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Spectroscopy and Photophysics of Iso- and Alloxazines:
Experimental and Theoretical Study
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We present a systematic study of the effect of methyl substitution on iso- and alloxazines in acetonitrile
solutions. Substitution patterns have profound effects on both spectral and photophysical properties,
with fluorescence quantum yields varying by more than an order of magnitude. TD-DFT calculation
were used for the first time to correlate electronic structure changes with the substitution patterns,
with good agreement between calculated and theoretical band positions and oscillator strengths. Both
n — 7* andr — n* states in these compounds are predicted, with the oscillator strengths indicating
that only ther — 7* states should be observable in the absorption spectra. Substitution patterns are
shown to be responsible for energy order inversion between these states.

KEY WORDS: TD-DFT calculations; alloxazines; iso-aloxazines; prediction; absorption spectra; T-T absorption
spectra.

INTRODUCTION pteridine-2,4-diones, among which are the natural
coenzymes: riboflavin, FMN and FAD. Lumiflavin,
Iso- and alloxazines are closely related compounds, Lfl, (7,8,10-trimethylbenzdaj]pteridine-2,4(34,10H)-
representing two classes of nitrogen heterocycles with dione), is another representative of flavins. Iso- and
active centres at N(10), N(5), N(3) and N(1), and at both alloxazines are closely related compounds, yet the
carbonyl oxygens at C(2) and C(4). Alloxazine, All, spectroscopic and photophysical properties of these two
(benzop]pteridine-2,4(H,3H)-dione) and lumichrome,  groups are quite different. In particular, isoalloxazines
Lch, (7,8-dimethylalloxazine7,8-dimethyl-benzaj]- exhibit intense fluorescence and relatively long fluores-
pteridine-2,4(H,3H)-dione) are representative of allox- cence lifetimes. This property has been widely used for
azines, a class of nitrogen heterocycles related to lumazinetheir characterisation and determination. It is generally
and flavins. Isoalloxazines (isoalloxazine: 10-substituted accepted that isoalloxazines have fluorescence quantum
2,3,4,10-tetrahydro-benzgipteridine-2,4-dione) and es-  yields one order of magnitude larger and correspondingly
pecially flavins, possess the yellow chromophore char- longer fluorescence lifetimes than alloxazines. The
acteristic of flavoproteins—enzymes occurring widely in  photochemistry of isoalloxazines has been the subject of
animals and plants. The term “Flavins” refers to the 10- intense research, see for example [1-4]. Since the amount
substituted 7,8-dimethyl-2,3,4,10-tetrahydro-begko[  of data on ground- and excited-state properties of flavins is
overwhelming, we shall only refer to the proceedings of a
1 Faculty of Commodity Science, Poznafi University of Economics, SYMPposium, titled “Flavins and Flavoproteins” [5], which
Poznai, Poland. illustrate both the wealth of the information available
2 Universidade do Algarve, FCT, Campus de Gambelas, Faro, Portugal. gnd the progress that has been made in photochemistry,
3 Department of Chemistry, Loughborough University, Loughborough, structure and functionality of flavins.

Leicestershire, United Kingdom. In contrast to flavins, alloxazines have received rel-
4 Faculty of Chemistry, A. Mickiewicz University, PoznaPoland. !

5To whom correspondence should be addressed at. E-mail: ewa. atively I.ittle attention, but some activity in_ experimen-
sikorska@ae.poznan.pl tal studies [6—11] and theoretical calculations [4,12,13]
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should be noted. Recently, the interest in alloxazines of isoalloxazines. To obtain further information on the
has become more intense due to realization of possiblemethyl group effect on spectroscopy and photophysics of
involvement of alloxazines in a wide variety of biologi- iso- and alloxazines, we studied their derivatives, from
cal systems [2,14]. For example, it has been shown that mono- to tetramethyl substituted, having the methyl group
lumichrome may be used to inhibit flavin reductase in liv-  at different positions in the molecule. The present inves-
ing Escherichia colicells [15]. Saidet al. [16] reported tigation was undertaken with the aim to give a systematic
that the mechanism of riboflavin uptake by human-derived insight into the photophysics of iso- and alloxazines in so-
liver cells Hep G2, colonic epithelial NCM460 cells, and lution, and to provide its theoretical interpretation based
Caco-2 human intestinal epithelial cells, is inhibited by lu- on TD-DFT methods.

michrome. A further point of interest is the possibility of

using alloxazine nucleosides as fluorescent probes, as the

have been predicted to have hydrogen—bonding character)-éXPERIMENTAL

istics similar to those of thymidine [17]. Most of the work
on the photochemistry of alloxazines has been performed
on lumichrome and its 1- and 3-methyl and 1,3-dimethyl
derivatives [6,7,10,11,18-25]. From the previous experi-
mental studies, which have usually been limited to steady-
state spectral measurements, the effect of the position of
the methyl substituent on the properties of alloxazines has
been elucidated [7,26]. However, those observations were
only poorly reproduced theoretically by the semiempiri-
cal methods used [4,12,13]. Spectral and photochemical
properties of a variety of methyl-substituted isoalloxazine
derivatives have also been investigated [3,27], once more,

semiempirical methods had been used for interpretation, e
fluorescence lifetime spectrometer. Some of the measure-

with I|m.|ted SUCCESS. . ments were conducted with a model C—700 fluorometer
This paper describes steady-state and time—resolved

. . . . from Photon Technology International. The system
studies of the ground and excited singlet states of iso- and - . o
: . o . utilises a nanosecond flash lamp as an excitation source
alloxazines in acetonitrile. A study of the electronic struc- : :
! i ..and a stroboscopic detection system [30]. Steady—state
ture of alloxazines by means of time-dependent density

functional theory [28] (TD-DFT) is also reported. To the fluorescence spectra were obtained with a Jobin \_(v_on
X Spex Fluorolog 3—11 spectrofluorometer, and UV-visible
best of our knowledge, there are no published TD-DFT ; .
L . ; . absorption spectraon a Varian Cary 5E spectrophotometer.
predictions of electronic spectra for alloxazines, while the

available theoretical predictions for similar compounds

have been obtained using only semiempirical methods RESULTS AND DISCUSSION

[4,12,13,26]. The structures and abbreviations of the com-

pounds discussed are presented in Fig. 1. The aim of the A summary of photophysical parameters of allox-

present paper is to characterise and reconcile the diverseazine and its methyl derivatives and of isoalloxazines in

photophysical and spectroscopic properties of alloxazinestheir lowest excited singlet states is given in the Table I.

in acetonitrile solutions and to compare them to those The results presented allow us to selectively observe the
effect of various methyl substitutions. Iso- and alloxazines
exhibit absorption spectra with a few major bands in the
UV-visible region, see Fig. 2. Molecules of an isoallox-

Alloxazine, lumichrome, lumiflavin and the solvent
acetonitrile, all from Aldrich, were used as received.
The alloxazine derivatives, 1-methyllumichrome and 3-
methyllumiflavin, were available from previous work [7].

Three different systems were used to measure the
fluorescence decays. However, some of the measurements
were performed using all three available instruments
as a check of the reliability of the measurements.
Time-resolved fluorescence was recorded using a time—
correlated single—photon counting system, which has
been described in detail in [29], and using time—correlated
single—photon-counting method on an IBH model 5000U

R CH R R . . . . .

R S N o R ° v o azine structure, 3-methyllumiflavin and its methyl deriva-
8 z \( L) 10 1}( . . .. .
1§ e Y tives, and lumiflavin itself, have spectroscopic and pho-
P 4 . . .

R; Rq R7) Ry tophysical properties very different from those of the
Re © Re o alloxazines. As a typical example of isoalloxazines, the
absorption and fluorescence spectra of 3-methyllumiflavin
Lumiflavin (Lfl) Lumichrome (Lch) (3MLfl) and the fluorescence decay kinetics in ace-
Rs=Rs=Rg=H R;=R¢=CH, Ry=Rg=Rs=Rg=H R;=Rs=CH, tonitrile are shown in Fig. 2 and can be contrasted

Fig. 1. Structures of lumiflavin and lumichrome and their atom With the_ data presented- for_1’3'dimethyllumiChr0m§‘- !n
numbering. absorption 3-methyllumiflavin shows two characteristic
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Table I. Spectroscopic and Photophysical Data for the Singlet States of Iso and Alloxazines in Acetonitrile

No. Compound A2 (m) A (m) A (nm) ¢ e (NS) ke (10Ps7Y)  Zkyr (10Ps71)

1 Alloxazine 320 372 432 009 Q35 026 28

2 6-Methylalloxazin® 333 380 452 ®m17 Q9 0.19 11

3 7-Methylalloxazin@ 320 382 443 ®m25 Q6 0.42 16

4 8-Methylalloxazing 335 370 426 17 Q4 041 25

5 9-Methylalloxazin® 333 379 449 ®m18 Q7 0.29 16

6 6,7-Dimethylalloxazine 332 388 469 a1 241 017 40

7 6,8-Dimethylalloxazine 350 461 @0 124 016 79

8 6,9-Dimethylalloxazine 343 388 491 .0BO 888 009 10

9 7,8-Dimethylalloxazine, (Lumichromi) 334 380 437 ®m28 064 043 15
10 1,7,8-Trimethylalloxazine 334 379 437 .0@7 Q63 043 15
11 3,7,8-Trimethylalloxazine 335 379 436 .06 Q64 041 15
12 1,3,7,8-Tetramethylalloxazine 335 375 437 028 064 043 15
13 7,9-Dimethylalloxazine 330 388 463 .03 165 026 58
14 8,9-Dimethylalloxazine 351 375 461 .09 114 016 61
15 7,8,10-Trimethylisoalloxazine, (Lumiflavin) 342 443 533 .1® 77 021 11
16 3,7,8,10-Tetramethylisoalloxazine (3-Methyllumiflavin) 342 444 531 .170 71 0.24 12
17 3,6,10-Trimethylisoalloxazifie 344 440 493 a4 18 0.77 47
18 3,7,10-Trimethylisoalloxazifie 330 446 532 A3 94 0.46 061
19 3,8,10-Trimethylisoalloxazifie 340 435 518 @8 49 0.57 147
20 3,9,10-Trimethylisoalloxazifie 344 439 532 o7 18 0.39 517
21 3,10-Dimethylisoalloxazirte 328 437 529 (B8 7.0 0.54 089

a1, A2 are the positions of the two lowest-energy bands in the absorption spectine, fluorescence emission maximuga,the fluorescence quantum
yield, ¢ the fluorescence lifetimd the radiative rate constant alk,, the sum of nonradiative rate constants.

bFrom Ref. [11].

°From Ref. [3].

bands at 342 nm (ca.29200cH) and 444 nm have been observed, see Table |, and interpreted in term of
(ca. 22 500 cm?); the corresponding absorption and different bonds orders between the C-atoms of the methyl
emission spectra of lumiflavin in acetonitrile are practi- group and of the aromatic ring [3,27]. Addition of a methyl
cally identical to those of 3-methyllumiflavin. However, group at C(6) or C(9) results in a decrease of the quantum
for 3,10-dimethylisoalloxazines substituted with methyl vyield of fluorescence and a shortening of the fluorescence
group at positions 6, 7, 8 or 9 significant spectral and lifetime, whereas a methyl group at C(7) has the opposite
photophysical effects as a function of substitution pattern effect.
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Fig. 2. Absorption and fluorescence spectra of 3-methyllumiflavin, 3Mfl, (left panel) and 1,3-dimethyllumichrome, 1,3MLch, (right panel) in acetonitrile,
together with their fluorescence decay kinetics.
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It is well-known that the methyl group in the N(10) and non-radiative decay constants for the lowest excited
position of isoalloxazines yields very closely structurally singlet states can be calculated based on the fluorescence
related iso- and alloxazines, possessing divergent spectralifetimes and quantum yields as
and photophysical properties. In particular, isoalloxazines o
exhibit intense fluorescence, and the maximum of fluores- ky = “F and Z Knr =
cence of isoalloxazines is strongly red-shifted if compared TF
to alloxazines. For example, the maximum of the lumi- Here k; is the radiative decay rate constant of the excited
flavin fluorescence is red-shifted by about 100 nm relative species andk,, is the sum of all first order and pseudo—
to that of lumichrome, giving a broad, unresolved band first order rate constants for its non-radiative decay. The
with a maximum at 533 nm (ca. 18 800 ch). Allox- sum, Xkp;, may include contributions from the pseudo-
azines exhibit absorption spectra differing from those of first order concentration quenching and oxygen quench-
isoalloxazines in that there is a hypsochromic shift of both ing of the excited species. The valueskpfind Xk, are
long-wavelength maxima from about 440 and 340 nm to also tabulated in Table I. For all examined compounds of
about 380 and 330 nm. The lowest-energy band positionsalloxazine type the data show that the decay of the singlet
for all the compounds are listed in Table I. Typical fluo- state is dominated by the rates of the non-radiative pro-
rescence emission spectra of iso- and alloxazines excitedcesses, these being one or two orders of magnitude higher
at 355 nm are presented in Fig. 2. Fluorescence emissionthan those of the radiative processes. Flavines, in contrast,
spectra of iso- and alloxazines in acetonitrile show a single exhibit longer fluorescence lifetimes and the rates of ra-
band peaking at about 440 nm and 380 nm respectively, diative and non-radiative processes of a similar order of
the exact position depending on the location and number magnitude. For example, the fluorescence lifetime of lu-
of substituents. miflavine has been determined as 7.6 ns [11], due mainly

Theoretical calculations and polarised luminescence to a remarkable reduction in the rate of non-radiative pro-
data indicate that all the UV-visible absorption and emis- cesses (by more than an order of magnitude) relative to
sion bands of iso- and alloxazines are assignable to thelumichrome.
electric dipole allowed — 7* transitions [12,13]. How- Taking into account the structure, their spectral and
ever, itis very desirable to learn more about the effeat of  photophysical properties, the compounds studied may
* statesin elucidating the spectroscopy and photophysicsbe grouped into four classes. The first class includes
of iso- and alloxazines. According to relatively old theo- alloxazine and its monomethyl derivatives. The effect
retical studies, the energy of ther* singlet state isvery  of introducing a methyl group into the benzene ring of
close to the energy of the lowest excited singtetz* the alloxazine becomes apparent when the spectral and
state in iso- and alloxazines [12,13]. The exact position photophysical characteristics of this class of compounds
and energy of the, 7* state was not fully determined; are compared to those of alloxazine itself. In particular,
however it was generally believed that the weak fluores- a methyl substituent in the benzene ring increases the
cence emission of alloxazines relatively to isoalloxazines fluorescence lifetime and quantum vyield, although the
may reflect a close spacing of #* andx, =* excited effect on the lifetime is marginal in the case of 8-methyl
singlet states, with the lowest-energy state being, af* substitution, due mainly to a decrease in non-radiative
character. Isoalloxazines with their lowest excited singlet deactivation rates. Monomethyl substitution induces
state ofr, n* character and with lower excited singlet changes in the spectral properties as compared to the
state energies have fluorescence quantum yields one orparent molecule. These changes include a distinct shift
der of magnitude higher and correspondingly longer fluo- in the positions of maxima and in the band shapes in
rescence lifetimes, than the alloxazines. As we will show the absorption spectra. Alloxazine itself exhibits an
later, the energy of the lowest excited 7* singlet state absorption spectrum with two well-separated bands at
depends on the position of the methyl substituent, which longer wavelengths. A methyl substitution at positions
can result in energy order inversion between * andr, 6 or 9 causes a very similar batochromic shift of these
* excited singlet states. two absorption bands. The fluorescence maximum is

For all the compounds examined, the absorption and similarly shifted as compared to alloxazine. The strongest
the corrected fluorescence excitation spectra agree welleffect is observed on the fluorescence lifetimes, 6MAll
with one another. The fluorescence decays are modelledand 7MAIl having the longest lifetimes within the first
well by single-exponential functions in all cases, as shown class of compounds. Methyl substitution at position 7
by the usual statistical goodness—of—fit criteria. The flu- causes better separation of the two absorption bands,
orescence lifetimes and quantum yields in acetonitrile of leaving the second band unaltered and bathochromi-
all studied compounds are given in Table I. The radiative cally shifting the first one. Methyl substitution

1-¢r
TF '
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at position 8 merges both absorption bands due to shiftsinas 7.6 ns [11], due mainly to a remarkable reduction in
opposite directions, making them difficult to distinguish. the rate of non-radiative processes (by more than an order
The second class, representing dimethylsubstituted of magnitude) relative to lumichrome. Isoalloxazines
alloxazines, includes compounds with two methyl groups also exhibit intense fluorescence, which has been widely
in the benzene ring (namely, 6,7-, 6,8-, 6,9-, 7,8-, 7,9-, and used for their characterisation and determination. Methyl
8,9-dimethylalloxazines). Inspection of data presented in substituents at the positions 6 and 9 in the benzene
Table | reveals that in each case the spectral data reflectmoiety in the isoalloxazines have an opposite effect to
a sum of individual effects of the methyl substituents in those in alloxazines. As Visser and Muller reported [3],
particular positions observed for monomethyl-derivatives. both methyl groups at position of 6 and 9 diminish the
Less straightforward is the interpretation of the changes in fluorescence quantum yield and shorten the lifetime
photophysical parameters. The data of Table | lead to anconsiderably, if compared to 3,10-dimethylisoalloxazine.
observation that the second methyl group in the benzeneMethyl substitution at position C(7) lengthens the
ring of alloxazine lengthens the fluorescence lifetime, in- lifetime, increases the quantum yield and shifts the fluo-
creases the fluorescence quantum yield and reduces theescence maximum to longer wavelength, whereas a
nonradiative rate constant. Significant substituent effects methyl group at C(8) has the opposite effect.
on the photophysics can be observed, for example in 6,9- Electronic structure of alloxazines and of some isoal-
dimethylalloxazine compared to 7,8-dimethylalloxazine. loxazines has been studied by means of time-dependent
The fluorescence lifetime, but not the quantum vyield, density-functional theory (TD-DFT) [28]. Recently, simi-
makes the 6,9-dimethylalloxazine a very special case. Thelar TD-DFT calculations have been performed for singlet
similar but less spectacular changes can be also notedand triplet absorption spectra of lumiflavin [31-34] by
for 6,7-dimethylalloxazine. To our best knowledge, the others, and by us for lumiflavin and lumichromes [35]
fluorescence lifetimes of dimethylsubstituted alloxazines and demonstrated some very encouraging improvements
are among the longest ever reported for alloxazines. In as compared to previous semi-empirical and TD-DFT
some cases the fluorescence lifetimes are even longer tharalculations [4,36], in that they succeeded in reproducing
the fluorescence lifetimes of some isoalloxazines, also re-the correct order of the observed singlet excited states and
ported in Table I. oscillator strengths of the respective transitions. More-
7,8-dimethylalloxazine, known widely as lumi- over, to the best of our knowledge, there are no published
chrome, appears to be a special case in which oppositeTD-DFT calculations of the electronic spectra for neither
effect of methyl groups located at positions 7 and 8 are alloxazines nor most of the isoalloxazines examined
observed. Thus, we grouped lumichrome and its 1- and 3-in this study. The available theoretical predictions for
methyl and 1,3-dimethyl derivatives into a separate third similar compounds were obtained using semiempirical
class. Especially interesting is that all characteristics of methods only [4,12]. In this work, the TD-DFT calcu-
the excited singlet stater, tr, k., andk,,, have very sim- lations were performed using the B3LYP hybrid method
ilar values for the lumichrome and its 1- and 3-methyl and [37] in conjunction with a modest 6-3¥Gplit-valence
1,3-dimethyl derivatives. Introduction of amethyl group at polarized basis set [38]. Excitation energies and transition
position N(1) and/or N(3) practically does not influence intensities were calculated for the optimized ground-state
the spectral and photophysical properties of the studied geometries. Oscillator strengths were calculated in the
molecules in their ground and excited singlet states. dipole length representation. Calculations were performed
The fourth class of compounds in our studies is using the Gaussian 98 package of TD-DFT programs
represented by lumiflavin, a compound existing in the [39]. The TD-DFT results are presented in Figs. 3 and 4.
isoalloxazinic form, and its derivatives. The spectro- It is desirable to compare the results of these TD-
scopic and photophysical properties of isoalloxazines are DFT calculations to gas-phase spectra of the correspond-
very different from those of alloxazines. For example, ing compounds. However, to the best of our knowledge,
the maximum of lumiflavin fluorescence is shifted to there are no published experimental gas-phase spectra for
longer wavelengths by about 100 nm relative to that the compounds examined in our studies. Thus we turn to
of alloxazines, giving a broad, structureless band with spectra recorded in solvents, but even here we are limited
a maximum at about 530 nm. It is well known that by the limited solubility of the compounds in nonpolar
isoalloxazines exhibit longer fluorescence lifetimes and a solvents. As a result, we chose acetonitrile as a solvent for
similar order of magnitude for the rates of both radiative comparison of theoretical predictions and experimental
and non-radiative processes, which are similar to those of observations, of course bearing in mind the possible ef-
the radiative processes in alloxazines. For example, thefects of the environment on the position and shape of the
fluorescence lifetime of lumiflavin has been determined corresponding bands. Lumiflavin shows two characteristic
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Fig. 3. Absorption spectra of 3-methyllumiflavin (left panel) and 9-methylalloxazine (right panel) in acetonitrile solutions. Calculated (B3LYP)/6-31G
transition energies and oscillator strengths (f) are indicated by solid vertical lines.

absorption bands at about 342 nm (ca. 29 300%rand
443 nm (ca. 22 600 crt). For both lumiflavins, the two

6,9MAIl, 7,9MAIl, and 8,9MAIl. Significant substituent
effects on the energy of the lowest excited- 7* sin-

calculated lowest-energy transitions presented in Fig. 3 glet state can be observed, see Fig. 4, for example in 6,9-

are of ther — =* character, and appear at approximately
321 nm (31 100 cm') and 408 nm (ca. 24 500 crh),
the computed oscillator strengths confirming that only the
7 — x* transitions should be observable. For both lumi-
flavins, the lowest excited singlet state has the 7*
character. However, the — 7* transitions are accompa-
nied by two closely located — =* transitions at 323 nm
(31000 cntt) and 402 nm (24 900 cm) of low oscillator
strengths.

Theoretical results for alloxazines, in contrast to lu-
miflavins, predict that the lowest excited singlet state is
of then — =* character — the exceptions being 6,7MAII,
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Fig. 4. Predicted and measured lowest singlet—singlet transitions of iso-
and alloxazines. Numbering of compounds from Table I.

dimethylalloxazine compared to 7,8-dimethylalloxazine.
Once again, the 6,9-dimethylalloxazine is a very special
case, in which methyl groups in positions 6 and 9 cause
order inversion between the— n* andn — n* tran-
sitions if compared to other alloxazines. The results of
calculations shows that the energies ofthe> 7* transi-
tions vary with the positions and number of methyl groups
in the benzene ring. In contrast, the energies e% 7*
transitions are little influenced by the position and number
of the methyl groups. The two calculated lowest-energy
transitions in alloxazines presented in the Fig. 3 are of
the r — n* character, located at approximately 314 nm
(31 700 cntt) and 365 nm (ca. 27 400 crh), and ac-
companied by two closely-located— * transitions at
313 nm (31 900 cmt) and 365 nm (27 400 cni) of low
oscillator strengths. Hence the observed transitions are
also of ther — nr* character. The difference between the
predicted and observed transition energies in acetonitrile
is about 1500 cmt.

Based on the calculation results, we can confirm
the previously proposed hypothesis [4], that the excited
state order affects th&k,, value and hence the emis-
sion lifetime. In fact, shorter lifetimes and the largest non-
radiative excited state decay rates correspond to those of
the compounds where the lowest excited singlet state has
then — 7* character, providing extra non-radiative decay
channels for the optically visible lowest excitad— 7 *
state (compare Fig. 4 and Table I). On the contrary, the
compounds with longer lifetimes and lowgk,, values
have their lowest excited state of the— 7 * character,
with the respectiven — 7* states out of play. The good
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correlation observed between the predicted excited state 9. J. Kozioland D. E. Metzler (1972). Formation and possible structures

order and the emission lifetimes provides additional evi-

dence in proof of the currently obtained TD-DFT results.

CONCLUSIONS

We have shown through a systematic study of the
effect of methyl substitution on iso- and alloxazines that
various properties of these compounds, including their
spectral and photophysical properties, are a sensitive func-
tion of the number and position of these substituents. TD- 14
DFT calculations were used for the first time to correlate
the electronic structure changes with the substitution 15.
patterns. Good correlations between calculated and
theoretical band positions and oscillator strengths were 14
obtained. These calculations lend weight to the assign-
ment of the reduction in fluorescence quantum yields 1
relative to isoalloxazines as being due to closely spaced

n—gx* and r — n* states in these compounds, with

substitution patterns being responsible for the energy 18.

order inversion between these states.

ACKNOWLEDGMENT

The interdisciplinary grant from A. Mickiewicz Uni-
versity and University of Economics, Poam&oland, No.

51103-506 to M. S. and E. S. is gratefully acknowledged.
The calculations were performed at the Poznan Supercom-22.

puter Centre (PCSS).

REFERENCES

1. P. S. Song and D. E. Metzler (1967). Photochemical degradation of 24.

flavins. IV. Studies of the anaerobic photolysis of riboflawno-
tochem. Photobiok, 691-709.

2. P. F. Heelis (1982). The photophysical and photochemical properties

of flavins (IsoalloxazinesChem. Soc. Re¢1, 15-39.

3. A.J.W.G. Visserand F. Muller (1979). Absorption and fluorescence
studies on neutral and cationic isoalloxazirtéslv. Chim. Act&2,
593-608.

4. M. Sun, T. A. Moore, and P. S. Song (1972). Molecular luminescence 26.

studies of flavins. I. The excited states of flavihsAm. Chem. Soc.
94, 1730-1740.

of covalent hydrates of alloxazines. Naturforsch27, 1027—-1029.

10. E. Sikorska and A. Koziolva (1996). Excited state proton transfer of

methyl- and cyano-substituted alloxazines in the presence of acetic
acid.J. Photochem. Photobiol. 95, 215-221.

. E. Sikorska, M. Sikorski, R. P. Steer, F. Wilkinson, and D. R. Worrall

(1998). Efficiency of singlet oxygen generation by alloxazines and
isoalloxazinesJ. Chem. Soc. Faraday Trar®4, 2347-2353.

. J. Komasa, J. Rychlewski, and J. Koziol (1988). Electronic-structure

of alloxazine and its methyl-derivatives.Mol. Struct. (Theochem.)
170, 205-212.

3. H. Szymusiak, J. Konarski, and J. Koz{@b90). An INDO/S MO

study of alloxazine and its monomethyl derivativésChem. Soc.,
Perkin Trans. 229-236.

J. Chastain and D. B. McCormick (1991) in F. Muller (E€hem-
istry and Biochemistry of Flavoenzyme&3RC Press, Boston, pp.
196-200.

O. Cunningham, M. G. Gore, and T. J. Mantle (2000). Initial-rate ki-
netics of the flavin reductase reaction catalysed by human biliverdin-
IX beta reductase (BVR-BBiochem. J345 393-399.

H. M. Said, A. Ortiz, M. P. Moyer, and N. Yanagawa (2000). Ri-
boflavin uptake by human-derived colonic epithelial NCM460 cells.
Am. J. Physiol.-Cell PhysioR78 C270-C276.

7.Z. W. Wang and C. J. Rizzo (2000). Regioselective synthesis of

beta-N1-and beta-N3-alloxazine nucleosidesyan. Lett.2, 227—
230.

R. D. Fugate and P. S. Song (1976). Lifetime study of phototau-
tomerism of alloxazine and lumichrome&Bhotochem. Photobiol.
24, 479-481.

. M. S. Grodowski, B. Veyret, and K. Weiss (1977). Photochemistry

of flavins. Il. Photoohysical properties of alloxazines and isoallox-
azinesPhotochem. PhotobioR6, 341-352.

. J. D. Choi, R. D. Fugate, and P. S. Song (1980). Nanosecond time-

resolved fluorescence of phototautomeric lumichram&m. Chem.
Soc.102 5293-5297.

. P. F. Heelis and G. O. Phillips (1985). A laser flash-photolysis

study of the triplet-states of lumichromek.Phys. ChenB9, 770—
774.

P. F. Heelis, B. J. Parsons, G. O. Phillips, E. J. Land, and A. J.
Swallow (1985). Pulse-radiolysis study of the effect of pH on the one-
electron reduction potentials of lumichrome derivativésChem.
Soc., Faraday Trans.81, 1225-1235.

. M. Sikorski, E. Sikorska, F. Wilkinson, and R. P. Steer (1999). Stud-

ies of the photophysics and spectroscopy of alloxazine and related
compounds in solution and in the solid sta@an. J. ChemZ77,
472-480.

M. Sikorski, E. Sikorska, A. Koziolva, R. Gonzalez-Moreno, J. L.
Bourdelande, R. P. Steer, and F. Wilkinson (2001). Photophysical
properties of lumichromes in watek. Photochem. Photobiol. &0,
114-119.

. M. V. Encinas, S. G. Bertolotti, and C. M. Previtali (2002). The in-

teraction of ground and excited states of lumichrome with aliphatic
and aromatic amines in methandlelv. Chim. Acta85, 1427—
1438.

A. Koziolowa, H. Szymusiak, and J. Kozif1993). Substituent and
solvent effects on the phototautomerism of alloxaziRet.J. Chem.

67, 1813-1819.

5. S. K. Chapman, R. N. Perham, and N. S. Scrutton (Eds.) (2002) 27. J.K. Ewerg, F. Muller, A. J. W. G. Visser, C. Veeger, D. Bedelaar, and

Flavins and FlavoproteindgRudolf Weber Agency for Scientific Pub-
lications, Berlin.

6. P. S. Song, M. Sun, A. KozioWa, and J. Kozio{1974). Phototau-
tomerism of lumichromes and alloxazings.Am. Chem. So@6,
4319-4323.

7. A. Koziolowa (1979). Solvent and methyl substituent effect on pho-
totautomerism and ionization of alloxazin®hotochem. Photobiol.
29, 459-471.

8. M. Kasha (1986). Proton transfer spectroscopy-Perturbation of the

tautomerization potential. Chem. Soc., Faraday Trans8{2, 2379—
2392,

J. D. W. van Voorst (1979). Molecular luminescence of some isoal-
loxazines in apolar solvents at various temperaturémtochem.
Photobiol.30, 463-471.

28. E. Gross, J. Dobson, and M. Petersilka (1996). Density-functional

theory of time-dependent phenomeiap. Curr. Chem181, 81—
172.

29. W. Augustyniak, J. Koput, A. Maciejewski, M. Sikorski, R. P. Steer,

and M. Szymariski (1993). Transient effectin fluorescence quenching
of S2-xanthione by 3,3-diethylpentane in perfluoroalkane solvent-
A steady-state and dynamic approaétol. J. Chem.67, 1409—
1423.



64 Sikorska, Khmelinskii, Worrall, Koput, and Sikorski

30. D. R. James, A. Siemiarczuk, and W. R. Ware (1992). Stroboscopic 36. R. J. Platenkamp, M. H. Palmer, and A. J. W. G. Visser (1987).

optical boxcar technique for the determination of fluorescence life- initio molecular-orbital studies of closed shell flavigsir. Biophys.
times.Rev. Sci. Instrun63, 1710-1716. J. 14, 393-402.

31. C. Neiss, P. Saalfrank, M. Parac, and S. Grimme (2003). Quantum 37. A. D. Becke (1993). Density-functional thermochemistry. Ill. The
chemical calculation of excited state of flavin-related molecules. role of exact exchangd. Chem. Phy€8, 5648-5652.

Phys. Chem. A07, 140-147. 38. R. Ditchfield, W. J. Hehre, and J. A. Pople (1971). Self-consistent
32. C. B. Matrtin, X. F. Shi, M. L. Tsao, D. Karweik, J. Brooke, C. M. molecular orbital methods. IX. An extended Gaussian-type basis
Hadad, and M. S. Platz (2002). The photochemistry of riboflavin for molecular orbital studies of organic moleculdsChem. Phys.

tetraacetate and nucleosides. A study using density functional the- 54, 724.
ory, laser flash photolysis, fluorescence, UV-Vis, and time resolved 39. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
infrared spectroscopy. Phys. Chem. B06, 10263-10271. Robb, J. R. Cheeseman, V. G. Zakrzewski, A. J., Jr. Montgomery,
33. C. B. Martin, M. L. Tsao, C. M. Hadad, and M. S. Platz (2002). R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A.
The reaction of triplet flavin with indole. A study of the cas- D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V.
cade of reactive intermediates using density functional theory and Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
time resolved infrared spectroscopyAm. Chem. Sod24, 7226— S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
7234. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
34. J. Rodriguez-Otero, E. Martinez-Nunez, A. Pena-Gallego, and S. A. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Vazquez (2002). The role of aromaticity in the planarity of lumiflavin. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D.
J. Org. Chem67, 6347—6352. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C.
35. E. Sikorska, I. V. Khmelinskii, D. R. Worrall, S. L. Williams, R. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
Gonzalez-Moreno, J. L. Bourdelande, J. Koput, and M. Sikorski M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S.
(2004). Photophysics of 1-methyllumichronde.Photochem. Pho- Replogle, and J. A. Pople (2003paussian 98, revision A.11,3.

tobiol. A-Chem(In press). Gaussian, Inc., Pittsburg, PA.



