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Photophysical Properties of Structurally and Electronically Modified Flavin Derivatives
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Four different riboflavin (RF) derivatives, two electronically modified compounds (1- and 5-deazariboflavin,
1DRF and SDRF) and two sterically modified compounds (7,8-didemethyl- and 8-isopropylriboflavin, DMRF
and iprRF), were subjected to a combination of time-resolved measurements (absorption and fluorescence)
and high-level quantum chemical investigations. Both alkyl-modified flavins showed similar fluorescence
properties as the parent compound, yet SDRF had a larger quantum yield of fluorescence (Pr = 0.52) than
RF (®r = 0.27). Interestingly, 1DRF did not show fluorescence at all under these steady state conditions.
The triplet quantum yield was different for the modified flavins such that no triplet formation was found for
1DRF, whereas the other compounds all formed triplet states (P1g for SDRF of 0.64 and 0.50 and 0.23 for
iprRF and DMREF, respectively). The triplet states of the two alkyl-modified flavins decayed with similar
time constants as the parent compound, whereas a shorter lifetime was measured for SDRF (ttr = 15 us,
compared to Trr = 29 us for RF). In the calculations, the flavin derivatives were modeled as lumiflavins, that
is, without the ribityl chain. We conclude that for aqueous solutions of DMREF, iprRF, and SDRF intersystem
crossing (ISC) takes place from the S; '(;z*) to the T, 3(;tr*) state by a vibronic spin—orbit coupling
mechanism, a process common to most flavins, whereas ISC is slow in excited 1DRF due to the absence of

a close-by triplet state.

Introduction

Flavins are widely found in nature as cofactors of many
enzymes in which their versatile redox properties make them
available for various roles.! In addition, there is an increasing
interest in their photochemical properties since their discovery
as chromophores in blue-light sensing photoreceptors.? Different
light-induced reaction pathways of flavins (riboflavin RF, flavin
mononucleotide FMN, and flavin adenine nucleotide FAD,
Figure 1) in the various photosensory pigments have been
detected (covalent bond formation, stable radical formation,
hydrogen bond rearrangements, and electron transfer reactions)?
and, in fact, many research activities of both experimental and
theoretical groups have been triggered by these discoveries.* 2!
However, in order to unravel those light-induced reactions (e.g.,
the formation of the reactive triplet species of FMN in the light,
oxygen, and voltage (LOV) domains of phototropin), a detailed
knowledge of the electronic structure as well as the competing
dissipation mechanisms is of particular importance.

We recently reported the improved chemical synthesis of two
deaza-compounds (1- and 5-deazariboflavin, 1DRF and SDRF)
and two sterically modified compounds (7,8-didemethyl- and
8-isopropylriboflavin, DMRF and iprRF; for modifications, see
Figure 1) in combination with the determination of their first
absorption maxima and midpoint potentials.?> With respect to
their potential role as cofactors in photosensitive pigments, the
energy dissipation processes of these flavin derivatives are of
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Figure 1. Chemical structure and labeling of flavins. R = CHs,
lumiflavin; R = ribityl, riboflavin; R = ribityl-5"-phosphate, FMN, flavin
mononucleotide; R = ribityl-(9-adenosyl)-pyrophosphate, FAD, flavin
adenine dinucleotide.

utter interest. We already could demonstrate that triplet genera-
tion in flavins follows different reaction mechanisms in gas
phase and in solution.” With a combination of experiment and
theory, the spectroscopic properties of these compounds are
investigated in this report. Hereby, we take a special interest in
the mechanism of the triplet state generation.

Experimental and Computational Details

Experimental Setup. The chemical synthesis and electro-
chemical properties of the flavin derivatives investigated here
have recently been reported.?? Fluorescence spectra of the water
solutions of the flavin derivatives were recorded with a Cary
Eclipse spectrometer (Varian, Palo Alto, USA) at an absorbance
of A = 0.145 (DMREF, iprRF), and of A = 0.0775 (5DRF) at
their respective absorption maximum. The same solutions were
used for determination of the fluorescence lifetimes in a FL920
spectrometer (Edinburgh Instruments, UK). Triplet quantum
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yields @1, of the flavin derivatives were determined by
comparison to the known triplet quantum yield of RF. For the
latter, the literature value of ®r, = 0.6 was used as reference.?’

Transient absorbance changes after nanosecond-laser flash
excitation were recorded using a LFPI111 from Luzchem,
Ontario, Canada. Excitation was from a Nd:YAG driven tunable
OPO laser (Nd:YAG, Innolas, Garching, Germany; OPO, GWU
Lasertechnik, Erftstadt, Germany). The experiments were
performed in the linear laser energy dependence region of the
transient absorbance changes. The flavin derivatives were
dissolved in tridistilled water (A = 0.2), and the solutions were
bubbled with nitrogen for 30 min prior to use. Samples were
excited at A = 422 nm (5DRF) and at A = 432 nm (DMRF and
iprRF). For both wavelengths, a riboflavin sample with matching
absorbance was used as reference. Data analysis was performed
with the Origin software.

Computational Details. For the details of the geometry
optimizations and the calculation of harmonic vibrational
frequencies ((TD)DFT/TZVP) as well as the determination of
excitation energies, dipole moments, and oscillator strengths of
dipole-allowed transitions (DFT/MRCI/TZVP) we refer to
earlier work.’

Theoretical radiative decay rates were obtained according to
eq 1

2
k., = %(Ei — BRI (1
3c’h ’

Expressing kg in units of ™', AE in cm™" and ue = {f|ri)
in atomic units (eay), the numerical prefactor becomes 2.0261
x 1075, If li) is chosen to be the wave function of the S; state,
here determined at the DFT/MRCI level, and {fl is the corre-
sponding ground state wave function, then k.4 represents the
fluorescence rate kg of the compound. Equation 1 can also be
used to evaluate the rates of spin-forbidden radiative transitions.
In this case, spin—orbit mixed wave functions of the initial and
final states, obtained here via MRSOCI,* have to be employed.
In the so-called high-temperature limit, which applies here, all
fine-structure sublevels of the T, state are populated equally
and their individual transition rates have to be averaged to yield
the phosphorescence rate kp.

Intensity distributions of the vibronic absorption transitions
were determined using in the Franck-Condon (FC) approxima-
tion with the VIBES program developed in our laboratory.>*
Attending to efficiency reasons, not all modes were included.
After careful testing, 30 modes with the largest displacements
in the Duschinsky transformation were selected. For better
comparison with the experimental data, the line spectra were
broadened by Gaussian functions with constant full width at
half-maximum (fwhm) of 1000 cm™'.

In the Condon approximation, electronic spin—orbit cou-
pling matrix elements and vibrational overlaps are required for
the theoretical determination of ISC rates. SOMES between the
correlated DFT/MRCI wave functions were calculated using the
SPOCK program developed in our laboratory.>* The one-
center mean-field approximation to the Breit—Pauli Hamiltonian
was used for the description of the spin—orbit coupling for
reasons of efficiency. This nonempirical effective one-electron
operator treats the expensive two-electron terms of the full
Hamiltonian in a Fock-like manner?”-?® and has been shown to
yield an accuracy better than 5% of the full treatment.?%*
Vibrational overlaps were determined employing the VIBES
program.’* Recent studies had shown, however, that a proper
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TABLE 1: Spectroscopic Properties of Four Structurally
Modified Riboflavins and of the Parent Compound (RF)

—1

Aabs (Max)¥/nm  en™M ' cm™' Aen (max)/nm tp/ns  Pg

RF 450 12460 520 4.8 0.27
IDRF 537 6800 n.d.b nd! nd?
5SDRF 400 12460 441 50 052
DMRF 436 12460 520 39 0.27
iprRF 448 12460 520 4.7 0.27

@Taken from ref 22, Table 1. ” For a detailed investigation of the
fluorescence properties of 1DRF, see ref 34.

description of the nonradiative decay of the S; state of flavins
in aqueous solution requires going beyond the Condon ap-
proximation.9 To that end, the derivatives of the SOMES,
necessary for evaluating the Herzberg—Teller type expansion
of spin—orbit coupling around the '(7z7r)* state minimum to first
order, were calculated numerically by finite difference tech-
niques as described.®' Rate constants for the nonradiative decay
of the S, state caused by vibronic spin—orbit coupling were
also calculated using the VIBES program.?* Herein, all totally
symmetric and all out-of-plane (oop) vibrational modes were
used as accepting and coupling modes, respectively. For more
detailed information on the entities required for the evaluation
of the ISC rate constants see the Supporting Information.

To estimate spectral shifts due to electrostatic interaction in
polar solvents, we employed the COSMO which is implemented
in the TURBOMOLE package.?? The relative static permittivity
(formerly called dielectric constant) of water at ambient tem-
perature, ¢ = 78, was used. Due to technical reasons, C,
symmetry had to be used for all calculations involving COSMO.
For both singlet and triplet multiplicity 20 roots were computed.
Since COSMO is not able to model hydrogen bonding, the
effects of hydrogen bonding were mimicked by microhydration
with four explicit water molecules as described in previous
work.? UDFT was employed for the optimization of the first
triplet state of this complex.

Results and Discussion

Absorption and Fluorescence Properties of Modified
Flavins. Four RF derivatives were studied, 1DRF and 5DRF,
showing an electronically modified structure, and the two
sterically modified compounds, DMRF and iprRF (for changes
with respect to the structure of the parent compound, see Figure
1). The modifications cause altered absorption maxima and
molar absorption coefficients, as compared to riboflavin, in
particular in the two deaza derivatives (Table 1). 1DRF showed
a strong bathochromic shift of its absorption maximum (A =
537 nm) and a reduced molar absorption coefficient (&,,x =
6800 M~!' cm™!), and the 5-deaza derivative showed a similar
molar absorption coefficient as RF, but a significant hypsochro-
mic shift of its absorption maximum (A,,x = 408 nm). The
demethyl compound also showed a small hypsochromic shift
in its absorption maximum (An.x = 436 nm), whereas the
absorption maximum of iprRF was practically identical to that
of the parent compound. Both alkyl-modified RF compounds
had absorption coefficients identical to riboflavin.

No fluorescence was detected for 1DRF by steady-state
measurements, in agreement with the known literature.’
However, experiments using subnanosecond pulses revealed a
clearly detectable fluorescence for this compound in the short
picosecond time range.** The other flavin derivatives showed a
substantial fluorescence quantum yield (Table 1). Similar
fluorescence quantum yields as those for riboflavin (Pr =
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TABLE 2: Properties of Flavin Triplet States; An., and Ay,
Refer to the Transient Absorption Maximum and Minimum
(Bleaching) Immediately after the ns Laser Pulse; zr, Is the
Triplet Lifetime in Aqueous Solution under the Degassing
Conditions Used

Tr/us Amax/NM Amin/m D,
RF 29 390, 520, 700 450 0.60
1DRF?
5DRF 14 500 410 0.64
DMRF 24 380, 510, 630 450 0.23
iprRF 27 520, 700 460 0.50

“No triplet formation was observed for this compound.

0.27)% were determined for the demethyl derivative and for
iprRF (®p = 0.27), but a significantly larger quantum yield,
®dp = 0.52, was found for the 5-deaza compound. The
fluorescence decay time of the demethyl derivative (tg = 3.9
ns) was slightly shorter than that of RF (tz = 4.8 ns for RF),
whereas the corresponding values for SDRF (5 ns) and for iprRF
(4.7 ns) were in the same range as that for the parent compound
RF.

The data obtained for SDRF can be compared to those
reported by Isifiska-Rak et al.*® although their measurements
for SDRF were performed in acetonitrile and methanol, whereas
we measured in water. Excellent agreement was found for RF
(tg = 4.8 versus 5.1 ns, @ = 0.27 versus 0.28), whereas the
parameters for SDRF determined here differ significantly from
those cited above®® (zy = 5.0 versus 4.03 ns, and @y = 0.52
versus 0.11). This may be attributed to the different solvents
used, but this behavior requires a more detailed comparative
investigation.

Time-Resolved Absorption Changes. Nanosecond laser
flash excitation of the riboflavin derivatives caused transient
absorption changes, except for 1DRF, which remained practi-
cally unchanged over the whole observation time. For the other
three RF derivatives the absorption band underwent transient
bleaching, concomitant with the formation of broad, structured
absorption bands that extended far into the long wavelength
range (Table 2). Riboflavin showed the formation of a broad
absorption with maxima at 520 and ca. 700 nm with a quantum
yield of 0.6 that decayed with a 29 us lifetime. One should be
aware that the reported quantum yields vary significantly from
0.4 up to 0.6.3’73 These variations reported in the literature
arise from varying experimental conditions with the pH value
of the solution being the most dominating factor changing the
spectroscopic properties of flavins. The 5-deaza compound
showed formation of a triplet band with a maximum around
500 nm (Figure 2). This species showed a slightly higher
quantum yield (@1, = 0.64) and decayed faster than RF (71, =
14 us). Smaller quantum yields were determined for the two
alkyl modified compounds: @, = 0.23 (decay time 7r, = 24
us) for DMRF, and @1, = 0.50 (decay time 7y, = 27 us) for
iprRF. The formation of broad, structured transient absorption
bands was detected also for these compounds (only the spectrum
of 5SDRF are shown here).

For 1DREF, the absence of any triplet formation under the
measuring conditions concurs with recently performed fluores-
cence measurements on a picosecond time scale. In contrast to
literature reports, these experiments revealed a biphasic fluo-
rescence decay with ca. 2 and 12 ps.3* Although one would not
expect a triplet formation as a competing deactivation process,
we cannot exclude a very low yield of triplet formation (®r, <
0.05) for 1DRF that would be below our detection limit. A
comparison with recently reported® triplet parameters for SDRF
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revealed again deviations; these authors measured a significantly
longer triplet lifetime of 105 us in contrast to the value of 14
us found by us.

Calculated Electronic Absorption Spectra. It has been
shown earlier that the spectroscopic properties of RF and LF
are nearly identical.**~*? For this reason, the bulky ribityl chain
was substituted by a methyl group in all calculations. Accord-
ingly, the flavin compounds RF, DMRF, 1DRF, and 5SDRF were
modeled by LF, DMLF (= 10-methylisoalloxazine, MIA, in
ref 9), 1DLF, and 5DLF, respectively.

The ground and excited state geometries of LF and DMLF
were taken from earlier work.” Except for the now present C—C
bonds being longer than the original C—N bonds, the exchange
of the nitrogen atoms at positions 1 or 5 for a CH-group showed
no major effect on the nuclear structure (for more information
see Supporting Information). To facilitate the discussion, the
minimum nuclear arrangement of the first excited singlet state
is denoted !(7z7r*) and the optimized geometry of the first triplet
state is labeled 3(str*).

LF and DMLF as Models for RF and DMRF. The
photophysical properties of the three flavin compounds IA,
DMLF, and LF in vacuum and in solution had been the topic
of earlier work.” Thus, only a short abstract of the calculated
vertical excitation spectra of LF and DMLF is given below.
For a detailed comparison and discussion of our DFT/MRCI
excitation energies of all three flavin compounds with experi-
mental data and with earlier quantum chemical investigations,
see ref 9.

Flavins show usually three absorption bands in the wavelength
range longer than 250 nm. In previous quantum chemical
studies, they have all been assigned to (z—*) transitions.””!3
The first band in the absorption spectrum corresponds to a
transition from the ground state to the lowest-lying excited state
of the singlet manifold (S1) of LF and DMLF and is dominated
by the (my—m.*) (HOMO—LUMO) excitation. The position
of that band is nearly unaffected by the surrounding solvent.!3#?
In contrast, the second visible band in the spectrum is known
to exhibit a pronounced red shift in polar and protic solvents, 3443
In the vacuum, this state corresponds to the fourth excited singlet
state (S4) and is mainly dominated by the (y—;—m*) excita-
tion. The most intensive of these three bands is found in the
UV spectral region around 250 nm. It arises mainly from the
(my—mL ¥) excitation.’

Our calculations yield vertical excitation wavelengths of 432
nm for LF and 421 nm for DMLF for aqueous solution (referring
to values in the gas phase of 422 and 409 nm, respectively).
Although it is a common practice to identify the measured
absorption maxima with vertical excitation energies, it has been
shown that this approach is not always correct.**™*% In cases
when the geometry shift is small, as for all flavins presented
here, the vibrational wave functions do not necessarily have
their maxima at the classical turning points,*® and a displacement
of the absorption maximum from the vertical excitation energy
can occur (for more information see Supporting Information).
The simulated FC S¢—S; absorption spectra of LF and DMLF
are shown in Figure 3 together with the computed vertical
excitation energies and the measured spectra of RF and DMRF.
It is seen that the maxima of the simulated S4—S; absorption
bands are significantly red shifted with respect to the vertical
excitation energies. A comparison with the measured peak
positions and band shapes shows good agreement.

The second band, originating from the (7., *) excitation
shows a slightly lower oscillator strength than the first bright
transition. With our best solvation model (COSMO + micro-
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Figure 2. Transient absorption spectra of SDRF for different time domains (uppermost panel) and kinetic traces at various wavelengths: 650, 500,
410, and 370 nm. The color coding of the kinetic traces refers to the color coding of the transient spectra.

hydration), we find a vertical excitation wavelength at 357 nm
for LF and 343 nm for DMLF, respectively, in very good
agreement with the measurements (375 nm for LF and 349 nm
for DMLF). The energetic position of the third band is also
well reproduced by the calculations. Furthermore, good qualita-
tive agreement in the considered energy range is found between
the computed and measured relative intensities of all optically
bright transitions (Figure 3).

Low-lying nzt* states that are involved in the photophysics
of LF and DMLF in the gas phase, do not play a major role in
the low-energy regime of these flavins in aqueous solution,
where these states are blue shifted by up to 0.7 eV (Table 3).
This does not exclude a participation of the !(nst*) states via
vibronic coupling at elevated temperatures as described by
Weigel et al.*’

IDLF and 5DLF as Models for IDRF and 5DRF, Respec-
tively. The absorption spectra of both deaza derivatives, IDLF
and 5DLF, differ with respect to the parent compound such that
1DREF exhibits a strong bathochromic shift, whereas the absorp-
tion maximum of 5DRF is hypsochromically shifted (Table 1).
Inspection of the optimized ground and excited state geometries
reveals that structural changes are mostly restricted to the bonds
adjacent to the substituted atoms (for more information see
Figure S5 and S6 of the Supporting Information). Therefore,
we can exclude purely geometrical effects as the origin of the
altered spectroscopic properties. In order to shed some light on
the spectroscopic shifts, the orbital energies of three decisive
frontier st orbitals for all calculated compounds, the total
energies of the two deaza flavins, 1IDLF and 5DLF, and three
MOs of LF are shown in Figure 4.

In a simplified picture, the excitation energies depend on the
differences between the orbital energies of the orbitals involved.
As can be seen in Figure 4 (left), the orbital energies of 1DLF
and 5DLF differ from those of the parent compound LF, which

serves as reference in the following discussion. The 7y MO
(HOMO) of 1DLF is destabilized, whereas no significant energy
shift is found for SDLF. The fact that the destabilization is more
pronounced for the LUMO (57 %) of SDLF can be rationalized
as follows. The charge distribution at the N(1) and N(5) positions
is very different for the two MOs sy and st *. The Coulomb
attraction between the electrons and the nucleus is larger at the
N center than at the C center. Therefore, exchange of an iminic
nitrogen atom for a CH group causes a destabilization, if
substantial electron density is found at the respective center.
Hence, substitution at the N(1) position, influences the ty MO,
whereas the position of the 77 * MO is nearly unaffected. This
results in a red shift of the absorption. Substitution at the N(5)
position, on the other hand, leads to a considerable destabiliza-
tion of the 7;* MO, consequently causing a blue shift of the
absorption, since the ty MO remains widely unaffected.

The vertical excitation wavelength of the first excited singlet
state of 1DLF (see Table 4) in the gas phase is red shifted by
about 50 nm to 473 nm with respect to the parent compound.
AsinLF, this state is dominated by the 7y—77. * (HOMO—LUMO)
transition. Polarity and effects of hydrogen bonding of the
solvent accumulate an additional red-shift. We find a vertical
excitation energy of 515 nm with our best solvent model. The
band maximum in aqueous solution, as estimated from the
simulated FC spectrum, is located at 553 nm, in good agreement
with the experiment (537 nm for 1DRF). The position of the
second optically bright band is unaffected by the replacement
of the N(1) atom by a CH group. However, its oscillator strength
is drastically smaller than that of LF. Similar to the parent
compound, it is red shifted by almost 0.4 eV in water. According
to our calculations, more than one electronic transition contrib-
utes to the third band, which exhibits a pronounced shoulder at
its short-wavelength side and is the strongest band in the
considered energy regime.
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Figure 3. LF, DMLF, IDLF and SDLF. Comparison between
experimental absorption spectra of the riboflavin derivatives (full lines)
and DFT/MRCI vertical excitation energies and intensities of the
lumiflavin derivatives (vertical lines) in water. In addition, simulated
FC Sy—S; absorption bands (dashed line) are shown. For easier
comparison with experiment, the computed line spectrum (not shown)
was broadened by Gaussian functions with fwhm = 1000 cm ™.

The energetic positions of the dark nsr* states in 1DLF are
rather unaffected by water. Because of the substantial red shift
of the '(zzr*) (S1) band, the '(nsr*) states are located more than
0.6 eV above that band in the vacuum. In water, the energy
gap is even larger than 1 eV, excluding that the !(nst*) states
contribute to the photophysics of the first absorption band.

The two lowest-lying absorption bands of 5SDLF (see Table
5) are blue shifted with respect to those of the parent compound
LF. However, unlike for 1DLF, the energetic position of the
first absorption band (wy—m*) (HOMO—LUMO) is not very
sensitive to the environment. Whereas the vertical excitation
wavelength is calculated in vacuum to be 397 nm, it is found
at 385 nm in aqueous solution. The band maximum in water is
estimated at 408 nm, close to the experimental value of 400
nm (Figure 3). An excitation energy of 304 nm in the gas phase
and 325 nm in aqueous solution is determined for the second
band. Five energetically close-lying electronic transitions with
significant oscillator strengths are made responsible for the
strange shape of the third absorption band in the experimental
spectrum of SDRF. Similar to the parent compounds, good
qualitative agreement between the calculated and measured
relative intensities of the first three absorption bands of the deaza
derivatives is observed.

Even in vacuum, the experimentally not observable !(n—7*)
transitions are blue-shifted by at least 0.5 eV with respect to
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the parent compound, in agreement with earlier TDDFT
investigations of 5DRF.3

Calculated Fluorescence Rate Constants. Adiabatic excita-
tion energies and radiative decay rate constants for the '(7r*)
state minimum nuclear arrangements are listed in Table 6. As
found in earlier work,’ the adiabatic excitation energies of the
first '(7z7r*) states of LF and DMLF are very similar. The onset
of the absorption is somewhat blue shifted for the '(7z7r*) state
of DMLF with respect to LF, in agreement with the experimental
findings.

As anticipated from the vertical excitation energies, the
adiabatic excitation energies of 1DLF are red shifted with respect
to the parent compound, whereas a blue shift is observed for
5SDLF. Our model does not allow determining the solvent shift
for emission in the same satisfying manner as for absorption.
However, since the LF and DMLF transition energies show
almost no solvent shifts, we expect the fluorescence rates in
water to remain unchanged with respect to the gas phase.

The solvent causes a hypsochromic shift in the emission of
5DLF. Since the fluorescence rate constant is proportional to
the cube of the emission energy, we expect the rate to increase
in water. Concurrent with this trend, our calculated fluorescence
rate constants show an excellent overall agreement with the
experimental findings for RF, RMRF, and 5DRF. As pointed
out above, 1DRF behaved differently and showed a fluorescence
decay in the picoseconds time range.**

Triplet Generation. As already stated in the Introduction,
the light-induced reactions in the flavin-binding, blue-light
photosensors comprise different reaction mechanisms of the
flavin chromophores. The signaling reactions range from
covalent bond formation (via a reactive triplet transient) to stable
radical formation, hydrogen bond rearrangements, and elec-
tron transfer reactions. Clearly, the dissipation mechanisms
that depopulate the primarily excited singlet state of the flavin
cofactor strongly depend on the environmental surroundings.

In all flavin derivatives studied in this work, the lowest-lying
excited triplet state (T;) is dominated by the my—um*
(HOMO—LUMO) transition. In LF and DMLF, its energetic
position is mostly solvent independent. For the ordering of the
second and third excited triplet states, which are energetically
close to the S; state, the environment plays a decisive role. In
the vacuum, the 3(nsr*) state is situated below S; and the second
3(zrr*) state is situated above (see Table 3). This order reverses
in aqueous solution, which is momentous for the ISC mechanism
(see below). Similar to the singlet case, the lowest-lying excited
triplet state of 1DLF is red shifted by solvent effects (see Table
4). Contrary to LF, there is no second triplet state situated below
the S, state in the vertical spectrum of 1DLF, neither in the
vacuum nor in solution. Hence, only the T} state can contribute
to the depopulation of the S; state via ISC. Considering SDLF,
the first excited triplet state in the FC region shows a similar
blue shift as its singlet counterpart. In the vacuum there is no
other triplet state found below the S, state. However, the second
3(r*) state is energetically close. In aqueous solution, this state
is located below the S; state and possibly participates in the
energy dissipation of that state (see Table 5).

In previous work, we have shown that due to the above-
mentioned sensitivity of several low-lying excited triplet states
to the environment, the triplet generation in flavins follows
different mechanisms for gas phase and aqueous solutions.” Back
then, due to efficiency reasons the ISC rate constants were only
calculated for the smallest compound (IA in ref 9), because the
number and the frequencies of the normal modes are of
importance for the computational expense of the vibrational
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Figure 4. Left, top: Orbital energies of three frontier s orbitals for all calculated compounds in the vacuum. Right, top: Total energies of 1DLF
in comparison to SDLF. Bottom, left to right: 7y, (HOMO-1), 7y (HOMO), and 77 ¥ (LUMO) of LF. The black and white coding describes the

different phases (plus or minus) of the molecular orbital amplitudes.

TABLE 3: Calculated Vertical Absorption Wavelengths,
A/mm, for LF and DMLF in Aqueous Solution Compared to
Experimental Band Maxima for RF and DMRF*

calculations (COSMO+u-hyd.) experiment
state’  transition (LF) A LF A DMLF° A1 RF 1 DMRF

So ground state
N Ty * 432 (470) 421 (460) 4509 4367
Sy T F 357 344 375 349
S3 nNQA'JTL* 340 345

noy L *
T] JTH_’JTL* 555 532
T3 ﬂH_l_’JTL* 455 445
T, nNz_'JTL* 377 382

noy ¥

no—m*

“The value of the calculated band maximum is given in
parentheses. For more details, such as oscillator strengths and dipole
moments, see the Supporting Information. ° State ordering with
respect to the vacuum calculation (see Supporting Information).
¢Vertical absorption energies taken from ref 9. ¢ Absorption
maxima in aqueous solution at ambient temperature taken from ref
22.

overlaps. The introduction of three methyl groups increases the
number of normal modes by 27. Moreover, the torsional
frequencies are very low. In combination with a large energy
gap, the calculations become impracticable due to the immense
number of vibrational levels in the final state. Rates for the
(S;—T)) channel in LF were therefore evaluated employing a
smaller integration interval and restrictions with respect to the
excitation level of vibrational quanta (see Supporting Informa-
tion for more information).

In order to estimate the ISC rate constants in water, the
solvent shift of the electronic states has to be taken into account
for the calculations of the SOME (derivatives) and the adiabatic
electronic energy differences. Although with COSMO the charge
distribution of the molecule that polarizes the surrounding
solvent is taken into account properly only for the absorption
energies, this is the only practicable way to introduce the
solvent-induced shifts into the calculations of the SOME
derivatives.

The COSMO model has been employed also for the calcula-
tions of adiabatic electronic energy differences (Table 6).
Extensive tests (see Supporting Information, Table S13, Table
S17, and Table S21) have shown that, by varying AFE in a range

of 1100 cm™, the order of magnitude of the ISC rate constant
for the (S;—T,) channels remains stable. Our calculated ISC
rate constants for vacuum and solution are found in Table 7.

LF and DMLF. We obtain a crossing between the S; and
T, potential energy hypersurfaces along the reaction path
connecting the FC region and the !(7z7z*) minimum for LF and
DMLF. This is the case both for vacuum and for aqueous
solution. In the vacuum (Figure 5, left) the crossing is observed
between the '(rr*) (S;) and the 3(nzr*) (T,) states. Spin—orbit
coupling of the PEHs is substantial in that region. In agreement
with EI Sayed’s rule, the direct ISC rate constants are found to
be large (Table 7). Since the fastest process dominates the rate
constant, we estimate that in the gas phase the ISC from the
Si(tzr*) state to the triplet manifold takes place in nanoseconds
for LF, and in about 100 ps for DMLF. This ISC channel is no
longer available in aqueous solution, due to the significant blue
shift of the nz* states. Instead, a crossing between the !(77r*)
(Sy) and the *(r*) (T,) states takes place (Figure 5, right).
However, spin—orbit matrix elements between the two states
are negligible and, as a result, direct ISC is found to be very
inefficient. Although this is in agreement with the widely used
rules of thumb, it does not explain the substantial experimental
ISC rate constants (kigc = 108 s™!, ref 48) for RF in water. Only
when vibronic spin—orbit coupling is taken into account, the
rate constants reach values between ~107 and ~10% s™! for the
S|—T,, and S;—T,, channels of both compounds (Supporting
Information, Tables S13 and S17). Qualitatively, this phenom-
enon can be interpreted as an intensity borrowing from the much
faster (st7r*)—(nsr*) process.

1IDLF and SDLF. The DFT/MRCI energy profiles of IDLF
along the reaction path between the FC region and the '(77r*)
minimum are shown in Figure 6 (top). As already seen for the
vertical excitation energies (FC region), there is no triplet state
in close proximity to the first excited singlet state, independent
of the environment. With the ISC initiating from the '(zz*)
(S)) state, only the 3(7zr*) (T)) state can be populated. Vibronic
spin—orbit coupling enhances the ISC rate constant to ~10°
s~! in the gas phase and ~10° s™! in aqueous solution (see
Supporting Information Table S19 for details). Nevertheless,
ISC appears to be much too slow in 1DLF to be able to compete
with IC or fluorescence decay.

No crossing between the S; and T, PEH is observed along
the reaction path between the FC region and the !(zz*)
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TABLE 4: Vertical Singlet and Triplet DFT/MRCI Excitation Wavelength, A /nm, for 1DLF at the Ground State Geometry in

the Vacuum and in Aqueous Solution®

vacuum COSMO + u-hydr experiment 1DRF
state transition A fr) u A A

So 1A’ ground state 9.1
Sy 21A7 Tyt 473 (505) 0.276 11.3 515 (553) 537°
S, 1A’ no—m.* 374 0.001 3.6 320
S; 21A” Nona 7L * 346 0.003 7.9 329

nony 7L *
Sy 31A7 Tyt 326 0.060 12.9 362 368
T, 13A’ Ty 660 9.6 693
T, 237’ no—m.* 399 5.2 368

nony 7L *
T;s 13A’ Tyt 399 12.3 447

T4+

“The value in parentheses is the calculated band maximum. In addition to the dominant excitations, oscillator strengths f(r) and dipole
moments, u/Debye, are given. For more details see the Supporting Information. Experimental values refer to 1DRF. * Absorption maxima in
aqueous solution at ambient temperature taken from ref 22.

TABLE 5: Vertical Singlet and Triplet DFT/MRCI Excitation Wavelength, A /nm, for SDLF at the Ground State Geometry in

Vacuum and Aqueous Solution®

vacuum COSMO + u-hydr experiment SDRF
state transition A fr) u A A

So 1A’ ground state 9.8

N 2A7 Tyt 397 (422) 0.324 9.5 385 (408) 400°

N 1'A’ noy— L * 339 0.000 1.3

Ss 3IA7 i R 100 304 0.151 13.2 325 335

Ty T4+

T, 1A’ Ty 488 7.9 454

T, 23A7 i R 100 389 12.7 414

T; 1A’ no;— L * 347 1.7 320

“The value in parentheses is the calculated band maximum. In addition to the dominant excitations, oscillator strengths f{r) and dipole
moments, #/Debye, are given. For more details see the Supporting Information. Experimental values refer to SDRF. ” Absorption maxima in

aqueous solution at ambient temperature taken from ref. 2

TABLE 6: Adiabatic Excitation Wavelengths, 4/nm, and
Radiative Rate Constants, k/s™!, of the Lowest-Lying Singlet
State”

vacuum exp
Eadia(sl) kF kF
LF? 456 (489) 6 x 107 5.6 x 107
DMLF? 461 (475) 5 x 107 3.8 x 107
IDLF 543 (556) 2 x 107
5DLF 432 (449) 7 x 107 10 x 107

“ZPVE-corrected values are given in parentheses. The
experimental fluorescence rates are obtained from 7p and ®g (Table
1) via kg = @g/tr. ? Excitation energies and fluorescence rate
constants taken from ref 9.

minimum for SDLF in the isolated chromophore or in aqueous
solution (Figure 6, bottom). In the vacuum, the minimum of
the 3(zrr*) T, state is situated closely above that of the S; state.
With the ISC initiating from the '(zzz*) (S,) state, only the
3(tr*) T, state can be populated. Vibronic spin—orbit coupling
enhances the ISC rate constant to ~10° s~!. In aqueous solution,
however, the ordering of the '(zzz*) S| and the 3(zw*) T, states
is altered. Although we do not observe a crossing between the
Y(zr®) (S)) and the 3(wz*) (T,) states here, the minimum of
the latter state should be energetically accessible from the initial
state (S;). When vibronic spin—orbit coupling is taken into
account, our calculations predict the rate constant of ISC to range
between ~107 and 10% s! for the S;—T,, and S;—Ts, channels,
respectively. For details see Supporting Information Table S22.

TABLE 7: Integrated Rate Constants kigc/s ! for the
Intersystem Crossing from the Zero Vibrational Level of the
First Electronically Excited Singlet State (S;) to All Triplet
Vibrational Levels (Electronic States T; and T,) Located in a
Small Energy Interval of Width 27 around the Initial State*

vacuum COSMO
kisc (S1—T)  kisc (Si—T)  kisc (Si—T)  kisc (Si—T2)
LF ~10°—10° ~10° ~3 x 10° ~10%
DMLF ~1.6 x 10’ ~10'0 ~1 x 107 ~107—108
1DLF ~2 x 10° ~1 x 10°
5DLF ~2 x 10° ~7 x 10° ~107—10%

“For detailed information on the procedure and the choice of
parameters, see Supporting Information.

Depopulation of the '(zz*) State. Processes in Water and
Comparison with Experiment. Summarizing, the calculations
yield fluorescence rates and ISC rates of comparable magnitude
for LF. The phosphorescence rate (see Supporting Information)
is significantly smaller. Hence, it is not necessary to take this
process into consideration. These findings are in qualitative
agreement with our experimental quantum yields ®r (0.27) and
O, (0.60) for RF. For a more quantitative comparison of the
quantum yields, further processes such as the nonradiative
depopulation of the S, state by internal conversion need to be
taken into account. For the demethylated compounds (DMLF
and DMREF, respectively), we find fluorescence rates of similar
magnitude as for the parent compounds. However, our calcula-
tions cannot explain the significantly lower triplet quantum yield
O, = 0.23 for DMRF. The fluorescence decay is found to be
somewhat faster for SDLF than for the parent compound.
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Figure 5. DFT/MRCI energies of low-lying states of LF along a linearly interpolated path between the ground state geometry (0) and the '(7r7*)

geometry (1) for the vacuum (left) and aqueous solution (COSMO, right).
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Figure 6. DFT/MRCI energies of low-lying states along a linearly interpolated path between the ground state geometry (0) and the '(7rr*) geometry
(1) for 1DLF (top) and 5DLF (bottom) in the vacuum (left) and aqueous solution (COSMO, right).

Therefore, fluorescence should gain importance with respect to
the ISC process, as is qualitatively reflected in the ratio of our
experimental quantum yields ®g (0.52) and P, (0.64). These
values add up to more than 1.0, but errors between 10 and 15%
should be considered. In 1DRF, an ultrafast fluorescence decay
was observed.** The mechanism of the quenching process is
not known at present and needs further clarification.
Processes in the Gas Phase. For LF and DMLF, our
calculations find the nonradiative depletion more than 1 order
of magnitude faster than the spin-allowed radiative transition
to the electronic ground state. Our results suggest that internal
conversion to the ground state enhanced by the energetic
proximity of the first '(nr*) state is an additional competing
channel. On this basis, we predict that for isolated LF (RF) and
DMLF (DMRF) fluorescence should not be observable. Because
of the lack of a second accessible triplet state, the ISC rate in
excited SDLF is found to be more than 1 order of magnitude
smaller than in the parent compound. Furthermore, !(nz*) states
should not participate actively in the nonradiative decay of the
S, state. Accordingly, deactivation via fluorescence should
prevail for SDLF (5DRF) in the gas phase. ISC cannot compete
with the spin-allowed radiative transition to the electronic ground
state in excited 1DLF. Additionally, !(n7t*) states are not
accessible. Thus, triplet generation in 1DLF should be negligible
and radiative decay via fluorescence should be substantial.
Triplet—Triplet Absorption. It has been found earlier that
triplet—triplet absorption spectra of LF calculated in the gas

phase cannot be compared to measurements in aqueous solu-
tion.'* Since the triplet—triplet excitation energies significantly
depend on the surrounding environment, we employ our full
solvent model (COSMO + u-hydr), although, as described
above, the treatment of solvent effects with COSMO for non-
FC excitations is not ideal. The resulting line spectra of the
vertical triplet—triplet excitation energies are displayed and
compared to our experimental data in Figure 7.

When we compare the calculated line spectra with our
experimental data, we have to keep in mind that the reciprocal
wavelength scale is very sensitive in the low energy regime.
The typical DFT/MRCI error bars of 0.2 eV# translate to 20
nm (around 360 nm) up to £90 nm (around 700 nm). The
majority of the excited triplet states show substantial multicon-
figuration character. However, we could find three different
electronic transitions (labeled A, C, D in the following, see Table
8) for all investigated flavins that contribute with significant
intensity to the transient spectra. In addition, two different
electronic excitations (labeled B, see Table 8) with minor
intensity are found.

We find four T,—T, excitations with substantial oscillator
strength for the parent compound (LF) within the detection range
of the experiment. The lowest-lying transition with high intensity
is dominated by the (my—3;—my) excitation (A-type) and is
assigned to the experimental maximum at 700 nm (see Table
2). In good agreement with the experiment, this transition shows
the highest oscillator strength in the detection range. The second
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Figure 7. Comparison of the experimental and calculated (COSMO
+ wu-hydr) triplet—triplet absorption spectra of the parent compound
and the demethyl and 5-deaza derivatives. Only states with an oscillator
strength f{(r) > 0.01 are shown. For the definition of the labels A, C,
and D, see Table 8.

TABLE 8: LF. Assignment of the Vertical Triplet—Triplet
Excitation Wavelengths 4 /nm to the Electronic Structure”

transitions A
label  excitation LF DMLF IDLF S5DLF
A T3y 689 650, 597 690, 601 752
(vs) (s), (s) (8), (s) (s)
B’ T 7Ty 583 677 506 879
AL (W) (w) (m°) (w)
C T4 7Ty 494, 442 501, 450 448 514, 465
AL (8), (m) (s), (m)  (9) (vs), ()
D s 397 398,394 397 475
(s) (m), (s)  (vs) (s)

“The electronic excitations are given with respect to the
open-shell triplet ground state. Intensities are indicated in
parentheses. ? Electronic excitations under “B” are of lower intensity
and are not shown in Figure 7. ¢ Small contributions of C-type and
D-Type configuration increase the intensity.

and third optically bright states are attributed to linear combina-
tions of the (;ry—s—7y) and (51— 4,) configurations (C-type)
with minor contributions of double excitations. The lower-lying
states are assigned to the experimental maximum at 520 nm.
Unfortunately, this transition is partially overlaid by the absor-
bance minimum caused by the bleaching. Its oscillator strength
is roughly half of that of the A-type transition. This is reflected
by the experiment. The higher-lying C-type state is completely
obscured by the absorbance minimum. In fact, it was shown
by Swartz et al.>® that the triplet absorption of FMN in water
solution in this spectral region is only slightly less intense than
at 600—700 nm, supporting our theoretical findings. The fourth
bright state is dominated by the (7.~ 13) excitation (D-
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type). Its transition wavelength compares well with the
maximum around 390 nm in our experiment. A linear
combination of the (wy—,—my) and (71— +) configurations
(b-type) is found in between the A-type and the low-lying
C-type state. This dark state is isolated from the optically
bright in LF, whereas this order changes in the other
compounds.

The absorption spectrum of DMLF/DMREF is different from
that of the parent compound. The lowest-lying maximum (630
nm) of the transient spectrum exhibits reduced intensity and a
blue shift. Two excited states with substantial oscillator strength
are found in this wavelength region. They arise from linear
combinations of A-type and b-type electronic states causing a
distribution of the A-type transition probability among two
bands. Inspection of the shape of the my—3 MO gives an
explanation for the blue shift of the A-type states. This particular
MO shows substantial electron density at the C(7)—C(8) bond.
Apparently, the removal of methyl groups from the two carbon
atoms C7 and C8 strengthens this bond. Hence, the y—3; MO
is stabilized and promotion of one electron out of this MO is
energetically less favorable. The energetic locations and
intensities of the C-type peaks in DMLF and LF are similar.
The longer wavelength transition can be assigned to the
transient absorption maximum at 510 nm, whereas the other
one is found again in the region of the bleach peak. Linear
combination with double excitations causes the D-type
configuration to distribute the intensity among two nearly
degenerated transitions. Similar to the corresponding parent
compound these transitions contribute to the shortest wave-
length maximum in the observation range.

The excited state with A-type electronic structure is red shifted
in 5DLF with respect to the parent compound. Our calculations
predict the transition to be located at 752 nm, which is outside
the experimental detection range. Admixture with b-type
configurations does not occur in this compound because of a
substantial red shift of the corresponding transition (see Table
8). Close to the experimental maximum, at 500 nm, three excited
states with C- and D-type structure are found that all contribute
intensity in that spectral region.

Conclusion

Structural and electronic changes that were introduced into
riboflavin by chemical synthesis (the 1- and 5-deaza-derivatives
and the 7,8-didemethyl and 8-isopropyl riboflavins) cause
significant changes in the photophysical and photochemical
properties of these compounds. In particular, the deaza com-
pounds exhibit strongly changed absorbances (a hypsochromic
shift for SDRF and a bathochromic absorption for IDRF). They
also have different fluorescence properties; no steady state
fluorescence could be measured for 1DRF (and only ultrafast
measurements revealed a fluorescence for this compound),
whereas 5SDRF showed a significantly enhanced fluorescence
yield. Also the triplet formation and decay processes are
different from those of the parent RF. The DMRF derivative
showed a much smaller triplet yield, whereas the triplet yields
of iprRF and RF were quite similar. The most interesting
result is surely the absence of a triplet formation pathway
for 1DRF, a finding that is excellently explained by the
calculations.

The absorption properties of the parent compound and the
derivatives are reflected in a convincing manner by our quantum
chemical calculations on the lumiflavins. The results show that
two aspects should be considered when the calculated values
are compared to the experimental band maxima of the com-
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pounds in solution. First, the vertical excitation energy is blue
shifted with respect to the band maximum and second, solvent
shifts play a decisive role in the energetic position of the
absorption bands of the two deaza compounds. With our best
solvent model (COSMO and u-hydration with four water
molecules), the calculated absorption maxima fit remarkably
well the experimental values.

We predict that fast (spin-forbidden) nonradiative processes
quench the fluorescence of excited LF and DMLF in the gas
phase. Our calculations show that ISC cannot compete with
deactivation via fluorescence in 1DLF and SDLF. Whereas we
expect substantial fluorescence from excited SDLF, we cannot
exclude the involvement of ultrafast spin-allowed nonradiative
processes in 1DLF.

Intersystem crossing takes place from the S; '(;z7r*) to the
T, 3(wz*) state by a vibronic spin—orbit coupling mechanism
in aqueous solutions of RF, DMREF, iprRF, and 5SDRF. The
rate for triplet formation from the S, state is small in excited
1DLF due to the absence of a close-by triplet state. Accordingly,
no triplet state formation is observed for that riboflavin
derivative.

Abbreviations

1DLF, 1-deazalumiflavin; 1DRF, 1-deazariboflavin; SDLF,
5- deazalumiflavin; SDRF, 5-deazariboflavin; COSMO, conduc-
tor-like screening model; DFT, density functional theory; DFT/
MRCI, density functional theory/ multireference configuration
interaction; DMLF, 7,8-didemethyllumiflavin = 10-methyli-
soalloxazine; DMRF, 7,8-didemethyl riboflavin; FAD, flavin
adenine dinucleotide; FC, Franck—Condon; FMN, flavin mono-
nucleotide; fwhm, full width at half-maximum; IA, isoallox-
azine; iprRF, 8-isopropylriboflavin; ISC, intersystem crossing;
LF, lumiflavin; MRSOCI, multireference spin—orbit coupling
configuration interaction; PEH, potential energy hypersurface;
RF, riboflavin; SOMES, spin—orbit matrix elements; SPOCK,
spin—orbit coupling kit; TDDFT, time-dependent density func-
tional theory; TZVP, valence triple- with (1d/1p) polarization;
UDFT, unrestricted density functional theory: ZPVE, zero-point
vibrational energy.

Acknowledgment. This work has been performed as a project
of the SFB663 (B3 and C1) at the Heinrich-Heine University
Diisseldorf and is printed at its instigation with financial support
provided by the Deutsche Forschungsgemeinschaft. We thank
the referees for valuable comments.

Supporting Information Available: Molecular orbitals and
vertical excitation energies in vacuum and different solvent
models and a comparison of the geometries of the ground and
the '(zzr*) states is included. In addition, a comparison of the
vibronic absorption spectra (calculated and measured) is given,
as well as the radiative fluorescence and phosphorescence rate
constants. A detailed set of calculations for the intersystem
crossing rates, as well as the relevant literature for these chapters.
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