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MOLECULAR COMPLEXES OF FLAVINS AND PHENOLS 

Darrell Eugene Fleischman, Ph. D. 

The University of Arizona, 1965 

Director: Gordon Tollin 

It has been found that solutions of alloxazine and isoalloxazine 

derivatives in concentrated acid become highly colored when phenols 

are added. The color change is found to be caused by broadening of 

the visible absorption band of the protonated flavin and, in the case 

of some naphthalenediols, to the appearance of a long wavelength 

absorption band which is attributed to a charge transfer transition. 

The position of the latter band is found to depend upon the donor 

ability of the phenol. 

The colored species in solution is found to consist of one 

molecule of the phenol and one molecule of protonated flavin. 

Crystalline complexes, also displaying a flavin:phenol:HC1 

ratio of 1:1:1, have been isolated from hydrochloric acid solutions 

of flavins and phenols. These crystals are highly colored due to a 

long wavelength absorption band, again attributed to charge transfer. 

The crystals also display a weak electron paramagnetic resonance 

absorption which in some instances possesses hyperfine structure. 

x 
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Acidic solutions of flavins and phenols display an electron 

paramagnetic resonance absorption with hyperfine structure character

istic of the flavin semiquinone. This paramagnetism is not due to the 

colored complex, but probably results from dissocation of the complex 

accompanied by complete electron transfer. 

The stability constants of a number of the acid complexes 

were measured. Values were found to range from 0.8 to about 200 

liters per mole. There appeared to be an inverse correlation between 

the donor ability of the phenol and the stability of the complex, indi

cating that the acid complexes are not stabilized by charge transfer. 

Complex stability was found however to increase with the degree of 

conjugation and the number of nonpolar substituents of the phenol. 

Flavins and phenols were also found to form 1:1 complexes 

in neutral solution. These complexes were found to be appreciably 

more stable than the corresponding acid complexes. From neutral 

solutions were isolated crystals having a flavin:phenol ratio of 1:2. 

These crystals displayed long wavelength charge transfer bands whose 

positions appeared to be dependent upon the donor ability of the phenols. 

Flavin solutions in 47% hydriodic acid are intensely red, 

have a visible spectrum resembling that of the flavin semiquinone 

and an EPR spectrum similar to that of the flavin semiquinone. Evapora-
j 

tion of such solutions yields red crystals which have an approximately 
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100% spin concentration if they are assumed to be the hydriodic acid 

salt of the flavin semiquinone. 

Hydriodic acid solutions of flavins and phenols yield dark 

colored crystals upon evaporation, and these also display structure

less EPR absorptions corresponding to approximately 100% spin 

concentration if a flavin semiquinone:phenol:HI ratio of 1:1:1 is 

assumed. 



INTRODUCTION 

The purpose of this dissertation has been to study some of the 

physical properties of molecular complexes involving alloxazine and 

isoalloxazine derivatives. Speculation that such complexes may exist 

began nearly two decades ago, and in the subsequent years the import 

tance of the role that such complexes may play in biology and medicine 

has been the subject of increasing study and discussion. A survey of 

the relevant research and speculation which have appeared will be 

presented in this introduction. 

In the course of a study concerned primarily with the quenching 

of hydrocarbon fluorescence by purines, Weil-Malherbe (1946) noted that 

purines also quench the fluorescence of a number of dyes, including 

riboflavin (I, Fig. 1). He suggested that the formation of some sort of 

molecular complex might be responsible. 

A considerably more detailed study of the mechanism of the 

quenching of flavin fluorescence was subsequently begun by Weber 

(1948, 1950), who asserted that quenching by electrolytes such as 

potassium iodide is due to bimolecular collisions, while quenching by 

purines (e.g., caffeine, adenosine) is due to complex formation. His 

argument was based upon the observation that addition of appropriate 

1 
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Figure 1. - -Structures of Alloxazine and Isoalloxazine Derivatives. 
I - riboflavin; II - FMN (riboflavin-5'-phosphate); III - lumiflavin (6,7, 9-
trimethylisoalloxazine); IV - lumichrome (6, 7 -dimethylalloxazine); V - FAD 
(flavin adenine dinucleotide). 



3 

electrolytes to flavin solutions results in an increase in the polarization 

of the fluorescence, indicating a decrease in the mean lifetime of the 

flavin excited state. Weber noted that in the presence of caffeine, 

the visible and near ultraviolet spectrum of riboflavin is slightly 

altered and resembles that of FAD(V). The similarity suggested 

molecular complexing between the adenine and isoalloxazine groups 

of the dinucleotide. Weber also observed that flavin fluorescence is 

quenched by hydroquinone and catechol. He suggested that tyrosine 

residues may be responsible for the quenching of the flavin fluorescence 
% 

in some flavoproteins. 

Making the assumption that complexed riboflavin does not 

fluoresce, Weber calculated apparent dissociation constants for 

adenosine and caffeine complexes at 5°C and 17°C (Table I. Dissocia

tion constants have been converted to stability constants, their recipro

cals). These measurements were carefully made, and Weber estimates 

the standard error to be about five per cent. However, the significance 

of dissociation constants measured from fluorescence quenching data 

has been questioned by Yagi (see below). 

From the temperature dependence of the dissociation constants, 

the enthalpy of formation of the complexes was calculated to be -1.6 

kcal per mole. 
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TABLE I. - -Stability Constants of Flavin Complexes. 

Flavin Donor T °C PH 
Kx 10~2 

-liters . 
mole 

riboflavin adenosine 5 7 .5  1.4a 

riboflavin adenosine 17 7 .5  1.2a 

riboflavin caffeine 5 7 .5  1. 0a 

riboflavin caffeine 17 7 .5  0 .9 i a  

FAD ATP 17 8 .3  0.26b 

FAD ADP 17 8. 3 0 .27 b  

FAD A-5'-P 17 8. 3 0 .25 b  

FAD adenosine 17 8. 3 0. 33b 

FAD caffeine 17 8 .3  i . o b  

FAD quinine 17 8. 3 3 .7 b  

riboflavin phenol 20 neutral 

o
 CO 

riboflavin phenol 30 neutral 67 C 

FAD chlortetracycline 20 neutral 9 .1  x  10 3  

FAD jp-aminosalicylic acid 38 8. 3 0. 13® 

FAD chlorpromazine 6 .5  io f  

riboflavin chlorpromazine 6 .5  iof 

FMN chlorpromazine 6 .5  10f 

riboflavin unionized 3, 5-diiodo-
tyrosine 

0.509 



TABLE I. - -Stability Constants of Flavin Complexes • 

Flavin Donor T °C PH 
K x 10'2 

.liters . 
mole 

riboflavin adenosine 5 7 .5  1.4a 

riboflavin adenosine 17 7 .5  1.2a 

riboflavin caffeine 5 7 .5  1. oa 

riboflavin caffeine 17 7 .5  0 .9 i a  

FAD ATP 17 8. 3 0.26b 

FAD ADP 17 8. 3 0 .27 b  

FAD A-5'-P 17 8 .3  0 .25 b  

FAD adenosine 17 8. 3 
i_ 

0. 33 

FAD caffeine 17 8 .3  i. ob 

FAD quinine 17 8. 3 3 .7 b  

riboflavin phenol 20 neutral 48° 

riboflavin phenol 30 neutral 67° 

FAD chlortetracycline 20 neutral 
i 

9 . 1  x  10 3  

FAD jp-aminosalicylic acid 38 8. 3 0. 13® 

FAD chlorpromazine 6 .5  io f  

riboflavin chlorproma zine 6 .5  iof 

FMN chlorpromazine 6 .5  10f 

riboflavin unionized 3, 5-diiodo-
tyrosine 

0. 50g 
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TABLE I--Continued 

Flavin Donor T °C PH 
K x 10'2 

. liters. 
mole 

riboflavin binegative 3, 5-diiodo-
tyrosine 

0.40g 

FAD phenol 38 8 .3  0.31h 

FAD salicylic acid 38 8 .3  15h 

FAD 3-aminophenol 38 8. 3 9. 0 x 10"' 

FAD £-nitrophenol 38 8. 3 20h 

l 

FAD 2, 4-dinitrophenol 38 8. 3 2 .5  x  10 2  

FAD 2, 4, 6-trinitrophenol 38 8 .3  8 .3  x  10 2  

FMN tryptophan 6 .9  0.591 

FMN serotonin 6 .9  4. O1 

FMN 3 - hydroxy -2 - naphthoate 22 .  5  neutral 2 -10 j  

FMN 2-naphthoate 22 .  5  neutral l -2 j  

FMN L-tryptophan 22 .  5  neutral 0 .2 - l j  

FMN caffeine 22 .  5  neutral 0.2-1-1 

FMN anisate 22 .  5  neutral 0 .2 i  

FMN phenol 22 .  5  neutral 0 . 2 *  

riboflavin L-tyrosine ethyl ester 22 .  5  neutral 0 .2 j  

3-methyl -
riboflavin 

L - phenylalanine 22 .  5  neutral 0 .2 j  
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TABLE I--Continued 

Flavin Donor T °C PH 
Kx 10"2 

.liters. 
mole ' 

FMN salicylate 22 .5  neutral 0 .2 j  

FMN benzoate 22 .5  neutral 0 .2 j  

FMN £-hydroxybenzoate 22. 5 neutral 0 .2*  

FMN 1,4-benzoquinone 22. 5 neutral 0 .2 J  

FMN rutin 7 .0  24k 

aWeber, 1950. 

^Burton, 1951. 

Q 
Yagi and Matsuoka, 1956. 

^Yagi et al.,  1956 .  

6Yagi et al., 1957. 

^Yagie taL ,  1959a .  

9Cilento and Berenholc, 1963. 

*Vagi et al.,  1959b-

isenberg and Szent-Gyorgyi, 1958. 

^Harbury and Foley, 1958. 

^Yamabe and Yagi, 1961. 
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Burton (1951) speculated that D-amino acid oxidase inhibitors 

might function by the formation of molecular complexes with FAD. Using 

Weber's fluorescence quenching technique, he measured the dissocia

tion constants of a number of complexes of biologically important com

pounds with FAD (Table I). Burton's calculations appear to have been 

based upon fewer and poorer data than were those of Weber. His 

accuracy is perhaps no better than 10%, and again the questionable 

validity of constants obtained from fluorescence quenching data must 

be mentioned. 

Sakai (1956a, 1956b) noted that certain aromatic compounds 

increase the solubility of flavins in water, and discussed the structural 

characteristics of such solubilizers. They must, he said, be cyclic, 

aromatic and possess one or more ring hydroxyl, amino or carboxyl 

group. While the presence of a carboxyl group enhances solubilizing 

activity, the presence of a sulfonic acid group diminishes it. He 

suggested that complexing involving hydrogen bonding to the hydroxyl 

* group of the solubilizer might be responsible for the solubilizing effect, 

with the 3-imino or the 2 or 4 carbonyl group as the site of bonding to 

the isoalloxazine nucleus. Sakai also noted that solubilizers posses

sing amino or phenolic groups quench riboflavin fluorescence. Among 

the compounds he cited were phenol, resorcinol, hydroquinone, pyro-

gallol and p-hydroxynaphthoic acid. He suggested the "reducing effect 

on riboflavin" as the mode of action of the quenchers. 



Beginning in 1956, a series of papers was published by Kunio 

Yagi's group (Yagi and Matsuoka, 1956; Yagi et al., 1956; Yagi et al_., 

1957; Yagi et al., 1959a; Yagi et al., 1959b), which was concerned 

primarily with the mechanism of inhibition of D-amino acid oxidase. 

They noted initially that added phenol induces changes in the absorp

tion spectra of solutions of riboflavin, lumiflavin (III) and lumichrome' 

(IV). Resorcinol and sodium salicylate were observed to have a similar 

effect, and a crude attempt was made to estimate the relative stabilities 

of complexes that might be formed by determining the amount of each 

compound necessary to produce a maximum spectral change. Sodium 

salicylate was found to form the most stable complex, phenol the least. 

The addition of an amino group to salicylic acid was found to induce a 

greater maximum red shift in the flavin spectrum, but had no effect on 

the apparent stability of the complex. 

Dissociation constant calculations based upon the change in 

the flavin spectrum were then performed (Table I). 

Isenberg and Szent-Gyorgyi (1958) noted that FMN (II) solutions 

containing indole derivatives such as tryptophan have a brown coloration. 

Audifference spectrum obtained by measuring the absorption spectrum of a 

flavin plus tryptophan solution against a flavin blank (pH 6. 9) was 

found to have a peak at 500 my.. Noting the similarity of the difference 

spectrum to the spectrum of flavin semiquinone, Isenberg and Szent-Gyttrgyi 
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suggested the/presence of a molecular complex between "oxidized" 

tryptophan and the semiquinone of FMN. From the spectral change 

at 500 mti, the stability constant of the hypothetical complex and that 

of an FMN-serotonin complex were measured (Table I). The spectral 

differences are small, and consequently the precision of the data is 

low. The value of the stability constant of the tryptophan complex may 

be accurate to within 50 per cent, thqit of the serotonin complex to 

perhaps 20 per cent. 

The extinction coefficients of the complexes, which are also 

determined during the stability constant measurements, were found to be 

equal within experimental error (perhaps ten per cent). This was offered 

in support of the assertion that in each case the same species i.e., 

presumably the flavin semiquinone, was responsible for the peak. The 

evidence for the presence of the semiquinone was far from conclusive, 

however. For example, no electron paramagnetic resonance (EPR) data 

were presented at this time. The reported peak in the difference spectra 

could equally well be explained in terms of a broadening of the flavin 

spectrum. Finally, the measured extinction coefficient of the complex, 

3 
4. 5 x 10 liters per mole cm. at 500 my., should be compared to the 

subsequently reported value of the extinction coefficient of the flavin 

3 
semiquinone at 490 m|i., which is 9 x 10 liters per mole cm. (Nakamura, 

Nakamura and Ogura, 1962). In subsequent papers (Isenberg and 
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Szent-Gyo'rgyi, 1959; Isenberg, Szent-Gyorgyi e*nd Balrd, I960), flavin-

indole interactions are discussed more plausibly in terms of charge 

transfer complexing (see Appendix I). From the point of view of charge 

transfer complex theory, the distinction between complexes of "oxidized" 

indole with flavin semiquinone and complexes of flavin with indole 

becomes largely a matter of semantics. 

In the original paper (1958), Szent-Gyorgyi reported that a 

wide variety of other indole derivatives, a number of which have 

significant pharmacological properties, particularly in their effect 

upon the central nervous system, produced similar spectral changes 

in FMN solutions. 

In a subsequent paper, Isenberg and Szent-Gyorgyi (1959) 

pointed out that upon freezing of solutions containing FMN and a number 

of potential electron donors, a red-brown color develops, accompanied 

by the appearance of a shoulder near 485 my. in the absorption spectra 

of the solutions. This effect they attributed to charge transfer com

plexing between the flavin and the donor. Among the donors cited 

are NADH, NADPH, serotonin, tryptophan and FMN itself. The color 

production is reported to be strongly enhanced in the presence of 

dilute hydrochloric acid. Frozen FMN-serotonin-HCl samples are 

said to appear black and exhibit a broad, intense absorption band 

with a maximum near 570 my. and a shoulder at 620 my.. The reaction 
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of tryptophan with acidified and frozen FMN is reported to be similar but 

weaker. 

Frozen FMN-donor solutions are also discussed in a treatise 

by Szent-Gy8rgyi (I960). 

EPR studies (Isenberg et al_., I960) indicated the presence of 

riboflavin semiquinone in acidic riboflavin solutions containing serotonin 

or tryptophan. The authors present a hypothetical scheme in which an 

initially formed charge transfer complex characterized by a large, per

centage of charge transfer dissociates to form two free radicals. It ijs 

speculated that this effect can be observed only in acidic solutions 

because the flavin radical is stabilized at low pH and perhaps because 

here the flavin may be protonated and hence become a better electron 

acceptor. EPR spectra are observed in second derivative presentation, 

and it is argued that an observed asymmetry of the spectra illustrates 

the presence of a second radical. The evidence for this does not seem 

convincing, however. 

Harbury and Foley (1958) calculated dissociation constants of 

complexes of FMN, riboflavin and 3-methylriboflavin with a variety of 

aromatic compounds (Table I). Absorption spectral changes, upon which 

their calculations were based, are quite small, and consequently values 

of constants are reported only to within half an order of magnitude. 

Complexes of a given interactant with each of the three isoalloxazine 
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derivatives were found to be about equally stable. It is to be noted that 

tryptophan was found to form a significantly more stable complex with 

flavin than were phenylalanine and tyrosine. Therefore the possibility 

of the involvement of tryptophan in flavin-protein binding should not 

be overlooked. 

In a subsequent paper (Harbury et al_., 1959) Harbury suggested 

that two distinct two forces were responsible for flavin complexing--hydrogen 

bonding and charge transfer interaction. He explicity disagreed with 

Szent-GySrgi's view that reduction of flavin to the semiquinone was 

involved in the flavin-tryptophan interaction, and suggested instead 

charge transfer complexing. 

The nature of the visible and near-ultraviolet absorption spec

trum of solutions of 3-methyllumiflavin was found to be quite dependent 

upon the degree of hydrogen bonding possible in the solvent employed. 

In strongly hydrogen-bonding solvents such as water and phenol, the 

peak in the near-ultraviolet was found to be significantly red-shifted 

relative to its position in nonpolar solvents such as benzene and carbon 

tetrachloride. In tne latter solvents the longest wavelength peak was 

partially resolved into three peaks, the spectrum resembling the low-

temperature flavin spectrum (Fox, 1964). 

Compounds such as caffeine, which are not able to act as 

hydrogen donors, were found to show no interaction with 3-methylriboflavin 
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in non-hydrogen-bonding solvents such as benzene, although they could 

induce a spectral shift in aqueous solution. On the other hand, com

pounds which are capable of donating hydrogen but have no effect upon 

the flavin spectrum in aqueous solution, for example, imidazole, were 

found to induce a characteristic spectral change in benzene solution. 

The inference drawn by Harbury is that compounds which are potential 

hydrogen donors modify the flavin spectrum by hydrogen bonding to the 

isoalloxazine nucleus in aqueous solution, while potential electron 

donors modify the spectrum by charge transfer. Compounds such as 

phenol may act in either capacity. Charge transfer however is favored 

in hydrogen-bonding systems. Thus caffeine forms a complex with flavin 

in water but not in benzene, and a greater spectral shift is observed in a 

phenol-water mixture than in either solvent alone. To test the influence 

of hydrogen bonding upon the strength of charge transfer complexing, the 

dissociation constant of the 3-methyllumiflavin:a-chloronaphthalene 

complex was measured in carbon tetrachloride, both in the presence 

and absence of trichloroacetic acid, a potential hydrogen donor. The 

respective values were found to be 3 M and 0. 03 M. These values 

should have at least order of magnitude accuracy. Harbury speculates 

that charge transfer to isoalloxazine may be enhanced by hydrogen 

bonding because of an increased contribution of resonance structures 

of the type: 
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R 

NH 

+ 

One might plausibly speculate that the amount of charge trans

ferred to isoalloxazine, i.e., the contribution of the dative wave func

tion to the total wave function of the complex (McGlynn, 1958), might 

be directly related to the hydrogen-donor ability of the solvent. The 

greatest degree of charge transfer would be expected when hydrogen 

is completely donated to the isoalloxazine. 

Harbury notes that the position of the near-ultraviolet absorp

tion band in flavoproteins ranges widely from protein to protein, and 

attributes this to the degree of hydrogen bonding of the flavin to the 

protein, in analogy with the model systems. If his argument is correct, 

one might anticipate a considerable variation in electron-acceptor 

ability among flavoproteins. 

Harbury et aL (1959) presented evidence that various inter -

actants also complex with fully reduced FMN, by measuring the differ

ence between the redox-potential of an FMN/FMNH2 system and that 

of a similar system in which the interactant is present. The data were 

interpreted to indicate that both adenylic and guanylic acids interact 



15 

equally with the oxidized and reduced forms of FMN. Compounds which 

should be good electron donors, e. g., serotonin and 3-hydroxy-2-

naphthoic acid, interacted more strongly with oxidized flavin. 

Shigeru Yamabe and Kazufumi Yagi (1961) discovered that 

rutin, a flavonoid pigment which inhibits riboflavin photolysis to some 

extent, forms an exceptionally stable complex with FMN and modifies 

the FMN spectrum much as do indole derivatives. The value found 

3 
for the stability constant was 2.4 x 10 liters per mole. The data 

seem exceptionally precise and this value may be accurate to within 

five per cent. 

Cilento and Berenholc (1963) determined the effect of com-

plexing with the binegative anion of 3, 5-diiodo-4-hydroxybenzoic acid 

upon the pK of riboflavin. They measured the stability constant of the 

complex in the pH range in which riboflavin exists as the neutral 

molecule and in the range in which it exists as the anion, and applied 

the Henderson-Hasselbach equation: 

pK = pH + loglfSjL h. 

K1 pK = log — , 
2 

where [AH] and [A ] are concentrations of the compound whose pK is 

to be determined and and ^ are the corresponding stability 
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constants. They found that complexing raises the pK by 0. 6 pH 

units. 

As is usually the case with spectrophotometric determination 

of stability constants of flavin complexes, the measured differences 

in optical density are small, leading to a scattering of data. Extrap

olation again was to infinite concentration. The calculated constants 

may be assumed accurate to within twenty per cent. 

Working in a lower pH range, they determined the stability 

constants of complexes of riboflavin with unionized 3, 5-diiodotyrosine 

and the binegative anion of 3, 5-diiodotyrosine (Table I), and found 

that complexing with riboflavin shifts the pK of the diiodotyrosine 

somewhat. 

Radda and Calvin (1963) have made the observation that charge 

transfer donors such as tryptophan, tyrosine, phenol and serotonin 

inhibit the photobleaching of FMN. The effect is too great to be 

accounted for by the sort of complexing discussed above. For example, 

a concentration of phenol which produces a 10 per cent inhibition of 

FMN fluorescence is found to effect a 97 per cent reduction in the 

initial rate of FMN photobleaching. Radda and Calvin therefore sug

gest that the donors form strong complexes with the flavin triplet, 

which, they say, should be a better electron acceptor than ground-

state flavin. 
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In a similar vein, Kostenbauder and DeLuca (1963) report the 

reversible photobinding of FMN to polymers such as polyvinylpyrrolidone. 

They interpret polarization of fluorescence data and the effect of added 

potassium iodide as implicating the flavin triplet in the photobinding. 

To summarize, it has been established that isoalloxazine 

derivatives form molecular complexes with a wide variety of purines, 

phenols and indole derivatives in neutral solution. There has been 

speculation that such complexes are of the charge transfer type, but 

no conclusive evidence in support of this proposition has been presented. 

The stability constants of the complexes may be as high as 1000, and 

complexing is enhanced by the donation of a proton to the isoalloxazine 

via hydrogen bonding. Complexing has the effect of solubilizing the 

flavin, raising its pK, modifying its visible and near ultraviolet absorp

tion spectrum and quenching its fluorescence. Furthermore, many of the 

interactants also complex with reduced flavin, and some may form 

especially strong complexes with the flavin triplet. 

There is undoubtedly intramolecular complexing in FAD, and 

as Yagi has shown, certain flavoenzyme inhibitors act by complexing 

with flavin. Since some of these have potent pharmacological activity, 

the formation of flavin complexes may be involved in drug activity. 

Furthermore, complexing with amino acids, notably tryptophan and 

tyrosine, may be involved in flavin-protein binding. In connection 



with this, it has been found (Strittmatter, 1961) that tyrosine is 

definitely implicated in the binding of flavin to at least one enzyme. 

Evidence is presented that the iodlnation of one tyrosine of cytochrome 

be reductase inhibits the binding of FMN to the apoenzyme. That pharge 

transfer forces can contribute to the binding of coenzymes to proteins 

has found further support in a recent study (Shifrin, 1964) in which 

intramolecular charge transfer between pyridinium ion and indole was 

established in model compounds from the nature of their spectra. Com

parison of the spectra of the model compounds to the spectrum of glycer-

aldehyde-3-phosphate dehydrogenase in the presence of NAD+ strongly 

suggests similar charge transfer complexing between pyridinium and 

indole in this enzyme. Isenberg and Szent-GySrgyi (1958) have pointed 

out the similarity between the visible spectra of many flavoenzymes and 

that of the riboflavin-tryptophan complex. 

Evidence that charge transfer complexes may be intermediates 

in enzymatic redox reactions has been presented by Hilvers, Van Dam 

and Slater (1964). A spectral intermediate observed in the reduction of 

NAD by glyceraldehyde in the presence of glyceraldehydephosphate 

dehydrogenase was tentatively identified as a charge transfer complex 

between the aldehyde and enzyme-bound NAD . Complexing would 

serve to bind substrate to the enzyme, and the NAD+ involved would 

itself not be reduced. The authors also suggest that the presence of 
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an additional absorption band in the absence of aldehyde may be due to 

charge transfer between sulfhydryl and NAD*. 

Redox reactions involving reduced flavin and quinones such as 

coenzyme Q and vitamin K are thought to be involved in certain metabolic 

processes, notably in mitochondrial electron transport. The reduced 

forms of these coenzymes have the structural characteristics of com

pounds which form good complexes with flavins, and hence such 

complexes could function as intermediates in the electron transport 

system. It has been shown by Isenberg and Baird (1962) that charge 

transfer complexes can act as intermediates in the complete transfer 

of electrons. They found that in polar solvents the complex between 

tetramethyl-j?-phenylenediamine and chloranil gives rise to the forma

tion of Wurster's blue and chloranil free radicals. Their discussion 

of a similar phenomenon in acidic riboflavin-serotonin solutions has 

been mentioned above. 

In the present work the observation of Harbury et al_. (1959) 

that donation of hydrogen to isoalloxazine in hydrogen bond formation 

modifies complexing is carried to its logical extreme, and complexes 

of completely protonated flavins are studied. The resulting enhance

ment of the acceptor ability of isoalloxazine leads to the formation of 

complexes in which discrete charge transfer bands may be observed, 

and offers a firm empirical basis for the hypothesis that charge transfer 
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is involved* Complexes are isolated in crystalline form from both 

acidic and neutral solutions, and their properties are found also to 

suggest the occurrence of charge transfer. The intense color of the 

acid complexes permits more accurate stability constant measurements 

than had previously been possible, and structure-stability correlations 

are found to shed light upon the nature of bonding in the complexes. 

Finally, the paramagnetic properties of complexes and the occurrence 

of complexes of the flavin semiquinone lend possible information con

cerning flavin redox reactions. 



EXPERIMENTAL 

Materials 

Riboflavin, FMN, and isoriboflavin were obtained from the 

California Corporation:for Biochemical Research and were used without 

further purification. 

The procedure used in the synthesis of lumiflavin (6, 7, 9-

trimethylisoalloxazine) (III), and 9-methylisoalloxazine was a modifica

tion (due to E. K. Moss) of the method of Kuhn and co-workers (Kuhn, 

Reinemund and Weygand, 1934; Kuhn, Weygand and MSller, 1943). 

9 -Methylisoalloxazlne 

Approximately 0.02 mole of 1-bromo-2-nitrobenzene was 

dissolved in 25 ml of a 2 M solution of methylamine in diethylene glycol 

dimethyl ether in a pressure (citrate of magnesia) bottle and placed in a 

constant temperature oven (100-110°C). Reaction time was 24 hours, 

with intermittent shaking. The reaction mixture was cooled and con

centrated ammonium hydroxide was added. Orange crystals of 1-methyl-

amino-2-nitrobenzene were obtained after cooling for several hours. 

These were recrystallized from an ethanol-water mixture. The reduction 

of this compound to the 2-amino derivative was effected by means of an 



excess of stannous chloride in 10 M HC1 as described by Kuhn et al. 

The resulting solution was cooled and neutralized with concentrated 

NaOH solution. Extraction of the amine with ether and saturation of 

the concentrated and dried ether solution with dry HC1 gas precipitated 

the amine hydrochloride. Addition of this to an equimolar amount of 

alloxan in warm water gave 9-methylisoalloxazine, which was recrystal-

lized from acetic acid and refluxed in hot ethanol to remove the acid. 

Anal. Calc'd. for C^HgN^: C, 57.89; H, 3.53; N, 24.55. Found: 

C, 56.90; H, 3.55; N, 24.24. 

An attempt was made to perform the reduction of the 1-methyl-

amino-2-nitrobenzene catalytically. One and a half gm of 2-methyl -

aminonitrobenzene was dissolved in 10 ml of glacial acetic acid. The 

solution was placed in a bottle with 1 gm of a rhodium on charcoal 

catalyst and the mixture was shaken under 50 lb hydrogen pressure for 

1.5 hr. The solution was then filtered and immediately poured into a 

solution of 2 gm of alloxan in 20 ml of water and heated for 5 minutes. 

A heavy yellow precipitate immediately formed and was filtered and 

recrystallized from ethanol. However, the final product could not be 

reduced by dithionite or by zinc and hydrochloric acid, and was not 

used in further experiments. 
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6, 7, 9-Trlmethyllsoalloxazlne 

o-Xylene was brominated as described in "Organic Syntheses, " 

Collective Volume III, p. 138. One mole of 4-bromo-o-xylene was 

reacted with two moles of concentrated H,SO, and 1.15 moles of 2 4 

nitric acid. This was added over a period of 1.5 hr. The temperature 

was maintained at 60-70°C for this time and then raised to steam bath 

temperature for the next 4-5 hr. After this time, the aromatic layer was 

separated from the aqueous layer, washed with water and 10% NaHCO^. 

and finally dried with CaCl^. This mixture was then distilled through 

a Todd column at 4-6 mm pressure. The first isomer distilled at 135-140°C. 

At 150°C, the second isomer is distilled and is 4-bromo-5-nitro-o-xylene 

(m.p. 56°C after recrystallization from ethanol). Reduction with stannous 

chloride followed by condensation with alloxan gave lumiflavin, which 

was recrystallized from ethanol. Anal. Calc'd. for 

C, 60.92; H, 4.72; N, 21.86. Found: C, 60. 01; H, 4.71; N, 21.55. 

6, 7-Dimethylalloxazine (lumichrome) (IV) 

The condensation of equimolar quantities of 4, 5-dimethyl-o-

phenylenediamine and alloxan in 1 M HC1 gave lumichrome. Recrystal

lization was from ethanol. Anal. Calc'd. for C^H^N^O^: C, 59.49; 

H, 4.16. Found: C, 59.91; H, 4.37. 

1, 4-Naphthalenediol, 1, 2-naphthalenediol and 9, 10-dihydroxy-

phenanthrene were prepared by shaking chloroform solutions of the 



corresponding quinones with saturated aqueous sodium dithionite (Fieser 

and Fieser, 1939; Fieser, Tishler and Wendler, 1940). The resulting 

diols were recrystallized from water. 

Hydroquinone and pyrogallol were reagent grade, obtained 

from Matheson, Coleman and Bell and Mallinckrodt, respectively, and 

were used without further purification. Other phenol derivatives were 

obtained from Aldrich and Eastman and were recrystallized from suitable 

solvents until there was no measurable absorption in the spectral region 

in which measurements were to be made, and were then dried under 

reduced pressure. 

Crystals of acidic 9-methylisoalloxazine complexes were 

obtained by preparing a saturated solution of 9-methylisoalloxazine 

in 12 N hydrochloric acid. An equal number of millimoles of the phenol 

were dissolved in an equal volume of ethanol. The two solutions were 

then mixed. Crystals formed after the mixture had been permitted to 

stand for a few hours. In this manner were obtained crystals of the 

complexes of 9-methylisoalloxazine with p-naphthol, 4-t-butylcatechol, 

2, 3-naphthalenediol, 1, 4-naphthalenediol and hydroquinone. All of the 

crystals were intensely colored, and in most cases were needles, 

although the hydroquinone complex crystals were nearly cubic. 

Crystals of the p-naphthol complex crystallized as either red cubes 

or needles, depending upon conditions. Most others appeared black, 
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but when ground to a powder or observed under the microscope were seen 

to be deep red, with the exception of the 1, 4-naphthalenediol complex 

crystals, which were green. Anal. For the 1, 4-naphthalenediol complex, 

dried for several hours under high vacuum in the presence of 

Calc'd.forC21H1704Cl (1:1:1): C, 59.4; H, 4. 0; N, 15.1; 01, 8.3. 

Found: C, 57.81; H, 4.14; N, 15.26; CI, 9.32. 

The acidic complexes were found to retain solvent and excess 

HC1 quite tenaciously, and several hours of pumping at elevated tempera

ture were sometimes necessary for adequate drying. 

Crystals of several other acidic 9-methylisoalloxazine complexes 

were obtained by permitting solutions prepared as described above to 

evaporate slowly. In this manner were prepared complexes with resorcinol, 

pyrogallol, 4-chlororesorcinol, orcinol, phlorglucinol, catechol, 4-methyl-

catechol, a-naphthol and 4-chlorocatechol. 

It was possible to grow crystals in a similar manner while sub

stituting concentrated hydrobromic acid for hydrochloric acid. Similarly, 

lumiflavin could be substituted for 9-methylisoalloxazine. Thus complexes 

of 9-methylisoalloxazine and HBr were crystallized with hydroquinone, 

2, 3-naphthalenediol and 1, 4-naphthalenediol, and lumiflavin hydrochlor

ide complexes with hydroquinone, resorcinol, catechol and 1, 4-naphthalene

diol were crystallized. 
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Large single crystals of the riboflavin hydroquinone-HCl complex 

were grown by permitting the slow evaporation of a 50% ethanol-50% 12 N 

HC1 solution containing stoichiometric (1:1) quantities of riboflavin and 

hydroquinone. The solution was ideally prepared by dissolving smaller 

crystals of the complex from a previous batch. Concentrated hydrochloric 

acid alone was also found to be a suitable solvent for the growth of the 

crystals. Crystals grown in this manner often had edges several milli

meters in length and appeared black. Under the microscope, however, 

smaller crystals were seen to be intensely red-brown. Anal. Calc'd. 

for C23H27OgN4Cl (1:1:1): C, 52.82; H, 5.20; N, 10.71; CI, 6.78. 

Found: C, 52.38; H, 5.45; N, 10.61; CI, 5.52. The 1:1 riboflavin: 

hydroquinone ratio was confirmed spectrophotometrically by Dr. Ashoka 

Ray (Ray, Guzzo and Tollin, 1964). Crystals of the complex were dis

solved in water and the stoichiometry determined from absorbance data 

at 445 mix and 295 mix. Similar results were obtained with crystals of 

the riboflavin-2, 3-naphthalenediol-HCl complex. 

Smaller crystals of other riboflavin hydrochloride complexes 

were prepared in a similar manner. 

Microcrystals used for the measurement of the absorption spectra 

of complexes in the solid state were prepared by grinding larger crystals 

or by inducing rapid crystallization from supersaturated solution by 

scratching the walls of the vessel. 



Crystals of lumiflavin and riboflavin complexes were grown 

from neutral solution by adding enough of the phenol to a boiling sus

pension of the flavin in a water-acetone mixture to take the flavin into 

solution. Crystals of the complex formed upon slow cooling of the 

solution. Crystals of a riboflavins, 3-naphthalenediol complex and 

of lumiflavin complexes with 2, 3-naphthalenediol, 1, 4-naphthalenediol, 

1, 7-naphthalenediol and 4-methylcatechol were prepared in this manner. 

Large single crystals of the riboflavins, 3-naphthalenediol and 

the riboflavins, 7-naphthalenediol complexes were grown, Hot aqueous 

solutions containing approximately equimolar quantities of the components 

were transferred to large test tubes. A narrow strip of aluminum foil was 

inserted into the solutions, and the tubes were plugged with glass wool, 

suspended in a large Dewar of hot water, and permitted to cool from 90°C 

to 50°C over a period of 48 hours. Crystals of the complexes formed on 

the aluminum foil or on the walls of the test tubes. Spectrophotometric 

analysis by Dr. Ray of solutions of crystals of both complexes indicated 

a flavin:diol ratio of 1:2. (See below for discussion of this.) 

Optical Spectra 

Visible and near infrared spectra were obtained with the use of 

Cary Model 14, Cary Model 11 and Zeiss PMQ II spectrophotometers. 
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Two techniques, yielding essentially identical results, were 

employed to obtain the approximate visible spectra of riboflavin complexes 

in acid solution. In the first method, extremely high phenol concentra

tions, e.g., 6 N HC1 saturated with pyrogallol, were used, so that 

almost all of the flavin was present in the form of complex. In an 

alternate method, apparent stability constants of the complexes were 

employed to estimate the concentration of free flavin in solutions of 

the complexes. Solutions containing the calculated flavin concentra

tions were then used as blanks during the spectral measurements. The 

difference spectra obtained in this manner should thus be due, to a first 

approximation, only to the absorption of the complexes. Phenol concen

trations were selected such that the free flavin:complex ratio was 1:1. 

Spectra of suspensions of crystalline complexes were obtained 

by the method of Shibata (Shibata, 1958). Suspensions of the solids in 

mineral oil were centrifuged briefly to remove large particles, then were 

transferred to 0. 1 cm Cary cells. Pieces of opal glass were positioned 

between the sample and reference cells and the respective phototubes. 

Alternatively, the sample and reference cells were placed in "integrating 

boxes" with rough white interiors and opaque baffles between the cells 

and the phototubes, so that only scattered light could reach the photo

tubes. 
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EPR Spectra 

These were recorded in derivative presentation using a Varian 

V-4501 spectrometer equipped with 100 KC modulation. Spin concen

trations were assumed to be proportional to signal width squared times 

peak-to-peak height. An aqueous solution of manganous chloride was 

employed as a spin concentration standard. For sample illumination, a 

500-watt tungsten filament projection lamp was employed. The beam 

was filtered through a water-cooled heat filter to diminish heating due 

to infrared radiation, and focused onto the sample cell through slits in 

the microwave cavity by means of a series of glass lenses. 

Except during studies of the pH dependence of EPR intensities, 

all solution EPR studies were performed with solutions of the materials 

in 12 N HC1. Flat aqueous sample cells were employed for all studies 

involving aqueous solutions. 

The semiquinones of isoalloxazine derivatives were prepared 

by adding zinc dust to solutions of the substances in hydrochloric acid. 

Stability Constants 

For the measurement of apparent stability constants in acidic 

solution, a stock solution containing approximately 0.1 M flavin and 

an appropriate amount of the phenol in 6 N hydrochloric acid was 

prepared. The flavin concentration in the stock solution was determined 
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by diluting one milliliter to 1000 ml with distilled water and observing 

the optical density of the resultant solution at 450 mji. where the 

_3 
extinction coefficient of FMN and riboflavin is 1.22 x 10 (Whitby, 

1§53). Portions of the stock solution were pipetted into a 5 ml 

volumetric flask and diluted to volume with 6 N HC1. The optical 

densities of the solutions were measured at appropriate wavelengths 

in 1 cm Cary cells in the Cary 14 spectrophotometer or in the Zeiss 

PMQ 11 spectrophotometer. In most cases, three solutions at each 

concentration were prepared and observed, and the optical densities 

averaged. 

For measurement of the stability constants of neutral complexes 

the same procedure was employed, except that the stock solution was 

prepared with 0.2 M phosphate buffer, pH 6.8, and the dilutions were 

also made with the buffer solution. 

A series of flavin solutions in the same solvent and of con

centrations spanning the range of flavin concentrations employed above 

were prepared and their optical densities similarly measured. The 

values were plotted against concentration and a smooth curve was 

drawn through the points. For the determination of this "blank" curve, 

flavin from the same bottle used for measurement of the complex optical 

densities was used. 
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For the calculation of apparent stability constants, the follow

ing equation was employed: 

[F]T[P]t/AD + K[F]t[P]tA = ([F]? + [P]T)/e + . 

where [F]^ and [P]^ are the total formal concentrations of flavin and 

phenol derivative, respectively; AD is the difference between the 

measured optical density of the solution of complex and that of a 

solution containing only flavin of the same formal concentration; e is 

the difference between the extinction coefficient of the complex and 

that of the flavin at the wavelength employed, and K is the apparent 

stability constant of the complex, defined as [C]/[F] [P], where [C], 

[F] and [P] are the actual molar concentrations of the complex, the 

flavin and the phenol, respectively. 

This equation is similar to the Scott form of the Bene si-

Hildebrand equation. Its derivation parallels that presented by Hayman 

(1963). However, since it was convenient to use rather high concentra

tion's of both components, the assumption made in Hayman's derivation 

that one component is in large excess was not followed here. Also, it 

was not assumed here that the term [C]A (approximated above by 

K[F]T[P] /e ) is negligible, as was done by Hayman. The Scott equa

tion is superior to the Benesi-Hildebrand equation in that the initial 

slope and intercept are obtained by extrapolation to zero concentration 



rather than to infinite concentration. The modification used here has 

the advantage that any ratio of component concentrations can be 

employed, and measurements can be made if necessary in spectral 

regions in which all components and the solvent have optical absorp

tion bands. 

The approximation that [C] = K[F]t [P]^ becomes inaccurate 

for systems in which K is quite large. For such cases the exact term, 

[P]T + [F]t + 1/K - [([P]T + [F]t + 1/K)2 - 4[P]t[F]t|1/2 

— 

was used instead. First order values of K and c were first obtained by 

neglecting the second term on the left of the equation and plotting 

[F]t[P]t/AD against [F]T + [P]^,- The initial slope is approximately 

l/c K. The first order plot in general is a curve. The neglected term 

is then calculated with the use of the first order values of K and € , 

and the data is replotted. A straight line is now ideally obtained, 

and second order values of K and e are determined from its slope and 

intercept. 

pH Dependence of Complex Formation 

Weighed portions of the flavin and phenol were dissolved in 

distilled water or dilute HC1. Portions of this stock solution were 



pipetted into a volumetric flask. Varying volumes of hydrochloric acid 

were added from a burette, and the solutions were diluted to volume 

with distilled water. Optical densities of the solutions were measured 

at a wavelength (e. g., 650 mix) where FMN absorption is negligible in 

neutral solution. 

Stoichiometry in Solutions 

Two stock solutions were prepared by dissolving weighed 

portions of the flavin and phenol, respectively, in hydrochloric acid 

of appropriate concentration in volumetric flasks. Constant volumes 

of one stock solution and varying volumes of the other were pipetted 

into a volumetric flask and diluted to volume with hydrochloric acid 

of the concentration used in preparing the stock solutions. The optical 

densities of the solutions thus prepared were observed at a wavelength 

where complex but neither component absorbs. For determination of 

stoichiometry in neutral solution, 0.2 M phosphate buffer (pH 6.8) was 

employed as solvent in place of hydrochloric acid. 

Spectra of 1, 4-Naphthalenediol Complexes 
With Various Flavins 

One-fourth millimole of the flavin was dissolved in 3. 0 ml of 

6 N HC1. 1, 4-Naphthalenediol (26 mg) was dissolved in 1. 0 ml of 95% 
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ethanol. The two solutions were mixed immediately before the spectrum 

was measured with the Cary 11 spectrophotometer. 

Semiqulnone Complexes 

Riboflavin was dissolved in 47% HI. The phenol (hydroquinone 

or 2, 3-naphthalenediol) was dissolved in ethanol. The solutions were 

mixed. Upon evaporation of the mixture at room temperature crystals 

of the complex formed. 



RESULTS AND DISCUSSION 

Acid Complexes 

In the initial phases of this work, it was noticed that when 

hydroquinone is added to a solution of lumiflavin in 12 N hydrochloric 

acid, an intense brown color develops immediately. Neutralization of 

the solution, for example with ammonium hydroxide, restores the original 

yellow flavin color. The color-yielding interaction appeared to be com

pletely reversible by variation of the pH of the solution. 

It was then observed that other isoalloxazine and alloxazine 

derivatives, including riboflavin, FMN (riboflavin-5'-phosphate), 

9-methylisoalloxazine and lumichrome (6, 7-dimethylalloxazine) gave 

similar color reactions with hydroquinone in acidic solution. 

A variety of other phenolic compounds was then added to 

hydrochloric acid solutions of riboflavin, and in almost all instances 

an intense color developed instantly (Table II). Many of these compounds 

have been reported to induce a red shift in the flavin spectrum in neutral 

solution, as mentioned above, but the color changes are much more 

pronounce^ in acidic solution. 

An examination of Table II will indicate that there seems to be 

a correlation between the color of the solutions and certain structural 



TABLE II. - -Color Formation in 6 N HCl Solutions of Riboflavin and Phenols. 

Phenol Derivative Color 

phenol weak red 

2, 6-dimethylphenol red 

3, 4-dimethylphenol red 

2, 5-dimethylphenol red 

2, 6-di-t_-butylphenol yellow 

tyrosine weak red 

hydroquinone brown 

trimethylhydroquinone brown 

tetr achlorohydroqu inone yellow 

£-dimethoxyb'enzene brown 

p-methoxyphenol brown 

£-hydroxydiphenyl brown 

4, 4'-dihydroxydiphenyl brown 

2, 4-dinitroanisole yellow 

catechol brown 

4 - methylcatechol brown 

4 -chlorocatechol brown 

4-isopropylcatechol brown 

4-t_-butylcatechol brown 

resorcinol red 



TABLE II- -Continued 

Phenol Derivative Color 

2 -methylresorcinol red 

orcinol (5-methylresorclnol) red 

4-chlorore sorcinol red 

phlorglucinol red 

pyrogallol brown 

a - naphthol brown 

p-naphthol red 

1, 2 -naphthalenediol green 

1,3-naphthalenediol green 

1, 4 r naphthalenediol green 

1, 5-naphthalenediol green 

1, 7 - naphthalenediol green 

2,3-naphthalenediol brown 

2, 7-naphthalenediol red-brown 



38 

characteristics of the phenol derivatives. Thus, compounds possessing a 

single hydroxy group yield red solutions; those possessing several 

electron-withdrawing groups induce no color change at all; benzene 

derivatives with hydroxy groups only in meta positions relative to each 

other yield red solutions, those with hydroxy groups arranged ortho or 

para yield brown solutions. Naphthalenediols with one or more o-hydroxy 

group yield green solutions; naphthalenediols with only p-hydroxy groups 

yield red or brown solutions. 

Tryptophan and indole induce the formation of a brown colora

tion similar to that observed when hydroquinone or catechol is added to 

acidified riboflavin. 

A number of compounds other than phenol and indole deriva

tives were added to acidic riboflavin solutions, but none of these was 

found to induce a visible color change. Among compounds so examined 

were adenylic acid, caffeine, cysteine, hisitidine, ascorbic acid, 

glucose, and 8-hydroxyquinqline. 

The criterion for effectiveness in color induction thus appears 

to be that the compound be either an indole derivative or an aromatic 

hydrocarbon derivative possessing a preponderance of electron-donating 

groups. That the compound need not be easily oxidizable or capable 

of hydrogen bond formation is indicated by the effectiveness of 

p-dimethoxy benzene. 
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It was possible to isolate, in crystalline form from acid 

solution, complexes of riboflavin, lumiflavin, 9-methylisoalloxazine 

and lumichrome with a number of phenols. The crystals seem usually 

to be monoclinic. Those containing naphthalene derivatives have the 

form of long needles while those containing benzene derivatives are 

more symmetrical. The crystals decompose into the original compo

nents in the presence of water and other polar solvents (Ray, Guzzo 

and Toliin, 1964) and are quite stable and insoluble in non-polar 

solvents. Analysis of the composition of crystals of several of the 

complexes indicates a flavin:phenol:HC1 ratio of 1:1:1 (see experi

mental section for data). Although a number of efforts were made, it 

was never possible to grow crystals containing FMN or from acids other 

than hydrochloric or hydrobromic. 

The crystals are very intensely colored due to the presence 

of a broad absorption band in the visible region, the significance of 

which will be discussed below. 

Optical Spectra 

The visible absorption spectra of many of the flavin-phenol 

solutions in 6 N hydrochloric acid resemble that of the monoprotonated 

form of riboflavin. The absorption with a maximum of 385 mn, however, 

appears to be somewhat attenuated and broadened in the presence of 

the phenolic compounds (Figs. 2 and 3). The degree of broadening 
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Figure 2. - -Absorption Spectra of Riboflavin and Complexes 
in 6 N HC1. 1 - riboflavin; 2 - riboflavin-orcinol. Complex spectra 
in Figs. 2 and 3 are difference spectra, as described in experimental 
section. 
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Figure 3. - -Absorption Spectra of Complexes in 6 NHCl. 

- riboflavin - pyrogallol; 2 - riboflavin-4-methylcatechol. 
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into the green region of the spectrum was found to vary with the phenol 

employed, although no generalizations were apparent from the data. 

There is no infrared absorption between 800 mp and 3000 mp. 

Similar results are obtained with alloxazines (Fig. 4). 

It was not possible to study the ultraviolet spectra of the 

solutions, since in this region the flavin and phenol both absorb strongly. 

The spectra of acidic flavin solutions containing 1,2-naphtha -

lenediol, 1, 4-naphthalenediol, 1, 5-naphthalenediol, 1, 7-naphthalene-

diol or 9, 10-dihydroxyphenanthrene display an additional absorption 

maximum (Figs. 5 and 6). The positions of the new maximum for these 

complexes are approximately 550 mn» 625 myi. 590 my., 500 mji and 

600 mji, respectively. Spectra of acidic solutions of 9-methylisoalloxazine 

with trimethylhydroquinone exhibit a distinct shoulder neat 550 m^. 

Similar results are obtained with alloxazines (Fig. 7). 

The extinction coefficient at the absorption maximum of the 

long wavelength band in acidic solutions of riboflavin and 1, 4-naphthalene

diol was found, in conjunction with stability constant measurements (see 

below), to be approximately 750 M * cm This is of the order of 

magnitude found for the maximum extinction coefficient of many organic 

charge transfer bonds (Murrell, 1961). 

Spectra of suspensions of powdered complex crystals invar

iably display two absorption bands in the visible region (Figs. 8 and 9). 
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Figure 4. - -Absorption Spectra of Lumlchrome and Complex in 
12 NHC1. 1 - lumlchrome; 2 - lumlchrome plus 4-methylcatechol. 
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Figure 5. --Optical Absorption of Solutions of 9-Methylisoalloxa-
zine with a Variety of Phenols. Solvent was 50% 12 NHCl-50% ethanol. 
F l a v i n  c o n c e n t r a t i o n s  w e r e  a b o u t  0 .  1  M ,  p h e n o l  a b o u t  0 .  2  M .  1 - 1 ,  4 -
naphthalenediol; 2 - 1, 2-naphthalenediol; 3 - trimethylhydroquinone. 
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Figure 6. --Optical Absorption of Solutions of 9-Methyliso-
alloxazjne and Naphthalenediols. Conditions similar to those of Fig. 5. 
1 - 1, 5«-naptithalenediol; 2 - 1, 7-naphthalenediol; 3-9, 10-dihydroxy-
phenanthrene (in HBr). 
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Figure 7. - -Absorption Spectrum of a Solution of Lumichrome 

1, 7-Naphthalenediol in a 12 N HClJAcetone Mixture. 
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Figure 8. - -Absorption Spectra of Mineral Oil Suspensions of 
Crystalline Acid 9-Methylisoalloxazine Complexes. 1 - 4-chlorocatechol; 
2 - 1, 2-naphthalenediol; 3 - 1, 4-naphthalenediol; 4 - 9-methyllsoalloxazine 
hydrochloride. Baselines have been shifted for clarity. 
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Figure 9. - -Absorption Spectra of Mineral Oil Suspensions 
of Crystalline Acid Complexes. 1 - riboflavin-hydroquinone; 
2 - 9-methylisoalloxazine-a-naphthol; 3 - 9-methylisoalloxazine-
4-chlororesorcinol; 4 - 9-methylisoalloxazine-4, 4' -dlhydroxydiphenyl. 
Baselines have been shifted for clarity. 



The more intense absorption, with a maximum near 400 mji, is also 

characteristic of crystalline flavin hydrochloride, and is undoubtedly 

due to a broadening of the 385 mp. band of the protonated flavin. The 

position and shape of the broad long wavelength band is dependent 

upon the phenolic compound involved. Such behavior is known to be 

characteristic of charge-transfer bands (see Appendix I). 

Thus, it seems reasonable to suppose that the broad absorp

tion bands of the solid complexes, and the long wavelength bands of 

the naphthalenediol solutions, are due to charge transfer absorptions. 

(See below for further discussion of this point.) 

A red shift of about 125 mji was observed to have occurred 

in the position of the 1, 4-naphthalenediol band during the transition 

from solution to solid (see Figs. 5 and 8). If the charge transfer bands 

of the other complexes undergo commensurate shifts during this transi

tion, their maxima in solution for many of the complexes must occur 

near that of the 385 mn flavin band, and would be obscured by it. This 

would account for the observed broadening into the red. 

It is to be noted that suspensions of crystals of the 9-methyl -

isoalloxazine-a-naphthol complex display three optical absorptions in the 

visible region (Fig. 9). The reason for this is not clear. Perhaps there 

are present two isomers of the complex differing in the relative orienta

tion of the component molecules. Since this could lead to a difference 
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in the amount of overlap of the donor and acceptor orbitals, a difference 

in the energy of the charge transfer bands of the isomers might easily 

result. An alternative explanation might be that electrons are being 

donated from two orbitals of the naphthol. This type of explanation 

has been advanced for the presence of two charge-transfer bands in 

complexes of benzene derivatives (Zweig, 1964). In the case of 

benzene derivatives, however, the two highest filled orbitals are 

nearly degenerate. This is not true of naphthalene derivatives. Also 

it seems unlikely that there should be two donor orbitals in the a-naphthol 

complex and not in any other. 

One of the consequences of the Mulliken theory of charge-

transfer complexing is that the energy of the charge transfer band should 

increase approximately linearly with the ionization potential of the donor 

(see Appendix I). The ionization potential of an organic compound is 

theoretically equal to the negative of the eigenvalue of the highest filled 

molecular orbital obtained by the Pople self-consistent field (SCF) method 

(Streitweiser, 1961; Pople, 1953). The coefficients for the highest filled 

orbital obtained in this manner for naphthalene are shown in Fig. 10. 

(Similar calculations are described by Pople, 1953, and HUckel calcula

tions yield qualitatively similar results.) In accordance with first-order 

perturbation theory, substitution of electron-donating groups such as 

hydroxy groups at positions at which the squares of the coefficients are 

large should raise the energy of an orbital relative to its value in the 
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Figure 10. --SCF Coefficients for the Highest Filled Orbital, 
a - naphthalene; b - 1, 4-naphthalenediol. 
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unsubstituted compound. By this argument, a-substitution of hydroxy 

groups should raise the energy of the highest filled naphthalene orbital, 

and hence lower its ionization potential. For the naphthalenediols 

studied, the order of ionization potentials should therefore be 

2, 3 = 2, 7 >1,2= 1,7 >1,4= 1,5. The absorption maxima of 

the corresponding long wavelength bands of the 9-methylisoalloxazine 

hydrochloride complexes are as follows: 2, 3 and 2, 7 < 500 m|i; 1, 2 

and 1, 7 = 550 m|i; 1,5 = 590 mji, 1,4 = 625 mjx. Thus the energies 

of these bands are found to fall in the order which would be predicted 

for charge transfer absorptions. 

There remains the question of why the band of the 1, 4-

naphthalenediol complex falls at longer wavelength than that of the 

1, 5-naphthalenediol coipplex. In order to obtain more precise infor

mation, SCF calculations were performed for 1, 4-naphthalenediol and 

1, 5-naphthalenediol, employing parameters found to be suitable for 

the interpretation of the spectra of a- and p-naphthol (Forster, 1964). 

The SCF ionization potentials of 1, 4-naphthalenediol and 1, 5-naphthalene

diol were found to be 9.26 ev and 9.46 ev, respectively. Thus the ioniza

tion potential of 1, 5-naphthalenediol is higher by 0. 2 electron volt and 

the difference is in the direction which would be predicted from the 

positions of the charge transfer bands. This correlation lends further 

support to the belief that the observed bands are due to charge transfer. 
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The coefficients for the highest filled orbital of 1, 4-naphthalene -

diol are also included in Fig. 10. 

An attempt to perform SCF calculations for 2, 3-naphthalene -

diol and 1, 7-naphthalenediol was unsuccessful. The iterations did not 

converge. 

The visible spectra of acid complexes of 1, 4-naphthalenediol 

with a variety of alloxazine and isoallox&zine derivatives are presented 

in Figs. 11 and 12. From the similar positions of the charge, transfer 

band absorption maxima, it appears that the substituents on the benzenoid 

ring of the isoalloxazine nucleus have little influence upon the amount of 

charge transferred. By implication it might be argued (see Appendix I) 

that these substituents have little effect upon the electron affinity of 

the isoalloxazine. 

On the other hand, it appears that the presence of the ribityl 

side chain does shift the charge transfer band to the blue by at least 

25 my.. It may be argued that part of this effect is an artifact caused 

by differences in the degree of overlap of the charge transfer band with 

the 385 irifi flavin band. However, flavin concentrations in these experi

ments were equal, and, in addition, it was found that variation of the 

flavin concentration affected the apparent symmetry of the charge trans

fer band, but had no noticeable effect upon the position of its maximum. 

It is possible that the ribityl chain may fold over and interact in some 

manner with the isoalloxazine ring, perhaps by hydrogen bonding. If 
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Figure 11a. —Optical Absorption of a 9-Methylisoalloxazine-
1, 4-Naphthalenediol Solution in a 6 N HCl-Ethanol Mixture. 
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Figure lib. - -Optical Absorption of a Lumiflavin-1, 4-
Naphthalenediol Solution in a 6 N HCl-Ethanol Mixture. 
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Figure 11c. - -Optical Absorption of a Riboflavin-1, 4-
Naphthalenediol Solution in a 6 N HCl-Ethanol Mixture. 
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Figure lid. - -Optical Absorption of an Isoriboflavin (5, 6-
Dimethyl-9 -ribitylisoalloxazine) -1, 4-naphthalenediol Solution in a 
6 N HCl-Ethanol Mixture. 
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Figure lie. - -Optical Absorption of an FMN-1, 4-
Naphthalenediol Solution in a 6 N HCl-Ethanol Mixture. 
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Figure 1 If- —Optical Absorption of an FAD-1, 4-Naphthalene -
diol Solution in a 6 N HCl-Ethanol Mixture. 
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Figure 12. - -Optical Absorption of a Solution of Lumichrome 
and 1, 4-Naphthalenediol in a 12 N HCl-Ethanol Mixture. 
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a ribityl oxygen accepts a hydrogen from the isoalloxazine ring in the 

formation of such a bond, the electron density in the ring would be 

raised, and a shift of the charge transfer band in the observed 

direction would be expected. 

It is interesting that the addition of the FAD adenosine 

phosphate group has no effect upon the position of the band. 

The spectrum of lumichrome and 1, 4-naphthalenediol (Fig. 13) 

is not strictly comparable to the other spectra, since the solvent was 

12 N HC1 because lumichrome is less soluble in dilute acid. However, 

it may be seen that even in the case of the alloxazine ring, the charge 

transfer band is at about the same position. Thus it seems that the 

alloxazine and isoalloxazine rings probably have similar electron 

affinities. 

The pH Dependence of Complex Formation 

In order to establish unequivocably that it is the mono-

protonated form of the flavin (Fig. 13) which enters into complex 

formation, the optical density of flavin-phenol solutions, in a region 

where only the complex absorbs, was plotted as a function of pH. 

For comparison, the disappearance of unprotonated flavin, as indi

cated by the change in optical density at 475 mjj., was plotted simul

taneously. As may be seen from Figs. 14, 15 and 16, the appearance 

of complex coincides approximately with the disappearance of 



62 

N. - OH 

A. 

or 

Figure 13. - -Probable Structure of Monoprotonated Flavin. 
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Figure 14. --pH Dependence of Complex Formation. 

• Optical density of FMN solution at 475 mji, where only 
unprotonated form absorbs. 

° Optica} density of FMN-hydroquinone solution at 650 mp., 
where only complex absorbs. 
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Figure 15. - -pH Dependence of FMN-Pyrogallol Complex Formation. 



Figure 16. pH Dependence of Riboflavin-Pyrogallol Complex Formation 
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unprotonated flavin as the acidity of the solution is increased. In each 

case, the pK for complex formation falls near 0. 0, which is close to 

the literature value (Michaelis, Schubert and Smythe, 1936) for the 

acid dissocation constant for riboflavin. It is thus concluded that 

flavin exists in the complexes as the monoprotonated species. This 

conclusion is consistent with solution spectra (Figs. 2, 3 and 4) and 

with the results of elemental analyses of crystalline complexes (see 

Experimental section). 

The monoprotonated flavin would be expected to have a lower 

electron density in the isoalloxazine ring and thus be a better electron 

acceptor. The effect upon complex formation of partial jSrotonation 

(by hydrogen bonding) of isoalloxazine was discussed by Harbury et al. 

(see Introduction). 

It was observed (Figs. 15 and 16) that the optical density at 

625 my. in flavin-phenol solutions begins to rise steeply at pH values 

smaller than -1. This effect is probably due to a change in the shape 

of the spectrum in this pH range rather than to an increase in the con

centration of complex. In Figure 17 is illustrated the effect of acid 

concentration upon the intensity and position of the 9-methylisoalloxa-

zine-1, 4-naphthalenediol charge transfer band. From the figure, it 

appears that as the acid concentration increases above 4 M, the con

centration of complex actually decreases, but the charge transfer band 
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Figure 17. --The Dependence of the 9-Methylisoalloxazine-
1, 4-naphthalenediol Charge Transfer Band Upon Acid Concentration. 
Solvent is 30% ethanol, 70% aqueous HC1. HC1 concentration: 
1 - 2.4 M; 2 - 3.6 M; 3-4.8 M; 5 - 7.2 M; 6 - 8.4 M. 
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undergoes a red shift or broadening. The reason for this behavior is 

not apparent. An additional ionic species ma/ appear in this pH 

range, although there is no spectral evidence for its existence. 

Alternatively, the effect might be due to a change in the physical 

properties of the solvent. It may be of interest that in this pH 

range, complex 'solutions begin to display an EPR absorption (see 

below). 

Stolchlometry in Solution 

If the equation describing complex formation may be written 

as aP + bF = P F, , where P represents phenol, F represents flavin 
a b 

and a and b are appropriate integers, then 

(P F )/(P)a (F)b = K, 
a b 

where K is the stability constant of the complex. Then 

log (P F ) = a log (P) + b log (F) + log K. 
cl D 

If Beer's law is assumed to be obeyed, a number proportional 

to (P F, ) may be estimated from the optical density of solutions in a 
cl D 

region where neither component absorbs, and a and b may be evaluated 

from an appropriate log-log plot. This is done in Figs. 18-21. From 

the slopes it is seen that each coefficient is equal to one. As was 

mentioned above, one-to-one stoichiometry has also been established 
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for several acid complexes in the crystalline state (see Experimental 

section). 

Electron Paramagnetic Resonance Spectra of Solutions 

Solutions of most of the complexes in strong acid display a 

weak EPR absorption. When the isoalloxazine derivative is one for 

which a well-resolved semiquinone EPR spectrum can be obtained 

(Guzzo et al., 1963), the hyperfine structure of the complex solution 

spectrum is found to be identical to that of the semiquinone of the 

isoalloxazine. This is shown in Fig. 22. In this figure are reproduced 

the EPR spectrum obtained with a solution of 9-methylisoalloxazine and 

hydroquinone in HC1 and the spectrum obtained upon reduction of an 

HC1 solution of 9-methylisoalloxazine with metallic zinc. Similar 

spectra were obtained with 9-methylisoalloxazine solutions containing 

pyrogallol, resorcinol and p-naphthol. No signal due to a radical derived 

from the phenolic species could be observed. 

Analogously, acidic solutions of lumiflavin, riboflavin and FMN 

containing a variety of phenol and indole derivatives gave EPR spectra 

resembling those of the semiquinones of the corresponding flavins. 

Semiquinone concentrations were found from the intensity of 

the EPR absorption to be of the order of one per cent of the total flavin 

concentration (see Experimental section for method of calibration). 
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Ficmre 22. --EPR Spectra in 12 N HCL-Acetone Mixture. 
a - 9-methylisoalloxazine-hydroquinone solution; b - zinc-re uce 

9-methylisoalloxazine. 
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The dependence of the spin concentration upon pH is shown 

in Figs. 23 and 24 for the FMN-pyrogallol and riboflavin-pyrogallol 

systems, respectively. It should be noted that these two curves do 

not cover the same pH range, and hence to some extent supplement 

each other. 

In Fig! 25 is shown the dependence of spin concentration upon 

flavin and phenol concentrations for the FMN-pyrogallol system. 

From the pH dependence it may be seen that the charge-transfer 

complex studied by optical methods is not directly responsible for the 

EPR absorption, although the stoichiometry of the radical formation 

process is 1:1. It thus seems reasonable to suppose that the semi-

quinone is formed by complete electron transfer from phenol to flavin, 

and that the phenol radicals thus generated, being unstable in acid 

. solution, immediately disproportionate or dimerize and so do not 

contribute to the EPR absorption. Both the stability of the flavin 

semiquinones and the reduction potential of the flavins are known 

to increase with decreasing pH (Ehrenberg, 1962). This interpretation 

is similar to that advanced by Isenberg et al. (I960) to explain semi-

quinone formation in acidic riboflavin-serotonin solutions. 

Illumination with white light was found to evoke a reversible 

increase (time constant of the order of minutes) in spin concentration 

for every system studied, presumably due to a potentiation of the dark 
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electron transfer reaction. Acidic solutions of riboflavin and tryptophan 

display no EPR absorption in the dark, but a rather strong flavin semi-

qulnone signal appears upon illumination. 

It is interesting to note that the spin concentration in solution 

is of the same order of magnitude as that which may be achieved in 

crystals of the complexes (see below, and Ray, Guzzo and Tollin, 1964). 

However, illumination induces no measurable increase in the spin con

centration of crystals, although it does increase the number of charge 

carriers. 

Electron Paramagnetic Resonance of Solids 

Powders of all of the acidic complexes which have been 

examined display weak, single-line EPR absorption in the g = 2. 00 

region. The Intensity of the EPR absorption of a 6.29 mg. sample of 

the 9-methylisoalloxazine-l, 4-naphthalenediol-HCl complex was 

compared to that of a diphenylpicrylhydrazyl standard (see Experimental 

section for details). On the basis of 1:1:1 9-methylisoalloxazine:l, 4-

naphthalenediol:HCl stoichiometry, the complex was found to possess 

2 1  
2 x 1 0  s p i n s  p e r  m o l e .  

The hyperfine structure sometimes found in EPR spectra of 

single crystals of the complexes, as well as the conductivity properties 

of the solid complexes are more fully discussed by Ray et al. (1964). 
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Stability Constants of Acid Complexes 

Apparent stability constants of a number of the complexes 

were determined as described in the experimental section. Pertinent 

data are presented in Appendix 11a. In these measurements, all activity 

coefficients were assumed to be unity. At the acid concentration 

employed, there exists an equilibrium between protonated and non-

protonated flavin. It is the total flavin concentration which is used 

in defining the stability constants reported here. It can be shown that 

if the true stability constant is given by K = [C]/[FH+] [P], where [C] 

is the complex concentration, [P] is the phenol concentration and [FH ] 

is the concentration of protonated flavin, then 

[C]/tF]x [P] =* K(1 + Ka/IH+]) = K', 

where [F],j, is the total flavin concentration, is the dissociation 

•f" 
constant of FH , [H ] is the hydrogen ion concentration and K' is the 

measured stability constant. The value of is approximately 1.6 M 

(see discussion of the pH dependence of complex formation), and if 

[H+] is 6 M, then K'~ 1.26 K. That K' is not strongly pH dependent 

in concentrated acid may be seen by comparing its values measured in 

12 N and in 6 N acid. 

In Table III, the stability constants (K1) are summarized. 
I 

Values are reported to two significant figures. This is probably the 

degree of precision which is justifiable on the basis of the reliability of 
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TABLE III. - -Stability Constant? of Acid Complexes. 

Donor Acceptor Stability , 
Constant (M" ) 

HC1 
Concen
tration 

2, 3-naphthalenediol FMN 68 12 N 

catechol FMN 0. 68 12 N 

catechol 9 -methylisoalloxazine 2. 9 12 N 

catechol riboflavin 3. 2 12 N 

hydroquinone riboflavin 2. 9 6 N 

resorcinol riboflavin 3. 3 6 N 

catechol riboflavin 3. 9 6 N 

pyrogallol riboflavin 5. 5 6 N 

2 -methylresorcinol riboflavin 5. 5 6 N 

4 -methy lcatechol riboflavin 6. 2 6 N 

phlorglucinol riboflavin 7. 4 6 N 

orcinol riboflavin 9. 2 6 N 

trimethylhydroquinone riboflavin 10 6 N 

3, 4-dimethylphenol riboflavin 55 6 N 

2, 5-dimethylphenol riboflavin 88 6 N 

1, 4-naphthalenediol riboflavin 55 6 N 

1,7 -naphthalenediol riboflavin 98 6 N 

2, 7-naphthalenediol riboflavin 102 6 N 

1, 5-naphthalenediol riboflavin 111 6 N 

2, 3-naphthalenediol riboflavin 162 6 N 
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the data. The probable error in most instances is estimated to be about 

five per cent. The scatter of points on the plots from which the constants 

are taken appears to be quite negligible (Fig. 26). The principal source 

of error in most instances probably lies in the accuracy of the value of 

the optical density of the solution of lowest concentration. The point 

corresponding to this solution is the most highly weighted in the 

determination of the intercept and initial slope of the curve, and 

unfortunately the fixing of this point is also subject to the greatest 

imprecision. However, successively measured values of the optical 

density of the most dilute solution rarely differed by more than one 

per cent. 

Although it is difficult to establish structure-stability correla

tions, several trends seem apparent. From the constants measured in 

12 N HC1, it may be seen that the presence of the ribityl side chain 

has little effect upon the stability of the complexes, but that the phos

phate group significantly diminishes complex stability. It is possible 

that the ribityl chain may fold over and permit the phosphate group to 

act as a donor of an electron to the isoalloxazine ring in competition 

with phenol molecules. The fact that the ribityl chain itself does not 

affect complex stability is not inconsistent with the fact that it does 

seem to shift the charge transfer bands. As will be seen, there is no 

clear correlation between complex stability and the position of the 

charge transfer band. 
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Figure 26. - -Stability Constant of the Riboflavin-1,7-naphthalenediol Complex in 6 N HCl. 
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All of the dlhydroxybenzenes form about equally stable complexes, 

and the addition of methyl groups increases the stability constants per-
' \  

haps slightly more than the addition of hydroxy groups. Especially 

striking is the rather high stability of dimethylphenol complexes. This 

may suggest that phenol derivatives such as tyrosine would form quite 

stable complexes, and perhaps even benzene derivatives containing no 

hydroxy groups (e.g., phenylalanine) might complex strongly. Unfor

tunately, such compounds induce no significant spectral change in flavin 

solutions, and so the appropriate stability constants cannot be measured 

spectrophotometrically. 

Perhaps the most significant conclusion which may be drawn 

from the stability constants is that the nature of bonding in the complexes 

is indeed complicated. That there is no positive correlation between the 

donor ability of the phenol and the stability constant is especially 

apparent in the case of the naphthalenediols. There appears in fact 

to be almost an inverse correlation between stability constants and 

the spectral positions of the charge transfer bands (see Figs. 4 and 5). 

The same trend is to be found among the benzene derivatives: "brown" 

complexes such as those with 4-methylcatechol and pyrogallol are less 

stable than "red" complexes such as those including orcinol and phor-

glucinol; the dimethylphenols form more stable complexes than does 

trimethylhydroquinone whereas the latter has the longer wavelength 

charge-transfer band. 



85 

A possible rationalization for the apparent inverse correlation 

between charge transfer and complex stability may lie in the fact that 

for these complexes the ground state no-bond structure has the form 

+ + 
DA , while the dative structure is D A. Thus as the dative structure 

becomes more important, i.e., as D becomes a better donor, the total 

wave function begins to describe a structure in which both components 

have net positive charges. The increasing coulombic repulsion could 

more than compensate for the increasing resonance stabilization. What

ever explanation is advanced, it is clear that charge transfer, although 

incidentally present, does not contribute significantly to the stabiliza

tion of the complexes. Therefore, if a "charge transfer complex" be 

defined as one in which resonance resulting from ground-state charge 

transfer is a major source of bonding energy, the acid flavin complexes 

cannot be designated as such. 

Perhaps the major source of bonding energy is charge-dipole 

and charge-induced dipole interaction. In agreement with this, naphtha-

lenediols, which should be especially polarizable, form by far the 

strongest complexes. The significant contribution of methyl groups 

to complex stability suggests that hydrophobic forces may also play a 

part. Hydrophobic forces are responsible for bringing together nonpolar 

groups with the exclusion of intervening water. The free energy of 

hydrophobic bonds is composed primarily of an enthalpy term resulting 
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from the fact that water molecules which had been in contact with the 
» 

nonpolar groups are now free to hydrogen bond to other water molecules, 

and an entropy term resulting from the fact that water in the neighbor

hood of nonpolar groups is more highly structured than is water in the 

bulk liquid. This sort of interaction could also be involved in the 

stabilization of the complexes byhydroxyl groups. This interpretation 

is also consistent with the observation that isolated substituents, as in 

orcinol and phlorglucinol, seem to contribute more to complex stability 

than do neighboring groups, as in 2-methylresorcinol and pyrogallol. 

Fewer water molecules could be in contact with the methyl and hydroxy 

groups in the latter molecules. 

Neutral Complexes 

Several phenols (e. g., all of the naphthalenediols, trimethyl-

hydroquinone and 4-methylcatechol) were observed to induce especially 

distinct color changes with flavins in aqueous neutral solution. The 

absorption spectra of these solutions are qualitatively similar to the 

FMN-phenol spectrum presented by Yagi etaL (1959). However, the 

diminution and apparent red shifts are much more pronounced in the 

spectra we have observed, and the spectra are characterized by broad 

tails extending far into the green region (Figs. 27 and 28). Spectra of 

FAD-phenol solutions are similar. 
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Figure 27. - -Spectra of FMN and Complex ir^ W^ter. 
1 - FMN; 2 - FMN plus 4-methyicatechol. 
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Figure 28. --FMN and Complexes in 30% Ethanol. 
1 - FMN plus 1, 4-naphthalenediol; 2 - FMN plus 1,7-
naphthalenediol; 3 - FMN. 
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The addition of non-hydrogen bonding solvents, regardless 

of polarity or dielectric properties, to solutions of the complexes 

destroyed the characteristic complex colors. Thus, for example, 

added acetone or dimethylformamide appeared to dissociate the 

complexes. This is in agreement with the observations of Harbury 

et al. (1959) which were interpreted as indicating that hydrogen 

bonding to the solvent tends to stabilize flavin complexes. 

The stoichiometry of the FMN-2, 3-naphthalenediol complex 

in pH 6.8 phosphate buffer was determined from log-log plots as was 

done in the case of the acid complexes. Again the FMN:2, 3-naphthalene 

diol ratio was found to Jbe 1:1 (Fig. 29). 

We were able to isolate in crystalline form complexes of 

lumiflavin with 1, 4-naphthalenediol, 1, 7-naphthalenediol, 2,3-

naphthalenediol, trimethylhydroquinone and 4-methylcatechol, and 

of riboflavin with 2, 3-naphthalenediol and 2, 7-naphthalenediol. 

Spectrophotometric analysis of the latter two (see experimental 

section) indicated a diol:flavin ratio of 2:1, in contrast to the 1:1 

ratio found in solution, and in the case of the acid complexes in both 

solution and the solid state. A possible explanation may be that 

flavin is capable of accepting an electron from two donors. In the 

solid acid complexes the chloride ion would act as one of the donors 

whereas in neutral solids two phenol molecules would be involved. 

Halide ions have been found to act as charge transfer donors toward 
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pyridinium ion (Kosower, 1956). Attempts to obtain spectral evidence 

for such interaction with FMN solutions were unsuccessful (Ray, 

unpublished observations). 

The visible spectra of suspensions of these crystals (Fig. 30) 

include-broad, structureless bands in the visible region which are char

acteristic of neither of the components. As was the case with the acid 

complexes, the positions of these bands depend upon the nature of the 

phenol. 

The presence and character of these bands, coupled with 

the striking similarity between the spectra of the acid complexes 

and those of the neutral complexes, both in solution and in the solid 

state, strongly suggest that charge transfer is involved in the forma

tion of flavin-phenol complexes in neutral as well as in acid solution. 

Thus, it would appear that protonation of the flavin merely serves to 

increase its acceptor ability, resulting in a red shift of the charge 

transfer band of complexes of which it is a component. 

The neutral complexes possess no measurable EPR absorp

tion either in solution or in the solid state. 

Stability constants of several neutral complexes were 

measured (Table IV and Appendix lib). It is to be noted that the 

complexes are appreciably more stable in neutral solution than in 

acidic solution (see Table IV). A possible explanation is that since 
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Figure 30. - -Absorption Spectra of Mineral Oil Suspensions of 
Solid Neutral Complexes. 1 - lumiflavin-1, 4-naphthalenediol; 2 - lumi-
flavin-1, 7-naphthalenediol; 3 - lumiflavin-2, 3-naphthalenediol; 4 - lumi-
flavin. Baselines have, been shifted for clarity. 
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TABLE IV. - -Stability Constants of Neutral Complexes. 

Donor Acceptor 
K, 

Stability _ 
Constant (M ) 

catechol FMN 10.4 

2, 3-naphthalenediol FMN 242 

the no-bond structure has no charge and the components have opposite 

charge in the dative structure, these complexes may be stabilized by 

coulombic attraction, in contrast to the postulated de-stabilization in 

the acidic complexes. If this is true, one might expect that in the 

neutral complex series stabilities may increase with increasing charge 

transfer. 

The increased stability of the neutral complexes is of obvious 

importance with reference to their possible role in biological systems, 

since here the pH is approximately neutral. 

Miscellaneous Observations 

It was noticed that the spectrum of suspensions of solid 

9-methylisoalloxazine hydrochloride shows a distinct increase in 

optical density toward the red end of the visible region. The spectrum 

was therefore observed in the near infrared region, with the result 
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shown in Fig. 31. It is seen that there is an intense, broad band with 

a maximum near 1450 my.. This might be due to charge transfer from 

chloride to isoalloxazine, in accordance with the speculation in 

the preceding section on neutral complexes. 

When hydriodic acid is added to a solution of lumiflavin or 

9-methylisoalloxazine in hydrochloric acid, the solution becomes deep 

red and a dark precipitate forms. The visible spectrum of a solution 

of riboflavin in 47% HI resembles the spectrum of the flavin semi-

quinone in acid (Fig. 32). From the optical density at 490 m|i in this 

figure, the semiquinone concentration is found to be 30% of the total 

flavin. The EPR spectrum of a dilute solution of 9-methylisoalloxazine 

in a hydrochloric acid-hydriodic acid mixture (Fig. 33) is seen to 

resemble that of the 9-methylisoalloxazine semiquinone (Fig. 22). 

It is therefore concluded that hydriodic acid reduces flavin to the 

semiquinone level. If solutions of riboflavin in 47% Hl-ethanol 

mixtures are permitted to evaporate slowly, flat, transparent pink 

crystals form. These may be as large as several millimeters across, 

and usually have well-developed faces and edges. The crystals 

display a very intense, narrow and structureless EPR absorption in 

the g = 2. 00 region. 

The EPR absorption of a carefully dried sample of this material 

(Fig. 34) was compared to a diphenylpicrylhydrazyl standard. The 
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Figure 32. - -Visible Spectrum of a Solution of Riboflavin 
in 47% Hydriodic Acid. Inset: spectrum of FMN semiquinone at 
pH -0.4 (Nakamura, Nakamura and Ogura, 1963). 



Figure 33. --EPR Spectrum of a Solution of 9-Methylisoalloxazine 
in a Hydrochloric Acid-Hydriodic Acid Mixture. 
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Figure 34. --EPR Spectrum of Solid Obtained from a Solution of 
Riboflavin in a Hydrochloric Acid-.Hydriodic Acid Mixture. 
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21 
crystals were found to possess about 1 x 10 unpaired spins per 

gram. Such measurements have perhaps only order of magnitude 

validity. 

The EPR spectrum of a single crystal of the material was 

found to be independent of crystal orientation and to display no 

hyperfine structure. In view of the method of preparation, color 

and paramagnetism, it seems most plausible to suggest that the 

crystals consist of the iodide salt of the riboflavin semiquinone. If 

the formula of the material is assumed to be RH^I , the observed 

23 
paramagnetism Would correspond to 5 x 10 unpaired spins per mole. 

When hydriodic acid solutions of riboflavin which also 

contain hydroquinone are permitted to evaporate slowly, black crystals 

form which are visually indistinguishable from riboflavin hydrochloride-

hydroquinone complex crystals. These crystals are also intensely 

paramagnetic giving a signal in the g = 2. 00 region. The EPR spectrum 

of what appeared to be a single crystal of this complex is reproduced 

in Fig. 35. The spectrum was found to be independent of crystal 

orientation. 

When solutions of riboflavin and 2, 3-naphthalenediol in 

hydriodic acid are evaporated, black hexagonal platelets crystallize. 

These crystals also display a narrow, structureless g = 2. 00 EPR 

absorption. The spin concentration was found to be approximately 

2 1  
2.1 x 10 spins per gram. If the formula of this material is assumed 
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Figure 35. --EPR Spectrum of a Crystal Obtained from 
Solution of Riboflavin and Hydroquinone in Hydriodic Acid. 



to be (riboflavin) j, (2, 3-naphthalenediol)^ (HI)j, this corresponds 

24 to 1 x 10 spins per mole. This may suggest that the material is a 

molecular complex of the flavin semiquinone hydroiodide and the 

naphthalenediol. 



CONCLUSION 

An optical transition ascribable to charge transfer has been 

identified in flavin-phenol complexes, but it is seen that the contribu

tion of charge transfer to the strength of intermolecular binding is much 

less significant than had been believed (see, for example, Harbury, 

1959). In fact, the evidence shows that while protonation of flavins 

increases their electron affinity, it actually diminishes the stability 

of the complexes, and poor electron donors form more stable acid 

complexes than do similar good donors. At the same time it appears 

that flavins can form quite stable complexes with highly polarizable 

molecules, even though these may not be exceptionally good electron 

donors. Thus the interpretation of flavin to protein binding in terms 

of molecular complexing is given support. 

Charge transfer interactions would be expected to affect the 

redox properties of the flavin. Therefore factors which have been 

found to influence the degree of charge transfer, for example hydrogen 

bonding to isoalloxazine, protonation of the isoalloxazine ring and 

the properties of the donor amino acid, may significantly affect the 

catalytic process. 

The fact that the complexes, at least in acidic solution, 

can be intermediates in the formation of free radicals is at least 

102 



consistent with the concept that charge transfer complexes could be 

intermediates in the reversal of the reaction, for example the transfer 

of electrons from reduced flavin to quinones. 
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APPENDIX I 

CHARGE TRANSFER COMPLEXES 

It has long been known that certain classes of organic and 

inorganic compounds may participate in the formation of molecular 

compounds which are characterized by the presence of intense optical 

absorption bands which are found in neither of the components. In 

addition, the intermolecular banding in such molecular compounds 

cannot be attributed to classical valence or ionic bonding. Among 

the more familiar examples of such complexes are the quinhydrones, 

complexes of halides with large aromatic hydrocarbons, and complexes 

between nitro-substituted and amino-substituted benzene. 

The most satisfactory theoretical explanation for such com-

plexing was advanced by Mulliken (1950, 1951, 1952a, 1952b, 1954, 

1955, 1956). A number of recent review articles concerning these 

complexes (McGlynn, 1958; Murrell, 1961) and a comprehensive 

treatise (Briegleb, 1961) have appeared. Most of the material in 

this appendix has been selected and condensed from the review by 

McGlynn. 
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Consider a bimolecular complex, DA, where D is a molecule 

having a rather low ionization potential and A is a molecule having a 

rather high electron affinity. According to the Mulliken theory, two 

resonance structures may be written for the complex--DA, the "no:-

bond" structure, in which the ordinary intermolecular dipole-dipole, 

etc., forces are operative, and D+A , the "dative" structure, in which 

an electron has been transferred from D, the "donor" to A, the "acceptor. 

The latter form is also stabilized by coulombic attraction. 

The ground state of the complex may be described by a linear 

combination of the wave functions of the no-bond and dative wave 

functions, 

*N = + b"'D+A-' 

where a and b are appropriate constants and \is the ground state 

wave function. 

By a variation procedure it may be shown that the ground state 

energy, W^, is given by 

(H01 - wos)2 

WN ~ Wo ' W1 - WQ ' 

where WQ 
= j **^DA ^' ** be*n9 the exact Hamiltonian and the 

integration being over all coordinates; 

H0! - J *D V H*da dT; S - j  *DA  ̂ D+A- dT. 
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The resonance energy of the complex is 

(H01 - W S)2 

W „- W ,  -0 N Wx - WQ 

An excited state wave function may also be written: 

*E = ^DA + "W ' 

with the corresponding energy given by 

< H o i  -  W 1 S ) 2  

W E =  W 1 +  W, -W 0  '  

A transition from the ground state to the excited state is 

possible, with the transition energy given by - W^. 

The difference in energy between the no-bond and the dative 

structures may be written 

W 1" W 0  =  1 D- e A + C '  

where 1^ is the ionization potential of the donor. E, is the electron 
D A 

affinity of the acceptor, and C is the sum of other energy difference 

terms. Substituing this expression into the equation for W„ - W , 

one obtains, with appropriate approximations, 

hv  =  W -  W =  I  -M +  —^  ,  nv vvE vvN iD m _ M , 

where p and M represent more complex terms, and hv is the transition 



energy. For a series of donors with a common acceptor, the greatest 

variation will be in I^» and if the range of donor ionization potentials 

is small, then 

hv = I D - B .  

where B is approximately constant, i. e., the transition energy varies 

approximately linearly with the ionization potential of the donor. 

For complexes such as the acid flavin complexes which have 

been studied in this dissertation, the no-bond structure is of course 

DA , and the dative structure D A. This difference, however, does 

not affect the arguments presented above, although it may have a 

profound effect upon the relative energies of the dative and no-bond 

structures. 



APPENDIX Ila 

STABILITY CONSTANT DATA FOR ACID COMPLEXES 

Optical density of riboflavin solutions in 12 N HCl 

Riboflavin concentration in stock solution:. 0.1111 M 
o 

Wavelength: 6759 A 

Instrument: Cary 14 

Ml. stock 
solution 

Optical 
density 

5 .0  0.231 

5. 0 0.234 

5 .0  0 . 233  

4 . 0  0. 185 

4 .0  0. 179 

4 .0  0. 178 

3. 0 0. 135 

3 .0  0. 133 

3 .0  0. 135 

2 .0  0. 087 

2 . 0  0. 087 

2 . 0  0. 086 

1 .0  0. 041 

1 .0  0. 042 

1 . 0  0. 042 

1 1 1  



Riboflavin-catechol in 12 N HC1 

Riboflavin concentration in stock solution® 0.1032 M 

Catechol concentration in stock solution = 0.2000 M 
o 

Wavelength: 6759 A 

Instrument: Cary 14 

Ml. stock 
solution 

5. 0 

5. 0 

5. 0 

4. 0 

4. 0 

4 . 0  

3. 0 

3 . 0  

2 .  0  

2.0 

2.  0  

1 . 0 

1 . 0  

Optical 
3enslty 

0.893 

0.893 

0.896 

0. 656 

0. 661 

0 .  6 6 1  

0.462 

0. 462 

0 . 291  

0 .295  

0.295 

0. 166 

0.  166  

[FLIP] 
AOD 

0.03509 

0.0331 

0.03020 

0.02706 

0.02359 

M +[pJ 

0.3032 

0 .2625  

0.1819 

0.1213 

0.06064 

First order: 

Second order: 

= 0.558 - = 0.0204 K = 2.73 
e 

-= 0.0625 —„ = 0.0198 K =• 3.16 
£ € K 



Optical density of FMN solutions of 12 N HCl 

FMN concentration in stock solution: 0.0112 M 
o 

Wavelength: 5830 A 

Instrument: Cary 14 

Ml. stock Optical 
solution density 

5 .0  0 .110  

5 . 0  0 .110  

5 .0  0 .110  

4 . 0  0 .103  

4 . 0  0 .102  

4 . 0  0 . 101  

3 .0  0 . 099  

3 .0  0 .100  

3 .0  0 .098  

2 . 0  0 .094  

2 . 0  0 . 0 9 6  

2 .0  0 .094  

1 . 0  0 . 0 9 0  

1 . 0  0 . 0 9 0  

1 .0  0 . 091  



114 

FMN-catechol in 12 N HC1 

FMN concentration in stock solution: 0.01019 M 

Catechol concentration in stock solution: 0.2018 M 
o 

Wavelength: 5830 A 

Instrument: Cary 14 

Ml. stock 
solution 

Optical 
density 

M [p] 
AOD [F1 + [P] 

5. 0 0 .906  

5. 0 0 .9 3 9  1 .233  0.2120 

5. 0 0.927 

4. 0 0 .6 6 0  

4 . 0  0.658 1. 176 0.1696 

4. 0 0 .649  

3. 0 0.440 

3. 0 0.435 1 .098  0.1272 

3. 0 0 .430  

2. 0 0 .2 7 3  

_ 2 .  0  0 .2 7 1  0. 958 0. 08480 

2. 0 0 .2 7 0  

1 . 0  0. 149 

1 .0  0. 150 0 .833  0. 04240 

1 . 0  0. 149 

- =  9 .78  x  
£ 

i o - 3  —  = 1 .44  x  10"  
€ K 

2 K = 
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9-Methylisoalloxazine-catechol in 12 N HC1 

9-Methyllsoalloxazine concentration in stock solution: 0.00902 M 

Ca techo l  concen t r a t i on  i n  s t ock  s o lu t i on :  0 . 2 0 5  M  
o 

Wavelength: 5700 A 

Instrument: Cary 14 

-3 
Optical density of 9.02 x 10 M 9-methylisoalloxazine: 0.018 

Ml. stock 
solution 

Optical 
density 

*'°3 
AOD [PI + [PI 

5 . 0  0.814 

5 .0  0.819 2. 44 0 .214  

5 .0  0.817 

4 .0  0.545 

4 .0  0. 547 2 .21  0. 170 

3 .0  0 .324  

3 .0  0. 324 2. 11 0. 128 

3 .0  0. 325 

2 .0  0. 161 

2. 0 0. 160 1.88 0 .085  

- = 0.0044 
e 

II 

-
r

s
 

0.00150 K = 2. 93 



FMN-2, 3-naphthalenediol in 12 N HC1 

-3 
FMN concentration in stock solution: 9.423 x 10 M 

2, 3-Naphthalenediol concentration in stock solution: 7.891 x 10 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

5.0 

5.0 

5. 0 

4. 0 

4. 0 

4. 0 

3. 0 

3. 0 

3. 0 

2 .  0  

2.0 

2 . 0  

Optical 
density 

0.691 

0. 689 

0. 683 

0.486 

0.480 

0.474 

0. 316 

0. 306 

0.304 

0 .  160  

0. 156 

0. 156 

IP]M 
AOD 

x 10 

1. 103 

1. 013 

0.8864 

0.7778 

[F] + [P] 

0.01731 

0.01385 

0.01039 

0.006926 

1 -3 First order: — =» 3. 14 x 10 
€ 

1 -3 
Second order: — 83 3. 65 x 10 

€ 

-~ = 5. 6 x 10"5 K = 56 
€ K 

= 5.4 x lO-5 K= 68 
cK 



Optical density of riboflavin solutions in 6 N HCl 

Riboflavin concentration in stock solution: 0.0869 M 
o 

Wavelength: 6500 A 

Instrument: Cary 14 

Ml. stock Optical 
solution density 

5.0 0.264 

5.0 0.266 

5.0 0.273 

4.0 0.211 

4.0 0.219 

4.0 0.215 

3.0 0.160 

3.0 0.159 

3.0 0.159 

2 . 0  0 . 1 0 2  

2 . 0  0 . 1 0 0  

2 . 0  0 . 1 0 0  

1.0 0.048 

1.0 0.048 

1.0 0.050 
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Riboflavin-pyrogallol in 6 N HC1 

Riboflavin concentration in stock solution: 0. 07484 M 

Pyrogallol concentration in stock solution: 0.1580 M 

Wavelength: 6500 A 

Instrument: Cary 14 

Ml. stock 
solution 

Optical 
density 

miEL x l 0
3  

AOD [F] + [PI 

5. 0 1. 900 

5. 0 1.903 7. 07 0.233 

5.0 1, 906 

4.0 1. 369 

4.0 1. 357 6.41 0. 186 

4.0 1.362 

3. 0 0.871 

3. 0 0.878 5.72 

o
 

o
 

3. 0 0. 878 

2.0 0.464 

2. 0 0.463 5. 02 0. 093 

2. 0 0.464 

1.0 0. 153 

1.0 0. 153 4.26 0. 047 

1. 0 0. 152 

1 1 . ... _ -3 First order: — = 0.154 = 3.58x10 ^ K = 4.31 
e e K 

Second order: - = 0.0186 -i- = 3.40 x 10'3 K= 5.47 
e  c K  



Riboflavin-hydroquinone in 6 N HC1 

Riboflavin concentration in stock solution: 0.07303 M 

Hydroquinone concentration in stock solution: 0. 1502 M 
o 

Wavelength: 6500 A 

Instrument: Cary 14 

Ml. stock 
solution 

4. 0 

4.0 

4. 0 

3. 0 

3. 0 

3. 0 

2 .  0  

2 . 0  

i .  0  

1 . 0  

1. 0 

1 . 0  

Optical 
density 

1.505 

1.511 

1.518 

0. 942 

0. 948 

0„ 948 

0.477 

0.480 

0.481 

0. 150 

0. 152 

0. 151 

MM 
AOD 

5.26 

4. 85 

4.45 

4. 02 

x 10" 
[F] + [P] 

0. 179 

0. 134 

0.0893 

0.0446 

First order: -= 9.00xl0-3 ~ = 3.64xl0-3 K = 2. 
e 6 K 

Second order: — = 0.0102 
€ 

~ = 3.58 x 10"3 K = 2 
e K 



Riboflavin-catechol in 6 N HC1 

Riboflavin concentration in stock solution: 0.07803 M 

Catechol concentration in stock solution: 0. 1467 M 
o 

Wavelength: 6500 A 

Instrument: Cary 14 

Ml. stoqk 
solution 

5. 0 

5. 0 

5.0 

4. 0 

4. 0 

4. 0 

3. 0 

3. 0 

3. 0 

2 .  0  

2 .  0  

2 . 0  

1 . 0  

1.0  

1 .0  

Optical 
density 

0. 900 

0. 895 

0. 900 

0. 639 

0.629 

0. 633 

0.410 

0.411 

0.410 

0.224 

0. 224 

0. 224 

0.  080 

0 .  081 

0. 080 

MM 
AOD 

0.0176 

0.0165 

0.0153 

0.0138 

0.0121 

M + J P L  

0.225 

0. 180 

0. 135 

0. 090 

0. 045 

First order: = 0.0380 
EK 

= 0.0135 K= 3.69 

Second order: - = 0.0405 — - 0.0105 K= 3.86 
€ 6 K 



Optical density of riboflavin solutions in 6 N HCl 

Riboflavin concentration in stock solution: 0.1046 M 
o 

Wavelength: 62 5 0 A 

Instrument: Cary 14 

Ml. stock Optical 
solution density 

5.0 0.076 

5.0 0.075 

5.0 0.075 

4. 0 0.050 

4.0 0.050 

3.0 0.039 

3.0 0.038 

2.0 0.024 

2.0 0.025 

1.0 0.013 

1.0 0.011 

1.0 0.012 



Riboflavin-resorcinol in 6 N HC1 

Riboflavin concentration in stock solution: 0. 1043 M 

Resorcinol concentration in stock solution: 0.1652 M 
o 

Wavelength: 6250 A 

Instrument: Cary 14 

Ml. stock 
solution 

5. 0 

5. 0 

5.0 

4. 0 

4. 0 

4.0 

3. 0 

3. 0 

3. 0 

2 . 0  

2 .  0  

2 . 0  

1 . 0  

1 . 0  

1 . 0  

Optical 
density 

0.640 

0.639 

0.639 

0.443 

0.446 

0.447 

0.284 

0.283 

0. 281 

0. 145 

0. 145 

0. 145 

0. 047 

0. 047 

0. 047 

[F] [PJ 
AOD 

0.03065 

0.02806 

0.02531 

0.02278 

0.01969 

t F l  +  M  

0.2694 

0.2156 

0.1617 

0.1078 

0.05390 

First order: - = 0.051 
6 EK 

= 0.0171 K — 2.98 

Second order: - = 0.056 = 0.0170 K= 3.29 
€ K 



Riboflavin-phlorglucinol in 6 N HC1 

Riboflavin concentration in stock solution: 0.07336 M 

Phlorglucinol concentration in stock solution: 0. 1497 M 
o 

Wavelength: 6250 A 

Instrument: Cary 14 

Ml. stock 
solution 

5. 0 

5. 0 

5. 0 

4. 0 

4. 0 

4. 0 

3. 0 

3. 0 

3.0 

2 .0  

1. 0 

1.0  

1 . 0  

Optical 
density 

1. 036 

1. 029 

1. 029 

0. 721 

0. 720 

0.720 

0.461 

0.462 

0.461 

0.214 

0. 076 

0. 076 

0. 075 

[F] [P] 
AOD 

0.01114 

0 .01026  

0.009090 

0.008919 

0.006459 

[?] + [P] 

0.2231 

0.1785 

0. 1338 

0 .08922  

0.04461 

First order: - = 0.030 
€ 

Second order: — = 0. 036 
€ 

€ K 

A 
€ K 

= 0.051 K = 5.8 

0. 00490 K = 7.35 



Riboflavin-2-methylresorcinol in 6 N HC1 

Riboflavin concentration in stock solution: 0.08516 M 

2-Methylresorcinol concentration in stock solution: 0. 1489 M 
o 

Wavelength: 6250 A 

Instrument: Cary 14 

Ml. stock 
solution 

5. 0 

5.0 

5.0 

4.0 

4. 0 

3. 0 

3. 0 

3.0 

1. 0 

1. 0 

1 . 0  

Optical 
density 

1.178 

1. 162 

1.164 

0 .802  

0. 806 

0.513 

0.513 

0.518 

0. 082 

0. 082 

0. 083 

W [P] 
AOD 

0.01138 

0.01065 

0.2341 

0.1872 

0.009412 0.1404 

0.0070044 0.04681 

First order: - = 0.025 
e £ K 

= 0.00585 K = 4.3 

Second order: — = 0.0305 
€ EK 

= 0.00560 K = 5.45 



Optical density of riboflavin solution in 6 N HCl 

Riboflavin concentration in stock solution: 0.09131 M 
o 

Wavelength: 6250 A 

Instrument: Cary 14 

Ml. stock Optical 
solution density 

5. 0 0.055 

5.0 0.056 

5.0 0.056 

4.0 0.043 

4. 0 0.044 

4.0 0.043 

3.0 0.030 

3.0 0.030 

3.0 0.031 

2 . 0  0 . 0 1 6  

2.0 0.017 

2 . 0  0 . 0 1 6  

1 .  0  0 .006 

1.  0 0.006 

1.  0  0 .006 
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Riboflavin-orcinol in 6 N HC1 

Riboflavin concentration in stock solution: 0.07916 M 

Orcinol concentration in stock solution: 0.1312 M 
o 

Wavelength: 6250 A 

Instrument: Cary 14 

Ml. stock 
solution 

5. 0 

5. 0 

5. 0 

4.0 

4. 0 

3.0 

3.0 

3. 0 

2 .  0  

2 .  0  

2. 0 

1. 0 

1. 0 

1. 0 

Optical 
density 

0. 998 

1.003 

1. 003 

0.701 

0.707 

0.449 

0.451 

0.447 

0.221 

0.217 

0.221 

0.073 

0. 074 

0. 072 

HULL 
AOD 

0.01090 

0.01059 

0.008798 

0.008068 

0 . 0 0 6 2 0 0  

[F] + [P] 

0.2104 

0.1750 

0.1262 

0.08414 

0.04207 

First order: - = 0.0305 
e 6 K 

= 0.0049 K = 6.22 

Second order: — = 0.0410 
€ cK 

0.00450 K = 9.22 



Riboflavin-4-methylcatechol in 6 N HC1 

Riboflavin concentration in stock solution: 0.07623 M 

4-Methylcatechol concentration in stock solution: 0.07084 M 
o 

Wavelength: 6250 A 

Instrument: Cary 14 

Ml. stock 
solution 

3.0 

3.0 

3.0 

2 .  0  

2 . 0  

2 .  0  

1 . 0  

1. 0 

1 . 0  

Optical 
density 

1. 505 

1.485 

1.485 

0.736 

0.724 

0.737 

0 . 2 1 1  

0.213 

0.214 

MM 
AOD 

x 10' 

1.437 

1. 301 

1. 131 

[ F j  +  M  

0.09184 

0.06122 

0.03061 

First order: = 0.0055 
« K 

= 0 .00096  K = 5.7 

Second Order: — = 0.0059 
€ 

- 0.00096 
e K 

K = 6.15 



Optical density of riboflavin solutions in 6 N HCl 

Riboflavin concentration in stock solution: 0.1064 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock Optical 
solution density 

5.0 0.060 

5.0 0.056 

4.0 0.053 

4.0 0.061 

3.0 0.044 

3.0 0.049 

2.0 0.035 

2.0 0.040 

1.0  0 .028  

1 .0  0 .028  



Riboflavin-2, 3-naphthalenediol in 6 N HC1 

Riboflavin concentration in stock solution: 0. 08361 M 

2, 3-Naphthalenediol concentration in stock solution: 0. 01300 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock Optical [F] [P] 4 
solution density AOD X [Fl + [P] 

5. 0 1.60 

5. 0 1.60 7. 013 0.09661 

5.0 1.59 

4. 0 1.225 

4.0 1.220 5.896 0.07729 

4.0 1.21 

3.0 0. 875 

3. 0 0.870 4.642 0.0597 

3.0 0. 869 

2.0 0. 533 

2.0 0. 531 3. 383 0.03864 

2.0 0. 530 

1.0 0.220 

1.0 0.221 2.041 0.01932 

1.0 0.220 

First order: 

Second order: 

- = 0.00695 
€ 

-  = 0 .0081  
€  

1 
cK 

_1_ 
€ f C  

= 0.000067 K = 103 

*= 0.000050 K = 162 



Optical density of riboflavin solutions in 6 N HCl 

Riboflavin concentration in stock solution: 0.1029 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock Optical 
solution density 

5.0 0.070 

5.0 0.067 

5.0 0.067 

4.0 0.050 

4.0 0.050 

4.0 0.049 

3.0 0.034 

3.0 0. 037 

3.0 0.036 

2.0 0.023 

2 . 0  0 . 0 2 1  

2 . 0  0 . 0 2 2  

1.0 0.009 

1.0 0.009 

1 .0  0 .010  
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Riboflavin-1, 7 -naphthalenedlol in 6 N HC1 

Riboflavin concentration in stock solution: 0. 03352 M 

1, 7-Naphthalenedlol concentration in stock solution: 0. 005360 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

Optical 
density AOD TFl + [P] 

5. 0 1. 92 

5.0 1.90 9. 558 0.03888 

5.0 1.90 

4.0 1.44 

4.0 1.42 8. 098 0.03111 

4.0 1.41 

3. 0 0.990 

3.0 0. 980 6.639 0.02333 

3. 0 0. 980 

2 . 0  0. 559 

2 . 0  0. 555 5.236 0.01555 

2. 0 0. 551 

1. 0 0. 194 

1. 0 0. 194 3. 762 0.007776 

1 . 0  0. 195 

First order: -= 1.86 xlO-3 4t= 2 . 3 0 x10~5 K= 80.9 
e cK 

Second order: - = 2. 10 x 10~3 ~ = 2. 15 x lO-5 K= 97.6 
e e K 



Riboflavin-1, 5 -naphthalenediol in 6 N HC1 

Riboflavin concentration in stock solution: 0.03164 M 

1, 5-Naphthalenediol concentration in stock solution: 0. 002902 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

Optical 
density 

i m p L x i o 5  

AOD X 1 [F] + [Pi 

5 . 0  1.14 

5. 0 1.125 8.272 0.03454 

5. 0 1. 12 

4 . 0  0. 841 

4 . 0  0.838 7. 145 0.02763 

4 . 0  0.825 

3. 0 0.568 

3. 0 0.559 5.990 0.02072 

3 . 0  0.554 

2. 0 0.315 

2. 0 0.320 4.712 0.01382 

2. 0 0.317 

1. 0 0. 113 

1 . 0  0. 113 3.309 0.006908 

1. 0 0. 115 

First order: -= 2.04xl0-3 ~ = 1.90xl0~5 K = 107 
€ cK 

1 -3 1 -5 Second order: — = 2.1 x 10 —— = 1.9x10 K = 111 
€ € K 
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Riboflavin-1, 4-naphthalenediol in 6 N HC1 

Riboflavin concentration in stock solution: 0.0362 M 

1, 4-Naphthalenediol concentration in stock solution: 0.001286 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Al. stock 
solution 

Optical 
density 

tF) tP] xl05 
AOD [F] + [P] 

5 . 0  0.628 

5 . 0  0.631 7.638 0.03752 

5 . 0  0.628 

4 . 0  0.460 

4 . 0  0.465 6.641 0.03001 

3 . 0  0. 309 

3 . 0  0.309 5.609 0.02251 

3 . 0  0.309 

2 . 0  0. 170 

2 . 0  0. 168 4. 573 0.01501 

2 . 0  0. 168 

1 . 0  0.056 

1 . 0  0. 055 3.537 0.007503 

1 . 0  0. 056 

- = 0.00138 
e 

—tr = 2.50 x 10"5 K = 55.2 
€ K 
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Riboflavin-2,7-naphthalenediol in 6 N HC1 

Riboflavin concentration in stock solution: 0.04099 M 

2, 7-Naphthalenediol concentration in stock solution: 0. 01170 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

Optical 
density 

[ p ] [ p ]  x l 0
4  

AOD X iU [F] + [P] 

5 . 0  1.59 

5 . 0  1 . 5 9  3.055 0.05269 

5 . 0  1.59 

4. 0 1.19 

4. 0 1.18 2.646 0.04215 

4. 0 1.18 

3. 0 0. 825 

3. 0 0.815 2. 136 0.03161 

3 . 0  0.820 

2 . 0  0.473 

2 . 0  0.467 1. 665 0.02108 

2. 0 0.463 

1 . 0  0. 173 

1 . 0  0. 171 1. 142 0.01054 

1 . 0  0. 173 

First order: — = 4.96 x 10 3 = 6.19 x 10 5 K = 80.1 
€ € K 

Second order: -  =  5 . 7 1  x l O - 3  — •  =  5 . 6 0  x l O " 5  K =  1 0 2  
€ € K 
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Riboflavin-trimethylhydroquinone in 6 N HC1 

Riboflavin concentration in stock solution: 0.09221 M 

Trimethylhydroqulnone concentration in stock solution: 0. 004658 M 
P 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

Optical 
density 

[F][P] x 

AOD 

5 . 0  0.979 

5 . 0  0.985 4.638 

5 . 0  0.990 

4 . 0  0.689 

4 . 0  0.688 4.262 

4 . 0  0.690 

3 . 0  0.440 

3 . 0  0.440 3.789 

3. 0 0.441 

2. 0 0 . 2 2 5  

2 . 0  0 . 2 2 3  3. 352 

2 . 0  0.223 

1 . 0  0.0680 

1 . 0  0.0680 2.868 

1 . 0  0.0680 

- = 0.00243 
€ 

II 2 . 3 9  x  1 0 " 4  

M + J P L  

0.09687 

0.7749 

0.05812 

0.03875 

0.01937 

K =  10.2  



Riboflavin-3, 4-dimethylphenol in 6 N HC1 

Riboflavin concentration in stock solution: 0.09836 M 

3, 4-Dimethylphenol concentration in stock solution: 0.009138 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

Optical 
density 

WW x 1Q3 

AOD X AU [F1 + [P] 

5 . 0  o
 

• 00
 

5 . 0  0.193 7.022 0.1075 

5 . 0  0. 195 

4 . 0  0. 137 

4 . 0  0. 136 6.463 0.08600 

4 . 0  0, 137 

3 . 0  0. 091 

3 . 0  0.093 5.579 0.06450 

3 . 0  0. 092 

2 . 0  0.052 

2. 0 0. 055 4.494 0.04300 

2 . 0  0.053 

1 . 0  0. 021 

1 . 0  0. 020 2 . 9 9 6  0.02150 

1 . 0  0.021 

First order: - = 0.070 -~ = 0.015 K = 46.6 

Second order: - = 0.076 
c 

~ = 0.00145 K = 52.4 
€ K 



Riboflavin-Z, 5-dimethylphenol in 6 N HC1 

Riboflavin concentration in stock solution: 0.09836 M 

2, 5-Dimethylphenol concentration in stock solution: 0. 009518 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

Optical 
density 

[F] [?] 
AOD [F1 + [P] 

5 . 0  0.140 

5. 0 0. 140 0.01235 0.1079 

5. 0 0.128 

4 . 0  0. 103 

4 . 0  0. 103 0.01122 0.08630 

4 . 0  0. 098 

3 . 0  o
 

• o
 

3. 0 0. 070 0.009390 0.06473 

3. 0 0. 069 

2 . 0  0. 041 

2 . 0  0. 042 0.007379 0.04315 

2. 0 0. 041 

1 . 0  0.018 

1 . 0  0. 017 0.004458 0.02158 

1 . 0  0. 017 

First order: -=0.136 ~ = 0. 00155 K = 87.7 
€ € K 



APPENDIX lib 

STABILITY CONSTANT DATA FOR NEUTRAL COMPLEXES 

Optical density of FMN solutions in pH 6.8 phosphate buffer 

FMN concentration in stock solution: 0. 03008 M 
o 

Wavelength: 5600 A 

Instrument: Zeiss PMQ II 

Ml. stock Optical 
solution density 

5 . 0  0 . 2 1 3  

5 . 0  0 . 2 1 3  

5 . 0  0 . 2 1 5  

4 . 0  0 . 1 6 9  

4 . 0  0 . 1 6 7  

4 . 0  0 . 1 6 5  

3 . 0  0 . 1 2 1  

3 , 0  0 . 1 2 0  

2 . 0  0 . 0 7 7  

2 . 0  0 . 0 7 8  

2 . 0  0 . 0 7 6  

1 . 0  0 . 0 3 7  

1 . 0  0 . 0 3 7  

1 . 0  0 . 0 3 7  

138 



FMN-2, 3-naphthalenediol in pH 6.8 phosphate buffer 

FMN concentration in stock solution: 0. 02327 M 

2, 3-Naphthalenediol concentration in stock solution: 0.006248 M 
o 

Wavelength: 5600 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

Optical 
density 

[ £ L I P L x i o 4  

AOD [F1 + [PI 

5 . 0  1.54 1. 069 0.02952 

5 . 0  1.50 

5. 0 1 - 5 1  

4. 0 1. 125 

4 . 0  1.11 0. 9457 0.02361 

4. 6 1. 10 

3. 0 0.750 

3. 0 0.742 0.7894 0.01771 

3. 0 0.737 

2. 0 0.429 

2. 0 0.431 0 . 6 2 7 0  0.01181 

2 . 0  0 . 4 2 3  

1 . 0  0. 169 

1 . 0  0. 170 0.4126 0.005904 

1 - 0  0. 167 

First order: 
l -3 -  =  3 . 6 x 1 0  1 -5 

—r: =  2 . 0 x 1 0  
e K 

K= 180 

Second order: — = 4.4 x 10 ^ ~ = 1.9 x 10 5 K= 242 
« e K 



Optical density of FMN solutions in 12 N HCl 

FMN concentration in stock solution: 0. 01057 M 
o 

Wavelength: 6250 A 

Instrument: Zeiss PMQ II 

Ml. stock Optipal 
solution density 

5 . 0  0 . 0 1 6  

5 . 0  0 . 0 1 5 9  

5 . 0  0 . 0 1 6  

4 . 0  0 . 0 1 3  

4 . 0  0 . 0 0 9  

4 . 0  0 . 0 0 9  

3 . 0  0 . 0 0 7  

3 . 0  0 . 0 0 8  

3 . 0  0 . 0 0 8  

2 . 0  0 . 0 0 6  

2 . 0  0 . 0 0 6  

2 . 0  0 . 0 0 4  



FMN-catechol in pH 6.8 phosphate buffer 

FMN concentration in stock solution: 0. 02852 M 

Catechol concentration in stock solution: 0.1063 M 
o 

Wavelength: 5600 A 

Instrument: Zeiss PMQ II 

Ml. stock 
solution 

5 . 0  

5. 0 

5 . 0  

4 . 0  

4. 0 

4 . 0  

3. 0 

3. 0 

3 . 0  

2 . 0  

2 . 0  

2 . 0  

Optical 
density 

0 . 6 7 9  

0 . 6 7 5  

0.675 

0 . 4 9 2  

0. 493 

0.489 

0. 327 

0. 330 

0. 329 

0. 182 

0. 182 

0. 181 

[F] [P] 
AOD 

x 10" 

6.437 

5 . 8 0  

5. 074 

4.410 

IFI+M 

0.1348 

0. 1078 

0.08089 

0.05393 

First order: 

Second order: 

-  =  0 . 0 2 5  
c 

-  =  0 . 3 0 3  
c 

-7 - 3. 07 x 10"3 K= 8. 1 
€ & 

- V  =  2 . 9 0  x  1 0 ~ 3  K  =  1 0 . 4  
c K 


