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Dye metachromasy on titanate nanowires: sensing humidity with reversible
molecular dimerization†

Endre Horv�ath,*a Primo�z Rebernik Ribi�c,b Fatemeh Hashemi,a L�aszl�o Forr�oa and Arnaud Magrez*a

Received 8th December 2011, Accepted 13th February 2012

DOI: 10.1039/c2jm16443d
We report on the reversible dimerization of methylene blue (MB) on titanate nanowires. The self-

organizational properties of MB on the surface of this nanostructured material studied by

spectroscopic means revealed that the light absorption properties of the MB molecules are humidity

dependent. Based on the observed humidity dependent metachromasy, we fabricated a humidity sensor

using optical fiber technology which is adapted for medical, industrial or environmental applications.

The sensor operates with excellent linearity over the relative humidity (RH) levels ranging from 8 to

98%. The response and recovery time can be reduced to 0.5 s while the device exhibits excellent

reproducibility with low hysteresis. These performances led to the implementation of the sensor in

a breathing monitoring system. Furthermore, the metachromasy was observed for other dyes. This calls

for a detailed study of molecular configuration on functional surfaces since it can substantially modify

the sensitization efficacy of dyes, e.g. in light conversion.
Introduction

The physico-chemical process of light conversion is under

intensive investigation in order to develop more efficient devices

for artificial photosynthesis, water splitting and photovoltaic

applications.1 The photo-processes of these systems are induced

by nanostructured functional materials light sensitized by dye

molecules adsorbed on their surface.2 The quantum yield of light

conversion drastically depends on the absorption spectrum of the

dye. Metachromasy, being the change of the absorption spectra

of dyes without modification of the structural skeleton of the

molecule, can be the result of unexpected order/disorder in the

assembly of the dye molecules as well as the result of molecular

conformation modifications when adsorbed on the functional

material surface.3,4 Although metachromasy can be detrimental

for device performance, possible factors influencing the absorp-

tion spectrum of the dye are largely unexplored.

Titanium dioxide based compounds are the most widely used

functional materials in light conversion applications despite

numerous promising alternative materials that are being

explored.5,6 In addition to isotropic nanoparticles, titanate
aLaboratory of Physics of Complex Matter, Institute of Condensed Matter
Physics, �Ecole Polytechnique F�ed�erale de Lausanne, 1015 Lausanne,
Switzerland. E-mail: endre.horvath@epfl.ch; Fax: +41-21-6934470; Tel:
+41-21-6934515
bLaboratory of Physics of X-Rays (LPRX), Institute of Physics of
Biological Systems, �Ecole Polytechnique F�ed�erale de Lausanne, 1015
Lausanne, Switzerland

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2jm16443d

8778 | J. Mater. Chem., 2012, 22, 8778–8784
nanowires can be used to prepare novel 3D quasi-single crys-

talline structures exhibiting large porosity.

This material is very efficient when used as a photoanode in

solid-state dye sensitized solar cells (ss-DSSCs) as it leads to

a considerable enhancement of the cell efficiency.7

The performances of the ss-DSSC could be further improved

by a more detailed investigation of the dye interaction with the

titanate nanowires. In particular, a comprehensive under-

standing of the aggregation dependent metachromasy of dye

molecules on these functional materials is necessary in order to

develop more favorable coatings for efficient light conversion.

This matter has not yet received appropriate attention in the case

of nanowires as well as for conventional isotropic nanoparticles.

Hence the effect of environmental factors, in particular humidity,

has not been investigated.

Methylene Blue (MB), a cationic dye belonging to phenothi-

azine compounds and showing a deep blue color, is a sensitizer in

photogalvanic cells for solar energy conversion.8 Deviation from

the Beer–Lambert law (i.e. quantitative evolution of the trans-

mitted visible light through the MB solution) has been ascribed

to molecular aggregation.9 In diluted aqueous solutions, the dye

forms face-to-face dimers, while increasing the dye concentration

causes higher aggregates to appear. Similar aggregation associ-

ated with metachromasy occurs upon MB adsorption onto

organic materials10 and onto inorganic solids.11–16 This effect is

used for biological tissue staining or to differentiate polymorphs

of clay minerals.17 A humidity dependent metachromasy of MB

has already been observed but it was discussed on the basis of dye

protonation,18 and this study left a lot of room for further

investigations.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2jm16443d
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Humidity sensors could make use of MB metachromasy.

Efficient devices have not been realized yet. The development of

low-cost sensors with fast response time and high sensitivity over

a wide humidity range is very much required. For instance, the

control of humidity is indispensable in air conditioning systems,

during chemical processes in textile and pharmaceutical indus-

tries, for nutritional product manufacturing and in civil engi-

neering. In recent years, optical fiber based humidity sensors

(OFHS) have attracted increasing attention due to their inherent

features such as immunity to electromagnetic interference, the

simplicity of miniaturization and the possibility of real-time

monitoring and remote sensing. In an OFHS, the sensitive

reagents are immobilized within a solid matrix, which coats the

endface of the optical fiber. Different organic and inorganic

sensitive reagents such as crystal violet, rhodamine B19 and

cobalt chloride have been used.20,21 The solid substrate needs to

fulfil numerous specifications including large porosity and

mechanical stability, and needs to ensure irreversible reagent

immobilization to impede reagent leaching during device oper-

ation. Thus, the number of appropriate matrix materials is

limited to inorganic thin films of silica,22 protonated mordenite

zeolite,18 and organic films based on hydroxypropyl cellulose,

gelatin23 or polymethyl methacrylate.24

Experimental section

Materials

Titanium dioxide (anatase, TiO2), sodium hydroxide (NaOH),

methylene blue (MB) and hydrochloric acid (HCl) pure grade

were obtained from Sigma-Aldrich and were used without

further purification. Standard pH buffer solutions were obtained

from Metrohm. Microscopic glass slides for film preparation

were purchased from Menzel GmbH & Co KG.

Preparation of protonated titanate nanowires and their

suspension

Protonated titanate nanowires were prepared by a two-step

hydrothermal process. The details about the typical synthesis

procedure are given elsewhere.7

To prepare nanowire suspensions TiONW powder (2.4 g) is

dispersed in 100 mL of 2-propanol (99.8% Merck), and the

mixture is homogenized with an ultrasonic tip (Bandelin Sono-

puls, Microtip MS73) at 10% amplitude for 30 min.

Thin films were fabricated on microscopic glass substrates.

The nanowire solution of 24 mg mL�1 in isopropyl alcohol is

doctor bladed using a 40 mm spacer (3M) to obtain the desired

film thickness of 2.5 mm. Once deposited onto glass slides the

samples are heat treated at 150 �C in air for 2 h in order to

evacuate the solvent.

UV-Vis spectroscopy

All adsorption spectra were recorded using a CARY 50 UV-VIS

Spectrophotometer in the wavelength range 500–800 nm. The

matched quartz cuvettes of 0.5 cm pathlength were used. TheMB

solution concentration was chosen such that the absorbance

values did not exceed 1.5. All the measurements reported in this

work were carried out at 25 � 1 �C. The cationic dye (MB) was
This journal is ª The Royal Society of Chemistry 2012
used without further purification, hence its spectrum in water

had a similar shape to that reported in the literature with lmax ¼
664 � 1 nm. For the qualitative adsorption kinetics, 1 cm2 pieces

of glass substrates holding 2.5 mm thick films of protonated

titanate nanowires were placed into the cuvettes so that the light

passed through the film. Subsequently 1.5 mL of 20 mg L�1 MB

solution was added and the spectra were recorded at 60 min time

intervals for 24 hours. The quantitative adsorption measure-

ments were done by placing the thin film on the sides of the

cuvettes so that the light did not pass through the film, only the

aqueous MB solution did. The residual MB concentrations in

the supernatant solutions were determined. The amount of MB

adsorbed onto TiONWs was computed by the difference between

the initial MB concentration and the residual concentration.

The obtained samples were first thoroughly rinsed with

distilled water to remove nonadsorbed MB and then dried at

100 �C for 1 h to obtain the MB–TiONW nanocomposite. In

order to determine the MB desorption kinetics, the samples were

subjected to different solvents like distilled water, ethanol and

tetrahydrofuran.

FTIR spectroscopy

The FTIR spectra for all the samples were measured using

a Nexus Nicolet FTIR spectrometer at frequencies ranging from

400–4000 cm�1.

Raman and laser induced fluorescence spectroscopy

Measurements were performed on a MicroHR spectrometer

(HORIBA Jobin Yvon) with a spectral resolution of �8 cm�1.

The 488 nm line of an Ar ion laser (Koheras) was used as an

excitation source. Spectra were recorded in a backscattering

geometry using a long working distance objective (20�Mitutoyo

Plan Apo SL Infinity-Corrected). Rayleigh scattered light was

filtered out by placing a holographic notch filter (Kaiser Optical

Systems) in front of the spectrometer entrance slit.

For Raman and fluorescence measurements on solid samples,

a rotating sample holder was used in order to minimize the effects

of photobleaching. The 0% relative humidity environment (dry

state) was obtained by exposing the sample surface to a high

nitrogen flux. For measurements at 100% relative humidity

(humid state) a drop of water was placed onto the sample

surface. The excess water was then removed and a cover slip was

placed onto the sample to prevent evaporation due to high laser

fluxes.

All of the spectra were acquired at room temperature. For

Raman measurements, several acquisitions were necessary in

order to filter out cosmic spikes. The pure TiONW and MB–

TiONW Raman spectra were normalized to the TiONW peak at

280 cm�1. The pure MB Raman spectrum was normalized to the

1625 cm�1 peak of MB–TiONW.

For fluorescence measurements on liquid samples a quartz

cuvette was used. The laser was focused near the surface of the

liquid.

Results and discussion

Here we first investigate the dye metachromasy mechanism of

MB molecules adsorbed on protonated titanate nanowire-based
J. Mater. Chem., 2012, 22, 8778–8784 | 8779
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thin films. The color change caused by molecular dimerization is

induced by water adsorption. This reveals that humidity is a key

parameter that needs to be controlled in order to optimize the

light conversion performances of the devices. We then took

advantage of the humidity dependent metachromasy to develop

a novel humidity sensor based on an optical fiber. The system

exhibits high sensitivity, excellent reversibility and fast response

time. The implementation of the sensor in breathing monitoring

systems is also presented.

Fig. 1 shows representative nanowires produced by the

hydrothermal process. They are uniform in size with a mean

diameter of about 60 nm and a length in the 1–5 mm range. They

crystallize in a trititanate structure.25 The nanowires can be

homogeneously deposited on substrates by doctor blading using

isopropanol as solvent (Fig. 1b). During the deposition, the

nanowires first self-assemble in a quasi two-dimensional

network, parallel to the substrate surface.

During isopropanol evaporation, the nanowire density

increases. However, the final porosity of the dried film remains

about 40% larger than that of films made of isotropic particles.7

This is a result of the low packing density of the nanowires due to

their large anisotropy (Fig. 1a). This large open porosity offers

efficient molecule diffusion into the titanate architecture,

resulting in homogeneous adsorption of dyes onto the nanowire

surface. Consequently, homogeneous blue films are obtained

when dipped in an aqueous solution of methylene blue (Fig. 1d).

The spectrophotometric analysis of the film during MB

adsorption reveals visible spectral changes of MB on the surface
Fig. 1 Characteristic TEM and SEM images of the component materials

and photo of the humidity sensing principle: (a) as-synthesized trititanate

nanowires, (b and c) titanate nanowire based thin film on the glass

substrate and (d) MB sensitized titanate nanowire thin film showing the

blue to purple color change in places that were exposed to high humidity.

8780 | J. Mater. Chem., 2012, 22, 8778–8784
of protonated titanate nanowire based thin films in aqueous

solution. Depending on the experimental geometry, qualitative

and quantitative information can be obtained (see the Experi-

mental part). The concentration of MB in water was chosen as

such where aggregation did not exceed dimerization. Fig. 2a

shows the absorbance ofMB in the aqueous phase. The spectrum

of the free MB in aqueous solution displays a strong absorbance

at 664 nm and a shoulder at 610 nm, ascribed to the characteristic

bands of the MB monomer in solution. Increase of the contact

time leads to adsorption of MB onto titanate nanowires. As

expected, the absorbance values of the monomeric species

decreased with increasing contact time, due to dye adsorption

onto the solid nanowire surface. The position of the band

maxima remains the same. The quantitative adsorption study

shows that more than 85 mg of MB can be adsorbed per gram of

titanate nanowires (Fig. 2a and inset). This corresponds to

a monolayer coverage of MB on the nanowire surface (1 mole-

cule nm�2). Because of the applied experimental geometry the

absorption signal in Fig. 2b corresponds to the superposition of

absorption signals from MB molecules in solution and MB on

the surface of the nanowires, therefore only qualitative infor-

mation can be deduced. The intensity of the 664 nm peak

decreases, while the blue shift of the 610 nm peak indicates MB

aggregation. In addition, a low intensity absorption band

centered at 790 nm appears. It reveals the presence of Brønsted

acid sites converting adsorbed MB dyes into protonated forms

like MBH2+ and MBH2
3+.26 The decrease of the 664 nm peak

intensity as well as the blue shift of the 610 nm peak in the
Fig. 2 Visible (Vis) spectral changes of MB (metachromasy) on the

surface of protonated titanate nanowire based thin films in aqueous

solution. (a) Quantitative adsorption; absorbance of MB in aqueous

phase and (b) qualitative adsorption; absorbance of MB on the surface of

the nanowires.

This journal is ª The Royal Society of Chemistry 2012
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UV-Vis spectra points to a molecular aggregation of MB with

increasing exposure time of the titanate film to the MB solution.

After 24 hours, the bands of MB dimers dominate the spec-

trum (Fig. 2b). However, the MB sensitized titanate film

undergoes a drastic metachromasy from purple to blue upon

drying (Fig. 1d).

This color change in the UV-Vis spectrum is associated with

the disappearance of the peak representative of MB dimers while

the monomer adsorption bands emerge (Fig. 2b). This effect is

reversible. The film turns back to purple as it is exposed to

ambient humidity. On the basis of the fluorescent behavior of

MB molecules dissolved in aqueous solution (see ESI†), the

humidity dependence of the fluorescence intensity corroborates

the UV-Vis observations. It substantiates that the dye meta-

chromasy induced by humidity originates from MB molecule

dimerization (Fig. 3c). In addition, the blue-shift of about 50 nm

and 20 nm of the fluorescence peak of MB adsorbed on titanate

nanowires in the dry and humid states respectively when

compared to the fluorescence peak of the dissolved MB mole-

cules confirms the interactions of the molecules with the titanate

nanowire surface. The weaker blue-shift of the fluorescence in the
Fig. 3 (a) FTIR spectra of MB (metachromasy) adsorbed onto the titanat

chromasy) adsorbed onto the nanowire surface upon drying, and (c) laser indu

the humid (purple line) and dry (blue line) states. (d) Raman spectra ofMB–na

(green line) and pure nanowires (inset: zoom of the spectral regions for dry an

C–S–C skeletal deformation and C–C ring stretching vibrations of MB—

wavelength was 488 nm. The fluorescence background present in the Rama

crystals suggests that some MB monomers can remain present on the surface

This journal is ª The Royal Society of Chemistry 2012
humid state is very likely a result of reduced interactions of MB

with the nanowire film as well as MB dimerization.

Molecular orientation of MB in the dry and humid states was

studied by means of Raman scattering and FTIR spectroscopy.

In the high frequency part of the Raman spectrum, the splitting

of the 1620 cm�1 peak (into two components centered at 1610

cm�1 and 1626 cm�1) was assigned on the basis of a thionine

reference spectrum to C–C ring stretching vibrations of the MB

molecule (Fig. 3d and inset).27 The low frequency component

(1610 cm�1) is much stronger for MB in the dry as compared to

the humid state, where the peak shape is closer to that of the

spectrum recorded for pure MB crystals. The 1620 cm�1 band

splitting was previously observed only by surface enhanced

Raman spectroscopy (SERS).28 Although the surface selection

rules for metals are different than for oxide surfaces; the high

intensity of the mode at 1610 cm�1 in the dry state suggests

a signal enhancement mechanism resulting from the interaction

of the MB molecular p-orbitals with the electronic structure of

the titanate nanowire surface. Therefore, the most likely

adsorption configuration of MB molecules in the dry state is in

the plane parallel to the nanowire surface. In humid atmosphere,
e nanowire surface upon drying, (b) vis spectral changes of MB (meta-

ced (488 nm excitation) fluorescence spectra ofMB–nanowire materials in

nowire materials in dry (blue line) and humid (purple line) states, pureMB

d humid MB–nanowire materials showing the peaks corresponding to the

see text; the fluorescence background was subtracted). The excitation

n spectra of MB sensitized titanate nanowires and absent for pure MB

of TiONW even in the humid state of the sample.

J. Mater. Chem., 2012, 22, 8778–8784 | 8781
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Fig. 4 Humidity dependent metachromasy of different dyes on titanate

nanowire surface exposed to low and high relative humidity (RH)

atmosphere: (a) methylene blue, (b) basic green, (c) rhodamine 6G, and

(d) auramine O.
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water adsorption results in weaker MB interactions with the

titanate nanowires. Molecules are tilted as compared to the dry

state configuration. This leads to a decrease in the intensity of the

1610 cm�1 Raman component. The spectrum in the humid state

resembles that of pure MB crystals.

The above conclusions are consistent with the low frequency

part of the Raman spectra (Fig. 3d and inset). Despite the

strong contributions from titanate nanowires, a clear peak at

618 cm�1 appears only in the dry state. Although the relative

intensity of this peak is low as it coincides with the Raman

features of titanate nanowires, the data were reproduced on

several samples. It is assigned in SERS on metal substrates to

the C–S–C skeletal deformation of MB molecules.29 The

increase in intensity and the slight upshift (�10 cm�1) of this

peak with respect to the pure MB spectrum might be an indi-

cation that the adsorption of MB involves the S atom which is

in addition consistent with the structural steric hindrance of the

molecule when the adsorption configuration is parallel to the

nanowire surface. The C–S–C vibration mode vanishes in the

humid state suggesting that molecules undergo orientational

changes with increasing relative humidity. In the FTIR spectra

(Fig. 3a), the downshift of the ring stretching mode from 1610

to 1605 cm�1 upon drying further indicates that the p-electron

network of MB molecules must be perturbed during the

adsorption configuration change.

From these spectroscopic analyses, a mechanism for the

humidity dependence of metachromasy can be proposed (Fig. 3).

The orientational change of the MB molecules is driven by the

adsorption competition between the amphiphilic MB and the

water molecules on the hydrophilic surface of the nanowires. In

the dry state, the electrostatic interaction between the cationic

MB and the negatively charged surface of the titanate nanowires

holds the dye molecules parallel to the nanowire surface.30 When

the film is exposed to humidity, the water affinity of the nano-

wires as well as the stacking affinity between p-systems over-

comes the MB–titanate electrostatic interactions. Water

molecules force the MB to undergo an orientational change

towards MB dimers standing on their edges on the nanowire

surface. This induces a modification of the light absorption

properties of the MB dye from blue to purple.

This humidity induced metachromasy is observed for other

dye molecules including rhodamine 6G, basic green and aur-

amine O (Fig. 4). The control of the molecular aggregation

behavior is a necessity in order to optimize the sensitization

efficacy of the dye. Metachromasy can be detrimental for the

performances of light converting devices. However, we took

advantage of the observed reversibility of this effect to build

humidity sensors based on optical fibers. For the OFHS fabri-

cation, a film of titanate nanowires previously coated with

a monolayer of MB molecules is deposited by dip coating on

optical fibers having a core and cladding diameters of 62.5 and

125 mm, respectively (Fig. 5a and b). Interestingly, nil desorption

of MB was observed in solvents like water, ethanol or tetrahy-

drofuran to name but a few (Fig. S2, ESI†). From the techno-

logical point of view, this enables future integration of the films

in devices using a wide range of substrates including water

soluble materials or the measurement of water concentration in

non-aqueous solvents. The set-up of the device for OFHS is

shown in Fig. S3†. Red light (l ¼ 660 nm) from a light emitting
8782 | J. Mater. Chem., 2012, 22, 8778–8784
diode (LED) is guided to the input of the optical fiber. The

working principle of the OFHS is based on the intensity variation

of the 660 nm band (absorption induced by MB monomers)

when the sensor is exposed to different humidity levels. Under

dry conditions, MB monomers absorb the light while an increase

of the relative humidity, resulting in MB dimerization, reduces

light absorbance.

Consequently, the intensity of the transmitted light at

660 nm increases. Absorbance variation of the OFSH with

respect to different relative humidity environments was

measured in the 0–98% range (Fig. 5d). However, the sensor

response is linear versus RH between 8 and 98%. Deviation

from linearity of the response is caused by the technical diffi-

culty to achieve a 0% RH atmosphere in a UV-Vis spectrom-

eter cuvette used for this study. Measured values in completely

dried atmospheres always corresponded to slightly higher RH%

causing a small deviation from linearity below 8% RH. The

sensor signal shows excellent reproducibility and reversibility

with very little hysteresis when the RH is repeatedly changed

between 8 and 98% (Fig. 5e and f). Other environmental

parameters which modify the water adsorption–desorption

equilibrium on solids affect the signal shape and intensity. For

example, at constant temperature, the signal recovery and

response time of our sensor on log–log scale depend linearly on

the air flow over the sensitized film (Fig. 5g). For a 30 cm3

min�1 flow, the time to reach 90% of the signal is reduced to 1 s

while it remains lower than 100 s for a 1 cm3 min�1 flow.

These results confirm that our device, based on titanate

nanowires sensitized with MB, performs better than existing

technology. It shows faster response time over a broader RH

range (Table S2 in the ESI†). These performances are the result

of a reduced film thickness associated with abundant macro-

porosity. These favorable characteristics allow rapid and

homogeneous water diffusion through the entire sensitized film

yielding reduced hysteresis and fast response time of the OFHS.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (a) Photo, SEM images of MB–TiONW optical fiber humidity sensor, (b) fiber end, and (c) porous titanate nanowire thin film on the top of the

fiber. (d) Variation of absorbance with respect to the relative humidity (RH) measured at 660 nm calibration curve, (e) repeated cycles by alternating

exposure of the sensor to streams with 0% and 98%RH, (f) representative response and regeneration signal obtained at the highest flux used (30 cm3 s�1),

and (g) response time of the sensor against the air flux over the sensor.

Fig. 6 Variation of absorbance with respect to human inhale and exhale

modes: (a) normal and deep breathing and (b) increased respiratory rate,

e.g. hyperventilation.
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This technology could be used in monitoring the moisture in

any environment where the use of electronics is forbidden such as

flammable liquid tanks or industrial gas pipelines.

Taking advantage of the fast response, the OFHS can be used

to record human breathing modes, being the first monitoring

device based on dye metachromasy. In our experiment, the
This journal is ª The Royal Society of Chemistry 2012
sensing endface part was connected to an external tubing system.

This way both inhaling and exhaling can be monitored. The

respiratory rate of a healthy adult male human counted using an

80 s count period was recorded. During the examination the

person was asked to take several deep breaths as well (Fig. 6a).

The higher intensity of the signal indicates that after an appro-

priate calibration the sensor could reflect the volume of the air

inhaled or exhaled from the lungs. With fast response time (0.5 s),

the OFSH can monitor an increase of breathing frequency as

well. Therefore, it fulfils the requirements to detect hyperventi-

lation which could be first indications of respiratory dysfunction

(Fig. 6b).
Conclusions

Spectroscopic study of MB adsorption on the surface of titanate

reveals that the metachromasy observed upon exposure to

humidity is related to a change of the MB molecular configura-

tion. In the dry state, MB molecules are held parallel to the

surface of the titanate nanowires by electrostatic interactions. In

a wet atmosphere, the hydrophilicity of the titanate nanowires,

associated to the stacking affinity of the dyes, forces MB to form

dimers standing on the nanowire surface. The dimerization and

change of the molecular configuration result in a reversible MB

metachromasy which was used in optical fiber humidity sensors

and in breathing monitoring devices. The existence of
J. Mater. Chem., 2012, 22, 8778–8784 | 8783
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metachromasy for other dyes reveals that a detailed character-

ization of dye molecular configuration is needed (although it is

not much studied) since it affects sensitization efficacy and

consequently the performances of devices using dye sensitized

functional materials like solar cells.
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