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A Stark Spectroscopic Study ofN(3)-Methyl, N(10)-Isobutyl-7,8-Dimethylisoalloxazine in
Nonpolar Low-Temperature Glasses: Experiment and Comparison with Calculations
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Flavins have unique electronic properties that have led to their utilization in biological redox chemistry.
Despite this there is relatively little experimental information about such basic electronic properties as dipole
moments and polarizabilities for these molecules. We have explored the electronic structure of the ground
and first two excited electronic states of an oxidized flavin in nonpolar organic glasses using Stark spectroscopy.
The dipole moment change for the-S S; transition is about 3 times smaller than the dipole moment change
for the § — S; transition. Dipole moment directions for these excited states have been calculated using the
experimental results along with predictions from calculations. The experimental results are consistent with
computational predictions of intramolecular charge transfer for the-$; transition. In addition, we have
verified that there is a large change in polarizability for thestate vs the Sand S states. Both excited-state
polarizability changes show a slight dependence on the polarity of the solvent. The physical origin behind
this trend is explored.

Introduction residues in proximity to the flavin cofactor. The electric field
due to these exposed charges is likely to be at least an order of
magnitude larger than those produced by simple (isotropic)
solvents. Other workers have used this idea to interpret
anomalously large dipole moment changes in carotenoid mol-
ecules in the bacterial photosynthetic reaction céf§tarsimilar
argument has been made for the Stark effect on the bacterio-

Flavins are distributed widely in nature as protein cofactors
that are useful in one- and two-electron-transfer reactiéns.
These molecules are highly asymmetric structurally and there-
fore electronically. This asymmetry leads to a large ground-
state dipole moment (abbéd D from gas-phase calculatiois

Studies have shown the importance of the protein binding site chlorophyll special pair in the reaction cent&rThus an

in setting the redox potentials of flaviis® For example, the . . : .
. . . important goal of this report is to provide reference data that
redox potential of the electron transport protein flavodoxin can - . .
elucidate the influence of simple nonpolar solvents on the

be altered by the mutagenesis of a methionine residue near the lectronic struct f the flavi
polarizable xylene ring of the flavin moleculén other studies, electronic s ru.c ure of the flavin. ) ) )
disruption of flavin-aromatic residue stacking interactions and !N our previous work, several flavins were studied using
changes in the electrostatic environment of the flavin binding Selvents of which the polarity change was relatively modest
site modulates the redox potential of the fladim addition, (i.e., water to butanoly! Additionally, quite high concentrations
certain flavoproteins are light-driven, highlighting the impor- Were used (typically 4 mM) which led to the formation of dimers
tance of the excited state in photoreception, DNA repair, and @1d higher aggregates. In this work, we present Stark spectra
signal transductioft-13 However, the electronic structure of the  ©f @ single flavin N(3)-methyl, N(10)-isobutyl-7,8-dimethyli-
excited states of these systems are relatively unexplored. ~ Soalloxazine, hereafter referred to as th¥(3)-flavin”, see

We have applied Stark spectroscopy to the study of the Scheme 1), taken at lower concentrations. This flavin has a
electronic properties of flavins in polar solveftsStark
spectroscopy measures the difference in the electronic structureSCHEME 1
of molecules between ground and excited stit&he technique
employs an externally applied electric field to perturb the

energies of these electronic states and thus the absorption
9

spectrum. Encoded within the field-dependent line shape is 8 L 92 No 100N o
information on the electronic structure of the ground and excited j@["’ z ‘\2(
states of the chromophore. We now extend these results to NN }
include a wider range of solvent polarity. 6

The object of this study is to provide reference data that will

more closely simulate the nonpolar environment the flavin ) . )
cofactor experiences in flavoproteins. As will be shown, the Methyl group atthe N(3) nitrogen, effectively blocking hydrogen

effect of the solvent (reaction) field on the Stark spectra is Ponding at this point. Many studies have shown that hydrogen
modest. However, much larger electric field effects on flavins °0nding by solvent to N(3)H perturbs the electronic structure

i i ; 21 i ;
are expected in proteins. Many flavoproteins have chargedand spectrum of the flavit: 2! Methylation of the flavin at
this site removes some of this perturbation and focuses the

* To whom correspondence should be addressed. E-mail: rstanley@ INterpretation of the Stark spectra on effect due to the polarity
nimbus.temple.edu. of the solvent alone. In addition, thé(3)-flavin is soluble in a
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wide variety of less polar solvents in which dimer formation is output with a 16-bit analog-to-digital converter. Usually, two
minimized relative to aqueous solutioffs. to three scans were taken for a given Stark spectrum. The change
in the extinction was obtained using

Materials and Methods
_ 2J2(F)

N(3)-Methyl, N(10)-isobutyl-7,8-dimethylisoalloxazine was Ae = 1)
2.303 ¢l

a generous gift of Prof. Vincent Rotello (University of Massa-
chusetts, Amherst). Ethanol and 1-butanol were dried over ) . .
molecular sieves (4 A). 2-Methyl tetrahydrofuran (2-MTHF) wherec is the concentration of the _soll_mon afids the path
was passed through an alumina column (Brockman Activity 1) Iengt_h ((_:orr(_ected foy and the refractive indexes of the solvent
to remove the stabilizer and wate(3)-flavin was dissolved ~ @nd liquid nitrogen, see below). The factor af'2 corrects for
in dried ethanol, 1-butanol, and 2-MTHF to 80M, 860 uM, the use of an AC electric field and detection at the 2nd harmonic
and 90QuM, respectively. Thereafter, all solutions were stored of the field frequency. )
under argon at20 °C and handled under yellow lamps to avoid Cuvettes for the Stark experiments were constructed of two
undesirable photoreactions. Coumarin 540A (Exciton) was 1 in. x 1in. x 1.1 mm aluminosilicate glass slides coated on
dissolved in toluene (to 700M) that had been dried over 4 A One side only with indium tin oxide (resistivity 100 /).
molecular sieves for one week. The two slides were offset to allow connection of the cell to
Low-temperature absorption spectra were obtained using athe AC power supply using alligator spring clips and small
liquid nitrogen Dewar flask (H. S. Martin). A fused silica Pieces of indium foil to ensure good electrical contact. A 29
demountable cuvette (0.5 mm path length) was attached to a#M Kapton film was used as a spacer. The actual path length
copper coldfinger using spring clips. The coldfinger was screwed Was 32+ 3 um, as determined interferometrically at room
into a/, in. fiberglass rod and plunged into liquid nitrogen for témperature. These cuvettes could sustain applied fields of
the flavin-containing solution. Helium gas was sprayed over (3—6) x 10° Vicm before electrical breakdown.
the surface of the liquid Nto prevent bubbling. A 150 W Xe Values for the refractive indexy) and the dielectric constant
arc lamp was filtered through' m monochromator (%2 nm (es) for the solvents were obtained from standard souf&es.
band-pass) and recollimated using a 10 cm planoconvex fusedVaIu.es of these constants for 2-MTHF are some.what contro-
silica lens. A calcite polarizer was placed after the collimating verm;l. We use the onv—temperatuzr_?nyﬂue determined by Eweg
lens to obtain linearly polarized light. The polarizer was et al** for the dielectric constants =7.58at 77K
calibrated using a linearly polarized laser and a power meter.
Transmissio_n_ spectra were recorded gs_ing a ch_opper, a UV-Data Analysis
enhanced silicon photodiode, and a digital lock-in amplifier.
The transmission spectra for the solvent alone were taken at - . : !
room temperature in the same manner. absorption. A particularly lucid account of electroabsorption and

The monochromator was stepped by equal Wavenumberits relationship to solvatochromism is availaBteLiptay mod-
intervals rather than in wavelength. This was done to provide eled the changes in line shape for a chromophore in an applied

equal coverage of the lower and higher energy absorption bands electric field using Oth, 1st, and 2nd derivatives of the absorption

Typically, the spectra were taken using 58 Gmintervals spectrunt® The scaling of these derivatives to fit the Stark

between 310 and 560 nm. Because the monochromator can onlysPectrum Qe/v) reflects changes in the transition dipole
step in minimum wavelength increments of 1 A, there is the moment, polarizability, and dipole moment, respectively, be-

potential for a small loss of accuracy in setting the monochro- tWeen the ground and excited state of the chromophore:

The data were fitted using the Liptay formalism of electro-

mator for the low-wavelength part of the scan. However, this 5

procedure results in an acceptable erroet00.05 nm at 310 Ae _ (ﬂg)z{ A;—V) n B, dle(v)Iv] n C, d [E(V)/v]}
nm, and the error is much less at higher wavelengths. Wave- v v 15ch  dv 30c?h? di?

length calibration of the spectra was achieved by directly 2)
correcting the transmission spectra using the peak of the Xe

Arc lamp (467.5 nm). wherec is the speed of light antl is Planck’s constant. The

The Stark spectrometer is similar to that used previddsly external field is modified by the local field factdr= 3ed/(2¢s
except that an immersion Dewar flask was used and the + ¢.), wherees is the dielectric constant of the solvent and
monochromator was stepped in equal wavenumber incrementss the dielectric constant of the chromophéfelhis factor,
as described above. Use of the immersion Dewar flask resultedusually in the range of 1:01.5, takes into account the effect
in higher applied fields. In addition, it was found that higher of the solvent cavity on the electric field strength at the flavin
fields were obtained when the high-voltage power supply chromophore. This is correct strictly for a spherical solvent
frequency was set below about 300 Hz; 217 Hz was used.  cavity (flavins are highly ellipsoidal, see below).

The angle between the probe beam and the applied electric The scaling factorsd,, B,, andC,, are related to the intrinsic
field in the cuvette could be varied by rotation of the sample, electronic properties of the chromophore. Theterm reflects
the polarizer, or both. The polarizer was set to deliver light poling of the molecule possessing a ground-state dipole moment
polarized perpendicular to the applied field when the sample in the applied field. We work in frozen media so that the
was rotated normal to the direction of the probe begn( molecules are not free to rotate, therefdye~ 0. We also make
90°). Phase-sensitive detection of the change in the extinction the assumption that any field-induced changes in the transition
coefficient,Ae, was obtained by using an AC electric field and dipole moment are small for strongly allowed transiti6hhe
measuring the field-modulated transmitted ligh{E}) using a B, andC, factors are related to the difference polarizability and
UV-enhanced Si photodiode (photovoltaic mode) and a digital difference dipole moments, respectively:
lock-in amplifier. Because the modulation due to the field was 3
very small (<1074), the transmission at zero fielt{F=0) ~ 5.z 3 sz 1=
lo, could be obtained directly by measuring the photodiode B,~ 2trA0L+ (3 CO&X b 2m Ad:m 2trA0L (3)
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where i is the transition dipole moment, AT = tr(G, —
d,) is the mean difference polarizability wheig, is the
polarizability tensor of the excited state adgis the polariz-
ability of the ground state, ang is the angle between the
polarization vector of the probe light and the applied electric
field (y = 90° when the Poynting vector of the probe beam is
parallel to the applied electric field). The projection oA&
along the transition dipole moment 15+ A,

The change in the dipole moment between the ground and
excited states is related to

C,= A5+ @Bcosy —1)(8codi — 1} (4)

whereAn = lie — g is the difference dipole moment add is
the angle betweenu and the transition dipole moment.

Initially, the absorption spectrum is fitted to a set of Gaussian
functions. This provides a smoothing of the absorption spectrum
so that derivatives of the spectrum are relatively noise-free.
However, the absorption spectrum (and therefore the Stark
spectrum) of oxidized flavin consists of (at least) two overlap-
ping transitions, the §— S; band (band 1, centered at
approximately 450 nm) and the S S, band (band Il, centered
roughly at 370 nm). The two excited states naturally have
different electronic structures. This necessitates partitioning the
absorption spectrum into two sections and fitting each section
with its own set ofA,, B,, andC, terms!*

The parameters from the fit of the absorption spectrum were
then used to fit the Stark spectrum. We took the approach of
fitting both the absorption and Stark spectra simultaneously
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Figure 1. The energy-weighted absorption spectraNg8)-flavin in

because it is often the case that the absorption spectrum is mor@thanol (a), 1-butanol (b), and 2-MTHF (c) at 77 K and at 00,

difficult to measure accurately. In this case, errors in the
absorption spectrum are amplified when fitting the Stark
spectrum-’ Typically, the fit was weighted equally between the
two spectra. It was interesting to note that if the fit to the
absorption spectrum was weighted less than the Stark fBthe
factor tended to be somewhat lower than if equal weighting
was used. Stark spectra were obtained at several fields for a
least two different angles of, and all of these data were fitted
separately. Thé\,, B,, andC, parameters represent averages
from these fits. The errors in the parameters were obtained by
fitting at least six data sets as a functionyoénd using these

A, B,, andC, parameters to derive the values for the difference
dipole and polarizability constants. Estimates of the error in these
constants were obtained by simulating randamB,, andC,
parameters sets about the mean values from the data analys
to obtain the sensitivity of the fitted parameters to the randomly
generated parameter sets.

The data acquisition and analysis were checked by taking
the absorption and Stark spectrum of coumarin 540A (data not
shown). The Stark spectrum of this molecule is dominated by
a single electronic transition that has been well-studied by
several methods. We obtained a difference dipole moment of
abou 8 D with an average polarizability change of about 10
A3 (f = 1.3), in good agreement with previous studfigs.

Results

The energy-weighted absorption specig) for the N(3)-
flavin in the different solvents are shown in Figure-ia The
solvent polarity,EL, is given on the figures and is derived
from the solvatochromic behavior of a betaine d$¥irtually
no solvatochromic shift is observed for band | in EtOH and
BuOH solvents, while the position of band | shifts to the blue
by about 270 cm! in 2-MTHF. The shift for band Il follows a
similar trend though the magnitude of the shift is about three

860 uM, and 900uM, respectively. The step size was 58 ¢mand

the monochromator band-pass was 2 nm. The fused silica cuvette had
a path length of 50@m. The polarities EI,) of the different solvents

are given for reference.

times larger, about 800 crh This is indicative of an increase
in the dipole moment of the,State relative to the ;Sstate.

U The energy-weighted Stark spectrse(v) of N(3)-flavin in

the different solvents are shown in Figure-2a These spectra
have been normalized to @®/cm for comparison, although
they were obtained over a range of8.2) x 10° V/cm. Each
spectrum was constructed from an average-of 2lata sets at
each angle for each solvent. The change in extinctivge,

for the maximum applied field (abouts 10° V/cm) was about

4 x 1074 for the largest feature at 27 000 cnt? (cf. Figure

_SL). Note that because of the derivative nature of Stark
spectroscopy it is easier to discern the solvatochromic shifts
for the two transitions.

Spectra were obtained at two angles by rotating the sample
to approximately the magic anglg & 55°) relative to the
Poynting vector of the probe light.was then varied by rotating
the polarizer so that the polarization of the probe light was either
x = 90° or y = 50-55° to the applied field direction. It is
immediately apparent that the response of the Stark spectrum
to changes iny is different for the two electronic transitions.
The $— S, transition shows very little dependencej)gmwhile
the intensity of the §— S, transition depends much more
strongly ony.

A representative fit to these data is shown in Figure-@a
for N(3)-flavin in ethanol. Figure 3a shows the Stark spectrum
and the fit. The residuals of the fit are shown in Figure 3b.
Residuals for the fit of the absorption spectrum are similar in
the lack of structure (fit not shown). Figure 3c shows the 1st
derivative contributions for bands | and Il obtained from the fit
plotted against the experimental data. These contributions were
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Figure 3. (a) A representative fit-€) to the Stark-effect data fd¥(3)-
flavin in EtOH (¥) using 1st and 2nd derivatives obtained from the
absorption spectrum fit (not shown). (b) The residuals (détahave

in ethanol (a), 1-butanol (b), and 2-MTHF (c) at 77 K and at 3060 been scaled for direct comparison with panel a. Panel ¢ shows the 1st
860 uM, and 900uM, respectively. The step size was 58 €mand derivative components: band | (gray lin€) Bnd band Il (black line,
the monochromator band-pass was 2 nm. The spectra have beerB'") from the two-band analysis plotted against the Stark de}aRanel
normalized to 10V/cm for comparison. The probe light was polarized d shows the 2nd derivative components: band | (gray ling,a6d

at both normal incidence£90°, —) and at the magic angle~65°, band Il (black line, &) from the two-band analysis plotted against the
--+) to the applied electric field. These data have been normalized to Stark data ¥).

Ae using the concentration and the path length, adjusteg .fdhe

path length of the cuvette was @t as determined interferometrically.

-1
Energy (cm”)
Figure 2. Representative energy-weighted Stark spectid(8)-flavin

TABLE 2: Local Field Correction Factors for an Ellipsoidal
obtained by summing the 1st derivatives of the Gaussian Molecule

components for indicated bands. It is evident that band')l (B solvent €) fx fy f; favg

requires a smaller 1st derivative component than band'l).(B EtOH (24.6) 1.31 1.10 2.72 171
The 2nd derivatives needed to produce the fit are shown in  BuOH (17.5) 1.30 1.10 2.64 1.68
Figure 3d. Again, the spectrum requires larger 2nd derivative ~ 2-MTHF (7.6) 1.27 1.09 2.33 1.56

components for the S— S, transition than for the §— S;

transition. _ =12 A, anda, = 2.4 A (twice the hydrogen atom van der
Dipole Moment Changes.These spectra have been fitted \yaais radius) using the prescription in Premvardhan and

using the Liptay analysis and the results for the dipolar peteangt for obtaining the local field factors for each axis of
parameters are tabulated in Table 1. The difference dipole o ellipsoid (see Table 2):
moment for band | is about the same in each solvent within

experimental errofAg;| ~ 2.5 D. The only other measurements €

of this quantity come from transient microwave conductivity fi= m (5)
and solvatochromisi#, which gave a value of about 1.1 D. To 0 0

compare the Stark result with other methods, it is necessary to,ynere

find an appropriate value for the local field correction factor,

Flavins are ellipsoidal so that the Lorentz cavity field correction a8, w ds

factor is not terribly useful. We have calculated the local field A 2
factors for an ellipsoidal molecule of minor axas= 6 A, a,

0 2 2 2 2 ©6)
(s+ady(s+ad(s+ad(s+ad)

TABLE 1: Dipolar Parameters for N(3)-Flavin in Various wheres is a dummy variable. Averaging tHefactor over all

Solvents directions gives ~ 1.7 for the alcohols anfi~ 1.6 for 2-MTHF.
solvent Applying these factors to the values in Table 1 lead$\a|
polarity ~ 1.5 D, in reasonable agreement with the other methods.

solvent  (E1)  |Aw| (D-f) &, (deg) |Az| (D) Ch (deg) The angle, &, betweenAz and the transition dipole
ethanol 065 2402 55:8 76+03 27+7 momentiy is 59 £ 3°. Note that this vectorial information is

butanol 0.60 25-02 63+6 73403 1549 not available from other methods. To further specify the S

2-MTHF  0.18 25+02 58+11 7.84£05 30+9 dipole momentyiy, it is necessary to have some knowledge of
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Figure 5. Dipole vectors for the §and $ states plotted against the
framework of the flavin molecule (the isobutyl group at N(10) was
simplified to a methyl group and the N(3) methyl group was omitted
for clarity). zio was obtained from MINDO/3 calculatiofshzi; = 4.7

D and{h = 24° are from this workJi, was calculated as described in
the text. Becausén, andzio are no longer collinear (at least) two
possibilities for the direction ofi, are considered. Case 1 represents
the resultant excited-state dipole moment, which forms adrigle
betweerni, andg,. In this caseji,| = 11.0 D § = 1.6) and lies nearly
parallel tom,. Case 2 shows the situation when the angle betywigen
andy, is about 2. In this caselu,| = 11.8 D.

Figure 4. Dipole vectors for the Sand S states plotted against the
framework of the flavin molecule (the isobutyl group at N(10) was
simplified to a methyl group and the N(3) methyl was omitted for
clarity). zio was obtained from MINDO/3 calculations and is a gas-
phase valueAz; and¢h are from this work andi; was calculated as
described in the text. The magnitudes of the experimentally determined
dipole moments are adjusted using a local field fadter 1.6 for
comparison witlio.

the transition dipole moment direction as well as some estimate
of the ground-state dipole moment direction and magnitude. The
transition dipole moments for both band I and band I are known N(10) and N(1) with an increase in electron density near N(5)
from linear dichroism studies on flavodoxin single crystals — and C(4a). On this basis, we tentatively place the direction of
and from measurements made using flavins oriented in liquid #1 in the plane of the isoalloxazine molecule pointing toward
crystals3® The direction is about-15° from the long axis of ~ N(10) (i.e., case 1).
the molecule, lying roughly along the NCHz axis (refer to The difference dipole moment for band Il is significantly
Figure 4). Gas-phase calculations I(B)-methylumiflavin give larger than that for band | and has never been reported for EtOH
the ground-state dipole moment as 7.1 D, lying parallel to the and 2-MTHF solvent8? All three solvents give the same value
transition dipole momerit.Because of the nature of Stark Within experimental error, about 7.5Dwhich is a factor of 3
spectroscopy, the direction @i is only constrained to lie on  larger than that obtained for band I. Again, if we chobse
a cone about the transition dipole moment with the angle speci- 1.6, then|Az | ~ 4.7 D. The angle thaf\i;, makes with the
fied by £a. Physical intuition can be used to eliminate certain transition dipole momerify, is ¢ = 24° + 7°. However, the
directions, and we have applied this intuition in specifying the band Il transition dipole moment is offset frap (and therefore
directions of bothi; andziy (i.e., we assume thatzi in both #o) by about 20 so thatiy would be about Sabove the long
cases lies in the plane of the isoalloxazine moiety). axis (see Figure 5). The direction@f therefore is complicated
With this caveat and information about the directionfigf by the fact that the transition dipole moment is not collinear
andzio, both the direction and magnitudezf can be estimated ~ with ziz, as was the case for thg S S, transition. This means
using the law of sines and cosines. Four orientatiorns and that zzy might vary from about 11 (case 2, Figure 5) to 12 D
Ay are possible. Two of these orientations leaditd < |z, (case 1, Figure 5), assuming that 1.6 and that the excited-
so we reject these outright because solvatochromism predicts estate dipole moment must lie in the plane of the molecule. Note
blue shift if this were trué® In the remaining two cases, the that case 1 placgs, alongm, while case 2 places, roughly
vectori; lies about 9 from zip with a length of about 8.0 D, a  parallel tozio. It may be possible to use quantum-mechanical

13% increase (see Figure 4). Case 1 illustratepointing in calculations to decide between these two alternatives (see
the direction of N(10) while case 2 showis pointing more below). In either case, the increase in dipole moment upon
toward N(5). excitation is large, at least 55%, and about four times larger

To distinguish between these two cases, we look to calcula- than the same increase for the-S S; transition.
tions that predict the molecular orbital structure of the lowest  Polarizability Changes. The polarizability of the §state
unoccupied molecular orbital, because there is general agreemerghows a small change compared to thstate as evidenced by
from different calculations that the lowest energy transition is the small tA@, ~ 17 (A3f?) for the § — S, transition (see
a HOMO — LUMO jump 3438 Semiempirica®® and ab initio Table 3). This value is similar in magnitude to coumarin 540A,
calculationg® show that the HOMO— LUMO transition for which also contains an aromatic ring. For comparison, an-
oxidized lumiflavin involves a reduction of electron density at thracene, which is completely aromatic, has a difference
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TABLE 3: Polarizability Parameters for N(3)-Flavin in and the reaction field of the solveni\iing [ trAﬁ-IER where
Various Solvents in its simplest form the reaction fielfr = [2(epc — 1)/
solvent - ~ - = (@%(2epc + 1))Jug . Here,epc is the static dielectric constant of
pole;nty trAg,  Mm-AG-h o trAG,  MAG M the solventa is the solvent spherical cavity radius, agg is
sovent  (By) (A9 (A% (A  (A%f) the total ground-state dipole moment of the dissolved molecule
ethanol 0.65 142 7+3 79+10 59+ 27 (we ignore dispersion interactions that will be proportional to
butanol 060 1&2 7+2  149+8 106+24 the refractive index§® For epc = 40,a = 107°m, andig| =
2-MTHF 018  22£5 32+15 162+34 183+100 7 D, the reaction field i$Fr| = 2 x 108 V/m. For epc = 18,

- . |Frl = 1.9 x 10° V/m, a difference of 3%. Thus for the range
polarizability that is a factor of about three larger tHa(8)- of solvent dielectric used in this study, we would not be able to

flavin. This is not the case for the, State in which the &d, see the effect of a solvent-induced dipole moment within the
is from 5 to 9 times larger than that for thg S S, transition. experimental error for &G = 160 A3,

Both trAﬁ,I and its projection onfy,; grow as the solvent
polarity decreases though the effect of solvent polarity seems piscyssion
to saturate belov), ~ 0.5. A similar trend was observed for
the § — S transition. A measurement of the ground-state
polarizability of oxidized flavins was made using refractom-
etry20 These measurements suggest that this polarizability is
on the order of 50 A Using our value for td, ~ 50—100
A3 (f = 1.3) leads to an Solarizability of about 106150 A3
This value is somewhat less than that for a highly conjugated
system such as anthracéhbut significantly larger than that
obtained for dye molecules such as coumaril\@r~ 12
A3).29 We anticipate that the difference will be traced to the
xylene ring of the isoalloxazine heterocycle.

The term ﬁ]-Aﬁ-rﬁ) is useful because it gives the magni-

There have been only a few measurements of the electronic
properties of the excited states of flavins, though a number of
calculations are available. Solvatochromic and transient micro-
wave conductivity® measurements of the electronic structure
of oxidized flavins have focused on the first excited singlet state.
Neither technique has been able to retrieve vectorial information
or contribute to our knowledge of the polarizability of these
excited states. Our measurements agree with and extend these
previous determinations.

While Stark spectroscopy yields valuable information about
the magnitudes of the difference dipole moments in several
S electronic states, the associated directions of these vectors in
tude of one component of the 5-.component polarlzap!hty teNSOr, the molecular frame are less satisfactorily defined. This in turn
namely, the cc_)mponen_t that lies alopg the transition lepole leads to ambiguities with regard to the direction of the excited-
moment direction. If this component is comparable tdty state dipole moments even with a perfect knowledge of the
then the polarizability change would be fairly well localized  44nd-state dipole moment direction. It may be useful to utilize
along the transition dipole moment. For measurements in the q,antum-mechanical calculations for guidance in obtaining more
alcohols, the ratio of i-Aq, -M)/trAg, is larger than that  gefinitive information at the molecular level. It should be pointed
obtained for the §— S, transition. This suggests that the oyt that the electronic structure of flavins has attracted consider-

polarizability for the $ state is much more anisotropic than  gpje computational effort since the 1960s, though not all such

molecular orbitals occupied by the transition frogrS S; are Several theoretical studies are available that predict the
very different structurally from those accessed during 1S gectronic structure of oxidized flavins. Gas-phase calculations
S: transition. In the case of 2-MTHF, botim{Ad,-m)/trAg, by Hall et al at the MINDO/3 level give ground-state dipole
and (m-Ag, -M)trAgy, are greater than unity. This is consis- moments and directions for a large number of derivatized
tent with the transition dipole moment andA&, being flavins; we have used these values in this waglg|(= 7.1 D)3
parallel but not coincident with any of the principal axes of the However, there is no accounting for solvation on the magnitude
molecule. or direction of the calculated dipole moment. A larger value

One explanation for the observed trend indris dimer for the ground-state dipole moment (7.8 D for 10-methylisoal-
formation in 2-MTHF vs the alcohols. Eweg et al have reported loxazine) was obtained by Platenkamp and co-workers using
delayed fluorescence of flavins in low-temperature alkane ab initio methods. Again, solvation was not taken into account.
glasses, which they attributed to aggregate formatidrhis is Semiempirical methods have been employed to calculate the
in contrast to the observations by Weber and others that baseproperties and spectra of excited states in flavins while taking
stacking is maximized in aqueous solution and thwarted in into account solvation effects. An interesting set of calculations
nonpolar solvent®4.42\We have also seen that band Il is was performed by Hanson at the INDO/s level using doubles
somewhat sensitive to flavin concentration in 2-MTHF at low excitations in which charges were placed at various points in a
temperature (data not shown). Dimerization should result in a plane containing the isoalloxazine molecéfieThese charges
larger available charge density, increasing the apparent polar-were used to mimic the internal electrostatic environment of a
izability of the sample. On the other hand, the bulky isobutyl flavoprotein. A negative charge placed near the benzenoid end
side chain on N(10) should sterically hinder any complexation. of the molecule increased theL UMO energy, while a positive
It should be pointed out that the values in Table 3 are given in charge placed near the pyrimidine end of the flavin lowered
terms of the local field correctiofi, which will be different for thez-HOMO, producing a red shift in the calculated absorption
each solvent. Because the precise valué dépends on the  spectrum.
molecular details of solvation, it is difficult to determine whether ~ Song performed ParisePar—Pople SCF MO calculations
the observed trend is due solely to changes$ or whether in 1969 on methyl flaving* He predicted that the ground-state
aggregation is in fact responsible. ~ permanent dipole moment should be parallel to the transition

It is instructive to ask whether values oA in this range dipole moment for the lowest — x* transition, which further
would be observable as an induced dipole moment in the valuestrengthens the basis for our assignment of excited-state dipole
of Au as a function of solvent polarity. The induced dipole moment directions. Remarkably, the calculations predicted that
moment should be proportional to the difference polarizability the  — S, state will have charge-transfer character. This could
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be taken as support of either case 1 or case 2 for the assignmentS, and S) and ($ and $) states increases by a factor of 3,
of the direction ofi,, but not enough information was given to  irrespective of solvent polarity. The angle between the difference
decide between these two possibilities. The work by Song also dipole moment for the §— S; transition and the transition
highlights the possible existence of mar> z* transition around dipole moment for that transition is about’55rom these values
370 nm. This has been something of a controversial i$stfe.  and from calculated values for the ground-state dipole moment
It would be expected that am— s* transition would show a direction, the direction of the;Slipole is roughly parallel with
significant change in charge distribution. Our data require only the S dipole moment. The direction of the, 8ipole moment
two sets of Stark parameters for a reasonable fit, suggestingis less clear because it is referenced to the-SS, transition
that only two transitions span this wavelength range. There is dipole moment direction, but it is also likely within about°10
no evidence for a third transition in the near-UV that has an of the ground-state dipole moment direction. Insight from ab
appreciable change in dipole moment. initio and semiempirical calculations suggests thatpoints
Perhaps most relevant to the Stark experiments is the studytoward N(10) and is roughly parallel with the ground-state dipole
of Zuccarello et al. who used the INDO/s semiempirical method moment.
and a Kirkwood solvation model modified to include changes  The polarizability change for these two transitions suggests
in the electronic polarization of the solvent to predict the optical that the § and S states have about the same polarizability,
spectra of isoalloxazine and 10-methylisoalloxaZh&hey while the $ state is significantly more polarizable than the lower
employed a spherical solvation cavity< 3.4 A) to take into energy states. A solvent dependence of the average polarizability
account both low-frequency (dielectric constant) and high- inthe S state was observed, but its origin is not well understood.
frequency (index of refraction) contributions of the solvent to This polarizability might be interacting with the solvent reaction
the energy of the dipolar isoalloxazine. While the use of a field to generate an induced dipole moment, but no hard
spherical solvent cavity is clearly incorrect in detail, the evidence for this inductive effect is available from the current
calculations predict that theyS> S; transition involves charge ~ measurements.
transfer from the xylene/N(5)N(10) part of the isoalloxazine
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