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ARTICLE INFO ABSTRACT

We present a novel — cutoff concept of colorimetric indication of relative humidity based on dye dissolution in
condensed water in capillaries of selectively functionalized mesoporours host SiO, material. Consistently high
levels of indoor air humidity induces mold and algae growth which represent a potential risks for human health
and have deteriorating effect on walls as well. Simple localized humidity detection of high humidity with naked
eye especially at places with low air circulation, where growth of mold usually starts first, is therefore highly
desirable. The reporting dye was integrated in the non-functionalized mesoporous silica matrix with different
pore diameters and selective-functionalized mesoporous silica material. After exposure to the environment of
different air humidities the dye dissolved in water causing color change of adsorbent. With the use of adsorbents
with different mesopore diameters high ability to tune the value of relative humidity when complete capillary
condensation occurred was achieved. Materials with pore diameters of 3.0 nm, 3.5nm and 7.0 nm exhibit gra-
dual color change when reaching relative humidity up to 55, 79 and 88 RH % respectively. After selective
methylation of the material with 7.0 nm pore diameter, non-gradual cutoff color change was achieved. Sample
exhibited color change at narrow range of relative humidity (cutoff color change). Due to selective functiona-
lized outer surface the dye dissolution occur only in condensed water in pores and therefore provide colorimetric
indication only in this range. Selectively modified silica material has a great potential for a straightforward
detection of high humid environment.
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high surface area and interconnected pore channels (such as in the well-
known representative of mesoporous silica materials, SBA-15) enable

1. Introduction

Mesoporous silica materials are defined as porous materials with
pore diameter in a range of 2nm to 50nm according to the
International Union of Pure and Applied Chemistry (IUPAC) [1]. Due to
the possibility of altering the material properties, mesoporous sili-
ca—together with other porous ceramic materials—show potential for
their use in sensing [2,3]. There are many options for tailoring the silica
pore structures, such as the diameter, orientation, shape, and geometry
of the pore channels, as well as the possibility of incorporating the
functional chemical groups onto the surface of pores by changing
synthesis parameters such as pH, temperature, the type of surfactants,
and organosilanes [4].

In humidity-sensing materials, mesoporous matrices most often
present the support or skeleton of the sensing composites because their
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easier adsorption and transportation of water molecules through the
surfaces [5,6]. In order to improve sensitivity and linearity of the hu-
midity sensor response, different loading materials are dispersed into
the skeleton of the mesoporous silica [7] (e.g., TiO5 [7], SnO; [5], ZnO
[8] Fe(NO3)3 [9]) and various functional organic groups are bonded to
the silica surface [10,11].

The advantage of those electronic sensors is the accuracy of the
measured value. On the other hand, measuring the RH with such a
device only gives the value of RH of air in the vicinity of the sensor.
However, the RH in different parts of living spaces vary due to tem-
perature differences. Problematic areas are corners and exterior walls,
where lack of ventilation and lower temperature increase RH locally.
High RH enables the growth of mold, which is detrimental to both
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human health and also building appearance. International Energy
Agency stated that the threshold RH for mold germination on materials
in buildings is 80 % on a mean monthly basis. On paints, wallpaper,
wood, gypsum and dust mold germination and growth is rarely ob-
served under 85 % of RH) [12]. However, prompt information of locally
high RH in problematic areas with easy-to-read indicators by naked eye
warns the users, which can then take actions to lower the RH and
prevent undesirable effects, such as mold growth.

Designing a colorimetric-sensitive material requires finding a che-
mical or physical process that combines a specific target stimulus and a
visible color change [13]. One of the first proposed colorimetric hu-
midity indicators was based on cobalt(Il) chloride [14], which formed
salts having 1 to 6 molecules of bound water. The anhydrous form is
bright blue, while the hydrated one is pink. The CoCl, was also im-
mobilized in the optical fibre [15] and the CoCl,-polymer hybrid was
produced, which retained colorimetric responsiveness to RH changes
[16]. Despite the simplicity and effectiveness of the described humidity
indicator, cobalt dichloride is a very toxic compound and was also
classified by the European Union as a category-2 carcinogen.

Other dyes already used in the fabrication of humidity indicators are
Ru-complex based dye [17], rhodamine [18], crystal violet [19-21] and
methylene blue [22-24]. The use of methylene blue dye is the most
often associated with dye aggregation and dye metachromacity. Zan-
janchi and Sohrabnezhad [22] reported on integration of methylene
blue in zeolite. The mechanism is based on the protonation-deproto-
nation reactions in protonated mordenite zeolite. Authors show linear
response through the range of relative humidity 9-92 % RH. Horvath
et al. [23] presented the study of dimerization of methylene blue (MB)
on titanate nanowires. on metachromasity of the dye. The sensor shows
linear response over 8-98 % RH. Ferndndez-Ramos et al. [24] reported
on using MB membrane made of hydrophilic polymer hydroxypropyl
methylcellulose. The sensor showed linear response in the 0-99.5 % RH.
Mechanism suggested to be based on methachromasy related to di-
merization of methylene blue.

The main objective of the present research was the development of a
new advanced functional material for indication of RH using only naked eye
in the desired range of RH. Mesoporous silica with tailored pore channels
presents ideal material for indication of RH change at specific value of RH
due to phenomenon of capillary condensation. It is assumed that with the
exposure of mesoporous silica with comparable hydrophobicity to the
humid environment, the phenomenon of capillary condensation will be
triggered at the characteristic relative humidity value dependent on the
diameter of the pores. There are many studies on the optical sensing of
humidity by silica-based materials [25], e.g., the nanostructured coating of
the SiO, based on the superhydrophilic film from nanoparticles with a size
of 22nm and 7 nm [26] and silica gel optical fiber humidity sensor [27]
Similarly, Estella et al.[28] investigated how the porosity of non-defined
xerogel film influences the sensitivity, reversibility, and reproducibility of
the sensor. To the best of our knowledge, there are no reports yet on hu-
midity indicators of the narrow range of relative humidities based on the
capillary condensation in mesoporous silica.

Because the water molecules from the humid air condense at dif-
ferent relative humidity values in dependence on the pore diameters of
the mesoporous material, the main idea of the work was to exploit the
capillary-condensed water in the pores as the medium for dissolution of
dye in the pores and thus the change of its color. Water condenses in the
pores at characteristic relative humidity values, depending on the pore
diameter of the mesoporous material. Because these materials exhibit
narrow pore size distributions, this type of indicator would enable the
indication of specific relative humidity based on the pore sizes of se-
lected mesoporous material.

Herein, we present a study of relative humidity indication with
mesoporous silica particles with pores of different diameters containing
a reporting dye. The methylene blue has been selected as the model dye
due to its nontoxicity in low concentration [29]. Furthermore, as a
proof of principle, we show that selective functionalization of the

Sensors & Actuators: B. Chemical 316 (2020) 128138

external surface of mesoporous silica is crucial for achieving color
change of the dye in the narrow range of relative humidity, coinciding
with capillary condensation.

2. Experimental Section
2.1. Materials

Tetraethoxysilane (TEOS, reagent grade, 98 %), trimethoxy(methyl)
silane (98 %), hexadecyl-trimethyl-ammonium bromide (CTAB, 99 %),
decyl-trimethyl-ammonium bromide (DTAB, 98 %), methylene blue
hydrate (MB, 97 %), ammonium hydroxide solution (p.a. reagent, ~25
% NHj basis), poly(ethylene glycol)-block—poly(propylene glycol)—-
block-poly(ethylene glycol) (pluronic 123), and toluene (ACS reagent,
99.7 %) were purchased from Sigma-Aldrich. Ethanol (absolute, 99.8
%), 2—propanol (ACS reagent, 99.8 %), cyclohexane (laboratory re-
agent, 99.8 %), hydrochloric acid (ACS reagent, 37 %), and sodium
hydroxide (ACS reagent, Puriss) were obtained from Honeywell. All the
materials were used as received.

2.1.1. Syntheses
Individual syntheses of mesoporous silica (MS) particles with dif-
ferent defined pore diameters are separately described as follows.

2.1.1.1. 2.5-MS. Mesoporous silica particles with 2.5nm pore
diameter were synthesized following the procedure described in
detail by Li et al. [30] using surfactant DTAB as a structure—directing
agent. According to this procedure, the DTAB was dissolved in water,
followed by the addition of 2M NaOH and heated to the target
temperature of 80°C. In the next step, TEOS was added to the
mixture and stirred for another 2hours. The precipitated dispersion
was filtered and washed with ethanol. The solid product was dried at
room temperature overnight. The molar ratio of reagents used in the
synthesis was TEOS:DTAB:2 MNaOH:H,O = 1.0:1.8:1.1:1178.0. The
material 2.5-MS was gained after the calcination step described below.

2.1.1.2. 3.0-MS. Mesoporous silica particles with 3.0nm pore
diameter, according to N, sorption analysis, were synthesized by
following the room temperature preparation of MCM-48 material
(Mobil Composition of Matter No. 48) presented by Schumacher et al.
[31]. CTAB was dissolved in water and ethanol and, after 10 minutes of
stirring at 400 rpm, 25 % ammonia hydroxide solution was added.
TEOS was added after another 10 minutes of stirring, and the molar
ratio of  reactants was as follows: TEOS:CTAB:NHs5:
EtOH:H,0 = 1.0:0.4:10.8:66.5:170.0. The mixture was stirred during
the night at room temperature, and in the next step the material was
filtered and washed with ethanol. The sample was dried at room
temperature overnight. The material 3.0-MS was prepared after the
calcination program described below.

2.1.1.3. 3.5-MS. The material with approximately 3.5nm pore
diameter, according to N, sorption, corresponds to the mesoporous
material MCM-41 (Mobil Composition of Matter No. 41) and was
synthesized following the procedure described by Li et al. [30]. Briefly,
CTAB was dissolved in deionized water followed by the addition of
NaOH, heated to the target temperature of 80 °C and with the addition
of TEOS. After stirring at 80 °C for 2 hours, the dispersion was filtered
and washed with ethanol. The molar ratio of the reagent of the
described procedure was as follows: TEOS:CTAB:2 MNaOH:
H,0 = 1.0:1.8:1.1:1178.0. The product was dried at room
temperature during the night. The material was calcined by the
temperature program described below.

2.1.1.4. 7.0-MS. The material 7.0-MS corresponds to the mesoporous
material SBA-15 (Santa Barbara Amorphous 15) and was synthesized
by following the procedure described by Zhao et al. [32]. Briefly,
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triblock copolymer, poly(ethylene glycol)-poly(propylene glycol)-poly
(ethylene glycol) (pluronic 123) was dissolved in HCI solution and the
mixture was stirred for 2 hours at 35°C. In the next step, TEOS was
added drop by drop and the mixture was stirred for 20 hours at 35°C
and then 48 hours at 100 °C. Afterwards, the precipitated dispersion
was filtered, washed with deionized water, and dried at room
temperature. The filtered product was calcined by the temperature
program described below. The sample, used for selective
functionalization (methylation), was not calcined.

2.1.1.5. 10-20-MS. The mesoporous material with broader pore size
distribution (according to N, sorption) with pore diameter of between
10-20 nm was synthesized by the following procedure, presented by
Moeler et al. [33,34] with a few modifications. CTAB, H,O, NH; were
mixed and stirred for 1hour at room temperature. The mixture was
then heated to 60 °C and stirred at 300 rpm for 1 hour. The mixture of
TEOS, iPropanol, and cyclohexane was premixed and added drop by
drop. The obtained mixture was stirred for 20 hours at 60 °C. The molar
ratio of reagent of the described procedure was as follows:
TEOS:CTAB:NH3:H,0:CH = 1.0:1.3:0.3:372.1:20.5. The precipitated
product was filtered and washed with water. The filtrate was dried in
air and then calcined using the program described below.

2.1.1.6. Non-porous silica particles. Non-porous silica particles were
synthesized following Stober procedure described elsewhere. Briefly,
TEOS was dissolved in EtOH during the heating to 40 °C, followed with
the drop by drop addition of ammonia solution and H,O, respectively.
In the next step the mixture was stirred for 1 h at 40 °C. The precipitated
product was filtered, washed with water and dried in air. The molar
ratio of reagent in the  described procedure  was
TEOS:EtOH:NH3:H,0 = 1.0:43.7:1.9:19.6.

2.1.1.7. Calcination and storage of the samples. Dry samples were placed
in the oven and the following temperature program was used for
calcination in air: heating with a temperature ramp of 1K/min to
550 °C, maintaining the temperature at 550 °C for 6 hours, and cooling
at a rate of 2K/min. Dried samples were stored in the nitrogen
atmosphere until they were used.

2.1.1.8. Selective functionalization (methylation) of external surface of
sample 7.0-MS. The synthesized material 7.0-MS (the synthesis is
described above) was dried under the vacuum (approximately
10mbar) and at 100°C for 2hours. One gram of the sample was
placed in the nitrogen—filled round-bottomed flask and sealed with a
rubber stopper. In the next step, 30 ml of dry toluene was added, and
the mixture was exposed to an ultrasonic bath for 15 minutes. During
the stirring, 0.01 mol of trimethoxymethylsilane was added drop by
drop and the mixture was stirred during the night under the reflux. The
next day, the sample was filtered and washed with toluene. The filtrate
was dried at room temperature conditions during the night. In the next
step, the sample was placed in the round-bottomed flask and refluxed
during the night in the mixture of HCI and ethanol in order to remove
the pluronic 123 from the pores, and filtered and washed with ethanol.
Filtrate was firstly dried at room temperature conditions during the
night, followed by 2h drying under the vacuum (approximately
10 mbar) and 100 °C. The sample was stored in a nitrogen atmosphere.

2.1.1.9. Functionalization of non-porous silica particles. As synthesized
non-porous samples were dried and functionalized using the same
procedure as described above for selective functionalization of external
surface, except the last step — reflux during the night after
functionalization, was not performed. Samples are in the text marked
as methylated non-porous silica particles.

2.1.1.10. Preparation of material with integrated dye. The integration of
the MB dye in the mesoporous matrixes was achieved by physical
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Table 1
Sample labels of mesoporous SiO, particles with integrated dye and methylated
external surface, used in the scope of this paper.

Sample Average pore diameters Integrated dye ~ Methylated external
labels and standard deviation surface
(nm)*
2.5-MS 2.5+0.4 No No
3.0-MS 3.0+0.2 No No
3.5-MS 3.5+0.5 No No
7.0-MS 7.2+£0.7 No No
10-20-MS 18.2+3.5 No No
MB-3.0-MS 2.9+0.2 Yes No
MB-3.5-MS 3.5+£0.4 Yes No
MB-7.0-MS 6.9+0.8 Yes No
Me-7.0-MS 7.1 £0.7 No Yes
MB-Me-7.0- 7.1+0.8 Yes Yes
MS

@ According to BJH pore size distribution results.

mixing. The materials 3.0-MS, 3.5-MS, 7.0-MS, Me-7.0-MS and
methylated non-porous silica particles were mixed with MB dye in
the agate pestle and mortar for 15minutes. The mass ratio of
MB:mesoporous silica particles was 1:100; the obtained samples have
the following labels: MB-3.0-MS, MB-3.5-MS, MB-7.0-MS, and
MB-Me-7.0-MS (see Table 1).

2.2. Methods

The properties of synthesized mesoporous SiO, particles (MS par-
ticles) were studied in tablet form; each sample was prepared from
approximately 70mg of the powder sample using compression of
500 kg for 1 minute. A disk with a diameter of 0.6 cm was formed.

2.2.1. Morphological and structural properties

The morphological properties of samples were investigated utilizing
transmission electron microscopy (TEM) using a Jeol ARM-200 CF
microscope operated at 80kV. Field Emission Scanning Electron
Microscopy (FE-SEM, Zeiss ULTRA plus, Germany) operated at accel-
erating voltage of 1kV was used was used to investigate non-porous
silica particles. The nitrogen sorption isotherm was characterized at
77 K using nitrogen sorption and an ASAP Micromeritics analyzer.
Samples (approximately 70 mg) were outgassed at 120 °C for 2 hours.
The pore size distribution was analyzed using the BJH (Barrett, Joyner,
and Halenda) method.

The structural ordering of the pore channels was characterized
using the small-angle x-ray scattering (SAXS) results obtained by an
in-lab modified Kratky camera (Anton Paar KG, Graz, Austria) attached
to a conventional X-ray generator (GE Inspection Technologies,
SEIFERT ISO-DEBYEFLEX 3003) using the primary beam with a wa-
velength A.=0.154 nm (Cu anode operating at 40 kV and 50 mA). The
Gobel mirror and the block-collimation system was used to shape a
line-collimated monochromatic primary beam. The measurements
were recorded for 15 minutes by the Mythen 1 K microstrip solid-state
diode-array detector (Dectris, Baden, Switzerland) in the small-angle
regime of scattering vector, q, from 0.065nm  to 7nm™. The scat-
tering vector is defined as q = 4m/A:sin(6/2), where 6 is the scattering
angle. Obtained data were corrected for background scattering. They
are still experimentally smeared due to the finite dimensions of the
primary beam.

2.2.2. Humidity indicator properties

Evaluation of the humidity indicator behavior was investigated by
gravimetrical determination of water vapor isotherms at 25°C,
Fourier-transform infrared spectroscopy (FT-IR), and CIELab color
space. In CIELab color space the individual color is specified by three
values: L*, a*, and b*. L* corresponds to lightness ranging from 0 to
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100, the value of a* represents the green-red component, with green in
the negative direction and red in the positive direction, and the b* value
represents the blue-yellow component, with blue in the negative di-
rection and yellow in the positive direction. The scaling and limits of a*
and b* are most often in the range of + 100, but these can depend on
the implementation. The water isothermal measurements were per-
formed on IGA-100 (Hiden Isochema Inc.) sorption analyser at 25 °C in
static conditions from vacuum to 29 mbar of water vapor loading (p/
po = 0.915). Prior the measurements, the samples were degassed at
100 °C for 12 h. In order to investigate the humidity indicator behavior
in terms of FT-IR spectroscopy and color change, samples were exposed
to the environment with different relative humidities (33, 53, 58, 69,
75, 79, 83, and 92 %) achieved by saturated solutions of different salts
(MgCl,, Mg(NO3),, NaBr, KI, NaCl, NH,Cl, KCl, mixture of KNO3, and
K5S04), [35,36] respectively, at room temperatures conditions (RT).
Before and after the exposure to relative humidity conditions, FT-IR
spectra were recorded on exposed samples by a UATR Two Pelkin Elmer
spectrophotometer and color variations were evaluated by measure-
ment of CIELab (L*,a*,b*) color space using an il1(X-Rite) colorimeter.
The total change of color, indicated by the parameter AE*, was calcu-
lated from CIELab measurement results using the following equation:

(4d™? + Ab™ + AL?) )]

The measurement of color coordinates was performed at three dif-
ferent areas. An average result AE* was presented with the corre-
sponding standard deviation.

3. Results and Discussion

3.1. Morphological, structural and water-sorptive properties of mesoporous
silica particles

Morphological, structural, and water-adsorptive properties have
been analyzed using nitrogen sorption, SAXS data, TEM microscopy,
and water-vapor adsorber. The pore-size distributions of the samples
without integrated dye are presented in Fig. 1a which shows that for the
particles with various average pore diameters in the range of 2.5 nm to
20 nm, the 2.5, 3.0, 3.5, 7.0, and 10-20 nm pore-diameter materials
have been successfully synthesized. As already described in the ex-
perimental section, the samples are labelled according to average dia-
meter of the pores, and determined using nitrogen sorption and the BJH
method (2.5-MS, 3.0-MS, 3.5-MS, 7.0-MS, and 10-20-MS) as shown in
Table 1. The 3.5-MS and 7.0-MS samples exhibit a well-defined hex-
agonal H2 ordering of pore channels (orange and azure scattering
curves are presented in Fig. 1b). Their parallel orientation can be
clearly seen in the TEM micrographs in Fig. 2a. In contrast, the pore
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channels are radially oriented in the case of 2.5-MS, 3.0-MS, and
10-20-MS samples, as depicted in Fig. 2a. Samples 2.5-MS, 3.0-MS,
3.5-MS and 10-20 MS are spherical in shape, whereas 7.0-MS is rod-
like. No characteristic well-defined spatial ordering of the pore chan-
nels can be identified from the corresponding SAXS curves (red, blue,
and magenta curves in Fig. 1b).

Water vapor isotherms (see Fig. 2b) could be classified as an iso-
therm of type V according to IUPAC directions [1] which are usually
observed for water vapor adsorption on mesoporous materials. At the
low relative values there is a small amount of water molecules adsorbed
mainly through H-bonding to surface —-SiOH groups [37] and through
molecular clustering [1],while at higher relative humidity the adsorp-
tion of water is followed by the capillary condensation of water in the
pores and the corresponding filling of the pores with water [1]. The
relative humidity ranges leading to the capillary condensation and
eventual complete filling of the pores are similar but different for the
studied samples with different pore diameter values (see Fig. 2b) as
already recognized in the literature [38]. This highlights that in the
mesoporous silicas with comparable hydrophilicities the range of the
capillary condensation occurrence mainly depends on the pore dia-
meter. As seen in Fig. 2.b, the capillary condensation is achieved at 45
% relative humidity in the sample 2.5-MS; at 55 % relative humidity in
the sample 3.0-MS; at 75 % relative humidity in the sample 3.5-MS;
while at 85 % relative humidity in the samples 7.0-MS and 10-20-MS.

After integration of the MB dye into the samples with narrow pore
size distribution (samples MB-3.0-MS, MB-3.5-MS, and MB-7.0-MS) a
slight decrease in the amount of adsorbed nitrogen and also a corre-
sponding slighter decrease in the pore volume of samples with in-
tegrated dye was observed for all three samples, as depicted in Fig. 3
(comparison of the black and colored curves). The decrease of the
available surface area for nitrogen adsorption after the dye incorpora-
tion and the reduction of the volume of the pores indicate that the MB
dye was successfully integrated into the pores of samples. Because
physical mixing was used for dye incorporation, the dye is also present
in the external surface.

3.2. The impact of pore diameters on humidity-indicating behavior

The humidity-indicating function of the samples with the integrated
MB dye was evaluated by FT-IR spectroscopy and gravimetrical water
vapor sorption analysis in order to gain information about the type of
bonded water and its amount, respectively. Color change between solid
MB crystals and dissolved MB dye was caused by dissolution in water.
Simultaneously, the total color change was sensed by the CIELab color
system in order to evaluate the dissolving mechanism of the MB dye in
the mesoporous material after the samples were exposed to the
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Fig. 1. a) The pore size distribution and b) the SAXS curves of mesoporous silica particles with various pore diameters: 2.5-MS, 3.0-MS, 3.5-MS, 7-MS, 10-20-MS.
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Fig. 2. a) TEM micrographs and b) water vapor sorption isotherms for samples with different defined pore diameters.

environment of different relative humidities. The resulting FT-IR
spectra for the samples with integrated dye after the 24-hour exposure
are presented in Figs. 4a, 5 a, and 6 a. One can clearly resolve the O-H
stretching and O-H bending vibrations in the ranges between
3300-3500 cm™ and 1600-1700 cm™, respectively, indicating the
presence of hydrogen bonds due to the water sorption and condensation
in the pores [39]. The MB-3.0-MS sample shows the trend of intensive
O-H stretching as also O-H bending vibrations only when the material
was exposed to an environment with relative humidity of 53% or
higher, as depicted in Fig. 4a. The water vapor isotherm is shown in
Fig. 4b and enables a qualitative analysis of the adsorbed concentration
of water. It is in good agreement with the results obtained from the

FT-IR spectra, as follows. Small concentrations of adsorbed water at
low relative humidity (up to 10 %) could be clearly observed. In the
relative humidity range of between 40 and 55 % an exponential de-
pendence of the adsorption of water on relative humidity was observed.
This range corresponds with the pore filling with liquid water. The
additional increase of the relative humidity had negligible influence on
the concentration of adsorbed water vapor of the sample (see Fig. 4b).
At a relative humidity of 55 % the sample MB-3.0-MS reaches nearly
complete capillary condensation. Simultaneous evaluation of the total
change of color with 24-hour exposition to the individual relative hu-
midity environment is presented in Fig. 4c. It can be clearly seen that
the response in total color change is found to be linear in the relative
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humidity range between 53 and 92 % (see Fig. 4c and the fitted curves
depicted in Fig. S1). One would expect that the color changes after the
completed capillary condensation should be in accordance with the
changes in the concentration of the adsorbed water (see Fig. 4b and c).
The trend discrepancies between isothermal and colorimetric experi-
ments may be the consequence of the dye being adsorbed on the outer
surface of the silica materials rather than within the mesopores due to
the size limitations. In such cases, the rate of color change (dye dis-
solving) is not expected to be a function of the water capillary con-
densation of water within the pores.

The material MB-3.5-MS exhibits the trend of increasing intensity
of FT-IR peaks due to O-H stretching and O-H bending vibrations as
the material was exposed to relative humidity below 69 % (see red,
dark red, and orange curves in Fig. 5a). An additional increase in re-
lative humidity of the environment did not significantly increase the
intensity of O-H stretching and O-H bending. The water vapor isotherm
also shows pore filling in the relative humidity range between 53 and
79 % and almost complete capillary condensation for the samples ex-
posed to an environment of 79 % and higher, as seen in Fig. 5b. The
evaluation of the change in color shows a response already after ex-
posure to the lowest relative humidity values (33 and 53 %), although
only up to 10 wt.% of water was adsorbed (see Fig. 5b). One could
clearly observe that the filling of pores with water (exposure to relative
humidity range between 53 and 79 %) causes the coloring of the sample
(see Fig. 5¢). In contrast, the exposure of the samples to an even higher
relative humidity environment (from 75 to 92 %) did not influence the
color drastically (see Fig. 5¢ and the fitted curves depicted in Fig. S2).

One could conclude that the color change in the range of pore filling is
exponential and the values reached plateau with capillary condensation
of water. It could be clearly observed that the dissolution of the dye
could be clearly observed after a smaller amount of adsorbed water.

The increasing trend of the intensity of O-H stretching and O-H
bending vibration peaks was also observed for the MB-7.0-MS sample
after exposure to environments with different relative humidities and
was the most pronounced until relative humidity values of 79 %. The
exposure of samples to relative humidity in the range from 85 to 92 %
did not influence the intensities of FT-IR peaks significantly, as shown
in Fig. 6a. According to the water absorption isotherm, pore filling is
exhibited in the range between 75 and 85 %, and completed with ca-
pillary condensation achieved at 88 %, as shown in Fig. 6b. The eva-
luation of the color change shows linear response in almost the whole
range of relative humidity (the values between 58 and 79 % could be
fitted linearly; see lines in Fig. S3), which also suggests the dye dis-
solution occurrence even before the start of water condensation in
pores.

Although the tested mesoporous materials exhibit different sorption
isotherms of water in respect to the pore size distribution, as clearly
seen in Figs. 3b, 4 b, 5 b, and 6 b, the total color change does not follow
the trend in the adsorbed water concentration in all cases, as revealed
in Figs. 4c and 6 c. Therefore, the desired outcome of our study, in the
sense that the capillary condensation could be recognized as the key
trigger for dissolution of the integrated dye in the pores, was un-
fortunately not clearly observed. Specifically, although the materials
MB-3.0-MS and MB-7.0-MS exhibit the initiation of capillary
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condensation at much different relative humidity values (see Figs. 4b
and 6 b) the detected color changes (indicating the dissolution of the
dye in the pores) exhibit very similar courses in both cases. This out-
lines that already appear in the initial stages of water adsorption on the

surface of the pore walls influence the color change significantly, as also
seen in Figs. 4c, 5 ¢, and 6 c. These results indicate that to gain the
desired response of the studied mesoporous materials with various pore
diameters in terms of relative humidity indicator behavior, one should
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achieve a cutoff response at some specific value of relative humidity.
This means that the dye dissolution at low relative humidity values,
prior to the occurrence of the capillary condensed water, should be
somehow inhibited and minimized. In order to decrease the effect of
water adsorption to the external surface of mesoporous particles, we
hydrophobized the external surface of these particles; the selective
functionalization (methylation) of the external surface was tested on
the mesoporous material sample 7.0-MS.. The bands at 1297 cm™ and
at 1379cm™ in FT-IR spectrum belong to Si-CH; and C-H vibrations,
respectively, of functionalized sample (Me-7.0-MS, see Supplementary
data — Figure S4), which confirms the presence of umbrella mode in
methylsilanes and therefore methylation of the sample.

3.3. The impact of selective external functionalization on humidity
indicating function

The resulting FT-IR spectra of the mesoporous material 7.0-MS
with the methylated external surface of the mesoporous particles and
with the pore-integrated dye (MB-Me-7.0-MS) after their exposure to
environments of different relative humidities, are presented in Fig. 7a.
The increasing trend of the intensity of O-H stretching and O-H
bending vibration peaks can be clearly observed, especially in the case
of the samples exposed to the highest relative humidity values. Ac-
cording to this isotherm, the concentration of the adsorbed water is still
less than 10 % at the relative humidity of 80 %. However, with ex-
posure to relative humidity higher than 85% (see Fig. 7b), the con-
centration of adsorbed water increases exponentially. The evaluation of
the color change with such an exposure, depicted in Fig. 7c, shows
negligible color change for the environments with relative humidity
below or equal to 80 %. Increasing the relative humidity from 80 % up
to 92 % causes a considerable change in the color of the sample
(AE* = 25), which can be considered as the well-defined cutoff re-
sponse in this range of relative humidity. Inspecting the curves in
Fig. 7b and c, one can conclude that the pronounced response occurs in

the range of the relative humidity corresponding to the capillary con-
densation regime.

Because pluronic 123 was removed after surface functionalization
was performed, it can be assumed that mainly the external surface was
methylated. The selectively methylated mesoporous surface of
MB-Me-7.0-MS is reflected in the decrease in the concentration of
adsorbed water in lower relative humidity environments, in the capil-
lary condensation of water at higher relative humidity (see Fig. 7b), and
in the color change occurring at the highest relative humidity values
(see Fig. 7c). To investigate the influence of mesopores in SiO, particles
(Fig. S5), the surface of non-porous silica particles (BJH pore size dis-
tribution is presented in Fig. S5-a and FE-SEM micrograph in Fig. S5-b)
were methylated and mixed with methylene blue dye (BJH pore size
distribution presented in Fig. S5-c). After exposure to different RH
conditions it could be clearly observed the color change in the whole
range of RH is minor, invisible to the naked eye (see Fig. S5-d), which
confirms the effect of pore filling is crucial to obtain the cutoff color
response to RH in methylated samples.

The proposed mechanism of water adsorption to the non-selective
functionalized 7.0-MS and selective functionalized Me-7.0-MS is
schematically presented in Fig. 8. We assumed that the water—sorption
on the non-functionalized surface of MB-7.0-MS samples (see
Fig. 8-left) occurs by H-bonding with the Si-OH groups on the meso-
porous particle external surface and by H-bonding with the Si-OH
groups on the internal surface of the pores, and by the capillary con-
densation that followed the adsorption step. The dissolving of the dye
was therefore observed through the whole range of relative humidity
(see photo in Fig. 8a), whereas the water-sorption on the selectively
functionalized surface of the samples MB-Me-7.0-MS (Fig. 8b) occurs
mainly by the H-bonding with Si-OH groups in the pores and by the
capillary condensation that followed the adsorption step. Due to the
hydrophobic ~CHj3 groups on the surface (see Fig. 8b), the dissolving of
the dye is observed only in the range of very high relative humidity
which caused capillary condensation in hydrophilic pores regardless of
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the hydrophobic mesoporous particle’s external surface (see Fig. 8b
photo) and showed the corresponding cutoff response. In contrast, we
assumed the methylation of non-porous silica surface (Fig. S5) dis-
tribute the —-CHj3 groups through the whole surface (Fig. S6) and
therefore prevents the water adsorption and therefore corresponding
dissolution of the dye.

4. Conclusion

We investigated a novel advanced concept of colorimetric indication
of narrow range of relative humidity based on capillary condensation of
water in SiO, mesopores. To this end, we have synthesized mesoporous
silica materials with the defined uniform pore diameters of 3.0, 3.5, and
7.0nm and integrated methylene blue dye into their pores. The in-
corporation of dye into the pores was proved by the reduced volume of
pores from nitrogen sorption analysis. The relative humidity indicating

RH /% 33 53 69 79 92
After 24 hours of =R, | s 7 ;i
exposure to RH N

RH /% 69

After 24 hours of
exposure to RH

= i

Fig. 8. The schematic representation of the pore channel of the mesoporous material after 24-hour exposure to an environment with 92 % relative humidity: (a) with
non-methylated (MB-7.0-MS) and (b) methylated external surface (MB-Me-7.0-MS). Bottom: photos of the samples (a) MB-7.0-MS and (b) MB-Me-7.0-MS
exposed to environments of different relative humidities as indicated by the given values.
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function was tested utilizing the gravimetrical analysis of the adsorbed
water vapor and FT-IR spectroscopy—different sorption isotherms of
water were observed for materials with different pore diameters. We
proved that the diameter of mesopores with comparable hydro-
phobicity is in strong relation with the value of relative humidity when
complete capillary condensation occurred. The samples with pores of
diameter of 3.0nm, 3.5nm, and 7.0 nm reached complete capillary
condensation when exposed to an environment with 55, 79, and 88 %
relative humidity, respectively. We found out that the methylene blue
adsorbed on the surface of mesoporous SiO, can be dissolved with in-
creasing RH, resulting in significant blue coloration and increase of
total color change determined in CIELab color space. However, the
color change occurred already at lower relative humidity values, prior
to the capillary condensation range. By this reason these materials did
not show proper humidity—indicating function and could not be prop-
erly used in this sense. In order to achieve the dissolution of the dye in
the narrow range of relative humidity, the external surface of the se-
lected mesoporous particles was selectively methylated. The modifica-
tion of the surface of the particles was confirmed by achieving the
decreased concentration of adsorbed water at lower relative pressures
of water vapor and the coexistence of the capillary condensation at
higher relative pressures. In this material, the change of color was re-
stricted to a narrow range of relative humidity, coinciding with the
range of capillary condensation. The presence of mesopores was crucial
for functioning system, as methylated non-porous silica particles did
not yield the color change of their porous counterparts. The presented
results demonstrate that we reached our objective and that a re-
lative-humidity-indicating cutoff function based on capillary con-
densation in the mesopores is indeed possible and can be gained only
after modification of the particles’ external surface. The verified con-
cept forms a basis for future optimization of the colorimetric humidi-
ty—indicating porous systems, including the study of pore diameter of
methylated materials on colorimetric response and its reversibility.
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