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Abstract

The excited states of a flavin-related compound, lumiflavin, were studied by the symmetry-adapted cluster (SAC)-configuration interaction (CI)
method. The absorption peaks observed in the experimental spectrum were theoretically assigned. Transition energy of some low-lying n—m* states
were obtained. The energy minimum structures of the first singlet and triplet excited states were calculated by the SAC-CI method. The structural
changes upon excitation were at most 0.05 A. The solvation effect on the absorption energy in aqueous solution was investigated using polarizable
continuum model (PCM) and by including water molecules into the computational model. The solvatochromic shift of the second peak (3' A’ state)
originates from both microscopic (hydrogen bonding) and macroscopic (electronic polarization of solvent) solvation effects.

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

Flavins are well-known redox-active chromophores that are
widely found in enzymes and photoreceptors [1]. These com-
pounds contain a heterocyclic isoalloxazine ring (7,8-dimethyl
benzo[g]pteridine-2,4(3H,10H)-dione) that exhibits electron-
transfer capability. Riboflavin is found in various types of foods
in the human diet. A lack of riboflavin causes growth distur-
bance, skin disease, and hair loss. Flavin adenine dinucleotide
(FAD) works as a redox-active light-harvesting chromophore
in DNA photolyase, blue-light-using FAD (BLUF), and cryp-
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tochrome. Flavin mononucleotide (FMN) exhibits redox-active
properties in respiratory complex I in mitochondria and other
electron-transfer systems. FMN also functions as a blue light
photoreceptor in phototropin.

Since flavins play important roles in a very wide range of
biological processes in which both ground and excited states of
theses molecules are involved, their photophysical and photo-
chemical properties have been studied from various points of
view [2—11]. Lumiflavin (LF), which is shown in Fig. 1a, is one
of the simplest flavin compounds. In ongoing efforts to study
photoexcitation and electron-transfer reactions in flavin-type
compounds, LF has been used as a representative molecule. Sev-
eral studies on electronic excitation of LF have been published,
involving both experimental research [2,4,7—11] and theoretical
calculations [3,5-11]. Theoretical studies using configuration
interaction-singles (CIS) [6], time-dependent density functional
theory (TDDFT) [6,8—10] and DFT-multireference (MR) CI [6]
have been reported. These studies mainly focused on the exci-
tation spectrum. A complete active space self-consistent field
method with second-order perturbation theory (CASPT?2) study
[3] on the excited states of isoalloxazine has recently been
published. This study reported the ground-state absorption spec-
trum and the potential energy surface of the low-lying singlet
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and triplet states. Photochemical events in the gas phase was
interpreted using a quantitative correlated method. Since LF
is a trimethyl-isoalloxazine, important problems regarding the
excited states of LF in the gas phase might have been solved.
However, these studies on LF failed to reproduce the excita-
tion energy for the second peak, and its maximum error reached
0.5eV [6]. One of the remaining problems is to clarify the rea-
son why the absorption energy of the second peak has never
been reproduced quantitatively, even though modern correlated
methods have been employed. One of the main reasons is the
solvation effect on the excitation energy. In general, the absorp-
tion energy of the m—m* transition does not strongly depend on
the solvent. However, the second peak shifts by approximately
0.4 eV by the solvation effect. The above-mentioned studies did
not 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-
rate electron-correlation method for studying ground, excited,
ionized and electron-attached states. As numerous applications
have shown, the SAC-CI method is a reliable tool for calcu-
lating the excitation energy and properties of excited states of
molecules[16,17]. In the present report, we first show SAC-
CI results for the excited states of LF in the gas phase. The
optimized structures are explained in some details for ground,
singlet, and triplet excited states at the SAC/SAC-CI level. Next
we investigated the solvation effect in the excited states. As a
previous experimental study showed [8], the excitation energy
of the second peak remarkably depends on the solvent, even
though the absorption was assigned to a m—m* transition. We
applied the polarizable continuum model (PCM) [18-20] to the
SAC-CI calculations to capture the solvation effect. With these
calculations, we succeeded in explaining the solvent dependent
excitation energy observed in the second peak.

2. Computational details

The computational models for LF are shown in Fig. 1. The
isolated model (Fig. 1a) was used for the gas-phase calculations.
The second model with five water molecules (Fig. 1b) was used
to investigate the effect of hydrogen bondings in water solution.

The geometry of LF in the gas phase was optimized by den-
sity functional theory (DFT) [21-23] using the B3LYP [24,25]
functional. The structure of LF with five water molecules was

(a) Lumiflavin (LF) y: (b) LF with 5 water molecules
2 ¢

4 S

Fig. 1. Computational models for (a) lumiflavin (LF) and (b) lumiflavin with
five explicit water molecules directly solvating the charged atoms. The arrays in
(a) show the definition of the angle (6) of the transition dipole moment vector.

also optimized using DFT calculations. The optimized geome-
tries were confirmed to be the energy-minimum by performing
frequency analysis. The optimized structure has Cs symme-
try, which agrees with previous studies [3,26]. The 6-31G(d)
[27,28] basis sets were used for both LF and water molecules.
We also performed geometry optimization for the ground (Sy),
the first singlet (S1), and triplet (T;) excited states by using the
SAC/SAC-CI method with D95V(d) basis functions [29]. We
performed the SAC-CI optimization within the Cs symmetry. To
date, the second derivative of the SAC-CI energy has not yet been
developed. We referred to recently published complete active
space self-consistent field method (CASSCF) structures for the
S1 and T states, which are found to be planar (Cs-symmetry)
in both cases [3].

The solvation effect in water solution was included using the
PCM [18-20]. The dielectric constant of water (¢ =78.39) was
used. For the model with five water molecules, the rest of the
solvation effect was treated using the PCM. The self-consistent
reaction field calculation was performed at the ground-state
Hartree-Fock (HF) level, and the orbitals and one-electron oper-
ators were transferred to the SAC/SAC-CI calculation.

For the SAC/SAC-ClI calculations, we employed the D95V (d)
sets. The 1s orbitals of C, N, and O atoms were treated as
frozen-core orbitals. The active orbitals were comprised of
48 occupied orbitals and 223 virtual orbitals. All the single
and selected double excitation operators were included in the
SAC/SAC-CI wave functions. Perturbation selection [30] was
performed to select the important doubles. The energy thresholds
for the perturbation selection procedure were 5.0 x 10~® and
5.0 x 1077 a.u. for the ground and excited states, respectively.
The oscillator strengths reported in this paper were calculated
in dipole length representation. All computations were carried
out using the Gaussian 03 quantum chemistry program package
[31].

3. Results and discussion
3.1. Electronic excitation of lumiflavin in the gas phase

We begin with the electronic excitation spectrum for the
ground state of LF in the gas phase. The SAC-CI results are
summarized in Table 1. Unfortunately, there is no experimental
gas-phase spectrum available for comparison. In solution, LF
shows the first band centered at 2.77-2.81 eV, depending on the
solvent [8]. On the low-energy side of the absorption peak, there
is also a strong shoulder at 2.6 eV. In the SAC-CI result, the first
singlet excited state (2' A’) was calculated at 2.46 eV. There is
a deviation of 0.14 eV from the shoulder and of 0.31-0.35eV
from the peak center. Since there is no other excited state in
this energy region of the spectrum, the 2' A’ state is assigned
to the first band. The S; state is characterized as a m—m™* tran-
sition dominated by HOMO-LUMO transition. Fig. 2 shows
some important MOs. Both HOMO and LUMO are delocal-
ized over the m skeleton of the ring. Using linear dichroism
(LD) spectroscopy, the angle of the transition dipole moment in
FMN [32,33] was measured. The definition of the angle (0) is
indicated in Fig. 1a. Johansson et al. [33] and Eaton et al. [32]



Table 1

Excited states of lumiflavin calculated by the SAC-CI method

Exptl.

SAC-CI

State

LD

0(°)

a
Eex

LD

0(°)

Main configuration Ec (Osc.)?

Nature

=78.39

inH,O' ¢

=36.64

in AcN" ¢

32.63

in MeOHE ¢

=10.36

in DCE! ¢

4.03

in Dx¢ ¢

In water solution

PCM

In gas phase

5H,01
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2 Excitation energy in eV. Numbers in parentheses are the oscillator strength in atomic units.

b Angle of the transition dipole moment from LD data. The definition of the angle is shown in Fig. 1a.

¢ Experimental absorption energy. The data (x/y) for the 2' A’ state denotes that the strong shoulder is at “x” eV and the peak maximum at “y” eV.

4 Effect of the explicit hydrogen bonds using the 5H,O model was taken into account. Correction to the SAC-CI excitation energy was obtained by the ONIOM like procedure at CIS level.

¢ In 1,4-dioxane solution.

f In dichloroethane solution.
£ In methanol solution.

b In acetonitrile solution.

! In water solution.

J Ref. [8].
k Ref. [6].

I Ref. [10].

reported 6 = 58° & 4° and 75°, respectively. The present SAC-CI
result is 72°, which is very close to the CASPT?2 result for isoal-
loxane (75°) [3]. The theoretical results thus support the latter
experiment.

There are two (n + o)—7* states around 3.2-3.6 eV. The 1! A”
and 2'A” states calculated at 3.18 and 3.59eV are transi-
tions from HOMO-4 to LUMO and from HOMO-5 to LUMO,
respectively. The n + o orbitals HOMO-4 and HOMO-5 are char-
acterized as mixed o and lone-pair O (np) and N (ny) orbitals.
HOMO-4 has a relatively larger orbital amplitude at the nitrogen
atoms, while that of HOMO-5 is at the oxygen atoms.

The second w—r* transition, the 31 A’ state, is at 3.84 eV in
the SAC-CI result for the gas phase. The corresponding experi-
mental peak position ranges from 3.73 to 3.38 eV, depending
on the solvent [3]. The most non-polar and aprotic solvent
used in the experiment was 1,4-dioxane. In this solution, the
peak was observed at 3.73 eV. The main configuration of the
state is a transition from HOMO-1 to LUMO. As observed in
Fig. 2d, HOMO-1 has a population around the left ring. Table 2
summarizes the calculated dipole moments of the ground and
low-lying m—m* states. The total dipole moment of the 3'A’
state is 13.2 Debye, which is greater than those of the ground
and 2! A’ states by 3.6 and 2.0 Debye, respectively. Compared to
the ground state, the Cartesian components 1, and py increase
by 1.8 and 3.3 Debye, respectively. This change is related to the
main configuration of the state. Owing to the localized charac-
ter of HOMO-1, the charger-transfer character of the 31A/ state
is greater than that of the 2! A’ state. As mentioned later, this
property becomes important for interpreting the solvent depen-
dence of the absorption peak. The angle of the transition dipole
moment was calculated to be 85.0°. The experimental values
obtained by LD spectroscopy were 97° £ 3° by Johansson et
al. [33] and 95° by Eaton et al. [32], which are in reasonable
agreement with the present value and the CASPT?2 result [3]
(100°).

For the third and fourth —* transitions, the 4! A’ and 5' A’
states were calculated at 4.55 and 4.86 eV, respectively, in the
present SAC-CI result. The main configurations of the 4' A’ and
5'A’ states are transitions from HOMO to LUMO+1 and from
HOMO to LUMO+2, respectively. In the experimental spec-
trum, there is a broad absorption peak centered at approximately
4.5 eV. Considering the absorption coefficient in the experimen-
tal spectrum, both the 4' A’ and 5' A’ states would contribute to
this absorption. The angle of the transition dipole moment cal-
culated is 108.0° and 125.0° for these states, respectively. On
the other hand, the experimental value for the peak is 119° 4= 2°

Table 2
Dipole moment of ground, 2! A’ and 3' A’ states in the gas phase calculated by
the SAC-CI method

State Dipole moment (Debye)

Hx My Mz Mot
X! A’ (ground state) 3.0 9.1 0.0 9.6
2!'A’ (HOMO — LUMO) 2.6 10.9 0.0 11.2
3'A’ (HOMO-1 — LUMO) 4.8 124 0.0 133

Definitions of the x- and y-axes are indicated in Fig. la.
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(d)

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+o, HOMO-7);
(b) 62th MO (n+0, HOMO-5); (c) 63th MO (n+o, HOMO-4); (d) 66th MO (m, HOMO-1); (e) 67th MO (7, HOMO); (f) 68th MO (1, LUMO); (g) 69th MO (,

LUMO+1); (h) 70th MO (, LUMO+2).

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

3.2. Structure of LF in the lowest singlet and triplet excited
states (S; and Ty)

The structures of LF in the S; (2'A’) and T (13A’) states in
the gas phase were determined by the SAC-CI method. The opti-
mized bond lengths are summarized in Fig. 3. The result for the
ground state (Sp) is also shown in Fig. 3a. Both states were char-
acterized as a HOMO () to LUMO (7*) transition. As shown
in Fig. 3, the transitions cause no significant change in the bond
lengths. The maximum change is at most 0.05 A, observed for
the C8—C9, C4—CS5, and C4—C7 bonds. The reason can be found
in the nature of the HOMO and LUMO. There is no clear bond-
ing to anti-bonding transition in the HOMO-LUMO excited
state. The transition is mostly from the bonding to non-bonding
orbitals and from the anti-bonding to non-bonding orbitals. The
changes in the bond lengths reflect the character of the HOMO
and LUMO. For example, the C4—C5 bond has bonding char-
acter in the HOMO, while it changes to non-bonding in the
LUMO. The C4—C5 bond lengthens in the first excited state. The
C8—C11 bond shortens in both the S; and T states, because the
LUMO shows bonding character for the C§8—C11 bond, which
is stronger than that of the HOMO.

3.3. Solvation effect on the excitation energy of the singlet
states

The present gas-phase result shows reasonable agreement to
the experimental absorption energy in 1,4-dioxane solution [8],
which is the most non-polar and aprotic solvent of those used
in experiments. Since previous theoretical studies were on the
excited states of LF in the gas phase [3,6,8,9,11], one of the
problems to be solved is the absorption energy in polar and
protic solution. In particular, the absorption energy of the second
peak strongly depends on the solvent, even though it is a m—m*
excitation. As shown in Table 1, the absorption energy in 1,4-

dioxane is 3.73 eV, while that in water solution is 3.38-3.35eV.
On the other hand, other absorption peaks are almost insensitive
to the solvent.

Considering the properties of the solvents, there are two
reasons for the red shift. The first is the dielectric polariza-
tion of the solvent due to the charge distribution of the solute.
Table 1 also shows the dielectric constant of the solvent. The
magnitude of the red shift tends to be greater if the dielectric
constant of the solvent is larger. The second reason is hydro-
gen bonding between LF and the solvent. In protic solvents
as H,O and MeOH, the absorption maximum shifts to lower
energy.

We estimated the absorption energy in water solution as
follows. In the first step, we performed the SAC-CI calculation
using PCM. In the next step, the effects of the explicit solvent
molecules were estimated using an ONIOM [34] -like approach.
For this purpose, two types of CIS calculations were performed:
one with PCM and the other with five explicit water molecules
(Fig. 1b) and PCM. The change in excitation energy accounts
for the correction introduced by the explicit solvent molecules,
and is used as an energy correction to the SAC-CI + PCM exci-
tation energy. The PCM calculation correctly reproduced the
solvation effect in the m—m* transition. The explicit water model
was therefore expected to improve the description of the n—m*
transitions in water solution. The water molecules were placed
at the protic part of LF, where the hydrogen bondings take place.
The rest of the solvation effect was taken into account by PCM.
To reduce the computing time and resources, the structure of the
LF-water complex was kept to Cg symmetry. Since the hydrogen
bonding effect is mainly electrostatic [35], this approximated
model would be qualitatively correct enough to describe hydro-
gen bonding to the lone-pair electrons of the O and N atoms
in LF.

The results are summarized in Table 1. The excitation energy
of the 3'A’ state changes to 3.54 eV, which is a red shift of
0.30eV compared to the gas-phase result. The deviation from
the experimental peak position changes to 0.16-0.19 eV. On the
other hand, the solvation effect on the 2! A’ state was estimated
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Fig. 3. SAC/SAC-CI optimized structures of Sy (singlet ground), S; (singlet
first excited) and T; (triplet first excited) states of lumiflavin. Compared to
the Sy state, longer and shorter bonds are shown in blue and red, respectively.
Bond-length deviations greater than 0.03 A are shown in bold face.
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to be a red shift of only 0.06 eV, which agrees with the trend
in the experiment [8]. The 4! A’ and 5' A’ states also show only
small solvatochromism.

The solvation effects in the n—* transitions tend to be greater
than that in the m—m* transitions. The excitation energies of the
1'A” and 2'A” states in water solution were estimated to be
3.28 and 4.05 eV, respectively. These results involve a blue shift
of 0.10 and 0.46 eV, respectively, compared to the gas-phase
result. In particular, the 2! A” state showed marked blue shift.
One reason is in the orbital distribution of the 62th MO. The
wave function of the 2! A” state is one electron transition from
62th MO to 68th MO. As clearly seen in Fig. 2, the 62th MO
distributes over the right hand of the molecule. On the other
hand, the 3'A’ state shows red shift in water solution and is
one electron transition from 66th MO. The distribution of the
66th MO is in the left side of LF. Since direction of the dipole
moments of the two states were opposite, the solvatochromic
shift of the 2! A” state is also opposite to that of the 3' A’ state.

To qualitatively analyze the solvatochromic shift, we per-
formed a series of CI-Singles calculations using different
environments. First, the shift due to direct hydrogen bonding
was estimated by the excitation energy difference between the
explicit solvation model (W) and the gas phase model (G),
which are listed in the “E¢x(W) — Eex(G)” column in Table 3.
Second, the dielectric polarization effect of the solvent was
estimated by the excitation energy difference between the W
plus PCM model and the W model, which are summarized in
the “Eex(W +P) — Eox(W)” column. The total solvatochromism
shift, Ecx(W + P) — Eex(G), is also listed.

As shown in Table 3, the explicit solvation effect and the
dielectric polarization of the solution contribute almost equally
to the total solvatochromic shift in the 3' A’ state. This result
could be interpreted in terms of the MO populations. The 3'A’
state arises from a transition from HOMO-1 to LUMO. HOMO-
1 has a population localized in the left ring. Consequently, the
dipole moment of the state increases more than those of the
ground and the 21 A’ states, as shown in Table 2. This increase
in the solute dipole causes dielectric stabilization of the solvent.
In HOMO-1, there is little amplitude in the N14 and O16 atoms,
which are supposed to be the hydrogen bond acceptors. Since
negative charges on the N14 and O16 atoms increase upon exci-
tation, direct hydrogen bonds contribute to the red shift of the
excitation energy.

Table 3
Solvent effect to the excitation energy calculated by CI-Singles with several solvation models
State Gas phase Five water molecules (W) W plus PCM (W +P) Total PCM only

Eex (G) Eex (W) Eex (W) - Eex(G) Eex (W + P) Eex(w + P) - Eex (W) Eex (W + P) - EEX(G) Eex (P) Eex (W + P) - Eex(P)
—* transitions
21N/ 4.29 4.23 —0.06 4.14 —-0.09 —0.15 4.16 —0.02
31A 5.14 5.02 —0.12 4.90 —0.12 —0.24 4.92 —0.02
41N 6.04 5.98 —0.06 5.93 —0.05 —0.11 5.94 —0.01
51A/ 6.66 6.64 —0.02 6.61 —0.03 —0.05 6.62 —-0.01
n—r’* transitions
1A 471 4.69 —0.02 4.77 0.08 0.06 4.87 —0.10
21A7 5.71 5.88 0.17 6.10 0.22 0.39 6.17 —0.07
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In the excited states of LF, direct hydrogen bonds and
dielectric polarization of solution contribute equally to the
total solvatochromic shift. Therefore, both the explicit solvating
molecules and PCM are necessary to quantitatively describe the
solvation effect of water. If we only use PCM (“P” in Table 3), the
result for the w—m* state is very close to that for the W + P model.
In the PCM model, charges relevant to the electron density of
the solute are generated on the surface of the cavity [18]. These
surface charges might help the PCM to describe the microscopic
solvation effect. However, this P model gives deviations of 0.10
and 0.07 eV in the n—7* states.

4. Conclusion

The excited states of LF were studied by the SAC-CI method.
Considering the solvation effect on the absorption peaks, we
obtained theoretical assignment for the experimental absorption
peaks below 5 eV. Transition energies of two n—m* states were
calculated at 3.3 and 4.1eV. The molecular structures of the
first singlet and triplet excited states were optimized using the
SAC-CI method. The structural changes observed upon transi-
tions were at most 0.05 A. The solvation effect on the absorption
energy was investigated by PCM and by including explicit water
molecules. The characteristic solvatochromism observed for the
second m—1* transition was analyzed. Both direct hydrogen
bonding and dielectric polarization effects are responsible for the
red shift in the 3' A’ state. Both effects were equally important in
all the states investigated. If the solvation effect is described only
by the PCM (P model), the absorption energies calculated for
m—* states were very close to those obtained with the PCM plus
explicit water molecules model (the W + P model). However,
in the case of the n—* states, the results were overestimated
by 0.07-0.10eV. This indicates that the results would be more
reliable to include hydrogen bonding effect in addition to the
PCM.
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