0.29, fluorescence
lifetime tF~5.2ns), while LFo~ is weakly fluorescent (¢r ~0.0042, 7~ 90 ps), and LFxHy* is nearly
non-fluorescent (¢r ~ 3.6 x 107>, Tp ~ 0.4 ps).

A theory of the pH dependent equilibration of cationic, neutral and anionic molecules in the ground
state and their dynamics in the excited state is developed. For lumiflavin in aqueous solution in the
excited state no equilibrium distributions are reached between the cationic, neutral, and anionic forms.
Some neutral excited lumiflavin transforms to the cationic ground-state form at low pH by intermolecular
photo-induced proton transfer from H30* to LF,xH*. At high pH no photo-induced intermolecular proton

Relaxation dynamics transfer takes place.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lumiflavin (7,8,10-trimethyl-isoalloxazine, LF) is the funda-
mental molecule of the huge class of flavins with the most famous
members riboflavin (RF), flavin mononucleotide (FMN), and flavin
adenine dinucleotide (FAD) [1,2]. Lumiflavin is the dominant pho-
toproduct of RF, FMN, and FAD in alkaline solution (pH>9) [2-6].
It is obtained by photolysis of riboflavin in 1M NaOH [4,7]. Ways
of synthesis of lumiflavin are described in [8-10]. Lumiflavin is a
photo-sensitizer of organic and biological molecules by radical for-
mation (type I photosensitization) and singlet oxygen generation
(type Il photosensitization) [11-17].

The photo-physical behaviour of lumiflavin is described
in [1,3,4,12,18-25]. Absorption spectroscopy [3,4,7,15,18,20,25],
fluorescence spectroscopy [12,19,20], and triplet spectroscopy
[12,19-22] were carried out for lumiflavin characterization. The pH
dependence of fluorescence was studied [26,27]. lonization equi-
libria between cationic, neutral and anionic forms in the ground
state [28,29], singlet excited state [28], and triplet excited state
[30] were determined. The photo-stability of lumiflavin in aqueous
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solutions [3,4,25], organic solvents [3-5], and in biological matter
[11-15] was investigated. In alkaline solution at elevated tempera-
tures lumiflavin was found to be thermally unstable by hydrolysis
reaction [31,32]. Quantum chemical calculations on electronic
structure, molecular properties, and spectroscopic parameters of
lumiflavin were carried out [23,33-40]. Thereby lumiflavin served
as prototype of flavins.

Despite the long period of lumiflavin investigation no detailed
absolute absorption cross-section spectra, no absolute intrinsic flu-
orescence quantum distributions and quantum yields as well as
no fluorescence decay curves over the experimentally accessible
pH range from —1.08 (37% HCl) to 14.6 (4 M NaOH) are available.
The mechanisms of fluorescence quenching of lumiflavin in neu-
tral (LFoxH), cationic (LFoxH>*), and anionic form (LFox~) have not
been worked out. The difference in the constants of ground-state
equilibrium, pK¢, and singlet excited equilibrium, pK.*, between
cationic and neutral lumiflavin, and the equality of the constants
of ground-state equilibrium, pKj, and singlet excited equilibrium,
pK;*, between neutral and anionic lumiflavin has not yet been sat-
isfactorily explained.

In this paper we work on these topics. The behaviour of the
absolute absorption cross-section spectra, the absolute fluores-
cence quantum distributions, the absolute fluorescence quantum
yields, and the fluorescence lifetimes of lumiflavin in aque-
ous solution are studied over the range from pH -1.08 to
pH 14.6. The absorption and emission dependences are inter-
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Fig. 1. Top row: structural formulae of cationic, neutral, and anionic lumiflavin in the oxidized (flavoquinone) redox state (taken from [2]) with thermal equilibrium paths
(pK. and pK,). Middle row: possible structural formulae of cationic, neutral, and anionic lumiflavin in the excited state. Bottom row: illustrative potential energy curves for
ground state and first excited state of cationic, neutral, and anionic lumiflavin. Transitions are indicated.

preted in terms of photo-physical and photochemical interactions
(photo-physical fluorescence quenching of LFoxH at neutral pH,
intra-molecular charge transfer for LFoxH>* and LFox~). The pK
values of cationic-neutral equilibrium (pK¢) and neutral-anionic
equilibrium (pK,)in the ground state are extracted from the absorp-
tion dependences. In the excited state no ionization state equilibria
are reached within the short fluorescence lifetimes. Therefore no
equilibration constants, pK.* and pK;*, are accessible. Instead,
pH values pKg.* and pKg,* of mid-point fluorescence efficiency
between cationic and neutral species as well as between neutral
and anionic species will be determined by pH dependent fluores-
cence quantum yield measurements. A theory of the pH dependent
equilibration of cationic, neutral and anionic molecules in the
ground state and their dynamics in the excited state will be devel-
oped. The inequality pK. < pKg.* will be explained by intermolecular
proton transfer deactivation of neutral excited lumiflavin LF,xH* at
low pH (LFoxH* + H* — LFoxH*).

The structural formulae of lumiflavin in the flavoquinone (oxi-
dized) redox state in neutral form (LFoxH), in cationic form
(LFoxH>*), and in anionic form (LFox~) are shown in the top row
of Fig. 1. The flavosemiquinone (semi-reduced) redox state (LFH,*)
and the flavohydroquinone (fully reduced) redox state (LF..qH3)
of lumiflavin are not present under our experimental conditions
(aerobic solutions, no added reducing agents) [1,2,41]. Therefore
the complex photo-dynamics of semi-reduced and fully reduced

flavins in their neutral, cationic, and anionic form [42-44] is not
addressed here.

2. Experimental

Lumiflavin (LF) was purchased from Sigma-Aldrich and used
as delivered. The dye was dissolved in aqueous solutions of dif-
ferent pH. At lowest pH (—1.08) LF was dissolved in concentrated
hydrochloric acid (37 wt.% HCl). In the range of pH —0.3 (2 M HCI)
to pH 3 (10-3 M HCI) differently concentrated aqueous HCl solu-
tions, and in the range of pH 11 (10-3M NaOH) to 14.6 (4M
NaOH) differently concentrated NaOH solutions were used. A cit-
ric acid/NaOH/NacCl buffer (Fixanal from Aldrich) was used for pH
4. For pH 6, pH 8, and pH 10 self-prepared 10 mM sodium phos-
phate buffers with 10 mM NaCl were used. All measurements were
carried out at room temperature under aerobic conditions.

The absorption spectra were measured with a commercial spec-
trophotometer (Cary 50 from Varian). The fluorescence emission
spectra were recorded with a commercial fluorimeter (Cary Eclipse
from Varian) under magic angle conditions. The spectra were
corrected for the spectral sensitivities. For absolute intrinsic flu-
orescence quantum distribution and quantum yield calibration
the dyes riboflavin in water (¢ =0.26 [45]) and POPOP (1,4-di(5-
phenyloxazolyl)benzene) in ethanol (¢r=0.85 [46]) were used as
reference standards.
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Fig. 2. Absorption cross-section spectra of lumiflavin in aqueous solution at differ-
ent pH values.

Time-resolved fluorescence traces were measured by using a
mode-locked titanium-sapphire laser oscillator amplifier system
(Hurricane from Spectra Physics) and an ultrafast streak-camera
(type C1587 temporal disperser with M1952 high-speed streak unit
from Hamamatsu) [47]. At 400 nm second harmonic pulses, and at
456 nm Raman-shifted second harmonic pulses (Raman medium
ethanol) [48] were used for excitation.

3. Results

Absorption cross-section spectra, o(A), of the studied lumiflavin
samples are shown in Fig. 2. They were calculated from measured
transmission spectra (o = —In(T)/(£Np)), T: transmission, £: sample
length, Ny: molecule number density). The lumiflavin concentra-
tion was around 1.7 x 107> moldm—3. Molar decadic absorption
coefficient spectra, &(A), are related to the absorption cross-section
spectra by g(A)=0(A)Na/[10001n(10)] , where N, is the Avogadro
constant. The maximum Sp-S; absorption cross-sections, oamax,
the corresponding wavelength positions, Ay max, and the spectral
So—S1 absorption half-widths (FWHM), A¥,, of the samples inves-
tigated here are collected in Table 1.

The absorption spectra are unchanged in the range from pH 2 to
pH 10 where the neutral form of LF,x is dominant. The presented
spectrum for pH 6 is equal to the spectrum of the neutral form of
lumiflavin (LFoxH). In the range from pH 11 to pH 14.6 the absorp-
tion spectra have approximately the same shape and magnitude as
the curve shown for pH 14. This spectrum is equal to the spectrum of
the anionic form of lumiflavin (LFox ). Below pH 2 the shape of the
absorption spectra changes strongly from a double-peaked spec-
trum belonging to LFoxH (maxima at 441 nmand 370 nm) to a single
peaked spectrum (maximum at 394 nm) of LFoxH,*. The spectrum
at pH —1.08 gives the absorption coefficient spectrum of cationic
lumiflavin with approximately 3.4% neutral lumiflavin contribution
(see below) and a long-wavelength absorption tail likely from small
fractions of constitutional isomers and aggregates of cationic lumi-
flavin, and of bi-cationic lumiflavin [49] (has absorption shoulder
around 520 nm).

In Fig. 3a the dependence of the absorption cross-sections
0(390nm) and 0(470 nm) versus pH are plotted. The mid-point
of absorption change at pH 0.38 at the low pH side gives the
minus decadic logarithm of the H* concentration, called pKc,

Fig. 3. (a) Absorption cross-sections of lumiflavin in aqueous solution versus pH for
two selected wavelengths, 390 nm and 470 nm. (b) Mole fractions of cationic form,
X¢, neutral form, x,,, and anionic form, x,, of lumiflavin in aqueous solution versus
pH (Egs. (2d), (4d), and X, =1 — Xc — Xa).

where the concentration [LFoxH>*] of cationic lumiflavin and the
concentration [LFoxH] of neutral lumiflavin are equal [45] (i.e.
pKc = —log([H*]¢/(1 moldm~3))=0.38, and [H*]c=0.42 moldm™3).
The mid-point of absorption change at the high pH side occurs
at about pH 10.8. It gives the minus decadic logarithm of the H*
concentration, called pK,, where the concentrations [LF,xH] and
[LFox~] are equal [45] (i.e. pKa=—log([H]a/(1 moldm~3))=10.8,
and [H*],=1.8 x 10~ moldm~3).

The fluorescence quantum distributions, Eg(A), of lumiflavin
aqueous solutions at several pH values are shown in Fig. 4a for
fluorescence excitation wavelength Aexc=450nm and in Fig. 4b
for Aexc=350nm. Fluorescence quantum distributions of lumi-
flavin at pH —1.08 for different excitation wavelengths are depicted
in Fig. 4c. In the case of fluorescence excitation at Aexc =450 nm
(Fig. 4a) the fluorescence emission belongs dominantly to LFoxH in
the range —0.3 <pH <12, and to LFox~ in the range pH>12. In the
case of fluorescence excitation at Aexc =350 nm at low pH (Fig. 4b)
the fluorescence in the short wavelength part (<500 nm) belongs to
LFoxH>*, and above 500 nm both LFoxH and LFoxH,* contribute to
the fluorescence spectrum.

The determined fluorescence quantum yields, ¢F=pr(k)dk,
versus pH are displayed in Fig. 5 for Aexc =350 nm (triangles) and
rexc =450 nm (circles). In the range 3<pH<10 the fluorescence
quantum yield has a high plateau of ¢r ~ 0.29. At lower and higher
pH the fluorescence quantum yield drops down. At the high pH
side the pH position of fluorescence decrease coincides with the
change from the ground state neutral form to the ground-state
anionic form (pK,=10.8, see Fig. 3). A minimum of fluorescence
emission is reached at pH~ 14 with ¢ ~ 0.0042. The fluorescence
efficiency rises slightly at higher pH because of fluorescence con-
tributions from thermally degraded species [31,32] (degradations
studies will be reported elsewhere). At the low pH side the fluo-
rescence quantum yield decreases already at higher pH than the
ground-state cationic-neutral equilibrium (pK. = 0.38, see Fig. 3).

The determined fluorescence quantum yields for Aexc =450 nm
are listed in Table 1. The relative error of the determined fluo-
rescence quantum yields is between 5% and 10%. The wavelength
positions, Apmax, Of peak fluorescence emission, the spectral
half-widths (FWHM) of the emission spectra, APg, and the flu-
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Table 1
Spectroscopic parameters of lumiflavin in aqueous solutions of different pH.
pH @r(Aexc =450nm) Aamax (NM) Gamax (cm?) A, (cm™1) AFmax (Nm) Avg (cm=1) 8vse (cm~1)
—-1.08 (32+03)x 104 394 7.0x 1017 3710 ~435 ~4000 ~2400
-0.3 0.002 +0.0004 389 59x 10717 4100 460 5500 3970
0 0.0042 +0.0004 386 5.3 x 107" 4570 522 5680 6750
0.3 0.0093 +0.001 384 4.4 %1071 5840 530 3370 7170
1 0.0415 +0.004 439 3.0x 107" 4390 532 3089 3982
2 0.18+0.02 441 3.8x10°"7 4430 532 3041 3879
3 0.279+0.01 441 3.8x 107" 4430 531 3065 3843
4 0.29+0.01 441 3.9x10°"7 4430 531 3065 3843
6 0.29+0.01 441 3.9x107"7 4430 529 3065 3772
8 0.29+0.01 441 3.9x10°" 4430 528 3065 3736
10 0.28 +£0.01 441 4.0x 107" 4430 528 3030 3736
11 0.105+0.01 442 4.0x 107" 4220 530 3100 3757
12 0.021+0.003 445 4.0x 10717 4230 529 3141 3568
13 0.0055 +0.001 446 4.0x 1017 4140 528 3229 3482
14 0.0042 +0.0008 446 3.9x10°"7 4104 529 3248 3518
14.3 0.0051 = 0.0008 446 3.7x 107" 4215 528 3214 3482
14.6 0.0066 -+ 0.0008 446 33 x107" 4860 530 3188 3550

Abbreviations: ¢r: fluorescence quantum yield; A, max: Wavelength of So—S; absorption maximum; 0, max: peak So—-S; absorption cross-section; A7,: full spectral half-width
of first absorption band; Armax: wavelength position of maximum fluorescence emission; A?g: full spectral half-width fluorescence band; §¥s.: fluorescence Stokes shift

(SDSI = )‘;.lmax s )

F,max

orescence Stokes shift, 87t = (A3 nax — A7 max
Table 1.

For lumiflavin in 37wt.% HCl (pH —-1.08) the fluorescence
behaviour is rather complex as is shown in Fig. 4c. The fluores-
cence quantum distributions and the fluorescence quantum yields
depend on the fluorescence excitation wavelength, Aexc. At this
low pH lumflavin dominantly consists of the single-cationic form,
LFoxH>*, about 3.4% of the neutral form (see below), LFoxH, a frac-
tion of the bi-cationic form, LFoxH32* [49], constitutional isomers
and aggregates of LFoxH,*. Fluorescence quantum distributions for
a few different excitation wavelengths are shown in the top part
of Fig. 4c: In the case of excitation at 260 nm the fluorescence
spectrum is likely dominated by impurity emission (wavelength
region 300-480 nm, fluorescence quantum yield ¢r~4.9 x 1077)
and S{-Sp emission from the first LF,xH,* absorption band
(region>480nm, ¢r~3.6 x 10~°). Excitation at 300nm (weak
absorption of LFoxH>*) indicates impurity emission (wavelength
320-500 nm, ¢F ~ 3.4 x 10~4) and likely LF,xH3%* emission (wave-
length >500 nm ¢f ~ 3.6 x 10~4). Excitation at 380 nm (dominant
absorption band of LFoxH*) gives dominantly S;-Sp emission from
LFoxHy* (460-680 nm, efficiency 3.6 x 107>) and S;-Sp emission
likely from an LFoxH,* structural isomer or aggregate (>680nm,
efficiency 1.6 x 107>; low efficiency because of low absorption
contribution at 380 nm). In the case of excitation at 460 nm the
fluorescence is thought to come from LFoxH and LFoxH32" (peak
at 550 nm, efficiency 2.4 x 10~4) and from a structural LFoxH,* iso-

), are included in

mer or aggregate (peak at 720 nm, efficiency 3.9 x 10~4).In the case
of excitation at 500 nm the emission comes likely from LFoxH32*
with efficiency of 0.0017 (520-700 nm) and from an LFoxH,* isomer
with efficiency of 0.0031 (A > 700 nm). For Aexc =500 nm the fluo-
rescence efficiency is higher than for Aexc =460 nm since at 460 nm
most light is absorbed by the nearly non-fluorescent LFoxH,* (quan-
tum yields are defined here as emitted photons from considered
transition to total number of absorbed photons).

The dependence of the total fluorescence quantum yield, ¢,
of lumiflavin in 37 wt.% HCI on the excitation wavelength, Aexc,
is depicted in lower part of Fig. 4c together with the absorption
cross-section spectrum of lumiflavin in 37 wt.% HCI.

Normalized fluorescence signal decay curves, Sg(t)/Skmax, Of
lumiflavin in aqueous solution at several pH values are pre-
sented in Fig. 6a-c. In the range pH<10 the fluorescence
after picosecond pulse excitation decays single-exponentially,
i.e. Sp(t)=Skmax exp(—t/tE). In the range 3<pH<10 the fluores-
cence decay is approximately unchanged with a fluorescence
lifetime of tg~5.2ns. Below pH 3 the fluorescence lifetime t¢
decreases because of additional LFoxH* deactivation by inter-
molecular protonation according to LFoxH*+H* — LF;xHy* (see
below). For lumiflavin in 37 wt.% HCI (pH —1.08) and Aexc =400 nm
the fluorescence decay could not be resolved experimentally.
An upper limit of 2.3 ps was obtained. From the measured flu-
orescence quantum yield of @p(Aexc=400nm)=~3.6 x 10~ and
the estimated radiative lifetime of 7,4~11.6ns a fluores-

Table 2
Reported pK values for flavins.
Flavin pK- pKg* pK;, pKra* References
Lumiflavin -0.2 9.8 [29]
0.0 1.7 [28]
1.7 10.1 [27]
23 9.3 [26]
0.38 1.8 10.8 10.8 This work
Riboflavin 0.12 9.95 [16]
~0.2 9.8 [29]
9.932 [61]
0.1 1.7 [28]
1.6 10.3 [27]
23 9.8 [26]
0.4 23 9.75 9.75 [45]
FMN 0.05 1032 [16]

2 Determined with electrochemical method. pK values were determined by absorption spectroscopy. pKr* values were determined by fluorescence spectroscopy.
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Fig. 4. Fluorescence quantum distributions, Er(A), of lumiflavin in aqueous solu-
tion at different pH values. (a) Fluorescence excitation wavelength, Aexc =450 nm.
(b) Fluorescence excitation wavelength, Aexc =350 nm. (c) Fluorescence behaviour
of lumiflavin in 37 wt.% HCl (pH —1.08). Top part: Er(A) for some excitation wave-
lengths. Bottom part: fluorescence quantum yield, ¢r, and absorption cross-section,
o, versus excitation wavelength.

Fig. 5. Fluorescence quantum yields of lumiflavin in aqueous solution versus pH.
Buffer composition is given in the experimental part. Exceptions are filled circle
(1 x10~*M HCI, Aexc =450 nm) and filled triangle (2 M KOH, Aexc =450 nm). Solid
curve is calculated by use of Eq. (9), with ¢ron=0.29, Tron =5.2ns, and kp«c = 1.2 x
10" mol~' s~1. Dashed curve is calculated by use of ¢r(pH) = X (PH )00 *+ Xa(PH)Ea
with ¢pon =0.29 and ¢r, =0.0042, x, =N, [No (Eq. (4d)), and X, =1 — x,.

cence lifetime of 7z(400 nm) = ¢(400 nm)7,,q ~ 0.4 ps is estimated.
It gives the S1-Sy fluorescence lifetime of cationic lumi-
flavin, i.e. Tpc~0.4ps. The curves for pH 11 and pH 12
(Fig. 6¢) exhibit bi-exponential fluorescence decay according to
Sp(t)/SF,max =XF,n €XD(—t/TEn) + Xp.a €XP(—t/TFa) With Xpa=1—Xgp.
The slow fluorescence component with fraction xg,, belongs to
neutral lumiflavin emission and the short fluorescence component
with fraction xg 5, belongs to anionic lumiflavin emission.

The extracted fluorescence lifetimes from the fluorescence
decay measurements (Fig. 6), t¢ (circles), Tg, (diamonds), and tg,
(triangles), versus pH are displayed in Fig. 7a. The fractions, xgp
and xg,, of the slow and fast fluorescence components versus pH
are shown in Fig. 7b (see below).

The filled symbols in Fig. 7a (fluorescence lifetime) and in Fig. 5
(fluorescence quantum yield) indicate some dependence of the
fluorescence behaviour (fluorescence quenching) on the buffer
composition: The filled circles at pH 4 belong to 10~4 M HCI solu-
tion, and at pH 14.3 the filled triangles belong to 2 M KOH solution.

4. Discussion
4.1. Absorption cross-sections and radiative lifetimes

The absorption cross-section spectra of LFoxHy* (o), of LFoxH
(on), and of LFox~ (0,) are approximately given by o(A)=0(A, pH
6), 0a(A)=0(A, pH 14), o¢(A)=[o(A, pH —1.08) — xn0n(A)]/(1 — Xn)
with x, =0.034 (Fig. 2, see below). The Sp-S; absorption strengths
o= f50—51 [o(A)/A]dA of the three ionic forms are .~ 6.6 x

10717 cm? (used upper wavelength limit of So-S; absorption band
Au =398 nm, Sp-S; and Sp-S; transitions are thought to be merged
in broad absorption band), &, = 6.45 x 10~ 8 cm2 (Ay=395nm),
and 6, = 6.41 x 10718 cm?2 (A, =395 nm).
The radiative lifetimes of the different ionic forms are obtained
by application of the Strickler-Berg formula [50-52]
HAXE

(1)

Trad = 5= 3=
8conic’
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Fig. 6. Normalized temporal fluorescence signal traces, Sg(t)/Sk.max, Of lumiflavin
in aqueous solution of different pH. The pH values are given in the figure leg-
ends. (a and c) Fluorescence excitation wavelength Aexc =456 nm. Excitation pulse
duration Atexc =4 ps. Fluorescence detection wavelength region Agge > 500 nm. (b)
Aexc =400 nm, Atexc =2.5ps, and A ger > 500 nm.

Fig. 7. (a) pH dependence of fluorescence lifetimes of lumiflavin in aqueous
solution. Buffer composition is given in the experimental part. Exceptions are
filled circle (1 x 10~ M HCIl) and filled triangle (2M KOH). Values are extracted
from fluorescence traces depicted in Fig. 6. ¢ is single-exponential time con-
stant. Tgc, Trn, and Tg,, are fluorescence lifetimes of cationic, neutral and anionic
forms. Solid curve is calculated by use of Eq. (8) with Tgon=5.2ns, and kp+«c =
1.2 x 10" mol ™" s~1. (b) Fractions of LF,xH and LFy~ initial fluorescence signal
heights, Xgn and xga, versus pH. Curves are calculated by use of Eqgs. (12a) and
(12b) with Traqpn=20.7 1S, Traga =21.6 1S, 0p(Aexe =456 nm)=3.57 x 10~'7 cm?, and
0a(hexc =456 nm)=3.69 x 10~17 cm?2.

where na and ng are the average refractive indices of the solu-
tion in the Sy-S; absorption and emission region, respectively
(na~np~1.33 in aqueous solution), cy is the speed of light
in vacuum, and Ap = UEF()\)P d)\/fEF()\)d)L]IB is the mean
fluorescence wavelength (A = 469 nm for LFoxHy*, Af = 562 nm
for LFoxH, and )_\F =569nm for LFox~). The calculated radia-
tive lifetimes are 7,,q(LFoxHp*)~ 11.6 nis, 7,4(LFoxH)=20.7 ns, and
Trad(LFox™)=21.6ns.

LFoxH and LFox~ have the typical isoalloxazine structure
(N5=C4a-C10a=N1, see top row of Fig. 1) with the typical isoal-
loxazine absorption spectrum seen in Fig. 2 (first absorption band
maximum is at around 450 nm). LFoxH,* has a typical alloxazine
structure (N5=C4a-C10a=N10, see Fig. 1) with a more alloxazine
(lumichrome) like absorption spectrum (first absorption band of
lumichrome at around 390 nm) [1,2].
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4.2. Ground-state ionization distribution

The LFox ground state composition interplay of LFoxH,* and
LFoxH, in aqueous solution for pH <7 is given by reaction (R1):

LFoxHyt + HyO 2 LFoxH + H;0™. (R1)
Knc[Hﬂ

The k parameter is a bi-molecular rate constant (dimen-

sions~'M~1), and the k parameter is a uni-molecular reaction

rate constant (dimensions—1, k=«[H,0]). The steady-state ground-

state thermodynamic equilibration between LFoxH and LFoxH>* is

given by

dN,

Ttn = KenNe — knc[HT [N, = 0, (2a)
dN,
TI'C = —kenNe + knc[HT N = 0, (2b)
with
Np + Ne = Ny, (20)
leading to
No No

Ne = = , 2d

T 1+K/[HY] 1410 PK/10PH (2d)
with the cationic-neutral equilibrium constant

Ke=ken/kne=[H"]Nn/Nc (Eq. (2a)) and pKc=-log(K./1M). H*
and [H*] are short writings of H30" and [H30*]. Nc and N, are the
number densities of cationic and neutral lumiflavin, respectively.
Ny is the total number density of lumiflavin. [H*]=10-PH moldm—3
is the concentration of H3O*.

Solving Eq. (2a) for [H*] gives [H*] = (kcn/knc )Ne/Nn = KcNc/Nyp or

pH = —log([H"]) = ~log(Ke) — log ( 1) = pke —log (1<), )

which is the Henderson-Hasselbalch equation [53]. For pH = pK_ it
is N = Np i.e. [LFoxHp*]=[LFoxH].
The composition interplay of LFoxH and LF,x —, in aqueous solu-
tion for pH > 7 is given by reaction (R2):
kna[OH™]
LFoxH+OH™ "=

an

LFox ™~ + H,O0. (R2)

The steady-state ground-state equilibration dynamics between
LFoxH and LFqx~ is given by

dNp

gt = kanNa = kna[OH™]Nn = 0, (4a)
dN,

dt‘* = —kanNa + kna[OH™IN, = 0, (4b)
with
Np + Na = No, (4c)
leading to
N — No B No

T 14K on/[OH"] 1410 PKaon /10-POH

N N
= Ka— KO H—pKw — 0 ) (4d)
1 + 10PKa=PRw /1QPH—PRw 1+10pl<a/]0PH

with the anionic-neutral equilibrium constant
Ka,0n =kan/kna =Nn[OH™]/Na, PK;on + PKa = pKw and

pOH+pH=pKy. Ky=[H"][OH"]~10-¥(moldm~3)2 is the ion
product of water. N, is the number density of anionic lumiflavin.
[OH~] is the concentration of OH™.

Solving Eq. (4a) for [OH™] gives
[OH~] =(kan/Kna)Na/Nn = K3 onNa/Nn or
POH = — log([OH " ]) = ~log(Ka.o)  log (")
n
N
= pKyon —log (g ) (52)
n

With the relations pOH=pKyw —pH and pK,on=pKw — pKione
obtains by insertion into Eq. (5a)

pH = pK; + log (I[\\J]—Z) = pK; — log (Z—:) . (5b)
For pH=pKj it is N3 = Ny, i.e. [LFox~] = [LFoxH].

The mole-fraction composition of LFoxHy* (Xc =N¢/Ng), LFoxH
(xn=Nn/Ng) and LFyx~ (xa=Na/Ng) was determined by absorption
measurements. The total absorption is the sum of the composite
absorptions according to

o(A) = [XcOc(A) + Xnon(A) + Xaoa(A)INo. (6)

This relation was applied to Fig. 3a to extract x.(pH), xn(pH), and
Xa(pH) shown in Fig. 3b. At pH —1.08 the still present fraction of
neutral lumiflavin is found to be x,(pH —1.08)~ 0.034.

It should be noticed that Egs. (2) and (3) are generally valid
for the thermodynamic equilibrium between the cationic and neu-
tral form of a molecular species in aqueous solution, and that Egs.
(4) and (5) are generally valid for the thermodynamic equilibrium
between the neutral and the anionic form a molecular species in
aqueous solution.

4.3. Excited-state dynamics

Information on the excited-state dynamics is obtained from
fluorescence studies. The performed low-excitation-intensity flu-
orescence studies (spontaneous emission measurements) do not
change the ground-state population distribution. The determined
short excited state lifetimes of LFoxH* (7gn~5.2ns for pH>3),
LFoxHy ™™ (Tpc ~ 0.4 ps), and LFox~* (T2 ~ 90 ps) hinder the forma-
tion of excited state equilibria between LF,xH* and LFoxH,** at low
pH according to reaction R3, and between LFoxH* and LF,x ~* at high
pH according to reaction (R4):

*

kCn
LFoxHy ™ +H,0 = LFoxH* + H30+, (R3)
knc*[HY]
* _ kna*[OH™] L
LEoxH* + OH™"™ = 'LFox™* + H,0. (R4)
kan*

Since no excited-state equilibria are formed, the equilibrium con-
stants Kc*=ken™[/knc™ and K; op™*=kan*/kna™ or the corresponding
values pK.* and pK;*=pKw — pK,on™ are not accessible. One may
define pKg.* and pKg,* values as the pH values where the flu-
orescence quantum yield is given by @p(pKec™)=(@rc+Prn)/2,
and ¢p(pKra*)=(¢rn +@ra)/2. The obtained values for lumi-
flavin are pKp.*~1.8 and pKp,*~10.8 (¢Prc~¢r(pH —1.08,
Lexc=400nm)~3.6 x 1075, @pn~@p(pH 6)~0.29, ¢ra~¢(pH
14)~0.0042).

4.3.1. Low-pH excited-state dynamics

The excited-state dynamics of lumiflavin in the low pH range
(pH < 7) is illustrated in Scheme 1. The cationic molecules LFoxH,*
photo-excited to LF,xHy** leave the excited state with the time
constant 7g¢. The neutral molecules LFoxH photo-excited to LFoxH*
leave the excited state with the intrinsic time constant tgg, and
convert to LFoxH,* by intermolecular protonation according to
LFoxH*+H* — LFoxHy*. This rate of protonation is proportional to
the H* concentration, and therefore grows exponentially with
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Scheme 1. Reaction dynamics of photo-excited lumiflavin at low pH (pH<7).

decreasing pH. The excited-state dynamics according to Scheme 1
is given by

dN; _ NoXnlexc(A)on(A) _ Ny

_ " +IN*
dt hvexc fF,O’n Kn C[H ]Nn» (73)
dN¢ _ NoXclexc(A)oc()) _ N¢ (7b)
dt hvexc TF,0,c '

The first terms in Egs. (7a) and (7b) give the excited state population
by light absorption. The second terms in Egs. (7a) and (7b) describe
the intrinsic excited state depopulation. The third term in Eq. (7a)
considers the conversion of LFoxH* to LFoxH>* by intermolecular
proton transfer according to LFoxH* + H30* — LFoxHy* +H, 0.

The fluorescence decay constant of the neutral lumiflavin com-
ponent is obtained from Eq. (7a) to be

_ 1 _ TF,0,n
(1/TF,O,n)+Kn*c[H+] 1 +Kn*c[H+]TF,O,n
_ TF,0,n
1+ TF,O’nKn*clopr moldm-3

TF,n

(8)

Afitto the experimental tr data is shown by the solid curve in Fig. 7a
with a bi-molecular rate constant of kp«c = 1.2 x 10" mol 51
and tggn=5.2ns. Analogously, the LFoxH fluorescence quantum
yield is given by ¢k n = Trn/Trad n, leading to

Bpn = TF,n #F,0.n
F,n =7 = -pH -3°
rad,n 1+ T 0,nkn=c107P" moldm

(9)

Eq. (9) has the same form as Eq. (8). ¢r,0.n = TF,0,n/ Trad,n is the intrin-
sic fluorescence quantum yield of the neutral form of lumiflavin
(situation of negligible excited-state neutral form deactivation
by intermolecular proton transfer as it is the case around pH
6). The fit curve with ¢pgn=0.29, knec = 1.2 x 10'°mol ' s~1 and
Tro,n = 5.2 1s is shown by the solid curve in Fig. 5.

The fluorescence lifetime of LFoxH at pH —1.08 (fraction of neu-
tral molecules there is x, =0.034) is calculated from Eq. (8) to be
Ten(pH —1.08)=6.8 ps.

4.3.2. High-pH excited-state dynamics

The excited-state dynamics of the neutral and anionic forms
of lumiflavin in the high-pH range (pH>7) is effectively uncou-
pled (the intermolecular protonation of LFox~* according to
LFox ~*+H* — LFoxH is negligible at high pH because of negligi-
ble H* concentration). The decoupled photo-excitation scheme for
LFoxH and LFyx~ is shown in Scheme 2. The excited state relaxation
dynamics according to Scheme 2 is given by

% _ Noxnlexc(A)on(A) _ Ny
dt hvexc TF,0,n ’

(10a)

Scheme 2. Reaction dynamics of photo-excited lumiflavin at high pH (pH > 7).

dN; _ NoXalexc(A)oa(A) Ny

dt hvexc Tra (10b)

After excitation the fluorescence signal is given by

Se(t) =k | —2exp ( - + 20 exp [ ——
) |:Trad.n P TF,0.n Trad,a P TF.a

F.a

Trad,n TF,0,n Trad,a

For the second equality the proportionalities Ny o = const x
Xn(pH)on(Xexc)Nog and N;,o = const x Xa(pH)oa(Aexc)Ng are used.

The fraction of the long-time fluorescence signal initial height,
Xgn, due to neutral excited state emission is

Xn(PH)Gn()\exc)/Trad,n
(XH(PH)GH(}\exc)/Trad,n) + (Xa(pH)Ua()Lexc)/Trad,a)
1
- 1+ (rrad,n/rrad,a)(Xa(pH)Ga()\exc)/Xn(PH)Gn()\exc)) ’

whereby x,(pH) =1 — x5 (pH). The fraction of the short-time fluores-
cence signal initial height, xg ,, due to anionic excited state emission
is

Xp,a(PH) = 1 — xg n(pH).

The curves xg, and xg, are displayed in Fig. 7b.

Xg,n(PH) =

(12a)

(12b)

4.4. Intrinsic fluorescence behaviour of neutral, cationic and
anionic lumiflavin

The fluorescence behaviour of neutral flavin dissolved in aque-
ous solution in the range pH>3 is determined by photo-physical
relaxation (internal conversion and intersystem crossing). The
S1-state potential energy surface is determined by vibronic relax-
ation and solvatation due to excited-state dipole moment changes
[54-58] (adiabatic optical electron transfer [47,59]). A potential
energy curve illustration is shown in the middle position of the
lower row of Fig. 1 (potential curves are called spectroscopic states
according to [60], relaxation in S; potential energy surface from
the locally excited state position LE to vibrational and solvatation
relaxed position SR). The structural formulae of LFoxH (upper row of
Fig. 1) and of LFoxH* (middle row of Fig. 1) are the same. The rather
large Stokes shift, §7st = A3 ax — A ey Petween absorption and
emission maxima and the rather broad Sy—S; absorption (Av,) and
S1-Sp emission (Avem ) bandwidths (FWHM), listed in Table 1, are
due to the solvatation dynamics.

The fluorescence behaviour of cationic flavin present at low
pH (dominant for pH<pK.=0.38) is thought to be determined
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by barrier-less intra-molecular charge transfer between locally
excited state (LT) and charge transfer state (CT) (diabatic electron
transfer [47,59]). A potential energy curve illustration is shown
at the lower left part of Fig. 1 (a surface touching state situation
[60] is sketched, but barrier-less conical intersection cannot be
excluded). A possible structural formula of LF,xH,** is shown at
the left part of the middle row of Fig. 1 (positive charge move-
ment from N10 to N1, other charge movement cannot be excluded,
computational chemical calculations would be necessary for clari-
fication). The extremely small fluorescence quantum yield and the
very short fluorescence lifetime indicate a practically barrier-less
S1 state potential energy surface along the reaction coordinate [60]
to surface touching with the Sg ground state or conical intersection
with the Sy ground state.

The fluorescence behaviour of anionic lumiflavin present at high
pH (dominant for pH > pK, = 10.8) is also thought to determined by
intra-molecular charge transfer (diabatic electron transfer [47,59])
from locally excited state (LT) to charge transfer state (CT). A pos-
sible potential energy curve illustration is shown at the lower
right part of Fig. 1 (a sloped conical intersection situation [59] is
sketched). A possible structural formula of LFox~* is shown at the
right part of the middle row of Fig. 1 (negative charge movement
from N3 to 02, also possible may be charge movement from N3
to 04, quantum chemical calculations might clarify the potential
energy surface structure and charge distribution). The moderate
fluorescence quantum yield (¢, ~0.0042) and moderate fluores-
cence lifetime (7p;~90ps) of LFox~ indicate a potential barrier
before conical intersection between the excited-state potential
energy surface and the ground-state energy surface as indicated
in the potential energy surface scheme (lower right part of Fig. 1).

4.5. Comparison with other flavins

The pH dependent absorption and emission of lumiflavin
behaves similar to the pH dependent absorption and emission of
other flavins where the methyl group at N10 is replaced with
another group [1,2,41]. Relative fluorescence quantum yields ver-
sus pH are given in [26,27] for riboflavin and lumiflavin. Absorption
cross-section spectra, fluorescence quantum distributions, and flu-
orescence decay curves for riboflavin in aqueous solutions in the
pH range from —1.1 to 13.4 are shown in [45]. The findings in [45]
on riboflavin are similar to the findings here on lumiflavin (blue-
shifted absorption spectrum at low pH, vanishing fluorescence at
low pH, low fluorescence at high pH, bi-exponential fluorescence
decay at high pH). The reported pK and pKg* values for lumiflavin,
riboflavin and FMN are collected in Table 2. For all three cases
around pH 0 (pK.) the concentrations of cationic and neutral form
are equal, and around pH 10 (pK;) the concentrations of neutral and
anionic form are equal [1,2,41,49]. For lumiflavin and riboflavin (no
data found for FMN) the fluorescence quantum yield reduces to half
of its neutral pH value at pH ~ 2 (pKg.*) and to the mid-point value
between neutral and anionic form at pH~ 10 (pKg,*). In both cases
it is pKg.* > pK¢ (fluorescence quenching of neutral excited flavin
due to external proton transfer) and pKg,* = pK; (no external proton
transfer at high pH).

5. Conclusions

The absorption and emission behaviour of lumiflavin in the
flavoquinone redox state in aqueous solution was studied over a
pH range from —1.08 to 14.6. For pH < pK. = 0.38 lumiflavin is dom-
inantly present in cationic form. The cationic lumiflavin has an
alloxazine-like double-bond electron structure and an alloxazine-
like absorption spectrum. Its fluorescence is strongly quenched
likely by barrier-less intra-molecular charge transfer and excited

staterelaxation likely by potential surface touching or conical inter-
section with the ground state.

In the range 0.38=pK.<pH<pK,=10.8 lumiflavin is domi-
nantly present in neutral form. It has the typical isoalloxazine
double-bond electron structure and isoalloxazine-like absorption
spectrum. The intrinsic fluorescence behaviour is determined by
solvatation dynamics and photo-physical relaxation (internal con-
version and intersystem crossing). The fluorescence efficiency
above pH 3 is rather high. In the low pH range (<pH 3) the neu-
tral lumiflavin fluorescence quantum yield is reduced and the
fluorescence lifetime is shortened by excited-state hydronium-ion
(H30") mediated conversion of neutral lumiflavin to cationic lumi-
flavin (intermolecular photo-induced proton transfer according to
LFoxH* +H30" — LFoxHy* +H,0).

In the range pH>pK,=10.8 lumiflavin is dominantly present
in anionic form. It remains the typical isoalloxazine double-bond
electron structure and isoalloxazine-like absorption spectrum.
The fluorescence of anionic lumiflavin is quenched likely by
intra-molecular charge transfer and excited state relaxation via
a sloped conical intersection. The pH dependent fluorescence
behaviour coincides with the pH dependent absorption behaviour
(pKa=pKp2*) (intermolecular protonation, LFox=*+H" — LFxH,
cannot occur because of lack of H* concentration at high pH).
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