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Abstract 

The adsorption of lumiflavin (LF) at a mercury electrode surface has been studied by means of cyclic voltammetry in phosphate 
buffer solutions of pH 6, 7 and 8. At low to medium coverages, LF, which is redox-active, is suggested to adsorb in an orientation 
parallel to the electrode surface, independent of potential. At higher coverages, concerted re-orientations of the LF monolayer 
occur as the potential is changed. At potentials positive of ca. — 0.35 V and negative of — 1.0 V, adsorbed LF is likely in the 
parallel configuration, while two perpendicular orientations exist at potentials between these limits, consistent with higher 
attainable coverages. One of these is particularly stabilized in pH 6 solutions, when reduced LF is known to be uncharged, while 
it is likely to be anionic (and hence de-stabilized) at pH 7 and 8. A second set of small redox peaks observed just negative of the 
main redox peaks have been assigned to lumiflavin dimers, formed when the molecules are oriented in the perpendicular 
orientation in the negative potential range. The electrochemical behaviour of LF shows striking differences from that of FAD, 
although the common electrochemically active moiety is the isoalloxazine ring system. © 1998 Elsevier Science S.A. All rights 
reserved. 
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1. Introduction 

Flavins such as flavin adenine dinucleotide (FAD, 
Fig. 1) and flavin adenine mononucleotide (FMN) are 
known to be involved in the catalysis of electron trans
fer reactions in living cells [1,2]. The electrochemically 
active moiety of FAD, FMN, and related compounds 
such as lumiflavin (LF, Fig. 1) and riboflavin (RF) is 
the isoalloxazine group (Fig. 1), which undergoes a two 
electron oxidation of the two double bonds between 
N-l and N-5. This isoalloxazine ring system can exist in 
oxidized, reduced or radical forms and may be proto-
nated or deprotonated, depending on pH, giving rise to 
nine possible forms [1,2]. At pH 7, it has been shown 
[3-5] for adsorbed FAD that both the oxidized and 
reduced forms are neutral, while at pH greater than 7.3, 
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the reduced form is deprotonated. It is reasonable to 
assume that the acid/base properties of adsorbed LF 
will be similar to this. Each of these forms exhibits 
unique adsorption properties, which can be clearly 
demonstrated when flavins are adsorbed on smooth, 
homogenous electrodes like the hanging mercury drop 
electrode [3-5]. 

A number of earlier studies have dealt with the 
electrochemistry of flavins using Hg electrodes [6-11], 
and the reduction and oxidation of the isoalloxazine 
group has been determined to proceed by means of a 
reversible two-electron transfer reaction. The impor
tance of the redox chemistry of flavin molecules in 
biological systems has led to the modification of vari
ous electrode surfaces with flavin molecules and/or 
flavin-containing enzymes for use as biosensors [12-17}. 
The redox potential of the isoalloxazine ring in enzymes 
can vary by several hundred mVs [18,19]. These differ
ences may be due to conformational changes of the 
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Fig. 1. Flavin adenine dinucleotide (FAD and lumiflavin (LF) structures, which share the redox-active isoalloxazine system. 

redox-active moiety, e.g. the reduced form of the isoal
loxazine ring may be planar due to interactions with 
other biological substrates [3-5,20-22]. 

Our present interest is focussed on the electrochem
istry of adsorbed flavins on Hg electrodes with an effort 
being made to correlate their orientation with their 
redox potential [3-5]. These studies have been carried 
out in dilute flavin solutions (uM) such that the adsorp
tion currents are enhanced relative to the solution 
diffusion-controlled ones and so that the coverage and 
orientational changes of the adsorbed molecules can be 
observed by means of cyclic voltammetry. There have 
been many previous reports concerning the adsorption 
of organic species on Hg electrodes and the existence of 
various conformations of such molecules on the elec
trode surface as a function of factors such as potential 
and concentration [23,24]. However, most of these spe
cies are redox inactive. The study of adsorbed flavins is 
relatively unique, as orientational information can also 
be obtained from the characteristics of the redox peaks 
as the adsorption process occurs, as well as after a 
steady-state flavin coverage is attained. 

In our previous work involving the adsorption of 
flavin adenine dinucleotide (FAD) from neutral solu
tions on mercury electrodes [3-5], three separate, dis
tinct phases of adsorption were observed. It was 
postulated that in the first relatively dilute phase (Stage 
I), both the isoalloxazine and adenine moieties are 
adsorbed essentially parallel to the electrode surface, 
independent of potential (Fig. 2 (a)). When a critical 
surface coverage is reached, it is believed that the two 
groups can assume a conformation (Stage II), whereby 

both groups are oriented perpendicular to the surface 
of the electrode (Fig. 2 (b)). This orientation, proposed 
on the basis of lowered capacitance currents, higher 
achievable coverages and narrower cyclic voltam-
mogram (CV) peaks, is stabilized for FAD at potentials 
near the pzc. At more positive and negative potentials, 
a re-orientation of this condensed monolayer to a third 
surface structure was suggested (Fig. 2c); this latter 
orientation appears to become dominant for adsorbed 
FAD at all potentials with long times of potential 
cycling. The behaviour of FAD at mercury electrodes 
has also been studied in both acidic [4] and basic 
solutions. In the former medium, when the adenine 
group becomes protonated, a fourth orientation in 
which the isoalloxazine system assumes another vertical 
configuration and with adenine now protruding into 
solution, was proposed [4]. These changes in the orien
tation of FAD are accompanied by significant (ca. 0.2 
V) changes in the redox potential. 

In the present study, the electrochemical behaviour 
of lumiflavin (LF) adsorbed on mercury electrode sur
faces has been examined. These experiments have been 
carried out at mercury, rather than at solid substrates 
such as gold or carbon, as parallel work has shown that 
the flavin redox peaks and the orientational transitions 
in the adsorbed state are much more clearly delineated 
at the smooth Hg surface than on these solid substrates. 
Also, the use of the hanging mercury drop electrode 
(HMDE) in these experiments ensures that a fresh, 
uncontaminated mercury surface is available for each 
run, as it has been found that flavins adsorbed on 
mercury are not easily removed [3]. 
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Fig. 2. Schematic representations of adsorption modes of FAD at pH 7. (a) Stage I at dilute coverages; (b) Stage II at higher coverages and near 
pzc. (c) Stage II at higher coverages, but at positive and negative potentials [17-19]. 

Since LF has a much simpler structure than FAD 
(Fig. 1) and its electrochemical behaviour will be lim
ited to the isoalloxazine unit, the orientation of these 
molecules on the surface -will be independent of any 
interaction of adenine with the isoalloxazine ring or 
with the electrode surface. In fact, the conformational 
changes of LF and the corresponding changes in its 
redox potential may be particularly relevant to the 
chemistry of flavin-containing enzymes. This is because 
the isoallozazine ring is often exposed on the outer 
surface of the enzyme, allowing it to react with other 
substrates, while the adenine group remains buried 
within the enzyme structure [20]. 

2. Experimental 

2.1. Equipment 

Standard three-electrode potentiostatic circuitry was 
used, employing a Hokuto Denko HA-301 poten-
tiostat/galvanostat, and an EG&G PARC model 175 
universal programmer. A wide range of sweep rates 
were used for the CV experiments. Data were plotted 
on a BBC Goertz Metrawatt SE 780 X/Y recorder. 

2.2. Cell and solutions 

Experiments were carried out using a PARC model 
303A HMDE system, utilizing the standard cell pro
vided. The HMDE was operated at the medium drop 
size setting, generating a mercury drop with an approx
imate surface area of 0.017 cm2. The counter electrode 
was a platinum wire, and the reference electrode was an 
Ag|AgCl electrode (4 M KC1 containing saturated 
AgCl). All potentials are given versus the Ag | AgCl 
reference electrode in this paper. 

The experiments were performed in phosphate buffer 
solutions of pH 6, 7 or 8, obtained from stock solutions 
of KH2P04 and NaOH (both reagent grade) prepared 
with triply distilled water. FAD and LF were obtained 
from Sigma Chemicals and were used as received. The 
exact concentrations of FAD and LF stock solutions 
were determined by means of their absorption spectra 
and were also prepared using triply distilled water. The 
concentration of flavin in the electrochemical experi
ments ranged between 1 and 4 uM. The HMDE cell 
solutions were deoxygenated by bubbling nitrogen 
through the solutions prior to the experiments and 
above the solutions while the runs were being carried 
out. All experiments were carried out at room tempera-
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ture in the dark, with the cell completely wrapped in Al 
foil at all times. 

3. Results and discussion 

3.1. General electrochemical behaviour of adsorbed 
lumiflavin 

Selected CVs during the adsorption of lumiflavin at a 
freshly exposed Hg surface in a pH 7 phosphate buffer 
solution, at 100 mV s~' , are shown in Fig. 3. Adsorp
tion is visible by virtue of a series of initially broad 
peaks which increase in size with cycling time, desig
nated A, and Q, which move slowly positively with 
increasing coverage to a value of — 0.390 to — 0.395 V 
for the A, and Q peaks, both with a width at half-
height of approximately 70 mV. Although a two-elec
tron oxidation and reduction process is occurring, only 
one set of peaks is observed, indicating that the reduc
tion and oxidation of LF under these conditions occurs 
via a single two-electron transfer step. During this early 
build-up of LF, the molecules are believed to be in the 
'Stage I' orientation, with the isoalloxazine ring lying 
parallel to the mercury electrode surface, similar to that 
suggested for FAD [3-5]. 
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Fig. 3. CVs during adsorption of LF from 2 uM pH 7 solution at 100 
mV s ~'. Only selected cycle numbers are shown. 

As cycling continues, the concentration of LF on the 
surface increases further under these diffusion con. 
trolled deposition conditions, and at a certain time 
during the potential cycling, determined by solution 
concentration, pH and potential, a change in the system 
occurs (Fig. 3), as evidenced by a positive shift of the 
oxidation peak to about — 0.360 V and a narrowing of 
the anodic peak to a width at half-height of 35 mV 
(peak A„). This occurs after a charge density of ap-
proximately 16 to 17 uC c m - 2 has passed, under these 
particular conditions. The development of the A„ peak 
is often correlated with the observation first of a small 
spike on the cathodic side of the C, peak at around 

— 0.405 V (not shown, for clarity, in Fig. 3). In the 
following cycles, the spike is much larger and is cen
tered directly on the C, peak, causing the peak to 
appear very sharp and narrow. The appearance of the 
An peak and this sharp cathodic feature are believed to 
indicate that the adsorbed LF monolayer has taken on 
a second orientation on the HMDE surface, likely to be 
a configuration perpendicular to the electrode surface. 
In prior research with FAD, these changes in peak 
shape and potential have been shown to correlate with 
changes in the differential capacitance of the 
Hg | solution interface [3-5]. 

To establish the precise conditions of potential which 
lead to these orientational changes, discontinuities ob
served in the CVs were examined more closely. At 
potentials positive of the faint discontinuity at the 
positive foot of the oxidation peak, observed at approx
imately — 0.330 V, the molecules apparently exist in the 
parallel conformation on the surface. This suggestion is 
based on analogy with FAD surface behaviour [4,5], 
and also on the maximum achievable surface coverages 
at these positive potentials, as will be discussed in the 
next section. This configuration persists as the potential 
is scanned first positively and then negatively to a 
potential of ca. — 0.370 V, at which point the reduction 
peak exhibits the obvious discontinuity with the ap
pearance of the sharp spike, indicative of an orienta
tional change. As seen in Fig. 4, if the cycling direction 
is reversed from cathodic to anodic positive ca. — O.350 
V (curve a), especially if slow sweep rates are employed, 
the oxidation peak seen has the broader characteristics 
of the Stage I oxidation peak (peaks A! and Q), seen at 
lower coverages in Fig. 4. However, if the reversal in 
scanning direction from negative to positive occurs 
after the conversion to the perpendicular orientation 
(i.e. negative of the sharp cathodic discontinuity at 

— 0.370 V), the narrow oxidation peak (curve b) indica
tive of the perpendicular orientation is now seen. Simi
larly (but not shown in Fig. 4), if the cycling direction 
is reversed from positive to negative at potentials nega
tive of the discontinuity in the oxidation peak at ca. 
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Fig. 4. Effect of switching of potential at 10 mV s ~ ' during reduction 
of adsorbed LF. Solid curve represents first cycle Stage I condition; 
broken lines obtained after higher coverages (Stage II) have been 
ichieved. 

- 0.350 V, a narrow reduction peak associated with the 
perpendicular orientation is observed. However, if the 
scanning direction is reversed positive of the discontinu
ity, then the normal cathodic trace containing the sharp 
cathodic spike is observed. These results support the 
belief that the re-orientation of the molecules actually 
takes place at the cathodic spike during the reduction 
and at the positive end of the anodic peak during 
oxidation of the monolayer in the case of LF at pH 7. 
The correlation between the appearance of discontinu
ities such as the current spike in the cathodic peak and 
orientational changes of the adsorbate have been confi
rmed in earlier studies with FAD, from differential 
capacitance measurements [3-5]. 

The limiting amount of charge density passed during 
the redox processes in Stage II was found to be 24-25 
|iC cm " 2 , approximately 65% more than that observed 
(luring Stage I oxidation or reduction. There is some 
influence of solution LF concentration on the maxi
mum amount of charge passed during Stage I and Stage 
II adsorption. At low concentrations, for instance 1 to 
- uM LF, the maximum amount of charge passed 
during Stage I is approximately 13 to 15 uC c m - 2 and 
in Stage II, 17 uC cm~2. These values increase with 
increasing concentration to about 4 uM, where the 
values are 17 and 25 (iC c m - 2 , respectively, values 
which do not increase further with increasing concen
tration of LF in solution. 

3.2. Peaks A,vjCIV 

Following the conversion from Stage I to Stage II 
adsorption and with continued cycling at slow scan 
rates (Fig. 5), it becomes evident that a separate set of 
redox peaks develop with time (A,v and C1V). In addi
tion, a small peak, A', is observed just positive of the 
main oxidation peak. As the lower potential limit is 
extended, and thus the length of time in which the 
molecules remain oriented in the perpendicular align
ment increases, the AIV oxidation peak increases further 
in size. The same behaviour is observed if the potential 
is held at a value negative of the CIV peak potential for 
a short period of time. If the cycling direction is re
versed from positive to negative while oxidation of the 
monolayer is occurring, but negative of ca. — 0.35 V 
and of A' (curve a), then the size of the AIV and CIV 

peaks can be increased (Fig. 5). Also, time spent just 
positive of the CIV peak substantially increases the size 
of these redox peaks (curve b). Extending the potential 
positive of this leads to the virtual disappearance of the 
AIV and CIV peaks (curve c). 
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Fig. 5. Formation of LF dimers (peaks A ] v /C l v) enhanced by time 
spent, or reversing, at particular potentials. LF deposited from 3 uM, 
pH 7 solution at 20 mV s " ' . 
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Peaks A,v and C,v have been assigned to LF dimers 
which begin to form when the molecules are in a 
perpendicular orientation in the reduced state. Dimers 
of the isoalloxazine moiety in FAD were also proposed 
in acidic solutions, when adenine protonation induces 
their expulsion from the surface so that adjacent isoal
loxazine ring systems are close enough to interact [4]. 
The redox potential of the dimers so formed is more 
negative than that of the monomers, again similarly to 
the case of FAD in acidic solutions [4]. Peak A', a 
capacitance peak of essentially constant size, may be 
indicative of the collapse of the dimer-forming 
molecules to the parallel conformation, leading once 
again to a surface covered with monomers in the paral
lel conformation. 

The belief that LF dimers are being formed on the 
mercury surface during the time in which the molecules 
are oriented perpendicular is supported by the fact that 
associated (i.e. non-bonded) dimer formation of flavins 
has been studied in aqueous solutions and it was found 
that in solutions of concentrations lower than 5 x 10 ~5 

M at room temperature, the flavin molecules exist 
strictly as monomers. At higher solution concentra
tions, both flavin monomers and dimers co-exist [25-
27]. Clearly, for the solutions considered in this study, 
which are all of concentration less than 5 uM, dimers 
are not expected to be present. However, knowing that 
in the case of molecules adsorbed as a monolayer on 
the electrode surface, the concentration of the 
molecules would be extremely high, the formation of 
dimers on the surface is, in fact, very likely. It has been 
proposed that the FMN monomer units which are 
comprised of dimers in sufficiently concentrated FMN 
solutions are oriented face to face with the side chains 
situated on opposite sides [26], The reduction of the 
isoalloxazine moiety is known to proceed by the forma
tion of a radical intermediate [28], so dimerization of 
two of these radicals formed in close proximity is very 
possible. With LF molecules, this orientation should be 
fairly easy to achieve. In the case of FAD, however, 
with co-adsorption of the adenine group on the elec
trode surface (Fig. 2b), it would be very difficult for the 
monomers to approach closely enough for dimerization 
to occur, and thus it is not surprising that dimer 
formation is not observed with FAD on the Hg elec
trode under equivalent neutral conditions [3-5]. 

It is also possible that the dimer which is formed in 
the lumiflavin monolayer on the Hg surface could be 
composed of two molecules which are actually cova-
lently bonded. Samec et al. have studied the reduction 
of NAD + to NADH at Hg electrodes [29]. The authors 
believe the reduction of N A D + in solution initially 
involves a one electron reduction of NAD + to NAD", 
which can dimerize, followed by simultaneous one elec
tron reduction and protonation of NAD* to NADH at 
a more negative potential. Similarly, others have found 

that the oxidation of 2,6-dimethylphenol in solutk 
can lead to dimerization by the reaction of electrochem. 
ically generated phenoxonium ions with the origi^ 
phenol molecules, giving a dimer which is then oxidiz^ 
at potentials considerably negative of the anodic pea| 
potential of the monomer 2,6-dimethylphenol [30]. The 

reduction of the isoalloxazine moiety in the flavins \ 
known to proceed by the formation of a radical inter, 
mediate [28], so dimerization of two of these radical* 
formed in close proximity is very possible. 

While it is known that certain flavins, FMN and Rp 
in particular, are capable of photodecomposition to 
give primarily lumichrome [5,19,31], it is not likely thai 
this product is the source of these new redox peaks 
Since all runs were carried out in the dark, and the 
lumichrome redox potential is approximately — 0.47; 
V versus Ag | AgCl (as opposed to the redox potentia; 

of the dimer species at — 0.435 V), these redox peaks 
cannot be attributed to photolyzed LF. Also, it was 
shown in our prior work [5] that even after very Ions 
times of high intensity photolysis, LF cannot bt 
photodegraded. The assignment of these peaks to 
dimers is also supported by the dependence of these 
peaks on potential. The control of potential could in no 
way induce production of increased amounts of pho
tolyzed LF. 

3.3. Effect of potential limits and time spent at selectd 
potentials 

If the potential of the mercury electrode is scanned 
between — 0.05 and — 0.65 V, at a scan rate of 100 m\ 
s~ : , the voltammograms shown in Fig. 3 are observed 
If the potential is scanned to a more negative potential 
such as — 0.8 or — 1.0 V, there is an appearance of two 
additional small peaks in the CV, denoted A" and C", 
located at ca. — 0.55 and — 0.79 V, respectively (Fig 
6). The intensity of the C" peak is always less than the 
A" peak and is often barely observed at low LF concen
trations. The peaks are seen only when the LF surface 
coverage is sufficiently high to observe the A,, peak and 
the sharp cathodic spike, and appear to reflect capac-
itive changes as another re-orientation process occurs. 
The two peaks are clearly related to one another, as 
reversing the potential positive of C" causes A" to 
disappear, and cycling only to potentials just negative 
of A" results in the absence of C" in the next negative 
scan. By analogy to FAD [3-5], it would have beet 
most likely that the C" peak represents the re-orienta
tion of the adsorbed LF molecules from the perpendic
ular to the flat (Stage I) orientation. However, a key 
observation is that the charging current decreases fur
ther by cycling between potentials negative of C" and 
then anodically to A" This suggests, in the simples' 
terms, that the thickness of the layer of adsorbed 
molecules on the electrode surface has increased fur-
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Fig. 6. Extension of potential negatively reveals additional capacitance peaks (A"/C"), indicative of re-orientation of LF monolayer. LF deposited 
at 100 mV s~ ' from a 3 uM pH 7 solution. 

ther, which would be consistent with the postulation 
that re-orientation from, for example, the long end of 
the isoalloxazine moiety (from - 0.35 to — 0.8 V) to its 
shorter end attached to the electrode (in the potential 
range scanned in going from C" to A") is occurring. 
Similarly, the A" peak is likely due to the re-orientation 
of the molecules back to the original perpendicular 
orientation, as the appearance of peaks A" and C" does 
not affect the form of the principal redox in the next 
full scan of potential. 

The results of Figs. 3 and 4 suggested that LF is 
adsorbed with the isoalloxazine ring system parallel to 
the Hg surface at potentials positive of ca. - 0,35 V 
(Fig. 7). At potentials immediately negative of this, it is 
suggested that a perpendicular orientation, likely one in 
which the longer end of the isoalloxazine system is on 
4e Hg surface and the methyl group substituent on 
N-10 protrudes into solution, would be stabilized (Fig. 
')• Under conditions near the pzc (— 0.42 V vs. 
Ag | AgCl [31]), LF might be expected to adsorb in such 
a Way that its dipole moment (ca. 7.8 D [2]) is closer to 
Parallel than perpendicular to the electrode surface. As 

the potential is made negative of the pzc and then of 
C", the reduced capacitance and the likely tendency for 
the dipole moment of the adsorbate to align with the 
field might promote the second perpendicular orienta
tion shown in Fig. 7, which would then re-orient back 
again as the potential is scanned positively of A". At 
potentials negative of ca. — 1.0 V, a parallel configura
tion is again believed to predominate. This is based on 
results obtained previously with FAD [3,5], in which 
the notable increase in the measured differential capaci-

sss^^a^^^^^ss^s^s^^^^ -1.0 -0.8 

E / V vs.Ag|AgCl 

-0.35 

Fig. 7. Proposed orientations of LF at high coverages as a function of 
potential (in defining re-orientation potentials, negative sweep direc
tion is assumed) at pH 7. Rectangle represents isoalloxazine, with 
methyl group on N-10. Arrow points to N-3 (see Fig. 1), the negative 
end of the LF dipoie. 
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Fig. 8. Anodic charge density in peak A,, following 5 min holding at 
potentials indicated. LF monolayer deposited from 3 uM pH 7 
solution at 100 mV s~ ' . 

tance at negative potentials revealed that the adsorbate 
regains the parallel orientation at these negative 
potentials. 

To obtain further support for these hypothesized LF 
orientations as a function of potential, the effect of time 
spent at particular potentials on the LF coverage was 
tested. Based on geometric considerations, it is clear 
that the maximum achievable LF coverage should be 
the highest in terms of molecules per cm2 in either of 
the perpendicular orientations versus in the parallel 
configurations stable at very negative and positive po
tentials. In experiments designed to test this, the poten
tial was cycled at 100 mV s~' until a steady-state CV 
response was obtained, from which a steady-state LF 
coverage could be obtained from the measured anodic 
charge density (the cathodic spike made precise deter
mination of the cathodic charges not possible). Then, 5 
min were spent at a particular potential, followed by an 
immediate full cycle of potential, during which the 
anodic charge was again determined. Fig. 8 shows the 
results of these experiments. It is seen clearly that at 
potentials positive of — 0.3 V and negative of ca. — 0.8 
V, coverages are comparatively low, at close to 15-17 
uC cm~2. It should be noted that a charge of 20 uC 
cm~2 is equivalent to an approximate molecular area 
occupied on the Hg surface of 1 nm2. These results 
indicate that time spent at the extremes of potential 
causes the desorption of some LF to occur, probably 
due to the spatial requirements of the parallel orienta
tion, consistent with the more dilute structure suggested 
in Fig. 7 at these potentials. Also, CVs extended to ca. 
— 1.0 V show another set of capacitive features, pre
sumably reflecting the re-orientation from the second 
perpendicular orientation to the parallel configuration 
once again. The maximum coverages are significantly 
higher, ca. 21-23 uC c m - 2 , at potentials negative of 

— 0.3 V and down to — 0.8 V. Interestingly, no signifi. 
cant differences can be seen in the coverages achieved 
in the two proposed perpendicular orientations (the 
first perpendicular orientation examined at — 0.5 and 
— 0.6 V, the second in the positive sweep at — 0.8 and 
— 0.7 V). Based on the maximum charge densities 
attained with time spent at potentials from — 0.5 to 
— 0.8 V, the two assumed perpendicular orientations 
must occupy a similar area on the electrode surface. 

3.4. Effect of solution pH 

An increase in pH from 6 through 8 leads to the 
expected negative shift in the redox potential of ad
sorbed LF (predicted from the Nernst equation), as 
gauged from the potential midway between the anodic 
and cathodic peaks (Table 1). At pH 7, the Stage I 
potential is ca. — 0.395 V, which is very close to that 
reported previously for FAD [3-5]. The CV for LF in 
a phosphate buffer of pH 8 is qualitatively very similar 
to that obtained at pH 7, except that the A" and C" 
capacitive features have shifted a little negatively, C" by 
25 mV and A" by ca. 80 mV. The CV obtained for 
adsorbed LF in a buffer of pH 6 is shown in Fig. 9. The 
A" peak is now located at a significantly more positive 
potential versus at pH 7, having shifted by ca. 160 mV, 
and is much more intense than the A" capacitance 
peaks observed in solutions of pH 7 or 8. This peak 
does not now appear to be simply capacitive in nature, 
but rather a combination of faradaic and capacitive by 
virtue of the amount of charge passed and the fact that 
its potential is in the range of the LF redox potential at 
this pH. 

Table 1 
Lumiflavin monomer faradaic and capacitive peak potentials 

Peak PH Potential V versus Ag I AgCl 

A, 
A„ 
Q 

c„ 
A" 
C" 
A, 
A„ 
C, 

c„ 
A" 
C" 
A, 
A„ 
C, 
C„ 
A" 
C" 

0 .350- -0.340 
0.300 
0 .360- -0.350 
0.335 
0.390 
0.690 

0 .395- -0.390 
0 .360- -0.350 
0 .400- -0.395 
0.385 
0.550 
0.790 

0 .435- -0.430 
0.390 
0 .435- -0.430 
0.410 
0.630 
0.815 
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E/Vvs.AglAgCl 

Fig. 9. Selected CVs recorded during adsorption of LF from 3 ^M 
pH 6 solution at 20 mV s ~~'. Solid curve represents first cycle Stage 
I condition; broken lines after higher coverages (Stage II) have been 
achieved. 

The A" peak at pH 6 can be made even more intense 
by holding the potential just negative of the C" peak 
potential. It appears that the LF orientation produced 
negative of C" is stabilized at pH 6, up to the potential 
region where oxidation of the monolayer is possible. 
Therefore, it would seem that part of the monolayer is 
oxidized before re-orientation occurs, and then the 
remaining portion of the monolayer is oxidized at 
higher potentials. 

It is known that the oxidized form of the isoallox-
azine group in FAD is uncharged at pH 6-10 [4], both 
•n solution and in the adsorbed state, while the reduced 
form is negatively charged at pH values greater than 
PH 6.5 [32-34] in solution and greater than 7 [3,4] 
*hen adsorbed. These pATas are likely to pertain to LF 
as well. This would be consistent with the fact that 
there is little difference seen in the CV response at 
Potentials positive of the main redox peak for adsorbed 

LF from pH 6-8, but that marked differences are seen 
between the pH 6 and 7 cases in the reduced, adsorbed 
state. As LF reduction occurs at potentials positive of 
the Hg pzc, the uncharged product, in a perpendicular 
orientation with its long side on the surface, will ini
tially be quite stable at pH 6. As the potential is made 
more negative, the second perpendicular orientation for 
reduced LF (Fig. 7) could also be expected to be more 
stable at pH 6 versus 7, when the N-l site will become 
negatively charged. This could explain why, at pH 6, 
the A" peak, reflecting re-orientation to the perpendicu
lar structure in which the N-l site is closer to the 
electrode surface once again, does not appear until LF 
oxidation commences, producing the uncharged oxida
tion product. 

3.5. Comparison of the electrochemical behaviour of 
FAD and LF 

The electrochemical behaviour of FAD and LF as 
adsorbed monolayers on the surface of Hg electrodes 
varies significantly, despite the fact that, in both cases, 
the isoalloxazine unit is the electroactive species. A 
typical set of CVs obtained during FAD adsorption 
from a 2 uM FAD pH 7 phosphate buffer solution run 
with potential limits of — 0.05 and — 0.7 V is shown in 
Fig. 10 (a). The initial Stage I reduction and oxidation 
potentials (A, and C, ca. — 0.390 V) are not signifi
cantly different from those for LF at pH 7 (Table 1). It 
is interesting to note, however that in the case of LF, 
the oxidation potential of the Stage II peaks is more 
positive than that for Stage I, which is the opposite in 
the case of FAD. For FAD, as opposed to LF, the 
capacitance peaks indicating re-orientation from the 
perpendicular to the parallel form and back, are situ
ated at potentials clearly positive of the redox peaks, 
i.e. peaks A' and C at —0.11 and —0.25 V, respec
tively (Fig. 10a) [3-5], while for LF, these features are 
located within the potential range of the redox peaks 
(Fig. 3). It was also found previously, that in order for 
Stage II to be achieved for adsorbed FAD, the upper 
potential limit must be made positive of the An shoul
der peak potential [3]. This is in contrast to LF electro
chemistry, where the potential must be made negative 
of approximately — 0.370 V in order for conversion 
from Stage I to Stage II to occur. These factors would 
seem to indicate that the adenine group (and possibly 
the phosphate and sugar chain) plays a significant role 
in the adsorption behaviour of FAD at the Hg surface. 

When the lower potential limit is extended further, a 
third capacitance peak is seen at approximately 
- 0.760 V in the case of FAD (Fig. 10b). This capaci
tance peak clearly originates from the re-orientation of 
the molecules from the perpendicular orientation to the 
parallel, flat orientation, since as the potential cycles 
positively again, oxidation commences in the parallel 
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(a) E/Vvs.AglAgCl 

Fig. 10. CVs during adsorption of FAD from 2 uM FAD pH 7 solution at 100 mV s~ '. Only selected cycle numbers are shown, (a) Negative 
limit maintained positive of —0.7 V, retaining vertical orientation of isoalloxazine and adenine groups (Fig. 2b) until —0.35 V in positive scan, 
(b) Negative limit extended over capacitance peak C", causing re-orientation to tightly packed parallel orientation of Fig. 2 (c). 

(broad peak) orientation and concludes in the perpen
dicular orientation, as evidenced by the appearance of 
the A,, shoulder peak during each oxidation cycle. The 
fact, that the charging current observed on the negative 
side of the C" peak is larger and very similar to that 
observed during cycling in Stage I and between A' and 
C, indicates that a flat orientation has been adopted. 
This is in contrast to the further decrease of the charg
ing currents obtained for LF after crossing peak C" and 
the development of a second tightly packed perpendicu
lar orientation. Clearly the full monolayer of FAD is 
limited to two principal orientations over the course of 
a single scan, parallel and perpendicular, whereas LF is 
capable of three, also being much niore prone to re-ori
entation because of the absence of a bulky substituent 
on the isoalloxazine ring. In addition, no evidence of 
dimer formation (peaks AIV/CIV) was seen for FAD 
during analogous studies in neutral solutions. This is 
not surprising considering the difficulty in producing a 
favourable orientation of the FAP molecules on the 
electrode surface for dimerization W occur. Considering 

the inflexibility of the FAD molecules and the belief 
that the adenine group is also adsorbed to the surface 
when the perpendicular orientation is adopted at pH 7, 
this would limit the translational and rotational free
dom of the molecules, preventing their close approach 
in the configuration required for dimerization. 

The amount of charge passed before Stage I to Stage 
II conversion occurs is much lower for FAD as com
pared with LF. It was found that for a 3 uM solution 
of FAD, a charge density of 9 uC cm - 2 was observed 
for the A, peak, whereas for a LF solution of the same 
concentration, the charge density was found to be 1/ 
uC c m ' 2 . These findings support the theory that ii> 
Stage I, for both cases, the molecules are lying planaf 
on the surface of the electrode. Since this conformation 
would require that the adenine group occupies space on 
the electrode in addition to the isoalloxazine group i" 
the case of FAD (Fig. 2b), it follows that the number of 
LF molecules capable of adsorbing to the electro^ 
surface is approximately double that of FAD. In Stag5 

II, the charge density of the A,, peak for the same 
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solution of FAD is approximately 14 uC cm" 2 as 
compared to 25 uC cm ~2 for LF, which would support 
the idea that in the case of FAD, both the adenine and 
isoalloxazine ring systems are again adsorbed on the 
electrode surface. 

These studies suggest that the redox behaviour for 
flavin molecules adsorbed as monolayers on electrode 
surfaces are clearly dependent on the substituent which 
is attached to the isoalloxazine ring and the sub-
stituent's ability to adsorb simultaneously to the elec
trode surface. It is also evident that the ability of these 
monolayer-forming molecules to dimerize on the elec
trode surface is affected by the isoalloxazine ring sub
stituent. A further study is being conducted which 
involves the redox behaviour of riboflavin and FMN, 
to obtain more insight into this suggestion. 

4. Conclusions 

The adsorption of redox-active LF at a mercury 
e'ectrode surface has been studied by means of cyclic 

voltammetry in neutral phosphate buffer solutions. The 
concentration of LF has been maintained at less than 4 
uM in all of this work, in order to ensure that only the 
electrochemistry of adsorbed LF is observed and that 
diffusion controlled solution electrochemistry is mini
mized. At low to medium surface coverages (ca. 16-17 
uC cm^2), established after relatively short times of 
exposure of Hg to the solution, LF is suggested to 
adsorb in an orientation parallel to the electrode sur
face, independent of potential. In this orientation, the 
LF redox peak is relatively broad in shape, analagous 
to what has already been reported for flavin adenine 
dinucleotide (FAD). 

At higher coverages (ca. 25 uC cm ~"2), obtained after 
longer times of exposure to solution and in higher 
concentration LF solutions, concerted re-orientations 
of the LF monolayer occur as the potential is changed. 
These are detected by the appearance of additional, 
small capacitance peaks at the potential of re-orienta
tion; these capacitance features have been correlated in 
earlier work involving adsorbed FAD with changes in 
the differential capacitance of the electrode J solution 
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interface. Between — 0.35 and — 1.0 V, two perpendic
ular orientations of LF can exist, characterized by 
significantly narrower CV peaks, while at potentials 
beyond these limits, the LF monolayer is suggested to 
be in a parallel configuration. At pH 6, the perpendicu
lar orientations are particularly stabilized, versus at pH 
7 and higher when the reduced product can become 
negatively charged through deprotonation, thus desta
bilizing the adsorbate at these negative potentials. 

A second set of small redox peaks observable just 
negative of the main redox peaks have been assigned to 
lumiflavin dimers, formed when the molecules are ori
ented in the perpendicular orientation in the negative 
potential range. Flavin dimers have been reported to 
form in solution when the concentration of flavin is 
greater than ca. 10 ~5 M. 

The electrochemical behaviour of LF has also been 
compared with that of FAD under otherwise identical 
experimental conditions. The coverage of LF is signifi
cantly higher at all stages of adsorption, consistent with 
its much smaller size. Also, LF is capable of taking on 
two different perpendicular orientations, while FAD, 
constrained by the presence of the adenine group and 
the ribosyl group, exists in only one. The potentials at 
which the surface re-orientations occur are also differ
ent in the case of LF and FAD. Further, there is no 
evidence for dimer formation in the case of FAD, 
consistent with the proposed packing of an adenine 
group between each isoalloxazine ring system in the 
perpendicular orientation. 
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