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Resonance Raman spectra of lumichrome! as well as lumi-
flavin, riboflavin, and flavoproteins® adsorbed on the colloidal
silver surface using Ar™ ion laser 488 nm excitation exhibit-
ed characteristics of a resonated isoalloxazine ring system.
From these findings, it was proposed that the active species
of flavin chromophores adsorbed on the metal surface can
be a deprotonated form at Ns-H position of the flavin ring
III. Recently, Fourier transform(FT) Raman spectra® of lumi-
flavin and riboflavin in solid state using cw Nd : YAG laser
1064 nm excitation far from the electronic absorption bands
of flavin chromophores have exhibited characteristics of an
isoalloxazine and the carbonyl stretching modes of the flavin
ring HI. When adsorbed on aqueous colloidal silver metal
surface, however, FT Raman and resonance Raman spectra
showed only characteristics of a resonated isoalloxazine, but
the carbonyl stretching modes of the flavin ring III were
completely depressed. These findings were applied to clarify
the adsorption behavior on the metal surface of flavin chro-
mophores through two oxygens of C;=0 and C;==0. It can
be interpreted, at the same time, as following that the adsorp-
tion through two oxygens of the flavin ring III on the metal
surface induces a resonated delocalization of isoalloxazine
chromophores, possibly vig a charge transfer mechanism.
The anomalous enhancement of Raman scattering even using
near infrared excitation far from resonance Raman conditions
may be attributed, in part, to this sort of chemical mecha-
nism.

Lumichrome (7,8-dimethylalloxazine), one of the species
of flavin-like molecules, has not received much attention so
far in spectroscopic fields of Rarnan or NMR and in normal
coordinate calculation study. The structure, the atomic num-
bering and ring numbering of lumichrome are drawn in Fi-
gure 1(a) and 1(b). It does not retain a methyl group at
Nyo position of lumiflavin. The comprehensive normal coordi-
nate calculation studies for lumiflavin were accomplished by
several groups.'”® Absorption spaectrum of lumichrome, with
pale yellow color, in the visible range is moderately different
from that of lumiflavin, riboflavin or flavin mononucleotide
with deep yellow color. The electronic absorption maximum
of lumichrome occurs at near 390 nm, but near 450 nm for
isoalloxazine chromophores, slightly varying with different
solvents and concentrations.

In this report, we present FT' Raman spectrum of lumi-
chrome to reveal the details of the spectroscopic differences
from the isoalloxazine chromoplores. These data would be
applied to explore the probable structural changes when lumi-
chrome is adsorbed on the colloidal silver metal surface.
FT-IR and FT Raman spectra of lumichrome in solid phase
have been shown in Figures 2(a) and 2(b) in the range of
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Figure 1. (a) The structure and atomic numbering (1, 2, 3,--)
of lumichrome, (b) Ring numbering (I, II, III) and the probable
structure when adsorbed on the colloidal silver metal surface.
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Figure 2. (a) FT-IR spectrum of lumichrome in solid phase at
spectral resolution 4 cm™!, coadding 100 times, in vacuum mode
recorded using a Bomen DA 3.002 spectrophotometer equipped
with a liquid Nitrogen-cooled MCT detector, a globar light sou-
rce, and a KBr beam splitter (b) FT Raman spectrum of lumich-
rome in solid phase at spectral resolution 4 cm™!, coadding 1000
times, laser power 0.1 W at sample, recorded using the same
machine as above but equipped with liquid nitrogen-cooled
InGaAs detector, 1064 nm excitation source from a Quantronix
continuous-wave Nd : YAG laser, a quartz beam splitter, and a
back-scattering collection optics system. (A: Absorbance, a.u.: ar-
bitrary unit)

1000 to 1800 cm™?, respectively. FT-IR spectrum obtained
is basically the same as dispersive IR spectrum’ appeared
earlier, but here displayed in the absorbance scale. Their
vibrational bands are summarized in Table 1 and tentatively
assigned to collate with those of surface enhanced Raman
spectrum' of 1.0 pM Iumichrome in silver hydrosol.
Figures 2(a) and 2(b) have a strong band at 1697 cm™!
and a medium size band at 1723 cm™! in the carbonyl stret-
ching region. A band at 1723 cm™!, due primarily to contri-
bution from v (C;=0), was observed as a doublet with a
band at 1718 cm™! as seen in the FT Raman spectrum?® of
lumiflavin. This doublet was considered to be the Fermi re-
sonance of the C;=0O stretching mode with the combination
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Table 1. Observed FT Raman and FT-IR Frequencies (cm™?)
of Lumichrome in solid state and SERS Frequencies

Band Raman FT-IR SERS* Assignments**

1 1723 1725 (no)®
1718 sh* (no)

amide I, v (C;=0)

=

2 1697 1700 (no) amide [, v (C;=0)
3 vw T 1641 (no)

4 1620 1623 (1629) v (Cs-Cy), v (Cs:-Cod)
5 VW 1598 (no)

6 1576 1578 (1573) v (Ny-Cio), v (N1-Ciga)
7 1558 1561 (1548) v (Cs-Ns), v (N1-Cioa)
8 1496 vw (1525) ring I, II

9 1484 1484 (1481) ring I, II

10 sh 1471 (sh) &= (CHa)

11 1458 1461 (1460) v (C-Cy)

12 1441 1447 (no) & (N-H)

13 sh 1420 (no) 5 (N;H)

14 1386 1384 (1377) v (Cia-N1), v (Cs-Na)
15 1380 vw (1377) v (Cioa-N1), v (Ns-Cs)
16 1356 1357 (1348) v (Cs,-Co), v (Nyo-Con)
17 vw 1339 (1322)

18 1288 vw (no) v (Cia-Crow

19 1279 1281 (no) amide III, v (C4,-Na)
20 1261 1261 (no)

21 sh 1253 (no)

22 1213 1214 (1212) v (C+Ny), v (Ci-Cy)
23 vw 1185 (1185)

24 vw 1144 (1155)

25 1026 1024 (no) b (Co-H), 6 (Ce-H)
26 VW 1006 (no)

*from reference 1, **tentatively assigned from reference 4, 5
and 6. (v: in-plane stretching, &: in-plane bending, *: anti-sym-
metric deformation), ®not observed, *shoulder, **very weak
intensity.

modes of the vibrations including the N;-H deformation
mode.®> When compared to corresponding bands (1660 cm™!
and 1716 cm™)® of lumiflavin, a band at 1697 cm~!, due
mainly to contribution from v (C,=0), is upward shifted as
much as 37 cm™! and gains a strong intensity, but a band
at 1723 cm™! is only 7 cm™! upward shifted. These observa-
tions strongly indicate that the conjugation effect at the bond
Ci0a-N1-C;=0 in the flavin ring I has been decreased to a
great extent, on the other hand, the ring conjugation at the
bond C4-C,=0 has been preserved with a little perturbation.
We tentatively assign these two carbonyl stretching bands
to be amide I-like modes of the ring III. These carbonyl
stretching vibrational bands were not observed in the reso-
nance Raman spectrum of lumichrome adsorbed on the metal
surface as Table 1 indicates.

The ring III of lumichrome may be regarded to contain
two kinds of N-monosubstituted secondary amide fragments
in the form of cis configuration(CONH) if we regard two
C=0 stretching modes discussed above as two distinct types
of amide I bands. The amide II and III bands for the N-
monosubstituted secondary amide are representative for the
trans configuration? It is well known that no amide IT and

Notes

Il bands® are prominently distinguished for the cis configu-
red secondary amides because there is no coupling between
the C-N stretching vibration (usually 1350-1310 cm™Y) and
the in-plane N-H bending vibration (usually 1490-1440 cm %)}
The ring III of lumichrome contains two different kinds of
C-N stretching modes because N3-C4=0O or N;-C;=0 has
distinct degrees of resonance characteristics each other. The
C+-N; bond is more strongly resonance stiffened than the
C;-N; bond to come close in the range of in-plane N-H bend-
ing frequency, then to couple or interact together. Raman
spectrum of lumichrome in solid phase has a band at 1279
cm™! that can be assigned due mainly to contribution from
an amide HI-like mode of the C4-N3-H vibration.®™ This band
gains its intensity strongly as compared to that of the FT
Raman spectrum of lumiflavin, and also was not observed
in the SERS of lumichrome on the silver metal surface as
Table 1 indicates. Other major bands except amide I-like
and amide IIl-like vibrations are tentatively assigned accor-
ding to normal coordinate calculation studies of lumiflavin.
One may indicate that the contributions to each band would
be altered from those for lumiflavin, so it leaves a rigorous
normal coordinate calculation study for better assignments
and understandings.

Here we can enumerate two points. One is that resonance
Raman spectrum of lumichrome on the colloidal silver sur-
face listed in Table 1 did not exhibit such amide I-like or
amide III-like bands. The other point is that the whole spect-
ral feature is quite similar to resonance Raman spectra of
the isoalloxazine ring, e.g., lumiflavin or riboflavin. It is well
understood that a metal surface charge seems to play an
important role in stabilizing the adsorption and often adjusts
resonance characteristics of adsorbed chromophores vig a
charge transfer mechanism or any other electrostatic pheno-
mena. Therefore we may suggest that the ring III, particula-
rly C4=0, C;=0, and N;~, is responsible for the adsorption
of lumichrome on the metal surface as proved for lumiflavin
and riboflavin previously.! These spectroscopic evidences su-
pport further that, upon adsorption, lumichrome becomes an
isoalloxazine-like ring system indicated in Figure 1(b) with
the proton transfer of Ni;-H to Ny, position. The hydrogen
bonding of flavins and its effect upon resonance Raman
spectrum had been investigated on sites of N;, C;=0, Nj-
H, C,=0, and N;. The acidity of a proton at N:-H had been
known to be higher than that of a proton at N;-H in the
isoalloxazine. The previous studies! and this study, therefore,
confirm that its strong acidity of Njy-proton upon adsorption
stems from a delocalization of the N3 deprotonated ring III
system as adsorbed on the metal surface.

Figure 1 demonstrates our spectral evidences briefly that
the deprotonation at N3-H upon adsorption on the metal sur-
face is readily followed by the concurrent depronation at
N; position and protonation at Ny, position to rearrange the
whole electronic structure of lumichrome, Figure 1(a), to
yield an isoalloxazine-like species, Figure 1(b), which is a
surface-active species.
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The Langmuir-Blodgett(LB) technique provides a unique
approach to achieve supramolecular architectures of layered
assemblies of suitably designed organic molecules. The LB
films have been used as sophisticated molecular devices use-
ful to test molecularly controlled processes of energy trans-
fer, charge carrier motion, energy conversion, molecular reco-
gnition, and separation.! In particular, the fact that its struc-
ture is highly organized in three dimensions makes such
material well-suited for adjustment and optimization of its
transport properties. But, the LB films have problems to be
solved for their practical applications, which are in part due
to the inherent instability and the defects of the layered
assemblies.? Specifically, when we consider its use for sepa-
rations, the mechanical stability of the film should be impor-
tantly taken into account, because the separation must happ-
en through the films that are built up on stable, porous
supports. As a breakthrough to improve the mechanical sta-
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Figure 1. N; gas permeation rate(R) through LB films of 1 with
2 on a poly(propylene) membrane filterfMETRICEL) measured
by the pressure method. (*); measured without poly(propylene)
substrate.

bility, the use of preformed polymers has been investigated
extensively in the recent years.** Among the reports on poly-
meric LB films, Kunitake ¢t @/. have demonstrated stabiliza-
tion of the LB films by electrostatic interaction of ionic poly-
mers with oppositely-charged amphiphiles® and by covalent
cross-linking of ionically interacting polymers.®

The gas transport through preformed polymeric LB films
has been investigated by a few groups.” !* Stroeve ef al. re-
ported that the gas permeabilities of nitrogen, methane, and
carbon dioxide in polypropylene-based asymmetric membran-
es were merely a function of the molecular weight of the
gas® Kunitake ef al. determined the ratio a of the oxygen
and nitrogen permeation rates through a LB film of an am-
phiphilic polymer.® The a value was found to be 3.2. Another
study also showed that the composite films of a poly(N-dodecyl-
acrylamide) revealed a higher permeation rate for oxygen.*
In those studies of gas transport through the LB films,
besides the structure of polymers employed, it is crucial for
the utility of such a composite membrane that the pores
of the support are homogeneously coated with the multilayer
film. However, few systematic investigations on the relation
between gas permeability and LB film quality have been re-
ported.” Here we report a preliminary result as to the depen-
dency of N, gas permeability on the macroscopic states of
a polymer LB film observed by SEM.

Results and Discussion

The properties of the monolayers at the air-water interface
and the resulting LB films of 1 polyion-complexed with 2
were already described® The polymer 1 was spread on
aqueous polyallylamine 2. The monolayer gives expanded

— ?H_ ICH— CH,— <|:H~)ﬁ ~—{ CHy— CliH‘)ﬁ
HO,GC  CO.R O(CHp)CH; §He
R = -CH [CH,0 (CHy)y7CHyl, NHe
9 2

phase. The formation of a polyion complex at the interface
and in the LB films could be confirmed by n-A isotherms,



