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bstract

The excited states of a flavin-related compound, lumiflavin, were studied by the symmetry-adapted cluster (SAC)-configuration interaction (CI)
ethod. The absorption peaks observed in the experimental spectrum were theoretically assigned. Transition energy of some low-lying n–�* states
ere obtained. The energy minimum structures of the first singlet and triplet excited states were calculated by the SAC-CI method. The structural
hanges upon excitation were at most 0.05 Å. The solvation effect on the absorption energy in aqueous solution was investigated using polarizable
ontinuum model (PCM) and by including water molecules into the computational model. The solvatochromic shift of the second peak (31A′ state)
riginates from both microscopic (hydrogen bonding) and macroscopic (electronic polarization of solvent) solvation effects.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Flavins are well-known redox-active chromophores that are
idely found in enzymes and photoreceptors [1]. These com-
ounds contain a heterocyclic isoalloxazine ring (7,8-dimethyl
enzo[g]pteridine-2,4(3H,10H)-dione) that exhibits electron-
ransfer capability. Riboflavin is found in various types of foods
n the human diet. A lack of riboflavin causes growth distur-

ance, skin disease, and hair loss. Flavin adenine dinucleotide
FAD) works as a redox-active light-harvesting chromophore
n DNA photolyase, blue-light-using FAD (BLUF), and cryp-

Abbreviations: SAC-CI method, symmetry-adapted cluster-configuration
ethod; PCM, polarizable continuum model; CIS, configuration interaction-

ingles; TDDFT, time-dependent density functional theory; MR-CI, multi-
eference CI; CASPT2, complete active space self-consistent field method
ith second-order perturbation theory; CASSCF, complete active space self-

onsistent field method; HOMO, highest-occupied molecular orbital; LUMO,
owest-unoccupied molecular orbital
∗ Corresponding author at: Department of Synthetic Chemistry and Biological
hemistry, Graduate School of Engineering, Kyoto University, Kyoto-Daigaku-
atsura, Nishikyo-ku, Kyoto 615-8510, Japan. Tel.: +81 75 383 2738;

ax: +81 75 383 2741.
E-mail address: hiroshi@sbchem.kyoto-u.ac.jp (H. Nakatsuji).
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ochrome. Flavin mononucleotide (FMN) exhibits redox-active
roperties in respiratory complex I in mitochondria and other
lectron-transfer systems. FMN also functions as a blue light
hotoreceptor in phototropin.

Since flavins play important roles in a very wide range of
iological processes in which both ground and excited states of
heses molecules are involved, their photophysical and photo-
hemical properties have been studied from various points of
iew [2–11]. Lumiflavin (LF), which is shown in Fig. 1a, is one
f the simplest flavin compounds. In ongoing efforts to study
hotoexcitation and electron-transfer reactions in flavin-type
ompounds, LF has been used as a representative molecule. Sev-
ral studies on electronic excitation of LF have been published,
nvolving both experimental research [2,4,7–11] and theoretical
alculations [3,5–11]. Theoretical studies using configuration
nteraction-singles (CIS) [6], time-dependent density functional
heory (TDDFT) [6,8–10] and DFT-multireference (MR) CI [6]
ave been reported. These studies mainly focused on the exci-
ation spectrum. A complete active space self-consistent field
ethod with second-order perturbation theory (CASPT2) study
3] on the excited states of isoalloxazine has recently been
ublished. This study reported the ground-state absorption spec-
rum and the potential energy surface of the low-lying singlet

mailto:hiroshi@sbchem.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.01.033
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nd triplet states. Photochemical events in the gas phase was
nterpreted using a quantitative correlated method. Since LF
s a trimethyl-isoalloxazine, important problems regarding the
xcited states of LF in the gas phase might have been solved.
owever, these studies on LF failed to reproduce the excita-

ion energy for the second peak, and its maximum error reached
.5 eV [6]. One of the remaining problems is to clarify the rea-
on why the absorption energy of the second peak has never
een reproduced quantitatively, even though modern correlated
ethods have been employed. One of the main reasons is the

olvation effect on the excitation energy. In general, the absorp-
ion energy of the �–�* transition does not strongly depend on
he solvent. However, the second peak shifts by approximately
.4 eV by the solvation effect. The above-mentioned studies did
ot include the solvation effect in their computations.

In this study, we applied the symmetry-adapted cluster
SAC) [12]/SAC-configuration interaction (CI) [13–15] method
16,17]. The SAC/SAC-CI method is established as an accu-
ate electron-correlation method for studying ground, excited,
onized and electron-attached states. As numerous applications
ave shown, the SAC-CI method is a reliable tool for calcu-
ating the excitation energy and properties of excited states of

olecules[16,17]. In the present report, we first show SAC-
I results for the excited states of LF in the gas phase. The
ptimized structures are explained in some details for ground,
inglet, and triplet excited states at the SAC/SAC-CI level. Next
e investigated the solvation effect in the excited states. As a
revious experimental study showed [8], the excitation energy
f the second peak remarkably depends on the solvent, even
hough the absorption was assigned to a �–�* transition. We
pplied the polarizable continuum model (PCM) [18–20] to the
AC-CI calculations to capture the solvation effect. With these
alculations, we succeeded in explaining the solvent dependent
xcitation energy observed in the second peak.

. Computational details

The computational models for LF are shown in Fig. 1. The
solated model (Fig. 1a) was used for the gas-phase calculations.
he second model with five water molecules (Fig. 1b) was used
o investigate the effect of hydrogen bondings in water solution.
The geometry of LF in the gas phase was optimized by den-

ity functional theory (DFT) [21–23] using the B3LYP [24,25]
unctional. The structure of LF with five water molecules was

ig. 1. Computational models for (a) lumiflavin (LF) and (b) lumiflavin with
ve explicit water molecules directly solvating the charged atoms. The arrays in
a) show the definition of the angle (θ) of the transition dipole moment vector.
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lso optimized using DFT calculations. The optimized geome-
ries were confirmed to be the energy-minimum by performing
requency analysis. The optimized structure has Cs symme-
ry, which agrees with previous studies [3,26]. The 6-31G(d)
27,28] basis sets were used for both LF and water molecules.

e also performed geometry optimization for the ground (S0),
he first singlet (S1), and triplet (T1) excited states by using the
AC/SAC-CI method with D95V(d) basis functions [29]. We
erformed the SAC-CI optimization within the Cs symmetry. To
ate, the second derivative of the SAC-CI energy has not yet been
eveloped. We referred to recently published complete active
pace self-consistent field method (CASSCF) structures for the
1 and T1 states, which are found to be planar (Cs-symmetry)

n both cases [3].
The solvation effect in water solution was included using the

CM [18–20]. The dielectric constant of water (ε = 78.39) was
sed. For the model with five water molecules, the rest of the
olvation effect was treated using the PCM. The self-consistent
eaction field calculation was performed at the ground-state
artree-Fock (HF) level, and the orbitals and one-electron oper-

tors were transferred to the SAC/SAC-CI calculation.
For the SAC/SAC-CI calculations, we employed the D95V(d)

ets. The 1s orbitals of C, N, and O atoms were treated as
rozen-core orbitals. The active orbitals were comprised of
8 occupied orbitals and 223 virtual orbitals. All the single
nd selected double excitation operators were included in the
AC/SAC-CI wave functions. Perturbation selection [30] was
erformed to select the important doubles. The energy thresholds
or the perturbation selection procedure were 5.0 × 10−6 and
.0 × 10−7 a.u. for the ground and excited states, respectively.
he oscillator strengths reported in this paper were calculated

n dipole length representation. All computations were carried
ut using the Gaussian 03 quantum chemistry program package
31].

. Results and discussion

.1. Electronic excitation of lumiflavin in the gas phase

We begin with the electronic excitation spectrum for the
round state of LF in the gas phase. The SAC-CI results are
ummarized in Table 1. Unfortunately, there is no experimental
as-phase spectrum available for comparison. In solution, LF
hows the first band centered at 2.77–2.81 eV, depending on the
olvent [8]. On the low-energy side of the absorption peak, there
s also a strong shoulder at 2.6 eV. In the SAC-CI result, the first
inglet excited state (21A′) was calculated at 2.46 eV. There is
deviation of 0.14 eV from the shoulder and of 0.31–0.35 eV

rom the peak center. Since there is no other excited state in
his energy region of the spectrum, the 21A′ state is assigned
o the first band. The S1 state is characterized as a �–�* tran-
ition dominated by HOMO-LUMO transition. Fig. 2 shows
ome important MOs. Both HOMO and LUMO are delocal-

zed over the � skeleton of the ring. Using linear dichroism
LD) spectroscopy, the angle of the transition dipole moment in
MN [32,33] was measured. The definition of the angle (θ) is

ndicated in Fig. 1a. Johansson et al. [33] and Eaton et al. [32]
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eported θ = 58◦ ± 4◦ and 75◦, respectively. The present SAC-CI
esult is 72◦, which is very close to the CASPT2 result for isoal-
oxane (75◦) [3]. The theoretical results thus support the latter
xperiment.

There are two (n + �)–�* states around 3.2–3.6 eV. The 11A′′
nd 21A′′ states calculated at 3.18 and 3.59 eV are transi-
ions from HOMO-4 to LUMO and from HOMO-5 to LUMO,
espectively. The n + � orbitals HOMO-4 and HOMO-5 are char-
cterized as mixed � and lone-pair O (nO) and N (nN) orbitals.
OMO-4 has a relatively larger orbital amplitude at the nitrogen

toms, while that of HOMO-5 is at the oxygen atoms.
The second �–�* transition, the 31A′ state, is at 3.84 eV in

he SAC-CI result for the gas phase. The corresponding experi-
ental peak position ranges from 3.73 to 3.38 eV, depending

n the solvent [3]. The most non-polar and aprotic solvent
sed in the experiment was 1,4-dioxane. In this solution, the
eak was observed at 3.73 eV. The main configuration of the
tate is a transition from HOMO-1 to LUMO. As observed in
ig. 2d, HOMO-1 has a population around the left ring. Table 2
ummarizes the calculated dipole moments of the ground and
ow-lying �–�* states. The total dipole moment of the 31A′
tate is 13.2 Debye, which is greater than those of the ground
nd 21A′ states by 3.6 and 2.0 Debye, respectively. Compared to
he ground state, the Cartesian components μx and μy increase
y 1.8 and 3.3 Debye, respectively. This change is related to the
ain configuration of the state. Owing to the localized charac-

er of HOMO-1, the charger-transfer character of the 31A′ state
s greater than that of the 21A′ state. As mentioned later, this
roperty becomes important for interpreting the solvent depen-
ence of the absorption peak. The angle of the transition dipole
oment was calculated to be 85.0◦. The experimental values

btained by LD spectroscopy were 97◦ ± 3◦ by Johansson et
l. [33] and 95◦ by Eaton et al. [32], which are in reasonable
greement with the present value and the CASPT2 result [3]
100◦).

For the third and fourth �–�* transitions, the 41A′ and 51A′
tates were calculated at 4.55 and 4.86 eV, respectively, in the
resent SAC-CI result. The main configurations of the 41A′ and
1A′ states are transitions from HOMO to LUMO+1 and from
OMO to LUMO+2, respectively. In the experimental spec-

rum, there is a broad absorption peak centered at approximately
.5 eV. Considering the absorption coefficient in the experimen-

1 ′ 1 ′
al spectrum, both the 4 A and 5 A states would contribute to
his absorption. The angle of the transition dipole moment cal-
ulated is 108.0◦ and 125.0◦ for these states, respectively. On
he other hand, the experimental value for the peak is 119◦ ± 2◦

able 2
ipole moment of ground, 21A′ and 31A′ states in the gas phase calculated by

he SAC-CI method

tate Dipole moment (Debye)

μx μy μz μtot

1A′ (ground state) 3.0 9.1 0.0 9.6
1A′ (HOMO → LUMO) 2.6 10.9 0.0 11.2
1A′ (HOMO-1 → LUMO) 4.8 12.4 0.0 13.3

efinitions of the x- and y-axes are indicated in Fig. 1a.
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Fig. 2. Hartree-Fock molecular orbitals of lumiflavin in the gas phase. These orbitals are relevant to the low-lying excited states: (a) 60th MO (n+�, HOMO-7);
( , HO
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b) 62th MO (n+�, HOMO-5); (c) 63th MO (n+�, HOMO-4); (d) 66th MO (�
UMO+1); (h) 70th MO (�, LUMO+2).

33]. Therefore, the angle averaged for the two states is close to
he experimental value.

.2. Structure of LF in the lowest singlet and triplet excited
tates (S1 and T1)

The structures of LF in the S1 (21A′) and T1 (13A′) states in
he gas phase were determined by the SAC-CI method. The opti-

ized bond lengths are summarized in Fig. 3. The result for the
round state (S0) is also shown in Fig. 3a. Both states were char-
cterized as a HOMO (�) to LUMO (�*) transition. As shown
n Fig. 3, the transitions cause no significant change in the bond
engths. The maximum change is at most 0.05 Å, observed for
he C8 C9, C4 C5, and C4 C7 bonds. The reason can be found
n the nature of the HOMO and LUMO. There is no clear bond-
ng to anti-bonding transition in the HOMO–LUMO excited
tate. The transition is mostly from the bonding to non-bonding
rbitals and from the anti-bonding to non-bonding orbitals. The
hanges in the bond lengths reflect the character of the HOMO
nd LUMO. For example, the C4 C5 bond has bonding char-
cter in the HOMO, while it changes to non-bonding in the
UMO. The C4 C5 bond lengthens in the first excited state. The
8 C11 bond shortens in both the S1 and T1 states, because the
UMO shows bonding character for the C8 C11 bond, which

s stronger than that of the HOMO.

.3. Solvation effect on the excitation energy of the singlet
tates

The present gas-phase result shows reasonable agreement to
he experimental absorption energy in 1,4-dioxane solution [8],
hich is the most non-polar and aprotic solvent of those used

n experiments. Since previous theoretical studies were on the
xcited states of LF in the gas phase [3,6,8,9,11], one of the

roblems to be solved is the absorption energy in polar and
rotic solution. In particular, the absorption energy of the second
eak strongly depends on the solvent, even though it is a �–�*
xcitation. As shown in Table 1, the absorption energy in 1,4-

o
0
t
o

MO-1); (e) 67th MO (�, HOMO); (f) 68th MO (�, LUMO); (g) 69th MO (�,

ioxane is 3.73 eV, while that in water solution is 3.38–3.35 eV.
n the other hand, other absorption peaks are almost insensitive

o the solvent.
Considering the properties of the solvents, there are two

easons for the red shift. The first is the dielectric polariza-
ion of the solvent due to the charge distribution of the solute.
able 1 also shows the dielectric constant of the solvent. The
agnitude of the red shift tends to be greater if the dielectric

onstant of the solvent is larger. The second reason is hydro-
en bonding between LF and the solvent. In protic solvents
s H2O and MeOH, the absorption maximum shifts to lower
nergy.

We estimated the absorption energy in water solution as
ollows. In the first step, we performed the SAC-CI calculation
sing PCM. In the next step, the effects of the explicit solvent
olecules were estimated using an ONIOM [34] -like approach.
or this purpose, two types of CIS calculations were performed:
ne with PCM and the other with five explicit water molecules
Fig. 1b) and PCM. The change in excitation energy accounts
or the correction introduced by the explicit solvent molecules,
nd is used as an energy correction to the SAC-CI + PCM exci-
ation energy. The PCM calculation correctly reproduced the
olvation effect in the �–�* transition. The explicit water model
as therefore expected to improve the description of the n–�*

ransitions in water solution. The water molecules were placed
t the protic part of LF, where the hydrogen bondings take place.
he rest of the solvation effect was taken into account by PCM.
o reduce the computing time and resources, the structure of the
F-water complex was kept to Cs symmetry. Since the hydrogen
onding effect is mainly electrostatic [35], this approximated
odel would be qualitatively correct enough to describe hydro-

en bonding to the lone-pair electrons of the O and N atoms
n LF.

The results are summarized in Table 1. The excitation energy

f the 31A′ state changes to 3.54 eV, which is a red shift of
.30 eV compared to the gas-phase result. The deviation from
he experimental peak position changes to 0.16–0.19 eV. On the
ther hand, the solvation effect on the 21A′ state was estimated
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Fig. 3. SAC/SAC-CI optimized structures of S0 (singlet ground), S1 (singlet
first excited) and T1 (triplet first excited) states of lumiflavin. Compared to
the S0 state, longer and shorter bonds are shown in blue and red, respectively.
Bond-length deviations greater than 0.03 Å are shown in bold face.
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Table 3
Solvent effect to the excitation energy calculated by CI-Singles with several solvation

State Gas phase Five water molecules (W) W plus PCM (W + P)

Eex(G) Eex(W) Eex(W) − Eex(G) Eex(W + P) Eex(W

�–�* transitions
21A′ 4.29 4.23 −0.06 4.14 −0.09
31A′ 5.14 5.02 −0.12 4.90 −0.12
41A′ 6.04 5.98 −0.06 5.93 −0.05
51A′ 6.66 6.64 −0.02 6.61 −0.03

n–�* transitions
11A′′ 4.71 4.69 −0.02 4.77 0.08
21A′′ 5.71 5.88 0.17 6.10 0.22
Photobiology A: Chemistry 189 (2007) 205–210 209

o be a red shift of only 0.06 eV, which agrees with the trend
n the experiment [8]. The 41A′ and 51A′ states also show only
mall solvatochromism.

The solvation effects in the n–�* transitions tend to be greater
han that in the �–�* transitions. The excitation energies of the
1A′′ and 21A′′ states in water solution were estimated to be
.28 and 4.05 eV, respectively. These results involve a blue shift
f 0.10 and 0.46 eV, respectively, compared to the gas-phase
esult. In particular, the 21A′′ state showed marked blue shift.
ne reason is in the orbital distribution of the 62th MO. The
ave function of the 21A′′ state is one electron transition from
2th MO to 68th MO. As clearly seen in Fig. 2, the 62th MO
istributes over the right hand of the molecule. On the other
and, the 31A′ state shows red shift in water solution and is
ne electron transition from 66th MO. The distribution of the
6th MO is in the left side of LF. Since direction of the dipole
oments of the two states were opposite, the solvatochromic

hift of the 21A′′ state is also opposite to that of the 31A′ state.
To qualitatively analyze the solvatochromic shift, we per-

ormed a series of CI-Singles calculations using different
nvironments. First, the shift due to direct hydrogen bonding
as estimated by the excitation energy difference between the

xplicit solvation model (W) and the gas phase model (G),
hich are listed in the “Eex(W) − Eex(G)” column in Table 3.
econd, the dielectric polarization effect of the solvent was
stimated by the excitation energy difference between the W
lus PCM model and the W model, which are summarized in
he “Eex(W + P) − Eex(W)” column. The total solvatochromism
hift, Eex(W + P) − Eex(G), is also listed.

As shown in Table 3, the explicit solvation effect and the
ielectric polarization of the solution contribute almost equally
o the total solvatochromic shift in the 31A′ state. This result
ould be interpreted in terms of the MO populations. The 31A′
tate arises from a transition from HOMO-1 to LUMO. HOMO-
has a population localized in the left ring. Consequently, the

ipole moment of the state increases more than those of the
round and the 21A′ states, as shown in Table 2. This increase
n the solute dipole causes dielectric stabilization of the solvent.
n HOMO-1, there is little amplitude in the N14 and O16 atoms,

hich are supposed to be the hydrogen bond acceptors. Since
egative charges on the N14 and O16 atoms increase upon exci-
ation, direct hydrogen bonds contribute to the red shift of the
xcitation energy.

models

Total PCM only

+ P) − Eex(W) Eex(W + P) − Eex(G) Eex(P) Eex(W + P) − Eex(P)

−0.15 4.16 −0.02
−0.24 4.92 −0.02
−0.11 5.94 −0.01
−0.05 6.62 −0.01

0.06 4.87 −0.10
0.39 6.17 −0.07
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In the excited states of LF, direct hydrogen bonds and
ielectric polarization of solution contribute equally to the
otal solvatochromic shift. Therefore, both the explicit solvating

olecules and PCM are necessary to quantitatively describe the
olvation effect of water. If we only use PCM (“P” in Table 3), the
esult for the �–�* state is very close to that for the W + P model.
n the PCM model, charges relevant to the electron density of
he solute are generated on the surface of the cavity [18]. These
urface charges might help the PCM to describe the microscopic
olvation effect. However, this P model gives deviations of 0.10
nd 0.07 eV in the n–�* states.

. Conclusion

The excited states of LF were studied by the SAC-CI method.
onsidering the solvation effect on the absorption peaks, we
btained theoretical assignment for the experimental absorption
eaks below 5 eV. Transition energies of two n–�* states were
alculated at 3.3 and 4.1 eV. The molecular structures of the
rst singlet and triplet excited states were optimized using the
AC-CI method. The structural changes observed upon transi-

ions were at most 0.05 Å. The solvation effect on the absorption
nergy was investigated by PCM and by including explicit water
olecules. The characteristic solvatochromism observed for the

econd �–�* transition was analyzed. Both direct hydrogen
onding and dielectric polarization effects are responsible for the
ed shift in the 31A′ state. Both effects were equally important in
ll the states investigated. If the solvation effect is described only
y the PCM (P model), the absorption energies calculated for
–�* states were very close to those obtained with the PCM plus
xplicit water molecules model (the W + P model). However,
n the case of the n–�* states, the results were overestimated
y 0.07–0.10 eV. This indicates that the results would be more
eliable to include hydrogen bonding effect in addition to the
CM.
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