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Cover Photograph: Laser-excitation of isoalloxazines using the equipment
for time-resolved fluorescence spectroscopy described in chapter Z.
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STELLINGEN

1. De door Yamaguchi et al. voorgestelde ladingsherverdeling in de aange-
slagen singulettoestanden van 5-deazaflavine is op niets gebaseerd.

H. Yamaguchi, A. Koshiro, Y. Harima, K. Mori en F, Yoneda,
Spectrochim. Acta 374 (1981) 51.

Z. De door Ahmad en Tollin voorgestelde verandering van het reactiemecha-
nisme voor het verval van triplet-flavine in flavine semichinon bij
zekere waarde der dielectrische constante van het oplosmiddel, is in
strijd met hun experimentele uitkomsten.

1. Ahmad en G. Tollin, Biochemistry 20 (1981} 5925.

3. Fragata heeft gelijk in zijn stelling dat Schmidt's experimenten met
amphiflavines geen bewijs leveren voor de hypothese dat amphifiele
chromeforen dieper in het hydrofobe gedeelte van membranen zinken bij
de faseovergang gel - vloeibaar kristal. In de hieruit veortvlceiende
polemiek voeren beide onderzoekers evenwel onjuiste argumenten aan.

W. Schmidt, J. Membrane Biol. 47 (1979) 1; M. Fragata, ibid. 60
(1981) 163; W, Schmidt, zbZid. 60 (1981} 164,

4. Jung en Tollin's experimentele resultaten geven geen rechtvaardiging
voor hun hypothese dat de 7,8-dimethylbenzeenring in flavine bepalend
zou zijn voor de redox eigenschappen.

J. Jung en G. Tollin, Biochemistry 20 (1981) 5iz4.

5. Ondanks het feit dat het tegenovergestelde wordt gesuggereerd, bepalen
Johansson et al. geen absolute richtingen van de overgangsdipoolmomenten
in flavine.

L.%.R. Johansson, K. Davidsson, G. Lindblom en XK. Razi Nagvi,
Biochemistry 18 (1979) 4249,

6. De fijnstructuur rond 10.1 eV in het UV fotoelectronspectrum van uracil
wordt door Palmer et ai. ten onrechte toegekend aan het vocrkomen van
tautomeren in de damp van uracil.

M.K. Palmer, I. Simpson en R.J. Platevkamp, J. Mol. Struct. 66
(1980) 243; G. Lauer, W. Schafer en A, Schweig, Tetrahedron
Letters 45 (1975) 3939,
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Als gevolg van een onjuiste interpretatie van de gemeten diffusiesnel-
heid van T-hexeen in zecliet ISM-5 bhetwiifelen Haag et al. ten on-
rechte de geldigheid van het klassicke diffusiemodel wvolgens Knudsen.
W.0. Haag, R.M. Lago en P.B. Weisz, Faraday Discuss. Chem. Soc. 72
(1982) 317 (Publ. 1981),
Gezien het feit dat zich tussen de chemisch-kinetische en quantummecha-
nische benadering van het beprip "transition state" een gapende kloof
blijkt te bevinden, speciaal in het geval van enzymatische reacties,
dienen {bic)chemici, fysici en biologen zich niet te beperken tot hum
elgen specialisatie maar wezenlijk multidisciplinair te denken.
E.K. Thornton en E.R. Thornten, in: Transition States of Biochemical
Processes, eds. R.D. Gandour en R.L. Schowen (Plenum Press, New
York, 1978); G.M. Magpiora en R.E. Christoffersen, Zbtd.
Zelfs het uitvoeren van een MINDO/3-SCF-LCAQ-MO berekening op
L5D werkt hallucinerend.

M.J.S. Dewar, Science 187 (1975) 1037.

Hoe alledaags de problemen en frustraties verbonden aan het bedrijven
van theoretische chemie zijn bewijst de "editorial note' betreffende het
matrixelement < @ | H | d’> in een van Hoffmann's artikelen.

Note 20 in: R. Hoffmann, Acc. Chem. Res. 4 (1971) 1.

De onder vele musici levende gedachte dat de 'toonkwaliteit'" van een
blaasinstrument, zo deze al objectief meetbaar is, zou toenemeh naarmate
men het instrument uit "edeler" (hout - zilverlegering - goudlegering)
materiaal vervaardigt, is in flagrante tegenspraak met de fysische wet-
ten die het functioneren van het instrument bepalen. De gedachte ligt
derhalve verankerd in de psychologie van betreffende musici.
S.E, Parker, J. Acoust. Soc. Amer. 19 (1947) 415; A.H. Benade,
<hid, 31 (195G) 137.
Indien de voorgestelde toekomstige vakgroep wetenschapsdynamica in haar
doelstellingen slaagt, zal dit tot een afname van de dynamiek in de
wetenschap aanleiding peven.

Commentzar op de RAWB nota, Chemisch Weekblad, 78e jaargang,
no. 29/30, 22 juli 1982.

J.K. Tweg

On the electronic structure of free
and protein-bound iscalloxazines

22 december 1982, Wageningen.
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{Citaat zonder woorden)

Je kunt aan &én molecuul een leven lang meten,
Zonder de levensduur ddirvan te weten.

{De "Kerstklaas" alias "Simterman” op
beaoek bij de afdeling Biochemie te
Wageningen ais "Vigiting Professor”,
december 1377)

Aan Matja..)
Aan myn Ouders.
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LIST OF ABBREVIATIONS

A Absorbance (Optical Density)

cale. calculated

CARS Coherent Anti-Stokes Raman Scattering
CD Circular Dichroism

CT Configuration Interaction

CNDO/S Complete Neglect of Differential Overlap, 5 = Spectroscopic
corr. corrected

CT Charge Transfer

cw Continuous Wave

D Debye (10718 esu.om = 3.3356 x 10730 Coul.m): Unit of dipole moment
EC Enzyme Commission {(number)

ESCA Electron Spectrometer for Chemical Analysis (cf. XPS)

ESR Electron Spin Resconance (Spectroscopy)

FAD Flavin Adenine Dinucleotide

FMN Flavin Mononucleotide (Riboflavin-5'-phosphate)

Fwli4 Full Width at Half Maximum

He (T) Helium-T radiation (21.21 eV = 584 §

He (II) Helium=II radiation (40.81 eV = 304 A)

4-HNBBA  4-Hydroxy-N-n-butylbenzamide

HOMO Highest Cccupled Molecular Orbital

INDO/S Intermediate Neglect of Differential Overlap, S = Spectroscopic
IR Infrared
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KISC Intersystem crossing rate constant

LASER Light Amplification by Stimulated Emission of Radiation
LCAD Linear Combinatiom of Atomic Orbitals

LNDO/S Local Neglect of Differential Overlap, S = Spectroscopic
LUMO Lowest Unoccupied Molecular Orbital

4-MBA 4=Methoxy-benzaldehyde

MIKDO Modified Intermediate Neglect of Differential Overlap

MO Molecular Orbital

3-MP 3-Methyl-pentane

2-MTHF 2-Methyl-tetrahydrofuran

NADH Nicotinamide Adenine Dinucleotide, reduced form

NAD+ Nicotinamide Adenine Dinuclectide, oxidized form

NADPH Nicotinamide Adenine Dinuclectide Phosphate, reduced form
NADP+ Nicotinamide Adenine Dinucleotide Phosphate, oxidized form
NDDC Neglect of Diatomic Differential Overlap

NMR Nuclear Magnetic Resonance

ODMR Optical Detection of Magnetic Rescmance

ORD Optical Rotatory Dispersion

OYE 0ld Yellow Enzyme

PPP Pariser—-Parr-Pople (calculational method)

PRDDO Partial Retention of Diatomic Differential Overlap

RR Resonance Raman (Spectroscopy)

SCF Self Consistent Field

SHG Second Harmonic Generation

Tris Tris(hydroxymethyl)-aminomethane

uncorr. uncorrected

UPS Ultraviolet Photoelectron Spectroscopy

uv Ultraviolet
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Bij het gereedkomen van mijn proefschrift, waarvan het schrijven zelf te b
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oorspronkelijk overeengekomen doelstellingen te verwezenlijken ondanks tegensla-
gen van technische aard, heb ik hogelijk gewaardeerd. Mijn hooggeschatte co-pro-
motor Prof. Dr. Cees Veeger dank ik voor de kritische begeleiding en de zorg
dat het onderzoek niet ontaardde in een "1'art pour 1'art' bedrijven van fysiscl
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Hiernaast gaat mijn dank uit naar vele LH collega's. Dr. Ton Visser en Dr.
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len welke student het 'vliegbrevet' waardig was. Bery Sachteleben en Martin Bown
mans dank ik voor hun schitterende tekemwerk en Jenny Toppenberg-Fang en Lenny
Weldring voor het verzorgen van een asntal manuscripten van tijdschrift-artikel

Woorden van dank cok aan een aantal medewerkers van de Universiteit van Am
sterdam. Ten eerste aan Prof. Dr. Joop van Voorst bij wie ik het 'wak" als doct
raal student en vooral dankzij het continueren van de samenwerking na mijn ver-
trek naar Wageningen, mocht leren. Ik heb zijn belangrijke bijdragen aan het
onderzoek, mede door het beschikbaar stellen van vele dagen meettijd op het



voortreffelijke instrumentarium van de vakgroep Fysische Chemie, zeer gewaardeerd.
Voorts wil ik in deze vakgroep bedanken de collega's Dick Bebelaar voor zijn hulp
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wegwijs in het huidige operating system van de CDC Cyber. Gaarne dank ik ook Dr.
Steef de Bruijn (vakgroep Theoretische Chemie), Prof. Dr. Jan Verhoeven (vakgroep
Organische Chemie) en Cor Worrell (vakgroep Algemene en Anorganische Chemie,
Rijksuniversiteit Utrecht) voor hun vele waardevolle suggesties en ideeén.

I wish to express my sincere gratitude to Prof. Dr. Hans H. Jaffé (Universi-
ty of Cincinnati, Cincinnati, Chio, USA) for encouraging and stimulating discus-
sion and for supplying the results of his calculations on isoalloxazine. His re-
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1 GENERAL INTRODUCTION

Iscalloxazine chemistry was horn in 1932. In that year Warburg and
Christian]’2 igolated an enzyme from yeast which, after appropriate purification,
lias found to contain a characteristic yellow dye. In the following years the
nature of this dye was the subject of extensive studies'™’. By synthesis8 its
jolecular structure was finally confirmed to be that of the compound which is
nowadays called riboflavin-5'-phosphate or flavin-meno-nuclectide (FMN), a
derivative of isoalloxazine. Theorell® was the first to show that the con-
stituents of the enzyme (the dye and a carrier protein} could be dissociated and
recombined again, demonstrating that the dye was non-covalently bound to the,
so-called, apoprotein. This experiment was also the first reversible dissociation
of a holoenzyme into its prosthetic group and an apoenzyme. Ircnically, the
physiological role of this "Old Yellow Enzyme" is still entirely unknown, even
after almost fifty years of research. However, in those fifty years science re-
vealed the ubiquity of flavins in nature as the prosthetic group of many enzymes.
These enzymes constitute a large group within the main class of oxido-reductases
and electron carriers. They will be referred to as flavoproteins hereafter. The
physiclogical function of the most important flavoproteins is described, for
example, in Lehninger's textbook on biochemistry]

CH3

{‘“| Y

O Z—I

iso-alloxazine alloxazine

Scheme 1.1. Molecular structure of the simplest stable alloxazine and
isoalloxazine,




Flavin is the commonly used name for all 7,8-dimethyl-isoalloxazine deriv-
atives. Isvalloxazine itself, whose index name according to CA s
benzo(g)pteridine-2,4 (3H,10H)-dione, can formally be regarded as the tautomeric
form of alloxazine. The molecular structures of both compounds in their simplest
form are given in Scheme 1.1. Iscalloxazine can exist only when the system
carries a carbon substituent at position 10. When the ring system carries no
other substituents than hydrogen atoms it only occurs in the alloxazine tauto-
meric form. Recently, the alloxazine <+ isoalloxazine tautomerism, both in the
electronic ground and excited states, has become the subject of scientific in-
Vestigationlz_lg.

The molecular structures of isoalloxazine derivatives, which are important
in physiclogical processes, are pictured in Scheme 1.2. In biochemical catalysis,

i ® ® 2]
photolysis H H-or OH
-
8 pH>9
2 I q H / N\
8 g 2
S| Zw 8= CHy(CHOHI3 ~CH 0 TP O\TII:’ —0—C ”: >‘NH2
3 Ey g | | : OH : OH 0 N |
ol o ~ 2!' : | I \\===N
=X L
| |
lumichrome : I | |
i |
lumiflavin J | :
riboflavin (vitamin B-) | |
riboflavin - 5' - monophosphate (FMN) J

flavin - adenine - dinucleotide {FAD)

¥

Scheme 1.2. Molecular structures of naturally occurring iscalloxazines and their
decomposition by hydrolysis and photolysis.

the flavoproteins owe their unique properties to the existence of three possible
oxidation states of isoalloxazine, viz. the oxidized (quinone), half reduced




émiquinone) and fully reduced (hydroquinone) forms. Each form can occur at
ast in three different states of protonation as is shown in Scheme 1.3.

flavoquinone
0 R
J
N K H3C Ka=10 HaC LN, N
. \(" pKa = \rf PKa Y
N NH = — NH N®
HaC H3C N
FloxH® 0 FlgyH 0 Flgx@ 0
©]
& {140,
fluvosemiquinone
i i
© pKa=23 ”3C:<IN ”\ro“’ PKa=8.3 Hscﬁ" NYO
———m
—
NH HyC N NSl QLNH
- -
FIH3 FH, 0 FIH® 0o
e 1”002
flavehydroguinone
R R
l{, M oo
b uese v eued
(3 NH 4—— N];‘/NH
F'redH:. F|redH3 Fregh,© " 0

‘heme 1.3, The various redox states of isoalloxazine.

1e research of all these states, both free and protein-bound, constitutes an
mpressive scientific endeavour. The ''state of the art" of iscalloxazine (physi-
11) chemistry and molecular biology at the time the results contained in Chapters
to 5 were published as separate papers (cf. page opposite to p. 1), was ade-

iately described in the proceedings of six international symposia]g_zl', a discus-

26730 More specialistic review articles

ion met-‘}tingz5 and general review articles
31, ; 2) Electron trans-

ere devoted to 1) The binding of flavins to flavoproteins
arring properties32; 3) Flavin fluorescence26’33; 4} The interactlon of flavins
ith aromatic amino acidsy'; 5) The differences between flavins and 5-deaza-flavin
arivatives with respect to redox properties, both free and protein-bound35; 6)
1e¢ flavin molecular geometry as determined by X-ray crys1:allog1-alphy36’37 and
} Flavin photochemistry‘q's.

Like in 01d Yellow Enzyme, the isoalloxazine prasthetic group in other
nzymes is generally non-covalently bound to the apoprotein. Exceptions, for




example, are succinate dehydrogenase'o, monoamine oxidase39 and D-gluconolactone,
dehydrogenase40, which contain a covalently bound isoalloxazine prosthetic group
The latter ones will not be considered here. The general property of flavoprotei
has given strong impetus to spectroscopic studies on isoalloxazines, in protein-
bound and free occurrence. For the benefit of these studies, also a large variet

27’28’41. The main a

of derivatives which do not naturally occur, was synthesized
of these studies invariably is to reveal both the intrinsic properties of the
(iso)alloxazine electronic system and the way such properties depend on the mole
cular environment of the chromophore. It is clear that all kinds of environmenta
interactions are possible, ranging from simple solute-solvent dipolar interactio
to specific interactions like H-bond formation and the complexation of the iso-
alloxazine nucleus with amino acid residues in an apoproteingl‘. The complexation
of protein-bound iscalloxazine with a substrate molecule prior to the chemical
conversion of the latter by virtue of the catalytic activity of the prosthetic
group is, of course, of particular importance.

A large variety of spectroscopic techniques (UV absorption and emission,CD
ORD, IR, NMR, ESR, ODMR, Resonance Raman and CARS } was applied in isoallo:
azine research. In view of the contributions to this research from Wageningen, Th
Netherlands®?*%? it was desirable to undertake a more detailed study than was dor
before, on the photophysics of isvalloxazines, with special attention to the pho
tophysical properties of the isolated molecule. As long as such properties arenc
entirely known, it is hazardous to draw far reaching conclusions from optical
spectra which are characterized by their lack of information rather than their
information content. Moreover, how can one distinguish between the intrinsic pro
erties of such a complex molecule as isoalloxazine and properties which arise
from its interaction with "the outside world'", as long as the former properties
are not established unambiguously? In this respect it should also be realized
that almost every biochemist intuitively agrees with the common statement, that
the large variety of properties which has been discovered for flavoproteins thus
far, must arise from a large variety of intermolecular interactions of isoalloxa
zine with its molecular enviromment. Otherwise it is hard to explain such a vari
ety of properties of enzymes which all owe their catalytic activity to one and
the same molecule.

This thesis will be confined to an investigation of the (iso)alloxazine
chromophore by means of optical spectroscopy in a wide wavelength-range (30.4 mm
- 900 nm). To be more specific, the problems existing at the time this investiga
tion was started (cf. literature cited on p. 3), can be sumarized as follows:



: The published continuous wave (CW) optical spectra of (iso)alloxazines (ab-
sorption, emission, excitation)were very diffuse. This is caused by the ab-
sence of molecular symmetry {no symmetry-forbidden electronic transitions) and
the fact that most (iso)alloxazine derivatives are only scluble in very polar
solvents. Therefore, a resolved vibrational structure was rarely observed in
these spectra, which made it difficult to determine even ordinary photophysi-
cal properties such as the relative intensities of vibronic transitions corre-
sponding to one particular electronic transition, the location of 0-0 bands in
optical spectra with an accuracy of a few mmdred cm™! and the Stokes-loss.
Investigators who succeeded in obtaining a reasonable spectral resolution of
vibrational spacings]'{"%’4"‘_46 did not pay more attention to it than common

1% and Mitller et a1.%’ treated the sub-

ject of vibrational structure more explicitly. Scme isoalloxazine vibrational

statements. Only Koziol and Koziolowa

frequencies were determined from CARS experinent848 but, up till now, their
assigiment is still subject to discussion®® (cf. Chapter 8, p. 135). Two-
photon excitation®® also provided no new insights.

P: Various techniques in the field of time-resolved optical spectroscopy yielded

13,31935 ' shosphorescence

a large variety of data on fluorescence lifetimes
lifetimes™ =7
revealed an extreme sensitivity of the excited state kinetics of (ise)alloxa-

zines towards external perturbations. Again the discrimination between intra-

and intersystem-crossing rate constants>> > %%, The results

molecular and intermolecular aspects was very difficult. Experiments carried
out under circumstances where nice spectral resolution could be obtained lacked
the determination of fluorescence lifetimes.

3: A large mumber of quantum mechanical calculations was performed on (isc)alloxa-
zines. These are discussed in detail in Chapters 5 and 6 (pp. 52 and 83). Here
it is sufficient to emphasize that, apart from the shortcomings of such calcu-

lations, additional difficulties emerge in the verification of the theory by
comparison with optical spectra which are seriously broadened (vide supra). So,
especially better experimental results were required to check the validity of
the theory.

4: As long as problems 1 to 3 camnot be brought closer to a solution, the inter-
pretation of CW and time-resolved optical spectra will suffer from umcertain-
ties,

In the study of these problems it was attempted to approach the conditions under

which (iso)alloxazines can exist as isolated molecules as closely as possible.

In this respect, the spectroscopy on (isclalloxazines in the vapour phase not



only proved to be feasible, but it also yielded a wealth of information. Succes-
sively, it was tried to use this information in the interpretation of more com-

plex phenomena observed from Old Yellow Enzyme .
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2 EXPERIMENTAL TECHNIQUES AND
CALCULATION PROCEDURES

2.1. PREPARATIVE CHEMISTRY AND PURIFICATION PROCEDURES

Since a large variety of compounds was studied by several experimental tech-
niques, their synthesis or isolation and subsequent purification will be describ-
ed in the individual following chapters. Often the decision to synthesize new

derivatives was initiated by previous experimental experience.
2.2. VACUUM SYSTEM

A pyrex vacuum-line with a liquid nitrogen cooled cold trap was used in the
preparation of the sample cells. The line was connected to a two-stage pumping
system consisting of a rotary pump (Edwards type ED 150) and an oil diffusion
pump (Edwards type EO1) charged with 11 ml silicone oil (Corning MS 704). The
comnection consisted of a baffle valve with a two-inch pyrex-to-stainless-steel
seal (Hositrad} on top. Provisiocn was made to allow for the connection of several
types of standard glassware to the vacuum line. The variable concentration cells
{cf. Chapter 3) and sample cuvettes for vapour phase spectrometry (cf. Chapter 4)
were sealed to the vacuum line. Utmost care was taken in the design of the sys-
tem, to make the distance from the sealed cuvette via the cold trap to the baffle
valve as short as possible. The pressure was measured with a Pemning- 8 model
ionization gauge (Edwards). Optimum performance in a thoroughly cleaned system
yielded a pressure of 1.1 uTorr {0.15 mPa).

2.3. SPECTROSCOPIC EQUIPMENT

The equipment used for the measurements of the continuous wave (CW) spectra
and phosphorescence lifetimes is described in detail by Langelaar et al.]. In
case of extremely weak phosphorescence signals,an argon ion laser was used to
replace the conventional Xe-arc excitation source. Further details are described
in Chapter 3.

The flurescence lifetimes were measured by the method of single photon
countingz. This method determines the fluorescence decay curve from the statis-
tical probability to detect a single photon of fluorescence a certain time after




the flucrescent sample has heen excited with a light pulse, which preferably is
infinitely short compared to the characteristic decay time of the fluorescence.
The quoted probability decays with the same lifetime as that of the fluorescence,
provided a single photon is detected per excitation pulse. The decay curve of the
fluorescence intensity with time, therefore,is easily obtained from a plot of the
nunber of photons detected in a time-interval of width At at a time t after the
pulse, versus t. Originally, conventional flash lamps were used to produce the
excitation pulse3-7, i.e. thyratron triggered low-pressure gas discharges and
free running relaxation oscillator high-pressure gas discharges, bhoth operating
at high voltage, This brings the time-resolution of the experiment in the nano-
second time domain. Some authors attempted to penetrate into the sub-nanosecond
time domain by deconvelution techniques4_8, but this gives marginal improvement
only and it has the disadvantage of additional computaticnal labour.

Significant improvement of the time resolution, however, can be achieved by
the application of an actively mode-locked laser as excitation source. Locking of
the longitudinal cavity modes of a laser is accomplished by modulating them in am-
plitude. Amplitude modulation of an electro-magnetic wave produces side-bands at
frequencies which are the sum and the difference of the carrier wave frequency

(the mode frequency) and the modulation frequency. If the modulation frequency is
chosen such that the side-bands produced by the modulation of one particular mode

are coincident with the adjacent modes, the oscillations of these modes become
correlated, i.e. they become synchronized in phase and amplitude. Since the mode-
spacing of a laser in the frequency domain equals c/2% (where ¢ is the velocity of
light and £ the laser-mirror separation), the modes will all be "locked" if the
modulation frequency is set equal to ¢/22. The laser output then will be the co-
herent superposition of a large number of modes with a constant frequency-differ-
ence of ¢/2%., Except for a very short time-interval occurring once per cycle of
duration 28/c, these modes will interfere destructively or, mathematically, the
laser output in the time domain will be the Fourier transform of its mode spec-
trum in the frequency domain. Thus the output is a train of short pulses (v 200
ps FWHM for a noble gas ion laser) with a repetition rate of c/24.

The modulation element is gemerally an acousto-optic loss modulator® 'Z,
(mode-locker) which is mounted in the laser cavity in close proximity to one of
the mirrors, usually the 100% reflecting back mirror. The principle of its oper-
ation is the diffraction of light from the laser optical axis by a standing
acoustic wave in the mode-locker crystal, i.e. the crystal acts as a phase grat-
ing. Consequently, the modulation frequency is twice the rf. frequency at which




the mode-locker is driven. The acoustic resonances of the mode-locker should not

be too narrow because that will cause the laser to go out of lock too easily by

small thermal fluctuations. Technical details of this very elegant technique can

be found in the literature’ !

ion'? and krypton ion!3

, especially for the mode-locking of the argon
lasers, respectively.

In the experiments described in this thesis,either a mode-locked CR - 5 or
mode-locked CR-18 model argon ion laser was employed. Data concerning the opti-

mum performance obtained are summarized in Table 2.1.

TABLE 2.1.
OPTIMUM PERFORMANCE OF THE AR"GON LASER USED IN FLUORESCENCE DECAY MEASUREMENTS,
Wavelength Tube current Average mode— Pulse width
{nm) (A) locked power {(mW) (FWHM) (ps)
a) b)) ¢} a) b) c) a);b) c)
363.8 (CrR-18) - - 50 - - 100 - 300
465.8 (CR-5) 34 - - 80 - - 150 -
472.7 (CR=5) 32 - - 70 - - 220 -
476.5 (CR-3) 16 17 26 50 65 150 200 240
488.0 (CR-5) 10 13 - 40 75 - 180 -

Various partially transmitting output-mirrors: -a) 5Z T; b) 12% T; c) 304 T (CR-5)
and 2.5% T (CR-18).

The extension to other wavelengths than the argon emission lines was accom-
plished by a CR - 490 model jet-stream dye laser. The dye laser was forced to
14=16 11 this method, the optical
length of the dye laser cavity is adjusted to a submultiple or to the same as

mode-lock by the method of synchronous pumping

that of the mode-locked laser used to pump it. (The CR - 5 model in the present
work) . In this way, the mode-spacing in the dye laser becomes equal to or an in-
tegral multiple of that of the pumping laser. Thus the modulated output of the
latter forces mode-locking in the dye laser automatically. We used equal cavity
lengths for both lasers to obtain the same repetition frequency for both systems.
Transform limited pulses were obtained from the dye laser. Typical values using
Rhodamine 6G as dye were 4.5 ps FWHM using a 2-elements Lyot-filter as tuning
element and 7.5 ps FWHM using a 3-elements Lyot-filterlT. These values were

measured with interferometry and SHG generationl7. A detailed description of

the system and its performance was given by De Vries et AL

The pulse repetition frequency (c/22 = 94.576 MHz for the CR - 5 system)
was reduced by demodulation using a Coherent Associates model 22 electro-optical
modulator for the wavelengths in the visible region. It was driven at a frequenc)

obtained by dividing the mode-locker drive frequency by 1024, so the reduced
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repetition frequency was 46.180 kHz. The laser beam was passed twice through the
modulator, giving a contrast ratio of 40,000 between the transmitted and the sup
pressed pulses. The 46 kHz signal was also used to start the Ortec Model 457
biased time to pulse-height converter, the central device of the single photon
counting system. For optimum adjustment of the whole system, a model 580 E.G.& G
Radiometer with Narrow Beam Adapter proved to be indispensible. A schematic draw
ing of the entire system is given in Fig. 2.T1.

In this experimental setup, the time resolution is determined by the photo-

multiplier]

8. Transit time fluctuations of the photoelectrons in the photo-
cathode - first dynode space constitute a sericus 'bhottle neck' for its time-
resolving powerls’lg. Therefore, the time resolution of the detection system was
optimized using either the fundamental or frequency-doubled pulses from the dyx
laser. For this purpose,the sample cuvette (cf. Fig. 2.1) was replaced by a MgO
diffusor. In order to obtain maximum time resclution,it was absolutely necessary
to focus the light emerging from the exit slit of the detection monochromator on
the photocathede of the photomultiplier. This was done by means of the lens Ly
indicated in Fig. 2.1. When the full half field angle on the entrance side of the
menochromator was illuminated, the spot on the photocathode had a size of

3 x § mn. Additionally, the lens L, (cf. Fig. 2.1) was used to displace the
image of the exit slit over the photocathoede surface. Scanning the cathode in
this way provided the cptimum configuration of the detection system, i.e. the
best possible time resclution. By this procedure,the speed of the photomulti-
plier was found to depend considerably on the particular place where the photo-
cathode was illuminated. Scanning in a direction parallel to the axis of curva-
ture of the dynodes yielded a speed which was virtually independent of the lo-
cation of the slit-image, whereas scamning in a direction perpendicular to the
dynode curvature axis yielded a large variation in speed. Typical values of the
pulse width after detection ranged from 395 to 335 ps FWHM for a Philips XP 2020
photomultiplier operated according to the manufacturers recommendations and illu-
minated with 590 nm 1light-pulses from the dye laser. Increase of the potential
applied to the first and second dynodes by a factor of 1.2 and 1.1 with respect
to the previous situation, respectively, increased the range of the pulse width
to 520 - 280 ps FWHM. When the position of the lens L, {cf. Fig. 2.1) is taken
such that the speed of the photomultiplier is independent of the potential applie
to the dynodes 1 and 2 over a rather wide range, a pulse of 350 ps FWHM was ob-
served. In this configuration the wavelength-dependence of the pulse width was

measured for the two types of photomultipliers which we had at our dispesal
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the Philips XP 2020 and 56 DUVP /03). The latter type was used frequently in
37 The results are

Flash Iamp excitation single photon counting measuremeits
Liven in Fig. 2.2. From these data it was immediately clear that further exper-

G (1000 em=) Figure 2.2. Wavelength-dependence of
30 25 20 the speed of two photomultipliers used
rrprrrrp T T for single photon counting. Irradiation
was performed with ~ 10 ps pulses from
a synchronously pumped dye laser (cf.
text for explanation). High voltage:
2.2 kV for the 56 DUVP/03 and 2.6 kV
for the XP 2020. Data by courtesy of

D. Behelaar'®.
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iments should be done with the XP 2020. Detailed data on the speed of several

types of photomultipliers will be published in the near future'8.

2.4, PHOTOELECTRON SPECTROMETER

Photoelectron spectra were measured on a Perkin-Elmer PS 18 photoelectron
spectrometer modified with a Helectros He(I) - He(II} scurce. A detailed descrip-
ticn of this instrument is given by Rabalais?®. This instrument was found to be
the only one on which (iso)alloxazine spectra could be measured due to the very
short distance from the probe to the target chamber. When this distance is tco
long, no sufficient vapour pressure can be obtained in the target chamber from a
compound with such a low velatility as {iso)alloxazine.

2.5. MOLECULAR ORBITAL CALCULATIONS

2.5.1, SCF-Formalism

The aim of all quantum chemical methods is the evaluation of electronic
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properties of molecules from a solution of the time-independent molecular
Schridinger equationzj
Hy = Evy (2.1}
This eigenvalue problem can only be solved by a number of approximations. First
the Born-Oppenheimer approximation22 is adopted in which the nuclei of the mol-
ecule are taken to be fixed in the calculation of the eigenfunction ¥ which,
consequently, contains the nuclear configuration only as a parameter. This re-

duces the Hamilton operator H to:

n 2 N n - n -1
H=- 239V - ¢ IZ,uo, + ET + constant (2.2)
p=1 P A=1 p=1 Adp P<a Pq

in which the first term represents the total electronic kinetic energy, the
second term represents the potential energy of the n electrons due to the pres-
ence of N nuclei of charge Z, and the third term represents the potential ener
arising from the mutual repulsion of the electrons. The distances between the
particles are indicated by T, {nucleus—electron) and I (electron-electron).
The sum of the first two terns is usually called the Core Hamiltowian H®. Eq.
(2.2) is expressed in atomic units, a system employing the Bohr radius as unit
of length, the protconic charge as unit of charge and the electronic mass as unit
of mass. Conversion factors can be found in the literature®!.
The eigenfunction ¥ is approximated by the orbital approximation, i.e. it
is written as a determinantal function of one-electron wavefunctions Xy givin

in normalized form for a closed-shell electronical system of 2n electrons:
= LT CDP P (1)) (2) - xpy (200} (2.3)
P

The operator P permutes the coordinates of the electrons to produce the determi-
nant,(-l)P being +1 or -1 for even or odd permutations, respectively. Eq. (2.3)
treats the electrons as indistinguishable particles and it satisfies the Pauli
exclusion principleZI. Further approximation is made by assigning electrons in
pairs to the same spatial orbitals w , 1.e. all x in eq. (2.3) are replaced by
pairs b (plo(p) and by (@) B(q) for electrons of m-spln and B-spin, respectively.
In the so—called,unrestr1cted SCF-procedures this approximation is relaxed 2

The total electronic energy 1s given by the expectation value:

E=<¥|H|¥>=/¢ HYydr (2.4)

which yields after straightforward calculationzl:
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n n n a
E=27TH + T I (2. -K.) (2.5%)
i=1 i=1 j=1 MM
ir, alternatively,
n n n b
E=12¢% g, - L L (2Ji. - Ki.} (2.57)
i= i=1 3= MM
he terms appearing in eq. (2.5) are given by:
© Matrix element of the core hamiltonian:
c C
*© Coulomb integral:
o opiilasn -1
Jyp = A1I5) = <0 (@) | vy | ey (M(2) > (2.7)
0 Exchange integral:
o opriliay o -1
Kp; = (13139) = < vy (D9, | rpy 1w (D) > (2.8)
. One-electron orbital energy:
c T
g = Hii + % (ZJij - Kij) (2.9)

i=1
jormally one proceeds by expressing the one-electron wavefunctions as linear

wmbingtion of atomic orbitals, the LCAC-Approximation

Py = E Cui¢u (2.10)
‘he LCAO-SCF method (SCF = Self Consistent Field) consists of the substitution
f (2.10) into (2.5) to {2.8) and a subsequent variational treatment in which
he total energy is minimized subject to the boundary condition of orthonormal-
ity of the orbitals, i.e.

= = * =
Sij =< wi(i) I.Wj(1) > uzv cuicvjsuv Sij (2.11)

(n (2.11) the overlap between the AC's ¢u and ¢, is indicated by Suv and Gij

is the Kronecker symbel (6ij = 1 for i=j and 6ij = 0 for i # j). The variational
reatment uses the Lagrange method of undetermined rmitipliers, which finally
:ransform into the orbital energies £;e The €; are found to satisfy the well-

qown Roothaan equation321’23:
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5 (Fuv - Eisuv) €t = 0 {2.12)

In which Fuv is the matrix element of the Feek Operator.

= H® -1
Fuv Huv + ig P, {{uv|rg) - I(ur|ve)} (2.13)
and PAo is the element of the Density Matrix
oce
Plu =2 iil S (2.14)

In eq. (2.14) the summation runs over the occupied orbitals only. The notation
of the two-eletron integrals is analogous to that defined in (2.7) and (2.8).
Details of the mathematics can be found in the literaturem. Equation {(2.12) 1is
most conveniently written in matrix form.

FC=SCE (2.15)

in which E represents the diagonal matrix of the €. By applying the well-known

Léwdin transformation:
F=8"t Fs™t . p-sic (2.16)
in which § ¥ has the property that
sTissto (2.17)

I being the unit matrix, the problem is further reduced to a standard eigenvalug
problem

FFC=CE (2.18)

Equation (2.18) is solved by iteration: calculate F {depending on € through the
density matrix P) using a trial set of orbitals, solve eq. (2.18) to obtain a
new b matrix, recalculate F, solve (2.18) again and repeat until [ does not
change further within a given tolerance. This is a suitable task for an elec-
tronic computer.

2.5.2. Methods employing the Negleet of Diffevential Overlap

Having expressed the MO eigenvalue problem in the SCF form, the next
task is to evaluate the elements of the Fock matrix (eq. 2.13) numerically.
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In the CNDO method, i.e. the Complete Neglect of Differential Overlap
Jproximtionz"zl‘, only valence electrons are treated explicitly. The inner
1ells are considered as part of the (rigid) core and enter parametrically inte
*. The basic approximation is the application of the Zero Differential Overilap

:pmximationzl to all products of valence AO's, giving:
(vv|ra) = GW(SAG (| A0 (2.19)

n order to preserve rotational invariancezj, the surviving integrals in eq. (2.19)
re taken to be only dependent on the nature of the atoms A and B to which u and
belong and not on the actual type of orbital (s, p, d), hence

{uular) = Tap {21l ¢ on A; all X on B) (2.20)

he evaluation of the matrix elements H]‘":v in eq. (2.13) proceeds by separating
hem into two types, one for which p and v belong to the same atom and another

or which u and v belong to different atoms. The approximations are?!:

H> = )
[ BV Wy AB
B#A (2.21)

HE\) = Bw = %(BR + Bg)suv (kL on A; v on B)

- is the energy of ¢u in the bare field of the core of its own atom, VAB is

he interaction of ¢u on A with the cores of the other atoms B, [3“\J is the
esonance integral describing the lowering of the energy of an electron being in
he field of two cores simultaneously and 8, and E; are semi-empirical parameters,
haracteristic for the atoms A and B, respectively., The resonance integrals lead
o chemical bonding. Uuu is gs}.sgl;tially an atomic parameter which is approxi-
ated in the CNDO/Z version™ ’"~ by:

U= -l YA - (2, - Dy, (2.22)

shereas VAB is approximated in this version by the neglect of penetration

Lntegra.ls2 1,25 leading to:

Vv, =12 (2.23)

AR " “p ap

A and ZB represent the net charge on the core atoms A and B, respectively.
dding the density matrix elements on one atom A, giving pA.A’ the total valence-
lectron density on A, we finaily obtain upon substitution of (2.19) to (2.23)
nto (2,13) and arranging terms?! %3,
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= -1 - -1 - -
By = m2(I, # A0+ Py, =2 = 2P, - Dy + sia (B LA
o

= o) -
Fuv = %(BA + BB)Suv P

(2.24)
uvYAB

For the calculation of spectral properties the CNDO/2 methed was refined by
Del Bene and Jaffézs. This CNDO/S Method (S = Spectroscopic) was shown to be
capable of predicting a large variety of spectral data very satisfactorilyze'-35
The refinement consists of a discrimination between o and 7 overlap in the cal-
culation of Buv

B, = (B + 8RS | (2.25)

in which ¥ = 1 for c-overlap and k = 0.585 for p“—overla'p. Additionally, the

whole CNDO/2Z parameterization was changed. The parameterization used in this

30

thesis was the most recent one™ and is given in Table 2.2. The two-center two-

TABLE 2.2.
CNDO/S PARAMETERS (eV)
0

atom BA YA Is + AS IP + AP
H -12.0 12.85 14.35 -

C -17.5 10.93 29.92 11.61

N -26.0 13.10 40 .97 16.96

0 -45.D 15.27 54 .51 21.93

F =-50.0 17.36 56.96 24.36

electron integrals were approximated using the Nishimoto-Mataga formulad®

giving in atomic units:
=1
Yog = {RAB + 2/(YAA + YBB)} {2.26)

Dividing RAB by 14.40 turns the units into eV for the y and into & for
(18 = 0.1 mm) .

Further refinements of the all-valence electron calculation methods are:
1) the Intermediate Neglect of Differential Overlap?!*3’ (INDO) ; 2) the Modi-
£ied INDO method or MINDO method of which the 3rd. version (MINDO/3) is applie
frequently>®*3%; 3) the Neglect of Diatomic Differential Overlap>* (NDDO) and
4) the LNDO/S methodl‘o, the latter method (Local Neglect of Differential Over-
lap) being developed recently and hitherto only applied to hydrocarbons.

It was shown by Roothaan’> that the orbital energies obtained from a

LCAO-MO-5CF calculation equal the negative of the experimentally observed

Ran
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bnization potentials, provided the electron correlation and reorganization can
2 neglectedzo. This constitutes the well-known Keopmans theoven' . The accuracy
f theoretical methods, therefore, can be tested in a rather direct way by phato-

lectronspectroscopy20 (cf. Chapter 5).
. 5.3. Speetroscopie Data

Spectroscopic properties were calculated by the method of Configuration
hteraction (CI). This method, set forth by Pople42 and Pariser43, describes the
woited state as a linear combination of determinantal wavefunctions (cf. eq. 2.3)
n which electrons are excited from an occupied orbital to an unoccupied one, i.e.
5 a lineqr combination of excited configurations. The general formulas for the
nteraction matrix elements between configurations are given in Table Z.3. When
he orbitals s, wj, by and Y, are determined by an SCF procedure, obviously the

atrix F is diagonal, so Fri = €%+ This causes all interaction matrix elements
etween the ground state Y, and the excited configurations ¥, ,, to vanish, a
roperty which is known as Brillouin's Theorem. The C1 procedure involves the
iagonalisation of a matrix with elements Hmn - Eamn in which Hmnrand,E are given
n Table 2.3. Further mathematical details and formulas for transition moments

TABLE 2.3.
ELEMENTS OF THE CL MATRIX®

Yo ik Yive Yo Yisp
[+] éE b) . .
ik ziFki E-eg b = (I, Koo JEK, Fio - (ii]ke) Fop - (ijlek) |-¢ij|ke)
g 2£in Fk2+2(ik|i£)—(iilkﬂ,)
ok Ziij —Fji+2(ik|jk)—(ij]kk)
g | 2P 2(ik]j2)-(ij|k)

) Only one type of element given; upper half: triplets, lower half: singlets;
) + > singlet; - + triplet, (i # j # k.# ).

an be found in the original papersaz’43.

Photoionization cross-sections, necessary for the interpretation of photo-
lectron spectra (cf. Chapter 5), were derived according to the method of
11ison™®. In the calculation an electron is assumed to he excited into a contin-
um to give a spin singlet. The final state wavefunction wi*j thus is a config-
ration in the sense discussed above, except that the one-electron wavefunction
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describing the free electron is an unbound state and not a molecular orbital.
It is conveniently approximated by a normalized plane wavefunction in a cubic

box of edge length L with wave-vector k
- 33,2 -
[PW(D)> = (K'L7/67°) exp i(ker) (2.27)

The transition probability to such a configuration is calculated with time-deper
20,44 (Fermi's Golden Rule), yielding the differential

cross-section of producing photoelectrons in an element of so0lid angle df with

dent perturbation theory

radiation of unit polarizaticn vector u

do _ e’ 1;..? _f (2.28)
dn 2mch?e oj
in which Poj is the complex quantity
1 -OCC
POj = 2% i<wj\PW(k)> + 12§]<wj|V|¢£><¢2|Pw(k)>:] (2.29)

In these expressions, e and m denote the electronic charge and the electronic
mass, respectively, ¥ is Planck's constant divided by 27, w is the radiation
frequency and v is the conventional gradient operator which is also employed in

the calculation of transition moments. The evaluation of (2.27) to (2.29) is

treated extensively in the literature?0»42,
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3 LUMINESCENCE OF SOME ISOALLOXAZINES IN
APOLAR SOLVENTS

3.1. INTRODUCTION

Filavins in their ground and excited electronic states participate in many
biological reactions . Therefore, the luminescent properties of isoalloxazines
have been the subject of several investigations. An excellent review of the 1it-
erature up till 1967 was written by Penzer and Radda®. During the last decade a
large number of additional data, including quantum mechanical calculations, have
been published. The calculations cover the entire region of commonly used method:
including Hﬁckel3’a, Extended Hﬁcke15’6, SCF-PPP7-l0, CNDOE’g and MINDO/S“.
However, experimental results and especially muclear magnetic resonance data are

2, so to test the theoretica.

not completely in agreement with these calculations’
model more thoroughly, we have undertazken a more detailed study of the propertie:
of the electronically excited states of some isvalloxazines.

Since it is known that the resolution of the electronic absorption spectrum

is better in less polar solvents' 3718

, which facilitates the comparison with
known theoretical data, we attempted to increase the sclubility of some isoallox-
azines in highly apolar organic solvents by substitution of the N3 and N]0
positions of the isoalloxazine ring with long aliphatic side chains. This enable
us to use Z-methyl-tetrahydrcfuran (2-MTHF) and 3-methyl-pentane (3-MP) as
solvent, giving sufficient concentrations of these isoalloxazine derivatives in
fluid as well as glassy solution at 77 K. In order to characterize the optical
properties of iscalloxazines in more detail, a wide range of temperature was

employed.
3.2. MATERIALS AND METHODS
3.2.1. Purification of solvents

3-MP, purum, (from Fluka) was dried on molecular sieves, refluxed for 6 hr
with sodium in nitrogen-atmosphere and distilled subsequently over freshly added
sodium wire. The flask containing the main fraction was attached to a vacuum
system and the solvent was degassed by distillation at 10 uTorr (1.3 mPa) into a
storage vessel containing molecular sieves. Solvent removed from the storage
vessel by distillation in vacuum showed 100% transmission for A > 240 nm; 63% at
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20 nm; 56% at 215 nm and 40Z at 210 om (measured in a | cm cuvette). 2-MTHF,
burum, (from Merck) was dried on molecular sieves followed by removal of the sta-
bilizer on an Al,05—column. Subsequently, the solvent was dried!?® with CaH,, re-
Fluxed for 10 hr with freshly added CaH; in nitrogen atmosphere until Hz-genera-
Fion had ceased, followed by immediate distillation. The main fraction was collec-
red on LiBHy and distilled at 10 pTorr (1.3 mPa) over two sodiummirrors prepared
by vacuum sublimation of the metal onto the wall of a round-bottom flask. The sol-
rent was stored on CaH,. Solvent removed from the storage vessel by distillation
in vacuum showed 1007 transmission for A > 270 nm; 877 at 260 nm; 74% at 250 nm
nd 257 at 240 nm (1 cm cuvette).

Vacuum distillations were performed by cooling the collection vessel. All
olvents were free from emission under irradiation with a 1600 W Xe-arc source.

B. 2. 2. Synthesie of new iscalloxazine derivatives

7,8=-Dimethyl-10-n-octadecyl-isoalloxazine and 7,8-dimethyl-10-isopropyl-iso-—
Elloxazine were obtained by condemsation of |,2-dinitro-4,5-dimethyl-benzene with
the corresponding amine according to the procedure of Leonard and Lambert2®. To
improve solubility in apolar solvents, the compounds were methylated at Ni as de-
beribed by Hemmerich?l. 7,8,10-Trimethyl-3-n-undecyl-isoalloxazine was obtained
by treatment of 7,8,10-trimethyl-iscalloxazine!? in dimethylformamide with un-
Hecylbromide (Fluka) in the presence of K,C03 at room temperature for 24 hr, All
Fompounds wetre purified to homogeneity by a procedure described previously!Z.

Ihe melting points given below are uncorrected.

Elemental analysis;

B,7,8-Trimethyl-10-#-octadecyl-isvalloxazine (m.p. 428-430 K):

C51HygN,02.0,2H,0 cale. C 72.65 H 9.53 N 10.942%
(512.02) found € 72.5 H 9.2 N11.6 Z
B,7,8=Trimethyl-10-isopropyl—isoalloxazine {m.p. 563-564 K):
Clsl‘IlquOz.%HzO cale. C 62-50 H 6.24 N 18.247
(307.19) found € 62.9 U 6.1 N 18.2 %
7,8, 10-Trimethy1-3-xn-undecyl-iscalloxazine (m.p. 478-480 K):
CZL,H3|+N402 cale, € 70.21 H 8.35 N 13.63%
(410.54) found € 69.9 H 8.4 N 13.8 %

It should be noted that the elemental analyses of compounds I and III indicate
that the crystalline materials contain some residual solvent in non-stoichiometric
amounts., The synthesis of the other compounds has been described elsewhere (Grande
ot al.l? and references therein).

3.2.3. Preparation of samples

Solutions were prepared in a variable concentration cell, consisting of a
1x1x3 cm suprasil quartz cuvette with a pyramidal shaped bottom, conmected to
a side-arm with a storage-bulb by means of a quartz—to-pyrex seal. The cell was
sealed to the vacuum system, degassed by heating at a pressure below 10 uTorr
(1.3 wPa), refilled with oxygenfree nitrogen to enable introduction of the
solute into the storage-bulb followed by sealing-off the opening. Solvent was
subsequently distilled into the storage-bulb in vacuum, the solution was de-
gassed by freeze-thaw techniques and the cell was sealed—off at a pressure of
2 to 4 pTorr (0.27-0.53 mPa). Due to photolability of the isoalloxazines, only
illumination by sodium lamps was used.
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3.2.4, Measuvement of the dielectric constant

The dielectric constant of 2-MTHF was measured by inserting the solvent in
a capacitor. Calibration was made by using solvents with known dielectric con-
stants {(purissimum grade) and correction for geometry changes upon cooling to
77 K were applied. All values were extrapolated to zero—ifirequency to obtain the
static dielectric constant.

3.2.5. Equipment

Absorption spectra were recorded on a Cary—l4 spectrophotometer. Continuous
Wave (CW) emission and excitation spectra were recorded on the spectrofluoro-—
meter described by Langelaar et al.22. The instrument was equipped with a 1600 W
Xe—arc scurce, a Zeiss MMI2Q excitation monochromator and a Zeiss M20 detection
monochromator fitted with an EMI 9538 QA photemultiplier (5-20 spectral response
photocathode) . Both phase sensitive amplification and photon counting could be
used, For the correction of the excitation spectra, the power output spectrum of
the excitation source was measured with a model 580 E.G.& G. Radiometer with nar-
row beam adaptor. By using the same equipment, the detection system was calibrate
by comparison of the detector output upon irradiation with a standard light
source with the radiometer output under the same conditions. Phosphorescence
lifetimes were determined by a similar detection system as mentioned above,after
excitation with the 476.5 nm emission line of an argon ion laser. The exciting
light was modulated by an electro-mechanical shutter, triggering a multichannel
analyzer in multichannel-scaling-mode. Fluorescence lifetimes were measured by
the method of single photon countingzi after excitation with a mode-locked CR-5
model argon ion laser also operated at 476.5 nm (20,987 em™1) with 50 mW average
mode locked power. The 94,576 MHz pulse repetition frequency was extracavity
demodulated to 46.180 kHz by passing the laser beam twice through a Goherent
Associates model 22 electro-optical modulator giving a contrast ratio of 40,000
between the transmitted and suppressed pulses. The laser pulse was 300 ps full
width at half maximum (FWHM), broadened to 365 ps after detection by a Zeiss
MM12Q monochromator equipped with a Philips XP 2020 photomultiplier. The spectral
bandwidth could always be kept below 400 cm™! on the Zeiss monochromators and was
actually set to 25-75 cm™! in the majority of the measurements.

Data handling was performed by feeding the spectra and calibration curves
into a PDP-11/45 computer by means of a Tektronix Graphic Tablet. Correction and
averaging was done on a IBM 370/158 system to which the PDP was connected. The
spectra were integrated for the determination of radiative lifetimes. The actual
fluorescence lifetimes were so long compared to the excitation pulse width, that
awkward decouvolution procedures could be avoided.

3.3. RESULTS

All compounds investigated generally display the same overall spectral char-
acteristics. The continuous wave absorption, emission and excitation spectra are
almost equally shaped when compared in one particular solvent, e.g.2-MTHF, but
they are considerably influenced by the solvent polarity. Formal introduction of
alkyl substituents into positions N3, N]O’ C7, and CS’ which was shown to
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Figure 3.1. Absorption and excitation spectra of various isoalloxazines. (A) Ab-
sorption spectrum of 3,10-dimethylisoalloxazine (V) in 2-methyltetrahydrofuran;
curve I: 300 K, 24 uM; curve 2: 77 K, 29 uM. (B) Absorption spectrum of 3,7,8-
trimethyl-10-n-octadecylisocalloxazine (I) in 3-methylpentane, 300 K, 6.6 uM.

(C) as (B) but at 77 K. (D) Excitation spectrum of 3,7,8-trimethyl-10-%n-octa-
decylisoalloxazine (I) in 3-methylpentane at 77 K, detected at 17,600 cm™!,

A;em = 300 cm"l, Asex = 100 cm~! (c = 6.6 UM}. The absorbance scale is expanded
in the long wavelength regions (20,000 - 34,000 cm™! in A and B; 20,000 - 33,000

em”! in Q.
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affect charge densities in the molecule!?

, only shifts the continuous wave
spectra by 500 cm_l, which value is never exceeded (Table 3.1). The decay con-
stants, however, are more sensitive to the nature of the substituents in the
various positions of the isoalloxazine ring, in agreement with earlier observa-

tionsza.

3.3.1. Luminescence in S5~-MTHF

The continuous wave spectra of compounds I to V in 2-MTHF are very simila:
Representative spectra obtained at 300 and 77 K, respectively, are given in Figs
3.1A and 3.2A. In all cases, the corrected excitation spectra both of fluorescenc:
and phosphorescence were found to match the absorption spectrum completely.

Going from fluid to solid solution, the usual decrease of the inhomogeneous
broadening due to different sclute-solvent interactions is observable, revealing
a distinct vibrational structure in the absorption, emission and excitation spec-
tra. The vibrational mode giving the cbserved progression has a frequency of
1250 cm ', A similar value was obtained from temperature difference spectra
It is well known from the spectroscopy on aromatic hydrocarbons that only totall:

symmetric vibrational modes give rise to distinct progressions26

. Thus, comparin
the observed 1250 cm™! vibrational frequency of the isoalloxazine molecule with
the commonly observed 1400 am'c-c stretching mode in aromatic hydrocarbons
and taking into account the presence of nitrogen and oxygen atoms in iscalloxazi-
ne, it seems likely that the former freguency can also be assigned to a skeleton
stretching mode.

Because of the absence of molecular symmetry in the isoalloxazine ring,
there will be no symmetry-forbidden electronic transitions. Therefore,we can use
the 1250 cm " vibrational progression to establish the band origins in the spec-
tra, yielding the wavenumbers of the 0-0 electronic transitions (cf. Table 3.1).
Freezing of the solutions to 77 K causes a blue shift of both the Sy > 5, absorp-
tion and the S “« S emission bands, the shift being the 1arger for the fluores—
cence. Consequently, the Stokes-loss as determined from the S - S absorption
and the S + S emission transitions, decreases slightly. In case of isocalloxazi-
ne solut1ons in 3-MP (vide infra), the blue shift in absorption is not observed
indicating a substantially smaller solute-solvent interaction in this case.

Despite careful degassing procedures,we could not observe S0 <+ Tl phospho-
rescence when the temperature was raised above ~ 103 K, probably due to softening
of the 2-MTHF -glass. In the small temperature range from 77 K to 103 K, how-
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ever, the phosphorescence was found te shift in the same direction as the

Sy « 5, fluorescence, leaving the 5, - T, energy difference unaltered. The fail-
ure to abserve phosphorescence at room temperature with a fluorcmeter which in
principle is capable of determining quantum yields as low as ]0_6, seems to agre
with the short triplet lifetimes of iscalloxazines at room temperature, as deter
mined recently by Grodowsky et a1.27.

More pronounced is the influence of substituents and temperature on the rel
ative intensities of the varicus vibronic transitions in the S0 + S1 absorption
and SO « Sl emission bands. Methylation of the molecule in positions 7 and 8
causes a slight increase (20%) of the intensity of the S0 -+ Sl 0-0 transition
relative to that of the SO + 5. 0-1 transition, consistent with light absorption

1
data obtained by other authors'~ '°

. The apparent FPranck-Condon maximum for the
SD + 8, absorption is found to coincide with the 0-1 band in all absorption spec
tra. The Franck-Condon maximm observed in the fluorescence spectrum, however, if
found to shift from the 0-1 band in fluid solution to the 0-0 band in solid so-

lution, the effect being more pronounced for the smaller molecules (compounds IV

and V) than for the larger ones. Parallel to this,a drastic increase of the fluo-
rescence quantum vield is observed upon solidification of Z-MTHF.

Without exception,we measured a single exponential decay both of flucrescen-
ce and phosphorescence in 2-MTHF ., A typical semilogarithmic plot of the fluo-
rescence decay is given in Fig. 3.3. The actual lifetimes (Tf) were found to be
constant over the whole fluorescence spectrum and are collected in Table 3.1,
together with the radiative lifetimes (TO) obtained from the integrated absorp-

26 and the molar extinc-

tion and emission spectra using the Birks-Dyson formula
tion coefficients, determined as described previously24. The optical densities
were corrected for contraction of the solvent upon cooling the samples. The
quantum yields were determined using fluorescein in 0.1 NNaOHas a standardzq
which was shown to have a quantum vield of 0.92. The quantum yields were found
to agree quite well with the ratio Tf/TO (Table 3.1), hence the actual lifetime
of the isoalloxazine fluorescence can be used reliably to estimate the quantum
yield of fluorescence, confirming previous observation524.

Because internal conversion to the first excited singlet state is a very
rapid proce5527,we clearly observe only emission from the first excited singlet
and triplet states. This is confirmed by: 1) The independence of the lifetimes
upen the emission and excitation wavelength and 2) the constant degree of polar-
ization (p = (.42, error 2 5%) over the entire fluorescence spectrum after

excitation of the Sg - S? transition. Furthermore, we measured the polarized

28



pxcitation spectrum of compound V at 77 K exhibiting (error £ 5%) a wavenumber-
independent degree of polarization within the region of cne absorption band,
Fontrary to earlier resultsl4’]5. The values obtained are p = 0.42 for the

By > S, band, p = 0.25 for the Sp S2 band and p = 0.20 for the So ™ S5 band,
1% These data show

ho evidence for possible vibronic interactions or the presence of two electronic
1

measured and corrected in the same way as was done previously

transitions in the region from 21,000 cm = ta 27,000 <:m_l as proposed previous-

Figure 3.2. Emission spectra of various

= /\ A | isoalloxazines. (A) 3,10-Dimethylisoal-
232 A\ loxazine (V) in 2-methyl-tetrahydrofuran;
E L/ 2 curve 1: fluorescence at 300 K; curve 2:
=2 fluorescence of the same sample at 77 K
Hana /\3 \ curve 3: phosphorescence {intensity mul-

tiplied by 100 prior to plotting) of the
same sample at 77 K. Excitation wavenum—

S
5
)

A

ber 21,500 em™l, Av__ = 26 em™!, Av__ =
:i)( \é&¥ 50 cm't c = 31 uM. ex {B)} Emission emn £
3,7,8-trimethyl-10-{#-octadecyl)-isoal-
loxazine (I) in 3~methylpentane at 300 K.
Excitatjon at 21,300 ecm™, Av__ = 40
cm'l, Av = 50 cm-l, c=6.6 %% uM. (&)
Prompt €M (curve 1) and delayed (curve
2) emission of 3,7,8-trimethyl-10-(n—oc—
tadecyl)isoalloxazine at 77 K under the
// \ same optical conditionms as (B), ¢ = 6.6
puM. Intensity of the delayed emission
L/ (curve 2) multiplied by 100 prier to
/] plotting.
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1y]4’15. The lifetimes of phosphorescence [Tp) and the quantum yields of phos-

phorescence relative to that of fluorescence, were determined at 77 K only {Tab
3.1). Both quantities are very sensitive to temperature, probably due to soften
ing of the Z-MTHF glass which is reported to occur above 98 Kzg. The values

given in Table 3.1 are, therefore, the maximum values obtained under our exper-

imental conditions.
3.3.2. Luminescence itn 3-MP

Only two compounds could be dissclved in 3-MP. They show nice spectral res
olution already at room temperature (Figs. 3.1B and 3.2B). Again the corrected |
excitation spectra match the absorption spectra completely. The same character-

I 45 observed in 2-MTHF is also observe

istic vibraticnal frequency of 1250 cm
here. At room temperature,the fluorescence decay is a single exponential. The
long lifetime of + 9 ns exceeds all previously reported values of isoalloxazines
in fiuid solution at room temperature. The relative intensities of the vibra-
ticnal bands in the spectra are not verv different from those observed in 2-MTH
at room temperature.

When the solutions in 3-MP are frozen, however, the spectra change very dra
tically (Figs. 3.1C and 3.2C). A broad, structureless prompt emission (Fig. 3.2C
curve 1) with a lifetime in the nanosecond time domain and a delayed emission
(Fig. 3.2C, curve 2) with a lifetime in the millisecond time domain are now ob-
served. The delayed emission consists of two spectral bands, centered at ~ 18,00
an ! (coincident with the prompt emission) and at ~ 15,000 an~!. The excitation
spectra of all these strongly red-shifted emission bands all have the same shape
but differ considerably from the absorption spectrum under the same conditions
(cf. Fig. 3.1D and 3.1C). The decay of the prompt emission becomes bi-exponentia
with a short component of ~ 5 ns which is independent of the detection waverumbe
and a long component which ranges from 10 to 20 ns depending on the detection
wavenumber (cf. Table 3.1 and Fig. 3.3). These values are obtained after sub-
traction of the background due to the delayed emission from the decay curves.
The delayed emission has a single exponential decay on the red (v < 15,000 an”?
and blue (v> 18,000 cm-l) edges of the spectrum but is bi-exponential in
between. Analysis of the decay curves shows that the shortest lifetime {13 ms)
is associated with the emission band at 18,000 an! and the longest lifetime
(40-50 ms) is associated with the emission band at 15,000 cn”!. In the region

where the two bands overlap, the relative intensities of the two components as
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Figure 3.3. Fluorescence decay of 3-#-undecyl-7,8,10-trimethylisocalloxazine (II)
under various conditions after laser excitation. (A) In 2-methyltetrahydrofuran,
77 K, detection at 20,450 cm'l, Aaem =28 em™! (c = 9.8 uM). (B) Prompt emission

sbserved in 3-methylpentane at 77 K; detection at 15,500 cm™, Agem = 400 cm™!

(c = 9.6 uM), The background due to the delayed emission has been subtracted from
the curve. Insert: Excitation pulse from the argon ion laser used in the measure-—
rents of (A) and (B), observed after replacement of the sample compartment by a
nagnesium—oxide diffusor. (For detalils see Materials and Methods).
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determined from the decay curves, agree quite well with an estimate made by
extrapolation of the two bands cbserved in the continuous wave spectrum of the
delayed emission (Fig. 3.2C, curve 2). Apparently, both transitions observed in
the delayed emission decay single-exponentially but with different lifetimes in
the millisecond time domain. When the temperature is raised to 300 K,the spectr:
in Figs. 3.1B and 3.2B reappear, the fluorescence decay becomes single-exponen-
tial again and no delayed emission can be observed. It should be noted that the
relative intensities of the emission spectra in fluid as compared to rigid so-
lution show poor reproducibility but, in every experiment,the total emission

intensity drops at least one order of magnitude in rigid solution.
3.4. BISCUSSION

The improved resolution of the isoalloxazine spectrum obtained in apolar
solvents enabled us to establish the energy of the electronically excited state:
more accurately than was possible in polar solvents where, due to broadening
and overlap of the individual vibronic bands, no vibrational structure can be
ohserved. Regarding the fact that the So > 5 0-1 vibronic transition is the
most intense one in the long-wavelength band in the absorption spectrum, it is
clear that the maximum of the S - S band observed in polar solvents is not
coincident with the 0-0 trans1t10n The orlgln of the S > S band in polar
solvents is thus at lower energy (v~ 1200 cm J than is suggested by the maximum
of the absorption band. This finding agrees well with recent conclusions drawn
by Dutta et gi. from resonant coherent anti-Stokes Raman scattering spectra
{CARS)} obtained from isoalloxazine derivatives and some flavoproteins3o. The
experimentally observed 0-0 transition energies are compared with calculated
data in Table 3.2.

The improvement of the spectral resolution also shows that the shape of th
Sy + S, emission band is determined mainty by the solvent influence on the
Franck-Condon factors of the individual vibronic transitions. This influence is
much more pronounced in the emission than in the absorption spectra of isoallox:
azines. For this reason,care should be taken in interpreting the structureless
optical spectra which are frequently observed from iscalloxazines in polar sol-
vents of protic character or from flavoproteins. Regarding the results obtained
in non-protic solvents, it becomes clear that spectral shifts observed in protic
solvents do not necessarily imply a change of the Sg 478? or Sg - S? electronic
transition energies. This is illustrated by the fluorescence properties of
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TABLE 3.2.
MPARISON OF OBSERVED ELECTRONIC TRANSITIONS OF ISOALLOXAZINES WITH CALCULATED

DATA (IN CM"')

lompound  Transitions Fxperimental SCF-PPP-CI® cwpo®’ MINDO /3%
I1, IIT  Sp; + S;  21,300-21,500 23,700 - 21,700
Sp + S,  28,500-29,000 27,6003 30,900 - 28,700
Sg » S3  36,800-36,900 36,900 - d)
L Sg + Sy 45,100 45,900 - d)
, v Sq > 8y 21,600-21,900 - - 21,500
Sg + S;  29,700-29,900 - - 29,100
SD - 53 37,000—37,100 - b) - E'.)
TI, IIT  T; ~ Sg 16,700 13,700; 16,100°7 28,600 16,600; 17,200
i, v T, > Sy 17,200 - - 17,300

from ref. 9; b) from ref. 6; ¢) from ref. 11 (without configuration interac-
jon); d) 8 different transitions ranging from 31,100 to 42,000; o) 3 different
Fansitions ranging from 31,100 to 35,800.

ranshydrogenase3], where a distinct blue shift of the iscalloxazine fluorescence
hin be observed when potassium phosphate and NADP" are added to a solution of
is enzyme in Tris- HC1 buffer at pH 7.6. This effect is easily explained by
priformational changes of the isoalloxazine prosthetic group in the enzyme, af-
ecting the Franck-Condon envelope of the emission spectrum,

From the cbserved 0-0 transitions,we alsc obtained more precise values for
he Stokes-loss than previously availablezt'. Considering the theories of solvent

265 32, it can be seen that a simple

nfluence cn absorption and emission spectra
emiquantitative description can be given in terms of the Onsager theory of
fielectrics provided there are no specific sclute-solvent interactions like H-
bnd formation. For this reason, carefully purified non-protic solvents and alkyl-
ted isoalloxazine derlvatlves were used. The difference between the S -+ S
bsorption (\) ) and S - S emission transition {v ) for a molecule embedded in
spherical cavity of radlus a, in a solvent with statlc dielectric constant e

nd index of refraction n, obeys the equation:

. 2(u-—u) e -1 n~ -1
A\J=\Ja-- ———3-—P where P = -—3 {3.1)

Ze + 1 2n” + 1
he dipole moments of the solute molecule in its ground and first electronically
xcited state are given by U and My respectively, h is Planck's constant and
is the velocity of light in vacuum.

The values of £ and n are known for 3—MP33, i.e. £ = 1,907 and n = 1.381
it 293 K and 486 nm., Our measurement of & for 2-MTHF yielded 6.25 at 293 X and
.52 at 77 K. The value of £ is made up by two contributions originating from the
lectric dipole moments of the solvent molecules and their electronic polariz-
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ability. Clearly, dipolar contribution to € will vanish upon freezing the solven
t0 a low-temperature glass, so the chserved reduction is easily explained. The

33 equals nz, so this quantity,

high frequency limit of the dielectric constant
often referred to as dynamical dielectric constant, is only dependent on the
electronic polarizability. Therefore, we assume no drastic change of n? upon
freezing Z-MTHF and take the tabulated value33 n = 1.406 (293 K, 589 nm)} for
all temperatures. Substitution of these values in eq. (3.1) yields an increasin
factor P in the order: P = 0.000 for 3-MP at 293 K; P = 0.055 for 2-MTHF at
77 Kand P = 0.192 for 2-MTHF at 293 K. Equatiocn (3.1), therefore, predicts an
increasing Stokes-loss with increasing P, a tendency which agrees qualitatively
with the experimental values (cf. Table 3.1). However, irrespective of the valu
of g and ug, the theory ?ﬁedicts the Stokes-loss to be zero in 3-MPat 293 K
whereas a value of 850 cm ° is observed. This indicates an intramolecular con-
tribution to Av for which eq. (3.1) does not account. It is, therefore, very
probable that the isoalloxazine molecule possesses different molecular. conforma
tions in its ground and first electronically excited singlet and triplet state
This is supported by the absence of a mirror-symmetry relationship between the
absorption and emission spectra and the solvent influence on the Franck-Condon
envelopes. So, electronic excitation causes changes in molecular conformation
which in turn are dependent on molecular environment.

The possibility that Franck-Condon factors may change considerably is also
supported by the theory described by Henry and Siebrand>*. These authors have
shown that anharmonicity of molecular vibrations, when taken into account, may
displace the maximm of the Franck-Condon envelope from the (-0 transition, so
small external perturbations may affect the spectral properties of molecules in
this sense considerably.

Solvent-interaction and substituents both influence the non-radiative deca
of the molecule considerably without affecting the radiative lifetimes much (cf.
Table 3.1), in confirmation of the earlier results of Kozioll3 and the proposal
made by Song35. Unfortunately,we could not determine intersystem-crossing
quantum yields but, using the values of the actual lifetimes and quantum yields
of fluorescence, we can estimate limiting values for kisc’
internal conversion. From the data in Table 3.1 we obtain values ranging from
2.6 x107 57!
are smaller than those obtained in aqueous and alcoholic solution

assuming no Sl > S0

to 2.0 x 108 s7! depending on sclvent and substituent. These value
27,36,37

The enormous red shift of 3000 cm ' and complete loss of vibrational struc-
ture in the emission spectra of isoalloxazine in 3-MP at 77 K certainly cannot
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e explained in terms of simple scolvent interactions, The difference between the
kcitation spectrum of the shifted emission and the absorption spectrum indica-
es that the emitting species is no longer a simple monomer isoalloxazine mol-
cule. This is supported by the long component observed in the decay of the
rompt emission with a longer actual lifetime than the radiative lifetime of the
irst excited singlet state of isoalloxazine in polar solvents. The variation of
he long component with wavelength may be due to the presence of a variety of
plute clusters with different fluorescence lifetimes. In the delayed emission,
here the shortest lifetime is associated with the short wavelength band and the
nngest lifetime with the long wavelength band, we interpret the former as being
be to delayed fluorescence and the latter as phosphorescence emission, respec-
ively. The energy difference of the two bands is 3300 e ! giving a Boltzmann
actor of ~ 1072° at 77 K so, the delayed fluorescence will not he due to thermal
tivation of a single triplet to the first excited singlet state but,due to

riplet-triplet annihilation of triplet excitons because the phenomenon is ob-
erved in solid solution only. Freezing a sclution of iscalloxazine in 3-MP to
7 K clearly causes association of the sclute molecules. A similar behaviour was
eported for riboflavin—tetrabutyrateI5. The experimental difficulties in obtain-
ng reproducible emission characteristics, even from very dilute 3-MP matrices,
bstruct a more precise determination of the composition of the emitting species.
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| SPECTRAL PROPERTIES OF (ISO)ALLOXAZINES
IN THE VAPOUR PHASE

.1. INTRODUCTION

In context with our work on the luminescent properties of iscalloxazines

h fluid and solid solution! and in order to determine precisely to what extent
he photophysical properties of the isoalloxazine molecule depend on the molecu-
lar environment, it was desirable to study the molecule in the fsolated state.
his requires a spectroscopic study of the molecule in the vapour phase at very
ow pressures, such that the average time interval between two molecular colli-
ions is much longer than the fluorescence lifetime of about 10 ns!. Two observa-
ions encouraged us to perform such experiments. First, mass spectra can be ob-
ained from the isocalloxazines used in previous work!»2 and,secondly,Knappe3
bserved that 3,7,8-trimethyl-10-{g-hydroxyethyl}-isoalloxazine and 3,7,8-tri-
jethyl-10- (y=hydroxypropyl)-isoalloxazine can be sublimed at atmospheric pressure
uggesting that other isoalloxazine derivatives could be sublimed at lower
ressures.

It is not to be expected that a vibrational structure will be observable in
he vapour phase spectrum of an iscalloxazine compound at the relatively high
emperature needed to obtain a reasonable concentration of the compound in the
apour phase. Classically, the excess vibrational energy of the molecule at a
emperature T equals KT per vibrational degree of freedom, giving for 3,10-
imethyl-isoalloxazine at 450 K: 3(3N-6)kT = 12,196 an”!
tures of 400 - 500 K (kT = 278 - 347 cm_l) there will be a considerable thermal
opulation of vibrationally excited states corresponding to the electronic ground
tate. This will intensify higher sequence bands of the S0 > Sn transitions rel-
tive to spectra measured at lower temperature. When a large part of the Boltz-

(N = 28). So, at temper-

lann distribution is transferred to the Sl—state upon electronic excitatien, the
ibrational structure in both absorption (or excitation) and emission spectra
rill thus be blurred out completely by sequence Congestiona’s.

Therefore, the main purpose of this Chapter is to describe the non-radiative
ehaviour of the isoalloxazine chromophore,determined under conditions where

ne can reascnably be expecting to observe isolated molecules.
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4.2. MATERTALS AND METHODS
4.2.1. Synthesis of isoalloxazine derivatives

3, 10-Dimethyl-7-fluoro—-isoallozazine: 4-Fluoro-2-nitro-aniline (Aldrich;
2.0 g) was methylated in a mixture of conc. HS0, and formaldehyde as described
previcusly?. Recrystallization of the product thus obtained from ethanol gave
1.8 g (837) of N-methyl-4-fluoro-2-nitro-aniline of m.p. 343-345 K.
C7H7FN20, cale. € 49.62 H 4.15 F 11.17 N 16.47%
(170.14) found C 49.6 H 4.2 F 11.1 N l6.6 %
Catalytic reduction of N-methyl-4-fluoreo-2-nitro—aniline (2.5 g) and condensa-
tion with alloxan-hydrate? gave 3.1 g (80%) of 10-methyl-7-fluoro-isoalloxazine.
Methylation at N3 and purification by column chromatography? gave analytically
pure 3,10-dimethyl-7-fluoro~iscalloxazine:
Cy12HaFN; 02 . H0 calc. C 5i.76 H 3.95 F 6.83 N 20.13%
(278.23) found ¢ 51.8 H 3.9 F 6.8 N 20.0 %
The other compounds used in this investigation were synthesized as described
previouslyl*2,

4.2.2. Preparation of the samples

Sample cells consisted of a | cm suprasil quartz cuvette, connected to a
pyrex tube with side arm by means of a quartz-to-pyrex seal. There was a con—
striction between this seal and the side arm. After closing the side arm by a
rubber stopper, the cell was sealed to the wvacuum system, degassed by heating
at a pressure of ~ 10 uTorr (1.33 mPa) and refilled with oxygen-free nitrogen.
Subsequently, solid iscalloxazine was introduced through the side arm onto the
bottom of the cuvette, the side arm sealed-off and the solid moved upwards by
sublimation (2 pTorr = 0.27 wPa , ~ 500 K) until it had precipitated between
the constriction and the top of the cuvette., Then the cuvette was sealed—off
at the constriction.

At the beginning of the sublimation process, some vapour was released due
to the enclosed solvent molecules in the isoalloxazine crystals from the recrys-—
tallization process. Sublimation in vacuum, therefore, can be used successfully
to purify isoalloxazines. During the sublimation process only illumination by
sodium lamps was used to prevent possible photochemical decomposition of the
compounds .

4.2,3. Equipment

Spectroscopic equipment and data handling were identical to the methods
applied previously!. Time resolved fluorescence spectroscopy, however, was now
extended to other excitation wavenumbers, made possible by technical improvement
Apart from the 476.5 nm (20,987 cm™ ) emission line of the CR-5 model argom ion
laser, also the lines at 472,7 nm (21,155 cm™!) and 465.8 nm (21,468 cm-1) could
be mode~locked. A mdde-locked CR-18 model argon ion laser was used in the ultra-
violet (363.8 nm = 27,488 cm™l) region. In the latter case,the pulse repetition
frequency could not be reduced by demodulation, limiting the time-window for
observation to 13 ns, For this reason, ultraviolet excitation was only applied
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or compounds with short fluorescence lifetimes. The laser beam was focussed
harply into the sample cuvette in order to produce a very narrow L[luorescent
filament in the iscalloxazine vapour. Utmost care was taken to obtain a proper
optical image of this filament on the entrance slit of the Zeiss MM12Q detection
monochromator. This was achieved by rotating the image of the horizontal filament
by means of a Dove prism to match the vertically positioned slit. Lenses were
chosen such as to match the half field angle of the monochromator. The beam emer-—
ging from the exit slit was focussed on the photocathode of the XP 2020 photo-
multiplier to obtain the maximum possible time resolution (pulse width was 350 ps
full width at half maximum after detection). For further details cf. Chapter 2,
Section 2.3,

Sample cuvettes were heated using a two-level furnace as described by Ware
and Cunningham6 and Werkhoven’. Tts dimensions were adapted to our spectroscopic
equipment. The lower level of the furnace consisted of an oil bath in which the
pyrex tube attached tc the cuvette was immersed. The upper level, equipped with
suprasil quartz windows, held the cuvette. The cuvette was in thermal contact
with a copper block to stabilize its temperature. The temperatures of both
levels were controlled independently by two Ether "mini" temperature controllers
and Ni/Cr thermocouples. The temperature of the cuvette was maintained 20 K above
that of the lower level to prevent precipitation of isocalloxazine on the cuvette
walls. The vapour pressure was thus governed by the temperature of the lower
level of the furnace.

4.3, RESULTS

The structures of the compounds under investigation are given in Scheme 1.1
(p.1). A preliminary selection of derivatives, apparently suitable for spectros-
copic examination in the vapour phase, was made on the basis of their melting
points observed at atmospheric pressure. Derivatives with low melting points,
however (compounds IV and VI, cf. Table 4.1), were found either to melt or to
decompose, even when the pressure was reduced to 2 pTorr (0.27 mPa), whereas the
other compounds showed rapid sublimation. Because cuvettes with an coptical path
length longer than 1 cm did not fit into the two-level furnace, it was not possi-
ble to measure vapour phase absorption spectra for compounds I to V due to their
extremely low vapour pressures (Table 4.1). Thus compound VI was the only <so-
alloxazine derivative that could be used for absorption spectrometry in the
vapour phase (Fig. 4.1A}. On the other hand, the alloxazines (compounds VII and
VIII) have easily measurable absorption spectra and no detectable decomposition
occurred during the experiments as could be judged from examination of different
parts within one absorption spectrum. All the spectral bands observed show a
proportional increase in intensity relative to each other when the temperature
is raised. As an example, the temperature-dependence of the absorption spectrum
of compound VIIT is given in Fig. 4.1B. The optical density measured at 523 K
was 0.25 at 26,600 cm ' (376 nm).
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When the vapour pressure is calculated from the ahsorbance, assuming an

extinction coefficient of 5600 M|

8

em”? [SO > SI transition) as determined
in solution 2 (vide infral}, the heat of evaperation (A) can be calculated ac-

cording to the Clausius-Clapeyron relationshiplo. When 1n p was plotted against

! and

1/T, a linear curve was cbtained. From this, values of A = 79.5 kJ mole”
A= 81.6 kJ mole_] were calculated for the compounds VII and VIII, respectively,
using linear regression analysis {r2 > 0.98).

The absorption spectra of compounds VI tc VIII enable us to check if the
molecules can be regarded as isolated during the lifetime of their electronically
first excited singlet state. From simple classical kinetic gas theorylo, the

collision frequency Z for cne vapour molecule can be derived as:

1
1,22 | 8kt |2
_ 3
Z = 2%nNd [w— (4.1}

L
where N is the number of molecules with diameter d per unit volume, (8KT/mm)?
is the average molecular velocity of the molecules with mass m at an absclute
temperature T, and k denotes Boltzmann's constant. Assuming the vapour behaves

as an ideal gas, the concentration of molecules in the vapour phase is
C = N/L = n/V = p/RT (4.2)

in which L denotes Avogadro's number, R the gas constant and n the mumber of

moles in the vapour. Because the molar mass M = mlL, we finally obtain
1 2 =1 7 2 =1
Z = 4m%Lpd® (RTM) 2 = 6.24 x 10°c“p(TM) ? (4.3)

where o is the molecular diameter in & and p is the vapour pressure in Torr
(1 Torr = 133.3 Pa). Substituting M = 270 (compound VIIT), T = 523 K and o =

]1’]2] oneg ob-

10 ] (the molecular size as estimated from crystallographic data
tains Z = 2.42 x 107 s~ ' {p = 1.46 Torr = 194 Pa) for compound VIII. Similarly
we obtain Z = 2.6 x 106 7! (p = 0.21 Torr = 27.6 Pa) for compound VI at 450 K,
as derived from the optical density of 0.09 for the S0 - S] transition (22,000
cm ! = 455 tm), assuming € = 12,000 M~! em”!. So, the condition of isolated
excited singlet vapour molecules is amply satisfied in our experiments since the
time interval between two molecular collisions (Z_l) is larger than the actual
fluorescence lifetime by several orders of magnitude (cf. Table 4.1).

Throughout the calculations,we assumed e to be the same in solution and in
the vapour phase because the (isc)alloxazine electronic transitons are strongly

electric dipole-allowed. A small deviation from this assumption, however, canmot
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alter the foregoing conclusion.

Compound VI reached its maximum vapour pressure at 450 K. Further increase
of the temperature did not cause an increase of the absorbance, apparently due
to its thermal instability. Among the substances investigated, this compound is
also the only cne from which no fluorescence could be observed in the vapour
phase. This observation suggested the possibility of radical formation upon
thermal decomposition. Such radicals could easily be formed by homolytic thermal
cleavage of the ester bonds of riboflavin-tetraacetate and subsequent reactions
of the radicals might yield alloxazine as product. This was verified by analysis
of the products formed during the sublimation procedure and the spectroscopic
measurements. Besides a tarlike residue, needleshaped, pale vellow crystals were
formed and upon opening of the cell acetic acid could easily be detected (odour).
Mass spectral analysis of the crystals revealed an intense molecular peak with
m/e = 256, The accompanying fragmentation pattern displayed peaks at m/e = 227,
m/e = 199, m/e = 171 and m/e = 156, indicating expulsion of the fragments CH,N,
CH3NC0, CH3N(C0)2 and CHaN(CO)zNH, respectively. This shows the decomposi-

Figure 4.2. Fluorescence emission spectra

A of (iso)alloxazines in the vapour phase.

(4) 3,7,8,10-tetramethyl-isvalloxazine

\ (III) at 490 K. Excitation at 25,000 cnij
A5, = 70D cem™ AV = 300 cem™t.

(B) 1,3,7,8-tetramethyl-alloxazine (VIII}
at 470 K. Excitation at 29,000 cm~!;
/ h A% =315 em™1; AS = 255 en”!.
ex em
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tion product of compound VI to be 3,7,8-trimethyl-alloxazine which was easily
confirmed by a wass spectrum of this compound. Qur mass spectra were also in
perfect agreement with those obtained from alloxazines by various other au-
thorsw—zs. Furthermore, solutions of the pale cyrstals exhibited the character-
istic absorption spectrum of alloxazines.

From all compounds except VI, broad structureless vapour phase emission and
excitation spectra were observed. Within the separate groups of alloxazines and
isoalloxazines, these spectra show differences of only a few hundred am”! in the

locaticn of the band maxima {(cf. Table 4.1). Representative emission spectra for

0~ .

10

Counts

Pulse width (FWHM)

0
10£ o 000

L 1 1 | 1 i i 1 l 19
50 100
Time (ns}

Figure 4.3. Fluorescence decay of 3=-methyl-10-(y-hydroxypropyl)-iscalloxazine (V)
at 423 K. Excitation with the 476.5 nm (20,987 cn™!) emission line of an argon
ion laser. Detection at 19,000 cm™! (526 nm); 85, = 970 em™!, Excitation pulse
350 ps FWHM.
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hn alloxazine and an isoalloxazine derivative in the vapour phase are given in
ig. 4.2. Phosphorescence emission was not detectable. Due to the low vapour
pressure and instrumental limitations,we could only measure the excitation spec-
Jtra of the fluorescence at wavenumbers below 35,000 cm_l. All compounds show some
Heviation in their vapour phase excitation spectra as compared to those in solu-
kion with respect to the relative intensities of the S0 »*Sl band and the S, + S,
pand. The relative intensity of the S0 - 82 band appears to decrease in the
vapour phase. However, the absorption spectra do not show this phenomenon. For
this reason, the wavenumbers for the S0 + 8, transition given in Table 4.1 must

e taken with care. Furthermore, during the spectroscopic measurements a very
slow but still measurable conversion of isocallexazine into alloxazine was obser-
ved. This could be monitored by the disappearance of the iscalloxazine emission
spectrum and concomitant appearance of the alloxazine emission spectrum. The
reaction was faster for those compounds carrying large substituents at NlD‘
[uantification of the reacticn was very difficult because the process also oc-
curs in the dark at high temperature and low pressure. It was, therefore, not
possible to obtain unambiguous results after excitation into the second electro-
nically excited singlet state of iscalloxazines. For this reason excitation was
limited to the SO - S1 electronic transition in the lifetime measurements.
The fluorescence decay of (iso)alloxazines in the vapour phase is substan-
[tially different from the decay observed in solution]’lG. Firstly, the average
lifetimes are substantially shorter at high temperatures in the vapour phase and,
secondly, the fscalloxazines do not show a single exponential decay (Fig. 4.3).
The deviation from a single exponent indicates the presence of a thermal distri-
bution over vibrationally excited states corresponding to the Sl state. This
causes a variety of hot molecules which differ with respect to their actual
lifetimes, so the decay possibly is multi-exponential. On the other hand,an
analysis of the decay curves in more than two time constants is not feasible.
Therefore, the decay curves were analyzed in terms of one or two components in
such a way that at least a difference of about one order of magnitude was main-
tained between the characteristic decay time of the pulse (v 220 ps) and the
lifetime of the short component. In the case where the short component approaches
the decay time of the pulse,only average lifetimes are given. The results ob-
tained at 493 K are summarized in Table 4.1 for excitation at 20,987 em”! (476.5
nm) and detection in the band maxima of the continuous wave emission spectra
(spectral band width of detection AY = 1000 cm').

The alloxazine derivatives show a fluorescence decay curve which is almost
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identical with that of the excitation pulse. Only a slight broadening (~ 80 ps)

is observed, so the fluorescence lifetime of alloxazine in the vapour phase cer-
tainly will be shorter than 500 ps.

Compounds I, IIT and IV did not show any measurable differences in their
decay curves when the fluorescence decay was measured at different excitation an
detection wavenumbers, but the short lifetimes make the analysis difficult. Com-
pounds II and V, which have longer fluorescence lifetimes, gave decay curves
which were easier to analyze. When the detection wavenumber was changed, the two
lifetimes (from the analysis} were not affected, but their relative contribution
changed. The short component is predominantly present at high emission wavemm-
bers whereas its relative contribution decreases with decreasing wavenumber.
Typical values for the relative contribution of the short component to the total
emission intensity of compound V in the vapour phase at 493 K range from 0.72 at
19,000 em~! to 0.47 at 16,000 cm~!. When the excitation wavenumber is changed,
the relative contribution of the two components to the total emission at any
single detection wavenumber remains constant. However, both lifetimes show a
slight increase (~ 5%) on changing the exciting light from the 20,987 em” !
(476.5 nm) line to the 21,468 em” ! (465.8 nm) line of the argon laser.

Only for compound 11 and V we could measure the temperature dependence of
the fluorescence decay over a rather wide range. The results are given in Table
4.2. The reciprocals of the lifetimes were analyzed in an Arrhenius plot. Plots
of In 1! versus 1/T are linear, except for the short component observed from
compound II, which suffers from large experimental errors due to its small value.
From linear regression analysis (r2 > (,95), activation energies can be calcu-
lated yielding values of 550 cm™’ (Tiof compound II), 407 em”! (T] of compound
and 599 cm”! (t, of compound V). Compound IT decomposed rapidly during the
single photon counting experiments at 523 K. The decomposition could be seen as
a drastic decrease of the total count rate in the course of the measurements.
The reciprocal of the fluorescence lifetime observed at 523 K, however, fits
perfectly into the Arrhenius plot, so apparently this lifetime is not influenced
by decompositicn.

Finally, the radiative lifetimes (Table 4.1) were estimated using the band
areas obtained from the continuous wave emission and excitation spectra and,
where possible, absorption spectra. The radiative lifetime was calculated ac~

cording to the Birks-Dyson formulal’,
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TABLE 4.2.
[EMPERATURE DEPENDENCE OF THE FLUORESCENCE DECAY OF TWO ISCALLOXAZINE DERIVATIVES
IN THE VAPOUR PHASE (a).

) compound II (cf. Table 4.1)

{K) kT (em™!) . T;(ns) T2 (ns) ay az
13 287 6.57 l.62 0.38 0.62
43 308 5.17 1.38 0.37 0.63
173 329 4.90 1.66 0.32 0.68
193 343 4,61 1.36 0.33 0.67
513 357 4.32 1.42 0.26 0.74
523 363 4.27 1.36 0.23 0.77
D compound V (cf. Table 4.1)

(K) kT (cm'l) '[1(['15) To (ns) 3] ag
h23 294 18.07 7.19 0.50 0.50
% 308 17.13 6.50 Q.40 0.60
463 322 16.56 5.97 0.33 0.67

83 336 15.37 5.57 0.32 0.68

93 343 14,77 5.37 0.28 0.72
) Excitation with the 20,987 cm~! (476.5 nm) emission line of an argon ion laser;

tection at 19,000 cm™ (526 mm), AT = 1000 ecm“l. Decay curves were analyzed

ccording to:
T(t)/1¢0) = wyexp (-t/Ty) + agexp (-t/12)

.4. DISCUSSION

Although the continuous wave vapour phase spectra of {isc)alloxazines suffer
rom serious broadening due to sequence congestion, they can be interpreted by
omparison with the spectra obtained in solution, where, under appropriate exper-
mental conditions, a vibrational structure can be observedl. Using this vibra-
ional structure,it was established that for iscalloxazines in fluid solution at
00 K the maxima of the S0 - S] absorption and the S0 +'S] emission transitions
re not coincident with the pure electronic transitions, but with the 0-1 vibro-

8’9. Based on

ic transitions. Similar results were obtained on alloxazines
tokes-1loss considerations,we conclude that the vapour phase absorpticn and
mission spectra have a similar property. If the band maxima in these spectra
ere coincident with the pure electronic transitions, the Stokes-loss would be
f the order of 2700 cm~! for alloxazines and 3000 cm”! for isoalloxazines in
he vapour phase (cf. Table 4.1). From the 0-0 transitions observed in fluid
nd glassy sclution, the Stokes-loss was found to range from 850 to 1300 cm—l,
value which previously was already regarded to be anomalously highl. Follow-

ng the same considerations as before], the Stokes-loss is predicted to be zerc
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in the vapour phase spectra, because the index of refracticn and the dielectric:
constant of the “medium'' now both will be unity. This is confirmed by the elah-
orate study on sclvent effects by Ba\khshievl . Additionally, the absorption spec
trum of alloxazine vapour even shows a shoulder on the low wavenumber edge of tl
S0 a'S] band which apparently is of vibrational origin. The slight red shift
observed in this spectrum on raising the temperature,can be ascribed to thermal
population of vibrationally excited states corresponding to the electronic grour
state. The same phenomenon is also responsible for sequence congestiom.
Consequently, subtraction of two vibrational quanta1 of 1250 cm’ from the
wavenumber-difference between the band maxima of the Sg * Sl absorption and
Sy * 5, emission bands, yields an approximate value for the Stokes-loss under tl
present experimental conditiens. Values ranging from ~ 500 (:m—l for isoalloxaz-

ines to 200 cm |

for alloxazines are cbtained in this way. Because we are deal-
ing with isolated molecules in their electronically first excited singlet state,
these non-zerc values are due to an intramolecular preocess. This supports our
earlier conclusion that the isocalloxazine molecule changes its molecular confor-
mation upon electronic excitation].

The actual fluorescence lifetimes of isoalloxazines were found to be shorts
in the vapour phase than in solution. The opposite was observed for the radiath
lifetimes which, however, may suffer from an uncertainty in the value of the
molar extinction coefficient €{V), as applied in the Birks-Dyson formulalT. Ac-
cording to this formula, the radiative lifetime T, of a singlet » singlet tran-

sition is given by:

1/t = 2.88 x 107+ (n}/n )+ <. %>) < re(9)-dlnd (4.4)
in which the factor <5;3>;l is related to the fluorescence spectrum F(3) by
T2, = URE) -9} / {UF(9)-07d9) (4.5)

The constant is taken such that the wavemmber Vv is expressed in cm”!. For expe
iments done in dilute solution in a transparant solvent of negligible optical

dispersion, the indices of refraction at the absorption (na) and emission (nf)
wavenumbers are assumed to be equal. Statistical analysis of the factors <§;3
and fe(V}+dlnV as calculated from the spectral band areas shows no significant

differences between the results in the vapour phase and those obtained previocus

N
i

in solid or liquid solution’.

In this analysis we assumed again that the value of (%) (i.e. the value o
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e quantum mechanical transiticn moment) is the same in solution and in the
ipour phase. Thus, to a good degree of approximation, 7, only depends on n. By
stting n = n, = n. ineq. (4.4), T, becomes inversely propertlonal to n’ , which

3 supported by a study of Olmsted 1% for commonly applied organic solvents,

[= 7.4 so, in the vapour phase where n = 1, T, has increased roughly by a factor

f 2, which can been seen by comparison of the present results (cf. Table 4.1)

ith those obtained before!.

As a consequence of the increase of the radiative lifetime and the decrease
£ the actual fluorescence lifetime of (iso)alloxazines in the vapour phase {cf.
ible 4.1} as compared to solution]’le,the quantum yield of flucrescence must be
dbstantially smaller in the vapour phase. Hence, the non-radiative decay of the
| state is emhanced in the vapour phase due to very efficient intra-molecular
airk-processes in the isolated molecule, Possibly a conformational change which
ikely occurs upon electronic excitation as discussed above, may play an impor-
int role therein. We do not expect that direct photodissociaticn in the S1 state
anerally will contribute considerably to the observed decay. When a molecule is
xCited into a dissociative electronic state, i.e. the potential energy surface
or the nuclear motion in that state is repulsive for all values of the coordi-
ates of certain nuclei,the lifetime of such a state will be of the order of the
eriod of a molecular vibration, i.e. ~ 0.1 ps. This would exclude fluorescence
n a nanosecond time scale., Only for compourxd VI such a process may be important.
or the cother compounds the S, state apparently decays through ordinary channels
ike internal conversion and intersystem crossing into other vibrenic states, in
hich the molecule, of course, may undergo subsequent dissociation. In this res-
ect, it should be noted that the decomposition of compound II at 523 K did not
ffect its fluorescence lifetime and that, in spite of all efforts, we could not
stablish an experimental difference in the decomposition rates occurring in the
ark and during illumination. Moreover, alloxazines which were stable in our ex-
eriments, behave similarly as isoalloxazines regarding their lifetimes.

From this point of view the concept of photochemical reactions occurring in
he §, state of isoalloxazines as proposed by Song and Metzler?’ and Song2],
eeds reconsideration. These investigators reported that the major photoproduct
f isoalloxazine is alloxazine. Conversely, we observe a slow thermally activated
ormation of alloxazine which seems to be unaffected by irradiation. However,
nder our experimental conditions solid isoalloxazine exists in thermal equi-
ibrium with its vapour and, for that reason, ground state surface reactions in

he solid phase cannot be excluded.
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Additionally, Song proposed intramolecular complexing of N1 of iscalloxazi:
with its ribityl side chainzo’21 in order to explain its excited singlet photo-
chemistry. The existence of such a complex in the electronic ground state is
supported by recent 1§Q—NMR experimentszz. Remarkably, the fluorescence life-
time of compound V largely exceeds that of all other iscalloxazine derivatives
studied (cf. Tables 4.1 and 4.2). This compound is also the only one which can
form an intramolecular complex due to the presence of the hydroxyl group in its
Nio side-chain. We do not consider this to be just a coincidence. According to
the fundamental theory on radiationless proce556523’24,a molecule of the size o
isoalloxazine will exhibit a non-radiative decay according to the statistical
limit. So, in terms of density of states, one of the factors governing the non-
radiative decay of the 81 state, the fluorescence lifetime of compound V cannot
exceed that of compound I. Nevertheless, the observed lifetime of compound V
exceeds that of compound I by almost one order of magnitude under identical con
ditions. This suggests that some intramolecular process must affect vibronic con
pling considerably. This process may be intramolecular complexation, which is n
accompanied by a photochemical process regarding the fact that the observed lif:
time is lengthened. In condensed media, the solvatation apparently prevails due f
which this phencmenon is not observed.
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5 HE(l) AND HE(II) PHOTOELECTRON SPECTRA
OF ALLOXAZINES AND ISOALLOXAZINES

5.1. INTRODUCTION

The electronic structure of isoalloxazines and alloxazines has been the
subject of extensive theoretical study and quantum mechanical calculations. Such
research efforts are motivated by the fact that 7,8-dimethyl-i0-ribityl-isoallox
azine derivatives, commonly referred to as flavins, form the prosthetic group of
flavoproteins and participate in reduction-oxidation reactions and electron
transport in living organisms. A brief summary of the relevant literature was
given in previous work'. The main reason to start comparative studies on allox-
azines and isoalloxazines is that the former compounds are decomposition product
of riboflavin and show a very interesting ground and electronically excited stat
tautomery, which relates them to isoalloxazines™’

Quantum mechanical calculations, irrespective of their degree of approxima-
tion, need rigorous experimental support, especially in the case of molecules
like (iso)alloxazines. This was recognized to a greater or less extent in the
varicus publications which appeared in the last two decades describing the re-
sults from Hickel®, Extended Hickel®*’, scF-ppp>*8™'> | cNpo/2’:!®
MINDQ/ 3 17 calculations. The experimental data used thus far to support the
theoretical work were 1) molecular structure and geometry6’8’9’13, 2) excited
state energies and optical spectra3’8_15’17, 3} correlation with ESR and NMR
7,8,16,17 4na 4} chemical properties derived from the application of
17519 A11 these
experimentally chservable properties used to test the theoretical models, how-

and

spectra
Fukui's Frontier Molecular Orbital Theory18 by some authors

ever, generally depend in a very complex way on the orbital structure. For this
Teason, correlation between theory and the experiments mentioned before give only
rough indication of the reliability of the theoretical method under consider-
ation. Especially when electronic transitions are calculated, incorporation of
configuration interaction into the computation is needed to obtain results which
reasonably agree with the experiment. This has already been recognizeds’lo-lz’lh
but the methods employed have the disadvantage that a limited mumber of singly
and doubly excited configurations of only wm* character was allowed to interact

Moreover, these configurations arise from an orbital level scheme which is with-
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ut experimental verification. Fox partially solved this problem by performing
I direct calculation on the first excited singlet and triplet states of an iso-
1lloxazine derivative in its oxidized forml7, but this method also left some of

the essential features of the electreonic structure unverified.

. Song7 has expressed the need to obtain more information about the electronic
structure of iscalloxazines by measurements of the ionization potentials. Qur
liscovery that (isc)alloxazines can be sublimed under appropriate conditions,
shich makes them accessible to vapour phase emission and absorption spectrome-
:ryzo, prompted us to measure alsc He(l) and He(II) photoelectron spectra. Such
spectra, which were not available up till now, allow for a verification of the
»rbital energies by experiment.

It was already ncoted by Visser and Mﬁller21 that CNDO/S calculations were
wver applied to these molecules,although they can be very useful for the exper-
imentalist. It is now firmly established that the CNDO/S method gives a reli-

ible interpretation and assignment of the bands in ultraviolet photoelectren
;pe(:trazz_26 using Koopmans theorem®’ . The experiment, therefore enables us to

‘est the CNDO/S and the other theoretical methods by new experimental data.
y.2. EXPERIMENTAL

The compounds studied here were synthesized according to the methods pub-
.ished elsewhere!’20°21  The compound 3,7,8,10-tetramethyl-5-deaza-isozlloxazine
7as a generous gift of Professor Dr. P. Hemmerich, University of Konstanz, FRG.

Determination of the sublimation temperatures of the compounds under inves-
:igation was done by means of a2 Mettler Thermoanalyzer type 1. Analysis was done
mder conditions as closely comparable as possible to those which exist in the
.arget chamber of the photoelectron spectrometer. The spectra were measured on a
‘erkin—Elmer PS 18 photoelectron spectrometer modified with a Helectros He(I) -
le (I1) source and calibrated using Xe and Ar limes as an intermal calibrant.

The He(I) and He{II) photoelectron spectra of {iso)alloxazines can be mea-
isured rather easily on a PS 18 photoelectron spectrometer at temperatures about
0 to 60 K above the approximate sublimation temperatures as determined by thermo-
inalysis, In spite of the low count rate (200-800 counts/second), higher tempera-—
.ures should be avoided because of decomposition of the samples and condensation
f (iso)alloxazine vapour on vital parts in the interior of the spectrometer,
rausing loss of sensitivity and bad reproducibility in the experiments.

1.3. CALCULATION PROCEDURES

The MO-calculations were performed according to the CNDO/S method of Del
lene and Jaffé?® (cf. Chapter 2, section 2.3). The parameterization, however,
ras taken from more recent work by Kuehnlenz and Jaffe2? (cf. Chapter 2, Table
.2, p. 18), in which mainly the one-center two—electron integrals Yuu Vere ad-
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justed to obtain better agreement between the calculated and observed spectral
properties of a larger variety of molecules than was calculated in the earlier
CNDO/S work. The two-center two-electron integrals Tyg Were approximated utiliz-—

ing the Nishimoto-Mataga formula?? (e?.{2.26), p. 18), originally introduced into
the CNDO/S framework by Ellis et ol.S3l.

The spectrum of eigenvalues was shifted by means of the expression derived
by Bigelow?? to fit the calculated eigenvalues of benzene in the CNDO/S2 para-
meterization of Lipari and Duke3? to the experimental photoelectron spectrum:

e$OTF = 11,364 1n (c521%/4.400) (5.1

Although this purely empirical expression was intended for the interpretation of
benzene only, it appears to be able to give a reasonable agreement between CNDO/
eigenvalues and experimentally observed ionization potentials, even in other mol-
ecules than benzene?®.

Photoionization cross sections were calculated by means of Ellison's
method33 modified by Beerlage and Feil3“, The modification consists of adjust-
ment of the photoelectron wavenumber k to account for the electrostatic inter-
action between the free electron and the remaining molecular cation according to

1
k' = (k2 + g)? (5.2}
in which:
21,2
tl-zk—=+iw- 1P (5.3)
m n
where o represents the incident photon energy, IPn the ionization potential for

the nth MO and m the electron mass.

Structural data for iscalloxazines were taken from the crystallographic wor
performed on both the oxidized!3?35-37 and the reduced forms3%*38239, gince no
structural data are known for alloxazines and 5-deaza-isocalloxazine derivatives,
the geometry of these compounds was assumed to be the same as that of the oxi-
dized isoalloxazines.

5.4, EXPERIMENTAL RESULTS AND SPECTRAL ASSIGNMENTS
5.4.1. Isoallorxazine derivatives in the oxmidized form

The oxidized iscalloxazine derivatives (compounds 1 to 5; cf. Scheme 5.1)
show very similar photoelectron spectra. The full He(I) and He(II) spectra of
compound 1 are presented in Fig. 5.1 as representative examples. None of these
compounids shows any considerable difference hetween its He{I) and He(II) spectru
This indicates large orbital delocalization and it rules out the possibility to
use He(I) - He(I1) intensity differences as an assignment criterion in these
molecules, Large molecules like isoalloxazines evidently do not show any vibra-
tional structure in their photoelectron spectra, so for assigmment of spectral
bands we are forced to rely on substituent effects and comparison with theoret-
ical data.

At first glance, the corrected22 CNDO/S eigenvalues agree surprisingly well
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Figure 5.1. He(I)} (A) and He(II) (B) photoelectron spectra of 3,10-dimethyl-
isoalloxazine (1) at 508 K.

Scheme 5.1. Structures of (iso)alloxazines investigated by photoelectron spec~
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40 indi-

cate that it is highly improbable that the intense band, observed between 9 and

with the observed spectra (Fig. 5.2). However, intensity considerations

1¢ eV in all spectra can be assigned to a single w orbital, although this is
suggested by the calculation. If this were true, the photoionization cross-sec-
tion of the two highest occupied 7 orbitals would differ by a factor of 3.5 as
deduced from the relative band areas.

For verification, a modified plane wave cross-section calculation® was per-
formed, using the corrected eigenvalues and eigenvectors of the '"ideal' all-
proton isoalloxazine model as defined in section 5.5. The dependence of the
cross-sections on the R parameter (eq. 5.2) is shown in Fig. 5.3 (0.0 < B < 4.0).
Although the first ionization potential (v 8 eV) is reasonably far off-threshcld,
a rather large B-value is required to obtain theoretical results which do not
imply appreciable intensity differences between the He(I) and He(IT) spectra.
However, full agreement with the experimentally observed differences camnot be
achieved by calculation. On the other hand, there is no B-value giving a cross-
section ratio of 3.5 for the highest occupied orbitals w
to the tentative rule by Schweig and Thie1*’

8 and Ty. SO, according
(in first approximation the inten-
sity of a photoelectron band is proportional to the orbital degeneracy), the
intense band in the photoelectron spectra of oxidized isoalloxazines should be
due to a threefold degeneracy in the orbital level scheme at ~ 9.5 eV.

This feature was further explored by a study of substituent effects. It is
known that 7w orbitals are destabilized upon methylation whereas introduction of
a fluoro substituent stabilizes o orbitals®!. Additionally, methyl groups hardly
affect ¢ orbitals and flucro substituents hardly affect 7 orbitals. Therefore,
it should be possible to lift the above-mentioned degeneracy by introducing sub-
stituents in appropriate positions in the molecule, In this respect,the CNDO/S
calculations may offer guidance in what particular position a substituent should
be placed to cbtain an experimentally ohservable effect.

Inspection of the CNDO/S results frequently shows quasi-degeneracy in the
orbital level scheme (AE < 0.02 eV). Whenever this occurs, the orbitals involved
therein are of different type (v and o} and Iocalized in different parts of the

Figure 5.2. He(I) spectra and corrected?? CNDO/S eigenvalues (cf. eq. 5.1} of
some oxidized isoallozazine derivatives. A: 3,10~dimethyl-iscalloxazine {1) at
542 K; B: 3,7,8,10-tetramethyl-iscalloxazine (2; 3-methyl-lumiflavin) at 529 K;
C: 3, 10-dimethyl-7-flucro-isoalloxazine (5) at 490 ¥X; D): 3,7,8,10-tetramethyl-
S-deaza—isocalloxazine {6} at 513 K. The orbital numbers are counted up from the
lowest occupied CNDO/S orbital.
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Figure 5.3. The relation between the photoionization cross—section of some
orbitals of "ideal3% iscalloxazine™ and the B parameter used to adjust the
photoelectron wavenumber in the modified plane wave approximation3" (cf. eq.
5.2). The isoalloxazine nucleus was assumed to carry only hydrogen atoms as
substituents. The orbital energies are given in Table 5.1. The value of (do/dR)
is expressed in arbitrary units. Solid lines: He(I), dotted lines: He(TI).

molecule. Examination of the two highest occupied orbitals (wg and mgy in the all.
proton model) shows them to be localized to a great extent in the benzene sub-
nucleus of the molecule. The squares of the coefficients in the LCAO -expansion
correspending to the centers in the benzene ring add up to 0.56 in Tg and to 0.8
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Figure 5.4. Details of the He(I) photoelectron spectra of 3,9,10-trimethyl-iso-
alloxazine (4) at 462 K (A) and of 3,6,10~trimethyl-isoalloxazine (3) at 497 X

(B).

in mg. Comparison with benzene itself*? shows a striking resemblance of Ty and
g orbitals. The nedal plane of Ty intersects the €, -G
a bonds whereas the nodal plane of Ty Passes almost exactly through

Ty with the benzene e
and CSa - Cq
the centers Ce and Gy This is in agreement with the pronounced methyl group
effect on the highest occupied orbital as deduced from the first ionization
potentials of compounds 1 and 2 (Fig. 5.2 and Table 5.1). Because of the high
density on C6 and C9 calculated for g (c ~ 0.6), we do expect a similar methyl
group effect on this orbital upon methylation of these centers. For this reascn,
we also studied compounds 3 and 4 although they were found to be thermally less
stable than the other compounds, both by thermoanalysis and in the photoelectron
spectrometer. Photoelectron spectra of these compounds, however, proved to be
measurable without serious interference from decomposition, as long as the tem-
perature was not raised more than 20 K above the sublimation temperature (cf.
caption to Fig. 5.4). The low-energy parts of their He(1) spectra are given in
Fig. 5.4, showing considerable broadening of the intense second band in the spec-
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trum of compound 3 (Fig. 5.4B} and a distinct shoulder in the corresponding band
of compound 4 (Fig. 5.4A). This clearly points towards degeneracy.

For reascns given before, it is most likely that degeneracy occurs between
o and m orbitals. Inspection of the two highest occupied orbitals of ¢ character

and a, in the all-proton model), shows them to be linear combinations of

(c
30 9
oxygen and imine-like nitrogen lone pairs. This implicates large through-bond

43:8%  The o orbitals involved herein are leocalized in the pyrimidin

interactions
subnucleus of the molecule. This is supported to some extent by the absence of a
fluorc substituent effect upon introducing this atom at position C7 in the ben-
zene subnucleus (Fig. 5.2C). In order to investigate this prediction more
thoroughly, the photoelectron spectra of a 5-deaza-iscalloxazine derivative were
measured (Fig. 5.2D). Formal replacement of N5 by a C - H fragment causes the
intense second band in the spectrum to split and preoduces an additicnal shoulder
on its high energy edge at ~ 9.5 eV. The remaining spectral characteristics, in-
cluding the absence of He(I) - He(II) intensity differences, do not differ con-
siderably from those observed in the spectra of compounds 1 to 5. This result
definitely provides strong evidence for a three-fold degeneracy in the orbital
level-scheme of an coxidized iscallcxazine at about 9.5 eV.

Comparison of the CNDO/S results (corrected by Bigelows formulazz,eq.(5.1)
p. 54) with Song's SCF-PPP calculationslo, shows excellent agreement for both
the 71 eigenvalues {cf. Fig. 5.7) and the # eigenvector545. Especially the ben-
zenoid Elg character of the two highest occupied orbitals is predicted indepen-
dently by both methods. This supports the spectral assignments. The relevant
data are summarized in Table 5.1.

5.4.2. 1, 3-dimethyl-alloxasine

The measurcments on alloxazine were confined to the simplest derivative
which was found to be stable in the vapour phase. The lack of X-ray crystallo-
graphic data on alloxazines makes a thecretical calculation less accurate than
for isoalloxazine. This obstructs unambiguous assignment of the spectral bands.
Full He(I) and He(II) spectra of 1,3-dimethyl-alloxazine and an expanded He(I)
spectrum combined with the corrected CNDO/S eigenvalues are given in Fig. 5.5.
Notwithstanding a large overall difference with the isoalloxazine spectrum, sim-
ilarities are clearly present. Comparison with the spectra of compound 1 shows
the first ionization potential tec be only 0.16 €V higher in the case of allox-
azine. The intense band observed in the isoalloxazine spectrum is split into two
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Figure 5.5. Photoelectron spectra and corrected?? CNDO/S eigenvalues (cf. eq.

5.1) of 1,3-dimethyl-alloxazine (7} at 443 K. A: He(I) spectrum compared with

the CNDO/S eigenvalues. The orbital numbers are counted up from the lowest oc—
cupied orbital, Orbitals 41 and 42 show considerable o - T mixing as denoted by
",

m"; B: Full He(I) spectrum; C: Full He(II) spectrum.
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istinct bands in the spectrum of alloxazine. The strongly asymmetric band in
the alloxazine spectrum with an origin at 16.54 eV is apparently due to more

han one orbital.

The agreement between the calculated and the observed spectrum of allox-
izine is nmot as good as in the case of iscalloxazine. This may be due to an error
n the molecular conformation used in the calculation. Because of the lack of
-ray data, the calculations on alloxazine were performed using the molecular
reometry of isoalloxazine, except for the position of the N]O methyl group. In
Llloxazine,N] was assumed to be methylated instead of N[O' The Cmgthyl - Nl bond
listance was taken to be equal to the Cmethyl - N10 hond distance in isoallox-
1zine and the bond angle towards C2 was taken as 120°. Both the eigenvalues and
‘he eigenvectors are affected considerably by this operation. The benzenoid
‘haracter and approximate E]g symmetry of the two highest occupied w orbitals as
1as calculated for isocalloxazine is broken down completely in alloxazine. The

iighest occupied o orbital is still of non-bonding character, but now contains
wainly the N5, NiD and 014 lone pairs. It also extends more into the benzene
wubnucleus than in isoalloxazine. The orbitals labelled 41 and 42 in Fig. 5.5

ire found to be almost perfect linear combinations of a 7 and a ¢ orbital which
ire both localized mainly on the carbonyl groups and N3. Orbital 42 contains 41%
ind orbital 41 contains 54% 7 character. Calculation of the scalar products
retween all eigenvectors of compound 1 and those of compound 7 also shows strong
iixing of orbitals. Consequently, alloxazine has to be regarded as a totally
lifferent molecule. This obstructs unequivocal assignment of photoelectron bands.
\ tentative assigmment of a few orbitals is proposed in Table 5.1, based on the
‘ollowing considerations: The orbitals labelled 44 (w) and 43 (n} are both de-
itabilized with respect to the corresponding orbitals calculated for isoallox-
tzine (compound 1), the destabilization being the largest for the w orbital. This
ipparently lifts the degeneracy discussed before and vields the order w, w, n for
‘he highest occupied orbitals as is predicted by the calculation. However, quan-
:itatively the agreement between the theory and the experiment is not very good.
m the 10.0 - 12.0 eV energy region a marked He(I) - He({II) intensity difference
is observed, but owing to the strong overlap of spectral bands it is impossible
:0 use this observation as an assignment criterion. Any attempt to draw more
:onclusions from these data appears to be speculative. More experimental infor-
wation, particularly crystallographic data, will be necessary for definitive
issigrment of the alloxazine photoelectron spectrum.
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Figure 5.6. Photoelectron spectra and corrected?? CNDO/S eigenvalues (cf. eq.
5.1) of 1,3,7,8,10-pentamethyl-1,5-dihydro-isoalloxazine (8) at 451 K. The
molecular geometry was assumed to be planar in the calculation. See caption
to Fig. 5.5 for further details.
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4.3. 1,3,7,8, 10-pentamethyi-1, s-dihydro—isoalloxazine

This compound (cf. Scheme 5.1) was studied as a model for a fully reduced
oalloxazine. Its photoelectron spectra and corrected CNDO/S eigenvalues,
suming a planar melecular siructure, are given in Fig. 5.6. We made this
sumption after an apparent failure of the theoretical method, to predict the

er energy part of the spectrum correctly when the structure, as determined by

ray crystallography38’39

, was emploved. Such a failure was not encountered in
e study of the other compounds: when the molecular structure was known, at
bast the  orbitals were predicted satisfactorily by the theory (vide infral.
The overall features of the photoelectren spectrum of compound 8 are very
ilar to those of an oxidized isoalloxazine, with one additional band at 6.9%
, due to the presence of the two extra electrons. The CNDO/S calculation on
he other hand does not give such a resemblance. Although the coefficients in the
ghest occupied orbital of compound 8 do not differ considerably from those in
te lowest virtual orbital of the all-proton model, distinct differences are
esent. The lower occupied orbitals of compound 8 show considerable reorganiza-
[on compared to the all-proton model. Regarding the distinct shoulders in the
hotoelectron bands observed at 8.7 &V and 9.6 eV, it is clear that both bands
pntain transitions from two different orbitals. This also follows from the band
freas relative to that of the band at 6.99 ¢V and from the application of the
entative rule by Schweig and Thiel*? {vide supra). The orbitals labelled 54 and
3 in Fig, 5.6 formally originate from the highest occupied orbitals Ty and LY of
he all-proton model. Their reorganization, however, causes complete loss of the
enzenoid E  character and a concomitant destabilization of g by 0.87 eV. This
s confirmed by the shape of the photoelectron band observed f{rom compound 8 at
.7 V. Like in the oxidized compounds, the non-bonding orbitals 52 and 51 are
alculated about 1 eV too low in energy. Their energy difference has increased
ith respect to the oxidized compounds, which is confirmed by the shape of the
and at 9.6 eV. The next band in the photoelectron spectrum likely can be assig-
ed to a 7 orbital. It is impossible to assign more bands due to the severe
rowding of orbitals below -11 €V in the level scheme and the absence of other
ssignment criteria.
These Tesults support our preceding conclusion that the intense second band
n the spectra of the oxidized derivatives is due to a three-fold degeneracy.
eduction lifts this degeneracy and destabilizes the 7 orbital involved consider-
Lly. Ionization potentials and calculated data are collected in Tahle 5.1.
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5.5. CALCULATED RESULTS

The first CNDO/S calculations were performed on an oxidized iscalloxazine
skeleton carrying only hydrogen atoms as substituents. Although this is a mol-
ecule which does not exist in nature (it would tautomerize to alloxazine), it wa
very useful as a theoretical model (for symmetry reasons). From crystallographi
datr:tl:"lr’_37 it is known that oxidized isocalloxazines have a planar ring system{
A planar "all-proton model™ is thus a reasonable, simplified, model which con-
tains the molecular plane as only symmetry element. Such a medel will at least
give unambigous o - w separation.

In the methylated derivatives, o - v separability is highly dependent on thg
rotation of methyl groups. For methylated iscalloxazines in the solid state, the
angle of rotation of the methyl groups is determined to be such that the
molecular plane is net retained as a symmetry element37. This may be different
in the vapour phase, but there are alsc C - H bond length differences within ong
particular methyl group>’ . Additionally, the all-proton model was required in th
calculation of cross-sections because of the fact that the modified plane wave
computer program was limited to planar molecules.

First, the all-proton model was used to test if the small differences in
molecular geometry derived from the various crystallographic experiments]3’35_3-
affect the results of the CNDO/S calculations. [t was established that the
eigenvalues did not change by any experimentally observable amount. Moreover,
the sets of eigenvectors obtained on different molecular confermaticns did not
show a deviation from orthonormality greater than 1.5 percent when compared to
each other. This was established by the calculation of scalar products between
eigenvectors. Consequently, these geometry-differences are negligible.

Secondly, the influence of substitution and rotation of methyl substituents
was investigated. When the coordinates of the hydrogen atoms were not given ex-
plicitly in the literature, we used standard bond distances and bond :amglesl‘6 in
the calculations. Small variations in these also proved to be of no importance.
The degree of o - m mixing was explored primarily by verification to what extent
the calculated linear combinations of the methyl group hydrogen is functions
(denoted by a, b and ¢) satisfy the group orbital approximationa7:

5, =34 a+b+ o)
8, = 274 - ©) (5.4)
3, = 642a-b - ¢
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Lwn the conformation is such that the (iso)alloxazine molecular plane contains
proton of each methyl group ("eclipsed'" conformation) the molecule has perfect
symmetry, like the all-proton model. In this case &, and by have A' symmetry

d ¢, has A" symmetry which makes e, the only group orbital which can be part

f a m orbital. Rotation of methyl groups around the central C - C or C - N bonds
ver an angle of 90° with respect to the previous situation (“staggered' confor-
tion) breaks down CS symmetry and, consequently, ¢ - m separation. Neverthe-
ess, now ¢, approximately has the proper symmetry to he part of a m orbital.

is behaviour is found to a good degree of approximation in the CNDO/S results.

S

otation of methyl groups causes formal interchange of 2, and ¢3 in the eigen-
ectors, whose corresponding eigenvalues remain constant within 1%. This finding
upports the group orbital approximation made by Song in his SCF-PPP-CI cal-
ulations'®*#?. Whenever o - © mixing is introduced by rotation of methyl groups,
t is found to occur primarily on the centers carrying the largest negative
lharges, i.e. 0,95 O3 N, and N,.

This analysis was pursued by the calculation of correlations between the
LNDO/S eigenvectors. Because of symmetry determined o - w separation in the
11-proton model, the scalar products between the eigenvectors of this model and
those of compounds 1 to 8 were calculated to examine the character-changes of
the eigenvectors upon substitution and reduction. By inspection of the CNDO/S
igenvectors it was found that the highest occupied orbitals and the lowest
rirtual orbitals of (iso)alloxazine do not acquire appreciable density on the
pethyl or proton substituents. The majority of the eigenvectors can be expressed
n an A0 basis consisting of the 64 2s and 2Zp functions corresponding to the 14
Fing atoms and the two oxygen atoms in the molecular frame. Scalar products
etween o eigenvectors of the all-proton model and vectors derived therefrom by
ieglecting all hydrogen 1s AQO coefficients, show one-to-one correlations within
in error of 5% for the eigenvectors corresponding to eigenvalues greater than
F18.47 eV (-16.30 eV after Bigelow correction). Similar results were obtained
pith the structure of compound 1. Therefore, in the calculation of the scalar
broducts between the eigenvectors of two derivatives carrying different substi-
fuents in the same ring position (e.g. methyl group versus proton), the AO
rontributions of both substituents were simply omitted to obtain contracted
tigenvectors on the same AO basis. The scalar product between eigenvector j of
wlecule "a", denoted by <a'1’j| and eigenvector k of molecule “b'', denoted by
b‘Pk>, was thus approximated by:
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a a. 2|-4[.b. 2]-i. a b
< 7Y, =1z "¢, L ¢ Z%¢,.r ¢C (5.5
in which %c , denotes the coefficient of the u-th AO in the j-th MO of mole-
]
cule "a'. Summation runs over all the retained basic functions. '
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Figure 5.7. Correlation diagram of the CNDO/S eigenvectors of some substituted
isoalloxazines with those of the unsubstituted "ideal isoslloxazine" nucleus33,

The numbers refer to the compounds given in Scheme 5.1
are indicated by heavy dotted lines.
are given in Table 5.1;

eigenvalues obtained by Songl0s45,
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6.1, The influence of substitution

Representative data on the calculated correlations between the orbitals of
‘he all-proton model and those of some oxidized derivatives are given in Fig.

.7 and Table 5.2. Throughout all calculations, a 'staggered” conformation was
dopted for the methyl groups. Admixture of other orbitals intc the two highest
ccupied orbitals upon substitution is fully negligible. Even the formal replace-
ient of Ng by a C - H fragment in compound 6 does not have an appreciable influ-
nce on these orbitals which, consequently, retain their benzenoid E]g character.
.t lower orbital energies, mixing primarily occurs within the # and ¢ systems
,eparately. Only in case of almost degenerate w and ¢ orbitals mutual admixture
s found, ranging from 5% (compounds 1; 3 - 5) to 14% {compound 2) and 21% (com-
wound 6). Remarkably, compound 3 shows small admixture of the antibonding orbital
ITE of the ail—proton model into its highest non-bonding orbital, labelled 46.
he orbital % is calculated to be localized for 88% on the centers Ni; Cz;

13; 012 and the proton substituent on N, about the same molecular regicn where
rbital 46 is localized.

The results obtained on alloxazine {compound 7) are omitted here for two
easons. First, the calculation yields a large number of small scalar preducts and,
econdly, there is bad agreement of the CNDG/S eigenvalues with the photoelec-
ron spectrum. A correlation diagram camnot be given with these data. Only the
wo highest occupied alloxazine orbitals can be expressed approximately as
inear combinations of Ty and Ty cf the all-proton model, the minus combination
aving the highest energy. Both alloxazine orbitals, however, suffer from serious
dmixture of a large mumber of other orbitals, both real and virtual. So, also
n a theoretical description, alloxazine turns out to be totally different from

soalloxazine.
5.2, The influence of reduction

Mutual correlations between orbitals of isoalloxazine in its oxidized and
educed forms, respectively, are of particular interest in connection with the
unction of the molecule in living organisms, as was denoted before. In first
pproximation, one expects the two additional electrons, taken up by the molecule
pon full reduction to a hypothetical divalent anion, to enter into the lowest
noccupied orbital (LUMO) of the oxidized form. Assuming no conformaticnal
hange, the only consequence for a SCF-LCAO-MO description within this picture

s a change of the Fock matrix elements due to an alteration of the density
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matrix (cf. eq. (2.14), p. 16) only. Subsequent protonation giving the neutral
hydroquinone will be of greater influence, because of the addition of twe func-
tions to the AO basis set. Both processes will cause reorganisation but, still
a high scalar product between the LUMO of the oxidized form and the HOMO of the
reduced form is expectable.

Severe breakdown of a correlation diagram will likely criginate from geom-

etry-differences existing between the oxidized and reduced forms of isoallox-

azine3>™3? . Contrary to the quinoid form, all 1,5-dihydro-iscalloxazines have a
nop-planar structure, consisting to a good degree of approximation of two planar
parts, bent along the N5 - Nig axis 3%, Two geometries were tested in the cal-

culations on compound 8. The first one (structure A),was based on a derivative®

carrying a bromine atom in position 9 and an acetyl group in position 5, whereas
in the second one (structure B), the acetyl group was changed into a hydrogen
atom39:48tere0-view computer drawings of these structures,as derived from the

38,39

published fractional coordinates of the atoms ,are given in Fig. 5.8. For

structure A, hydrogen atoms were generated at standard bond distances and bond
angles46 and the bromine atom and acetyl group were replaced by hydrogen atoms
at appropriate bond distances without altering the hond angle#. In structure B,
all hydrogen atoms were determined by X-ray crystallography%frestricting alter-
ation to replacement of the bromine atom. Nevertheless,bogh’structures give rise
to CNDO/S eigenvalues which do not agree with the photaéiectron spectrum, the
agreement being particularly bad in case of structure A. After application of
the Bigelow correction,the first ionization potentials are found to be too high
by 0.94 eV and 0.61 ¢V for structures A and B, respectively. The difference
can be ascribed to a stercochemical difference of the proton at N5 in structures
A and B. Due to bending, the pyrazine ring in the molecule acquires the boat
conformation with the N5 acetyl group in axial position due to steric effects S,
Formal replacement of this acetyl group by a hydrogen atom causes large overlap
between the hydrogen s and the N5 nitrogen 2pz functions, leading to a bonding
orbital and a concomitant decrease of the orbital energy. This creates a pro-
tonated w orbital, however, which is a physically unrealistic situation, as
confirmed by the real position of the N 5 proton as determined in structure B>’
Contrary to the discussion given by Norrestam and Von Glehn39 direct conversion
of their fractional into cartesian coordinates undoubtedly shows the Ng proton
to be in equatorial position (Fig. 5.8). The general features of the CNDQ/S
results, therefore, agree better with the experiment for structure B than for

structure A. Morecover, an INDO calculation48 on structure A fails to converge,
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Figure 5.8. Molecular structures of two reduced isoalloxazine derivatives as
determined by X-ray crystallograghyBs’ag. A: 9-Bromo-5-acetyl-1,3,7,8,10-penta-

methyl-1,5~-dihydro-iseallozazine3® (without hydrogen atoms); B: 9-Broma- _
1,3,7,8, 10-pentamethyl-1,5-dihydro-isvalloxazine3?. Reference to these structures
in the text is made by A and B, respectively, A stereo view showing the stereo-
chemical difference of the N5 substituent®“.

whereas such a calculation on structure B converges normaily. However, only a
planar system of three condensed rings, as derived from structure B by adjust-
ment of the {4a-5-5a) and (9a-10-10a) bond angles, has a set of eigenvalues which
agree as satisfactorily with the experiment as those of the oxidized compounds.
Consequently, the calculations of scalar products gave reasonable corre-
lation diagrams for structure B and a planar geometry only. The results are given
in Fig. 5.9 and Table 5.3. Considerable reorganization of the orbitals is found
te occur upon reduction, even in case of a planar structure. Presumably, reorga-
nization will also be due to differences in bond distances existing between the
oxidized and reduced forms of isoa110xazines36. The highest three occupied
orbitals of the reduced form, however, can be assigned to m orbitals, regarding
the main character as estimated from the correlation diagram. The HOMO (55) of
the reduced form is predominantly a minus linear combination of the HOMO (ng)
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Figure 5.9. Correlation diagram of the CNDO/S eigenvectors of 1,3,7,8,10-penta—
methyl-1,5-dihydro-iscalloxazine (8) with those of the unasubstituted "ideal iso
alloxazine" nucleus35, denoted by "Fl,," to indicate the oxidized form. Compar-
ison is made for the bent and planar structures3? and the experimental values
(Exp.}. Only the scalar products > 0.3 are indicated, the values are given in
Table 5.3. The orbital energies (calculated values) are given in Table 5.1.
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and LUMO (HT) of the (oxidized) all-proton model, for both the non-planar (B)

and planar structures. The orbitals =_ and 7, mix heavily upon reduction to give

the orbitals labelled 53 and 54. Espegially gn cas¢ of a planar structure, these
orbitals differ only by 0.12 eV in energy, giving strong mixture and, consequent
ly, complete breakdown of benzenoid Elg charactef. Due to admixture of HT, the
orbitals 53 and 54 also acquire higher density outside the benzene subnucleus as
compared to the oxidized form. Admixture of other orbitals into 53, 54 and 55 is
limited to 29% in case of the bent structure and to 15% for the planar conforma-
tion. The redox properties of the molecule, therefore, are governed mainly by
Tgs g and ﬂT.

Similar results were obtained in a calculation of the correlation diagram

with respect to the eigenvectors of compound 2.

5.6. DISCUSSION

Comparison of the isoalloxazine photoelectron spectra with the results of
4-17

the applied theoretical methods shows that none of these methods, including
the present CNDO/S calculation, is capable of predicting the orbital energies

4-17,we will skirt the Extended Hiickel
4=7

accurately. Reviewing the available data
method because of its extremely poor agreement with the experiment

The SCF-PPP method predicts the experimental v ionization potentials sur-
prisingly well for both the oxidized and reduced forms of iscalloxazine. There
is some dependence on the particular parameterization chosen, due to which Song’
resultsm’45 agree better with the experiment than those of Grabes, who predicts
the n ionization energies systematically toc low. Regarding the complexity of th
photoelectron spectra caused by {near) degeneracy of 7, n and ¢ orbitals, how-
ever, a m electron calculation like SCF-PPP cannot serve as a guide to spectra.
assignment unless at least comparison with all-valence electron calculations is
made.

The power of the CNDO/ 2 methed’* '€ to predict photoelectron spectra is
extremely poor. For this reason we omitted our own C(NDQ/2 results, which agree
with those of Song7 as far as the eigenvalues are concerned. The eigenvectors
were found to be different, presumably due to geometry differences (Song had to
assume a molecular geometry by the lack of crystallographic data).

Before the application of corrections, the results from CNDO/S and INDO
calculations are rather similar, except for random differences in energy up to
+ 2 eV for resembling eigenvectors. This leads to differences in level ordening
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i
setween the two methods. Both methods, however, predict ionization potentials
vhich are systematically too high and orbital energy differences which are sys-

22,23 partly compensate this error.

tematically too large. The Bigelow formulas

The MINDO/ 3 calculation, which was only applied to oxidized isoalloxazine
iqrivatives”, yields m orbital energies which agree perfectly with the experi-
nent, the SCEF-PPP method and the corrected CNDO/S w orbital energies. Differ-
Ence‘:\s are as small as a few tenth's of an eV. Conversely, the calculated n and
7 orbital energies are systematically too high. The highest n orbital is even
sredicted to be quasi-degenerate with the highest occupied m orbital. According
to the MINDO/3 method, crowding of orbitals in the -8 to -12 eV energy region
is that large that the corresponding photoelectron spectrum should be completely
structureless. This is in contrast with the experiment.

Thus, only = orbitals are predicted satisfactorily by the SCF-PPP, the
[correctedzz, eq. (5.1), p. 54) CNDO/S and the MINDO/3 methods, the only res-
srvation being our lack of knowledge of the MIND(/3 eigenvectors. Apart from
the necessity to correct the CNDO/S eigenvalues, Del Bene and Jaffe?® state
correctly that their CNDO/S method includes the simpler 7 electron theory as
1 special case. However, it would be an exaggeration to say that for economic rea-
sons one should confine oneself to © electron calculations. Firstly, this anal-
vsis is restricted to orbital energies exclusively and, secondly, awareness of the
intrinsic errors of the NDO methods may preclude wrong interpretations.

Even when the Bigelow formula’? (eq. (5.1), p. 54) is applied, the CNDO/S
calculations on iscalloxazines invariably predict the n orbital energies about
! eV too low. Conversely, the correction method > adjusts the n orbital energies
satisfactorily., This can be ascribed to the fact that the n orbitals are spatially
nore localized than the n orbitals, due to which calculational errors may accu-
mlate in the former orbitals. Apart from the intrinsic errors in any particular
SCF -calculation, the neglect of the electronic correlation and reorganization

cause such ETTOTS4]

. The correlation error originates from the muitiplication of
orobability distributions of electrons in any SCF -calculation, i.e. the proba-
yility of finding two electrons in the same region of space is given equal sta-
tistical weight as finding them largely separatedl’g. The major contribution to
this error originates from two electrons of different spin cccupying the same
spatial orbita:*?. Because the electronic repulsion will tend to keep such elec-
trons apart, it is found that the repulsion integrals are generally taken too
large in an ab Zniiio SCF —calculation®®. In a semi-empirical calculation like

CNDO/S, the parameterization only may compensate this error in an average wayl‘g,
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so certain orbitals still may contain residual errors. However, neglect of corm
lation destabilizes the orbitals due to an over-estimation of the electronic re-
pulsion. Therefore, the error in the isoalloxazine n orbital calculations must 1
due to the neglect of reorganization and/or intrinsic shortcomings of the calcu-
lation. Obviously, the reorganization will be important because a localized hole
is created by ionizing an electron from the n orbitals. De Bruijn50 has pointed
out that an important intrinsic error of all NDO-theories arises from incorrect
resonance integrals. The one-center integrals Hiu and the two-center integrals
He

H

negative, which is partly compensated by an opposite error in H®  for second

By
neighbours. So the diagonal elements of the core hamiltonian’:

(v and v nearest neighbours, cf. eq. {2.21), p. 17} were shown to be too

HS. = ¢ ¢ H® (5.6)

c . .
ii Hyv il v

are too negative. Because I ¢ ,c .
Wy uivi

bonding MO's, the error in Hgi increases in that direction, causing a spurious

is increasingly positive towards lower

divergence in the orbital level scheme. This explains the success of the cor-

rection methods by Bige10w22’23

which compress the divergence. In case of a
deviation from an uniform charge distribution, these errors increase apprecia-
b1y

predict a large dipole moment due to charge differences on the carbonyl groups

. This situation is encountered in case of iscalloxazine. The calculations

and, particularly, in the n orbitals localized thereon. Typical values range fr
6.1 D (compound 8) to 10.7 D (compound 6).

Prchably the three-fold degeneracy in the isoalloxazine orbital level scher
in the oxidized state at -9.6 eV is responsible for some of the molecule's pecu
liar properties such as the pronounced solvent influence on the Sy > 5, elec-

1,52

tronic transition . Based on its red shift observed on going to polar sol-

vents assignment to an intramolecular charge transfer transition is madesz,
whereas thetheory predicts a wm* transition at the corresponding wavelengthlo.
It should be realized, however, that singly excited confipgurations which most
likely contribute considerably to the S, state in a configuration interaction
scheme, will arise from the concerned set of degenerate n and m orbitals. Such
configurations may be almost degenerate too, depending on the values of Coulomb
and Exchange integrals. One of these configurations surely will be a wr*
transition carrving large oscillator strength, but due to the admixture of nm*
character and intramolecular charge transfer character {owing to the spatial se
aration of n and m orbitals), a strange composite S, state is expected. In this

respect strong perturbations like H-bond formation cannot be described properly
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in a m electron theoretical framework as was done recentlyla’ls.

The small admixture of antibonding character into the highest non-bonding
MO of compound 3 (cf. Fig. 5.7 and Table 5.2) provides another example of the
considerable influence of small perturbations. In this respect,we do not expect
the thermal instabiifity of compounds 3 and 4 to be a fortuity, but to originate
from electronic properties,

Comparison of the theory (of which the intrinsic errors are knmown) and
experiment, shows the reduced isoalloxazine derivative (compound 8) to have a
This is at variance with
(cf. Fig. 5.8) and by
H-NMR coalescence spectroscopy carried out in solution*8>33, Crystallography

planar structure with spz—hybridization on Ng and N .
the bent structure found by X-ray crystallography38 »39

shows the presence of two enantiomers being each others mirror image, which occur

36 ,38,39. So, if the bent structure is

in a 1 : 1 molar ratio in the solid state
the most stable one, a plot of the total energy of the molecule versus the di-
hedral bending angle gives a double minimum potential energy curve. This curve
will be perfectly symmetrical with respect to a dihedral angle of 180° at which
a maximum occurs, constituting a "transition state" of energy AUT relative to the
minima. Suppose the minima to be localized at dihedral angles of 180° : a.
Typical values36 range from o = 36° to a = 9° (the latter value refers to a
protein-bound isoalloxazine). According to Tauscher et aZ.S{ AU+ should be about
45 kJ mole_l- Due to mirror symmetry, both enantiomers will have the same orbital
energies, hence they will have the same photoelectron spectrum and any change in
their thermal equilibrium,therefore,will be uncbservable. So, except for two
details, we adopt the interconversion scheme for the enantiomers as proposed by
Tauscher et af.°> where both ring-inversion and N-inversion in the pyrazine ring
occurs. First,we reject the proposal that only Ng should undergo inversion. The
absence of Nlo-inversion would cause interchange between axial and equatioral
positions for the N,, methyl substituent, giving appreciably different photo-
electron spectra for both enantiomers. If this were the case, the spectral bands
would have been broadened considerably and the spectrum would have been tempera-
ture dependent, contrary to the actual measurements. The second exception is the
high probability of an all-coplanar transition state, regarding the agreement
between the experiment and the calculation on such a conformation. Consequently,
if o and AU+ are of the order of magnitude as quoted before, the population of
the transition state is negligible under our experimental conditions (Boltzmann
factor of 1.4 x 107> at 450 K). In that case the photoelectron spectrum should
correspond to an averaged bent structure, which is highly improbable by virtue
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of the foregoing discussion. If o is assumed to be the same and AU+ is such

that the transition state is appreciably populated (i.e. at least one crder of
magnitude smaller), the potential energy curve will allow such a large root mean
square deviation Su in ¢, that only broad structureless photoelectron bands woul
be observed, contrary to the measurements.

Therefore, the actual potential energy curve must contain one single mini
at 180°. The CNDO/S calculations give total energies which are in agreement
with this due to a decrease in nuclear-nuclear repulsion, which exceeds the in-
crease of the electronic energy on going to a planar conformation. However, the
latter argument camnot be used as evidence for a planar structure regarding the
failures of the CNDQ/S method”’. On the other hand, we reject also the argument
referring to an oversimplified m electron concept that, due to “anti-aromaticit
the reduced form of isoalloxazine should be bent’>.

Now it should be realized that, under the present experimental conditions
only, we are dealing with truly isolated molecules. It is, therefore, very likely
that environmental forces govern the molecular conformation of the reduced iso-
alloxazine molecule. This 1s supported by the presence of hydrogen bonded dimers
3 and it may explain the variety of values>® found for the
dihedral angle o. The high values of AU', obtained by application of the absolut

rate theory53, refer to a solvated molecule carrying large substituents. Ascrib-

in the solid state

ing these properties to isolated molecules is erroneous.

The dependence of the energy of the highest occupied orbital of a reduced
isoalloxazine on the molecular conformation, which in turn is governed by exter-
nal forces, deserves special attention. It is this 'wvalence-orbital' which has t
acquire and to lose electrons in the redox reactions, in which the isoalloxazine
nucleus participates in biochemical processes. Thus, the apoprotein may influenc
the "valence-orbital" energy by interaction and, concomitantly, the redox poten-
tial of an isoalloxazine prosthetic group associated with it>3, In addition to
protonation, such interactions may explain the large variety of redox potentials
of flavoproteins and their further quantification may provide insight into the
structure-function relationships in these proteins.
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ANOMALOUS INTRAMOLECULAR HYDROGEN
BOND IN 10-HYDROXYALKYL ISOALLOXAZINES
AS REVEALED BY PHOTOELECTRON
SPECTROSCOPY, AND THE IMPLICATIONS FOR
OPTICAL SPECTRA

.1. INTRODUCTION

In our current research on the iscalloxazine electronic structure]_3, two
mportant aspects were not elaborated. First, the discovery of an anomalous long
luorescence lifetime of 3-methyl-10-(y-hydroxypropyl}-iscalloxazine in the
apour phasez. This phenomenon was explained assuming the formation of an intra-
plecular complex in the vapour phase in which the hydroxyl group of the Nio
ide-chain should be hydrogen-bonded towards the N atom {(cf. Scheme 6.1, belowL
ince the N] lone pair contributes considerably to a MO, which can be identi-
ied in the iscalloxazine photoelectron spectrum, it should be possible to
arify the foregoing proposal by photoelectron spectroscopy. Additionally, it
1y be investigated whether CNDOQ/S, which gives a fairly good description of
1e iscalloxazine orbital structureB, can be extended to this more complicated
ystem.

The second aspect is the extension of the CNDO/S method to the calculation

f excited states in order to correlate the available optical spectral’2

and
10toelectron spectra3 of a variety of iscalloxazines. Regarding a CNDO/S-CI
rocedure as a two-stage process, photoelectron spectroscopy constitutes a power-
11 experimental check on the first stage, the ground state orbital calculation.
118 check should preferably be made before proceeding with the second stage,
1e calculation of excited states by (I between configurations arising from
1at orbital structure. Previously, such an approach proved to be very useful
1 the interpretation of the glyoxal optical spectruma.

The combination of both aspects is of particular interest. If photoelectron
sectroscopy confirms the existence of the intramolecularly H-bonded complex,
1e experimental data on its electronic transitions in the isolated (vapour
1ase! ) state? can be supplemented with those on its orbital structure. Closer
>senmblance between experimentzal conditions and those tacitly assumed in MO
1lculations cammat be achieved, an excellent opportinmity to apply the stepwise
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procedure outlined above to both complexed and uncomplexed isoalloxazines. Thus

the relatively volatile’ 10-hydroxyalkyl-isoalloxazines may serve as a model to

examine solvent influences on the isoalloxazine optical spectrum]’z. At the same
time, they allow for a photoelectron spectroscopic study of a H-bond in an iso-

lated molecule in the vapour phase which, up till now, was only performed on

6,7

smaller molecules *’. Particularly, the sclvatochromy of the iscalloxazine

S0 > S2 electronic transition is not satisfactorily explained, as we discussed

before 3

. It may be anticipated that the MO which is involved in H-bond forma-
ticn, also gives rise to singly excited singlet configurations which contribute
significantly to the S, state3.'Therefore, the combination of photoelectron and
optical spectral data is of value for a better understanding of the latter, and
it may reveal the reliability of CNDO/S. This shcould be analyzed before applyin
the method to models of protein-bound iscalloxazine in flavoproteins, the mole-
cule's natural enviromment which, obvicusly, is not accessible to photoelectron
spectroscopy. In this environment the molecule is known to be hydrogen—bondeds-]

to the apoprotein.
6.2. EXPERIMENTAL AND THECRETICAL SECTION

The 10-(hydroxyalkyl)-isoalloxazine derivatives were synthesized according
to the methads published elsewherel’2'®, Photoelectron spectra were measured
using equipment and procedures as described previously3. Orbital energies and
correlation diagrams were calculated by the CNDO/S methed, including the appro-
priate approximations and corrections used before?'l3. The inclusion of CI for
the calculation of spectral properties was done in two different ways with re-
spect to the approximations used in the determination of the two-electron inte-
grals (cf. eq.(2.7) and (2.8), p. 15 and Table 2.3, p. 19):

(ijlke) = cuicijAkCUR (uv|ao) (6.1)
HVAG
and the transition moments:
m,, =¢ I ¢ .c . r|v 6.2
i T vJ(ul p| ) (6.2)

In (6.1) we adopted the notation of Pariserl®, ¢ . represents the coefficient of

A0 u in MO i and in (6.2) e represents the electgénic charge and r_ the position
vector of the p-th electromn. P

In the first approach,we followed exactly the CNDO/S—CI scheme of Del Bene
and Jaffél®, i.e. we applied the strict ZDO approximation (cf. eq. (2.19), p. 17
to all valence electrons in the evaluation of (6.1). The only surviving integral
on the right hand side of (6.1) are those of the type (up|Xd), being approximate
in turn by the Nishimoto—Mataga formulal®. Similarly, the only terms to be re-
tained in (6.2) are those of the typel" (u|rp]u).

In the second approach, we relaxed the ZDO approximation in the evaluation
of (6.1) and (6.2} in view of its inadequacy noted by several investiga-
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tors15°17-12, In abandoning the ZDO approximation, we achieve a situation in
bhich the singlet and triplet arising from the same n7" configuration are no
longer degenerate and the m]._j for i=n and j=v", or vice versa, are no longer

tero!?, Hence, we retained in the evaluation of (6.1) the two-electron one-center
Integrals which are also retained in the INDO approximationZ®. In this way, our
hethod becomes similar to that of Ridley and Zernerl?. In (6.2) we similarly
Included the one-center terms amalogous to Ellis et al.l”.
Hence, the integrals in (6.1) were extended with the one-center terms of
the type:
(sg|se) = (aslxx)y = FO =
(sx|sx) = G1/3
(ocy |ay) = 3F2/25 (6.3)
(xz|axx) = FO + 4F?/25
(w|yy) = F® - 2F2/25
and similar expressions for (ss!yy), etc.

TaA

Mhe values of the Slater—Condon parameters F2 and Gl are given hy?l:

C: F2 = 4.73 eVy; G! = 7.28 eV

N: F2 = 5.96 eV; Gl = 9,42 oV (6.4)
0: F2 = 7.25 eV; Gl = 11.82 eV ‘

F

: F2 = 8,59 eV; Gl = 14.48 oV
Fhe integrals in (6.2) were extended with the one-center terms!” of the type:
(28;e£f2px) = Sea [2r¢3 (6.5)

in which e represents the electronic charge, a_ the Bohr radius and [ the
Blater-exponent (p. 27 of ref. 20}. °

Since the agreement between the photoelectron spectra and CNDO/S orbitals
lvas reasonably good3,we did no further reparameterization like Ridley and
erner'9, For the same reason, we performed the INDO/S-CI calculations directly
bn configurations arising from the CNDO/S orbitals without a recalculation of
the ground state and MO structure within the new approximations made. This was
Hone using Pople's formulas2! (Table 2.3, p.19) bearing in mind that the Fock
matrix F is no longer diagonal due to,the change in the level of approximation.

Therefore, the CI-matrix elements 22Fki which connect the ground state Wo

With the excited configurations Yok become non-vanishing, leading to a break-
s

Hown of Brillouin's theorem?! (cf. Section 2.5.3, p.19). However, for the iso-
lalloxazines calculated, the admixture of excited configurations into the ground
state resulted in changes in total energy of ~I eV (~300 ppm of the total ener-
gy), ultimately, a negligible amount. The effect was only important for the
transition energies. Only singly excited configurations were used in the CI-
procedures.

b.3. RESULTS

6.3.1. Pholoelectron spectra and orbital structure

The theoretical model used to account for hydrogen bond formation towards
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Nl of the isocalloxazine molécule (cf. Scheme 6.1) consisted of a super-molecule
description of a complex of 3,10-dimethyl-isoalloxazine (Compound 4, Scheme 6.1)

fl?m
N

R8 8/9 9a 10 100/,':I 012
7 5 3 X

Sa S Fianld N\CH3

N
014

Scheme 6.1. Isoalloxazine derivatives used:

1 R7 = RS = H; RIO = n_C4H9; 3-methyl-10-{(»n-butyl)isoalloxazine.

2: R7 = R8 = H; RIO = n—CBHGOH; 3-methyl-10~{y-hydroxypropyl) iscalloxazine.

3: R7 = R8 = H; Rlo = n-CZH40H; 3-methyl-10-(B-hydroxyethyl)isoalloxazine.

4: R7 = R8 = H; RIO = CH3; 3,10-dimethylisocalloxazine.

5: R., = R8 RIO = CH3; 3,7,8,10-tetramethyliscalloxazine (3-methyl-lumiflavin}.
6: R7 = RS = CHys R]O = n-C18H37; 3,7,8-trimethyl-10-t1-octadecyllisoailoxazine.

and methanol. The iscalloxazine part of the complex was identical to that used
in previous calculations® and the methanol molecular structure was taken from
standard tables®2. The C,-0, H plane of the methancl moiety was taken to be co-
incident with the isoalloxazine molecular plane, the atoms N, (isoalloxazine)-
Hm-Oml were put on a straight line in that plane having an angle of 120° with
the C] Oa_Nl bond of isoalloxazine, and the methanol methyl group was bent away
from the isoalloxazine Nio methyl group {i.e. the (Cm—Om-Hm; Hm-Nl—Cz) dihedral
angle was zero). The hydrogen bond length I-lm-Nl was varied from 10 £ (1 nm) to
18 (0.1 nm). At 10 & (1 nm) distance no mutual interactions were found either
in the orbital energies or in the orbital correlations. At ~3.5 & (0.35 nm) dis-
tance mutual interactions in the complex became apparent and at 1 R (0.1 nm) we
ended up with the correlation diagram given in Fig. 6.1 {(calculated). The short
distance was deliberately chosen to obtain appreciahle effects. Values of ion-
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ization potentials and scalar products are given in Tables 6.1 and 6.2. Because
»f the super-molecule description,there was no need to approximate the scalar

yroducts as previously3.
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igure 6.1. Correlation diagram of the orbitals of a hydrogen—bonded iscallox-
1zine-methanol complex with those of the parent compounds. Calculated: Orbital
ies (cf. Table 6.1) and correlations (cf. Table 6.2) using Bigelow—-correct-—

mer
%3 CNDO/S eigenvectors; A: methanol, B: complex (cf. Results section for de-

:d3*
‘ails), Ci 3,10-dimethyl-isoalloxazine® (4). Experimental: Photoelectron spectro-
copy data (c¢f. Table 6.1), A': methanol?3*24, B;: 3-methyl-10-{y-hydroxypropyl)—

soalloxazine (2), Bé: 3-methyl-10-(B-hydroxyethyl)—isoalloxazine (3), C":
~methyl=10={(n-butyl)-isoalloxazine (1).
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TABLE 6.1.

EXPERIMENTAL AND CALCULATEDa) IONIZATION POTENTIALS OF N!O—SUBSTITUTED TSOALLOX~-
AZINES.
Compounp 1 Compounp 2 Compounp 3

Exp.b) No.c) Calc.d) Ass.e) Exp. No, Cale. ASS., Exp. No. Calc. Assg,
8.28 45 B.62 m 6.75 52 6.60 o® 7.00 £) £) o*

44 9.58 w 8.48 51 8.86 T 9.01 T
9.42-[43 10.58 n 50 9,37 q)

a1 10.79 n 49 9.70 T T
10.34 42 10.71 9.50-{ 48 10.50  zT 9.55 -{ w!
10.83 40  11.00 « 46 11.10 o
11.91 39 11.63 G 10.50 47 10.89 mn 10,21 b

38 12.14 o 10.85 45 11.24  m4n 10,92 T
12.67 11.92 12,01
13.10

a) Calculated icnization potentials corrected according to Bigelow as previous-—
1y3*13; b) Experimental value (eV); c) Number of calculated orbital counted up
from the lowest occupied orbital = 1; d) Calculated value (eV); e) Assignment;
f) Calculation as for compound 2; g) Artefact in the calculation (cf. text for
explanation); h) Mixed.

Two remarkable features were found. First, the calculated ionization poten-
tials of methanol deviate from their experimental Valuesz""z4 by a few eV and,
secondly, the super-molecule orbitals labelled 50 and 52 (Fig. 6.1) behave very
strangely. Regarding the character calculated for the methanol orbitals 6 and 7
(Fig. 6.1}, however, their order and AQ parentage was found to agree with earlie:
experiment3123 and theoretical®” data. Accordingly, orbital 7 can be assigned
to the 23" {n ) 0rb1ta123. It consists mainly of the O {Zp ) and C (Zp )} AQ's
in the same ratio as calculated by Dewar and Worley . CNDO/S calculates it
(after appropriate corrections for photoelectron spectroscopy3’l3) only 1.87 eV

too low (experimental value23’2$

-10.85 eV). It is a 7 orbital in our super-
molecule. Similarly, orbital 6 can be identified with the 7a’ orbital23 of ¢
3:26. _12.37 &V).

We initially considered the behaviour of the super-molecule orbitals 50 and
52 (Fig. 6.1) to be typical CNDO/S errors as described by De Bruijn®’. Both

arise from strong anti-bonding interactions. Orbital 50 is produced by pertur-

C-H
character, calculated 1.38 ¢V too low (experimental value

bation of the iscalloxazine orbital 32 which is localized on the Nio methyl
group, NIO itself and the C2_012 carbonyl group. When the methanol OH group
approaches the N]0 methyl group too closely, spurious ''steric" interactions
cause calculational errors which is a well-known property of the CNDG meth-
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Od25’26

molecule orbital 50 also acquires a large amount of 7 character. Orbital 52 orig

. Since orbital 32 of the isoalloxazine moiety is heavily mixed, super-

inates from the breakdown of the through-bond linear plus combination of the N]
and 0I2 lone pair53 upen complex formation and is made up for 81% by an anti-
bonding linear combination of the NI(ZS), N](Zpy) and Om(2py} AD 's. The net
interaction between the isoalloxazine and methanol moieties in the complex,
however, is calculated tc be bonding. The complex gains 594 kJ mole | with re-
spect to the separated molecules (an unrealistically large caleulated value
owing to the short H-bond length) and the dipele moment is reduced from a total
of 10.2 D to 7.2 D upon complexation {""free' isoalloxazine yields 9.1 D). A larg
positive bond order is calculated between Hm and N] {0.26 between N](Zs) and
H_(1s) and 0.36 between Ni(Zpy) and H_(1s) at 2 {0.1 nm) distance). Alsc the ne
bond order between Q, and N, was found to be positive whereas the bond orders be
tween the methanol OH group and other atoms in the isoalloxazine moiety are pre-
dominantly negative. Clearly, the calculation yields the picture one would expec
by simple chemical intuition, except for the behavicur of orbitals 50 and 52.

In an attempt to eliminate the spurious steric interactions,we replaced the
Nlo methyl substituent by a proton, i.e. the calculations were repeated using th
"ideal" all-proton isoalloxazine model from previous calculations®. This leads t
the disappearance of orbital 50, so it clearly is an artefact in the calculation
Orbital 52, however, proved to be persistent, no matter how we varied the rela-
tive orientation of the methanol moiety with respect to isoalloxazine, keeping
the hydrogen bond in the isoalloxazine molecular plane. Its energy was found to
depend approximately only on the N]—Hm distance which, in turn, had no appreciabl
effect on the character of the orbital. To our great surprise,this finding was
confirmed by photoelectron spectroscopy. When the spectrum of an iscalloxazine
derivative is recorded carrying a n-butyl substituent in position 1¢ {compound 1
Scheme 6.1), which is unable to form a hydrogen bond towards the isoalloxazine
ring system, the normal isoalloxazine characteristics are observed3 (Fig. 6.2).
Introduction of a hydroxyl group into the Nig side-chain (compounds 2,3} enables
intramolecular hydrogen bond formation towards N, as we proposed before to ex-
plain the long fluorescence lifetime of these compounds in the vapour phase2.
Indeed both compounds have an additional band in their photoelectron spectrum
around 7 &V (Figs. 6.3 and 6.4), the same energy region where orbital 52 was cal-
culated. Compound 1 does not show this band, neither could it be produced in the
spectrum of compound 1 by admittance of methancl vapcur into the photoelectron
spectrometer target chamber during the measurements. The band is too intense to
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Figure 6.2. Photoelectron spectra of 3-methyl-10-{n-butyl)~iscalloxazine (1) at
510 K.

be preduced by photoionization from unperturbed isoalloxazine orbitals by He(I)-g
radiation since the He(1)-8/He(I)-a intensity ratioz7 is less than 0.02. Similar-
ly, the possibility that the band is a He(II}-B ghost can be excluded since in
that case the band would appear at another ionization energy27. A real He(I)-B
ghost is visible in the spectrum of compound 1 (Fig. 6.2) as a very weak band
around 6.5 ¢V, disappearing in the He(II) spectrum. Conversely, the bands at
A7 eV of compounds 2 and 3 remain in the He(II) spectra, excluding the possibili-
ty that they could be ghosts.

The stabilization of the highest occupied isoalloxazine w orbital as calcu-
lated for the complex (orbital 51 in Fig. 6.1 and Tables 6.1, 6.2) is also con-
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Figure 6.3. Photoelectron spectra of 3-methyl-10-{y-hydroxypropyl)-isoalloxazine
(2).

firmed by the photoelectron spectra. For compound 3, the apparent stabilization i
even larger than the calculated one (Figs. 6.1, 6.2, 6.4), so that the correspon
ing band almost merges with the adjacent band in the photoelectron spectrum. The
highest occupied isoalloxazine orbital was previcusly found to have a large amou
of benzenoid E, chaur.su:ter3 and to be localized for 56% in the benzene subnucleu
of the molecule . The remaining part of this orbital is calculated to be local
ized on N, {16%), C4a (13%) and N]0 (7%). Upon complexation, the calculation pre
dicts a charge redistribution in which the methanol proton H’11 loses 0.12 and N1

and Nig both lose (.02 electron to the gain of the 0y Other atoms show random

charge density changes of at least one order of magnitude less than 0.02 electrc
Since the character of orbital 51 is hardly affected in the complex (Table 6.2),
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Figure 6.4. Photoelectron spectra of 3-methyl-10-(8—hydroxyethyl)-isoalloxazine
(3) at 517 K.

its stabilization is easily explained by the charge redistribution process. A

similar argument was used tentatively by Nishimoto et «l. 1

jzation used in their theoretical work.

for the reparameter-

The intense second band at 9.42 eV in the spectrum of compound 1 (Fig. 6.2
and Table 6.1) can be assigned to a degenecrate set of orbitals, one of which is
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another benzenocid e]g orbital (n) and the other two arg through-bond linear com-
binations of oxygen and imine-like nitrogen lone pairs™. Since this second €lg
orbital is localized for 85% in the benzene subnucleus of the molecule, its
energy is hardly affected upon complexation towards N, - This is reflected iIn the
photoelectron spectra, each of which shows a distinct band at 9.5 eV (Figs.
6.2-6.4). The orbital alsc retains its character upon complexation (Fig. 6.7 anc
Table 6.2). As a consequence of the breakdown of the Nl—Ol2 lcne pair through-
bond interaction in the complex, the calculation produces new through-bond intes
actions between the 012 and 014 lone pairs. This gives rise to two orbitals witl
a relatively small energy difference (n0.5 eV) depending slightly on the streng
of the hydrogen bond (interaction distance). Both suffer from serious additicnal
7 admixture and are calculated around -11 eV (erbitals 46 and 48 of the super-
molecule, after appropriate correctionlB; Tables 6.1, 6.2 and Fig. 6.71). If the
calculational error for these orbitals is of the same order of magnitude as was
found previously for n orbitéls3, they really should be located somewhere aroun
-0.5 to -10.0 eV.

Also based on previous experience3, the bands in the photoelectron spectrun
of compound 1 at 10.34 and 10.83 eV are most likely to be assigned to 7 orbitals
They remain present in the spectra of compounds Z and 3, apart from small shifts
and a considerable admixture of o character predicted by the calculation (Fig.
6.1 and Table 6.2). Since their energy is of the same order as that of the
methanol oxygen lone pair (cf. the 2a' orbital of methanol at -10.85 eV23’2a),
the latter is expected to admix as well. Probably, this admixture is underestim
ated by the CNDO/S calculation owing to the large error in the calculated ene
gy of the 2a" orbital (vide supra). The photecelectron spectra, however, neither
deny nor confirm this. The crowding of bands in the 10-12 eV energy region is th
large that the band corresponding to 2a'" ionization, which is expected to be lo-
cated in this energy region, cammot be distinguished clearly. Conversely, com~
pounds 2 and 3 do not show a pronoumced He(I)-He{II} intensity-difference betwee
10 and 12 eV, a behaviour which could be anticipated from basic cross-section

considerati0n528’29

if a Za" oxygen lone pair were present.

These considerations finally give the correlation diagram proposed in Fig.
6.1 (Fxperimental). The relative intensities in different parts of the photoele
tron spectra reasonably agree with this picture as deduced from rough estimates
28,29 Only the banc

at ~7 eV has an exceptionally low cross-secticn which cammot be ascribed to hy-

of band areas, bearing in mind the basic cross-section rules

drogen 1s character since in that case the band should have a relatively lower
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ntensity in the He(II) spectrumzs,contrary to the measurements. The total amount
if s character calculated for the -7 ¢V orhital is only 20%, lower than one
ould expect by intuition, but higher than in an average isoalloxazine orbital.

Another explanation for the low intensity could be the existence of a ther-
131 equilibrium between complexed and uncomplexed molecules in the vapour phase.
‘he temperature range in which photoelectron spectra could be measured reliably
5 too small, however, to establish this firmly. In this respect the present com-
iounds behave similarly as those measured previouslyS. The He(I) spectra of com-
wound 2 at the maximum and minimum accessible temperature are given in Fig. 6.3.
ower temperatures resulted in count rates which were too low (<100 counts/sec-
nd} and higher temperatures caused noticeable decomposition. The temperature
ange for compound 3 (Fig. 6.4) was even smaller. The present data, however,
learly demonstrate the internal complexation of compounds 2 and 3 in the vapour
hase, the interaction being dependent on the length of the N]O side-chain.

'.3.2. The tsoallomazine optical specirum

The CI calculations were performed on the "ideal' isoalloxazine molecule
arrying only proton substituents3, compounds 4 and 5 {Scheme 6.1) and the iso-
11loxazine-methanol complex described above. Molecular geomettries were identical
'0 those used beforeS. The ''all-proton model", although non-existent in nature,
ras used again for approximate symmetry classification’. The results are compared
rith optical spectra measured in non-protic solvents of lowest possible polarityl.
'apour phase spectra are less suitable for comparison purposes since they suffer
rom serious broadening due to sequence congestionz. It was established that the
adiative properties of compounds 5 and 6 (position and shape of spectral bands,
adiative lifetimes) are the same in 2-methyl-tetrahydrofuran {2-MTHF) . Only
heir non-radiative properties differ slightly as could be judged from the fluo-
escence lifetimes (compound 5: 7.4 ns at 300 K, 9.0 ns at 77 K; compound 6: 6.5
s at 300 K, 9.2 ns at 77 K; solvent Z-MTHF, carefully degassedlj. We, therefore,
ompared the calculated spectrum of compound 5 to the experimental spectrum of
ompound 6 in 3-methyl-pentane (3-MP) at 300 K. Thus, advantage could be taken
Tom the solubility of compound 6 in 3-MP , a solvent of the lowest possible pola-
ity which does not obscure the iscalloxazine far UV band at 45000 cm_] (222 nm)}.

All isoalloxazines calculated give rise to basically the same CI pattern.
‘omparison between calculated and experimental transition energies and band in-
censities is made in Figs. 6.5 and 6.6. Detailed information on the contribution
f the various configurations to the excited states is given in Appendix 1. The
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Figure 6.5. Absorption spectrum of 3,10-dimethyl-isoalloxazine (4) in 2-methyl-
tetrahydrofuran!, 77 K, ¢ = 29 uM. Calculated spectra: A: CNDO/S-CI, 100 singly
excited singlet configurations; B: as A, occupied orbitals Bigelow-corrected 5
C: INDO/S-CI, 81 singly excited singlet configurations and D: as C using Bigelo
corrected?’l? CNDO/S orbitals as starting orbitals (f = oscillator strength). TI
absorbance scale in the experimental spectrum is expanded in the long-wavelengtl
region (20000 - 34000 cm!). Dotted stick~bars indicate f-values multiplied by
1000 prior to plotting.
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igure 6.6. Absorptiom spectrum of 3,7,8-trimethyl-10-(n-octadecyl)-iscalloxazine
) in 3-methyl-pentanel, 300 K, ¢ = 6.6 uM. Calculated: 3,7,8,10-tetramethyl~
soalloxazine (3-methyl-lumiflavin; 5), cf. legend to Fig. 6.5 for further ex-
lanation.

alculated excited states are labelled by their main symmetry, A' for " and A"
or nm (or O'TI"‘) states (the admixture of A" {110*] and A' (UG*} states was found
o be negligible). As in the previous orbital calculations3, the all-proton model
as used as a reference in the labelling process since it has the property of un-
mbiguous o-m separations. Consequently, there is no admixture of A' states into
" states and viece versa. The approximate symmetry of the states calculated for
erivatives 4 and 5 (Scheme 6.1) was determined from the approximate symmetry of
he most contributing configurations. The calculation of scalar products as pre-
iously3, extended to the eigenvectors of the CI matrices as well, was employed
s an objective criterion in the symmetry determination. A second assignment
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criterion was the absence of a singlet-triplet splitting for the A" states in
the CNDO approximationls. This preperty was found to be retained almost exactl]
(deviations <5%) when the symmetry was lowered by rotating the methyl groups int
the "staggered" position as defined earlier”. The third, but least objective, as
signment criterion was, of course, the very small oscillator strength of the
]Aé > ]A; transitions. The states belonging to each symmetry species were number
ed consecutively in the all-proton model. The labels thus obtained were trans-
ferred to the methylated derivatives as far as the above-mentioned criteria per-
mitted. In this way the reversal of states in the different compounds became im-
mediately apparent in the figures.

The CI results do not depend very much on the mmber of configurations usec
It was varied between 50 and 200. In the straightforward CNDO/S-CI meth-
0d!?2 17530 (e A' > A' transiticn energies are calculated systematlcally too
high by ~1 eV (Plgs 6. 5A and 6.6A). Conversely, the first excited A' state is
calculated very well {Compound 4: calc. 16500 cm , exp. ' 17400 em” ; compounds
5/6: calc. 15700 cm !, exp.1 16800 cm '), The error in the 'A' states is of the
same order of magnitude as the error in the calculated orbital energies before

correction with the Bigelow formala’> '3

. Application of this correction or,
equivalently, adjusting the energy of the higher occupied v orbitals teo their
experimental values3, improves the agreement between theory and experiment for
the ‘A’ states, but impairs it for the 3AF state. Bvidently, the calculated sing
let-triplet snllttlng of the A] state is wuch too large ('ideal" 1soalloxa21ne
before CI 9900 cm , after CI 13900 cm ]; compound 4: calc after CI 12700 oam
exp.l 4000 cm_]; compound 5: calc. after €I 12100 em ', exp.I 4000 cm ).

The first excited 'A" state is calculated in the vicinity of IA; (Figs.
6.5, 6.6). Sometimes it is even calculated as the lowest excited singlet state,

contrary to all available spectral data's?»9,12,31739

and to the experimental

radiative lifetimes of 12 ns in solution' and 22 ns in the vapour phasez. Such
values cannot correspond to an oscillator strength of n107? which is calculated
for the Aﬁ + A” transition using the method of Ellis et al. (cf Experiment:

Section). The AV state is predominantly a linear combination of the configura-

tions™*C |029 l| and |c30 I| arising from the orbitals of the all-proton model.
The occupled orbitals Oy and 030 are the well-lnown through-bond linear combi-
nations> of the Nis Opp and Ns, 0, lone pairs, respectively, whereas ﬂ? is the

LUMO. The A“ state approx1mate1y 5tab111ze5 by 12000 cm U after CI, much more

than the average stabilization of the 'A' states. Adjustment of the energy of g,

d3 13

and ¢,, to either the Bigelow correcte or experlmental value makes the

30
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preement of the A" states with the experiment even worse. Thus the error in the
rbital energies3 of Tsg and Tag is opposite to the error in the excited states

rising from o,, and o The calculations yielded orbital energies for G,q and

29 30°

which are too negativeB, hence one expects the energy of the configuration540

Bo ", *
P29" 1 3071 ]
tate with an energy which is too low. In order to raise the energy of all A"

| and |o | to be toc large, but the latter mix to produce an excited 'A"

bnfigurations we abandoned the strict ZDO approximatiocn to obtain non-vanishing

15,18,19 This was done since symmetry-

kchange integrals between o and 7 orbitals
bwering by rotation of methyl groups did not change the results significantly
ithin the CNDO/S approximations. The relaxation of the ZDO approximation to
te INDO/S Tevel? (cf. Experimental SectiOn),'however, did not alter the cal-
lilated spectrum appreciably (Fig. 6.5). This was mainly due to an increased
jpount of configuration interaction,which compensated the increase of the diag-
hal 'A" elements of the CI matrix in going to INDO/S. Only a slight improve-
ent of the singlet-triplet splitting was obtained in this way, i.e. that of the
' states was no longer zero and that of the A' states was reduced by 1500 em !
pr ''ideal isoalloxazine'" and by 1100 em ! for compound 4.

" The calculated oscillator strengths generally agree with those obtained from
ther thecretical method$]]’33’34’4]_4i but deviate from the experiment at first
ight (Figs. 6.5, 6.6}, Since none of the theorists''»33:3%: 41744 1 ihered about
ccurate experimental values of the oscillator strengths, we estimated them from

! using Birks' for-
1,31,39

he band areas in our previously measured absorption spectra
45
pila

prrected similarly for the medium refractive index as in the calculation of
1,2

and known values of the melar extinction coefficients . The results,

hdiative lifetimes’ *“, are surprising (Table 6.3). Apparently, it has been over-

TABLE 6.3.
[XPERTMENTAL ELECTRONIC SINGLET TRANSITION ENERGIESa) (1000 Cm_l) AND OSCILLATOR

STRENGTHS®) OF SOME ISOALLOXAZINES.
}
: S > 5y 8y 8y S0 % 54 S0 ™ 5,
ompound | Solvent AE £ AE f AE £ AE f
L
|
4 ommaF® | 2109 0.1z | 209 0.13 37.0  0.45 - -
6 loammF® | 2105 0.4 | 285 0.1 36.9  0.43 - -
|
6 3P | 21,3 0.4 | 20.0 o0.065 | 36.8 0.42 | 45.1  0.73

D 0 — 0 Transitions as measured previouslyl; b) Calculated from the integrated
bsorption spectral according to Birks' formula“S; ¢) 2-methyl-tetrahydrofan!,
7 K; d) 3-methylpentane!, 300 K.
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11533,34,81=44 110t all theories predict oscillator

looked in the literature
strengths which reasonably agree with experimental values, exzcept for that of th)
tsoalloxazine S5+ 5, (Iﬂé -+ IA}) trarnaition. This latter value is calculated b
a factor of ~5 times too large! Since this transition invariably consists of mor
than 90% of the HOMO -+ LUMO configuration in which the (calculated) character
of the HOMO is well-established by experiment3, the calculations apparently givi
rise to an errcnecus LUMO. In this respect it is also noteworthy that the calcy
1qtions were unable to reproduce the decrease of the oscillator strength of the
Aé > A' transition in a 6-methyl derlvatlve as established exper1mentally3g.

The oscillator strength of the A6 > A' transition was found to be highly
sensitive to the degree of approximation used in the calculations and the degree
of methylation of the molecule. Generally, its value is small due to an effectiv
cancellation of the cne-electron transition moments of the configurations invol-
ved. In this respect the transition resembles the Peu‘iser]4 sign-forbidden tran-
sitions in the polyacenes. Tc what extent the cancellation occurs depends on the
CI eigenvectors In a recent calculation on the "ideal' all-proton model, Jaffé
obtained an A' > A' 05C1llator strength of the same order of magnitude as for
an average lA' > N' transition’ by using Pariser'* instead of Nishimoto-Mataga
integrals. These flndlnﬁs may explain the difficulty in observing the S0 > 82
transition in vapour phase excitation spectra2

In the S region, the calculations invariably predict two A states ( A‘
and A‘) ThEIT composition and relative intensity is highly dependent on the
degree and site of methylation in the molecule. The sum of the calculated oscil+
lator strengths of the 1A6 > lAé and ]A6 - ]Aa transitions, however, is roughly
constant and agrees reasonably with the experimental S0 -+ 83 value. Regarding th
partially resolved vibrational structure of the experimentally observed Sg > S3
band, it is not very likely that the band should consist of two overlapping tran
sitions of about equal intensity (Fig. 6.5). Hence, starting from excitation en=

ergies above 38000 em| the calculations no longer offer any guidance in the

interpretation of the optical spectra. This applies especially to the S0 -+ S4
region (Fig. 6.6).

CI calculations performed cn the iscalloxazine-methanol complex, generally
give rise to the same spectral characteristics as in the isolated compounds ex-
cept for considerable shifts owing to the change in energy for some of the occu-
pied orbitals. Upon complexation, the virtual orbitals retain their energy and
character within 0.1 eV and 5%, respectively, contrary to earlier SCF-PPP re-
sults'’. The spurious orbital 50 (vide supra)} gives rise to a one-electron tran-

sition to the LUMO which does not significantly mix with other configurations.
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t occurs in one of the Cl-eigenvectors with a coefficient of 0.91 and thus leads

a spurious excited state which i1s easily recognizable. The latter state dis-
ears when "'ideal isocalloxazine' is taken as the parent compound in the complex.

e energies of the calculated ]Aé - lA& and 1A6 AVIAE transitions are net greatly
UV'states,in which configurations

ffected upon complexation. Only those excited
rising from the antibonding orbital 52 participate significantly, are considera-
ly stabilized.

The calculated directions of transition moments agree reasonably with expe-
imental values C. The angles with the positive x-axis {perpendicular to the line

—N3 bond, cf. Scheme 6.1}
46 +7°

and N _atoms in the directicn of the C
10 465 2

Te: IA6 - IA,;: exp.’” -32°, calc. -8%; lAé - ]Aé: exp.

oining the N
, calc. +1° to -13°.

.4. DISCUSSION

The present results clearly demonstrate the serious difficulties the applied
DO calculations have in coping with the isoalloxazine molecule. Since both
NDO/S 13,17,30 and INDO/S19 give much better descriptions of simpler heterc-
romatic molecules containing either oxygen or nitrogen atoms, it probably is the
ombination of both which produces the errors. The errors in the one-electron

3,25 partly account for this, but the two-electron

Integrals discussed previously
Integrals must contain appreciable errors,too. This follows from the errcneous
xcited state pattern which is calculated after extensive CI from quite a reason-
ble orbital structure>. Based on the calculated and observed singlet-triplet
plittings and the experimental fact that both Sl and T] are A' states, we arrive
t the conclusion that the applied methods overestimate the exchange integrals
etween m orbitals and underestimate those between ¢ (or n) and 7 orbitals. The
omparable off-diagonal exchange-like terms in the CI matrix, i.e. those of the
ype (ik|jk), behave similarly. This gives rise to a large amount of CI of the Tan
elative to the IA' configurations, owing to an inadequate balance of the (ik|ik)
ith the corresponding Coulomb-like terms -(ij|kk) in the 4t €I matrix elements.
he final result is the error in the relative locations of IA' and lA" states, es-
lecially in case of hydrogen bond formation towards N,. In the latter situation,

]2’31, there is no experimental evidence whatsoever that the

.. protic solvents
3 should be an Law state in spite of the considerable destabilization of the N,
one pair established by photoelectron spectroscopy (Figs. 6.3, 6.4).

On the other hand, erroneous exchange integrals cannot fully account for the

rror in the Lar states. As shown in the previous section, the latter arise from

orbitals which contain an opposite error in energy of about the same order of
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magnitude3 (v1 e¥). Straightforward correction would require a physically unre
istic adjustment of exchange integrals between o and n orbitals, hence Koopmans
defects (electronic relaxation upon photoionization) largely must be held res
sible for the difference between the calculated> and experimental3 orbital ener
gies of the (localized!) n orbitals. Similar Koopmans defects were found for
ur3611 : a molecule which strongly resembles the part of the iscalloxazine rin
containing the carbonyl groups. This discussion equally applies to the hydrogen
bonded case since, in spite of the n orbital destabilization, the first excited
singlet state of isoalloxazine remains an lA'.

Further support for this interpretation arises from the frequently discuss
solvatochromy of the S - S tran51t10n] 3,12,31,39 . The available spectral
data'3+12:31,39 g0 the solvent influence on this transition to be twofold.
First, in non-protic solvents, the S + S oscillater strength increases with
increasing solvent polarity, w1thout an apprec1ab1e spectral shift!™3:12:31,39
(Figs. 6.5, 6.6; Table 6.3). Secondly, as socon as the solvent becomes protic,
31,39 15 to 43000 am . The

first property is easily explained by the "sign-forbidden" character of the cal-

S0 > 82 transition displays the well-known red shift

culated ]A’ > IA' transition, whereas the second property is in accordance with
the N, lone pa1r destablllzatlon upon H-bond formation. We, therefore, assign t
S, to a mixed state of both 'A' and 'A" character of which the latter causes th
solvatochromy of the S S transition. Also the red shift of this transition

upon methylation of the molecule in the 6—p051t10n (cf. Scheme 6.1) supports

this assignment. This shift is brought about by the corresponding destabilizati
of the second highest occupled m orbital of benzenoid E, lg character which is de-
generate with two n orbitals®, All three orbitals give rise to configurations
which appreciably contribute to the S state. Compared to compound 4, the second
highest occupied 7 orbital of 3,6,10- trlmethyl-lsoalloxa21ne is destabilized’ by
0.6 eV. Methylation in the 9-position produces a similar spectral shift owing t
the equivalency of the 6- and 9-positions in the relevant m orbital. The calcu-

lated (CNDO/S) spectral shift of m2000cm ! corresponds reascnably to the exper
imental value3? of ~1500 cm .

Thus the 5> S, solvatochromy of iscalloxazines can be regarded as an acci
dental '"by-product" of a peculiar electronic structure. In this respect, the spe
tral changes observed upon addition of CC1,COCH to 1soalloxa11ne solutions in
CCl, are 1nterpreted correctly in terms of H-bond formatlun , but the theoreti
cal backup of these experiments by SCF-PPP calculations cannot be sufficient
since this theory does not treat the o framework of the molecule. This particu-

larly applies to the very complex cases of multiple H-bond formation'!. Also the
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CF-PPP perturbational treatment of isoalloxazine-sclvent interactions by
jakano et al.** must be regarded as incomplete. On the other hand, it seems to

e out of the question to observe ever a pure n + n (IA6 - ]A;) transition in
scalloxazine as suggested in the past33. The effect of rotation of methyl groups
n our calculations shows that even very small vibronic interactions allow for
ufficient admixture of 7 character into n orbitals and of A' character into A"
tates to produce an in-plane polarized transition moment for an 1A6 + lA;
ransition, which largely exceeds the out-of-plane transition moment calculated
y relaxing the ZDO approximation. Nevertheless, for the w orbital system and
the A' states, the initial SCF-PPP calculations 32341743 ghow the best agree-
fent with the experimentsl‘3 of all theories applied to iscalloxazines. This in-
ludes a recent ab initZo calculation by Palmer et al.ae which agrees poorly with
the photoelectron spectra of the compounds investigated here and previou51y3.

The applicability of calculational methods to isoalloxazines clearly is
imited to trend-analysis in a series of related experiments. CNDO/S appears

to be remarkably successful in describing the peculiar behaviour of the molecule
H-bond formation. Assuming similar calculational errors for the (destabi-
ized) n orbital in both free3 and hydrogen-bonded isoalloxazine (likely due to
[oopmans defects3), the most reasonable agreement between experiment and calcu-
ation occurs at a H-bond distance somewhere between 1.2 & (0.12 nm) and 1.8 &
0.18 nm), quite a realistic value considering the rather strong intramolecular
nteraction. The reason why the hydrogen bond behaves anomalously is the break-
jown of the existing N,-0,, through-bond interaction in the isolated isoallox-
jzine molecule. As a consequence, a2ll other through-bond interactions rearrange,
too. This "domino-effect" enables a hydrogen bond at N, to extend its influence
Za the o framework towards N_, which is lnown to be a catalytical site in bio-
therrical pmcessess’ag’m. At the same time, H-bond formation towards N, also
aiffects the m electronic system. Thus, in addition to the conformational flexi-
ility of the molecule in the reduced form3, H-bond formation can be regarded as
L tuning mechanism of the electronic and redox properties of flavins. N] , already
mown from crystallographic studies’' to be a good hydrogen acceptor for the
pxidized molecule, thus turns out to be a "tuning-site" and NS turns out to be a
'reaction-site”, in conformity with previous proposals based on adduct formation
vith phosphines at the N center®. In this model, the Nio side-chain and the N,
roton (present in the molecule's biologically active form) can be regarded as

pinding sites to the apo{{lavo}protein.
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7 ON THE ENIGMA OF OLD YELLOW ENZYME’S
SPECTRAL PROPERTIES

7.1. INTRODUCTION

The spectral changes induced by the binding of a low molecular weight com-
pound to O1d Yellow Enzyme (OYE) were initially regarded to be sufficiently mys
terious to refer to this unknown compound as ''regreening factor!. After the |
identification of this '‘regreening factor" as 4—hydroxybenzaldehyde2, Abramo-
vitz and Massey3 showed that OYE has a strong affinity for a large variety of
phenolic compounds. Para-substituted phenolate anions all bind strongly to OYE
a FMN containing macromolecule, and all cause similar spectral changes upon
binding3. These changes are: 1) an appreciable decrease of the FMN absorbance
over the entire absorption spectrum and 2) a concomitant appearance of a new
broad absorpticn band centered at long wavelength (500-60¢ nm, dependent on the
particular phenolate anion bound to OYE3}. The latter band was assigned to a
charge transfer (CT) transition from phenolate (donor) to enzyme-bound FMN
(acceptor), an assignment entirely based on the existence of a positive correla-
tion between the energy of the CT transition (thT) and the Hammett cp constant
of the phenolic compound used to induce the transition>.

However, this concept, presented as physical evidence for a charge transfer
transition3, can be criticized. The references cited by Abramovitz and Massey3
in support of the thT—Up correlation’*” provide experimental evidence for such
a correlation only with the o_ of the aeceptor instead of the donor molecule.
The possibility of a correlation with the donor ¢ is only mentioned in the orig
inal paper5 without rigorous experimental. support. Additionally, part of the cor
relation is regarded as 'certainly accidental"a, since the Hammett constant,

% is not always the proper quantity to cor

being a typical ground state parameter
relate to excited state properties.

Instead of the foregoing procedure; the energy of a CT transition is usual
7-12

ly correlated with the ionization potential (ID) of the donor . Within a
first approximation,GCT {in cm-]) should cbey the relation’ 2.
hevey = Iy - B, - W (7.1

in which h denotes Planck's constant, ¢ the velocity of light in vacinum, EA the
electron affinity of the acceptor and W an appropriate correction term for the
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di fference in interaction between donor (D} and acceptor (A} in the ground and
(excited) CT states, respectively. In fact eq. (7.1) was used to estimate lon-
ization potentials from CT absorptions before photoelectron spectroscopy became
widely available. In the case of OYE , EA is constant as long as no artificial
flavins are recombined with the apoenzyme. Hence, a necessary condition for a
linear relationship between the Hammett constant of the phenolate ion bound to

OYE and GCT is the requirement that I

- W should be proportiocnal to o_. Since
[D itself does not satisfy this condition'? it is unlikely that I-v should do

50. On the contrary, W is expected to be nearly a constant in the case of OYE,
because it is the protein and not the FMN prosthetic group which is responsible

for the phenolate bindingB. This is confirmed by binding constants of complexes

14,15

between free phenols and free flavins in solution which are several orders

bf magnitude less than for OYE -phenol complexesa. Marecover, the former complexes

th,15

pehave spectrally completely different from OYE . This leaves only cne pos-

sible correlation, i.e. the proportionality of v and ID which is normally found
For C'I‘complexes7 -2,
Ionization potentials of para-substituted phenols have been measured by
shotoelectron spectroscople’lﬁ'zo. There is no ambiguity whatsoever in the as-
signment of the observed first and second ionization potentials to the phenolic
%2 and 1a2 {m) orbitals, respectivelyZl. These orbitals originate from the

splitting of the symmetry-degenerate benzene e, orbitals upon lowering the ben-

'8 13.16-20

renoid D L, Symmetry to the phenolate C2 symmetry . Subsequent lowering

f the synmetry to C (neutral phenol), does not appreciably affect the character

13,16-20

f these orbitals, 1t only decreases their energies . Accordingly, the 3b,

.originally benzene elgs) crbital has its nodal plane through the bonds between
‘SA? orbital has a
iodal plane which contains the C-0 group and the para position. The b, orbital

‘he orthe and meta positions and the 132 (originally benzene e

thus has a large density on the C-0 group and the parg position and is, there-
‘ore, very sensitive to para-substitution, both through inductive and mesomeric

fffects, whereas the la, orbital is relatively insensitive to parg-substi-

l3 16-20

aution . In neutral phencls, the oxygen lone pair [6b|] is located at

east 3 eV belaw 3b2. Removal of the OH proton to form the phenolate anicn will,
f course, Taise 6bl considerably but, regarding the fact that in the ion all
srbitals will be raised and that the phenolate lowest excited singlet state is a

22

¥ state””, a reversal of 6b and 3b, apparently does not occur.

Photoelectron spectroscopy13 16 = 20

revealed an increasing first ioniza-
‘ion potential (3b, orbital) in the series p-cresol, p-bromophenol, phenol, p-

hlorophenol, p-fluorophencl. 1f this trend is not greatly affected in the cor-

107



responding phenolate anions (as suggested by preliminary unpublished calculated
data, not surprising since 3b2 is a v orbital), the first ionization potential o
the phenolate anions does not correlate at all with the observed GCT of OYE in
the sense of eq. (7.1).

Thus the assignment of the long-wavelength absorption band of OYE-phencl
complexes to a CT transition, although at first sight reasonable, can be ques-

23,24 were also inter-

tioned. Resonance Raman spectra of OYE published recently
preted more or less on the prejudice of CT interaction. Additionally, the strong
perturbation of the flavin absorption spectrum upon the binding of phenols to
OYE seems to be at variance with CT interactions rather than to support it, as
claimed by Abramcvitz and Massey3. This follows from experiments by McConnell

¢t al.® who demonstrated that the acceptor singlet -+ singlet transitions ''are no
greatly affected" in CT complexes.

Despite these questions, there remains a wealth of experimental data]_3’23“
which must fit into some unambiguous interpretation. This consideration and our

previous experience with isocalloxazine s.pectt('oscop}"ZS-28

prompted us to a furthe
examination of this highly intriguing flavoprotein by a variety of spectroscopic
techniques. The importance of such an investigation goes beyond a characteriza-
tion of OYE alone since the protein was regarded as a model system for other
flavoproteins3 which, under certain conditions, exhibit long-wavelength absorp-
tions, too. We consider this a hazardous concept, however. Although OYE marked
the start of flavin chemistry, 50 years ago, it still appears to be the least
understood flavoprotein known nowadays. This will be demonstrated by the present
results, providing clear evidence for the inadequacy of the model of simple CT
interaction and the existence of a highly intricate FMN-apoenzyme complex. De-
spite interesting observations, due to the complexity of the system the results
allow only for a few fimm conclusions.

7.2. MATERIALS AND METHQDS

0ld Yellow Enzyme and 4-hydroxy-N-w-butylbenzamide (4-HNBBA) were preparad
and purified as described by Abramovitz and Massey®. Low-temperature glasses
(77-153 K) were freshly prepared by freezing mixtures of 0.45 volume of a solu-
tion of OYE in 50 mM sodium pyrophosphate buffer (pH 8.5) and 0.55 volume of
glycerol (Merck, fluorescence microscopy grade). The glycerol used was free from
luminescence under irradiation with a 1600 W ¥Xe—arc source, as far as could be
established with our detection system capable of determining quantum vields25°28
as low as 1075 4-Methoxybenzaldehyde was purchased from Fluka and distilled
prior to use.
»s ggectra and lifetimes were measured on the same equipment as used previous-

»

ly In the fluorescence lifetime measurements, the extension to longer wave
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lengths than those available from the CR-5 model argon ion laser was made by the
ethod of synchronous pumping2??’30 as described in Chapter 2 (pp. 10-13). Pumping
f the dye laser at 514.5 nm (19436 cm™) with 2.} W average mode~locked power
fielded 300 wW average mode-locked power at 590 nm (16950 em™1).

Circular dichroiec absor?tion was measured on a Jouan dichrograph, described
k.n detail in the literature3!. Electron paramagnetic resonance spectra were mea—
bured on a Bruker 200-tt-esr spectrometer equipped with a liquid helium cooling

Eystem.
CNDO/S-CI calculations on isoalloxazine phenol-complexes were performed

Jsing parameterization and iscalloxazine molecular geometry from previous
rork27228 | The phenol molecular structure was takem from the literacure32?33,

F.3. RESULTS AND DISCUSSION
V.3.1. Absorption and CD spectra

Absorption and CD spectral data on native (free) Old Yellow Enzyme and its
#-hydroxy-N-»n-butylbenzamide (4 -HNBBA) complex are collected in Fig. 7.1. At
room temperature, the well-known spectral properties3 are observed (Fig. 7.1A}.
Although native OYE has flavin-like absorption characteristics, there are dis-
tinct differences with free FMN under identical conditions, the most important
being the considerably red-shifted long-wavelength absorption band: maximum at
21700 cm~’ (461 nm) as compared to 22500 cm | (444 mm) in free FMN 3%, This red
shift is considerably larger than usually cobserved for the iscalloxazine SO + 5
transition upon changing the solvent polarity25’26. Also the maximum of the near
UV transition is slightly red-shifted as compared to free FMN, but this behav-
dour is usual for the isoalloxazine S0 + S2 transition?®. Apart from the appear-
ance of the new absorption band centered at 16750 em! (597 nm), the most marked
change induced by the binding of 4~HNBBA to OYE is a decrease of the absor-
bance over the entire flavin spectrum and a blue-shift of the 21700 em ! (461 nm)
band maximm, returning to the position of free FMN. From this observation the
questions arise whether the shoulder in the spectrum of native OYE at 20500
cm_] (488 nm) is the electronic So + S1 0-0 transition or not and whether the
shift observed is real or apparent, i.e. implies a change in electronic excita-
tion energy or a change in Franck-Condon envelope as observed previouslyzs.

To answer these questions, CD and low-temperature absorption spectra were
measured (low-temperature CD spectra could not be measured reliably due to in-
strumental limitations). Our CD spectra agree closely with those measured by
Otani et aZ.35. In the native enzyme, only the S0 > 5, transition displays cir-
cular dichroic ahsorption (Fig. 7.1B). This is a remarkable observation since
optical activity of gll transitions in flavins, carrying a ribityl side chain or
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Figure 7.1. Absorption and CD spectra of 0ld Yellow Enzyme in 50 wM sodium pyro-—
phosphate buffer (pH 8.5). -=----native enzyme; OYE - 4-hydroxy-N-n-butyl-
benzamide complex, molar ratio 1:1. OYE concentrations® based on £(21645 cmn™! =
462 nm) = 10600 Mem~l, A: Absorption spectra at 293 K, ¢ = 43.3 uM. B: CD spec-
tra at 293 K, c = 84,9 yM. C: Kuhn's anisotropy facl:c:rai g = Aefe calculated from
A and B, D: Absorption spectra at 143 K, ¢ = 32.1 uM (details in Section 7.2).
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h derivative of it, is a rule rather than an exception, a fact well-established

n's e)q:-er:'unent36_40 and theory. From the thorcugh quantum mechanical treatment of
bptical activity by Caldwell and Eyring®', it is known that CD occurs in case of
h non-zero value of the rotational strength R(Jn’ containing the scalar product of

the electric and magnetic transiticn dipole moments of a particular transition

So-rsn:
R = < 5 | 018, - <5, w5 7.2
||=e§ ri ; m=(e/2mc]>i3[rixpi]

in which e and m represent the electronic charge and mass, respectively, ¢ the
velocity of light and K the position vector of electron i with conjugate moment-
. P - The sumation runs over all electrons in the molecule.

The optical transitions of the isoalloxazine ring system, belonging to the
lecular point group CS, fall into the category of both electrically and magnet-

ically dipele-allowed, but possessing perpendicular moments ! p and m. Hence, R()n
anishes intrinsically. However, the slightest perturbation is sufficient to pro-
e a non-zero value, requiring only the generation of a component of p in the
irection of m, and vice versa. Possible perturbations are: 1° the presence of
iral centers in substituents like the ribityl side chain-and 2° hindered rota-
ion of the methyl substituents of protein-bound flavins (distortion of the iso-
lloxazine ring from planarity is energetically less favourable in the oxidized
orm ). In principle, these perturbations, both present in OYE , induce optical
ctivity in every electronic transition. Nevertheless, in native OYE, dichroism
is completely absent in the flavin S + S region and weak in the S S, S2 region
(Fig. 7.1B). For the SO -+ S] tra.ns11:10n havlng a large 111om<-mt25 26,28 N, it

uld be fortuitous that hindered rotation of methyl groups alone should be capa-
le of compensating the effect of chirality of the FMN D-ribose side-chain. An
attractive alternative explanation would be a complex of FMN with a L-aminc acid
in the apoprotein; presumably L-tyrosine, which has been indicated to be involved

34 43. The substantial difference in char-

28

in the binding of FMN to the apoprotein
acter between the isoalloxazine 5, and S electronically excited states” is like-
ly the reason why the dichroism of the S +S transition is not fully compensated
in the complex of FMN with the apoprotem. In previous work » we showed this
transition to contain both nw* and ww* character and it was found that rotation
of methyl substituents considerably affects o-m separation in orbitals localized
on the isoalloxazine carbonyl groups”. 1t is well-known that carbonyl nm* tran-

sitions have large intrinsic magnetic transition mements®! , hence for the isoal-
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loxazine S + §, we encounter the situation of a relatively small p (wn* compo-
nent more or less 51gn-f0rb1dden } and a relatively large m. This situation is
particularly sensitive to external perturbation, which may explain the difference
in circular dichreic absorption observed for the two long-wavelength bands in na-
tive OYE (Fig. 7.1B).

Upon binding to OYE, 4-HNBBA apparently interferes strongly with the exist
ing FMN -apoenzyme complex, regarding the dichroism induced over the entire spex
trum. An overall positive Ac is measured for the new absorption band at 16750 cm
(597 nm). There is, however, a distinct shoulder in the CD spectrum around 1900

! {526 nm) whereas the FMN Sg > S, region displays a strong negative Ae witl
a band shape resembling the molecule's ordinary absorption under similar condi-
tions. To establish the FMN S0 > S1 0-0 location in the spectrum (vide supra),
made use of the general property of an electric dipole-allowed transition that
Kuhn's anisotropy factor (g = Ac/e) is constant over the vibrational progression
belonging to that transition® **!. In Fig. 7.1C this factor is plotted versus the
wavenumber, a graph which clearly shows the presence of an electronic origin at
21300 cm™ {469 im) and a vibrational progression of 1250 om | in the spectTum
of the complex. The low-temperature absorption spectra (Fig. 7.1D} confirm this
conclusion. It was established that the addition of glycerol to OYE sclutions
did not affect the spectral properties at room temperature. At 143 K native OYE
shows four subbands in its S, + 5, region, suggesting the origin to be located af
20150 an” (496 mm) . However thlS apparent origin has no coumterpart in the CD
spectra and it almost vanishes upon complexation with 4~HNBBA . The loss of in-
tensity upon camplexation (*80% as estimated by rough deconvolution) is far teoo
much to ascribe to a change in Franck-Condon factors as cbserved for free isoal-
loxazines?>. Moreover, if the 20150 an”! (496 nm) subband were the origin of the
band extending to 25000 em”! {400 nm), the Franck-Condon envelope of this band
in the OYE - 4—HNEBA complex would strongly deviate from that of a common ele
tric dipole-allowed electronic tramsition”®. Thus it may be concluded that the
20150 cm"] {496 nm)} and 21300 cm ! (469 nm) bands represent different electronic
origins and, presumably, even belong to different species. This conclusicn is
further supported by the low temperature absorption spectrum of free FMN under

the same conditions, in which the SJ + 50 band origin is located at 21300 cm™'

Figure 7.2. Absorption and CD spectra of 0ld Yellow Enzyme and its 4-methoxy~
benzaldehyde complex, molar ratio 1:1. For details cf. legend to Fig. 7.1. Devi-
ating conditions: A and B: ¢ = 90,8 uM. O3 =+=-= part of the g-curve which can
only be estimated owing to extremely small numerical values of Ag and €.
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(469 nm) and in which the Sy ~ S, band displays a vibrational progression of
1250 em” ', identical to the spectra of alkylated iscalloxazines in apolar sol-
ventszs. The formation of the glycerol-water glass only shifts the whole vibra-
tional pattern between 19000 cm™' (526 mm) and 25000 cm™' (400 rm) by 400 cm ' tc
the red (Fig. 7.1D). It.is thus immediately clear that, <n the flavin spectral
region, the absorption spectra of the OYE -phenclate complex and free FMN have
a closer resemblance than the absorption spectra of the native enzyme and free
FMN. The only influence exerted by the complexing agent is a change in the rel-
ative intensities of the spectral bands without any observable energy shift.

In support for CT complex formation, Abramovitz and Massey suggested idenf
tical intermolecular interactions between OYE and 4-methoxy-benzaldehyde (4-
MBA) and between OYE and 4-HNBBA , except for the inability of 4-MBA to
produce the long-wavelength band. When the foregoing experiments were repeated
with 4-MBA (Fig. 7.2), it turned out that the interaction of the latter melecule
with OYE is totally different. Instead of a decrease of the intensity of the
20150 cm ! (496 nm} absorption band, a relative increase was cbserved. The in-
tensity-changes are moderate, however, and can be sufficiently explained in
terms of changes of Franck-Condon factors?>. Also the CD spectrum of the com-
plex with 4-MBA was completely different from that with 4-HNBBA . Although the
former CD spectrum is less well-defined than the latter one, it still indicates
the presence of an electronic transition around 20000 cm_] {500 nm). Clearly,
the differences between the effects induced by 4-HNBBA and 4- MBA must be as-
cribed to the presence of a charged group in the former, but there camnot be a
direct influence of the charge on the ohserved CD spectrum in the sense of a
Stark-effect, since this effect is, contrary to the Zeeman-effect,not accompanie:
by circular polarization phenomenal's. Thus the properties observed, including
the long-wavelength absorption in the OYE-phenol complexes, must be due to an
indirect mechanism, i.e. changes induced in the éxisting FMN-apoenzyme complex
depending on the molecule hound to it.

7.3.2. Luminescence speotra

In order to establish a useful standard to which the OYE Juminescence ex-
periments could be referred to, we first investigated purified free FMN under
identical conditions. Following the same procedures as previously in the mea-

surements on alkylated isoalloxazines>>” 2 , the following data were obtained:
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P93 N: fluorescence quantum yield $g = 0. 48, radiative lifetime Ty = 13.8 ns,
Fluorescence actual lifetime T = 5.7 mns, t /T =0.41; 143 K: ¢f = 0.70, T
2.5ms, T, = 9.3 ns, Tf/To 0.74, phosphorescence gquantum yield ¢p 5.0 x 107 ,
bhosphorescence actual lifetime ¢ = 224 ms. The difference in Ty between 293

iInd 143 K is due to the change in the medium refractive index?® upcn glycercl
pddition. The FMN excitation spectra were independent of the detection wave-
jumber and all fully matched the absorption spectra measured under the same
tonditions. Decay curves were all singly exponential. Thus, the behaviour of FMN
s identical to that of the alkylated isoalloxazines measured previously25’26,
Including the influence of the rigidity of the medium on the Franck-Condon fac~

25,26 4nd the good agreement

fors governing the intensity of vibronic subbands
etween ¢f and the ratio T f/TO' The addition of phenols in stoichiometric amounts
id not measurably alter these FMN data, in conformity with earlier results by
fagi and Matsuoka”’, who showed that a considerable excess of phenol is needed to
bive a measurable riboflavin fluorescence quenching. For FMN the situation is
bven less favourable owing to the negatively charged groups in both FMN and
bhenolate under our experimental conditions (pH 8.5).

The most striking result of the luminescence experiments on OYE is the
tomplete absence of any difference in the shapes of the spectral bands and decay
urves between the native enzyme and its complexes with phenols or 4-MBA , ex-
cept for one measurement: the emission spectrum observed with 30000 o™ (333

m) excitation {vide infra}. The only effect of the addition of complexing agents
s an overall decrease of the luminescence quantum yields (Figs. 7.3 and 7.4).
fpon 21300 cm™! (469 nm) or 22500 cm ' (444 nm) excitation, the OYE prompt and
layed emission spectra resemble those of free FMN under identical conditions.
t room temperature, OYE has a ¢, = 1.4 x 107 upon 21300 cm™' (469 nm) or
2500 cm (444 mm) excitation. An estimate of the free FMN concentration un-

T our experimental conditions, using the known binding constants of flavins to
the apoenzyme of OYE3, yields the same order of magnitude as (P Thus the emis-
sion of OYE in fluid solution originates predominantly from free FMN, con-
rirmed by identical fluorescence lifetimes of OYE and FMN (Table 7.1) and a
rery low degree of polarization (p) of the OYE luminescence. By the same method
as, previously25, we determined a value of p = 0.04 at 293 K, for both the native
imd complexed enzyme. Since g is not affected by phenolate binding (Table 7.1),
the apparent quenching of the fluorescence upon phenol addition (Fig. 7.3B) must
pe ascribed to an increased binding of FMN to apo-OYE as observed by Abramo-
ritz and Massey3 for the OYE-phencl complexes. At 143 K, the quantum yield of
iative OYE increases to ¢, = 7.5 x 1073, a larger increase than in case of free
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FMN. Also the vibronic structure in the emission spectrum of OYE 1is more mani
fest than in that of FMN. Apparently, also protein-bound FMN contributes
slightly to the luminescence in solid solution. Por the native enzyme ¢b =

3.6 x 107° at 143 K. Both be and ¢p reduced by 60% in the phenolate complexed
enzyme, similar to the data obtained at room temperature. The value of ¢p was
low to allow for an accurate measurement of phosphorescence excitation spectra.

Upon excitation at higher wavenumber (30000 em ! = 333 mm) , we discovered
second emission in OYE (Figs. 7.4A,B). Also this emission is partly quenched
when the OYE- phenolate complex is formed. It is centered at 22500 Cm—l (444 nm
in fluid solution (both in buffer and in buffer-glycerol mixtures) and at 25500
cm ! (392 nm) in solid solution, a blue shift of 3000 cm-] on going to glassy so
lution. Such a shift is too large to be explained by changes in Franck-Candon
factors. Only the change in the shape of the 19000 - 20000 am”! (526 - 500 nm)
band upon complex formation (Fig. 7.4A) might be explained in this way because
this phenomenon was not observed in glassy solution. It possibly indicates some
protein-bound FMN emission, sensitized by high-energy excitation, since isoal-
loxazines in an apolar environment show a tendency to an increased S + S 0-0
emission 1ntens1ty . A third band observed upon UV-~excitation (F1g 7. 4A), had
a constant energy-difference with the exciting light and can be assigned, there-
fore, to Raman scatter from the fundamental vy = 3654.5 cm (A]) of the water
moleculea6.

The low-temperature fluorescence spectra (Fig. 7.4B) have roughly similar
phosphorescence counterparts (Fig. 7.4C). Phosphorescence lifetime measurements
indicated the presence of two triplet states. The first one, corresponding to th
band at 16700 cm | (599 mm) with a lifetime of 206 ms, can clearly be assigned t
FMN regarding the fact that the lifetime corresponds to that of free FMN . More
over, alkylated isoalloxazines generally have a first excited trlplet state?’ at
16700 cm (599 nm) . The second one, corresponding to the 20500 cm_ (488 nm)
band with a lifetime of 800 ms, has still to be assigned. The location and life-

Flgure 7.3. Prompt emission of flavin mononucleotide (FMN) and Old Yellaw Enzyme
in 50 mM sodium pyrophosphate buffer (pH 8.3), excitation at 21300 cm™ 1 (469 tm)
A: FMN, ¢ = 56.1 pM, excitation bandwidth Avex 88 cm~l, detection bandwidth

A;em = 32 em™'; curve 1: 293 K; curve 2: 143 K (glycerolﬂwater glass as de-

scribed in Section 7.2, spectra corrected for wavelength-dependence of lamp in-
tensity and detector sen51t1v1tY) B: OYE, c = 24.1 uM (cf. legend to Fig. 7.1),
Avex = 132 em™1, Ao 86 em™!, T = 293 K, samples contain 4-hydroxyN-n-butyl

benzamide in a molar ratic with respect to OYE of 0,00 (curve 1), 0.25 (2), 0,5(
(3}, 0.75 (4), 1.00 (5) and 1.25 (6).
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times of the delayed emissions were not affected by the presence of phenols with
in the experimental uncertainty of ~8%. In the spectral overlap region (15000 -
18000 e’ = 667 - 556 m) , a double exponential decay was observed which con-
tained both above-mentioned lifetimes in a ratio proportional to the (estimated)
overlap of the spectral bands. Qutside this region, the phosphorescence decay was
a single exponential.

The excitation spectra (Fig. 7.5) confirm our foregoing conclusion that the
20150 and 21300 cmh] bands (496 and 469 nm) in the absorption spectrum of the
native enzyme belong to different electronic transtions. Below 29000 e (345
mm), the excitation spectra of the ~19000 cm”! (526 nm) prompt emission band are
identical to those of {ree FMN. They only have a tendency to tail far into the
red, even in the native enzyme, but there is no distinct band or shoulder at
20150 cn (496 nm) like in the absorption spectrum. Apparently, the species ex-
cited at the latter wavenumber is non-fluorescent. In the near ultraviolet, the
excitation spectra have bands which are hidden in the absorpticn spectra and can-
not be assigned to FMN since they appear between the FMN Sq * 5, and Sy * 5,
transitions at 26500 cm ' (377 mm) and 37000 e’ (270 rm). The former bands ap-
pear at 30000 cm™ (333 1m) and 35400 cm™' (282 nm). At room temperature, the ex-
citation spectrum of the 22500 cm”! {444 nm) emission has only the well-defined
peak at 35400 cm ™! (282 mm). In the 143 K spectra, the intensity gradually
dropped upon scanning the exciting light towards the UV (Fig. 7.5B), owing to
an increased absorbance and scatter at the cuvette wall as the waverumber in-
creased. This reduced the depth of penetration of the exciting light into the
sample and moved the fluorescent spot out of the detection system focus. This

Figure 7.4, Emission spectra of 0ld Yellow Enzyme (cf. legend to Fig. 7.3 for
details). A: Prompt emission, 293 K, ¢ = 24.1 uM, excitation at 30000 em™! (333
m) , A\-)ex = 90 em™}; curve 1: native enzyme, Agem = 121 em™!; curve 2: OYE -~

4-hydroxy-N-n-butylbenzamide complex {(molar ratio 1:1), Aﬂem = 194 em~!, The
Raman band of H,0 originates from the Ay modet€ v, = 3654.5 em~l. B: Prompt emis
sion of the native enzyme at 143 K (emission bands of the OYE-phenol and OYE -~

4-MBA complexes are similarly shaped, ef. text), ¢ = 12.5 uM; curve 1: excitatio:
wavenumber 5 = 21300 em™? (469 nm), AV _ = 220 cm™l, 4% = 103 em™}; curve 2
ex ex em
Vey = 22800 cm7l (439 nm), AT = 205 eml, AT, = 114 em™l; curve 3: Vex =
30000 em™! (333 nm), A%, = 300 em™!, 4%, = 212 em™!. C: Delayed emission corre.
sponding to B; curve 1: v _ = 21300 cm™ (469 tm), AV _ = 880 cm™l, A% = 180
- ex ex em

em™l; curve 2: T = 22800 em™ (439 nm), AS _ = 820 cm~l, AT _ = 180 em~l;

_ ex - exX em
curve 3: V__ = 30000 em™! (333 nm), AV _ = 600 em™}, AV _ = 315 em”l.

ex ax am
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problem could not be overcome: lower concentrations gave an unacceptable signal-
to-noise ratic and the cryostat did not allow for front-face measurements. The
recordable part of the low-temperature excitation spectrum, however, clearly sho
two well-defined band systems, one identical to that of free FMN and the other
related to the 25500 cm ' (392 mm} emission (Figs. 7.4B and 7.5B). The emission
and excitation bands ohserved at low temperature at 25500 Cm—l (392 nm) and 3012!
em”! (332 nm), respectively, even have a rough mirror-image relationship (Figs.
7.4B and 7.5B).

Definitive assignment of the OYE blue emission is, of course, impossible. It
must originate from a chromophore which is firmly bound to the protein and not
released upon reduction, since it survives both the affinity chromatography puri-
fication and the consecutive dialysis in the presence of dithionite?. The emis-
sion cccurs at a wavenumber which is too low to ascribe it to aromatic amino

4750 or to their excimers®’. Control experiments with

acids in the apoprotein
these amino acids confirmed this. Considering altemative assignments, we reject
the possibility of reduced nicotinamides®' because OYE samples did not change

their luminescent properties after several days of air exposure. Pyridoxal phos-
phalte52 also seems rather unlikely. This would imply the presence of two differ-
ent prosthetic groups which was never found in preparations of the apoenzyme. A

reasonable tentative explanation left is the presence of nucleic acids, which are

known to emit in the concerned wavelength region“’53’5 4

, an emission ascribable
to excimers”’. The 3000 cm_| blue shift observed an going to glassy solution,
which restricts the mobility of chromophores, would fit into an excimer picture.
On the other hand, unless energy transfer processes take place, an excimer pic-
ture seems to be at variance with the fact that the 30000 cm-] {333 nm) band in
the excitation spectrum at 293 K appears to be predominantly associated with the
FMN emission {Fig. 7.5A). Unfortunately, instrumental limitations did not allow
for a thorough investigation of the OYE blue emission by time-resolved measure-
ments.

Figure 7.5. Excitation spectra of 0ld Yellow Enzyme's prompt emission (cf. legem
to Fig. 7.3 for details). A: c¢ = 11.3 uM, T = 293 K; solid line: detection wave-
number 19000 cm~ (526 m), 4% _ = 361 cu™!, & _ = 200 em™!; dotted line: dete
tion wavenumber 22500 cm™! (444 nm), 49, = 507 em™, Mex = 150 em™, B: ¢ =

12.5 uM, T = 143 K; solid line: detection wavenumber 19000 em™! (526 nm), :ﬁe :

m

271 em™, A\-’ex = 102 cm™!; dotted lipe: detection wavenumber 25800 cm™! (388 mm)

AV = 499 em™?, A5ex = 60 cm”l. Spectra of OYE—phenol and OYE — 4-MBA complexe:

were identically shaped (cf, text).
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The observed fluorescence lifetimes are collected in Table 7.1. Clearly, th

decay curves are dominated by the emission of free FMN, which is immediately
apparent in the single exponential decay observed at room temperature. At 143 K,
the fluorescence decay upon 20987 e (476.5 nm) laser excitation is not a
single exponential. Analysis of the decay curves (Table 7.1) revealed two compo-
nents. The longer lifetime of ~9 ns corresponds to free FMN as confirmed by
control experiments. This value is approximately the same as observed from alkyl-
ated isoalloxazines’”. The shorter lifetime, contributing the most to the decay
on the long-wavelength edge of the emission spectrum, remains at long-wavelength
excitation with the Rhodamine 6G dye laser. It was the tailing of the excitatiom
spectra into the red which prompted us to perfomm the latter measurements, al-
though they only gave rise to a clearcut decay curve at 143 K. It is impossible
to conclude whether the ~3 ns component has something to do with the long-wave-
length absorbance in the OYE-phenol complex or not. It is observed in both na-
tive OYE and its complex. Only the overall count rate in the single photon
counting experiments on the complex seems to be slightly larger than that on the
native enzyme, at a constant power from the dye laser. On the other hand, we would
expect to observe at least a change in the contribution of both lifetimes to the
total decay in case of 20987 cm | (476.5 mm) excitation, if the addition of phe-
nol to OYE leads to a CT complex. This is not observed (Table 7.1).

7.3.3. Theoretical data

We attempted to obtain a qualitative picture of possible isoalloxazine-
phenolate intermolecular interactions from CNDO/S calculations. From minute
comparison of this calculational method with a large variety of experimental
data, we already had a good impression of its reliability27’28. Cons idering
alternatives for the charge transfer explanation of 01d Yellow Enzyme's spectral
behaviour3, the idea of tautomerization arose, i.e. the phenolate anion may
interfere with an existing hydrogen-bonded structure between FMN and the apo-
protein. As discussed in the section on CD spectra, such a structure, in-
volving a L-tyrosine residue in the apoprotein, was proposed by Theorell34’43.
In this structure, tyrosine donates a proton for a H-bond with a flavin carbonyl
group and flavin donates its N3
may lead to a flavin tautomeric form (cf. Fig. 7.6). Earlier theoretical55 and
experimentals6 work showed that flavin tautomers possess a red-shifted §; + S,
transition. This might explain the 20750 em”! (496 nm) absorption band of OYE,
loosing most of its intensity in the phenolate but not in the 4-methoxy-benz-

proton to a H-bond with the apoprotein. This
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Figure 7.6. Calculated singlet + singlet transition energies and oscillator
strengths (f) of "ideal" isoalloxazine analogues, CNDO/S-CI method, 100 singly
excited singlet configurations27»28:61, g01id stick bars: electric dipole—allowed
transitions, dotted arrows: electric dipole-~forbidden tranmsitions, main correla-
tions indicated by dotted lines. A and B: isoalloxazine tautomeric forms as indi-
cated; C: ""ideal"?7°28 {goalloxazine; D: stacked complex of C and the phemolate
anion, parallel molecular planes (cf. text), interplanar distance 20 & (2 mm);

E: as D, interplanar distance®? 3,18 R (0.318 mm).
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aldehyde complex (Figs. 7.1 and 7.2).

Apart from the usual error28 in absolute excitation energies, CNDGQ/S in-
leed predicts a stabilization of both the A‘ and A" states in tautomers of
28,57 (Figs. 7.6A,B). The A' state retains its character
bpon tautomerization whereas the A“, obviously, looses it completely. To obtain

‘ideal'' isoalloxazine

the tautomers given in Figs. 7.6A,B from 'ideal' isoallexazine (Fig. 7.60),
energy of the order of 100 kJ mole”! was required (theoretically!}, not an insu-
perable threshold for protein-bound FMN 3443, The protein may also sufficiently
compensate the calculated increase of the dipole moment from ~9 D in "ideal"
isoalloxazine to 13 D in its tautomers. Within this model, binding of the phe-
nolate anlon disrupts the existing FMN -apoprotein hydrogen-bonded structure,
leading to the disappearance of the 20150 cm_l (496 nm) absorption band and the
formation of a new species absorbing at longer wavelength. The 4-methoxybenzalde-

hyde molecule, having ne proton-withdrawing capability, binds to OYE but does
not affect the spectral properties beyond the level of Franck-Condon factor
changes. The recurrence of the protein-bound FMN to its keto form restores its
circular dichroic absorptmn for the S * 5, transition. Nuclear magnetic reso—
nance experiments with ! C enriched FMN, recombmed with the OYE—apoenzyme
support this model. The ' C resonance of Cy of FMN° (cf. Fig. 7.6} is appre-
ciably downfield shifted upon binding to apo-OYE and this resonance shifts
back towards the value of free FMN upon subsequent phenol additionss. Thus, pro-
vided the model outlined above is correct, the CO (4) rather than the CO0(2)
sould be involved in the tautomerization.
Additionally, complexes of "ideal" isoalleoxazine
anion in stacked conformations with parallel molecular planes (cf. Section 7.2}
vere calculated. Deviations from this conformation did not significantly alter
the calculated quantities when the molecules were separated by a distance of
3.4 R (0.34 nm, Van der Waals contact distance). Two different relative orien-
tations, viz. one with antiparallel isoalloxazine and phenolate dipole moments
(calculated) and another derived from crystallographic data on an isoalloxazine-
tyramine complex60
nost identical results. It was only the distance between the molecules in the
complex which appeared to be critical. The results obtained on the geometry
letemmined crystallographically are sumarized 8! in Figs. 7.6D,E and Fig. 7.7.
e 20 & {2 mm) distance, the phenolate anion already manifests its presence by
raising the energy of all iscalloxazine orbitals by an amount which deviates at
wost by 8% from the classical coulombic repulsion energy of two electrons at the

27,28 and the phenolate

with approximately perpendicular dipole moments, yielded al-
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Figure 7.7. Calculated (CNDO/S-CI) orbital (left) and excited singlet state
(right) correlation diagrams of "ideal" isoalloxazine-phenolate complexes, 100
singly excited singlet configurations27’28°6l, A; "ideal" iscalloxazine in the
absence of phenolate (e¢f. Fig. 7.6C), no corrections applied®!; B: "ideal" iso-
alloxazine—phenolate complex, intermolecular distance 20 & (2 mm) as in Fig.
7.6D, excited state correlation diagram subdivided in isocalloxazine states (B)
and phenolate + iscalloxazine charge transfer states (B'}, the latter of which
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ive no zero~order configuration interaction and are, consequently, denoted by
heir singly excited singlet configuration 1abel®l; C: As Fig. 7.6E; D: phenolate
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f the complex borrows over 90% of its tramsitiom probability to the ground
tata, HOMO = highest occupied molecular erbital, LUMO = lowest unoccupied mole-
ular orbital. Dotted excited level bars represent states to which electronic
ransitions from the ground state are electrically dipole-forbidden.
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same distance. It produces a slight blue shift of the 1soalloxazme A6 + A'
transition (Fig. 7.6D). The calculated phenolate A B [S + 5 ] trans1t10n
reasonably agrees with that measured for 4-HNBBA at 28000 em™! (357 m) in a
control experiment. In the long-distance complex, a large number of zero-order
CT states is calculated having no transition probability to the ground state,
as expected. At shorter (3.18 ] =0.318 nm) distance60
lator strength to the ground state owing to an increased orbital overlap (Figs.
7.6E and 7.7), but not enough to explain a molar extinction of 3000-4000 M lem™
as observed for the long-wavelength absorbance of the OYE-phenolate complexesa.

, they acquire some oscil-

Perhaps state 4 (Figs. 7.6E and 7.7C) is an exception since it borrows transitic
probability from the electric dipole-allowed iscalloxazine IA(’J - IA; transition.
It should be realized, however, that the calculated oscillator strength of the
latter transition is too leu"gezB by a factor of ~5 and that calculations using
the dipole operator have a tendency to overestimate the transition moments of
CT states®?. Thus, this “outer complex" in Mulliken's *l:ermi‘nolog)r'7 does not
sufficiently explain the actual observations.

When the intermolecular distance was shortened to ZR (0.2 nm), an attempt
to explore the physical consequences of 'inner complex' formation7, the calcula-
tions predicted a migration of electronic charge in the ground state from pheno-
late to isocalloxazine. This process is accoutlpanied by the creation of a highest
occupied orbital, delocalized over the whole complex, containing a significant
(>40%) amount of isoalloxazine lowest wnoccupied molecular orbital (LUMO) char-
acter. Consequently, this "inner complex' has low excited states which have a
large amount of isoalloxazine semiquinone character and appreciable oscillator
strength to the ground state (f > 0.4). Obviously, the complex as a whole remain:
a closed-shell electronic system and all excited configurations mix heavily due
to the large perturbations. The "inner complexes' should stabilize (theoretical-
ly!) by 4-6 MJ mole”! owing to the charge migration, the actual quantity being
critically dependent on the relative orientation of the molecules. So, if this
were true, we should be able to observe the OYE phenomena just by mixing iso—
alloxazines with phenols at the right pH. This has never been ohserved”’"s’ﬁo
and our own control experiments were also negative, even in the presence of a
thousandfold excess of 4-HNBBA with respect to lumiflavin, riboflavin or FMN
Changing the buffer solution to an anionic micellar solution of the same pH,
which was shown to enhance donor-acceptor complex fomationss, had no effect
whatsoever: the results remained negative. On the contrary, when paraguat in
micellar solution was used as a CT acceptor“, both neutral and anicmic
4-HNBBA (and other phenols as well) gave pronounced CT absorptions. These
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riments also deny the mixing of the isoalloxazine IA; state with the
b24a"*| (CT) configuration in the "outer complex" (Fig. 7.7).

The calculations do not give conclusive support for the existence of the
inner' or 'outer' complex, although they predict the existence of low lying

cited states of different character, depending on the intermolecular distance.
e term charge transfer transition, however, usually refers tc a transition in
ich the charge is transferred in the excited and not in the electronic ground
ate!’-lz, i.e. the situation encountered in the "outer complex". Thus the theo-
tical framework only suggests the hydrogen-bond rearrangement to be more likely
han a CT complex to explain the OYE spectral properties.

.3.4. Electron paramagnetic resonance (ESR} spectra

For all “imner" isoalloxazine-phenolate complexes, the CI calculations
ielded a triplet state of extremely low energy (0.4-0.6 eV ahove the ground
tate) having a varying amount of CT character (10-50%), the actual quantities
eing critically dependent on the mutual orientation of the constituents of the
omplex. A varying degree of admixture of a phenolate configuration having an
htremely large singlet-triplet splitting, appeared to be responsible for this
lesult. Since the triplet energy values were sufficiently smaller than the usual
27’28, the possibility of a
riplet ground state leading to the occurrence of the long-wavelength absorption

rrors in energy calculated by the CNDO/S-CI method

and in the OYE-phenclate complexes was investigated by ESR experiments. In-
tead of a triplet, a doublet signal was discovered, both in free OYE and its
omplexes. The signal showed the following properties: g = 2, linewidth 11.2
Tauss (1.12 nT) at 9.4 Gz microwave frequency, extremely easily saturatable,
nly observable at temperatures below 15 K and of equal intensity in the free

nd complexed enzyme. Comparison with a standard copper solution yielded, after
jlouble integration and correction for the temperature, a spin concentration vary-
ng between 0.1 and 10% of the concentration of protein-bound FMN. The actual
jercentage seemed to vary with various batches of independent isclations of the
nzyme. No doubt,the detected unpaired spin was associated with the protein since
he buffer against which OYE was dialysed in the last purification step3 appear-
d to be spinfree when measured under identical conditions as the OYE samples.
Nevertheless, two important questions remain entirely open. The first con-
terns the localization of the spin within the protein and how it was formed. The
econd question is whether or not the spin is related to the long-wavelength ab-
orption band of the OYE -phenolate complexes. Regarding the first question, it
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is unlikely that the spin belongs to a metal ion. The chserved ESR line is
rather bread for an unpaired spin residing on a metal icn and searches for metal
in OYE were negativeBa. Hence, the unpaired spin must reside on an organic mole-
cule. Regarding the second question, a pessible relation as suggested cannot be
rejected in advance since it should be remembered that OYE is a dimeric system3
This may lead to spin-spin interaction within a biradical of yet unknown nature,
resulting in a spuriocusly low apparent spin concentration. This may also be the
reason why the ESR signal is only observed at very low temperature, contrary to
the usual relaxational behaviour of organic radicals. Regrettably, we had no
equipment at our disposal to verify this by measurements of the magnetic suscep-
tibility.

While conducting the ESR experiments, another remarkable observation was
made. When quickly frozen samples of the OYE -phenolate complexes were removed
from the liquid nitrogen container, used to store them prior to the 7-15 K mea-
surements, and were subsequently allowed to stand overnight at 253 K, their col-
our reverted to that of the free enzyme, even in the presence of a thousandfold
excess of phenol! Subsequent thawing to fluid sclution restored the usual green
colour of the complex. An already frozen solid solution of the OYE-phenclate com
plex exhibited a similar colour-change when slowly cooled from 4273 to 253 K.
These processes were fully reversible. They did not occur in the glassy buffer/
glycerol solutions used for optical spectroscopy. Apparently, a phase transition
occurs in the sclid polycrystalline mixture of water, buffer salts and protein.
the colour-reversion were due to the disappearance of a CT band, this would im
pPly the dissociation of the complex, which is unlikely in the solid state. It is
however, well-documented that pyrophosphate buffers may change their pH apprecia
bly upon coolingsA. Hence, changes in state of protcnation of several groups in
the complex upon cooling are likely to occur. Consequently, these observations

are also in favour of a proton-transfer mechanism, a change in state of protona-
tion of some chromophore(s) leading to the appearance or disappearance of the
long-wavelength absorption band. In this respect,it should be realized that only
the phenolate anion is able to induce this band> (cf. Section 7.3.1). Apparently
melting of the polycrystalline solid, being a second phase transition, is again
accompanied by proton-transfer.

7.4. CONCLUSIONS

The present results clearly show the insufficiency of the simple charge
transfer explanation3 of the spectral properties of 0ld Yellow Enzyme. These
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roperties are apparently governed by more than two chromophores, one of which
ndoubtedly is FMN. The others still have to be identified firmly, whereas the
hole network of interactions between them, a network which apparently is strong-
y perturbed by phenolate, is still completely enigmatic. By favouring a proton-
ransfer mechanism for this network, we merely wish to emphasize that it is the
mly mechanism from which contradictions do not emerge immediately. Also the ex-
23:2% £it into this model. These studies

nly allow for the firm conclusion that Raman lines coresponding to mainly in-

sting Resonance Raman studies on OYE

lane vibrations of phenolate and, possibly, FMN are resonance-enhanced by the
ong-wavelength electronic transition of the OYE -phenolate complex. Comparison

f the Raman spectra of oyE 23,24
65-68

with published work on the vibrational analysis
vf para-substituted phenols » shows the Resonance Raman spectrum of the OYE-
thenolate complex to be dominated by totally symmetric vhenolate modes. According
o the standard second order perturbational quantum mechanical treatment of the

tesonance Raman effec:tf'9

, this implies that we are dealing with Condon scatter in
thich the transition probability is governed by a dyadic product of zero-order
lectronic transition moments. Admittedly, within this framework, a CT transi-
ion in a sandwich complex of flavin and phenolate can give rise to Condon scat-

69, owing to the fact

er through the 5 diagonal element of the scattering tensor
hat such a transition is perpendicularly polarized to the molecular planes of

the two moleties in the complex. But, since xz and y2 have exactly the same sym-

etry as 32, in-plane polarized electronic transiticns may equally contribute to
ondon scatter and there is no way to establish the CT character of the long-
avelength transition in the OYE -phenolate complex in this respect.

The most prominent Rescnance Raman line in the spectra of the OYE-phenolate

23,24

omplexes investigated corresponds to the phenolate A] mode v, . This mode

a

ras previously assigned to a substituent (oxygen atom!) sensitive mode®> 68,

2328 the frequency of v, is slightly (10-20 an”'} higher
65-68 2

In
he OYE measurements
han in neutral phenols , @ shift which can be sufficiently accounted for by
(again} a hydrogen-bended structure. Since phencls in such structures show a
:endency to proton-transfer upon electronic excitationzz, large Franck-Condon
factors favouring Condon scatter are very probable for Vea because the C-0
yond-order will not remain umaffected upon proton-transfer. Consequently, the
ipproximate matching of the Voa excitation profile with the long-wavelength
ibsorption band of the OYE -phenolate complele’ solely proves the excitation
ikely to be associated with the phenolate electronic system. About the excited
itate character one can only guess. Of more interest is the fact that the Vea
yXcitation profileza suggests the presence of a second transition around 500 nm
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(20000 cm’ Yy, nearly coincident with the 20150 em™! (496 nm) band in the native
enzyme which we ascribed to a separate electronic transition (cf. Sections 7.3.1
and 7.3.3). Apparently, the bands at 20150 cn” ' (496 nm) and 16750 an”! {597 nm)
are related to each other. The similtanecus decrease and increase of their inten
sities upon the addition of phenols to OYE thus may reflect no more than a chan
in the state of protonation of two, possibly different, chromophores.

Accordingly, the spectral behaviour of OYE is actually identical to that
encountered in an ordinary titration experiment, vwiz. a colour-change due to
changes in state of protonation of chromophores in their electronic ground state
This obviously leads toamisosbestic point and one single value of the binding
constant of a phenol to OYE, irrespective from which spectral region the con-
stant is determined”. As shown, the exact mechanism underlying the observed phe-
nomena is highly complicated. We believe to have reached the boumdaries of what
reasonably can be concluded from spectroscopy alone. Possibly X-ray crystallo-
graphic structure determination may induce further progress in the characteriza-
tion of this remarkable flavoprotein.
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3 ON THE ELECTRONIC STRUCTURE OF FREE
AND PROTEIN-BOUND ISOALLOXAZINES,
A POSTSCRIPTI

In the time elapsed between the preparation of the first and last chapters
f this thesis, a number of papers have appeared which need to be mentioned or
leserve a comment. First, the proceedings of the seventh international symposium
m flavins and flavoproteins were published recent1y2 (cf. p. 3). Furthermore,
esides general review article53_8 {cf. p. 3), the literature on covalently-bound
1avin prosthetic groups (cf. p. 4) augmented considerablyg_tg. The latter sub-
ect was reviewed recent1y20 and even a flavoprotein containing both covalently
md non-covalently bound flavins (Corynebacterium Sarcosine Oxydase) was discov-
red?!, Improved methods of fluorescence-rejection in (Resonance) Raman spectro-
.copy made isvalloxazines, flavins and flavoproteins also accessible to this spec
roscopic technique (cf. pp. 4-5). Consequently, the literature cited on p. 5
22741 on the other hand, the present "'state of the art"

f isoalloxazine vibrational spectroscopy is still far removed from definitive
42,43

ieeds to be supplemented

issignment of the observed frequencies to isoalloxazine vibrational modes
he best tentative assignments currently available are those based on the spectra
btained from '°C and '°N 1abelled compoundszG. Also the assignment of a vibra-

:ional mode involving the iscalloxazine N, atom seems to be rather sound, since

3 42,43

.t behaves similar as a corresponding mode in uracil upon N, deuteration
omplex formation of flavins with Ag+ and Ru®* cations was also studied by Reso-
lance Raman spectroscopyAA. Additionally, the literature on the phototautomery
f alloxazines cited in Section 5.1 (p. 52) increased45’46. However, the photo-
automeric explanation of the dual luminescence of alloxazines was also question-
:d“.

The idea of using iscalloxazines substituted with long alkyl side-chains
amphiphilic flavins) to improve their solubility in an apolar enviromment (Chap-

48-57 11 even pro-

er 3, pp. 22~36) was further explored by other investigators
ed to be feasible to obtain highly resolved optical site selection spectra from
49,57 (cf. Table 3.1, p. 27, Compound

37 in n-decane Spolshkii matrices

-n-undecyl-7,8,10-trimethyl -isoalloxazine
I) and the correspending alloxazine derivative
t 4.2 K. On the basis of these experiments, the conclusions concerning the con-
ormational change of (iso)alloxazine upon electronic excitation (Chapters 3 and
, pp- 34 and 48) were criticized. The main argument for this criticism was
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the near equality of the isoalloxazine vibrational frequencies in the ground and

electronically first excited singlet states, as deduced from the site selected

49,57

spectra, a property indeed observed for most but not all frequencies Fur-

thermore, it was observed that at 4.2 K, a "substantial fraction" of the total
spectral intensity goes into the 0-0 transitionl'g’s-", contrary to the observatio
made in glassy (77 K) or fluid (300 K) solution and the vapour phase (Chapters 3
4, pp. 22-51), which show the relative intensity of the 0-0 transition to be

highly dependent on the solvent polarity and state of aggregation. The vibratio-

49,57

nal frequencies observed in the site selection experiments are the same as

22-42

those discernible in Resonance Raman (RR) spectra (vide supra), i.e. fre-

quencies corresponding to in-plane or "totally symmetric' vibrational modes. Thi

is not surprising: only such modes give rise to a vibrational progression in re-

58

laxed fluorescence or absorption (excitation) spectra” and for RR it implies

that the scattering tensor is dominated by the Albrecht A-term

. Thus, for iso-
alloxazine one deals with the Condon scattering mechanism (cf. p. 131), in accor
dance with the electric dipole-allowed character of the S ~ S, transition (Chap
ters 3,4,0 pp. 22, 37, 83). Hence, neither the optical site selection nor the RE
spectra provide any information on the non-totally symmetric modes. Many of thes
are presumably of low frequency owing to small force constants (e.g. out-of-plan
bending, wagging or torsional modes) and, for that reason, sensitive to external
forces. These are also likely internal molecular coordinates along which the dis
cussed conformational change may occur so, the discrepancy between the conclusio

49,57

drawn from the doped crystal spectra and from the spectra measured in solu-

tion (p. 34) and the vapour phase (p. 48) is only apparent: At 4.2 X,the rigid
crystal lattice generates a potential which does not allow for the concerned

geometry change. Moreover, apart from criticizing a possible conformational
9

, 4 ""possible reorientation of the guest (molecule) in the host" is claim

7 and peculiar photochemical phenomena are observedl'g"r’?,

cha.nge4
ed at the same time
which are hard to explain without assuming small conformational changes, even at
4.2 K. Thus the occurrence of geometry changes is merely a question whether or
not and te what extent the molecule's enviromment permits such changes.

The molecular geometry of reduced iscalloxazine as discussed in Chapter 5

(pp. 65, 69-76, 79, 80) was also criticized by the same group of authorsﬁo’61

as those cited above. They suggested§0’6]

that the intrinsically planar confor-
mation of reduced isoalloxazine was proposed (pp. 65, 69-76, 79, 80) solely on
the basis of total molecular energies obtained from CNDO/S calculations. On
the contrary, it was the combination of calculated and experimental orbital

energies which led to the proposal of a planar structure. Additionally, the theo
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retical method was firmly checked against the experimental photoelectron spectro-
scopic technique (Chapter 5, pp. 52-82) before making the concerned proposal of a
planar structure <n the vapour phase but not in condensed medial Under the latter

circumstances, there is conclusive evidence for a folded structure (pp. 73 and 79).
Thus, reduced and electronically excited isoalloxazine apparently possesses such
a conformational flexibility, that the molecular structure in any actual situa-
tion depends on the molecule's environment. This is further supported by X-ray
crystallographic dataea which demonstrate that even the oxidized iscalloxazine
ring system has a tendency to deviate from planarity when it becomes involved in
a molecular complex. Consequently, calculations gZome, no matter their degree of
sophistication {ranging from CNDO/S vie the advanced PRDDO method applied re-

60,61,64-66

cently to isoalloxazine63 to the ab initio level ), cannot serve as a

basis to make predictions about the iscalloxazine molecular conformation.

60,61.64-66  ;ie may wonder if the re-

Regarding the ab initio calculations
sults merit the enormous incresse of computational labour compared to semi-empir-
ical methods. The poor agreement between the agb inftio calculations and the pho-
toelectron spectra of isoalloxazines was already noticed {Chapter 6, p. 103).
Thus, disagreement between theory and experiment already exists on the level of
simple scalar cbservables like orbital energies. Excitation energies were not
calculated by the ab initic method®06! 64766

a consequence of the constraints put on the AO basis set by the size of the iso-

. Apparently, this disagreement is

alloxazine molecule, a basis set whose dimensions should be in accordance with
the space and time limits of the computer on which the calculation is performed.

60,61 1aimed a good agreement between their cal-

On the contrary, Palmer et al.
culations and the photoelectron spectrum they measured from only one, N, proto-
nated, iscalloxazine. This spectrum is of extremely poor quality, however.

It displays a He(I)-He(II) intensity-difference which is unlikely for a molecule
of the size and atomic composition of iscalloxazine and it was reported not to

be recordable in one single run®!. We had the same difficulty with N, protonated
isoalloxazines. These compounds, among which the derivative measured by Palmer

et al.éo’el, were found to sublime under decomposition, both in the preparation
procedure of samples for vapour phase spectrometry (Chapter 4, p. 38) and in
thermoanalysis experiments (Chapter 5, p. 53). In the latter, the differential
thermal analysis {DTA) curves, obtained by registration of the temperature-dif-
ference between the isoalloxazine sample and the reference compound (A1203) while
both were slowly heated in vacuum (1 wTorr = 0.13 mPa}, had a distinct inflection
or peak prior to noticeable loss of weight of the sample owing to evaporation.
This clearly indicates a heat-effect caused by a chemical reaction. We, therefore,
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confined the photoelectron spectrometry to the Ny methylated compounds whose
spectra are given in Chapters 5 and 6 (pp. 52~95). Moreover, the differences be-
tween the spectra published by Palmer et al.so’el and those presented in Chapter
5and 6 (pp. 52-95) are too large to be explained by the difference in N3 substi
tuent (methyl group vs. proton). Hence, the former spectra likely suffer from
interference by decomposition products of isoalloxazine.

In connection with the UV photoelectron spectra, the X-ray photoelectron
spectrum (XPS) of one isoalloxazine derivative was also measured on a VG-ESCi
3 instrument. The information content of the XPS spectrum is low, however, and
interesting features like shake-up or shake-off Satellitesm’ﬁa were not observe

(Fig. 8.1). The only satellites are the well-known trivial ones owing to Al -
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Figure 8.1. The ESCA (¥PS photoelectron) spectrum of 3,7,8,10-tetramethyl-iso-
alloxazine (3-methyl-lumiflavin, cf. Compound 5, Scheme 6.1, p. 86) excited with
Al - K radiation (1486.6 eV). The abscissa is calibrated in ionization energy.
Carbon’ Nitrogen and Oxygen peaks are indicated, The asterisks mark satellite
lines owing to Al - K _, . radiation®8.

Ka—3, 4 radiation®® {cf. legend to Fig. 8.1). The carbon, nitrogen and oxygen cort
ionizations appear at 283, 401 and 530 eV, respectively (bandmaxima!}, close to
the free atomic values®’ of C(1s,) = 285 eV, N(1s,) = 399 eV and O(1s,) = 532 eV
The nitrogen peak is significantly broader than the other peaks, presumably be-
cause of the presence of both imine-like and pyrrole-like nitrogen atoms in iso-
alloxazine. The relative intensity of the O(1s %) peak is too large, indicative o

enclosed solvent mplecules with a relatively high oxygen abundance in the iso-
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alioxazine crystalline powder used (XPS is measured in the solid statel). This
was also noticed in other experiments (Chapter 4, p. 38). It is hazardous to draw
further conclusions from XPS con isoalloxazine, although it was attempted to do
S0 in a comparative study of isoalloxazines and lumazine566. This study, however,
relies heavily on deconvolution procedures, e.g. to extract the four individual
N[1s£) core levels from the corresponding XPS peak. Hence, UPS is a more power-
ful tool to study the iscalloxazine electronic structure than XPS.
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APPENDIX 1 CONFIGURATION INTERACTION
DATA ON OXIDIZED ISOALLOXAZINE
DERIVATIVES”

Al.1. GENERAL INFORMATION

Lower electronically excited states of various iscalloxazine derivatives
calculated by configuration interaction between singly excited singlet (or tri-
plet) configurations“o. For each derivative, the relevant data on singlet states
obtained from the methods described in Chapter 6 (Bxperimental and Theoretical
Section, p. 84}, are summarized in two tables and one figure.

The first of these tables collects configurations which contribute signifi-
cantly to the lower excited states. A quick-reference label is assigned to each
configuration, its energy (cf. Table 2.3, p. 19, diagonal element of the CI
matrix} and its transition moment to the ground state is given in umits of 1000
(:m_1 and atomic wmits (cf. p. 14), respectively. Uncorrected {uncorr.) configu-
ration energy values are obtained by application of the strict CNDO/ s30 or
INDO/ s!? approximations. Corrected (corr.) energy values are obtained after cor
rection of the energy of the occupied orbital involved in the configuration ac-
cording to Bigelm\r13 (eq. 5.1, p. 54), prior to the calculation of the configura-
tion energy (Table 2.3, p. 19). The INDO/S-CI calculations were performed di-
rectly on configurations arising from CNDO/S orbitals as described on p. 85.
The components of the transition moment are calculated with respect to the car-
tesian coordinate system pictured in Scheme 6.1 (p. 86).

The second of these tables collects the excited singlet states calculated
after CI. For each excited state, the approximate symmetry in terms of '"ideal
isoalloxazine'" (cf. pp. 97, 98), the energy relative to the ground state (in
units of 1000 cm_'), the oscillator strength (f) for a radiative transition from
the ground state to the concerned excited state, and the most contributing con-
figurations (indicated by the quick-reference configuration labels and the CI
eigenvector components}, are given. In case of "ideal :'Lsc:v.'sllilcuxatzine'"',3 also the
transition moment to the ground state is given,similarly to the table which list
the configuration data.

In the figure, the calculated singlet + singlet transition energies relativ

# Compound numbers refer to scheme 6.1, p. 86; Reference mumbers refer to the
reference listing to Chapter 6 (p. 104).
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to the ground state are compared with the experimental spectrum, when available.
Fxcited configurations are plotted as stick-bars with a length proportional to
the total transition moment to the ground state (m) in atomic wnits {a.u., cf. p.
14), Excited states are plotted as stick-bars with a length proportional to the
hscillator strength {f) of the transition from the ground state to the concerned
excited state. Dotted excited state stick-bars indicate f-values multiplied by
1000 prior to plotting.

The relevant calculated data on the triplet states of the various isoallox-
lazines are collected in a separate table (Table A1.9). Experimental triplet ener-
gies can be found in Chapter 3, p. 22.
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Figure Al.l. CI on "ideal" (all~proton) isoalloxazine®, lower excited singlet +
singlet transitions, 97 !A' and 98 lA™ singly excited configurations. A: CNDO/S-
CI transition energies and oscillator strengths (uncerr.); B: CI pattern (cf. Ta
ble Al.2); C: corresponding singly excited singlet configurations (cf. Table
Al.1}; D: as A, occupied orbitals Bigelow-corrected?’!3 (cf. General Information
E: INDO/S~CI transition energies and oscillator strengths (uncorr.). The apparen
destabilization of the excited states in E is due to a slight admixture (2%) of
singly excited configurations into the ground state, owing to a breakdown of
Brillouin's Theorem connected with the calculational procedure used (cf. Section
6.2, p. 85). INDO/S~CI ground state stabilization: 8290 em7l.
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igure Ai.2. Experimental and calculated singlet + singlet tramsitioms in 3,19-
imethyl-isoalloxazine (4), CNDO/S-CI method, 100 singly excited singlet comfi-
urations. A! Absorption spectrum in 2-methyl-tetrahydrofuranl, 77 K, ¢ = 29 uM;
: Calculated transition energies and oscillator strengths {uncorr.} after CI;

¢+ CI pattern (cf. Table Al.4); D: Corresponding singly excited singlet configu-
ations (cf. Table Al.3); E: as B, occupied orbitals Bigelow—corrected®’ 3; F:

s D, occupied orbitals Bigelow-corrected®’13,
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Figure Al.3. Experimental and calculated singlet + singlet transitions in 3,10-
dimethyl-isoalloxazine (4), INDQ/S-CI method {(cf. General Information), 81 singl
excited singlet configurations. Labels as in Fig. Al.2, CI pattern and configu-—
ration data in Tables Al.5 and Al.6. The apparent destabilization of excited
states in B and E is due to breakdown of Brillouin's Theorem (cf. Caption to Fig
Al.1}. Corresponding ground state stabilizations: 4670 em™! in B (3% admixture)
and 5035 em™! in E (6% admixture).
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Figure Al.4. Experimental and calculated singlet -» singlet tramsitions in 7,8-di-
nethylated iscalloxazines (flavins), CNDO/S-CI method, 100 singly excited singlet
ronfigurations. A: Absorption spectrum of 3,7,8-trimethyl-10-{(n-octadecyl)-iso-
1lloxazine (6) in 3-methyl-pentanel, 300 K, ¢ = 6.6 yM; further labels refer to a
-alculation on 3,7,8,l10-tetramethyl-iscalloxazine (3-methyl-lumiflavin; 5) as in
*ig. A1.2, CI pattern and configuration data in Tables Al.7 and Al.8.
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CONFIGURATION

TNTERACTION ON VARIOUS ISOALLOXAZINE DERIVATIVES (TRIPLET STATES).

TABLE Al.9.

Compound Option State Energy
(1000 cm )
calc. exp.b)
Ccnfigurationc) H a < e g h 1 m
Eoont 4 (1000 em Y): 19.6 30.7 29.6 36.1 40.6 42.1 35.4
“ideal” CNDG/S 3Ai 14.5 campoéition H .87 .23 .17 .17
@) 3A5 21.9 Compasition : -.23 .21 .48 .26 .38
Configurationc) H a c e g h 1 m
E_gne. (1000 em™i: 19.1 30.4 29.0 35.8 40.3 41.8 34.3
"ideal® INDO/S BAi 20.9 Compoéition H .84 .21 .21 .18
{al *ay 26.5 composition : -.30 .67 .25 .36
ConfigurationC) H b d £ | 0’291: |
"ideal” INDO/S Econf_d}(looo emly: 39.9 38.7 43.8 55.6
{a) *ar 27,0 Composition : -.60 .56 .32 .23
ConfigurationCJ s a c e q h j m
Econt Y1000 cm™!y:  20.1 30.0 31.3 36.7 41.8 40.9 34.0
4 cenoss *al 16.5 17.4 | composition s .91 -.21
a 23.9 Composition : .21 .55 -.52 -.20 -.22 -.41
Configuratiunc) H a c e g h 3j m
Eoong, (21000 em™l): 19.7 29.6 30.8 36.4 41.6 40.6 32.9
§ TNBO/S Sar 0.1 17.4 | composition ;.90 -.20
a1 26.5 Composition : -.21 -.20 .70 .19 -.42
ConfigurationC) : b d £ 141,49 143,48]
4 INDO/S Econg, o (1000 em™l): 36.8 39.8 42.8 57.3  60.7
far 26,5 Composition ;.67 .49 .31 -.24  -.18
Configurationc) s a b d h h] k n
E o (1000 em™h): 19.5 29.3 20.8 42.3 39.1 38.6 34.2
5 NDO/S 34 15,7 16.8 | composition : .90 .24 '
3A5 23.0 Compogition t =,23 .46 .58 .21 .47

a) Idealized all—-proton model as calculated previauslya; b) Experimental value!
¢) Configuration labels identical to those used to identify the singlet configu
rations; d) Enmergy of the triplet configurationm.

156




SUMMARY

The subject of this thesis, as apparent from its title, is a detailed study
pf the isoalloxazine molecule by a variety of techniques belonging to the field of
pptical spectroscopy. After a brief introduction to the subject in general terms,
together with some historical background and citation of relevant review papers
which appeared before 1979 (Chapter 1), a general outline of experimental tech-
niques and theoretical methods used is given (Chapter 2). More detailed informa-
tion about specific experiments or calculations is provided in the experimental
sections of the individual chapters.

| Chapters 3 and 4 describe the continuous wave and time-resolved spectral
broperties of (iso}alloxazines determined under experimental conditions, in which
external perturbation of the molecules of interest is minimized as much as possi-
ble. This could be achieved by measurements in apolar solvents (Chapter 3) and in
the vapour phase (Chapter 4), a state of aggregation in which the molecule could
be brought with some experimental skill. Thus, a large temperature range (77 to
520 K) could be emploved. In solution at 77 and 300 K (Chapter 3}, the spectra
revealed a 1250 cm | vibrational progression in all isoalloxazines investigated
(probably a stretching mode); actual lifetimes of 5 - 10 ns for fluorescence and
n~ 300 ms for phosphorescence (77 K, no phosphorescence could be detected in fluid
solution} were observed; the ratio of the actual and radiative lifetimes of the
electronically first excited singlet state agreed very well with an independent
quantum yield determination and solvent interactions were found to affect prima-
rily the Franck-Condon envelopes of the spectra and not the electronic transition
energies. The non-radiative decay of isoalloxazine, on the other hand, is strongly
dependent on the molecule's environment. An anomalously large Stokes-loss in fluid
and glassy solution is indicative of a conformational change of the molecule oc-

curring upon electronic excitation. In alkane solution at 77 K, isoalloxazines
form clusters exhibiting P-type (triplet-triplet amnihilation process) delayed
fluorescence. Vapour phase spectra (Chapter 4), although less structured than
solution spectra owing to sequence congestion, provided primary information on
tsolated (iso)alloxazines when comparison with spectra obtained in condensed media
was made. Fluorescence lifetimes range from < 0.5 ns for alloxazine to 1-18 ns for
iscalloxazine vapour. The data indicate possible intramolecular complex formation
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between the isoalloxazine ring system and its own alipha.tic side~chain carrying
a (polar) hydroxyl group. Direct photodissociation of isocalloxazine in the elec-
tronically first excited singlet state is not a probable process in the vapour
phase.

Chapter 5 describes the continuation of (iso)alloxazine vapour phase experi-
ments by the application of ultraviolet photoelectron spectroscopy. Both He(I)
and He(II) excitation was used. The spectra are interpreted using various methyl
substituted isoalloxazines and by comparison with the results obtained from
CNDO/S calculations and photoionization cross-sections derived therefrom. The de
pendence of the electronic properties of isoalloxazines on the redox state and tt
degree of substitution is analyzed. A critical review of the data obtained from
semiempirical MO calculations by various other authors and the CNDO/S results
shows that a few methods give a fairly good prediction of the m orbital energies
only. Without exception, the calculated o orbital energies contain considerable
error. Particularly, all theoretical methods fail to predict a threefold degeners
cy in the orbital level scheme at 9.6 eV, in which both v and o orbitals are ir
volved. Possible reasons for the failures are discussed. Analysis of the experi-
mental and theoretical results reveals a planar molecular conformation to be the
most probable one for an Zsclated reduced isoalloxazine molecule in. the vapour
phase, contrary to the bent conformation which is encountered in solution or the
solid state. Bending is, therefore, most likely caused by interaction of the mol-
ecule with its environment. Such interactions, leading to changes in orbital en-
ergies, may in part be responsible for the ability of the protein-boumd flavoco-
enzyme to be involved in a broad diversity of biological reactioms.

In chapter 6, all foregoing data are put together in a combined amalysis to
establish relationships between the photoelectron and ordinary optical spectra.
First, additional photoelectron spectra of 10-hydroxyalkyl-isocalloxazines con-
firmed the existence of the intramolecular complex proposed on the basis of va-
pour phase fluorescence lifetimes (vide supra). The hydrogen-bond between the
side-chain OH group and the Nl imine-like nitrogen atom (cf. Scheme 1.1, p. 1)
leads to a destabilization of the lone pair on the latter atom, contrary to com-
mon experience. This anomalous behaviour can be ascribed to rearrangement of exi:
ting through-bond interactions in the free isoalloxazine molecule. Results from
CNDO/S and INDO/S calculations agree reasonably with the observations. Secondl)
these findings have considerable impact on the interpretation of existing and in
this thesis presented optical spectra. The new photoelectron spectroscopic data
lead, in cambination with optical spectra, tc the assignment of the isoalloxazine
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iy to a mixed state containing (anomalous) nv* character arising from the anoma-
ous behaviour of the N, lone pair (cf. Scheme 1.1, p.1). The oscillator strength
if the Sg 52 m ~ ¥ component is very sensitive to external perturbation. Final-
¥, the possible implications for biochemical catalysis by flavins are discussed.
Chapter 7 describes a thorough investigation of Old Yellow Enzyme (OYE), a
flavo)protein containing the isoalloxazine derivative flavin mononucleotide
(FMN}. It is attempted to interpret the spectral properties of this protein in
.erms of intermolecular interactions between its constituents, using the knowl-
dge and experience acquired in the preceeding research. The results demonstrate
‘he inadequacy of the existing explanation of the phenomena occurring upon the
iddition of phenols to OYE, based on the formation of a simple phenolate - FMN
lonor-acceptor charge transfer complex. Instead,it was found that the phenolate
mion interferes strongly with an existing tight complex between FMN and the
poprotein, probably a H-bonded structure in which FMN is tautomerized and in-
:eracts with a L-chiral center. This is concluded from a separate electronic
ransition with an origin at 496 mm, thus far not recognized as such, and the
:ircular dichroism observed. The emission of OYE is dominated by that of free
MN, although protein-bound FMN seems also to become luminescent in glassy so-
aution at 143 K. A second fluorescence/phosphorescence emission appears upon UV-
mcitation of both native and complexed OYE . This emission is quenched by the
iddition of phenol to OYE , shows a large (3000 cm~!) blue shift on going to a
.ow temperature glass and is tentatively assigned to excimers of nucleic acids.
ong-wavelength excitation with a synchronously pumped, mode-locked Rhodamine 6G
lye laser revealed a third, extremely weak, emission in both native OYE and its
:omplexes. It decays with 3 ns lifetime at 143 K. ESR spectra revealed the pres-
mce of a low amount of an unpaired spin in OYE. Owing to an unusual relax-
itional behaviour it could only be observed below 15 K and the signal was mea-
sured in both the free enzyme and its cmlplekes. Possible assignment and conse-
juences of this observation are discussed. In frozen aqueous solutions of the
JYE-phenolate complex, a phase transition was discovered at which the colour re-
rerted to that of the native enzyme. Subsequent melting restored the original
:0lour. The observed phenomena and existing literature data lead to the conclu-
sion that the only model from which no apparent inconsistencies emerge, is that
f a very complicated network of hydrogen-bonded structures in the protein. These
lnvolve several, partly unknown, chromophores. Phencls interfere with this net-
vork, leading to the formation of the long-wavelength absorption band in OYE.
Finally, a brief postscript (Chapter 8) is given, containing an overview of
‘ecent spectroscopic literature on iscalloxazines, a discussion in response to a
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polemic in papers by other scientists and the ESCA (XPS) spectrum of 3,7,8,10~-
tetramethyl-isoalloxazine (3-methyllumiflavin).
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SAMENVATTING

Zoals reeds uit de titel blijkt, is het onderwerp van dit proefschrift een
redetailleerde studie van het iscalloxazine molecuul met behulp van optische-spec-
Froscopische technieken. Na een beknopte inleiding in algemene zin, waarin enige
pistorische achtergronden en relevante overzichtsartikelen worden vermeld (Hoofd-
ttuk 1), volgt een algemene beschrijving van gebruikte methoden, zowel experimen-
reel als theoretisch (Hoofdstuk 2). Meer gedetailleerde gegevens volgen in de be-
freffende hoofdstukken die zich met specifieke deelonderwerpen bezighouden.
In de hoofdstukken 3 en 4 wordt een overzicht gegeven van de spectrale ei-
renschappen van (iso)alloxazines, zowel continu als tijdsopgelost, onder omstan-
ligheden waarin externe invloeden op het molecuul tot een minimm zijn geredu-
beerd. Dit kon worden bereikt via oplossingen in apolaire oplosmiddelen (Hoofd-
stuk 3}, of door de metingen aan (iso)alloxazines in de gasfase uit te voeren. Dit
Jaatste bleek, na het opdoen van de nedige ervaring, betrekkelijk eenvoudig uit-
roerbaar. Aldus kon ook worden geprofiteerd van een groot temperatuurbereik (77
ot 520 K). In oplossing werd bij 77 en 300 K in alle iscalloxazines een vibratie-
brogressie van 1250 an ! gevonden, Dit is vermoedelijk een strekvibratie. Actuele
fluorescentie levensduren varieerden van 5-10 ns in oplossing terwijl in glazen
bij 77 K fosforescentielevensduren van 300 ms werden gemeten. In vloeibare oplos-
bing werd geen fosforescentie waargenomen, ook niet na zorgvuldig ontgassen. De
rerhouding van de fluorescentielevensduur en de stralingslevensduur van de eerste
blectronisch aangeslagen singulettoestand lwam uitstekend overeen met onafhanke-
lijke metingen van de quantumopbrengst. De invloced van het oplosmiddel op de exci-
tatie-energieén was uiterst gering zolang niet-waterstofbrugvormende oplosmiddelen
werden gebruikt. Wel zijn de relatieve intensiteiten van vibronische banden beho-
rende bij &&n electronenovergang (Franck-Condon factoren) en de stralingsloze pro-
ressen sterk oplosmiddel-afhankelijk. Een ongewoon grote Stokes-loss in vloeibare
vaste (glas-achtige) oplossing duidt op een verandering in moleculaire confor-
Etie wanneer isoalloxazine electronisch wordt aangeslagen. In een 3-methyl-pen-
Faan oplossing vormen zich conglomeraten van iscalloxazine-moleculen die, als ge-
bolg van triplet - triplet annihilatie, aanleiding geven tot (z.g. P-type) uitge-
ptelde fluorescentie. Gasfase spectra (Hoofdstuk 4), alhoewel nagenoeg structuur-
loos als gevolg van "sequence congestion', leveren toch belangrijke gegevens op
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omtrent het gefssieerde molecuul, wanneer vergelijkingen worden gemaakt met spec
tra die zijn verkregen in gecondenseerde media. De fluorescentielevensduren vari
ren in de gasfase van minder dan 0,5 ns voor allcxazines tot 1-18 ns voor isoal-
loxazines. Er zijn sterke aanwijzingen'dat een isoalloxazine derivaat met een hy
droxyl group in zijn zijketen een intramoleculair complex vommt via een watersto
brug tussen de OH groep en het heterocyclisch ringsysteem. Directe fotodissocial
tie van isoalloxazine in de eerste aangeslagen (singulet) electronentoestand is
niet waarschijnlijk in de gasfase.

Hoofdstuk 5 beschrijft de uitbreiding van de gasfase-experimenten met de me
tingen van ultraviolet fotoelectronspectra, zowel met He(I) als He(II) excitaties
Deze spectra worden geinterpreteerd aan de hand van (methyl) substituent effecte
en door vergelijken met de resultaten van CNDO/S berekeningen en fotoionisatie
waarschijnlijkheden (uitgedrukt in cross-sections), die daaruit kunnen worden afg
leid. De afhankelijkheid van de electronen-eigenschappen van de oxidatietoestand
van het isoalloxazine molecuul en de mate waarin dit is gesubstitueerd,wordt die
gaand geanalyseerd. Een overzicht van de gegevens verkregen uit diverse semi-emp
rische berekeningen {incluis CNDO/S) toont aan,dat slechts enkele methoden de
gemeten orbital energieén redelijk voorspellen. Dit geldt bovendien slechts voor
m orbitals, de fouten in de energie van o orbitals zijn, zonder uitzondering,
groot. Met name blijkt geen enkele theorie in staat te zijn een ontaarding in
het energieschema bij ongeveer -9.6 eV, waarin zowel 7 als o orbitals betrokken
zijn, te voorspellen. Redenen hiervoor worden bediscussieerd. Het blijkt uit de .
verkregen gegevens dat een gefsoleerd iscalloxazine in gereduceerde toestand een
vlakke structuur heeft, in tegenstelling tot de gebogen conformatie die wordt
waargenomen in vleeibare of vaste fase. Derhalve kan de gebogen structuur worden
toegeschreven aan wisselwerking van het molecuul met zijn omgeving. Dergelijke
interacties geven aanleiding tot veranderingen in de orbital energieZn en verkla
ren tenminste kwalitatief hoe isoalloxazine betrokken kan zijn in een breed scal
van biochemische processen.

In Hoofdstuk 6 worden de verkregen 'gegevens verder uitgediept om de relatie
tussen de optische en fotoelectron spectra verder vast te stellen. Allereerst be
vestigden verdere fotoelectron spectroscopische metingen het bestaan van bovenge
noemd intramoleculair complex in 10-hydroxyalkyl-isoalloxazines. De waterstof-
brug tussen de OH groep in de zijketen en het N, imine-achtige stikstofatoom
{zie Schema 1.1, p. 1) leidt tot ecen destabilisatie van het eenzame electronen-
paar op dit atoom, precies het tegenovergestelde van wat men zou verwachten. Een
en ander is een gevolg van ingrijpende wijzigingen in de bestaande through-bond
interacties. CNDC/S en INDO/S berekeningen stemmen hiermee goed overeen. Ten
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reede blijkt nu de oplosmi.ddel-afhankelijkheid van de optische spectra van iso-
lloxazines in waterstofbrufvormende media goed verklaard te kunnen worden. De ge-
ombineerde gegevens maken het mogelijk de iscalloxazine 5, toestand toe te kemnen
een gemengde electronentoestand die zowel nt™ als 7r" karakter bevat. Tenge-
1ge van het uitzonderlijk gedrag van het N, stikstof lone pair vertoont de

g * S, een uitzonderlijke oplosmiddelverschuiving, ook al omdat de w + ™ compo-
ent in de Sp * S, overgang uiterst gevoelig is voor externe storingen voor wat
etreft zijn oscillatorsterkte. Tenslotte worden de implicaties van waterstofbrug-
tming voor de biochemische 'werking besproken.

Hoofdstuk 7 bevat een beschrijving van een diepgaand onderzoek aan Old Yellow
yme (OYE), een (flavo)proteine dat het iscalloxazine derivaat flavine-mononu-
leotide (FMN) als prosthetische groep bevat. Er is getracht een verklaring te ge-
en van de spectrale eigenschappen van dit eiwit in termen van intermoleculaire
isselwerkingen tussen de erin aarwezige chromofore groepen. De resultaten tonen
dat de bestaande verklaring van voornoemde eigenschéppen, een verklaring die
itgaat van de vorming van een fenclaat -FMN donor-acceptor charge transfer com-
lex als fenol aan OYE wordt toegevoegd, als onvolledig moet worden beschouwd.

n plaats daarvan moet worden geconcludeerd dat het fenolaat anion drastisch in-
ijpt in een bestaande structuur in het eiwit. In deze structuur vormt FMN een
echt complex met het apoproteine, waarschiinlijk via een stelsel van waterstof-
ruggen, waardoor FMN in een tautomere vorm voorkomt en een wisselwerking heeft

t een L-chiraal center. Dit volgt uit een, voorheen niet als zodanig onderkende,
eede electronenovergang in het flavine S,+ S, gebied en de gemeten CD spectra.
emissie van OYE kan hoofdzakelijk worden toegeschreven aan vrij FMN, alhoe-

1 eiwit-gebonden FMN bij 143 K in vaste (glasachtige) oplossing ook tot de lu-
inescentie lijkt bij te dragen. Een tweede fluorescentie/fosforescentie werd
aargenomen bij UV excitatie, zowel in het vrije OYE als de gecomplexeerde
mmen daarvan., Deze laatste emissie dooft partieel bij toevoegen van fenolen aan
YE, is in vaste oplossing 3000 e ! naar het blauw verschoven t.o.v, vloeibare
lossing en wordt toegeschreven aan excimeren van mucleinezuren. Excitatie bij
ange golflengte m.b.v. een synchroon gepompte mode-locked Rhodamine 6G kleurstof-
aser, geeft aanleiding tot een derde, zeer zwakke, emissie in OYE, zowel in

ije als gecomplexeerde vorm. Deze emissie heeft een levensduur van V3 ns bij

43 K. In een ESR meting werd een geringe hoeveelheid ongepaarde spin aangetrof-
en, zowel in vrij als gecomplexeerd eiwit. Als gevolg van een ongebruikelijk re-
axatiegedrag, werd het ESR signaal, dat zeer gemakkelijk te verzadigen is, al-
een beneden 15 K waargenomen. Aan mogelijke gevolgen van deze waarmeming wordt
korte discussie gewijd. In bevroren waterige oplossing werd een faseover-
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gang gevonden waarbij de kleur van het OYE-fenclaat complex veranderde in die va
het vrije enzym. Bij smelten keerde de kleur van het complex terug. Alle gegeven.
leiden tot de conclusie dat slechts een model van een netwerk van waterstofbrug-
gen tussen verschillende, deels onbekende, chromofore groepen in het eiwit geen
tegenstrijdigheden oplevert. Fenol grijpt klaarblijkelijk drastisch op dit net-
werk in.

Tenslotte wordt in Hoofdstuk 8 een overzicht gegeven van recente spectrosco
pische literatuur over isoalloxazines, er wordt weerwoord gegeven op kritiek die
de publikatie van de Hoofdstukken 3 en 5 opriep en er wordt een ESCA (XPS)
spectrum van 3,7,8,10~tetramethyl~isoalloxazine (3-methyllumiflavine) getoond.
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