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Abstract 

Sensitivity of evanescent wave sensing of gaseous species can be vastly increased by enrichment materials 

that locally concentrate the analyte on the sensor. Here, we investigate functionalized mesoporous silica 

films as versatile enrichment layer for sensing volatile organic compounds (VOCs) from gas-phase. 

Attenuated total reflection (ATR) crystals were coated with silica films of different pore sizes and their 

capability to enrich three different aromatic hydrocarbons from a vapor stream was studied by means of 

Fourier Transform infrared (FTIR) spectroscopy. Thereby, single-digit ppmv limits of detection (LOD) were 

achieved with an effective path length of only 6.3 µm. The selectivity introduced by the functionalization 

of the silica films effectively minimized interferences of water vapor, which gave access to the spectral 

fingerprint region between 1550 and 1450 cm-1. This allowed to discriminate and quantify toluene, p-

xylene and 1,2,4-trimethylbenzene in multicomponent mixtures at high humidity. Fast response and 

regeneration times and enrichment factors up to 32 000 showcase the high potential of this material for 

evanescent wave sensing.  
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1. Introduction 

Volatile organic carbons (VOCs) typically originate from combustion processes, paints and inks, fuel 

products, or farming. Their harmful effects on human health and environment demand for continuous 

monitoring, especially for indoor environments where their concentration levels were reported up to 

ppm-levels.1,2,3,4 An increasing awareness for environmental protection and personal safety has fueled the 

development of a broad spectra of VOC sensors based on i) photo-ionization detectors (PID)s, (ii) 

electrochemical sensors, (iii) metal oxide sensors, (iv) UV spectrometers, or (v) micro-gas 

chromatographs.5 However, these sensors are either not selective, interfere with other compounds found 

in air (e.g. NO, NO2 or CO interfere with metal oxide sensors) or are bulky and expensive, as it is the case 

of chromatographs. Therefore, it is still challenging to detect VOCs at low concentration from a complex 

atmosphere. 

With respect to selectivity, FTIR spectroscopy has proven a great candidate as it probes the  characteristic 

vibrations of the molecule in the fingerprint region of the spectrum.6 However, high sensitivity in IR 

spectroscopy demands for long interaction path lengths, which are typically realized using multi-pass 

cells.7 Due to their large size and high cost, this approach is not applicable for compact and low-cost 

sensors. Sensing in the evanescent field, e.g. using attenuated total reflection (ATR) fibers or waveguides 

with small diameter such as silver halide fibers, can potentially overcome these limitations.8–10 For 

example, hollow core waveguides allow for sensitivity enhancement of up to 60 % per meter optical path 

length compared to multi-pass gas cells.11 In particular, the great advances in the field of integrated optics 

of the past decades hold promise to achieve the functionality and advantages of conventional IR 

spectroscopic chemical sensing, but at a drastically reduced foot-print and lower cost due to CMOS-

fabrication.12 Fully functional spectrometers have been reported with the size of a few cm2, with 

interaction pathlenghts comparable with silver halide fibers.13–17 Different integrated sensing schemes 

based on micro-cavity resonators,18 mid-infrared (IR) spectroscopy19, mid-IR dual comb spectroscopy,20 

Raman spectroscopy,21,22 or photothermal spectroscopy23 have been demonstrated. Despite their 

impressive integration of functionality, achieving effective optical path lengths of several meters as 

routinely used in spectroscopic gas sensing is challenging in the near-IR and even harder in the mid-IR. 

Here, the path length is limited by the waveguide losses that are still > 1 dB/cm for Ge-on-SOI or graded 

GeSi waveguides suitable for the mid-IR. 24–27 Despite the shorter path length and in contrast to multi-pass 

cells, sensitivity can be increased using enrichment claddings that attract and hence concentrate the 

analyte within the volume probed by the evanescent wave. In addition, these claddings can introduce 
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additional selectivity e.g. hydrophobicity to exclude the strong IR absorber water. This concept was proven 

on ATR crystals and optical fibers coated with polymers,28–30, mesoporous silica,31,32 zeolites,33,34 or metal 

oxides35 to detect VOCs in gas or aqueous phase. While limits of detection (LODs) at the ppb-level for VOCs 

in aqueous phase and low ppm levels for the gas phase have been reached for polymer coatings, they lack 

in terms of adhesion to the ATR element and response time due to long diffusion times. Zeolite coatings 

have shown a much faster response and strong enrichment. However, these coatings must be regenerated 

by heating to > 200 °C to fully remove adsorbed molecules and recover the enrichment layer. Here, 

mesoporous materials stand out compared to microporous materials such as zeolites or activated carbon 

as they allow fast regeneration without the need of harsh treatments.36,37 Furthermore, their high 

porosities of up to 70 % allow for fast diffusion and hence fast response times which was exploited for 

capacitive, resistive and optical gas sensors.38 Besides high-surface areas and fast diffusion, mesoporous 

materials are low refractive index materials (between n=1.3 - 1.03, tunable by functionalization and 

porosity),39,40 which is a highly demanded feature for claddings of integrated optics as the refractive index 

contrast determines the light confinement within a waveguide.9 Recently, we presented the first steps 

towards the exploitation of these features for VOC sensing on integrated optics.41 In addition, silica’s rich 

surface chemistry allows further tuning of selectivity by introducing functional groups, which allow for 

discriminating different analytes according to characteristics such as size, polarity, or functionality. 36,42,43  

In this contribution we showcase the versatility of mesoporous silica films as enrichment materials for 

sensing VOCs in gas phase using mid-IR spectroscopy. The enrichment of three VOCs into mesoporous 

films with three different pore sizes coated on Si ATR crystals was investigated. Using low-cost Si ATR 

crystals in a commercial FTIR spectrometer enabled the rapid characterization of a variety of mesoporous 

silica films. Spectral analysis was performed within the region of the ring skeleton vibrations of the 

aromatic hydrocarbons between 1550 cm-1 - 1450 cm-1. This region is usually not accessible in transmission 

gas measurements due to the strong water vapor bands found between 1900 cm-1- 1350 cm-1. By using 

functionalized, hydrophobic silica films, quantitative analysis of toluene, p-xylene and 1,2,4-

trimethylbenzene was performed und yielded single-digit ppmv LODs and enrichment factors > 9000. Fast 

response and regeneration times within seconds were observed. In addition, quantification of the 

individual components of multicomponent mixtures in presence of high relative humidity was performed. 

The achieved selectivity and vastly increased sensitivity with an effective path length of only 6 µm 

demonstrate the potential of these films for integrated optical sensing. 

2. Materials and Methods 
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2.1. Synthesis of mesoporous films 

Tetraethoxysilane (TEOS, Sigma Aldrich 99.5%), abs. ethanol (Fisher, 99.6%), hydrochloric acid (VWR, 

37%), cetyltrimethylammonium bromide (CTAB, Sigma Aldrich, 99%), Pluronic F127 and Pluronic P123 

(Sigma Aldrich), were used as received.  

Mesoporous silica film synthesized using CTAB was prepared as previously reported with a final molar 

ratio of 1:13:5:5 × 10−3:0.12 for TEOS:EtOH:H2O:HCl:CTAB.32 Mesoporous silica films synthesized using 

F127 and P123 were prepared by stirring of ethanol, TEOS, water and 0.1 M HCl (molar ratio 

TEOS:EtOH:H2O:HCl = 1:8.7:10.3:0.01 for F127 and TEOS:EtOH:H2O:HCl = 1:5.2:6:0.01 for P123) at room 

temperature for 20 min. A polymer solution was added to the sol giving a final molar ratio of 

TEOS:EtOH:F127:H2O:HCl = 1:16:0.01:16.3:0.015 for F127 film and TEOS:EtOH:P123:H2O:HCl = 

1:14.6:0.009:6:0.01: for P123 film. The mixture was stirred for 3 h at room temperature. All three films 

were spin coated with a spinner velocity of 2000 rpm and subsequently calcined at 400 °C for 4 h with a 

heating ramp of 1 K min-1. Surface functionalization was realized by immersing the freshly calcined films 

in 20 mL toluene with 0.5 mL hexamethyldisilazane (HMDS) at reflux temperature for 24 h. The recovered 

films were rinsed with toluene and acetone and dried at 110 °C over night before use. 

2.2. Characterization of films 

Low Angle X-ray diffraction data was collected with an Empyrean PANanalytical multipurpose 

diffractometer in Bragg-Brentano geometry operating with a Cu anode at 45 kV and 40 mA using a GalliPix 

detector. Samples were placed on the silicon single crystal sample holder. The diffraction patterns were 

recorded at room temperature between 1° and 5° (2θ) at a rate of 100 s/step and a step size of 0.01°. Film 

thickness was determined with a Bruker Dektak XTL Stylus profilometer by measuring five scratches 

distributed over the entire film for several coatings. IR spectra of the films were obtained using an 

uncoated Si ATR crystal as background.  

2.3. Optical setup 

Mesoporous silica films were coated on low resistivity Si cut into 20 x 10 x 0.5 mm3 pieces and the shorter 

facet was polished with diamond grinding wheels (grain sizes of 15 µm, 9 µm, 3 µm, 1 µm, 0.1 µm) to a 

defined angle of 45°. This ATR crystal configuration has 20 active bounces and a depth of penetration (per 

bounce) of ca. 500 nm at 1500 cm-1 (nSi=3.42, nsample=1.33).44 The ATR crystals were inserted into a custom-

made mount and fixed with a FKM O-ring and an aluminum gas flow cell with a volume of ca. 4 cm3 

(compare Figure 1). This setup was placed in the sample compartment of a Vertex 80v FTIR spectrometer 
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(Bruker Optics, Ettlingen, Germany) equipped with an N2-cooled MCT detector. Spectra were recorded 

with 2 cm-1 resolution and 32 scans were averaged per spectrum (double-sided, backward-forward 

acquisition mode, 8 s per spectrum). Prior to spectrum acquisition, the spectrometer was flushed with dry 

air. The noise floor of the system was obtained by means of 100 % lines, i.e. a scan of the N2 flushed flow 

cell with a background scan obtained under same conditions, and yielded an root-mean-square noise of 

3 · 10-5 A.U. between 1800 cm-1- 1450 cm-1. 

Spectra were analyzed using the software package OPUS 7.5 (Bruker Optics) and spectra processing and 

fitting was performed in Matlab. 

 

Figure 1: Optical setup and gas mixing and conditioning unit.  

Concentrations of the applied VOC vapors were determined from IR transmission measurements. 

Although concentrations could be derived from the injected liquid volume as well as the gas volume and 

applied pressure, this approach was found to be less accurate than IR spectroscopy (no precise pressure 

gauge was available and VOCs were injected with varying losses). A gas cell with ZnSe windows and a path 

length of 4 cm was used for transmission measurements. For calibration of VOCs concentrations, 

transmission spectra of each VOC (standards prepared as explained in section 2.4.) were integrated in the 

C-H stretching region between 3100 cm-1 - 2800 cm-1. Concentrations were obtained from the band areas 

using reference spectra of 1 ppm/m VOC from the PNNL database. Since a reference spectrum of 1,2,4-

trimethylbenzene was not available, the spectrum of 1,2,3-trimethylbenzene was used, assuming very 

similar integrated absorptivity in the analyzed spectral region. The concentration of the dry and 

humidified gas mixture obtained from 200 µL toluene and p-xylene and 100 µL 1,2,4-trimethylbenzene 

was calculated from band areas at 728 cm-1, 795 cm-1 and 805 cm-1 for toluene, p-xylene and 
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trimethylbenzene respectively. This region was selected, as the bands in the C H stretching region are 

unspecific and do not allow for calibration of the individual compounds. Lower signal-to-noise ratio in this 

region compared to the C-H stretching region results in an increased uncertainty of applied concentrations 

(~ 0.2 %rel for single component calibration in C-H stretching region), which is indicated by horizontal error 

bars in Figure 6. 

2.4. Sample preparation 

Gas samples were prepared by injecting 200 - 500 µL of liquid VOC into a 10 cm long tubing (6 mm OD) 

enclosed with two manual valves connected to an evacuated pressure vessel (2 x 10 L, Festo, CRVZS Series, 

interconnected with stainless steel tubing, see Figure 1). The reservoir was filled with N2 to 9 bar 

alternating trough the VOC-filled tubing as well as a second tubing connected to the second vessel to 

ensure good gas mixing. The reservoir was then connected to a mass flow controller (MFC, Voegtlin AG, 

Switzerland) using a reducing valve. A second mass flow controller was used for N2 and both streams were 

mixed to yield a flow of 1 L min-1. Both MFCs were controlled using LabView. All tubing were PUN or PTFE 

tubing (6 mm OD). As VOCs diffuse into the tubing and to avoid the carryover of VOCs, the point of mixing 

both streams was kept as short as possible and was ca. 30 cm. In addition, standard calibration of VOCs in 

transmission measurements was performed with increasing concentration as well as in random order. For 

both methods the same concentrations were found, hence, no contamination due to carryover or tubing 

diffusion is assumed. 

3. Results and Discussion 

3.1. Characterization of Mesoporous films 

Mesoporous silica films were prepared via the evaporation induced self-assembly process using different 

templates,32,45,46 namely CTAB, P123 and F127. Sols were prepared by acidic catalyzed condensation of 

TEOS and template and were spin coated onto Silicon ATR crystals followed by calcination at 400 °C. 

Thereby, films with pores of different sizes and orders were obtained. Note that surfactant removal can 

also be achieved by other, low-temperature treatments.32,47 X-ray diffraction proved the periodic 

arrangement of the mesoporous films (see ESI). The formation of silica, complete removal of the template 

and successful surface functionalization was confirmed by FTIR measurements. Bands at 1100 cm-1 are 

associated with Si-O-Si bands, the band at 1258 cm-1 is associated with the trimethyl-silane moiety 

introduced by the functionalization (see ESI). It should be stressed that functionalized mesoporous silica 

is IR transparent in the fingerprint region 1250 cm-1 - 1900 cm-1 as no absorption bands are found there. 
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The pore size distribution of the films was determined as previously reported and yielded pore diameters 

of 5 nm, 7 nm, and 12.5 nm for the films synthesized using CTAB, P123 and F127, respectively.48 

3.2. Adsorption of Volatile Organic Compounds 

To showcase the capability of mesoporous silica coated ATR crystals to sense VOC, three aromatic 

hydrocarbons with different saturation pressures were selected: Toluene (psat = 2.66 kPa), p-xylene (psat = 

1.18 kPa) and 1,2,4-trimethylbenzene (psat = 0.28 kPa) (all values given for 298 K). FTIR-ATR spectra of all 

three VOCs in liquid phase are given in Figure 2 (orange curves). The bands at 1496 cm-1, 1517 cm-1 and 

1506 cm-1 stem from the skeletal ring vibrations of toluene, p-xylene and 1,2,4-trimethylbenzene, 

respectively. Concentration series between 5 - 800 ppmv were applied to the three different mesoporous 

films. Figure 3 (black curves) shows exemplarily spectra of toluene, p-xylene and trimethylbenzene with 

786 ppmv, 787 ppmv and 80 ppmv, respectively, adsorbed into the mesoporous silica film produced using 

CTAB. Note, due to the adsorption into the film, the skeletal ring vibrations have the same band positions 

as found in neat spectra (compare black and orange curves). The additional band at 1620 cm-1 is associated 

with the bending vibration of water that is also present in the gas streams as e.g. the respective liquids 

were not anhydrous and this residual water also adsorbs into the films. The redshift of the bending 

vibration is a result of the hydrophobic functionalization that largely impede the water molecule’s 

interactions with the surface, which influences the local order of water and hence the water vibrations.49,50 

Due to the hydrophobic surface functionalization of the film with HMDS, this adsorption could be 

decreased to less than 1 % compared the absorbance of water vapor on pristine mesoporous silica for the 

same humidity.46 
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Figure 2: FTIR spectra (normalized to a peak absorbance of 1) of toluene (A), p-xylene (B) and 1,2,4-trimethylbenzene (C) 

obtained after enrichment into the mesoporous silica film synthesized using CTAB (black curves) and for the pure substance 

on a commercial ATR unit (orange spectra). Bands of adsorbed water are highlighted in blue and the spectral region of interest 

with skeletal ring vibrations of toluene at 1496 cm-1, p-xylene at 1517 cm-1 (residuals of trimethylbenzene are visible in the 

spectrum) and 1,2,4-trimethylbenzene at 1506 cm-1 is highlighted in yellow. 

The area of Lorentzian profiles fitted to the absorption bands shown in Figure 4 were used for quantitative 

analysis. The band areas obtained for a concentration series of toluene adsorbed into the mesoporous 

silica film prepared using CTAB are depicted in Figure 3A. Here, the concentration was increased every 

minute and spectra were recorded every 10 s. The fast adsorption, hence short response time, was similar 

for all three VOCs and all three films (see Figure S3 in the ESI for other films and analytes). The complete 

regeneration of all films was simply achieved by flushing the flow cell with pure N2 the signal returning 

back to its initial absorbance within seconds.  
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Figure 3. (A) Calibration of the mesoporous silica film prepared using CTAB for toluene. (B-D): Adsorption isotherms of different 

mesoporous films for (B) toluene, (C) p-xylene and (D) 1,2,4-trimethylbenzene. 

The band areas for concentration series of all VOCs adsorbed into all three films are given in Figure 3. For 

all VOCs, the mesoporous silica film prepared using CTAB with smallest pore size shows superior 

adsorption behavior, followed by the film prepared using F127 and the film synthesized with P123. The 

calibration functions were described by the Freundlich equation, which describes multilayer adsorption 

of adsorbates typically found in mesoporous materials:51 

𝑞𝑒 = 𝐾F𝑐
1

𝑛  (1) 

Where, qe is the amount of adsorbed analyte (corresponding to the obtained band areas in AU cm−1), c is 

the concentration in the gas (ppmv), KF (AU cm−1 [ppmv]−1/n) is the Freundlich affinity coefficient, and n 

(unitless) is the Freundlich linearity index. Table 1 summarizes the fitted parameters. 

Table 1: Calibration function parameters obtained from a fit with the Freundlich equation.  

 Analyte 
KF 

[AU cm−1 (ppmV)−1/n] 
n 

CTAB film  
Toluene 3.9·10-4 1.42 

p-xylene 1.0·10-3 1.54 
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Due to the low concentrations applied for trimethylbenzene chosen due to its low saturation vapor 

pressure, an almost linear calibration function was obtained, while for toluene and p-xylene the profile 

flattens out for higher concentrations, which is reflected in higher n values. This is due to lower affinity of 

the analyte to the adsorbate for an increasing number of adsorbed monolayers. For all analytes, relative 

vapor pressures of p/p0 < 0.1 were applied, which is the region of monolayer formation typically found in 

gas sorption experiments for mesopores. Within this region, no capillary condensation and, hence, no 

hysteresis between adsorption and desorption occurs,51 ensuring reversible sensing.  

The obtained calibration functions allow for retrieving the limits of detection (LOD) defined as qe(LOD)= 

3·σ, with σ being the standard deviation derived from consecutive 100 % lines. The LODs for the best 

performing film are 7 ppm, 6 ppm and 3 ppm for toluene, p-xylene and 1,2,4-trimethylbenzene, 

respectively. To put these LODs into perspective and compare them to transmission measurements, it is 

interesting to consider the effective optical path length for which these numbers were obtained. We 

recently introduced the determination of the effective path length de,eff within the film on an ATR crystal.32 

For the mesoporous silica film prepared with CTAB with a film thickness th = 400 nm, nSiO2-film = 1.13,46 nSi-

ATR = 3.42, we find de,eff = 6.3 µm at 𝜈=1500 cm-1. This allows for retrieving an enrichment factor defined 

as the ratio between the band area AATR obtained from ATR spectra and simulated band areas Atransmission 

one would obtain for the same path length de,eff based on reference spectra from the PNNL database:  

𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =
𝐴𝐴𝑇𝑅

𝐴𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
=

𝜀∙𝑐𝑓𝑖𝑙𝑚∙𝑑𝑒,𝑒𝑓𝑓

𝜀∙𝑐𝑔𝑎𝑠∙𝑑𝑒,𝑒𝑓𝑓
  (2) 

1,2,4-trimethylbenzene 7.3·10-4 1.01 

F127 film 

Toluene 2.47·10-5 1.48 

p-xylene 4.65 ·10-4 1.45 

1,2,4-trimethylbenzene 9.11·10-4 1.19 

P123 film 

Toluene 1.91·10-5 1.58 

p-xylene 3.75·10-4 1.51 

1,2,4-trimethylbenzene 2.27·10-4 1.01 
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Assuming the same absorption coefficient  for the area of a given band in condensed and gas phase, the 

enrichment factor also corresponds to the ratio of the volumetric concentrations cfilm and cgas (mol L-1) in 

the mesoporous film and the gas. The enrichment factors obtained for 10 ppmv are 9600, 20480 and 

32770 for toluene, p-xylene and 1,2,4-trimethylbenzene, respectively. Note that for higher concentrations 

the enrichment factor is lower due to the non-linearity of the calibration functions. The highest 

enrichment factor was found for 1,2,4-trimethylbenzene, the VOC with the lowest saturation vapor 

pressure and hence highest affinity to condense at surfaces, while toluene, having the highest saturation 

vapor pressure, yielded the lowest enrichment factor. 

3.3. Multicomponent Sensing 

A VOC mixture was prepared by inserting the premixed VOC solution into the gas container. With the 

same fitting routine as for the single component calibrations, three Lorentzian profiles were fitted to the 

obtained spectra. The spectrum of a VOC mixture with 146 ± 10 ppmv toluene, 151 ± 10 ppmv p-xylene 

and 58 ± 10 ppmv 1,2,4-trimethylbenzene adsorbed into the mesoporous silica film prepared using CTAB 

and the corresponding Lorentzian profiles are depicted in Figure 4. The obtained profile areas were 

inserted into the calibration function with parameters given in Table 1. The so found concentrations of 

153 ± 15 ppmv toluene, 143 ± 12 ppmv p-xylene and 52 ± 8 ppm 1,2,4-trimethylbenzene are in very good 

agreement with the applied concentrations. 

 

Figure 4. FTIR spectra of a mixture of VOC enriched on the mesoporous silica film prepared using CTAB with deconvolution 

using Lorentzian curves.  

In a next step, this gas mixture was humidified by bubbling the stream of N2 through water at 25 °C prior 

to mixing with the stream of diluted VOC from the pressure vessel. The thereby obtained gas transmission 

spectrum for 15 % humidity and 277 ± 10 ppmv toluene, 232 ± 10 ppmv p-xylene and 82 ± 10 ppmv 

trimethylbenzene given in Figure 5A shows the broad P and R branches of the water vapor deformation 

band. The VOCs’ absorption bands present in the mixture are practically indistinguishable from the large 
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water background. The humidified gas mixtures were then applied to the mesoporous silica film prepared 

using CTAB and the spectrum is depicted in Figure 5B.  

 

Figure 5. FTIR spectra of a mixture of VOC in humidified air obtained from a transmission measurement (A) and adsorbed to 

the mesoporous silica film produced using CTAB (B).  

In addition to the well resolved VOC bands around 1500 cm-1, a band of condensed water at 1620 cm-1 is 

visible. Since the film thickness of 400 nm largely covers the evanescent field, no bands associated with 

water vapor are present allowing for quantitative analysis of the adsorbed VOCs. The gas mixture was 

further mixed with humidified N2 to yield a relative humidity up to 60 % and the findings for a 

concentration range between 25 - 300 ppmv VOC with varying relative humidity between 60 % and 15 % 

is given in Figure 6 (see ESI for all values). Here, the high humidity does not interfere with the 

measurement and the applied concentrations are in excellent agreement with the found VOC 

concentrations.  
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Figure 6. Found and applied concentrations for VOC mixtures on mesoporous silica film produced using CTAB from calibration. 

 

4. Conclusion and Outlook 

In this contribution, we introduced mesoporous silica films as enrichment material for VOC gas sensing. 

Mesoporous silica films with three different pore sizes between 5 - 12.5 nm were coated on Si ATR crystals 

and their sensing performance was evaluated using FTIR spectroscopy. The film with the smallest pore 

size clearly stood out and reached enrichment factors between 9000 up to 32 000, depending on VOC and 

corresponding saturation vapor pressure. Moreover, limits of detection as low as 3 - 7 ppmv with solely 

6.3 µm effective path length were achieved. The remarkable increase in sensitivity was also reached in 

high-humidity atmosphere, which was enabled by organic functionalization of the mesoporous silica to 

largely exclude water interferences. The combination of these coatings with integrated optics and 

waveguide platforms of increased effective path length coupled with mid-IR light sources and detectors 

decreasing in size constantly holds great promise for highly sensitive detection of VOCs.  
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