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Abstract

Spectroscopic and photophysical properties of a flavin analogue — 3-methyl-riboflavin tetraacetate — were studied in methanol, ethanol, water
and acetonitrile. We compared experimental spectroscopic data with the results of theoretical predictions, obtained using the TD-DFT method.
Based on these calculations, we assigned (,m") symmetry to both the lowest excited singlet and triplet states. We found the title compound to
be a very efficient photosensitizer of singlet oxygen production (¢, =0.61). The triplet state quantum yield of 3-methyl-riboflavin tetraacetate
was determined as 0.54 in methanolic solutions. Photodegradation quantum yield measurements demonstrate that the title compound may be
used as a much more stable substitute of riboflavin, being two orders of magnitude more photostable (g =2 x 1073). We also present exhaustive
crystallographic characteristics of 3-methyl-riboflavin tetraacetate, along with time-resolved fluorescence spectra of its polycrystals.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Spectroscopy and photophysics of flavin-related compounds
deserve much attention from a variety of points of view. Their
redox reactivity is a crucial factor, which determines whether
they participate in many natural processes. This parameter is
the one most drastically changed by photoexcitation as com-
pared to the ground state. For that reason, flavoenzymes and
flavin analogues have been the subject of intense research for
application as photocatalysts for biological redox processes [1].
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Riboflavin is an important biological redox cofactor, essential
to human and animal health [2]. Such strong reducing agents as
nicotinamide nucleotides can transfer electrons to flavins in a
thermodynamically allowed process. This process is catalysed
by enzymes, which bind both cofactors to allow a very effi-
cient intramolecular electron transfer [3]. Riboflavin is known
to undergo photoreactions with nucleic acids and to sensitize
the destruction of tumour cells and intra- and extra-cellular HIV
particles [4,5].

Riboflavin can be used as a photodegradation sensitizer of
many compounds in aqueous solutions. However, Larson et
al. [6] report that its used as a photosensitizer is limited, due
to its rapid photodecomposition. According to the author, the
ribose chain of riboflavin facilitates its photodegradation and
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Fig. 1. Molecular structure of 3-methyl-riboflavin tetraacetate, SMTARF.

also influences the yield and lifetime of its triplet excited state
[6]. For recent reports on riboflavin photochemistry in water see
for example [7-9].

The interesting photophysical properties of riboflavin
encouraged us to study its tetraacetyl derivative. Moreover,
the 2/,3',4',5'-tetraacetylated derivative revealed advantageous
physicochemical properties, such as higher lipophilicity, which
increases its ability to penetrate biological membranes [10].

In the above context we wish to discuss the spectroscopic
and photophysical properties of 3-methyl-riboflavin tetraacetate,
3MTAREF, which is a riboflavin analogue bearing a methyl group
in position 3 of the isoalloxazine ring and hydroxyl groups in
the side chain protected by acetyl substituents (see Fig. 1). In
principle, this compound should have higher lipophilicity, which
increases permeability through biological membranes. We also
expected 3MTARF to be much more resistant to photodegra-
dation compared to riboflavin and many of its derivatives that
degrade photochemically very easily, which limits their possible
applications.

To improve understanding of the properties of the title
compound, we report steady-state spectra, time-dependent flu-
orescence emission spectra, theoretical predictions concern-
ing singlet and triplet excited states (obtained using TD-DFT
method), time-resolved luminescence emission spectra of poly-
crystals, and crystallographic data describing single molecules
and molecular organization within the crystal structure due
to intermolecular hydrogen bonds. We also confirm that this
compound is a good singlet oxygen photosensitizer, which we
believe to be one of the most interesting of its properties, and
evaluate its improved photostability compared to riboflavin. The
molecular structure of 3-methyl-riboflavin tetraacetate is pre-
sented in Fig. 1.

2. Experimental

2.1. Spectral, photophysical and photodegradation
measurements

3-Methyl-riboflavin tetraacetate was a gift from Prof. A.
Koziotowa. In order to obtain NMR spectra a Varian Gem-
ini 300 MHz instrument was used. 'H NMR (CD3;0D) §: 7.87
(s, 1H, Co—H), 7.79 (s, 1H, C¢—H), 3.41 (s, 3H, C31-H), 2.48
(s, 3H, C71-H), 2.63 (s, 3H, Cg;—H), 5.68—4.20 (ribityl group,

Fig. 2. Anisotropic-ellipsoid representation of 3-methyl-riboflavin tetraacetate
together with the numbering scheme (hydrogen atoms were numbered according
to their carrier atoms, e.g. those bonded to C71 are H71A, H71B and H71C, with
their captions omitted for clarity). The ellipsoids are drawn at 50% probability
level, hydrogen atoms are represented by spheres of arbitrary radii.

5H, Cy1-H, C1s—H), 2.25-1.69 (ribityl group, 12H, Cjp3-H,
Ci33-H, Cy43-H, Cy53-H).

13C NMR (CD3;0D) §: 170.11, 169.58, 169.26 ((Ci22),
(C132), (C142), (Ci52)), 161.86 (C4), 157.59 (C2), 150.68 (Ci0a),
149.31 (Cg), 138.48 (C7), 136.69 (C4a), 135.96 (Csy), 132.93
(Coa), 132.69 (C), 117.57 (Co), 71.67 (Cy3), 70.76 (C12), 70.63
(C14),62.99 (Cy5), 45.71 (C11), 28.87 (C31), 21.34 (Cg1), 20.99
(C71),20.70,20.56, 20.30, 19.30 ((C123), (C133), (C143), (C153)),
with the atom numbering shown in Fig. 2; see also NMR data
in Ref. [11,12]. The FTIR spectra were measured on a Bruker
IFS 66v/S instrument, which was evacuated to avoid water and
CO; absorptions. Each spectrum included 64 scans at 31 °C. The
spectra were measured in Nujol and Fluorolube mulls and are
presented in Fig. 1 of the Supporting Information to this paper.
All solvents were of spectroscopic or HPLC grade (Aldrich,
Merck) and were used as received with the exception of ace-
tonitrile, which was dried by refluxing over calcium hydride
immediately before use. The purity of the solvents was addition-
ally confirmed by the absence of fluorescence at the maximum
sensitivity of the spectrofluorometer.

All experiments were carried out at room temperature.
UV-vis absorption spectra were recorded on a Varian Cary
5E spectrophotometer. Steady-state fluorescence spectra were
recorded on a Jobin Yvon-Spex Fluorolog 3-11 spectrofluo-
rometer. Fluorescence quantum yields were determined using
quinine sulphate in 0.1M H»SO4 as a standard (¢p=0.52)
[13]. Fluorescence lifetimes were measured using excitation at
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380 nm and the single photon timing technique on a fluorescence
lifetime spectrophotometer, which has been described in detail
elsewhere [14].

Transient absorption measurements were performed by using
the nanosecond laser flash photolysis system available in
Barcelona, with right-angle geometry. The LKS60 instrument
from Applied Photophysics was used employing the third har-
monic (355 nm) of a Q-switched Nd: YAG laser (Spectron laser
system, UK; pulse width ca. 9 ns) for laser flash excitation.

Singlet oxygen luminescence experiments were performed
by excitation of the sample with the third harmonic (355 nm)
of a Nd:YAG laser (Lumonics hyperYAG HY200, 2 mJ/pulse,
8ns FWHM). The excitation energy was attenuated by solu-
tions of sodium nitrite in water. Detection was obtained on an
EO-980P liquid nitrogen cooled germanium photodiode detec-
tor (North Coast Scientific), with a 1270 nm interference filter
(Melles Griot) interposed between sample and detector in order
to reduce detection of laser scatter and sensitizer emission, and
to isolate the singlet oxygen phosphorescence. Data were cap-
tured with a 250MS/s digitizing oscilloscope (Tektronix 2432A)
and Microcal Origin was used in data analysis. Perinaphthenone
(Aldrich) was used as a reference standard for the singlet oxygen
yield, ¢ o =0.95 £ 0.05, independent on solvent [15].

Triplet state quantum yields were determined using the
method of Wilkinson et al. [16,17]. Briefly, bromobenzene was
used as a heavy-atom quencher, and both the reduction in fluores-
cence and the concomitant increase in triplet—triplet absorption
were measured as a function of quencher concentration in deoxy-
genated solution. The triplet state quantum yield is then the slope
of a plot of Fy/F versus ((Fo/F) x (T/Ty) — 1), with F and T the
intensities of fluorescence and triplet—triplet absorption, respec-
tively. Fluorescence intensities were measured using a Spex 3-
FluoroMAX spectrofluorometer, and transient absorption mea-
surements made using excitation with the third harmonic of a
Continuum Surelite I Nd:YAG laser (5 ns pulse width). Detec-
tion of the 275 W Xenon source was with a Hamamatsu R928
photomultiplier tube, the output from which was digitised with
a LeCroy Waverunner LT364 oscilloscope.

Laser Induced Fluorescence (LIF) emission measurements
of powdered crystalline samples were performed at room tem-
perature, in a front surface arrangement. A detailed description
with a diagram of the system has been presented in reference
[18]. The system used the 337.1 nm pulse of a N laser (Pho-
ton Technology Instruments, Model 2000, ca. 600 ps FWHM,
~1.3 mJ/pulse) as the excitation source. The light arising from
the irradiation of solid samples by the laser pulse was collected
by a collimating beam probe coupled to an optical fibre (fused
silica) and detected by a gated intensified charge coupled device
(ICCD, Oriel model Instaspec V). The ICCD was coupled to a
fixed imaging compact spectrograph (Oriel, model FICS 77441).
The system can be used either by capturing all light emitted by
the sample or in the time-resolved mode by using a delay gener-
ator (Stanford Research Systems, model DG535) and a suitable
gate width. The ICCD has high speed (2.2 ns) gating electronics
and covers the 200900 nm wavelength range [18-20].

Photodegradation of 3-methyl-riboflavin tetraacetate was
studied using riboflavin for comparison. High-pressure mercury

arc lamp, type HBO-200, was used as the radiation source. The
radiation around A =365 nm was selected using a suitable inter-
ference filter and a Wood’s filter. Methanolic solution of the
two compounds at ca. 107% M were irradiated in a cylindrical
quartz cell (V=2.8ml, /=1cm). After an appropriate exposure
time, absorption spectra were recorded in the 200-700 nm spec-
tral range. Chemical actinometry with Reinecke salt was used
to measure the energy absorbed by the samples. Solutions of
Reinecke salt were irradiated in the same conditions, yielding
8.8 x 10'3 photons absorbed by the actinometer in 60 s. Appar-
ent quantum yields extrapolated to zero irradiation time gave
real quantum yields of photodegradation (¢r). The complete
procedure was described in detail in [21].

2.2. TD-DFT calculations

The electronic structure and geometry of 3-methyl-riboflavin
tetraacetate were obtained using density-functional theory
(DFT) quantum-chemical calculations [22]. The calculations
were performed using the B3LYP functional [23] in conjunction
with a modest 6-31G-(d) split-valence polarized basis set [24].
Excitation energies and oscillator strengths in the dipole length
representation were calculated for the optimized ground-state
geometries using the time-dependent (TD) approach as imple-
mented in the Gaussian 03 package of ab initio programmes [25].
The lowest-energy singlet-singlet transitions, So — S;, were cal-
culated for the ground-state geometry. The excitation energies
computed at the B3LYP/6-31G(d) level of theory were estimated
to be accurate within 2000-3000 cm ™!, usually requiring a shift
to the red to reproduce experimental spectra. In the present work
the T — T; excitation energies and transition intensities were
determined for the optimized geometry of the lowest triplet state
(T1). We used the unrestricted UB3LYP approach in calculations
of the T{ — T, spectra.

2.3. X-ray diffraction analysis

A crystal of 3-methyl-riboflavin tetraacetate was analysed
at 100(1)K on an Oxford Diffraction KM4CCD diffrac-
tometer with graphite-monochromated Mo Ko radiation
(A=0.71073 A). The data were collected using the w-scan
technique to a maximum 6 value of 30°C and corrected
for Lorenz and polarization effects. The structure was solved
with SHELXS97 [26] and refined by the full-matrix least-
squares method with SHELXS97 [27]. Non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were put in
idealized positions and refined isotropically using the riding
model with Ui, values set at 1.2 (1.4 for methyl groups) times
Ueq of the appropriate carrier atom.

3. Results and discussion

Riboflavin and its derivatives had been the subject of intense
studies, in order to explain their interesting properties and to
study their possible applications. They owe their important role
in living organisms and the variety of their applications to
the isoalloxazine ring system, which enables them to mediate
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Table 1
Crystal structure and structure refinement parameters of 3-methyl-riboflavin
tetraacetate

Chemical formula Ca6H30N4O010

Formula weight 558.54
Crystal system Monoclinic
Space group P2,
a(A) 12.989(1)
b (A) 7.216(1)
c(A) 15.511(1)
B(°) 90.067(8)
Volume, V (A3) 1453.8(3)
zZ 2
Calculated density, D, (g/cm3) 1.28
% 0.099
Reflections
Collected 8740
Independent [Rin(] 2753 [0.040]
R[I>20(])] 0.059
wR2 [all data] 0.156
Goodness of fit, S 1.16

Max/min Ap (A) 0.48/—0.30

Crystallographic data, tables of atomic coordinates, thermal parameters, bond
lengths and bond angles have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC, with the deposition No. CCDC 273717. Copies
of this information may be obtained free of charge from the Director, CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223 336 033; email:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

electron-transfer processes over a wide range of redox potentials
[1]. Presently, we took an insight into the molecular structure,
spectroscopy, photophysics and photochemistry of 3-methyl-
riboflavin tetraacetate, showing that experimental results support
the data obtained by theoretical calculations. Therefore, we were
able to explain some of the properties of the title compound.
We investigated the structure of 3-methyl-riboflavin tetraac-
etate by X-ray diffraction, with the crystallographic data
obtained summarized in Table 1. Fig. 2 shows the anisotropic-

Table 2

Torsion angles (°) that describe the conformation of the side chain
CI0A-N10-C11-C12 89.1(4)
CY9A-N10-C11-C12 —101.1(4)
N10-C11-C12-C13 176.0(3)
C11-C12-C13-C14 61.0(4)
C12-C13-C14-C15 178.0(4)
N10-C11-C12-012 60.0(4)
C11-C12-C13-013 —58.04)
C12-C13-C14-014 57.4(4)
C13-C14-C15-015 —64.9(4)

displacement-ellipsoid representation of the molecule obtained
from treatment of the X-ray diffraction data. The bond lengths
and angles agree well with those found in related compounds.
The planarity of the three-ring system is reasonable; the dihe-
dral angle between terminal benzene and uracil moieties is
3.40(4)°, and agrees well with the values found in e.g. riboflavin
tetraacetate acetone solvate monohydrate (1.6(2)° and 2.4(2)°
for two symmetry-independent molecules) [28]. The confor-
mation of the side chain can be described by five torsion
angles (Table 2). The value of the CI0A-N10-C11-C12 tor-
sion angle, of 89.1(4)°, shows that the molecule is in the so-
called P-conformation; the conformation along the chain may
be described as t—g*—t.

The molecules in the crystal structure are organized into
infinite stacks along the [0 1 0] direction (Fig. 3, the distance
between the median planes of the riboflavin moieties is ca.
3.6A), and the molecules in the single stack are additionally
connected by the relatively short C-H- - -O hydrogen bonds. The
stacks are bound only weakly one to another, also by C-H- - -O
interactions (Fig. 4). The geometrical details of these hydrogen
bonds are listed in Table 3.

The investigated compound — 3-methyl-riboflavin tetraac-
etate — absorbs light in the UV-vis region. The absorption spec-

Fig. 3. A fragment of the stack of 3-methyl-riboflavin tetraacetate molecules as seen approximately along the [4 0 1] direction; C—H- - -O hydrogen bonds are shown

as dashed lines.
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Fig. 4. Crystal packing of 3-methyl-riboflavin tetraacetate as seen along the [0 1 0] direction; C—H- - -O hydrogen bonds are shown as dashed lines.

Table 3

The C-H- - -O hydrogen bond data

D H A D-H (A) H---A (A) D---A (A) D-H---A (°)
Cl123 HI2D o4 0.96 237 3.203(6) 145

Cl123 HI2B 013i 0.96 2.59 3.503(6) 158

Cl133 HI13B 0132 0.96 2.44 3.153(7) 132

Cl15 HI5A 01321 0.96 2.60 3.558(6) 171

Cl4 HI14A 0122V 0.96 2.53 3.389(6) 147

D, H, and A are donor, hydrogen atom, and acceptor of a hydrogen bond, respectively. Symmetry codes: (i) —x, —1/2+y, 2 —z; (i) x, —1+y, z; (iii) —x, 1/2+y,

11—z @Gv)x, 1+y,z

trum in methanol consists of several bands—227, 275, 353, and
448 nm (46.0, 36.4, 28.3, and 22.3 x 103 cm™!, respectively).
The positions of the absorption bands differ only slightly from
those in riboflavin, due to the presence of the methyl substituent
in position N(3) of the isoalloxazine ring and hydroxyl groups in
the side chain protected by acetyl substituents. The compound
fluoresces at room temperature (¢ =0.089 in methanol). The

Table 4

fluorescence emission in methanol appears as a single structure-
less band with the maximum at 513 nm (19.5 x 10° cm™!). The
absorption and fluorescence excitation spectra remain in good
agreement with each other. The fluorescence decay is described
by a single-exponential function, as confirmed by statistical
“goodness-of-fit” criteria, with fluorescence lifetime tg = 5.4 ns.
All these results are collected in Table 4, along with other spec-

Spectroscopic and photophysical data for the first singlet excited state of 3-methyl-riboflavin tetraacetate and riboflavin in different solvents

Compound Solvent A2 (nm) A1 (nm) Ap (nm) foyd TF (ns) ke (108s~1) ka (108s~1h
3MTARF Acetonitrile 345 446 505 0.12 5.8 0.21 1.5

Methanol 353 448 513 0.089 54 0.16 1.7

Ethanol 351 449 512 0.064 5.5 0.12 1.7

Water 373 451 520 0.11 4.4 0.25 2.0
Riboflavin Water 375 447 537 0.28 5.1 0.55 14

Methanol 360 444 532 0.39% 5.21, 6.3, 5.4%b 0.62 0.97

A1, Ay are the positions of the two lowest-energy bands in the absorption spectra, Ap the fluorescence emission maximum, ¢ the fluorescence quantum yield, tr the
fluorescence lifetime, k; the radiative rate constant and ka the sum of non-radiative rate constants. The estimated relative error of ¢r and 7 is 10%.

4 Data from Ref. [39].
b Data from Ref. [40].
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Fig. 5. Predicted lowest-energy singlet-singlet transitions of 3-methyl-riboflavin
tetraacetate (top) compared to the experimental spectrum (bottom). Triangles
mark the energies of the weak n,Tr* transitions, vertical bars show intensities and
energies of the " transitions. Fluorescence emission spectrum of 3MTARF
in methanol is also shown as a dotted line. The experimental spectra were taken
in methanolic solutions.

troscopic and photophysical parameters. The values of the rate
constants for the radiative (k;) and non-radiative (3 _knr) decay
for the lowest excited singlet state were calculated as k; = ¢r/TF
and > knr = (1 — ¢p)/Tp, respectively. In all of the solvents exam-
ined, the decay of the singlet excited state is dominated by
non-radiative phenomena. Interestingly, the highest radiative
rate constants were obtained in acetonitrile and water, which is
especially interesting if compared to ethanol where ; is lower by
afactor of ca. 2. These results are probably explained by specific
solvent interactions and/or the proximity effect (see the follow-
ing paragraph). Fig. 5 compares the experimental absorption
spectrum of 3MTARF in methanol with the results of theoreti-
cal calculations for the lowest-energy singlet-singlet transitions,
represented by bars proportional to the oscillator strengths of the
respective transitions.

The electronic structure of 3-methyl-riboflavin tetraacetate
was studied by means of time-dependent density-functional the-
ory (TD-DFT) [22]. There are two intense absorption bands
in the experimental data at about 353 and 448 nm (28.3 and
223 x 103 cm_l), which correspond to the two calculated
lowest-energy m—mr transitions, located at 332 and 406 nm (30.1
and 24.6 x 10° cm™1). Close to the two observable m—m" tran-
sitions mentioned above, there exist two n—m transitions of
low oscillator strength located at 27.1 and 25.2 x 103 cm™'.
The energy gap between m—m" and n—m" transitions is in the
(0.6-3.0) x 10 cm™! range. This result is typical for isoallox-
azines, which are known to have closely spaced low-lying m—m"
and n—7" excited states. In the case of SMTARF the energy gap
between these states is only 600cm™!, very close to the same
value in riboflavin, which is 900 cm~! [29]. As a consequence,
some of the photophysical properties of the title compound may
be understood on the basis of the proximity effect theory [30,31],
which interprets the properties of such molecules as a result of
vibronic interaction between the lowest m—7" and n—m" singlet
states.

TD-DFT calculations predict the nature of molecular orbitals
mainly involved in the predominant excitation. Based on these
calculations, we conclude that the Sy — S transition has a dom-
inant contribution from the HOMO — LUMO excitation and
can be interpreted as an allowed m—m" transition. Fig. 6 shows

LUMO

HOMO

Fig. 6. The shape of the highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals of 3-methyl-riboflavin tetraacetate, mainly involved
in the lowest-energy transitions. The isosurfaces correspond to the value of
+0.02.
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Table 5

Predicted (B3LYP/6-31G(d)) singlet (So — S;) and triplet (So — T;) excitation energies starting from the ground state and calculated (UB3LYP/6-31G(d)) triplet
(Ty — T;) excitation energies starting from the lowest triplet state of 3-methyl-riboflavin tetraacetate, with their corresponding oscillator strengths, f

So— S; E(x103cm™h) f So— T; E(x103cm™h) f T —T; E(x1073cem™h) f
Ym,m™) 24.6,22.3 0.165 3w’ 16.9 0 T, —> T, 7.4 0.006
Yn,m") 252 0.002 3" 223 0 T —T; 7.7 0.001
Ln,m™) 27.1 0.002 HOX ) 225 0 Ty —>Ts 8.6 <0.001
Y™ 30.1,28.3 0.091 3™ 24.3 0 T —Ts 11.1 0.005
Y, m™) 30.5 0.091 3w’ 25.7 0 T; - Tg 13.9 0
Yn,m") 315 0 T — Ty 152 0.026
Yn,m™) 32.5 <0.001 T, — T 16.2 0
Yn,m") 33.8 0.002 T) — Ty 17.3 <0.001
Ln,m™) 35.6 0 Ti — Tio 18.1 0.063
Yn,m") 36.3 0.002 T — Ty 18.5 0.060
Ln,m™) 37.2 0.004

Yn,m") 37.7 0.007

Yom,m™) 38.1 0.061

Y, m™) 394 0.510

Yn,7™) 40.2 0.005

The energy of the first triplet state calculated using the unrestricted formalism (UB3LYP/6-31G(d)) is 16.0 x 103 cm~'. Experimental values taken in methanolic

solutions are listed in bold type for comparison.

the shapes of the highest occupied (HOMO) and the lowest
unoccupied (LUMO) molecular orbitals, mainly involved in the
transitions to the low-lying excited states.

Based on the TD-DFT calculations, we can also predict the
nature of the molecular orbitals involved in the So — T; excita-
tions and the symmetry of the corresponding T; excited states.
Using the data presented in Table 5 we see that the So — T;
excitation is a 3(1r,7") transition, with the dominant contribu-
tion from the HOMO — LUMO excitation.

The electronic structure of 3-methyl-riboflavin tetraacetate
in its triplet state was described using experimental transient
absorption spectrum in comparison with the results of theoretical
calculations. Transition intensities and triplet—triplet excitation
energy accompanied by their oscillator strengths were deter-
mined for the optimised geometry of the lowest triplet state (T1),
using the unrestricted UB3LYP/6-31G(d) formalism. The exper-
imental transient absorption spectrum is presented in Fig. 7.
The calculated values are available in Table 5 for comparison.
The detectable transitions in 3-methyl-riboflavin tetraacetate are
located at about 15,200, 18,100 and 18,500 cm™!. Because of
the considerable size of the molecule and its non-rigid struc-
ture, we were only able to calculate 10 lowest-energy T; — T;
transitions.

Wavelength / nm

300 450 600 750
0.024
= /'\ X i
-0.02+

T T T T T T T
45000 40000 35000 30000 25000 20000 15000

Wavenumber / ¢cm ™

Fig. 7. The experimental transient absorption spectrum of 3-methyl-riboflavin
tetraacetate in methanol excited at 355 nm, OD355 =0.297, 2 mJ/pulse, /=1 cm.

The above observations allowed us to study the interac-
tion between 3-methyl-riboflavin tetraacetate and dissolved
oxygen under irradiation. The measurements of singlet oxy-
gen quantum yields with flavins as photosensitizers meet with
several difficulties, thus there is a lack of data concerning
this subject [32,33]. The method we used is based on mea-
suring the emission at 1270 nm, which is highly specific to
the O2(!Ag) > 02(*E, ") transition, under laser excitation at
355 nm of methanolic solutions of the investigated compound.
We examined air-equilibrated, oxygen-saturated, and Np-purged
sample solutions. With the increase of oxygen concentration we
have observed a significant increase of emission intensity at the
analytical wavelength (1270 nm). The values of quantum yield
and lifetime of singlet oxygen formed by triplet photosensitisa-
tion were determined on the basis of data obtained for excited air-
saturated solutions of the compound. Table 6 presents the data
concerning the triplet state, triplet state lifetime, and the quantum
yield and lifetime of singlet oxygen produced by 3-methyl-

Table 6

Triplet state lifetimes, 7T, quantum yields of photosensitized production of
singlet oxygen, ¢, and singlet oxygen lifetimes, 7, for selected riboflavin
derivatives in methanolic solutions

Compound o7 (1s) éa Ta (1s)
Lumiflavin? 17 0.48 10
3-Methyl-lumiflavin® 0.53 10
3-Ethyl-lumiflavin® 9.5 0.55 10
3-Benzyl-lumiflavin® 34.9 0.53 10
Riboflavin® 3.7 0.51 10
Is0~(6,7)-riboflavin® 11 0.70 10
5-Deaza-riboflavind 105 0.33 10
3MTARF® 20 0.61 10

@ Data from Ref. [41].

b Data from Ref. [35].

¢ Data from Ref. [29].

d Data from Ref. [36].

¢ The triplet state quantum yield of 3-methyl-riboflavin tetraacetate was deter-
mined by us as 0.54 in methanolic solutions.
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Fig. 8. UV and visible absorption spectra of photodegraded solutions of riboflavin (left panel) and 3-methyl-riboflavin tetraacetate (right panel) in methanol irradiated

at 365 nm.

riboflavin tetraacetate photosensitisation. The relevant values
for the flavin derivatives bearing various substituents in position
N(3) of the lumiflavin ring and for those with ribityl chain in the
structure are given for comparison. On the basis of these data
we conclude that the value of the emission lifetime presently
obtained (A =10 ws) is typical for singlet oxygen in methanol
[32,33]. The value of the singlet oxygen quantum yield is not
affected by the presence of the ribityl chain, being slightly higher
for the presently studied derivative with acetylated hydroxyl
groups. The triplet state quantum yield was determined as 0.54 in
methanolic solutions. Within the errors associated with measure-
ments of the triplet state quantum yield and the quantum yield of
singlet oxygen production of 0.61, both of which we estimate as
10%, these numbers may be regarded as approximately equal.
Therefore, the efficiency of singlet oxygen production follow-
ing triplet state quenching, fg, is essentially unity. Thus, for this
compound the quantum yield of singlet oxygen production gives
a measure of the triplet state quantum yield. This high value of
fg suggests that triplet state quenching proceeds without any
involvement of charge transfer interactions [34], probably as a
result of charge-transfer states in these compounds being higher
in energy than the corresponding triplet states. Further studies
are underway to determine values of f1 for a series of similar
compounds, to explore this observation further.

The photodegradation quantum yields are important both for
possible applications, and in order to evaluate the feasibility
of using the present compound as a model for riboflavin. These
were examined in methanol for both 3-methyl-riboflavin tetraac-
etate and riboflavin. The results show that 3-methyl-riboflavin
tetraacetate is at least two orders of magnitude more stable,
the quantum yields obtained are 2 x 107> and 3 x 1073, for 3-
methyl-riboflavin tetraacetate and riboflavin, respectively, both
irradiated at 365 nm in air-equilibrated methanolic solutions.
The stability of 3-methyl-riboflavin tetraacetate irradiated at 365
in methanol is clearly demonstrated in Fig. 8, where the UV and
visible spectra of 3-methyl-riboflavin tetraacetate and riboflavin
are shown for direct comparison (Fig. 9).

We also performed time-resolved fluorescence measurements
of 3-methyl-riboflavin tetraacetate polycrystals, to study the
effect of the crystal packing on the photophysical properties.
The spectrum obtained upon excitation at 337 nm reveals an

time
. 1 ns step

Emission intensity (a.u.)

: T :
500 600 700
Wavelength / nm

Fig. 9. Time-resolved fluorescence spectra of 3-methyl-riboflavin tetraacetate
polycrystals, excitation at 337 nm. Spectra were recorded with 1 ns time step;
the band maximum is at about 575 nm.

emission maximum at 575nm (17.4 x 10> cm™!), which is
very different from the value obtained in methanolic solutions
(see Table 4). Thus, the fluorescence emission of polycrystals
originates from molecules interacting via hydrogen bonds, in
agreement to what is observed in other lumichrome derivatives
[29,35-37]. Note that riboflavin photodegrades very rapidly
in riboflavin microparticles [38], similarly fast photodecom-
position of polycrystalline iso-(6,7)-riboflavin has been noted
recently by us [29]. In these compounds, a new fluorescence
band with a maximum at about 420 nm appears upon irradia-
tion in addition to the well-known riboflavin fluorescence band.
The new emission has been attributed to alloxazine formed by
photodegradation of riboflavin [38]. In comparison, polycrys-
talline 3-methyl-riboflavin tetraactetate is very stable, without
any new fluorescence noticeable even after prolonged irradia-
tion, indicating that this derivative is much more light-resistant
and opening interesting possibilities for its future applications.

4. Conclusions

The work presented describes spectroscopic and photophys-
ical properties of 3-methyl-riboflavin tetraacetate. In order to
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interpret the results of experimental measurements, we applied
time-resolved density functional theory to calculate excitation
energies and symmetry of the excited states. The results obtained
in this work lead us to a conclusion that the lowest excited sin-
glet and triplet states of the molecule are of the T—m" character.
The lowest excited singlet state (m—m") has a closely neighbour-
ing n—m" state. Some authors suggest that there could be some
sort of intramolecular hydrogen bonding of the ribityl hydroxyl
group to the ring nitrogen under some conditions, though no
evidence of such bonding is seen in the X-ray crystal struc-
ture of riboflavin [4,5]. If these suggestions were correct, acetyl
substituents, present in the ribityl chain, would prevent forma-
tion of some of these hypothetical hydrogen bonds and thus
influence the properties of 3MTAREF, contrary to the recently
obtained results. On the other hand, the X-ray results demon-
strate the existence of several relatively short intermolecular
C-H- - -O hydrogen bonds, which determine the crystal pack-
ing. The three-ring system is almost planar, which is typical in
such compounds.

The compound investigated is good photosensitizer of singlet
oxygen when excited in aerated environments, similar to other
riboflavin analogues. It is also two orders of magnitude more
photostable than riboflavin, with the phototodegradation quan-
tum yield of gr =2 x 1073, which allows to use it as a model
for the latter.
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