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Abstract

A sub-second, time-resolved, linear dichroism (LD) measurement system was constructed, fitted with a slab optical waveguide (SOWG),
and utilized to observe the adsorption process of methylene blue (MB) onto silica surfaces. In the system, a semiconductor laser (670 nm)
was used as the light source and the out-coupled beam from the SOWG was split by a polarizing beam splitter into two polarized beams
(TE and TM modes) to allow sequential linear dichroic ratio data to be obtained; the acquisition rate was 11 data sets per second. For an
MB solution that contained no sodium dodecylbenzenesulfonate (DBS), in contact with a bare silica surface, a clear decrease occurred in
the average orientation angle of adsorbed MB in the initial stages of the adsorption process. This result may correspond to a change in the
chemical form of MB from monomer to dimer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (MB) on glass surfacef®,16-18], as the MB molecule has
been found to be particularly useful as a probe to study
Visible attenuated total reflection (ATR) spectrometry us- interfaces[19—23]. In the previous studies, we examined
ing a slab optical waveguide (SOWG) is a surface-selective the behavior of MB molecules at silica/water and silylated-
and highly sensitive technique that has been used successsilica/water interfaces using visible attenuated total reflection
fully in the study of interfacial phenomeri&-6]. When lin- spectra and LD with an SOW[9,18]. LD measurements re-
ear dichroism (LD) measurements are used, this techniquevealed that the orientation of the MB molecules depended
provides not only spectral information of substances oc- not only on the surface nature of the SOWG, but also on
curring at interfaces, but also evidence of their orientation the presence of an additive, sodium dodecylbenzenesulfonate

[7-10]. (DBS), in the MB sample solutiof®]. In that study, a linear
We have examined the application of glass SOWGs in dichroic ratio was determined by measuring the absorbance
the chemical sensing of various trace substarités16]. of the TE and TM polarization modes independently. Con-

In the development of new sensing systems, it is essen-sequently, only values pertaining to equilibrium conditions
tial to understand the dynamics of the molecules that re- were obtained, and dynamic changes could not be observed
side at an interface. To this end, we have undertaken spe{9].

cific studies of the adsorption behavior of methylene blue  In this study, we constructed a sub-second, time-resolved,
LD measurement system, fitted with an SOWG, which al-
lowed us to observe the dynamic adsorption process of MB
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2. Experimental diagram of the measurement system. A flow cell was con-
structed on the SOWG using a 3-mm thick PTFE spacer and
2.1. Materials a glass window. The physical cell length was 10 mm. A semi-

conductor laser (Sakai Glass Engineering Co. Ltd., Japan,

Methylene blue (Junseikagaku, Japan) and sodium dode-670 nm, 1 mW) provided the light source. The source light
cylbenzenesulfonate (DBS, Kanto Chemicals, Japan) werewas depolarized and collimated with an optical fiber collima-
used without further purification. The silylation reagent, tor and was then coupled with the SOWG through a coupler
octadecyltrichlorosilane (ODTCS), was purchased from prism (La-SF08np =1.8785, Kogakugiken, Japan). The in-
Shinetsu Chemical Co. Ltd., Japan. Toluene and other or-cident angle (f) of the source light (Fig. 1a) was set at’35
ganic solvents, which were used for the surface modification The guided light was out-coupled through another coupler
of silica sheet with ODTCS, were supplied by Wako Pure prism and passed through a lens and a polarizing beam split-
Chemicals, Japan. These reagents were of analytical reagerter. The resultant two polarized beams (TE and TM modes)
grade and used without further purification. Water was puri- were detected by photodiodes and the current signals ampli-

fied with a Milli-Qll system (Millipore, U.S.A.). fied by digital electrometers (TR8652 and R8240, Advantest
Co., Japan). The signals were processed alternately by a per-
2.2. Measurement system sonal computer through a general-purpose interface bus to

obtain successive absorbance data for the TE and TM modes
Fig. 1a shows a schematic diagram of the SOWG used in (Ary and Atg). The acquisition rate of the system was 11
this study, which was the same as that used in our previousdata sets per second f8f\ andArg. Upon completion of
work [9]. A thin fused silica sheet (50m thick,np = 1.459) the measurements, the linear dichroic ratio of each sampling
was employed as the guiding lay&ig. 1b is a schematic  point (the absorbance ratio of the TM mode to the TE mode,
Atm/ATE) Was calculated by dividing eadkry value by the
correspondingAte value using an Excel spreadsheet pro-

1 ram.
(@) J
. . 2 . . -
Incident Lg‘f\q / 2.3. Silylation procedure of silica surface
) 3
e e An octadecylsilane-coated (ODS) SOWG was prepared
| l‘ 4 by a self-assembly proceduf24], as described previously

[9]. The contact angle of water was9or the ODS-SOWG.

(b)

2.4. Measurement procedures

° i MB solutions (0.1mmol/d) with and without DBS
2 (1.0 mmol/dnd) were used as the sample solutions. For each
4 % measurement, the flow cell was initially filled with distilled
X T 4 water and the baseline intensity of the guided light was mon-
I itored. The sample solution was then added via an HPLC
- 7 pump at 0.22 crifs and measurementsAfy andArg were
3 initiated. Before each measurement, the bare silica SOWG
— was washed with 1 mol/dfrhydrochloric acid, distilled wa-
ter, 1 mol/dn? sodium hydroxide, and finally with distilled
EE water again. In the case of the ODS-SOWG, it was washed
9 with 0.1 mol/dn? hydrochloric acid, distilled water, 99.5%
ethanol, and a final rinse of distilled water.

10 3. Results and discussion

Fig. 1. (a) Schematic diagram of a slab optical waveguide: (1) coupling Results of time-resolved LD measurements for the MB
prism; (2) guiding layer (fused silica sheet, 5 thick, np = 1.459); (3) solution containing no DBS and with a bare silica SOWG are
poly(tetrafluoroethylene-co-hexafluoro-propylene (FEP) filmy@bthick, shown inFig. 2, and for the MB solution containing DBS with
np = 1.338); (4) slide glas®, incident angle of source light. (b) Schematic an ODS-SOWG irFig. 3. As the Aw/Are values were close

diagram of the measurement system: (1) semiconductor laser (670 nm); (2)t / iust after th t started. th d
optical fiber; (3) rotation stage; (4) convex lens; (5) flow cell; (6) sample so- 0 zero/zero just after the measurement started, the random

lution; (7) polarizing beam splitter: (8) photodiode: (9) digital electrometer; Values for the LD were obtained, typically as shown in the
(10) personal computer. range before the time zero pointeiy. 3. Consequently, we
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Fig. 2. Time-resolved linear dichroic ratio measurements for MB with a bare
silica SOWG. LD, linear dichroic ratichtg, absorbance value of TE mode;
Atm, absorbance value of TM mode; (A) each measurement point of LD. A
0.1 mmol/dn? MB without DBS was used as the sample solution.

undertook active measurements only after the valuaref

had reached 0.01. Throughout the regions in which active
measurements were made, reproducibility of measurement:
proved to be good. Furthermore, a check on the response o
the measurement system was made by evaluation and com

parison of the following parameters:

A .
%, (1)
TE,n,-
A .
y TM,n; ’ (2)
TE,n;_l
2A )
TM,n; (3)

ATE 1 + ATE N

Fig. 3. Time-resolved linear dichroic ratio measurements for MB with an
ODS-SOWG. LD, linear dichroic ratiddtg, absorbance value of TE mode;
Arm, absorbance value of TM mode; (A) each measurement point of LD. A
0.1 mmol/dn{ MB with 1.0 mmol/dn? DBS was used as the sample solution.
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Table 1
The average orientation angle) (6f methylene blue adsorbed onto silica
surface8

Silica surface Average orientation anglé,(°)

Present study Previous study
Without the addition of 1.0 mmol/diDBS
Bare silica 28.2+0.4 28.9+5.3
ODS silica 17.6+0.2 24.7+£1.2
With the addition of 1.0 mmol/dfDBS
Bare silica 28.2+0.3 26.8+5.3
ODS silica 12.8+0.5 16.0+0.3

2 The average orientation anglé @f MB was calculated using a reported
method8] in which the following equation givets 4T = M
whereEy, Ey andE; denote electric field amplltudes in the three Cartesian
directions at the surface. To calculate these values, the propagation angle
of 72.2 in the waveguide and the refractive indices of 1.459 and 1.333 for
the guiding layer and the water phase, respectively, were used. Randomly
orientated molecules have an average orientation angle of.35.3

b A 0.1 mmol/dn? MB solution was used for the measurements. The av-
erage of three measurements: the average of the linear dichroic ratio values
measured for 30 s, 60 s after active measurement commenced.

¢ Ref.[9].

d Sodium dodecylbenzenesulfonate.

€ The average orientation angle of the monomer fraction of MB.

hereAtm », andAg »; are thenith values oAty andAre,
espectively, following the commencement of measurement
(Atm.n, was always acquired beforerg ,,). There was no
substantial difference among the values, which implies that
the response time of the system was sufficient to undertake
these experiments.

In Fig. 2, the linear dichroic ratio decreases steeply in the
initial region and then becomes constant. An almost constant
linear dichroic ratio was obtained with the ODS-SOWG from
MB solution with DBS, as shown ifig. 3, with the ODS-
SOWG from MB solution without DBS, and with the bare
silica SOWG from MB solution containing DBS. The results
of the latter experiments are not shown.

Table 1summarizes the average orientation angles of MB
(Fig. 4) found in this study. These were calculated from the
average values of the linear dichroic ratio obtained over a
30s interval, 60 s after the active measurements commenced.
In the table, previous results are also shown from experi-
ments in which the sample solutions were manually intro-
duced to the flow cell more quickly by using a syrin&

As is shown in the table, better reproducibility in the mea-
surement of the average orientation angle was obtained in
this study. Moreover, the average orientation angles obtained
with the bare silica SOWG were in good agreement with
those of the previous study. As discussed in the previous pa-
per, when DBS is not added, MB is adsorbed as dimer onto
the bare silica surface and as monomer onto the ODS-SOWG
surface under equilibrium conditiorf8,18], whereas when
DBS is added, MB is adsorbed onto bare silica as the ion-pair
MB + DBS, which exhibits the same spectrum as the dimer,
while the monomer fraction continues to be observed upon
ODS-SOWG[9,18]. The average orientation angle of MB
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Fig. 4. Structure and orientation angl¢g ¢f the transition moment of methylene blue.

in the ion-pair was 33-35 which is close to that of ran-  dimer. Tentatively, we do not have any idea for why the dimer
domly oriented molecules (358 The average angle of the formation may cause the change in the orientation angle, in
monomer was much smaller, 16,&s shown iffable 1 [9]. other words, why the orientation angle of the monomer on the
As absorbance detection is more sensitive for the monomerbare silica surface is so great. Further careful spectroscopic
(Amax=670nm) than for the dimer fJax=600nm) at the studies may be necessary to answer the question.
wavelength of 670 nm used in this study, the present result In conclusion, a sub-second, time-resolved, LD measure-
of 12.8 mainly reflects the average orientation angle of the ment system was constructed with an SOWG and used to
monomer fraction. observe the adsorption process of MB onto silica surfaces. In
As mentioned above, a clear decrease in the linear dichroicthe case of MB solution lacking DBS on a bare silica surface,
ratio was observed in the initial region for the MB solution a clear decrease in the average orientation angle occurred in
lacking DBS with the bare silica SOWG, as showriFig. 2. the initial stages of the adsorption process. This may reflect
The data were converted to give the average of three orien-a change in the chemical form of MB from the monomer to
tation angle measurements as showfim 5. In Fig. 5the the dimer. Consequently, the new system offers a practical
orientation angle of MB in the initial region is close to that of method for examining dynamic changes in the orientation
randomly oriented molecules, but subsequently it decreasesf adsorbed molecules on various surfaces, such as silica,
with an increase in the absorbance. We have previously re-transparent electrodes (ITO) and polymers.
ported, on the basis of simultaneous, dual-wavelength mea-
surements with a soda-lime glass SOWG, that MB adsorbed
onto a glass §urface as a monomer during the initial S.tageSAcknowledgement
of the adsorption process may subsequently transform into a
dimer[18]. The change in the average orientation angle of
MB observed in the present study may correspond to a simi-
lar process that involves conversion from the monomer to the
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