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Abstract

The acetic acid (AA)-catalysed tautomerism of lumichrome (Lc) was investigated in 1,2-dichloroethane, acetonitrile and pure AA. The
interactions between Lc and AA were studied by means of UV-Vis and fluorescence spectroscopy. The results suggest the formation of 1:1
Lc—AA hydrogen-bonded complexes in the ground state of Lc. The apparent equilibrium constants were one order of magnitude higher in
1,2-dichloroethane than in acetonitrile, indicating a solvent effect on the ground-state interactions. The dynamics of exited-state processes
were studied using time-resolved methods. The results show that the mechanism of tautomerism depends on the solvent.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction biochemistry{25-28] A well-known agent used to promote
excited-state alloxazine—isoalloxazine tautomerism is acetic
Lumichrome (Lc; 7,8-dimethylalloxazine, sef€ig. 1) acid (AA). The very first mechanism of an excited-state pro-

and other compounds with alloxazinic structure repre- ton transfer of lumichrome in the presence of acetic acid has
sent a class of nitrogen heterocycles related to lumazine.been proposed by Koziotowa and co-workgd.3,19] This
Lumichrome, a decomposition product of biologically im- mechanism assumes the formation of 1:1 eight-membered
portant flavins, may be associated with them in biological cyclic complexes between lumichrome and acetic acid with
systems and may be involved in some biological processeshydrogen bonds at N(1) and N(10) nitrogen atoms in the
[1]. The photochemistry of lumichrome is also of special lumichrome molecule. The increase in the basicity of N(10)
interest[2—17]. Lumichrome is a multifunctional molecule  nitrogen atom and an increase in the acidity of N(1)-H
with proton-donor and proton-acceptor sites and proton group after excitation provide the driving force for proton
transfer reactions have been found to occur in the excitedshift between these two nitrogen atoms. Kasha proposed
state of this compound. In this process, the proton from an analogous mechanism, with six-membered complex
N(1) nitrogen atom of lumichrome molecule is transferred between lumichrome and acetic aditd]. A remarkable
to the N(10) nitrogen atom, and the excited isoalloxazinic case of an excited-state proton transfer occurs in solution
form is created3,7,8,10,14,18—24]it was shown that the  of lumichrome in the presence of pyridif&,19,29]as an
excited-state isomerisation might take place in lumichrome active transporting medium of a proton from N(1) to N(10)
and other N(1) unsubstituted alloxazines, in the presence ofposition of lumichrome.
compounds having proton-donor and proton-acceptor func- Considerable work has been done to study the mechanism
tions and being able to form hydrogen bonds of appropriate of excited-state proton transfer reaction in lumichrome—acetic
strength and conformation with the alloxazinic molecules, acid and other complexg8,7,8,10,14,23,29-32however,
i.e. carboxylic acids and water. there are still several discrepancies in the results concerning
Excited-state proton transfer reactions in hydrogen-bondedhe mechanism and kinetics of the alloxazine—isoalloxazine
systems constitute a wide class of processes which havegautomerism reported in literature. The main controver-
been extensively studied from experimental and theoretical sies concern the rate of the excited-state process. Some
points of view due to their importance in chemistry and results based on time-resolved studies have revealed a
relatively high rate constant of the process studied (of

* Corresponding author. Tel:48-61-8569040; fax:-48-61-8543993,  order of 1(}? s7!) [33], on the other hand, Choi et al. re-
E-mail address: ewa.sikorska@ae.poznan.pl (E. Sikorska). ported considerably lower rate constants of the excited-state
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Fig. 1. Structure of the lumichrome, 1-methyllumichrome, 3-methyllumichrome and 1,3-dimethyllumichrome studied.

proton transfer[8]. However, Choi et al. estimated the Absorption spectra were recorded on a Cary 5E spec-
rates of proton transfer by the steady-state ratios of thetrophotometer (Varian). Steady-state corrected fluorescence
normal and tautomer emission, assuming a diffusional emission and excitation spectra were measured using an
mechanism. MPF-44A/E spectrofluorometer (Perkin-Elmer).

Recently, we have studied the photo-induced proton Time-resolved fluorescence measurements were con-
transfer of a set of differently substituted methyl- and ducted with a model C-700 fluorometer from Photon Tech-
cyano-alloxazines in 1,2-dichloroethafie4]. It has been nology International (Canada) Inc. The system utilises
found that in the presence of 0.8 moldf acetic acid a nanosecond flash lamp as an excitation source and a
the rise times of tautomeric forms are of order of hun- stroboscopic detection systef84]. The concentration of
dreds picoseconds. The model proposed on the basis of théumichrome solution was abouts2 10~> mol dn3.
time resolved and steady-state results assumes a two-step
excited-state reaction. The first step involves a formation of
acetic acid-alloxazine complex with an appropriate struc- 3. Results and discussion
ture permitting proton transfer, whereas the proton transfer
itself is realised in the second step. 3.1. Absorption spectra

In this paper, we present the investigation on the mech-
anism and dynamics of the photo-induced proton transfer The spectroscopic properties of lumichrome and other
of lumichrome in the presence of acetic acid. The study alloxazines in different solvents have been a subject of
was performed in a non-polar solvent (1,2-dichloroethane), a number of previous work$19,31] The two strong
a polar non-protic solvent (acetonitrile) and a polar protic |ong-wavelength absorption bands of these compounds can
solvent (acetic acid). The excited-state process was inves-be assigned to electric dipole allowed— w* transitions
tigated using steady-state and time-resolved methods. Thg31,35,36] Koziotowa demonstrated that the exact positions
study reveals that solvent plays important role in hydrogen of these two bands maxima are solvent dependent and was
bonding interactions and an overall dynamics of phototau- able to show that both long-wavelength maxima positions
tomerisation of lumichrome. exhibit a linear correlation with the polarity of the solvents

expressed iZ-values[19]. With increasing solvent polarity,

both long-wavelength maxima show a red shift accompa-
2. Materials and methods nied by a hypochromic effect of the first maximum and a

hyperchromic effect of the second maximum. The devia-

Lumichrome (Sigma Chemical Co.), hexafluoroisopro- tions from the linear correlation observed for acetic acid,
panol (Merck) and dimethyl sulfoxide (DMSO, Merck) were pyridine, and water have been interpreted in terms of spe-
used as obtained. 1-Methyllumichrome, 3-methyllumich- cific solute—solvent interaction. Typical absorption spectra
rome and 1,3-dimethyllumichrome were synthesised and of lumichrome in 1,2-dichloroethane and acetonitrile are
purified as described in referendd9]. The solvents, presented irFig. 2
1,2-dichloroethane (Sigma), acetonitrile (Sigma) and acetic  The effect of an addition of acetic acid on the ground-state
acid (Merck), were spectral grade and were used without absorption spectra of lumichrome in 1,2-dichloroethane
further purification. The purity of the solvent was confirmed and acetonitrile is presented Kig. 2 In the presence of
by the absence of fluorescence at the maximum sensitivity acetic acid in 1,2-dichloroethane, a shift to the longer wave-
of the spectrofluorometer. length and an increase of the absorbance of the band with a
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Fig. 2. Effect of varying acetic acid concentration on absorption spectra of
lumichrome: (A) 1,2-dichloroethane (in the inset the Benesi—Hildebrand
plot, » = 350nm, K = 68mol1dm?), concentration of acetic acid
are: 0, 0.004, 008, 0.013, 0.018, 0.022, 0.03, 0.04, 0.09, 0.17, 0.35,
0.70 mol dn73; (B) acetonitrile (in the inset the Benesi—Hildebrand plot,

) = 345nm, K = 6.1 mol-1dm?®), concentrations of acetic acid are: 0,
0.009, 0.02, 0.04, 0.09, 0.17, 0.26, 0.35, 0.52, 0.70, 1.05 mofdifhe
arrows indicate increasing concentration of acetic acid. (C) Absorption
spectrum of lumichrome in acetic acid.

maximum at 344 nm is observed. An increase of absorbance
is observed also for the band with a maximum at about
382nm. Similar, but relatively smaller changes in the ab-
sorption spectra of lumichrome are observed also in the
presence of acetic acid in acetonitrile. These changes in
the absorption spectra of lumichrome and other alloxazines
have been studied previously and have been ascribed to the
formation of hydrogen-bonded ground-state complexes be-
tween lumichrome and acetic aditi9]. The little red shift

of the absorption bands indicates a larger stabilisation of
the excited state due to the hydrogen-bonding interaction.

3.2. Sructure of hydrogen-bonded |umichrome—acetic
acid complexes

In the lumichrome molecule there are several centres
(oxygen atoms, nitrogen atoms, N—H groups), which may
serve as hydrogen acceptors or hydrogen donors in the
creation of hydrogen-bonded complexes. Additionally the
acetic acid may act as a hydrogen-donor and acceptor agent.
Thus, the lumichrome—-acetic acid complexes may have var-
ious structures. The earlier investigation by Koziotgd/@]
and Szafran et a[20] suggests that the observed changes
in the absorption spectra are a result of acetic acid binding
at the N(10) nitrogen atom of the lumichrome molecule.
This conclusion was mainly based on a comparison of the
changes in absorption spectra for 9-methyl-substituted allox-
azine and 1-methyl- and 3-methyl-substituted lumichromes
in the presence of acetic acid. It was shown that the methyl
groups at positions N(1) and C(9) restrict the possibility
of hydrogen bond formation at N(10) but do not prevent
it absolutely.

In this work, a further attempt was made to evalu-
ate the structure of the hydrogen-bonded complexes. In
order to determine the effect of binding position of the
hydrogen donor or acceptor on the absorption spectra of
lumichrome we have chosen to investigations compounds
which may act as hydrogen donors or hydrogen acceptors:
1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and dimethyl sul-
foxide, respectively. The corresponding absorption spectra
of lumichrome in 1,2-dichloroethane are showrHg. 3.

The changes in the absorption spectra of lumichrome in
1,2-dichloroethane caused by increasing concentration of
DMSO (hydrogen acceptor agent) are clearly different from
those observed in the presence of acetic acid. The main
difference is the shift of the absorption band with a max-
imum at 350 nm towards shorter wavelengths. Similar, but
much smaller changes are observed for lumichrome in ace-
tonitrile with increasing concentration of DMSO. To eval-
uate the possibility of hydrogen bonds formation at N(3)
position, similar experiments with 3-methyllumichrome and
1,3-dimethyllumichrome have been curried out (spectra are
not shown). The changes observed in the absorption spec-
tra of the model compound 3-methyllumichrome as a result
of an addition of DMSO, have been found very similar to
those observed in the case of lumichrome. In contrast, for
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Fig. 3. Changes in absorption spectra of lumichrome in the presence of: hexafluoroisopropanol in 1,2-dichloroethane (A), dimethyl sulfoxide
1,2-dichloroethane (B). The corresponding concentrations of HFIP are: 0, 0.01, 0.02, 0.04, 0.08, 0.12, 0.15, 0.23, 0.31, 0:39 thel donresponding
concentration of DMSO are: 0, 0.01, 0.03, 0.04, 0.06, 0.07, 0.08, 0.10, 0.11, 0.14, 0.21, 0.28, 0.42, 0.56,0.8&ndlhe arrows indicate increasing
concentration of HFIP or DMSO.

1,3-dimethyllumichrome no changes in the absorption spec-380 nm may be due to a formation of hydrogen bonds at the
tra are observed in the presence of DMSO. These resultsN(1) and N(10) nitrogen atoms as well. The results and their
suggest that the short-wavelength shift of the absorption discussion allow us to ascribe the changes in the absorption
band at 350 nm and long-wavelength shift of the maximum spectra of lumichrome mainly to the creation of hydrogen
at 380 nm are caused by creation of the hydrogen bond atbonds in which the N(1) and N(10) nitrogen atoms are in-
N(1)-H group of the lumichrome molecule. volved. It should be stressed that the above results do not

As a hydrogen-donor agent, 1,1,1,3,3,3-hexafluoroizopro- exclude a formation of hydrogen bonds with participation of
panol was chosen. It was previously shown that this com- the other lumichrome nitrogen and oxygen atoms. However,
pound forms hydrogen bonds with lumichrome but does not it seems that the changes in lumichrome absorption spec-
promote the excited-state proton transfg0,37] Thus, it tra are mainly connected with formation hydrogen bonds at
seems safe to assume that this compound acts mainly as &(10) and N(1) atoms.
hydrogen-donor agent. The short-wavelength band in the ab- Moreover, qualitative changes in the absorption spectra
sorption spectra of lumichrome in 1,2-dichloroethane in the of lumichrome upon addition of acetic acid in 1,2-dichlo-
presence of HFIP reveal a long-wavelength shift and an in- roethane and acetonitrile may indicate different structure
crease of the absorbance. The absorbance in the maximunof hydrogen-bonded complexes in both solvents. Similar
of long-wavelength band is decreased and the absorbance irffect of HFIP and acetic acid on absorption spectra of
the short-wavelength region of this band is increased. Clearlumichrome in acetonitrile may suggest that in this sol-
isosbestic points are observed at 340, 374, 404 nm. Simi-vent occur single-hydrogen-bonded lumichrome—acetic acid
lar, but relatively less pronounced changes are observed forcomplexes. In contrast, in 1,2-dichloroethane one can expect
lumichrome in acetonitrile with increasing concentration of the existence of cyclic doubly-hydrogen-bonded complexes.
HFIP. For HFIP the formation of hydrogen bonds with lu-
michrome molecule at N(10), N(5) nitrogen atoms and oxy- 3.3. Equilibrium constants of the ground-state
gen atoms have to be taken into account. However, due tocomplexation
a lower basicity of N(5) nitrogen atom, a hydrogen bonding
formation at this position seems to be less probable. More-  Apalysis of changes in the absorption spectra of lu-
over, hydrogen bonds at oxygen atoms should not affect themichrome in the presence of acetic acid and other
absorption spectra. These facts and observations lead to &ydrogen-donor or hydrogen-acceptor compounds allows
conclusion that the shift of the two absorption bands of lu- determination of the equilibrium constants of complexation,
michrome to longer wavelengths is a result of the bonding k.
of hydrogen donor at N(10) nitrogen atom. For the reaction of complexation:

Taking into regard the above results the long-wavelength
shift of the absorption band at about 340 nm observed in LC + 1D — Lc-D,
the presence of acetic acid in both solvents used in this
study, may be interpreted as a result of formation of hy-
drogen bond in which N(10) nitrogen atom is engaged. [Lc-Dy]
The long-wavelength shift of the absorption band at about ® = W

the equilibrium constant is given by the equation
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The number of hydrogen-donor and/or hydrogen-acceptorfor dimmerisation of acetic acid in 1,2-dichloroethane is
molecules engaged in complexation with a single lu- equal 154 mot!dm?® [39]. The poorer linear relationship in
michrome moleculen, was on the basis of the following 1,2-dichloroethane for range of higher acid concentration

formula (cf.[38]). relative to that in acetonitrile (see insetshiy. 2) is likely
— Ao due to the self-association of acetic acid and/or may be result
In [h} = f(In[D]) (1) of formation of lumichrome-acetic acid complexes with a
o —

stoichiometry different than 1:1. A 1:2 (lumichrome—acetic
The results indicate that the stoichiometry of lumichrome— acid) complex, that would difficult proton transfer or ring
acetic acid complexes in acetonitrile and 1,2-dichloroethane closure, could be in the origin of the slow step, moreover
is 1:1. The values af determined frontq. (1)are:n = 0.99 that the non-linearity of the Benesi—Hildebrand plot (that
in acetonitrile andr = 0.90 in 1,2-dichloroethane. Some applies strictly to 1:1 complexes) suggests precisely that.
deviation from 1:1 stoichiometry can appear at high acetic In more polar solvents, it is expected that the relatively
acid concentrations. The 1:1 stoichiometry has been alsostrong lumichrome—solvent and acetic acid—solvent inter-
observed for HFIP and DMSO hydrogen-bonded complexes actions restrict the reaction between lumichrome and acid.
with lumichrome in acetonitrile and 1,2-dichloroethane. Thus, in acetonitrile the apparent equilibrium constant of
Assuming the 1:1 stoichiometry of the complexes stud- complexation lumichrome—acetic acid is much lower than
ied, the ground-state apparent equilibrium constants werein 1,2-dichloroethane.
determined using the following equation:
1 1 1 1
A Ao Gx—nolld T Ker—eoidm @ , ,

0 k= fLe k= fLe To study the excited-state proton transfer properties, we
whereAy is the absorbance of the lumichrome solution with- have recorded the emission spectra of lumichrome varying
out hydrogen-bonded agem, the absorbance of the lu- the concentration of acetic acid. In contrast to the absorp-
michrome solution in the presence of a hydrogen bonding tion spectra in these spectra the effects of the acetic acid on
agentgg the molar absorption coefficient of Lc—D complex, the lumichrome emission are dramatic. The emission spec-
eLc Is the molar absorption coefficient of lumichrome. tra of lumichrome exhibit one broad band with a maximum

The Benesi—Hildebrand plot for lumichrome acetic acid at about 420-430 nm depending on the solvent. In the pres-
system is shown in the inset Bfg. 2 These plots also sug- ence of acetic acid, a new band appears with a maximum at
gest the existence of 1:1 complexes. However, the analy-about 520 nm. The new emission is similar to the emission
sis of the plots shows a deviation from linearity for higher spectrum of lumiflavin, the compounds with isoalloxazinic
acetic acid concentrations. As a consequence, the deterstructure, and has been identified as emission of the isoal-
minedK-values show systematic changes depending on theloxazinic form appearing as a result of excited-state proton
range of acetic acid concentration chosen for the calcu- transfer from N(1) to N(10]3,19]. The intensity of allox-
lation. The apparent equilibrium constants determined in azinic emission decreased and the intensity of isoalloxazinic
1,2-dichloroethane according tq. (2) vary from 73 to emission increased with increasing acetic acid concentration.
51 mol1dm?® when the acetic acid concentration increases Clear isoemission points in the spectra are observed. For lu-

3.4. Emission spectra

from 0.009 to 0.70 mol dm?, respectively. michrome in pure acetic acid, the alloxazinic emission is still
The apparent equilibrium constants determined in acetoni- observed (se€ig. 2). To help establish the role of N(1)-H
trile according toEq. (2) varies from 7.2 to 5.9 moft dm? and N(3)-H groups in proton transfer, model compounds

when the acetic acid concentration increases from 0.17 tol-methyllumichrome (1,7,8-trimethylalloxazine) and 1,3-di-
1.0mol dn13, respectively. The determineld-values for methyllumichrome (1,3,7,8-tetramethylalloxazine) were
lumichrome—acetic acid complexes are about one order ofused. The methyl group at N(1) and/or N(3) allows the ef-
magnitude lower in acetonitrile than that in 1,2-dichlo- fect of lumichrome—acetic acid interaction to be selectively
roethane. blocked. For N(1) substituted alloxazines, 1-methyllu-
These results lead to a conclusion that the interactions be-michrome and 1,3-dimethyllumichrome, only alloxazinic
tween lumichrome and acetic acid are strongly modified by emission is observed whose intensity decreases with in-
the solvent. In 1,2-dichloroethane, the solute—solvent inter- creasing acetic acid concentration, see fsb9].
actions are expected to be weaker due to a lower polarity and From the changes in the emission spectra of lumichrome
aprotic character of the solvent. So one can expect strongelin the presence of acetic acid the apparent equilibrium con-
interaction between lumichrome and acetic acid. This sug- stants for the complexation between lumichrome and acetic
gestion is confirmed by a relatively high value of the appar- acid can be determined. According to the mechanism pro-
ent equilibrium constant of formation of lumichrome—acetic posed by Koziotowa and co-workef3,14,19,23]the pro-
acid complexes in this solvent observed for the range of ton transfer occurs in the excited cyclic complexes between
lower concentrations of acetic acid. With increasing acetic lumichrome and acetic acid. The isoalloxazinic emission
acid concentration the self-association of acetic acid may may originate only from the lumichrome molecules involved
become an important process. The equilibrium constantin such complexes. From the changes of the isoalloxazinic



10 E. Skorska et al./Journal of Photochemistry and Photobiology A: Chemistry 157 (2003) 5-14

emission of lumichrome in the presence of acetic acid the (A) Lc/DCE + AA
apparent equilibrium constant of the complexes formation 6000 —
can be determined from the equation 1 Pl e
1 1 11 00 et
= + . 3) .
Ir — Ip alLclo  a[Lc]ok™ [AA] 4000 45— 55700 10 200 280 300
2 f 1/c,, / mol'dm® y
wherel,(:), Ir is the fluorescence intensity monitored at the % 3000
isoalloxazinic emission band without and in the presence of £ /
acetic acidathe proportionality constant, [Lgkhe concen- = 2000
tration of lumichrome, [AA] is the acetic acid concentration. . \ /
The plots are linear in acetonitrile as shownHhig. 4 1000 ~ =/
(only a small deviation from linearity is observed for the Ny ———
higher acetic acid concentration). In 1,2-dichloroethane, 0- ": - - -
the deviations from linearity are observed. The apparent 400 450 500 550 600
. . . . . Wavelength / nm
equilibrium constant obtained using the above equation is
2.4+ 0.2mol1dm? in acetonitrile. In 1,2-dichloroethane,
the equilibrium constants are: 32 mol~1 dm? for the con- (B)  Le/CHCN +AA
centration range 0-0.022 mol dihand 68+ 2 mot-1 dm—3 5000 - Jooro
for the concentration range 0—-0.69 moldnTheK*-values P S
determined in different solvents are of the same order of 4000 - /// g:gg;%
magnitude as the respectitevalues determined from ab- - 0000
. [ 20 40 60 80 100 120
sorption measurements. It can suggest that the number of £ 3000- o,/ molam
molecules undergoing excited-state proton transfer is simi- 5
lar to that of molecules hydrogen-bonded to the acetic acid € 20004
in the ground state, in a given solvent. =
3.5. Excitation spectra 1000
\
Excitation spectra of isoalloxazinic and alloxazinic forms 04'00 " 450 500 550 600
(()f IullgjichSr)ome in the presence of acetic acid are different Wavelength / nm
seeFig. 5.
In the excitation spectra of isoalloxazinic form, a shift to
longer wavelengths is observed as compared to the excitation © eraa
spectra of alloxazinic form. Also the effect of changing the 1.04
excitation wavelength on the emission spectra is observed. In ]
the presence of acetic acid the ratio of the emission intensity 0.8
of isoalloxazinic to alloxazinic forms has a maximum for the
excitation wavelength of about 350 nm and for the excitation 2 064
in the long-wavelength region. The excitation spectra of both ;
tautomeric forms of lumichrome and changes in emission & |
spectra depending on the excitation wavelength correspond —
to the changes in absorption spectra of lumichrome in the 024
presence of acetic acid. This observation suggests that the
excited alloxazinic and isoalloxazinic forms have different 0.0
precursors in the ground state. The precursors of excited 400 450 500 550 600
isoalloxazinic form are the ground-state hydrogen-bonded Wavelength / nm

lumichrome—acetic acid complexes.
Fig. 4. Effect of increasing acetic acid concentration on fluorescence

L. emission spectra of lumichrome: (A) in 1,2-dichloroethane (in the in-
3.6. Time-resolved emission results set the Benesi—Hildebrand plotgm = 520 nm, K* = 68 mot-t dm?),
concentrations of acetic acid are: 0, 0.004, 0.009, 0.013, 0.017, 0.02,
The information about the kinetics of the excited_state 0.04, 0.09, 0.17, 0.35, 0.70 mOldﬁ] (B) in acetonitrilel(ir:ntshe inset the
. . e L Benesi—Hildebrand plotiem = 540 nm, K* = 2.2 mol~~dm?), concen-
process 1s prowded by the fluqregcence “fe.tlmes me.asure_tration of acetic acid are: 0, 0.004, 0.009, 0.013, 0.017, 0.02, 0.04, 0.9,
ments. The decays of the em_ISSIOh of lumichrome m_ the 0.17, 0.35, 0.52, 0.70, 1.05 mdidn®. The arrows indicate the increas-
presence and absence of acetic acid were measured in 1,2ng concentration of acetic acid. (C) Fluorescence emission spectrum of

dichloroethane and acetonitrile. The decays were monitoredlumichrome in acetic acid.
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2.0 in the whole range of acetic acid concentrations studied.
The decay of the isoalloxazinic emission of lumichrome

in the presence of acetic acid is described by a sum of
single-exponential decay and a single-exponential rise. (It
seems that the shorter decay time observed for isoallox-
azinic emission for the concentration of acetic acid of
0.02moldm3 and the single-exponential decay for con-
centration of 0.04 moldm? can be due to overlapping of
alloxazinic and isoalloxazinic emission. As a result, the
rise time of isoalloxazinic emission is compensated by the
decay of alloxazinic emission.) The decay times of the
alloxazinic emission are close to the rise times of the isoal-
loxazinic emission for a given acetic acid concentration
and the pre-exponential factors for these times are similar.
These results allow a conclusion that in the excited state of
lumichrome in the presence of acetic acid there is kinetic
relationship between the excited alloxazinic and isoallox-
azinic forms. The excited alloxazinic form is the precursor
of the excited isoalloxazinic form. Single-exponential de-
at the alloxazinic and isoalloxazinic emission bands. The cay of the alloxazinic form in the presence of acetic acid
fluorescence decay times are listedlables 1 and 2 suggests moreover, that in the excited state there is no equi-

The decay of the emission of lumichrome in pure sol- librium between both tautomeric forms. The relatively long
vents, 1,2-dichloroethane and acetonitrile, is well described rise times of the isoalloxazinic emission suggest that the
by single-exponential function. As shown Tables 1 and excited-state process is relatively slow.
2, the kinetics of the excited-state proton transfer of lu- The kinetics of the excited-state proton transfer in
michrome in the presence of acetic acid depends on the kind1,2-dichloroethane is more complicated. For the acetic acid
of solvent. concentrations within the range of 0-0.04 moldinthe

In acetonitrile, the decay of alloxazinic emission of lu- decay of the alloxazinic and isoalloxazinic emission is sin-
michrome with and without acetic acid is single exponential gle exponential. The lack of measurable rise time for the

| / arb. units

0.0

T T T T T T T T T T T T T T '\—V
300 320 340 360 380 400 420 440
Wavelength / nm

Fig. 5. Excitation spectra of alloxazini¢.dm = 430 nm, solid line) and
isoalloxazinic {em = 540 nm, dashed line) forms of lumichrome in the
presence of acetic acidda = 0.09 moldn13) in 1,2-dichloroethane.

Table 1
The fluorescence lifetimes for alloxazinic and isoalloxazinic forms of lumichrome for various acetic acid concentration in 1,2-dichloroethane
Acetic acid concentration (mol dm) 425nm 580nm

7 (ns) @) % (ns) @) X t (ns) @) 2 (ns) @) X2
0 0.61 - 0.946 - - -
0.009 0.61 - 0.904 - 4.33 0.875
0.017 0.60 - 1.042 - 4.58 0.744
0.04 0.61 - 0.842 - 4.54 0.658
0.09 0.55 (0.99) 3.43 (0.01) 1.032 - 4.38 0.819
0.35 0.50 (0.98) 3.93 (0.02) 1.189 0.36Q.46) 4.06 (0.54) 0.705
0.7 0.45 (0.98) 3.00 (0.02) 0.864 0.45(@.38) 3.76 (0.62) 0.946
Acetic acid (17.4 mol dmd) 0.23 (0.99) 2.52 (0.01) 0.735 - 2.44 1.333
2, 72 fluorescence lifetimesal, a2: pre-exponential factorgd| + |a?| = 1).
Table 2
The fluorescence lifetimes for alloxazinic and isoalloxazinic forms of lumichrome for various acetic acid concentration in acetonitrile
Acetic acid concentration (mol dmi) 425nm 580 nm

z (ns) 7 7t (ns) @) 2 (ns) @) 2

0 0.64 1.050 0.71 - 0.845
0.02 0.63 0.845 0.62 (0.44) 8.74 (0.56) 1.341
0.04 0.60 1.189 - 8.50 1.316
0.09 0.57 0.708 0.43+0.49) 7.86 (0.51) 1.718
0.17 0.56 0.823 0.500.42) 7.83 (0.58) 1.133
0.35 0.45 0.872 0.40+0.50) 7.35 (0.50) 1.106
0.7 0.37 0.998 0.350.48) 6.64 (0.52) 1.381
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isoalloxazinic emission can suggest that the excited-stateexcited-state reaction between two tautomeric forms, sepa-
process can occur in a time shorter than the time resolutionrated by an energy barrier or (2) the coexistence of different
of our instrument. Moreover, for this range of acetic acid conformers in the ground state.
concentration the decay time of the alloxazinic emission In the first case, there should be a kinetic connection
is practically constant. On the other hand, in the emission between two excited tautomeric forms. The excited allox-
spectra of lumichrome for this range of acetic acid con- azinic form should be a precursor of the excited isoallox-
centration, a decrease of intensity of alloxazinic emission azinic form. In acetonitrile, the followin§cheme Inay be
and an increase of intensity of isoalloxazinic emission have proposed.
been observed. These results suggest that there is no kinetic The results obtained in acetonitrile are in accordance
connection between the excited alloxazinic and isoallox- with this model. In the ground state, complexes between
azinic forms. The excited alloxazinic and isoalloxazinic lumichrome and acetic acid are formed with the hydrogen
forms have different precursors in the ground state. bond at N(10) nitrogen atom. After excitation, changes in
For the range of higher concentration of acetic acid the electron density distribution lead to an increased acidity
(0.09-0.7 mol dm?3) the decay kinetics of tautomeric forms  of N(1)-H group and increased basicity of N(10) nitrogen
of lumichrome become similar as in acetonitrile, suggesting atom. The increase of the acidity of N(1)-H group brings
the kinetic connection between the two excited forms and a about the reorientation of molecules and formation of cyclic,
lower rate of the excited-state process. It is not clear whetherdoubly-hydrogen-bonded complexes. In such complexes,
the double-exponential decay of alloxazinic emission is a the proton is transferred from N(1) to N(10) nitrogen atom
result of an equilibrium between both excited forms or the and the isoalloxazinic structure is formed.
overlapping of isoalloxazinic and alloxazinic emission band.  On the basis of literature data, one could conclude that the
In pure acetic acid, the fluorescence decay monitored atexcited-state proton transfer in complexes with “appropriate
alloxazinic emission band is described as a sum of two structure” is very fast—occurring in pico- or femtoseconds
one exponential functions with decay times 0.23 and 2.5ns.[40,41] But the rate constant of the excited-state reaction
The decay of isoalloxazinic emission is well fitted by a determined by us in acetonitrile is aboutB3?, indicating
single-exponential decay function, with atime of 2.4 ns. This that the process is relatively slow. Thus, it seems that the
decay time is in good agreement with the fluorescence life- process in the excited state consists of two steps: the forma-
time 2.5 ns reported for lumichrome in acetic acid by Fugate tion of complexes with “appropriate structure” and the pro-

and Sond7]. ton transfer in the complexes formed. The first step should
be slower and determine the observed rate of overall process.
3.7. The mechanism of the excited-state proton transfer The experimental data show however that the mechanism

of excited-state proton transfer is different in 1,2-DCE than
For a system undergoing the excited-state proton transferin acetonitrile. The kinetics of the excited-state process de-
the appearance of the dual emission can be due to (1) thepends on the concentration of acetic acid.

HaC, CHs CHa
C=o0 Cs
/ 7N /C\\
o ? 9 99
"o Tom o f
HqC Ne__O HaC Ne_O \
3 N \f s Ny Y - H3C N /NYO
— NH = NH P NH
H4C N HsC N HaC N
o) o) o)
thl hv l
HSC\
F=o
Q
o
Hscﬁr'\l\ N0
NH
HaC N;[,(
o)

Scheme 1.
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In the second case, the emission of both tautomeric forms In pure acetic acid, a single-exponential decay and no rise
may be a result of a coexistence of different conformers time for isoalloxazinic emission is observed. These results
in the ground state. Some of the ground-state structuressuggest that the doubly-hydrogen-bonded, cyclic complexes
are ready to proton transfer, some are unable to undergobetween lumichrome and acetic acid exist in the ground
this process. In such a case, there is no kinetic relation be-state. Upon excitation a rapid, excited-state proton transfer
tween the excited tautomeric forms. The kinetic results in occurs in these complexes.
1,2-dichloroethane for lower acetic acid concentrations indi-
cate that such a situation is observed. In this case, a forma-
tion of cyclic, doubly-hydrogen-bonded complexes between 4. Conclusion
lumichrome and acetic acid in the ground state is proposed.

After absorption of light in the excited complexes the proton  In summary, the presented results suggest the important
transfer occurs and the emission of isoalloxazinic form is ob- role of environment on the mechanism and dynamics of
served. The process that leads to formation of isoalloxazinic the excited-state tautomerisation of lumichrome. It seems
structure is very fast, and no rise time for the tautomeric that kinetics of the excited-state process is determined by
form is observed. So we propose that in this case the cyclic,the structure of the ground-state complexes between lu-
doubly-hydrogen-bonded complexes are formed already in michrome and acetic acid molecules. Depending on the
the ground sate. The followin§cheme 2nay be proposed  structures of these complexes, the process in the excited
for lumichrome tautomerisation in 1,2-dichloroethane for state may involve one or two steps. In non-polar solvent,
lower acetic acid concentrations. the formation of complexes with the cyclic structure in the

In this model, the excited-state process consists of only ground state seems to be preferable. In polar solvent, the
one step—a fast proton transfer in the complexes with “ap- single-hydrogen-bonded complexes are formed and a geo-
propriate structure”. metrical adjustment to the cyclic structure in the excited state

Kinetic data show that for the range of higher acetic is needed.
acid concentrations the rate of the excited-state process has
slowed down. For higher concentrations of acetic acid the
creation of 1:1, open, single-hydrogen-bonded complexesAcknowledgements
may be preferableScheme Ydue to the increasing polarity
of solution. On the other hand, complexes with stoichiome-  The interdisciplinary grant from A. Mickiewicz Univer-
try different than 1:1 may be formed in the ground state. A sity and University of Economics, PozaZmaPoland, No.
stoichiometry of complex different than 1:1, would difficult 51102-205 to M.S. and E.S. is gratefully acknowledged.
proton transfer or ring closure. Reorientation of these com-
plexes and creation of cyclic structures after excitation may
be the slower process and might determine the observed rat
of the excited-state reaction.

é?eferenc&

[1] J. Chastain, D.B. McCormick, Flavin metabolites, in: F. Muller (Ed.),
Chemistry and Biochemistry of Flavoenzymes, CRC Press, Boston,
CHs GHa 1991, pp. 196-200.
,C. Ce [2] J. Koziot, E. Knobloch, Biochim. Biophys. Acta 102 (1965) 289.
: S ' [3] P.S. Song, M. Sun, A. Koziotowa, J. Koziot, J. Am. Chem. Soc. 96
: H (1974) 4319.
: I [4] J. Koziot, Experientia 21 (1965) 189.
HaCﬁN\ YO H3C /NYO [5] T. Toyosaki, A. Hayashi, Milchwissenschaft-Milk Sci. Int. 48 (1993)
- jij[ 607.
HaC N/L‘/NH HaC N/:[’(NH [6] R.H. Dekker, B.N. Srinivasan, J.R. Huber, K. Weiss, Photochem.
o o Photobiol. 18 (1973) 457.
[7] R.D. Fugate, P.S. Song, Photochem. Photobiol. 24 (1976) 479.
[8] J.D. Choi, R.D. Fugate, P.S. Song, J. Am. Chem. Soc. 102 (1980)

o
H

Vi
—T----0

z
z-x--O

5293.
h
VT hv l [9] P.F. Heelis, G.O. Phillips, J. Phys. Chem. 89 (1985) 770.
[10] M. Kasha, J. Chem. Soc., Faraday Trans. Il 82 (1986) 2379.

(|3H3 [11] J.M. MaclInnis, M. Kasha, Chem. Phys. Lett. 151 (1988) 375.
PAON [12] B. Tyrakowska, P.I.H. Bastiaens, A. Koziolowa, A.J.W.G. Visser, J.
? Q Photochem. Photobiol. A 72 (1993) 235.
H i [13] A. Koziotowa, A.J.W.G. Visser, J. Koziot, Photochem. Photobiol. 48
i H
\ I (1988) 7.
HSC:@EN\ N\(O [14] E. Sikorska, A. Koziotowa, J. Photochem. Photobiol. A 95 (1996)
215.
H3C N;Q(NH [15] E. Sikorska, M. Sikorski, R.P. Steer, F. Wilkinson, D.R. Worrall, J.
0 Chem. Soc., Faraday Trans. 94 (1998) 2347.

[16] M. Sikorski, E. Sikorska, F. Wilkinson, R.P. Steer, Can. J. Chem. 77
Scheme 2. (1999) 472.



14 E. Skorska et al./Journal of Photochemistry and Photobiology A: Chemistry 157 (2003) 5-14

[17] M. Sikorski, E. Sikorska, A. Koziolowa, R. Gonzalez-Moreno, J.L.  [30] J. Koziol, M.M. Szafran, F. Muller, J. Photochem. Photobiol. A 45
Bourdelande, R.P. Steer, F. Wilkinson, J. Photochem. Photobiol. B (1988) 81.

60 (2001) 114. [31] A. Koziotowa, H. Szymusiak, J. Koziot, Pol. J. Chem. 67 (1993)
[18] J. Koziot, Photochem. Photobiol. 9 (1969) 45. 1813.
[19] A. Koziotowa, Photochem. Photobiol. 29 (1979) 459. [32] P.F. Heelis, A. Koziotowa, J. Photochem. Photobiol. B 11 (1991)
[20] M.M. Szafran, J. Koziot, P.F. Heelis, Photochem. Photobiol. 52 365.
(1990) 353. [33] T.P. Dzugan, A study of the proton transfer of 3-hydroxyflavone
[21] J. Koziot, M.M. Szafran, A. Koziotowa, H. Szymusiak, Spectral and lumichrome using picosecond time-resolved spectroscopy, Ph.D.
properties of cyanoalloxazines, in: B. Curti, S. Ronchi, G. Zanetti Thesis, Florida State University, FL, 1987.
(Eds.), Flavins and Flavoproteins, Walter de Gruyter & Co., Berlin, [34] D.R. James, A. Siemiarczuk, W.R. Ware, Rev. Sci. Instrum. 63 (1992)
1991, pp. 19-22. 1710.
[22] N. Lasser, J. Feitelson, Photochem. Photobiol. 27 (1977) 451. [35] J. Komasa, J. Rychlewski, J. Koziot, J. Mol. Struct. (Theochem.) 47
[23] A. Koziotowa, N.V. Visser, J. Koziot, M.M. Szafran, J. Photochem. (1988) 205.
Photobiol. A 93 (1996) 157. [36] H. Szymusiak, J. Konarski, J. Koziot, J. Chem. Soc., Perkin Trans.
[24] J. Koziot, D.E. Metzler, Z. Naturforsch. 27 (1972) 1027. 2 (1990) 229.
[25] D. LeGourrierec, S.M. Ormson, R.G. Brown, Prog. React. Kinet. 19 [37] J. Koziol, M.M. Szafran, J. Photochem. PhotobiBl 5 (1990) 429.
(1994) 211. [38] J. Herbich, C.Y. Hung, R.P. Thummel, J. Waluk, J. Am. Chem. Soc.
[26] S.M. Ormson, R.G. Brown, Prog. React. Kinet. 19 (1994) 45. 118 (1996) 3508.
[27] L.G. Arnaut, S.J. Formosinho, J. Photochem. Photobiol. A 75 (1993) [39] I.S. Perelygin, A.M. Afanasieva, Zhurn. Prikl. Spektr. 4 (1979) 676.
1. [40] P.T. Chou, Y.C. Chen, W.S. Yu, Y.H. Chou, C.Y. Wei, Y.M. Cheng,
[28] S.J. Formosinho, L.G. Arnaut, J. Photochem. Photobiol. A 75 (1993) J. Phys. Chem. A 105 (2001) 1731.
21. [41] J. Waluk, Conformational Analysis of Molecules in Excited States,

[29] P.S. Song, J.D. Choi, Bull. Kor. Chem. Soc. 1 (1980) 93. Wiley, New York, 2000.



	The solvent effect on the excited-state proton transfer of lumichrome
	Introduction
	Materials and methods
	Results and discussion
	Absorption spectra
	Structure of hydrogen-bonded lumichrome-acetic acid complexes
	Equilibrium constants of the ground-state complexation
	Emission spectra
	Excitation spectra
	Time-resolved emission results
	The mechanism of the excited-state proton transfer

	Conclusion
	Acknowledgements
	References


