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Thin films including Methylene Blue (MB) have been prepared. They were dip-coated using the sol-gel reaction
of tetracthyl orthosilicate (TEOS). The absorption spectra of the individual thin films have been observed as a function
of time after preparation of the films. The relative contributions of the monomer (MB™), dimer ((MB™),), and protonated
species (MBH?") existing in the individual thin films to the total absorption spectra were obtained. The acidity in each
film was estimated from the relative abundance of the MBH?*. In the case of the system including a large amount of HCI
as a catalyst, MB formed MBH?* in addition to MB* and (MB™), just after preparation of the films. However, MBH?* in
every film disappeared 5—10 min after the preparation. The formation of MBH?* indicates the very high acidity around
MB molecules. In each film just after the preparation, the rate of the hydrolysis became slower and the concentration of
the released proton remarkably increased because the polycondensation rapidly proceeded with the contraction in volume.
Although growing —SiOSi— networks prevent the evaporation of the acid together with water and ethanol, the decrease of
MBH?" indicates the lowering of acidity in the films due to the evaporation.

The sol—gel method,'— which has enabled us to encapsu-
late organic dyes in an inorganic solid, is useful to synthesize
new organic—inorganic hybrid functional materials for appli-
cations such as devices for photonics and photoelectronics.*”
The photo-physicochemical properties of the dye molecules
which are encapsulated in a solid matrix are influenced by the
microchemical environment around the dye. Although the
reaction during the sol-gel process consists of only hydroly-
sis and polycondensation, the changes are very complicated
and not well known. In order to design the materials, it is
important to clarify the change in the photo-physicochemi-
cal properties of the dye with the change in physicochemical
environment around dye molecules in the sol-gel reaction
system. The electronic spectra are a useful probe for an
understanding of the changes.*—'®

We have previously prepared thin sol-gel films includ-
ing rhodamine B (RB)'” which were dip-coated>*'® using
the sol—gel reaction of tetraethyl orthosilicate (TEOS) as a
function of time after mixing of the reaction systems. The
relative contributions of the monomer, H-dimer, and J-dimer
of RB existing in the individual thin films to the total absorp-
tion and fluorescence spectra of the individual samples were
obtained as a function of time after the preparation. In the
fluid sol, RB existed as the monomer until the gelation oc-
curred. On the other hand, in the dip-coated films, two types
of dimers (H and J types) of RB were associated just after
dip-coating until the —SiOSi- networks were almost formed.
With the progress of the sol-gel reaction in the fluid sol,
dimerization in the prepared film was gradually prevented

and the monomer RB became the preferential species. These
results indicate that prestructures of the pores including RB
molecules were formed long before the gelation point.

A reductive dye, Methylene Blue (MB), is used as a re-
dox indicator and for medicines. MB and the related sub-
stances are applicable to areas such as electrochromic mate-
rials and sensitizers of a solar cell.'” MB exists as a monomer
(MB™) in neutral or low acidic solvents and forms a dimer
((MB*),) with an increase of the concentration in aqueous
solvents.”* In the solutions containing highly concen-
trated acid, MB forms protonated species (MBH?2*).212269
The molecular forms of three chemical species of MB are
illustrated in Scheme 1. MB forms only non-fluorescent H-
dimer, whereas RB forms non-fluorescent H-dimer and flu-
orescent J-dimer. However, the change in the molecular and
spectral structure of RB with acidity is very small.!**—% On
the other hand, the molecular structure and electronic spectra
of MB are drastically changed by the protonation at nitrogen
atom in phenothiazine skeleton. The value of pK, for MB is
very small compared with the value for RB. Therefore, MB
is useful as a probe of the sol—gel reaction system at a differ-
ent viewpoint from the case of RB. Although there are some
reports on the spectroscopic properties of MB and the related
substances adsorbed on the surface of the solid,!*?*3*3 there
are no reports on those doped in the sol—gel reaction system.

In this paper, we report the details of the absorption spectra
of MB in dip-coated thin films prepared as a function of
time after mixing of the HCI- and H,SOj4-catalyzed sol—gel
reaction systems, in order to clarify the chemical species
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Scheme 1. Molecular forms of three chemical species of
Methylene Blue (MB).

of MB (MB*, (MB*),, and MBH?*) and the microscopic
environment around the dye molecule in the films.

Experimental

Materials. MB, ethanol, TEOS, hydrochloric acid, and sulfu-
ric acid (Wako Chemicals, JIS S grade) were used without further
purification. The water was deionized and distilled. Slide glasses
for use as the substrate (Matsunami S-1126) were washed with
neutral detergents, soaked in 0.1 M (M =mol dm™>) aqueous HCl
solution for 1 h, washed with water, and finally dried at room
temperature.

Sample Preparation. In order to investigate the acidity
dependence of the absorption spectra of MB, aqueous HCl solutions
were prepared in a concentration range from 1.0x1072 to 2.2 M,
in which MB was dissolved at 1.0x 107> M.

MB was dissolved in ethanol at 1.0x 107> M for the sol-gel
reaction. The starting solutions of the sol-gel systems contained
10.0 ml of MB in ethanol solution, 10.0 ml of TEOS, and 3.0 ml of a
catalyst. The catalysts used were 1 M (System X-1), 0.1 M (System
X-01), and 0.01 M (System X-001) aqueous HCI solutions, and
0.083 M aqueous H,SO4 solutions (System Y-01). Concentration
of HySOy4 in the System Y-01 was adjusted to the same acidity as
the System X-01. The solutions were stirred during the addition,
stirred thoroughly for an additional 30 min, and then poured into
individual polypropylene vials (50 ml). The vials were covered
with a cap having a hole of 5 mm diameter and kept in a thermostat
at 35 °C. The dipping substrates were withdrawn vertically from
the sol-gel solution in the vial at a speed of 10 mmmin~' at room
temperature. The dip-coated thin films were made as a function of
reaction time of the prepared solutions. The prepared films were
kept at room temperature.

Spectral Measurements. The absorption spectra were ob-
served using a Hitachi U-3210 or a Shimadzu UV-2500PC record-
ing spectrophotometer. The data were transferred to an NEC PC-
9801 personal computer and recorded. The spectra were obtained
using quartz cells of 1.0, 0.1, and 0.01 cm path lengths. The spec-
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tra in highly concentrated solutions were obtained by interposing
the solution between two slide glasses. Plastic tape was wound
around the two overlapped slide glasses to prevent evaporation of
the solvent. The absorption spectra of the prepared thin films were
observed as a function of time after the preparation. All spectral
measurements were performed at room temperature (25 °C). The
spectral data of the dip-coated thin films given in the Figures are
the typical results for three to five different experiments.

Results and Discussion

Resolved Absorption Spectra of Three Chemical
Species of MB in Aqueous Solvents. There
have been some reports on the absorption spectra and
the monomer—dimer equilibrium of MB in aqueous
solvents.?>= However, the acid-base equilibrium of MB
is not well investigated®'***¥ and there is no report on the
resolved absorption spectra of the three chemical species of
MB. In order to clarify the relationship between the molec-
ular forms and their corresponding absorption spectra in sol-
vents and in the dip-coated thin films, we have investigated
the dependence of the spectra on the concentration of MB
and the acidity of aqueous solvents.

According to the concentration dependence of ab-
sorption spectra of MB in water, the value of the
monomer—dimer (MB*—(MB™),) equilibrium constant Kg =
5.81x10% dm® mol~! was obtained. This constant K4 cor-
responds to the values in the literature.”>?* These spectra of
MB in ethanol are almost independent of the concentration,
indicating that MB can not dimerize much in ethanol at room
temperature.?*??

MB is protonated and transforms to MBH?* in very highly
acidic solution. Hammett’s acidity function H, is used as the’
degree of acidity and is defined as follows:*¢"

K
MBH* ——MB" + H*, )
pK. = H. +log (IMBH*"]/[MB")), @
pK. = H, +log {(¢ — &vm+)/(emBH2+ — €)1, (€)]

where K, is an acid dissociation constant, € is an apparent
molar absorption coefficient of the individual solutions, and
&vi+ and &vpyz+ are actual molar absorption coefficients of
MB* and MBH?*, respectively. The value of H, increases
as the degree of acidity decreases. According to £ observed
at 745 nm of MB in aqueous HCI solutions in various values
of H, and Eq. 3, it was estimated that the value of pK,
is —0.258+0.003. This value of pK, corresponds to the
value in the literature.®® The absorption spectra of MB in
5 M aqueous HCI solution were not changed with the dye
concentration, indicating that MBH?* is unlikely to form the
dimer (MBH?), 2021

Using the monomer—dimer equilibrium constant Ky =
5.81x10° dm> mol~! and the acid-base equilibrium con-
stant K, = 1.81 moldm™3 (pK, = —0.258), we obtained the
resolved absorption spectra of MB*, (MB™),, and MBH?* in
water. The results are shown in Fig. 1. The peak wavelength
and molar absorption coefficient of the components are 664
nm and 83400 dm? cm™! mol~! for MB*, 605 nm and 59500
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Fig. 1. Resolved absorption spectra for the three chemical
species of Methylene Blue (MB) in aqueous solvent. (1)
MB*, (2) (MB*),, and (3) MBH?*.

dm?® cm ™" mol~" and 685 nm and 10300 dm® cm™! mol~!
for (MB*),, and 746 nm and 82900 dm?®cm~!mol~! for
MBH?*, respectively. These values for MB* and (MB*),
correspond to the spectral data in the literature 22242729
According to the exciton theory,*® the relative intensity of
the dimer spectrum against the monomer’s is reasonable,
because the transition moment for the dimer (a unit com-
posed of two molecules) is summed from the two constituent
monomer transition moments. The resulting average tran-
sition moment for each molecule constituting the dimer is
nearly equal to that of the monomer.

The resolved absorption spectra of the three chemical
species of MB in aqueous solvents can be used in order
to estimate those relative abundances in the dip-coated thin
films. The relative abundance of MB* to that of MBH?* can
be the measure of the acidity in the environment around MB
using Eq. 2. In applying to the measurement of the acidity
in the dip-coated thin film, we assumed that the proportion
of MB* to MBH?" is not changed with the dye concentration
under a certain acidity condition while the amount of (MB*),
increases.

Absorption Spectra of MB in the Fluid Sol-Gel Re-
action System of TEOS and in Dip-Coated Thin Films
(System X-01). Figure 2 shows the absorption spectra of
MB (A) in the fluid sol—gel reaction System X-01 along with
the progress of the sol—gel reaction until gelation occurred
and (B) in the dip-coated thin films withdrawn from the sys-
tem. The spectra of the individual films were observed just
after the preparation. It took 210 h for gelation in this system.
It is interesting to clarify the change in the physicochemical
environment around MB molecules in the fluid sol-gel reac-
tion system and the dip-coated films. Based on the resolved
absorption spectra in aqueous solvents shown in Fig. 1, we es-
timated the relative abundance of the three chemical species
of MB in each film using the Simplex method.***? Figure 3
shows the relative contribution of the three chemical species
of MB to the total absorption spectra of (A) the fluid sol—gel
reaction System X-01 and (B) the dip-coated thin films with-
drawn from the system, corresponding to Figs. 2A and 2B,
respectively. The abscissa indicates the reaction time of the
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Fig. 2. Absorption spectra of Methylene Blue (A) in the fluid
sol-gel reaction System X-01, observed at (1) 2 h, (2) 92 h,
and (3) 185 h after start of the sol—gel reaction, and (B) in
the dip-coated thin films withdrawn from the system at (1)
2h,(2)29h,(3)68h, (4) 92 h, (5) 119 h, (6) 146 h, and (7)
185 h after start of the sol-gel reaction. The spectra of the
individual films were observed just after the preparation.

sol—gel solution at which the thin films were prepared.
There was a little change in the spectra of the fluid sol-gel
system having a peak at 655 nm (Fig. 2A) as well as the
spectra in ethanol, where most (73—92%) of MB molecules
exists as monomers MB* (Fig. 3A), because the sol—gel re-
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The relative contribution of the three chemical species of Methylene Blue to the total absorption spectra of (A) the fluid

sol-gel reaction System X-01 and (B) the dip-coated thin films withdrawn from the system. The inserted numbers and experimental

condition are the same as that shown in Fig. 2.

action system contains a large amount of ethanol as solvent.
The change in net-concentration of the dye during sol to
gel transition under the present experimental conditions is
not very large.!” Since the existence of MBH?* was hard to
observe, the acidity in the matrix during the reaction corre-
sponds to H,>2.0 in water based on Eq. 2. The effective
pH value of the sol—gel reaction systems was examined by
using the absorption spectrum of Thymol Blue (pK, = 1.65
and 9.20 in water, and 5.35 and 15.2 in ethanol).'>*? Based
on the estimated effective pH value, it is concluded that the
value does not change much during the whole sol-gel-xe-
rogel transitions. Consequently, the pH change has little
influence on the molecular forms of MB (pK, = —0.258 in
water) during the present reaction. The same statements are
true for using 1 M (System X-1) and 0.01 M (System X-
001) aqueous HCI solution as a catalyst. In these systems
the gelation occurred at 120 and 190 h, respectively.

The spectrum of the film prepared at the first stage of the
sol—gel reaction (prepared at 2 h after mixing of the sol-gel
reaction system, Fig. 2B-spectrum 1) contains the absorption
bands at around 610—620 nm, 670—680 nm, and 750 nm,
which are assigned to (MB*),, MB*, and MBH?*, respec-
tively, according to Fig. 1. These results indicate that (MB*),
and MBH?" were formed in the dip-coated film just after
the preparation, although MB* was the preferential species
in fluid sol (Figs. 2A and 3A). The relative abundances of
MB*, (MB*),, and MBH?* in the film prepared at 2 h were
38, 57, and 5%, respectively (Fig. 3B). Since the relative
abundance of MBH?* to the sum of MB* and MBH?** (RP)
is 12%, the acidity in this film, which can be estimated from
Eg. 2, corresponds to H, =0.62 in water. These results in-
dicate that the acidity quickly became higher in the film just
after preparation, in spite of low acidity (H,>2.0) in the fluid
sol-gel reaction system.

With the progress of the sol-gel reaction in the fluid sys-

temn, the relative abundances of MB* and MBH?* existing
in the prepared film increased until about half time of the
gelation point (92 h). The relative abundance of (MB*), de-
creased during this period. In the film prepared at 92 h, the
relative abundances of MB*, (MB*),, and MBH?* were 71,
14, and 15%, respectively. The RP is 18% and the acidity in
this film corresponds to about H, =0.40 in water. The change
in relative abundance of MB* and (MB*), indicates that sep-
aration of MB molecules gradually proceed along with the
progress of the polycondensation in the fluid system because
of growing —SiOSi— networks around MB molecules. These
phenomena are similar to the RB system reported in the pre-
liminary papers.'” On the other hand, the increase of MBH**
reflects the progress of the hydrolysis reaction of TEOS in
the fluid system.'® The reasons of the increase are discussed
later.

As the reaction in the fluid system proceeded further, the
amount of MBH?* decreased and then increased, while that
of (MB*), was approximately constant. This decrease of
MBH?* reflects the progress of the polycondensation reaction
of —SiOH and/or —SiOR in the fluid system.” The reasons
of this decrease and the sequential increase of MBH?* are
described later. In the film prepared at 185 h after mixing
of the system, the relative abundances of MB*, (MB™*),, and
MBH?* were 48, 20, and 32%, respectively. The RP in
this film is 40%, which corresponds to about H;. = —0.08 in
water. Although the increase, sequential decrease, and final
increase of MBH?* along with the progress of the sol-gel
reaction are peculiar, these results have been reproduced in
the five experiments.

In order to make clear the effect of HCI on the acidity in
the dip-coated thin films, the acidity A, in the films prepared
as a function of time after mixing of the Systems X-1, X-01,
and X-001 are listed in Table 1. The data were obtained just
after the preparation of the films. The degree of acidity was
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The Values Corresponding to Hammett’s Acidity Function H, in Water Estimated from the Relative Contribution of

the Monomer (MB*) and the Protonated Species (MBH>*) of Methylene Blue to the Total Absorption Spectra, Which Were

Observed Just after the Films Were Made

Each film was prepared along with progress of the sol—gel reaction of Systems X-1, X-01, and X-001.

X-1 X-01 X-001
Reaction time/h H, Reaction time/h H, Reaction time/h H.
2 0.32 2 0.62 2 >2.0

12 —0.26 29 0.75 21 >2.0

24 —0.07 68 0.45 57 >2.0

36 0.16 92 0.40 92 >2.0

46 0.11 119 0.60 119 >2.0

71 -0.13 146 032 146 >2.0

95 —0.37 185 —0.08 167 >2.0
obviously higher in the films prepared using a larger amount & 0.3
of HCl as a catalyst, although the acidity depends on the Q T
reaction time at which the films were prepared. “ o

Change in Acidity of MB in Dip-Coated Thin Films g 02

after Preparation of the Films (System X-01). In order § u|
to clarify the change in the acidity in the dip-coated films, & 5
we observed the change in the absorption spectra of MB in |01 [ a
the films along with the elapse of time after the preparation. 2 f .
As shown in Fig. 4, the results of MB in the dip-coated ;f O a o
thin film prepared at 200 h after mixing of the System X- 0 2 a— oG+ 1o g |
01 indicate the decrease of the MBH?* band at around 750 0 5 10 15

nm. This fresh sol-gel reaction system shown in Fig. 4
was same composition as that in Figs. 2 and 3. It took
240 h for gelation in this system. The relative contribution
of MBH?* to the total absorption spectra of the films, which
were prepared at 2, 100, and 200 h after mixing of the System
X-01, was obtained as a function of time after preparation of
the individual films. The results are shown in Fig. 5. In every
film, MBH?* was quickly formed just after the preparation
(at 0 min) in spite of no MBH?* in the fluid system (Figs. 2A
and 3A). The relative abundance of MBH?** decreased and
disappeared within 5—10 min in every film, indicating that
the acidity in the film became higher just after the preparation
and then became lower immediately. In every film, the ratio

0.3
1
2
302 3
s 4
2 5
_§ 6
< 0.1
0 .......
400 500 600 700 800
A/ nm
Fig. 4. Absorption spectra of Methylene Blue in the dip-

coated thin film prepared at 200 h after mixing of the sol—gel
reaction System X-01, observed at (1) 0 min, (2) 2 min, (3)
4 min, (4) 6 min, (5) 8 min, and (6) 13 min after the film
was made.

Elapse of time/min
Fig. 5. The relative contribution of the protonated species
of Methylene Blue (MBH?*) to the total absorption spectra
observed as a function of time after the films were made.
Each film was prepared at 2 h (A), 100 h (O), and 200 h
(0O) after mixing of the sol~gel reaction System X-01.

of the amount of MB* to that of (MB*), was not largely
changed along with the elapse of time.

The cause for the increase of the acidity is that the rate
of the hydrolysis became slower, the polycondensation of
—SiOH and/or —SiOR occurred remarkably for a short time
and the released proton became large enough to hydrolyze
—SiOR. On the other hand, the decreasing of the acidity is
due to the evaporation of HCI together with water and etha-
nol. The acidity in the film just after the preparation would
be closely related to the rate of the polycondensation against
that of the evaporation of HCI, which reflects the progress
of the sol-gel reactions in the fluid system. As the polycon-
densation becomes faster, the evaporation of HCl becomes
slower. The reason is that growing —~SiOSi— networks due
to the polycondensation prevent the evaporation of HCI to-
gether with water and ethanol. In order to investigate the
effect of the sol—gel reaction, MB molecules were adsorbed
on slide glasses using the same constituent solutions as the
Systems X-1, X-01, and X-001 without TEOS. MB did not
form MBH?* because the evaporation of HCl merely occurs
together with water and ethanol.

The progress of the hydrolysis in the fluid system pro-
motes the polycondensation in the film, and the progress of
the polycondensation in the fluid system causes a little poly-
condensation in the film. Primarily, the hydrolysis becomes
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Table 2. Existence Time of the Protonated Species of Methylene Blue (MBH?") in the Dip-Coated Thin Films Prepared along with

Progress of the Sol-Gel Reaction Systems X-01 and Y-01

X-01 Y-01
. Existnece time of .. Existence time of
Reaction time/h MBH?* Reaction time/h MBH?*
2 5—6 min 2 100—110 min
100 7—8 min 85 80—90 min
200 8—10 min 168 10d

preferential process in the fluid system,' so that the rate of
the polycondensation becomes faster in the prepared film.
Next, the polycondensation becomes preferential process in
the fluid system,' so that the rate of the polycondensation
becomes slower in the prepared film. These phenomena
cause the increase and sequential decrease of the amount
of MBH?* formed in the film until the middle stage of the
sol—gel reaction (at 119 h after mixing of the reaction sys-
tem), which are seen in Fig. 3B. The increase of MBH?* just
before the gelation indicates that the rate of the evaporation
became slower because the thickness of the film increased
with growing —Si0Si— networks and an increase of the vis-
cosity of the fluid system.

The Case of Using H,SO,4 as a Catalyst (System Y-
01). The thin films were prepared using non-volatile
H,SOy4 as a catalyst in order to compare with volatile HCI.
The films were prepared at 2, 85, and 168 h after mixing of
the sol—gel reaction System Y-01 until gelation occurred, 180
hin this system. The decrease in the amount of MBH?** were
also observed in the prepared films in the same way as the
System X-01. Table 2 compares the time at which MBH?*
disappeared in the films prepared along with progress of the
sol-gel reaction Systems X-01 and Y-01. In every film
prepared using the System Y-01, the existence of MBH?*
was observed for a longer time compared with the system
containing HC1 (System X-01). In the film prepared at 168
h, the amount of MBH?* decreased quite slowly and at last
it disappeared at 10 d after the preparation.

The existence of MBH2* indicates that a large amount of
H,S0O, remains in the thin films because of the non-volatil-
ity, whereas most HCI in the films evaporates for a short
time after preparation of the films. As the sol-gel reac-
tion proceeded, MBH?* persisted for a remarkably long time
in the prepared film because the —SiOSi— networks prevent
the evaporation of HySOy. In the case of adsorption on slide
glasses using the same constituent solutions as the System Y-
01 except for absence of TEOS, MB quickly formed MBH?*,
but this almost disappeared within 60 min because of the
evaporation of H,SO,4. The reason is that there is no hin-
drance of the evaporation of H, SO, such as the —SiOSi—net-
works formed in the sol-gel reaction systems.

Conclusions

In the films made from the sol-gel reaction system includ-
ing a certain amount of HC1, MB formed MBH?* in addition
to MB* and (MB™), just after preparation of the films, al-
though MB™* was the preferential species in the fluid system.

The abundance of MBH?* formed in the film increased with
the concentration of acid in the system. The acidity in these
films corresponds to that in highly concentrated aqueous HCI
solutions. However, MBH?* in every film disappeared at 5—
10 min after the preparation. In the case of using non-volatile
acid HySOy4, compared with the case of using volatile acid
HC1, more MBH?* was formed and persisted for a long time
in the films. In the film just after the preparation, the rate of
the hydrolysis became slower and the concentration of the
released proton remarkably increased because the polycon-
densation rapidly proceeded with the contraction in volume.
The decrease of MBH?* indicates the lowering of acidity
in the films, which is due to the evaporation of acid to-
gether with water and ethanol. On the other hand, growing
—SiOSi— networks prevent such evaporation.
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