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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 aggrega
at the waveguide surface during air drying. Furthermore, POW spectroscopy dynamically revealed that MB molecules became orientec
vertically to the waveguide surface with increasing aggregation order.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction layers on the waveguid@]. Analysis of the orientation of
molecules at the surface is essential in studying the dynamic
Optical waveguide (OWG) spectroscopy is a technique behavior of certain molecules using advanced measuring
based on total internal reflection. OWG spectroscopy is techniques. Orientational analysis with OWG spectroscopy
a highly sensitive method of detecting molecules from uses two kinds of polarized light, as showrFig. 1. Polar-
the absorption of the evanescent wave emerging from theization of incident light was set either to transverse magnetic
waveguide surfacgl,2]. The intensity of the evanescent mode (TM) which is perpendicular to the waveguide or to
wave declines exponentially with distance from the surface. transverse electric mode (TE) which is parallel to the waveg-
The characteristic distance for this decay is related to the uide. When the molecular absorption moment is aligned with
wavelength of the incident light. For visible light, itis several the constituent polarized light, the incident light is absorbed
hundred nanometef8,4]. The incident light propagates by by the molecules. For example, when the molecules are ly-
repeated total reflection in the waveguide, and the evanescening with those molecular absorption moments parallel to the
wave generated at every reflection is absorbed by samples onvaveguide (as shown lig. 1), TE polarized lightis absorbed
the waveguide. The accumulation of absorbed light allows the by this molecule (b), but no absorption of TM polarized light
absorption spectra of the samples to be detected with reliableis expected to take place (a). Furthermore, even when the
signal to noise ratio. The OWG technique has already beenmolecular absorption moment is aligned with the direction
used in various studid®—7]. For this, thinner waveguides of polarized light (c), TE polarized light will scarcely be ab-
are preferred for more frequent internal reflections. sorbed by this molecul®]. A formula gives the tilt angle of
By using polarized incident light, OWG spectroscopy is the molecules from the observatiofi®]. This requires the
able to analyze the orientation of molecUlgk Saavedraand  dichroic ratio (fg/lTm) for the absorbance of TE and TM
co-workers have reported the tilt angle of phthalocyanine bi- polarized light, and the refractive index of the molecules and
the waveguide. In OWG spectroscopy, the definition of the
* Corresponding author. Tel.: +81 42 388 7024; fax: +81 42 388 7024, absorbance obtained from the spectrum is different from that
E-mail addressohnoh@cc.tuat.ac.jp (H. Ohno). in ordinary UV—vis absorption spectroscopy. The absorption
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(a) (b) (c) edge of the quartz waveguide. After propagating through the
s : . :
@4 E waveguide, the transmitted light was collected by a second
YA % M micro-lens attached to another optical fiber, and was directed
) S = to a multichromator equipped with photodiode arrays.
TM polarized light TE polarized light As an optical waveguide, a quartz plate (Shin-Etsu Quartz
Fig. 1. Scheme of the polarized light mode and molecular absorption Products, 65mnx 20mm) was used, having thickness of
moment. 200pm and refractive index, 1.46. This OWG plate is well
suited to analysis in the visible light region, since it has almost
observed in the present study is a function of the penetration100% transmittance between wavelengths 300 and 700 nm.
depth and intensity of the evanescent wave and the numbefThe waveguide was fixed on a stage that could be moved in
of reflections. There are many quantitative studies of OWG any direction. The incident light angle was set at 73The
spectroscopy7,11], but the term “absorbance” used in this average number of reflections in this waveguide (65 mm) is
paper means the quantity of absorption observed by OWG then estimated to be 47. The incident light was polarized by a
spectroscopy. In the present study we investigate the orienta-Glan-Thompson polarizing prism placed between the waveg-
tion of methylene blue (MB) at the waveguide surface by po- uide and the incident optical fiber. The samples prepared on
larized optical waveguide spectroscopy. Many optical studies the waveguide were analyzed using two incident polarized
have performed on MB in solutigji2,13]. Previous studies  light beams (TE and TM polarized lighi?1]. MB was dis-
found that MB molecules existed as dimer or as aggregatessolved in milli-Q water at 0.1 mM concentration. This solu-
at the surface, as well as a protonated form depending on thetion was poured directly onto the waveguide (10@m?) and
concentration and the surface proper{ie$-19]. These re-  OWG spectra were immediately recorded. The same 0.1 mM
ports mentioned the orientation of aggregates on the substratéVB solution also underwent POW measurement and ordinal
based on visible spectral data (Table 1). However, there is noUV—-vis absorption spectrum analysis (in a quartz cell with an
report on the dynamics of the adsorption process of moleculesoptical path length of 10 mm). For POW spectroscopy the MB
onto the substrate. In this study we present a dynamic analysidayer was prepared by air drying of the MB solution poured
of the molecular orientation of MB in the adsorption process onto the waveguide. The effect of differing concentrations
on the quartz substrate, and changes of orientation during airof MB solution on the molecular state in the cast layer was
drying of the MB solution. analyzed using 0.1 and 4.5 mM solutions. These concentra-
tions were chosen by consideration of the concentration of
MB for dimer formation (0.2 mM) in agueous soluti¢2?].
2. Experimental After pouring of the 4.5mM MB solution onto the waveg-
uide, spectral changes deriving from changes in molecular
Methylene blue (MB) was purchased from Merck and orientation and aggregation during drying were investigated
used without further purification. Water was purified by using TE and TM polarized light.
reverse osmosis dialysis (Milli-Q SP system) to have specific
resistance greater than 18.3 MQ/cm. Absorption spectra of
MB were obtained in the wavelength range of 300-700 nm 3. Results and discussion
using an OWG spectrophotometer (SIS-50, System In-
struments Inc.)20]. A 150W xenon lamp (Hamamatsu The absorption moment of the MB molecule is along its
Photonics) was used as a light source. A light beam waslong axis, as seen iRig. 2. Increasing the concentration of
modulated by a mechanical chopper, introduced into an opti- the MB agueous solution is known to cause a blue shift of the

cal fiber through a microscope object lens, and focused at themajor absorption band due to H-aggregatjp8]. Fig. 2(a)
shows the OWG spectrum of 0.1 mM MB aqueous solution

Table 1
Absorption maxima (hax/nm) of MB molecules
Assignment  Dissolved in Adsorbed on Cast layer on :;SN I
watef smectitesinan  quartz platé . ‘ i0 s 5
aqueous pha8e 0.6 (a) " (gm— W os | ® 4 L
Monomer 662 653, 670 640, 670 3 1 38 —|| 4>
Monomer and 610 600-610 600 5o4 1 §°%° i ' k
dimer g 1 £ 0.4 \
Trimer and n.d. 570 570 <02 1 < 0.2 ' L
-aggregates 0 _ ] i \ i
Higher n.d. n.d. 545 400 500 600 700 400 500 600 700
aggregates Wavelength (nm) Wavelength (nm)
n.d.: not detected.
& Refs.[15,18]. Fig. 2. Absorption spectra of MB solution observed by OWG spectroscopy

P This study. (a) and ordinary UV-vis spectroscopy (b).
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poured onto the waveguide. The spectrum withxat around so that the MB molecules are standing on the waveguide.
590 nm is attributable to the dimer or to slightly higher aggre- These results suggest that MB molecules aggregate randomly
gates of MB molecules. When the concentration of the MB in the air-dried cast MB layer from 0.1 mM MB aqueous
solution was increased from 0.05 to 5 mM, the absorbance of solution.

the OWG spectrum became greater but the spectral shift at The MB layer cast by air drying of the 4.5 mM MB aque-
Amax Was barely detectable (data not shown). With an ordi- ous solution was also analyzed with polarized light. The
nary UV—vis absorption spectrum of 0.1 mM MB aqueous so- spectra observed were very different, as seehign 3(b).
lution, AmaxWwas detected at 660 nm, suggesting a monomeric With TM polarized light, \max was observed at 545nm,
state (Fig. 2(b)). These results show that MB molecules are suggesting that MB molecules form large aggregates stand-
dissolved in a monomeric state in aqueous solution, but thating on the waveguide. With TE polarized light, by contrast,
they form aggregates at the quartz surface. After the 0.1 mM a broad peak was observed around 620 nm. This suggests
MB aqueous solution was poured onto the waveguide, the re-that MB molecules lying on the waveguide were almost
sulting layer was analyzed with TE and TM polarized light. monomeric. A single peak was observed with both polar-
There was no significant difference in intensity oriipax izations, and no other characteristic peaks were observed.
between the two spectra detected with these polarizations.In the MB layer cast by air drying of 4.5 mM aqueous MB
Based on these results, we suggest that the homogeneouslgolution, MB molecules appear to exist in two types. One
dissolved MB molecules form dimer or low aggregates near is a highly aggregated state standing up on the waveguide
the quartz surface, but that these aggregates are without spesurface, and the other is a monomer state lying on the waveg-
cific orientation. uide (Fig. 3(c)). The values dfnax for MB species at dif-

Fig. 3shows the POW spectra of the cast MB layer (solid fering degrees of aggregation were compared. The values
phase) on the waveguide. When the layer was cast fromof Amax Observed by OWG spectroscopy for every aggre-
0.1mM MB aqueous solution by air drying, TE and TM gated state agree well with those for MB molecules ad-
POW spectra both showed three peaks at 600, 640, andsorbed on smectites in agueous solution. The absorption ob-
670nm (Fig. 3(a)). These peaks correspond to monomer,served at 545 nm following air drying of 4.5 mM MB solution
dimer and a low aggregate of the MB molecules. Absorp- suggests the presence of highly aggregated MB molecules.
tion of TE polarized light was about twice than that of The aggregation order of MB in this cast layer should
TM polarized light. This difference suggests that the direc- be higher than that adsorbed on smectites or in agueous
tion of the absorption moment of monomer or lower ag- solution.
gregate MB is almost parallel to the waveguide surface.  To discuss the dynamic adsorption process of MB during
With TM polarized light, absorption peaks were observed the air drying process, POW spectra were measu¥ed.4
at 540 and 570nm that were not seen with TE polarized shows the dynamic change of bathaxand the absorbance at
light. H-aggregation represented by MB molecules shows Amax during air drying When 4.5 mM aqueous solution was
a blue shift of the major absorption band with the for- poured ontothe waveguidienhaxwas at 600 nm by TM polar-

mation of higher aggregatd23]. When infinite molecu- ized light (Fig. 4(a)). A slow increase in the absorbance was
lar aggregation was assumelthax was calculated to be thenobserved, butlittle shift iyax. Thereafterimaxshowed
around 540 nm based on Kasha’'s thefie¢]. This theo- a considerable blue shift with an increase in absorbance. The

retical value agrees well with the observed shorter wave- MB solution was concentrated by drying, and some aggrega-
length peak, which is therefore attributed to highly aggre- tionthen occurred. Strong absorption at 545 nm was observed
gated MB. This absorption peak at 540 nm was observed onlywith TM polarized light. This strongly suggests that the MB
when TM polarized light was used. The direction of the ab- molecules were highly aggregated, and were standing verti-
sorption moment of highly aggregated MB molecules should cally to the waveguide. When spectral changes were analyzed
therefore be nearly perpendicular to the waveguide surface,with TE polarized light, & max value around 600 nm was ob-
served immediately after pouring of the MB aqueous solution
onto the waveguide. The absorbance at 600 nm was then ob-
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Fig. 3. POW spectra of MB layer cast by air drying of 0.1 mM (a) and
4.5mM (b) MB aqueous solutions. (c) Scheme of estimated state of MB on Fig. 4. Dynamic change of MB spectra during air drying observed by TM
the waveguide. polarized light (a) and TE polarized light (b).
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Fig. 5. (a) Estimated molecular state of MB. (b) Changes@k and the absorbance at thgax. (c) Changes of the previous parameters at the final part of (b).

servedto increase slowly for awhile, as seefig 4(b). This wave. In phase Il (720-740 s), the increase in absorbance was
increase was also explained as an increase in the concentraturther accelerated under both TE and TM polarized light.
tion of MB molecules with drying. However, a rapid fall in  However, the TE polarized spectrum showed no shiftgfx

the absorbance was then observed, followed by a red shift.at 600 nm. This suggests that aggregations of few molecules
The final value was 620 nnfrig. 5(b) shows the changes of (mostly dimer) were still randomly dissolved in the solution.
Amax and the absorbance &hax. Steep spectral changes are In fact a blue shift ofmax was observed with increasing ab-
clearly seen just before complete drying with both TE and sorbance using TM polarized light. We suggest that the extent
TM polarized light. Before that, there are slow increases in of aggregation of MB molecules progresses with the increase
absorbance, presumably due to an increase in concentrationof the fraction of standing MB molecules. Since the shift of
Fig. 5(c) shows a magnification of the final partréf). 5(b), AmaxWwas observed only when TM polarization light was used,
just before complete dryingrig. 5(a) shows a schematic il- the dissolved MB molecules appear to form aggregates stand-
lustration of the molecular state suggested by these dynamicing on the waveguide. After phase Il, the sum of the observed
changes in the spectra. Changes in the molecular states werabsorbances for TE and TM polarized lightincreased, tending
analyzed through changes ofax and the absorbance with  towards a constant value. This strongly suggests that all MB
time. In this experiment, the change in absorbance with in- molecules were by then concentrated near the waveguide, and
creasing concentration was accelerated at around 720 s afteespecially within the range that the evanescent wave could
the MB agueous solution was poured onto the waveguide. Thereach.

period between 0 and 720 s was classified as phase . Inphase In phase 1l (740-750s), a significant spectral change
I, a steady increase in the concentration of MB is suggestedwas observed in the TE polarized light system. The ab-
by data from both TE and TM polarized light. Following sorbance now decreased followed by a red shift.@fx.
phase |, a rapid spectral change occurs that is attributed toFrom these changes, it appears that the fraction of lower
self-interaction of MB or interaction of MB with the waveg- aggregates lying on the waveguide decreases, and the re-
uide surface within the penetration depth of the evanescentmaining monomers were lying there. Further aggregation of
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