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1 GENERAL INTRODUCTION 

Isoalloxazine chemistry was born in 1932. In that year Warburg and 
1 2 

Christian ' isolated an enzyme from yeast which, after appropriate purification, 

vas found to contain a characteristic yellow dye. In the following years the 
1 — 7 8 

nature of this dye was the subject of extensive studies . By synthesis its 

molecular structure was finally confirmed to be that of the compound which is 

nowadays called riboflavin-5'-phosphate or flavin-mono-nucleotide (FMN), a 
q 

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. Ironically, 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 

physiological function of the most important flavoproteins is described, for 

example, in Lehninger's textbook on biochemistry . 

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. Isoalloxazine itself, whose index name according to CA is 

benzo(g]pteridine-2,4 (3H, 1 0H)-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. Isoalloxazine 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-
.. .. 12-18 

vestigation 

The molecular structures of isoalloxazine derivatives, which are important 

in physiological processes, are pictured in Scheme 1.2. In biochemical catalysis, 

photolysis © 

3 

to to o o 

( / O l t o \ \ 

( l \ •/<£> 
Q/ \ 0 
/ \ > 

pH<7 

' v 

pH>9 

© © 
H or OH 

H2 
:« sz—CHo-plCHOH)-, — C H o O - r P — 0 - p P — 0 —C ' \ 

lumichrome 

lumiflavin 

riboflavin (vitamin B-

OH 

riboflavin-5 -monophosphate (FMN) 

flavin - adenine - dinucleotide (FAD) 

OH 

OH OH 

Scheme 1.2. Molecular structures of naturally occurring isoalloxazines 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 



emiquinone) and fully reduced (hydroquinone) forms. Each form can occur at 

ast in three different states of protonation as is shown in Scheme 1.3. 

'N 

Flredfy© 0 FlredH3 

:heme 1.3. The various redox states of isoalloxazine. 

ie research of all these states, both free and protein-bound, constitutes an 

repressive scientific endeavour. The "state of the art" of isoalloxazine (physi-

il) 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-

lately described in the proceedings of six international symposia 19-24 , a discus-

Lon meeting and general review articles . More specialistic review articles 
31 

sre devoted to 1) The binding of flavins to flavoproteins ; 2) Electron trans-

îrring properties ; 3) Flavin fluorescence ' ; 4) The interaction of flavins 

Lth aromatic amino acids ; S) The differences between flavins and 5-deaza-flavin 
35 

privatives with respect to redox properties, both free and protein-bound ; 6) 
0 £ O "7 

ie flavin molecular geometry as determined by X-ray crystallography ' and 
38 

) Flavin photochemistry . 

Like in Old Yellow Enzyme, the isoalloxazine prosthetic group in other 

nzymes is generally non-covalently bound to the apoprotein. Exceptions, for 



10 39 

example, are succinate dehydrogenase , monoamine oxidase and D-gluconolactone 

dehydrogenase , 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 

of derivatives which do not naturally occur, was synthesized ' ' . The main a 

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 interactioi 

to specific interactions like H-bond formation and the complexation of the iso­

alloxazine nucleus with amino acid residues in an apoprotein . The complexation 

of protein-bound isoalloxazine 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,CE 

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 photophysios of isoalloxazine e, with special attention to the pho-

tophysioal 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 environment. 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 nn 

- 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 summarized 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 soluble 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 hundred cm and the Stokes-loss. 

Investigators who succeeded in obtaining a reasonable spectral resolution of 
1 / O1] / / / C. 

vibrational spacings ' ' did not pay more attention to it than common 

statements. Only Koziol and Koziolowa and Miller et dl. treated the sub­

ject of vibrational structure more explicitly. Some isoalloxazine vibrational 
48 

frequencies were determined from CARS experiments but, up till now, their 
49 

assignment is still subject to discussion (cf. Chapter 8, p. 135). Two-
photon excitation also provided no new insights. 

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

a large variety of data on fluorescence lifetimes ' , phosphorescence 

lifetimes ~ and intersystem-crossing rate constants ' ' . The results 

revealed an extreme sensitivity of the excited state kinetics of (iso)alloxa-

zines towards external perturbations. Again the discrimination between intra­

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. 

A large number of quantum mechanical calculations was performed on (iso)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 cannot be brought closer to a solution, the inter­

pretation of CW and time-resolved optical spectra will suffer from uncertain­

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 (iso)alloxazines 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 E01) charged with 11 ml silicone oil (Corning MS 704). The 

connection consisted of a baffle valve with a two-inch pyrex-to-stainless-steel 

seal (Hositrad) on top. Provision 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 Penning- 8 model 

ionization gauge (Edwards). Optimum performance in a thoroughly cleaned system 

yielded a pressure of 1.1 pTorr (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 
2 

counting . This method determines the fluorescence decay curve from the statis­
tical probability to detect a single photon of fluorescence a certain time after 



the fluorescent sample has been 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 

number 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 
3—7 excitation pulse , i.e. thyratron triggered low-pressure gas discharges and 

free running relaxation oscillator high-pressure gas discharges, both 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 deconvolution techniques , but this gives marginal improvement 

only and it has the disadvantage of additional computational 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 c is the velocity of 

light and I the laser-mirror separation), the modes will all be "locked" if the 

modulation frequency is set equal to c/2&. The laser output then will be the co­

herent superposition of a large number of modes with a constant frequency-differ­

ence of c/2£. Except for a very short time-interval occurring once per cycle of 

duration life, 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 {y 200 

ps FWHM for a noble gas ion laser) with a repetition rate of c/2£. 
9— 12 

The modulation element is generally an acousto-optic loss modulator , 

(mode-locker) which is mounted in the laser cavity in close proximity to one of 

the mirrors, usually the 1001 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 
9-11 

be found in the literature , especially for the mode-locking of the argon 

ion and krypton ion lasers, respectively. 

In the experiments described in this thesis, either a mode-locked CR - 5 or a 

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 ARGON LASER USED IN FLUORESCENCE DECAY MEASUREMENTS. 

Wavelength 
(nm) 

363.8 (CR-18) 
465.8 (CR-5) 
472.7 (CR-5) 
476.5 (CR-5) 
488.0 (CR-5) 

Tube 

a) 
-
34 
32 
16 
10 

current 
(A) 

b) c) 
50 

-
-
17 26 
13 

Average mode-
locked power (mW) 
a) b) c) 

100 
80 -
70 -
50 65 150 
40 75 

Pulse width 
(FWHM) (ps) 

a);b) c) 
300 

150 
220 
200 240 
180 

Various partially transmitting output-mirrors: a) 5% T; b) 12% T; c) 30% 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 

mode-lock by the method of synchronous pumping ~ . In this method,the optical 

length of the dye laser cavity is adjusted to a submultiple or to the same as 

that of the mode-locked laser used to pump it. (The C R - 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-filter . These values were 

measured with interferometry and SHG generation . A detailed description of 

the system and its performance was given by De Vries et al. 

The pulse repetition frequency (c/2ü. = 94.576 MHz for the C R - 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 frequency 

obtained by dividing the mode-locker drive frequency by 1024, so the reduced 

10 
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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. 2.1. 

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

multiplier . Transit time fluctuations of the photoelectrons in the photo-

cathode - first dynode space constitute a serious "bottle neck" for its time-

resolving power ' . Therefore, the time resolution of the detection system was 

optimized using either the fundamental or frequency-doubled pulses from the dy( 

laser. For this purpose,the sample cuvette (cf. Fig. 2.1) was replaced by a MgO 

diffusor. In order to obtain maximum time resolution,it was absolutely necessary 

to focus the light emerging from the exit slit of the detection monochromator on 

the photocathode of the photomultiplier. This was done by means of the lens L„ 

indicated in Fig. 2.1. When the full half field angle on the entrance side of th« 

monochromator was illuminated, the spot on the photocathode had a size of 

3 x 8 mm. Additionally, the lens L (cf. Fig. 2.1) was used to displace the 

image of the exit slit over the photocathode surface. Scanning the cathode in 

this way provided the optimum configuration of the detection system, i.e. the 

best possible time resolution. 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 scanning 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 light-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 disposal 

12 



;the Philips XP 2020 and 56 DUVP /03). The latter type was used frequently in 
3-7 

lash lamp excitation single photon counting measurements . The results are 

iven in Fig. 2.2. From these data it was immediately clear that further exper­

ts 

1.0 

0.5-

C (1000 cm-1) 
30 25 20 

i i i i i i i i i i i i I i i I [— 

.56DUVP/03 

XP 2020 

300 400 
A (nm) 

500 500 

Figure 2.2. Wavelength-dependence of 
the speed of two photomultipliers used 
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. Bebelaar18. 

iments should be done with the XP 2020. Detailed data on the speed of several 
18 

types of photomultipliers will be published in the near future 

2.4. PH0T0ELECTR0N SPECTROMETER 

Photoelectron spectra were measured on a Perkin-Elmer PS 18 photoelectron 

spectrometer modified with a Helectros He(I) - He(II) source. A detailed descrip-
20 

tion 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 too 

long, no sufficient vapour pressure can be obtained in the target chamber from a 

compound with such a low volatility 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 

13 



properties of molecules from a solution of the time-independent molecular 
21 Schrödinger equation 

m = E¥ (2.1) 

This eigenvalue problem can only be solved by a number of approximations. First 
22 

the Born-Oppenheimer approximation is adopted in which the nuclei of the mol­
ecule are taken to be fixed in the calculation of the eigenfunction f which, 
consequently, contains the nuclear configuration only as a parameter. This re­
duces the Hamilton operator H to: 

n N n n _ 
H = - E ] V - Z I Z.rT' + I r + constant (2.2) 

1 P A 1 1 A AP ^ VI 
p=l r A=l p=l r p<q 

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 energy 

arising from the mutual repulsion of the electrons. The distances between the 

particles are indicated by r (nucleus-electron) and r (electron-electron). 

The sum of the first two terms is usually called the Core Hamiltonian H . Eq. 

(2.2) is expressed in atomic units, a system employing the Bohr radius as unit 

of length, the protonic charge as unit of charge and the electronic mass as unit 
21 of mass. Conversion factors can be found in the literature 

The eigenfunction V is approximated by the orbital approximation, i.e. it 

is written as a determinantal function of one-electron wavefunctions x-> givin; 

in normalized form for a closed-shell electronical system of 2n electrons : 

¥ = {(2n):}~* Z (-1)P P {Xl(1).x2(2)...x2n(2n)} (2.3) 

The operator P permutes the coordinates of the electrons to produce the determi-
P 

nant, (-1) being +1 or -1 for even or odd permutations, respectively. Eq. (2.3) 

treats the electrons as indistinguishable particles and it satisfies the Pauli 
21 exclusion principle . Further approximation is made by assigning electrons in 

pairs to the same spatial orbitals \\>., i.e. all x- i n ecl- (2.3) are replaced by 

pairs ijj-(p)a(p) and if-(q)ß(q) for electrons of a-spin and ß-spin, respectively. 
1 1 21 

In the so-called unrestricted SCF-procedures this approximation is relaxed . 
The total electronic energy is given by the expectation value: 

E = < f | H | T > = ƒ ï* H Ï di (2.4) 

21 which yields after straightforward calculation : 

14 



ir, alternatively, 

E = 2 Z H?. + T. I (2J.. - K. .) (2.5a) 
. , 11 . , . , 11 ir 
i=l i=l j=l J J 

n n n , 
E = 2 E E . - Ï I (2J.. - K..) (2.5 ) 

1 = 1 1 = 1 J = l J J 

Tie terms appearing in eq. (2.5) are given by: 

Matrix element of the core hamiltonian: 

H ^ = < *.(1) I H c | ^.(1) > (2.6) 

! Coulomb integral: 

Jij = (iiljj) = < ̂ ( D ^ ( 2 ) | r~J | 111.(1)^(2) > (2.7) 

> Exchange integral: 

K.j s (ij I ij) = < 1^(1)^(2) I r\\ | *j(1)*.(2) > (2.8) 

I- One-electron orbital energy: 

n 
e. = H?. + I (2J.. - K..) (2.9) 

i ii j = 1 ̂  iJ iJ 

formally one proceeds by expressing the one-electron wavefunctions as linear 

combination of atomic orbitals, the LCAO-Approximation 

\\>. = Z c .<S> (2.10) 
l y i y 

lie 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 

±ie total energy is minimized subject to the boundary condition of orthonormal-

Lty of the orbitals, i.e. 

S.. = < <JK(1) I A.(1) > = Z c*.c .S = 6 . . (2.11) ij rxK ' ' rj v ' yi vj yv IJ v 

y, v 

[n (2.11) the overlap between the AO's d> and d> is indicated by S and 6.. 
v r y T v J yv ij 

LS the Kronecker symbol (6.. = 1 for i=j and 6.. = 0 for i ̂  j). The variational 

;reatmentuses the Lagrange method of undetermined multipliers, which finally 

;ransform into the orbital energies e.. The e. are found to satisfy the well-
21 23 1 1 

cnown Roothaan equations ' : 
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£ (F - e.S ) c . = O (2.12) 
uv ï uv vi 

v 

In which F is the matrix element of the Foak Operator. 
uv 

F = Hc + I P, {(uvlXa) - KpAlva)} (2.13) uv uv , Xa ' ' ' J 

Aa 

and P is the element o£ the Density Matrix 
Ko 

occ 
P, = 2 £ c-.c . (2.14) 

Xa . , Ai ai 
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). 
21 

Details of the mathematics can be found in the literature . Equation (2.12) is 

most conveniently written in matrix form. 

FC= SCE (2.15) 

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

Löwdin transformation: 

F'= S"* F S * ; C'= S*C (2.16) 

in which S 2 has the property that 

S 2 S S 5 = I (2.17) 

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

problem 

F' C'= C' E (2.18) 

Equation (2.18) is solved by iteration: calculate F (depending on C through the 

density matrix P) using a trial set of orbitals, solve eq. (2.18) to obtain a 

new C matrix, recalculate F, solve (2.18) again and repeat until C does not 

change further within a given tolerance. This is a suitable task for an elec­

tronic computer. 

2.5.2. Methods employing the Neglect of Differential 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 

oproximation ' , only valence electrons are treated explicitly. The inner 

lells are considered as part of the (rigid) core and enter parametrically into 

". The basic approximation is the application of the Zero Differential Overlap 
21 

oproximation to all products of valence AO's, giving: 

(yv|Aa) = 6y v6A a (nul XX) (2.19) 

21 n order to preserve rotational invariance , the surviving integrals in eq. (2.19) 

re taken to be only dependent on the nature of the atoms A and B to which y and 

belong and not on the actual type of orbital (s, p, d ) , hence 

(yylXX) = Y A D (all y on A; all X on B) (2.20) 
A D 

he evaluation of the matrix elements Hc in eq. (2.13) proceeds by separating 

hem into two types, one for which y and v belong to the same atom and another 
21 or which y and v belong to different atoms. The approximations are : 

H c = 6 U - Z 6 VA„ (y; v on A) yv yv yy , yv AB 
nfA (2.21) 

H C = ß = Ke>° + ß°)S (y on A; v on B) 
yv yv 2K A BJ yv v ' ' 

is the energy of d> in the bare field of the core of its own atom, V.„ is 
\i\i y AB 
he interaction of * on A with the cores of the other atoms B, ß is the 

ry ' yv 

esonance integral describing the lowering of the energy of an electron being in 

he field of two cores simultaneously and g° and ß° are semi-empirical parameters, 

haracteristic for the atoms A and B, respectively. The resonance integrals lead 

o chemical bonding. U is essentially an atomic parameter which is approxi-

ated in the CNDO/2 version ' by: 

U = -1(1 + A ) - (Z, - i)y.. (2.22) 
yy y y A *J AA v ' 

whereas V is approximated in this version by the neglect of penetration 

21 25 integrals ' leading to: 

VAB = ZB ^AB f2"23) 

,. and Z represent the net charge on the core atoms A and B, respectively. 

Ldding the density matrix elements on one atom A, giving P , the total valence-

ilectron density on A, we finally obtain upon substitution of (2.19) to (2.23) 
21 25 nto (2.13) and arranging terms ' : 
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Fyy = ~^\ + V + {(PAA - V - l ^ u - 1 ^ A A + J A fPBB - V>AB 
B M (2.24) 

„o , „o, v FPV = m + 9Suv - KSAS 

For the calculation of spectral properties the CNDO/2 method was refined by 
Del Bene and Jaffé . This CNDO/S Method (S = Spectroscopic) was shown to be 
capable of predicting a large variety of spectral data very satisfactorily 
The refinement consists of a discrimination between a and IT overlap in the cal­
culation of ß 

yv 

ß = Mß° + O S (2.25) 
yv •* v A By yv v 

in which K = 1 for a-overlap and K = 0.585 for p -overlap. Additionally, the 

whole CNDO/2 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) 

atom ß° v . , I + A I + A 
A AA s s p p 

H 
C 
N 
0 
F 

-12.0 
-17.5 
-26.0 
-45.0 
-50.0 

12.85 
10.93 
13.10 
15.27 
17.36 

14.35 
29.92 
40.97 
54.51 
56.96 

-
11 .61 
16.96 
21.93 
24.36 

o£ 

electron integrals were approximated using the Nishimoto-Mataga formula 

giving in atomic units: 

^AB = {RAB + 2/^M + V r ' C2"26) 

Dividing R by 14.40 turns the units into eV for the y and into 8 for R 

(18 = 0.1 nm). 

Further refinements of the all-valence electron calculation methods are: 

1) the Intermediate Neglect of Differential Overlap21'37 (INDO) ; 2) the Modi­

fied INDO method or MINDO method of which the 3rd. version (MINDO/3) is applie 
T O oq n/ 

frequently ' ; 3) the Neglect of Diatomic Differential Overlap 4 (NDDO) and 

4) the LND0/S method40, the latter method (Local Neglect of Differential Over­

lap) being developed recently and hitherto only applied to hydrocarbons. 
23 It was shown by Roothaan that the orbital energies obtained from a 

LCA0-M0-SCF calculation equal the negative of the experimentally observed 
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mization potentials, provided the electron correlation and reorganization can 

î neglected . This constitutes the well-known Koopmans theorem . The accuracy 

f theoretical methods, therefore, can be tested in a rather direct way by photo-
20 Lectron spectroscopy (cf. Chapter 5). 

.5.3. Spectroscopic Data 

Spectroscopic properties were calculated by the method of Configuration 

nteraction (CI). This method, set forth by Pople and Pariser , describes the 

•ccited state as a linear combination of determinantal wavefunctions (cf. eq. 2.3) 

i which electrons are excited from an occupied orbital to an unoccupied one, i.e. 

5 a linear combination of excited configurations . The general formulas for the 

nteraction matrix elements between configurations are given in Table 2.3. When 

tie Orbitals t|>., ty., ty. and ty are determined by anSCF procedure, obviously the 

atrix F is diagonal, so F, . = e.<5, .. This causes all interaction matrix elements 

etween the ground state t and the excited configurations ¥. to vanish, a 

roperty which is known as Brillouin's Theorem. The CI procedure involves the 

iagonalisation of a matrix with elements H - E6 in which H and E are given 
mn mn mn 

n Table 2.3. Further mathematical details and formulas for transition moments 

TABLE 2.3. 
ELEMENTS OF THE CI MATRIX' a) 

0 

i+k 

* 
o 

E 

2 ) F k i 

2 P i i 
2SF. . 

1 k j 

2 5 F , . 

l-Hc 

E -E .+e . - ( J . . -K . , ) ± K . , b ' l k i k i k ik 

F k 5 +2( i k | i i l ) - ( i i | k J l ) 

- F j . + 2 ( i k | j k ) - ( i j | k k ) 

2 ( ik | j{ , ) - ( i j | kS , ) 

V* 

F k t - ( i i | k S . ) - F ^ - ( i j | k k ) 

f. 
J*«-

- ( i j | k S , ) 

) Only one type of element given; upper half: triplets, lower half : singlets; 
) + -> singlet; - ->- triplet, (i 5E j 5E k 4 I). 

an be found in the original papers ' 

Photoionization cross-sections, necessary for the interpretation of photo-

lectron spectra (cf. Chapter 5), were derived according to the method of 

llison 44 In the calculation an electron is assumed to be excited into a contin-

um to give a spin singlet. The final state wavefunction y. . 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 

|PW(k)> = (k3L3/6i:2) exp i(k-r) (2.27) 

The transition probability to such a configuration is calculated with time-deper 

dent perturbation theory ' (Fermi's Golden Rule), yielding the differential 

cross-section of producing photoelectrons in an element of "solid angle äü with 

radiation of unit polarization vector U 

do e2kL3 

dÇl 2TTmch u 

2 
P . 
oj 

(2.28) 

in which P . is the complex quantity 

Poj = 2 Hi rk<*.|PW(k)> + i I ^.IvI^xipJPWtk^l (2.29) 

In these expressions, e and m denote the electronic charge and the electronic 

mass, respectively, "H is Planck's constant divided by 2ir, to 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 ' 
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LUMINESCENCE OF SOME ISOALLOXAZINES IN 
APOLAR SOLVENTS 

3.1. INTRODUCTION 

Flavins 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 lit-
2 

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 Hückel3'4, Extended Hiickel5,6, SCF-PPP7"10, CNDO6'9 and MINDO/311. 

However, experimental results and especially nuclear magnetic resonance data are 
12 

not completely in agreement with these calculations , so to test the theoretica. 

model more thoroughly, we have undertaken a more detailed study of the propertie: 

of the electronically excited states of some isoalloxazines. 

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

is better in less polar solvents , which facilitates the comparison with 

known theoretical data, we attempted to increase the solubility of some isoallox­

azines in highly apolar organic solvents by substitution of the N and N 

positions of the isoalloxazine ring with long aliphatic side chains. This enable« 

us to use 2-methyl-tetrahydrofuran (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 isoalloxazines 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 40% at 210 nm (measured in a 1 cm cuvette). 2-MTHF, 
>urum, (from Merck) was dried on molecular sieves followed by removal of the sta-
lilizer on an Al203-column. Subsequently, the solvent was dried19 with CaH2, re-
luxed for 10 hr with freshly added CaH2 in nitrogen atmosphere until H2_genera-
ion had ceased, followed by immediate distillation. The main fraction was collec-
ed on LiBHL, and distilled at 10 uTorr (1.3 mPa) over two sodium-mirrors prepared 

>y vacuum sublimation of the metal onto the wall of a round-bottom flask. The sol-
rent was stored on CaH2. Solvent removed from the storage vessel by distillation 
Ln vacuum showed 100% transmission for X > 270 nm; 87% at 260 nm; 74% at 250 nm 
m d 25% at 240 nm (1 cm cuvette). 

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

5.2.2. Synthesis of new isoalloxazine derivatives 

7,8-Dimethyl-10-K-octadecyl-isoalloxazine and 7,8-dimethyl-10-isopropyl-iso-
illoxazine were obtained by condensation of 1,2-dinitro-4,5-dimethyl-benzene with 
:he corresponding amine according to the procedure of Leonard and Lambert . To 
Improve solubility in apolar solvents, the compounds were methylated at N3 as de­
scribed by Hemmerich21. 7,8,10-Trimethyl-3-n-undecyl-isoalloxazine was obtained 
)y treatment of 7,8,10-trimethyl-isoalloxazine12 in dimethylformamide with un-
lecylbromide (Fluka) in the presence of K2CO3 at room temperature for 24 hr. All 
;ompounds were purified to homogeneity by a procedure described previously . 
Che melting points given below are uncorrected, 
îlemental analysis: 
3,7,8-Trimethyl-lO-K-octadecyl-isoalloxazine (m.p. 428-430 K ) : 
:31Hit8Nit02.0.2H20 calc. C 72.65 H 9.53 N 10.94% 
(512.02) found C 72.5 H 9.2 N 11.6 % 
3,7,8-Trimethyl-10-isopropyl-isoalloxazine (m.p. 563-564 K ) : 
-16H18N4°2-sH20 cale. C 62.50 H 6.24 N 18.24% 
(307.19) found C 62.9 H 6.1 N 18.2 % 
7,8,10-Trimethyl-3-rc-undecyl-isoalloxazine (m.p. 478-480 K ) : 
-24H34N4°2 cale. C 70.21 H 8.35 N 13.65% 
(410.54) found C 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 
st al.^2 and references therein). 

3.2.3. Preparation of samples 

Solutions were prepared in a variable concentration cell, consisting of a 
1 x 1 x 3 cm suprasil quartz cuvette with a pyramidal shaped bottom, connected 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 mPa), 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 yTorr (0.27-0.53 mPa). Due to photolability of the isoalloxazines, only 
illumination by sodium lamps was used. 
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