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Dynamic analysis of aggregation of methylene blue with polarized
optical waveguide spectroscopy
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Abstract

Polarized optical waveguide (POW) spectroscopy permits analysis of the changing molecular state of methylene blue (MB), including
aggregate order and orientation at the waveguide surface. Monomer or dimer, dissolved randomly in MB aqueous solution, tends to aggregate
at the waveguide surface during air drying. Furthermore, POW spectroscopy dynamically revealed that MB molecules became oriented
vertically to the waveguide surface with increasing aggregation order.
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. Introduction

Optical waveguide (OWG) spectroscopy is a technique
ased on total internal reflection. OWG spectroscopy is

highly sensitive method of detecting molecules from
he absorption of the evanescent wave emerging from the
aveguide surface[1,2]. The intensity of the evanescent
ave declines exponentially with distance from the surface.
he characteristic distance for this decay is related to the
avelength of the incident light. For visible light, it is several
undred nanometers[3,4]. The incident light propagates by
epeated total reflection in the waveguide, and the evanescent
ave generated at every reflection is absorbed by samples on

he waveguide. The accumulation of absorbed light allows the
bsorption spectra of the samples to be detected with reliable
ignal to noise ratio. The OWG technique has already been
sed in various studies[5–7]. For this, thinner waveguides
re preferred for more frequent internal reflections.

By using polarized incident light, OWG spectroscopy is
ble to analyze the orientation of molecules[8]. Saavedra and
o-workers have reported the tilt angle of phthalocyanine bi-

layers on the waveguide[8]. Analysis of the orientation o
molecules at the surface is essential in studying the dyn
behavior of certain molecules using advanced meas
techniques. Orientational analysis with OWG spectros
uses two kinds of polarized light, as shown inFig. 1. Polar
ization of incident light was set either to transverse mag
mode (TM) which is perpendicular to the waveguide o
transverse electric mode (TE) which is parallel to the wa
uide. When the molecular absorption moment is aligned
the constituent polarized light, the incident light is absor
by the molecules. For example, when the molecules ar
ing with those molecular absorption moments parallel to
waveguide (as shown inFig. 1), TE polarized light is absorb
by this molecule (b), but no absorption of TM polarized li
is expected to take place (a). Furthermore, even whe
molecular absorption moment is aligned with the direc
of polarized light (c), TE polarized light will scarcely be a
sorbed by this molecule[9]. A formula gives the tilt angle o
the molecules from the observations[10]. This requires th
dichroic ratio (ITE/ITM) for the absorbance of TE and T
polarized light, and the refractive index of the molecules
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the waveguide. In OWG spectroscopy, the definition of the
absorbance obtained from the spectrum is different from that
in ordinary UV–vis absorption spectroscopy. The absorption
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Fig. 1. Scheme of the polarized light mode and molecular absorption
moment.

observed in the present study is a function of the penetration
depth and intensity of the evanescent wave and the number
of reflections. There are many quantitative studies of OWG
spectroscopy[7,11], but the term “absorbance” used in this
paper means the quantity of absorption observed by OWG
spectroscopy. In the present study we investigate the orienta-
tion of methylene blue (MB) at the waveguide surface by po-
larized optical waveguide spectroscopy. Many optical studies
have performed on MB in solution[12,13]. Previous studies
found that MB molecules existed as dimer or as aggregates
at the surface, as well as a protonated form depending on the
concentration and the surface properties[14–19]. These re-
ports mentioned the orientation of aggregates on the substrate
based on visible spectral data (Table 1). However, there is no
report on the dynamics of the adsorption process of molecules
onto the substrate. In this study we present a dynamic analysis
of the molecular orientation of MB in the adsorption process
on the quartz substrate, and changes of orientation during air
drying of the MB solution.

2. Experimental

Methylene blue (MB) was purchased from Merck and
used without further purification. Water was purified by
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edge of the quartz waveguide. After propagating through the
waveguide, the transmitted light was collected by a second
micro-lens attached to another optical fiber, and was directed
to a multichromator equipped with photodiode arrays.

As an optical waveguide, a quartz plate (Shin-Etsu Quartz
Products, 65 mm× 20 mm) was used, having thickness of
200�m and refractive index, 1.46. This OWG plate is well
suited to analysis in the visible light region, since it has almost
100% transmittance between wavelengths 300 and 700 nm.
The waveguide was fixed on a stage that could be moved in
any direction. The incident light angle was set at 73.5◦. The
average number of reflections in this waveguide (65 mm) is
then estimated to be 47. The incident light was polarized by a
Glan-Thompson polarizing prism placed between the waveg-
uide and the incident optical fiber. The samples prepared on
the waveguide were analyzed using two incident polarized
light beams (TE and TM polarized light)[21]. MB was dis-
solved in milli-Q water at 0.1 mM concentration. This solu-
tion was poured directly onto the waveguide (100�l/cm2) and
OWG spectra were immediately recorded. The same 0.1 mM
MB solution also underwent POW measurement and ordinal
UV–vis absorption spectrum analysis (in a quartz cell with an
optical path length of 10 mm). For POW spectroscopy the MB
layer was prepared by air drying of the MB solution poured
onto the waveguide. The effect of differing concentrations
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everse osmosis dialysis (Milli-Q SP system) to have spe
esistance greater than 18.3 M�/cm. Absorption spect
B were obtained in the wavelength range of 300–700
sing an OWG spectrophotometer (SIS-50, System
truments Inc.)[20]. A 150 W xenon lamp (Hamamat
hotonics) was used as a light source. A light beam
odulated by a mechanical chopper, introduced into an

al fiber through a microscope object lens, and focused

able 1
bsorption maxima (λmax/nm) of MB molecules

ssignment Dissolved in
watera

Adsorbed on
smectites in an
aqueous phasea

Cast layer on
quartz plateb

onomer 662 653, 670 640, 670
onomer and
dimer

610 600–610 600

rimer and
aggregates

n.d. 570 570

igher
aggregates

n.d. n.d. 545

.d.: not detected.
a Refs.[15,18].
b This study.
f MB solution on the molecular state in the cast layer
nalyzed using 0.1 and 4.5 mM solutions. These conce

ions were chosen by consideration of the concentratio
B for dimer formation (0.2 mM) in aqueous solution[22].
fter pouring of the 4.5 mM MB solution onto the wave
ide, spectral changes deriving from changes in mole
rientation and aggregation during drying were investig
sing TE and TM polarized light.

. Results and discussion

The absorption moment of the MB molecule is along
ong axis, as seen inFig. 2. Increasing the concentration
he MB aqueous solution is known to cause a blue shift o
ajor absorption band due to H-aggregation[19]. Fig. 2(a)

hows the OWG spectrum of 0.1 mM MB aqueous solu

ig. 2. Absorption spectra of MB solution observed by OWG spectros
a) and ordinary UV–vis spectroscopy (b).



1068 K. Fujita et al. / Talanta 65 (2005) 1066–1070

poured onto the waveguide. The spectrum withλmaxat around
590 nm is attributable to the dimer or to slightly higher aggre-
gates of MB molecules. When the concentration of the MB
solution was increased from 0.05 to 5 mM, the absorbance of
the OWG spectrum became greater but the spectral shift at
λmax was barely detectable (data not shown). With an ordi-
nary UV–vis absorption spectrum of 0.1 mM MB aqueous so-
lution,λmaxwas detected at 660 nm, suggesting a monomeric
state (Fig. 2(b)). These results show that MB molecules are
dissolved in a monomeric state in aqueous solution, but that
they form aggregates at the quartz surface. After the 0.1 mM
MB aqueous solution was poured onto the waveguide, the re-
sulting layer was analyzed with TE and TM polarized light.
There was no significant difference in intensity or inλmax
between the two spectra detected with these polarizations.
Based on these results, we suggest that the homogeneously
dissolved MB molecules form dimer or low aggregates near
the quartz surface, but that these aggregates are without spe-
cific orientation.

Fig. 3shows the POW spectra of the cast MB layer (solid
phase) on the waveguide. When the layer was cast from
0.1 mM MB aqueous solution by air drying, TE and TM
POW spectra both showed three peaks at 600, 640, and
670 nm (Fig. 3(a)). These peaks correspond to monomer,
dimer and a low aggregate of the MB molecules. Absorp-
t of
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so that the MB molecules are standing on the waveguide.
These results suggest that MB molecules aggregate randomly
in the air-dried cast MB layer from 0.1 mM MB aqueous
solution.

The MB layer cast by air drying of the 4.5 mM MB aque-
ous solution was also analyzed with polarized light. The
spectra observed were very different, as seen inFig. 3(b).
With TM polarized light, λmax was observed at 545 nm,
suggesting that MB molecules form large aggregates stand-
ing on the waveguide. With TE polarized light, by contrast,
a broad peak was observed around 620 nm. This suggests
that MB molecules lying on the waveguide were almost
monomeric. A single peak was observed with both polar-
izations, and no other characteristic peaks were observed.
In the MB layer cast by air drying of 4.5 mM aqueous MB
solution, MB molecules appear to exist in two types. One
is a highly aggregated state standing up on the waveguide
surface, and the other is a monomer state lying on the waveg-
uide (Fig. 3(c)). The values ofλmax for MB species at dif-
fering degrees of aggregation were compared. The values
of λmax observed by OWG spectroscopy for every aggre-
gated state agree well with those for MB molecules ad-
sorbed on smectites in aqueous solution. The absorption ob-
served at 545 nm following air drying of 4.5 mM MB solution
suggests the presence of highly aggregated MB molecules.
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ion of TE polarized light was about twice than that
M polarized light. This difference suggests that the di

ion of the absorption moment of monomer or lower
regate MB is almost parallel to the waveguide surf
ith TM polarized light, absorption peaks were obser

t 540 and 570 nm that were not seen with TE polar
ight. H-aggregation represented by MB molecules sh

blue shift of the major absorption band with the
ation of higher aggregates[23]. When infinite molecu

ar aggregation was assumed,λmax was calculated to b
round 540 nm based on Kasha’s theory[24]. This theo
etical value agrees well with the observed shorter w
ength peak, which is therefore attributed to highly ag
ated MB. This absorption peak at 540 nm was observed
hen TM polarized light was used. The direction of the
orption moment of highly aggregated MB molecules sh
herefore be nearly perpendicular to the waveguide sur

ig. 3. POW spectra of MB layer cast by air drying of 0.1 mM (a)
.5 mM (b) MB aqueous solutions. (c) Scheme of estimated state of M

he waveguide.
he aggregation order of MB in this cast layer sho
e higher than that adsorbed on smectites or in aqu
olution.

To discuss the dynamic adsorption process of MB du
he air drying process, POW spectra were measured.Fig. 4
hows the dynamic change of bothλmaxand the absorbance
max during air drying. When 4.5 mM aqueous solution w
oured onto the waveguide,λmaxwas at 600 nm by TM pola

zed light (Fig. 4(a)). A slow increase in the absorbance
hen observed, but little shift inλmax. Thereafter,λmaxshowed
considerable blue shift with an increase in absorbance
B solution was concentrated by drying, and some aggr

ion then occurred. Strong absorption at 545 nm was obs
ith TM polarized light. This strongly suggests that the
olecules were highly aggregated, and were standing

ally to the waveguide. When spectral changes were ana
ith TE polarized light, aλmax value around 600 nm was o
erved immediately after pouring of the MB aqueous solu
nto the waveguide. The absorbance at 600 nm was the

ig. 4. Dynamic change of MB spectra during air drying observed by
olarized light (a) and TE polarized light (b).
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Fig. 5. (a) Estimated molecular state of MB. (b) Changes ofλmax and the absorbance at theλmax. (c) Changes of the previous parameters at the final part of (b).

served to increase slowly for a while, as seen inFig. 4(b). This
increase was also explained as an increase in the concentra-
tion of MB molecules with drying. However, a rapid fall in
the absorbance was then observed, followed by a red shift.
The final value was 620 nm.Fig. 5(b) shows the changes of
λmax and the absorbance atλmax. Steep spectral changes are
clearly seen just before complete drying with both TE and
TM polarized light. Before that, there are slow increases in
absorbance, presumably due to an increase in concentration.
Fig. 5(c) shows a magnification of the final part ofFig. 5(b),
just before complete drying.Fig. 5(a) shows a schematic il-
lustration of the molecular state suggested by these dynamic
changes in the spectra. Changes in the molecular states were
analyzed through changes ofλmax and the absorbance with
time. In this experiment, the change in absorbance with in-
creasing concentration was accelerated at around 720 s after
the MB aqueous solution was poured onto the waveguide. The
period between 0 and 720 s was classified as phase I. In phase
I, a steady increase in the concentration of MB is suggested
by data from both TE and TM polarized light. Following
phase I, a rapid spectral change occurs that is attributed to
self-interaction of MB or interaction of MB with the waveg-
uide surface within the penetration depth of the evanescent

wave. In phase II (720–740 s), the increase in absorbance was
further accelerated under both TE and TM polarized light.
However, the TE polarized spectrum showed no shift ofλmax
at 600 nm. This suggests that aggregations of few molecules
(mostly dimer) were still randomly dissolved in the solution.
In fact a blue shift ofλmax was observed with increasing ab-
sorbance using TM polarized light. We suggest that the extent
of aggregation of MB molecules progresses with the increase
of the fraction of standing MB molecules. Since the shift of
λmaxwas observed only when TM polarization light was used,
the dissolved MB molecules appear to form aggregates stand-
ing on the waveguide. After phase II, the sum of the observed
absorbances for TE and TM polarized light increased, tending
towards a constant value. This strongly suggests that all MB
molecules were by then concentrated near the waveguide, and
especially within the range that the evanescent wave could
reach.

In phase III (740–750 s), a significant spectral change
was observed in the TE polarized light system. The ab-
sorbance now decreased followed by a red shift ofλmax.
From these changes, it appears that the fraction of lower
aggregates lying on the waveguide decreases, and the re-
maining monomers were lying there. Further aggregation of
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lower aggregates should occur, but these were not yet stand-
ing on the waveguide, since no increase in absorbance was
observed under TM polarized light. At phase IV (750–760 s),
where the absorbance of TM polarized light increases again,
the aggregated molecules are standing. Finally, almost all
the MB molecules are aggregated together and standing on
the waveguide, with a small fraction of MB monomers and
dimers lying (phase V). The spectral changes seen inFig. 5
were repeatedly observed upon pouring MB solution onto the
waveguide.

4. Conclusions

The aggregation and adsorption behavior of MB
molecules has been examined by the POW technique. MB
molecules dissolved in aqueous solution exist as dimer or as
lower aggregates at the substrate surface; this is a different
state from that in the bulk. However, the direction of the ab-
sorption moment of these lower aggregates was not oriented,
but random. We suggest that, when low concentration MB
aqueous solution is cast on the waveguide, there are mix-
tures of molecularly dispersed MB, dimer, and other lower
aggregates. On the other hand, when relatively concentrated
solution, greater than the lowest concentration for dimer for-
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