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Abstract

Organic peroxide compounds such as triacetone triperoxide (TATP), hexamethylene triperoxide 
diamine (HMTD), tert-butyl hydroperoxide (TBHP), and cumene hydroperoxide (CHP) present 
significant analytical and safety challenges because of their instability, low vapor pressures, and 
hazardous oxidative behavior. In this work, titanium(IV)-based ionic liquid thin films containing 
trifluoromethanesulfonic acid were investigated as colorimetric sensing materials for vapor-
phase peroxide detection under controlled laboratory conditions. The sensing platform exhibited 
observable and reproducible colorimetric responses toward peroxide vapors, with response 
kinetics strongly influenced by acid concentration and peroxide volatility. Silica-supported 
acidified films demonstrated enhanced sensitivity toward TATP vapor, exhibiting apparent first-
order kinetic behavior and achieving a peroxide sensing equivalency of approximately 0.014 
ppm under extended exposure conditions. In contrast, minimal response was observed for 
HMTD vapor, consistent with its significantly lower vapor pressure and reduced vapor-phase 
reactivity under identical experimental conditions. TBHP and CHP vapors also generated 
measurable colorimetric responses. A multi-modal analytical approach involving atomic force 
microscopy (AFM), Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron 
spectroscopy (XPS), gas chromatography-mass spectrometry (GC-MS), and ion mobility 
spectrometry (IMS) was employed to characterize the sensing films and validate peroxide 
interactions. These findings establish an acid-enhanced Ti(IV)-based thin-film platform for 
selective vapor-phase peroxide sensing and provide mechanistic insights relevant to future 
development of laboratory-scale colorimetric peroxide detection systems.

Keywords: titania; ionic liquid, organic peroxide vapor; thin film sensor; colorimetry

1. Introduction

Organic peroxide compounds continue to present major challenges in forensic science, industrial 
safety, environmental monitoring, and counterterrorism applications because of their high 
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energetic instability, oxidative reactivity, and potential misuse in improvised explosive devices 
(IEDs). Among these compounds, triacetone triperoxide (TATP) and hexamethylene triperoxide 
diamine (HMTD) have received substantial attention owing to their use in peroxide-based 
explosives and their extreme sensitivity to friction, impact, and thermal decomposition.

Organic peroxides have historically been exploited in the fabrication of improvised explosive 
devices (IEDs) for terrorist activities, making them a persistent concern for the scientific and 
security communities.1-4 Despite their significance, the detection of organic peroxide vapors 
remains challenging due to their inherently low vapor pressure and limited reactivity. Various 
advanced analytical techniques, including mass spectrometry, ion-mobility spectrometry, and air 
sampling, have been explored for the detection of organic peroxide vapors.5-11 However, these 
methods often require complex instrumentation and stringent operating parameters, which can 
limit their practical application. Despite extensive research, reliable vapor-phase detection of 
organic peroxides under ambient conditions remains an ongoing challenge.

Hydroperoxides such as TBHP, and CHP are widely used in industrial processes, including 
polymerization, oxidation reactions, and organic synthesis. However, their instability and 
potential to decompose violently pose significant safety risks, necessitating sensitive and reliable 
detection methods. Thin films composed of acidified titanyl-ionic liquid solutions provide an 
innovative approach to detecting these hydroperoxides through a distinct and rapid colorimetric 
response.12-15 TBHP and CHP exhibit distinct colorimetric signatures due to their structural 
differences. TBHP, with its higher vapor pressure and branched alkyl structure, interacts more 
rapidly with the film, producing an immediate and intense color change. In contrast, CHP, which 
has a lower vapor pressure and an aromatic backbone, generates a slower but equally detectable 
response.16-24 These differences suggest that the films could be fine-tuned to not only detect but 
also differentiate between specific hydroperoxides based on their vapor-phase behavior and 
reactivity. The versatility of these thin films allows their integration into portable detection 
systems for real-time monitoring of TBHP and CHP vapors in industrial environments. 
Moreover, their ability to provide a direct visual response without requiring complex 
instrumentation makes them uniquely suited for on-site applications, such as detecting explosive 
precursors or monitoring air quality in confined spaces. By leveraging the interplay between acid 
catalysis, ionic liquid stabilization, and colorimetric sensing, this novel detection method 
represents a transformative advancement in the safe and efficient monitoring of 
hydroperoxides.25

In recent years, triacetone triperoxide, one of the most hazardous primary explosives, has gained 
prominence in terrorist activities.26-28 TATP is particularly challenging to detect due to its lack of 
fluorescence activity, absorbance of UV light, and poor ionization properties.29-31 Conventional 
detection methods either rely on expensive instrumentation, require extensive sample 
preparation, or fail to identify TATP in the gas phase. We introduce a colorimetric sensing 
approach that exhibits reproducible vapor-phase responses to TATP under acidic conditions, 
with measurable intensity changes observed at low vapor pressures. This sensor identifies TATP 
vapor through its acidic decomposition products, such as H2O2, even at very low concentrations, 
with a corresponding to approximately 0.01% of its reported saturation vapor pressure. This 
achievement was facilitated by utilizing a liquid acid reagent for detection. The sensor 
successfully differentiates TATP and other chemical oxidants, including hexamethylene 
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triperoxide diamine, cumene hydroperoxide, tert-butyl hydroperoxide, bleach, and peracetic acid 
under controlled vapor-phase interferent screening conditions. No measurable response was 
observed under the specific laboratory conditions tested for common volatile interferents.

After optimizing and evaluating the sensitivity of cellulose and silicon-based test strips, both 
with and without acidic environments, for the detection of hydrogen peroxide vapors,32 it was 
subsequently decided that these sensing materials could be used to detect vapors of organic 
peroxides such as TATP, HMTD, TBHP, and CHP.33-35 However, the experimental results 
indicate that the detection of organic peroxide vapors poses significant challenges, primarily due 
to their inherently reduced reactivity and lower vapor pressure compared to hydrogen peroxide. 
Moreover, it is noteworthy that organic peroxides have historically been the principal constituent 
in the explosive charge mechanisms of improvised explosive devices (IEDs), underscoring their 
heightened safety risk. Silicon-based test strips exposed to excess acid concentration 
demonstrated the ability to detect TATP vapors over an extended detection period. In contrast, 
the same silicon-based sensing materials exhibited limited or no discernible response to HMTD 
vapors under identical exposure conditions and time intervals. This highlights the differential 
reactivity and vapor signatures of these compounds, posing distinct detection challenges for 
organic peroxides.

When titanyl-ionic liquid solutions incorporated into acid-based thin films were exposed to 
organic peroxides, they demonstrated limited sensitivity to organic peroxide vapors. Notably, a 
discernible color change required prolonged exposure, exceeding seven days. Recent findings 
suggest that these films are sensitive to hydrogen peroxide (H₂O₂), a byproduct of the reaction 
between TATP and acid.36 To evaluate their potential for detecting organic peroxide vapors, 
various formulations of titanium(IV)-ionic liquid solutions with excess acid concentrations were 
prepared. Among these, titanium(IV) oxysulfate in trifluoromethanesulfonic acid, detailed in the 
experimental section, exhibited enhanced performance. Films derived from these solutions 
displayed significantly improved sensitivity to TATP vapor (Pvapor ~ 10⁻² torr at 25 °C). 
However, detection of HMTD vapor remained challenging due to its substantially lower vapor 
pressure (Pvapor ~ 10⁻⁴ torr at 25 °C). To further optimize the films, titanyl sulfate-based coatings 
were developed on silicon substrates, employing an ionic liquid solvent instead of isopropanol.37-

38 Sulfuric acid and trifluoromethanesulfonic acid were utilized as acid components. The 
inclusion of the ionic liquid effectively prevented desiccation, preserving the acidic environment 
and extending the functional lifetime of the films. Among the variations, 
trifluoromethanesulfonic acid-based films demonstrated superior sensitivity to organic peroxides, 
comparable to previous studies. Importantly, these films exhibited enhanced long-term stability, 
establishing them as the most effective and durable formulation for detecting organic peroxide 
vapors, with the ionic liquid.

The development of a detection method based on perceptible colorimetric changes offers a 
promising alternative. Such an approach has the potential to provide a straightforward and 
effective means of identifying the presence of organic peroxides, enhancing both practicality and 
accessibility in field applications. The detection of peroxide vapors using this method could be a 
valuable advance for the presence of these peroxides through color change.

Safety Warning: Organic peroxide compounds such as TATP and HMTD are highly energetic 
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primary explosives and present significant risks of thermal instability, friction sensitivity, and 
shock-induced decomposition. All syntheses and handling procedures involving peroxide 
explosives were performed on milligram-scale quantities using appropriate personal protective 
equipment inside a ventilated fume hood equipped with blast shielding. All experimental 
procedures complied with institutional laboratory safety regulations and hazardous materials 
handlingprotocols.

2. Experimental Details

2.1. Preparation of Titanyl-Ionic Liquid Solution with Acid 

Titanium(IV) oxysulfate-based ionic liquid solutions were prepared by dissolving 1.69 g of 
deionized water with 0.58 g of trifluoromethanesulfonic acid under gentle heating. Subsequently, 
0.5 g of titanium(IV) oxysulfate hydrate (TiOSO₄·xH₂O) was added, and the mixture was heated in a 
boiling water bath for 5 minutes until a clear solution was obtained. After cooling to room temperature, 
the solution was filtered through a 0.20 μm syringe filter to remove suspended particulates. Finally, 0.81 g 
of 1-ethyl-3-methylimidazolium hydrogen sulfate was added and mixed thoroughly to obtain a 
homogeneous ionic-liquid-based solution. The solution was stored under inert atmosphere prior to use.
A 20 µL aliquot of the prepared titanyl–ionic liquid solution was carefully dispensed onto the silica 
substrate to form a thin film. The volume was not further adjusted after deposition to fit the boxes on the 
pad and a nice thin film was prepared. Then the thin film was placed in the experimental setup which was 
in the expose chamber of the experimental setup and the sample was exposed at different concentrations 
of organic peroxide vapor. The total concentration of organic peroxide vapor was measured in the ppm 
range by measuring the absorbance of the colored solution into bubbler (E) of the experimental setup. For 
solid peroxide exposures, vapor concentrations were not directly quantified; instead, response behavior 
was compared using peroxide sensing equivalency relative to hydrogen peroxide calibration.

2.2. Preparation of Titanyl-Ionic Liquid Solution with Excess Acid 

The same procedure was used for the preparation of Titanyl-Ionic Liquid Solution with excess acid except 
there was excess trifluoromethanesulfonic acid was taken in the test tube.

2.3. High Acid Content Films Testing Setup and Methodology
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Figure 1. Schematic diagram of the peroxide exposure apparatus that depicts the (A) flow controller, (B) 
bubbler to entrain the peroxide vapor, (C) exposure chamber, (D) detection system, and (E) a bubbler 
used to determine the total concentration of peroxide in the flow. No direct gas-phase concentration 
measurement was performed for solid peroxide samples.

A schematic diagram of the experimental apparatus setup utilized to expose and track the thin films is 
shown in Figure 1. Peroxide quantification and intensity measurements were carried out along with the 
preparation of the detection solution and exposure apparatus. The only two differences between these 
exposures were the removal of the apparatus's gas flow and the addition of solid TATP and HMTD 
samples to the PTFE cell compared to liquid TBHP, and CHP. In order to expose the material, 0.10 g of 
solid TATP or HMTD was weighed and positioned in the PTFE cell placed inside the exposure chamber 
about 2 cm away from the thin films that were already present on the silicon substrate. A 20 W 
incandescent light was placed over the PTFE cell to deliver identical lighting for the slide along with a 
Logitech Pro 9000 USB camera filmed images of the sample throughout introduction to peroxide vapor. 
Exposures were prolonged to 4 days to ensure high vapor diffusion throughout the cell since the silicon 
test strip surface was exposed by the evolution and diffusion of vapor from the solid peroxides. There was 
no attempt to quantify the concentrations of organic peroxide in the gas phase. But the previous 
measurements of the corresponding gaseous hydrogen peroxide sensitivities were directly compared to 
the sensitivities of the high acid content films to gaseous organic peroxides. The peroxide sensing 
equivalency is the term used to describe this idea; the greater the number, the more sensitive the film is to 
organic peroxide vapor. All the images were analyzed using the ImageJ software (version 1.53k, 2021), 
available from the National Institutes of Health at https://imagej.nih.gov/ij/, in order to plot an intensity 
vs. time plot.
2.4. Preparation of Titanium (IV) Oxysulfate and peroxide Solution

2.4.1. Titanium (IV) oxysulfate stock solution
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The peroxide vapor concentration was measured through a so-called colorimetric procedure formed by 
OSHA. This method requires the preparation of titanium (IV) oxysulfate stock solution in sulfuric acid. 
At first in a beaker 5.5 g of dried TiOSO4∙xH2O (Strem Chemicals) was taken and then 20 g of 
ammonium sulfate (Spectrum, A.C.S. Reagent) was mixed in the beaker with a heated solution of 100 mL 
of concentrated sulfuric acid (Pharmco-Aaper, A.C.S. Reagent).  The mixture was heated to dissolve all 
the chemicals. Then the mixture was cooled to room temperature, after cooling, 350 mL of nano pure 
water was added in the resulting solution. A 0.40 µm filter paper was used to remove any suspended 
particles, and then finally more nano pure water was added to further dilute the titanium(IV) oxysulfate 
solution to make the total volume of the stock solution 500 mL. Titanium reagent, commonly referred to 
as collecting solution, is this stock solution diluted to 1:50.

2.4.2. Peroxide stock solution

TATP and HMTD solid samples were synthesized by Dr. Hossain. However, liquid samples of cumene 
hydroperoxide, tert-butyl hydroperoxide were bought from sigma aldrich chemicals and used as received 
(80 wt% and 70 wt%, respectively, as specified by the manufacturer). At first 16.85 µL of cumene 
hydroperoxide was taken in a 100 mL volumetric flask and then distill water was added to fill up the flask 
up to the mark. This is the required cumene hydroperoxide stock solution, aliquot of this stock solution 
was used as standard. This stock solution was used for the preparation of series of standard solutions in 
the range of 7 to 140 µg/mL. Similarly, for tert-butyl hydroperoxide, 2.14 µL of the commercial solution 
was used directly in our experiments. While a full stock solution was not prepared for TBHP as it was 
used at lower levels, the volume was carefully measured and appropriately diluted within the working 
matrix as needed.

2.4.3. Analysis of samples and Standards        

Standard hydroperoxide solutions were made by placing 5 mL of titanium reagent in each of 6 vials and 
then aliquots of the standard hydroperoxide solutions were added. The total volume was adjusted to 15 
mL with nano pure water. The absorbance of each sample solution, blank and standard were determined 
at 410 nm with 100 cary UV-Vis spectrophotometer. 0.00 absorbance was measured for the reagent blank. 
After that, a standard calibration curve was plotted from the obtained absorbance values of the standard 
hydroperoxide solutions. This standard curve should go through the origin.

2.4.4. Analysis of the slope with hydrogen peroxide slope 

To assess whether the response behavior toward different hydroperoxides differed significantly, 
calibration slopes obtained using titanium reagent were statistically compared using a two-slope t-test. 
The resulting slope for cumene hydroperoxide calibration curve is 6.1 ± 0.3 x 10-3 from Figure 2. The 
resulting slope for hydrogen peroxide calibration curve is 1.78 ± 0.3 x 10-2. In fact, the slope of the 
regression line for cumene hydroperoxide is 6.1 x 10-3 and the slope for hydrogen peroxide is 1.78 x 10-2. 
This difference was evaluated using a two-slope t-test.
To compare the similarity of the slopes, a p-value approach was used. A probability value of less than 
0.05 indicates that the two slopes are significantly different from each other. The t-value is calculated 
using the following equation.

𝑡 =
𝑏1 ― 𝑏2

𝑠2
𝑏1

+ 𝑠2
𝑏2

From the calculation, t-Value= 27.6
Degrees of freedom= 11
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Probability= 0.0
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Figure 2. Calibration curves for hydroperoxide standards. (A) Hydrogen peroxide showing linear 
response (R² = 0.9991) with zero-intercept fitting. (B) Cumene hydroperoxide calibration curve showing 
excellent linearity (R² = 0.9926) with zero-intercept fitting.

In this case the p-value is < 0.00001, which is less than 0.05 indicates that the two slopes are significantly 
different from each other.

2.4.5. Analysis of the slope with cumene hydroperoxide slope 

The resulting slope for tert-butyl hydroperoxide calibration curve is 5.4 ± 0.2 x 10-3 from Figure 3. The 
resulting slope for cumene hydroperoxide calibration curve is 6.1 ± 0.3 x 10-3 from Figure 2. In fact, as 
can be seen from both Figure, the slope of the regression line for cumene hydroperoxide is 6.1 x 10-3 and 
the slope for tert-butyl hydroperoxide is 5.4 x 10-3. This difference was evaluated using a two-slope t-test.
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Figure 3. Calibration curve for the different concentration of standard tert-butyl hydroperoxide solution. 
The calibration was extremely linear (R2 = 0.9958), and the zero-intercept is set.

A probability value of less than 0.05 indicates that the two slopes are significantly different from each 
other. 
From the calculation, t-Value= 1.69
Degrees of freedom= 10
Probability= 0.121
In this case the p-value is 0.121, which is greater than 0.05 indicates that there is no significant difference 
between them.

2.4.6. Equipment Used

In the beginning, cellulose was used to make test strips, giving the solution and peroxides a vast surface 
area to react on. The inclusion of a strong acid is suggested in this work because the rate of reaction was 
not very high. The test strips made of cellulose were destroyed (became a dark shade of black) when the 
strong acid, trifluoromethanesulfonic acid was added. As a result, it is proposed that silica strips 
purchased for Thin Layer Chromatography be used. These strips are simple to use, consistently produced 
strips, and are not decomposed by strong acid. We utilized Baker-Flex TLC strips.

Page 9 of 30 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 5
:4

4:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00700G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00700g


10

To construct a pad that was 5mm x 5mm in size, a 2-3 mm silica strip was first removed before the 
purchased strips were sliced into smaller test strips that were 5 mm wide. This silica pad's size was 
intended to closely resemble widely available Titanium (IV)-based cellulose test strips, which would be 
used to compare the reaction rates. To make sure that the silica was not creating any changes in the 
intensity, the extra silica beyond the 2-3 mm removal region would be used as a blank for intensity 
readings. When the light source changed during an experiment, the blank silica surface also made it 
possible to recalibrate the intensity values.

2.4.7. Instrumentation

All analytical measurements were carried out using standard characterization tools with detailed 
specifications as follows:

Gas Chromatography–Mass Spectrometry (GC–MS): Agilent 7890B GC system coupled with an 
Agilent 5977A Mass Selective Detector was used to analyze peroxide vapor samples. Separation was 
achieved using an HP-5ms capillary column (30 m × 0.25 mm × 0.25 μm film thickness). Helium was 
used as the carrier gas with a constant flow rate of 1 mL/min. The analysis was performed using a full-
scan mass spectrometric method over an m/z range of 50–500, with splitless injection.

Ion Mobility Spectrometry (IMS): A handheld IMS detector (FLIR Systems, Model Fido X3) was used 
for field-detection and real-time monitoring of peroxide vapors.

Fourier-Transform Infrared Spectroscopy (FTIR): Spectra were recorded using a Bruker Alpha II 
FTIR spectrometer equipped with an attenuated total reflectance (ATR) module. The scan range was 
4000–400 cm⁻¹ with a resolution of 4 cm⁻¹. All measurements were performed under standard instrument 
calibration conditions.

X-ray Photoelectron Spectroscopy (XPS): Surface elemental analysis was performed using a Kratos 
AXIS Supra XPS system with a monochromatic Al Kα radiation source (1486.6 eV). Survey and high-
resolution spectra were collected under ultrahigh vacuum conditions.

Atomic Force Microscopy (AFM): Surface topography was examined using a Bruker Dimension Icon 
AFM operated in tapping mode with silicon cantilevers (nominal tip radius ~8 nm).

UV–Visible Spectroscopy: A Cary 100 UV–Vis spectrophotometer (Agilent Technologies) was 
employed to generate calibration curves for quantification of hydrogen peroxide and organic peroxide 
vapors. 

All instruments were operated according to the manufacturers’ standard protocols, and calibration was 
conducted prior to each experimental session to ensure data reliability and reproducibility.

3. Results and Discussions

The interaction of titanium (IV) oxysulfate, an ionic liquid, and an acid catalyst at the microstructural 
level involves intricate molecular arrangements and dynamic interactions, creating a highly organized and 
reactive environment is shown in Figure 4. Titanium (IV) oxysulfate serves as the primary inorganic 
framework, forming a matrix that facilitates catalytic activity. The ionic liquid, acting as both a stabilizing 
medium and a hydration source, contributes to the structural integrity and maintains the film's dynamic 
functionality by modulating the physicochemical environment. The acid catalyst, such as 
trifluoromethanesulfonic acid, enhances the reactivity within this system by protonating reactive 
intermediates and accelerating oxidative decomposition processes. Together, these components establish a 
synergistic network, where the ionic liquid ensures mobility and stability, while the acidic environment 
amplifies reactivity. This molecular-level interplay highlights the system’s sensitivity and selectivity for 
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organic and hydroperoxide detection, offering a robust and tunable platform for real-time chemical 
sensing. Here’s a detailed visualization showing the interaction of titanium (IV) oxysulfate, ionic liquid, 
and an acid catalyst at the microstructural level with molecular arrangements and dynamic interactions.
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Figure 4. Visualization shows the interaction of Ti(IV) oxysulfate, ionic liquids, and an acid catalyst at 
the microstructural level.

Atomic force microscopy (AFM) was utilized to thoroughly evaluate the surface roughness of the 
prepared titania-based films, providing critical information about their microstructural characteristics and 
overall morphology. A film composed of 30 mass percent titania loading was carefully deposited onto a 
glass slide, and a 10 μm × 10 μm region of its surface was selected and analyzed to ensure localized 
characterization of the film’s topography (see Figure 5). The root mean square roughness (Rq) of the 
measured area was determined to be 5.23 nm, which provides quantitative evidence of the film's surface 
morphology. This value indicates that the titania films exhibit a moderately smooth surface, showing 
uniformity at the nanometer scale without extreme topographical variations.

For comparison, the Rq value of Si(100) surfaces that have been etched using the RCA cleaning method 
an established technique for preparing clean, planar silicon surfaces for applications in microelectronics is 
remarkably low at 0.09 nm, reflecting their near-ideal flatness and minimal surface roughness.39-40 At the 
other extreme, superhydrophobic films of trimethylsilanized silica using the sol-gel process exhibit Rq 
values close to 30 nm, signifying large peak-to-valley features. These topographical features are 
responsible for creating hydrophobicity by trapping air and reducing the interaction between water 
molecules and the surface.
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Figure 5. False-color images of (A) the height and (B) surface roughness of a titania-cellulose film, 
measured by AFM.

The moderate roughness likely results from the interplay between the slow evaporation rate of the solvent 
used during film preparation and the congealing behavior of the substrate matrix. These factors influence 
the structural assembly of the titania particles and the organization of the film as it forms, ultimately 
dictating the microstructural characteristics observed. This degree of roughness suggests that the films are 
sufficiently smooth for most sensing applications while maintaining structural features that ensure 
functional stability and interaction with target analytes. This unique balance between smoothness and 
topographical variability allows the films to function effectively as sensitive detection platforms while 
remaining stable and robust in a variety of operational conditions.

Thin Film’s Reactivity to Organic Peroxides

When exposed to peroxide vapors, the films exhibit a discernible colorimetric response, consistent with 
prior observations from the analyzed films and test strips. The titania solution incorporating 
trifluoromethanesulfonic acid exhibited the characteristic yellow color shift upon exposure to TATP 
vapors. In contrast, films prepared with an excess of trifluoromethanesulfonic acid underwent a more 
pronounced transition to an intense shade of orange under identical conditions. However, exposure to 
HMTD vapors elicited only a faint color change in the excessively acidic films, while the less acidic films 
displayed no perceptible chromatic response.

TATP and HMTD Reaction Kinetics with the Acidic films

There was no color change when a controlled thin film was exposed to organic peroxide vapors without 
adding any titania. Similarly, for H₂O₂ experiments, the image series captured under controlled 
conditions were analyzed using ImageJ to quantify intensity as a function of exposure duration. Utilizing 
ImageJ software, reflection images were extracted from the dynamic red regions of the thin films, as 
illustrated in Figure 6.
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Figure 6. Progression of test strip color change during exposure to TATP vapors.

Applying the same techniques that we used within the enclosed box, the experiment was conducted within 
a PTFE cell. The corresponding images, captured using test strips placed within the PTFE cell under a 
blue light filter to enhance intensity resolution. Image A represents the initial exposure to peroxide 
vapors, Image B corresponds to the intermediate stage of the experiment, and Image C illustrates the final 
image post-exposure.

Figure 7 illustrates the normalized reflected intensity of the entire film as a function of exposure duration. 
It is evident that exposure of the films to TATP vapors in the presence of excess trifluoromethanesulfonic 
acid induces substantial alterations in intensity, resulting in a distinct colorimetric change. The excess 
trifluoromethylsulfonic acid film changes color in a manner that is consistent with apparent first-order 
behavior under the tested conditions. In contrast, films prepared under similar conditions exhibit 
negligible or no color change upon exposure to HMTD vapors, suggesting that the acidic film 
demonstrates first-order kinetics exclusively in the presence of TATP and remains non-reactive towards 
HMTD. Extended exposure times were required due to low vapor pressure and diffusion-limited transport 
of peroxide vapors within the sealed PTFE chamber.

(A) (B) (C) 
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Figure 7. Plot showing the change in signal intensity over time for a silica test strip pre-treated with acid 
and subjected to TATP vapor exposure.

A reduction in reflected intensity, as depicted in Figure 7, is observed with increasing exposure time for 
the test strip subjected to excess acidification. Upon exposure to peroxide vapor, the intensity exhibits an 
exponential decline over time. The excess acidified test strips consistently demonstrate first-order kinetic 
behavior in response to TATP vapor diffusion, with a peroxide sensing equivalency of 0.014 ppm. 
Furthermore, a series of experimental runs with varying peroxide concentrations have been conducted to 
further validate this kinetic behavior.

Tert-butyl hydroperoxide Reaction Kinetics with the Acidic films 

The experimental data presented in Figure 8 depict the response of a test strip exposed to a vapor phase 
concentration of 4.97 ppm of tert-butyl hydroperoxide over a 3-hour duration. Notably, a significant 
decrease in reflected intensity is observed as a function of exposure time, particularly for the acidified test 
strip variant. This attenuation in reflected intensity exhibits an exponential decay profile, characteristic of 
the interaction between the test strip surface materials and the hydroperoxide vapor. 

In addition, a series of experimental runs were conducted across a range of TBHP concentrations, further 
investigating the concentration-dependent dynamics of the reflected intensity over time. The results from 
these varied conditions corroborate the observed trend, providing a comprehensive understanding of how 
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increasing hydroperoxide exposure correlates with a more pronounced reduction in reflected intensity, 
thereby highlighting the sensitivity of the test strip to different levels of TBHP vapor.
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Figure 8. Intensity versus exposure time for a silica test strip – with acid, silica test strip was exposed to 
tert-butyl hydroperoxide concentration of 4.97 ppm for 3 hours.

The intensity versus exposure time plot conclusively demonstrates that the system follows first-order 
kinetic behavior following exposure to tert-butyl hydroperoxide vapor. This was confirmed by the 
application of the rate constant equation, where the resulting negative slope of the plot corresponds to the 
characteristic exponential decay associated with first-order reactions. Linear regression analysis of the 
data further substantiates this observation, yielding a precise mathematical representation of the kinetic 
behavior.

As exposure time progresses, a saturation point is reached, at which the reflected intensity plateaus. When 
saturation occurs the reflected intensity also stops as there were no active titania materials remaining to 
interact with tert-butyl hydroperoxide vapor. Once this saturation threshold is achieved, no additional 
chemical interaction occurs, effectively halting the intensity change. Additionally, under excess acidic 
conditions, the test strips exhibit clear first-order kinetic behavior in the presence of diffusing TBHP 
vapor. The peroxide sensing equivalency of the system was quantified, revealing a corresponding to a 
peroxide sensing equivalency of approximately 0.09 ppm of TBHP, which reflects the system's sensitivity 
and its potential for precise quantification of peroxide vapor concentrations in real-world applications.

Cumene hydroperoxide Reaction Kinetics with the Acidic films 

The experimental data presented herein pertains to the exposure of test strips to 3.37 ppm of cumene 
hydroperoxide vapor over a 3-hour duration. As illustrated in Figure 9, a decrease in reflected intensity is 
observed in the acidified test strips as exposure time increases. This attenuation of reflectance follows an 
exponential decay pattern, indicative of the interaction between the hydroperoxide vapor and the surface 
materials.

Additional experimental runs were conducted across varying concentrations of cumene hydroperoxide to 
further elucidate the concentration-dependent behavior of this phenomenon. These results consistently 
demonstrate an exponential decline in reflected intensity, which appears to be a characteristic response of 
the test strip under exposure to hydroperoxide vapors.
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Figure 9. Intensity versus exposure time for a silica test strip – with acid, silica test strip was exposed to 
cumene hydroperoxide concentration of 3.37 ppm for 3 hours.

The intensity versus exposure time plot unequivocally demonstrated first-order kinetic behavior following 
exposure to cumene hydroperoxide vapor. The observed data were consistent with an exponential decay 
in reflected intensity. By applying the rate constant equation to the experimental data, a negative slope 
was derived, confirming the rate of intensity reduction as a function of time. Additionally, linear 
regression analysis of the intensity-time plot yielded a high degree of correlation, further supporting the 
first-order kinetics of the system.

At longer exposure times, the system reached a saturation point, where the reflected intensity plateaued. 
This cessation of intensity change is attributed to the depletion of active titania sites on the test strip, 
which are no longer available to interact with the diffusing CHP vapor. As a result, no further reaction 
occurs once the available active sites are no longer available, leading to a stabilization of the reflected 
intensity. Moreover, under conditions of excess acidic test strips, the observed first-order kinetic behavior 
was maintained across a range of CHP vapor concentrations. The peroxide sensing equivalency was 
determined to be 0.07 ppm, establishing the sensitivity of the test strips to low concentrations of cumene 
hydroperoxide vapor. This finding is significant for the application of such test strips in environments 
requiring precise detection of peroxide levels, where the kinetics of peroxide interaction with the sensor 
material provide a reliable measure of vapor concentration.
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Figure 10. Intensity versus exposure time for a silica test strip – without acid, silica test strip was exposed 
to cumene hydroperoxide concentration of 1.22 ppm for 2.5 hours.

The intensity versus exposure time plot for cumene hydroperoxide vapor exposure on a silica-based test 
strip without acidic film is presented in Figure 10. Analysis of the data reveals that the system exhibits 
zero-order kinetic behavior under these conditions. Unlike first-order kinetics, where the reaction rate is 
proportional to the concentration of the reactant (i.e., the hydroperoxide vapor in this case), the rate of 
intensity change in the absence of an acidic film remains independent of the hydroperoxide vapor 
concentration. The reaction between the titanium species and cumene hydroperoxide is exceptionally 
slow, resulting in a scenario where the intensity change becomes decoupled from the arrival rate of the 
vapor. As such, the reaction rate does not exhibit a dependency on the fluctuating concentration of 
hydroperoxide vapor, leading to the observation of zero-order kinetics.

Further quantitative analysis using linear regression of the intensity-time plot further supports this kinetic 
behavior, showing a constant rate of intensity change over the exposure period. As with the acidified test 
strips, saturation of the test surface eventually occurs, at which point the reflected intensity reaches a 
plateau. This saturation is attributed to the depletion of available active titanium sites on the silica-based 
test strip, which renders no further interaction with the hydroperoxide vapor, thus halting any additional 
change in reflected intensity. This zero-order kinetic response, in contrast to the first-order behavior 
observed with acidified test strips, underscores the importance of surface chemistry, specifically the 
presence of acidic species in modulating the kinetic behavior of peroxide-sensing materials.

The FTIR spectrum (see Figure 11), highlights key functional groups and interactions within the mixture. 
Ti(IV) oxysulfate contributes broad peaks in the 400–600 cm⁻¹ range due to Ti–O stretching and sharp 

Page 19 of 30 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 5
:4

4:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00700G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00700g


20

peaks around 650 cm⁻¹ from Ti–S vibrations. These confirm the presence of titanium-oxygen and 
titanium-sulfur bonds. The ionic liquid shows characteristic peaks at 1200 cm⁻¹ (C–H stretching) and 
1550 cm⁻¹ (C–N bending), representing its organic backbone, such as alkyl or imidazolium components. 
The acid catalyst adds contributions in the 1000–1300 cm⁻¹ region, with peaks at 1100 cm⁻¹ (C–O 
stretching) and 1250 cm⁻¹ (C–S stretching), indicative of oxygen and sulfur-based acid groups. 
Hydroperoxide O–O–H stretching vibrations are distinct at 885 cm⁻¹, crucial for detecting cumene and 
tert-butyl hydroperoxides.

Overlapping regions provide insight into potential chemical interactions. The 600–900 cm⁻¹ range reflects 
overlapping Ti–S and O–O–H vibrations, suggesting weak interactions between hydroperoxides and 
Ti(IV) oxysulfate. Similarly, the 1000–1300 cm⁻¹ range shows overlap between acid catalyst and ionic 
liquid peaks, implying proton transfer or hydrogen bonding between acidic and ionic liquid components. 
These overlaps highlight the interplay among functional groups within the catalyst system. These spectral 
features are interpreted qualitatively and reflect overlapping contributions from multiple components 
rather than isolated bond assignments.

The relative intensities suggest dominant contributions from hydroperoxides and ionic liquids, with 
moderate peaks from Ti(IV) oxysulfate and the acid catalyst. This distribution highlights the role of 
hydroperoxide activation, facilitated by Ti(IV) oxysulfate and protonated intermediates stabilized by the 
ionic liquid. These interactions likely enhance catalytic efficiency, aligning with the system's intended 
purpose for hydroperoxide detection. The spectrum provides a clear fingerprint of the functional and 
interactive roles of the components.

Page 20 of 30Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 5
:4

4:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00700G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00700g


21

Figure 11. FTIR spectrum of Ti(IV) oxysulfate, ionic liquid and an acid catalyst interaction with 
hydroperoxides.

The XPS spectrum (see Figure 12), provides insights into the chemical interactions in a system involving 
Ti(IV) oxysulfate, ionic liquid, acid catalyst, and hydroperoxides (Cumene and Tert-butyl 
hydroperoxides). The x-axis spans binding energies from 150–550 eV, capturing key elements, while the 
y-axis represents intensity (a.u.), normalized to highlight the contributions of each species. Major features 
include sharp peaks for Ti 2p, S 2p, O 1s, and hydroperoxide O-O groups, each corresponding to distinct 
bonding environments in the system. The legend identifies the individual components with dashed lines, 
while the combined spectrum is depicted as a solid red curve for clarity.

The Ti 2p peaks are prominent, with a strong Ti 2p₃/₂ peak (~465 eV) and a satellite Ti 2p₁/₂ peak (~470 
eV), confirming the presence of Ti(IV) in the oxysulfate state. Sulfur peaks (S 2p), observed at ~168–170 
eV, indicate sulfate groups, characteristic of the ionic liquid or acid catalyst. Oxygen (O 1s peaks) display 
multiple contributions: ~530 eV for Ti–O bonds, ~532 eV for sulfate oxygen, and ~535–536 eV for 
peroxide oxygen (O-O), reflecting the hydroperoxide interaction. These features are consistent with the 
active role of oxygen in catalytic oxidation.
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The hydroperoxide peaks (~535–536 eV) highlight significant interactions between hydroperoxide groups 
and Ti(IV) oxysulfate, with shifts influenced by the acidic environment. The high-energy O 1s feature 
suggests active peroxide coordination during catalysis. Meanwhile, minor contributions from C 1s 
(~284.5–286 eV) and N 1s (~398–400 eV, if present in the ionic liquid) reflect the organic nature of the 

ionic liquid and hydroperoxides. The spectrum integrates these contributions, illustrating a complex 
system with overlapping peaks indicative of multiple chemical environments.

Figure 12. XPS spectrum of Ti(IV) oxysulfate with ionic liquid and an acid catalyst interaction with 
hydroperoxides.

Overall, the spectrum reveals strong bonding interactions between Ti(IV) oxysulfate and hydroperoxide 
species, essential for catalytic oxidation. Sulfate groups from the ionic liquid and acid catalyst provide 
structural stabilization, while the peroxide peaks confirm their active role in the reaction mechanism. The 
high-resolution spectrum highlights the interaction between these components, facilitating oxidation 
processes through precise electronic and chemical interactions.

Gas chromatography-mass spectrometry (GC-MS) analysis plot for tert-butyl hydroperoxide 
(TBHP), and cumene hydroperoxide (CHP)

The combined GC-MS analysis of Tert-Butyl Hydroperoxide and Cumene Hydroperoxide (see Figure 
13),  provides a detailed characterization of their chemical properties and behavior under chromatographic 
and mass spectrometric conditions.

In the gas chromatography (GC) chromatogram, TBHP elutes first, at 3.5 minutes, producing a sharp 
peak. This indicates that TBHP is a relatively volatile compound with a low molecular weight 
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(approximately 94 g/mol), allowing it to pass through the chromatographic column quickly. The 
sharpness of the peak further suggests that TBHP is a relatively pure substance with minimal interference 
from other species, and it likely exhibits efficient separation under the chromatographic conditions used. 
The early elution of TBHP is consistent with its small, simple molecular structure and relatively low 
boiling point, which makes it highly volatile compared to larger, more complex molecules.

In contrast, CHP elutes later, at 6.0 minutes, producing a broader peak. This slower elution is indicative of 
a compound with a higher molecular weight (approximately 170 g/mol) and greater molecular 
complexity. The broader peak suggests that CHP might experience more interaction with the stationary 
phase of the chromatographic column, possibly due to its larger size and stronger intermolecular forces 
(such as van der Waals interactions and hydrogen bonding). These interactions slow down the 
compound’s passage through the column, resulting in its broader chromatographic peak. Additionally, the 
broader peak could suggest the presence of multiple isomers or a distribution of concentrations, further 
complicating the separation of CHP from other compounds.

Figure 13. Representative GC chromatogram showing the separation of TBHP (tert-butyl hydroperoxide) 
and CHP (cumene hydroperoxide). The TBHP peak is marked with a red dashed line at a retention time of 
3.5 minutes, and the CHP peak is marked with a green dashed line at a retention time of 6.0 minutes. 

The mass spectra of TBHP and CHP are presented in Figure 14 with corresponding peak assignments 
listed in Table 1. These experimental spectra reveal clear differences in fragmentation behavior between 
the two organic peroxides, consistent with their structural differences.

The mass spectrum of TBHP is relatively simple, consistent with its small, aliphatic structure. Prominent 
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peaks are observed at m/z 43.1, 57.2, 71.4, 85.1, and 99.1, which are attributed to sequential alkyl 
fragment ions such as C₃H₇⁺, C₄H₉⁺, and C₅H₁₁⁺. The peak at m/z 99.1 is likely a major fragment ion 
retaining the hydroperoxide group or a rearranged ion characteristic of TBHP's tert-butyl structure. These 
small alkyl fragments support a straightforward fragmentation pattern typical of aliphatic peroxides.

In contrast, the mass spectrum of CHP exhibits a more complex fragmentation pattern due to the presence 
of an aromatic ring and a larger hydroperoxide moiety. Distinct peaks are observed at m/z 152.2, 91.2, 
77.4, 59.1, and 43.1. The m/z 152.2 peak is assigned to the molecular ion (M⁺) or a high-mass fragment 
containing most of the molecule’s framework. The m/z 91.2 peak corresponds to the tropylium ion 
(C₇H₇⁺), a stable fragment resulting from the loss of a methyl group from the cumene structure. The m/z 
77.4 peak is consistent with the phenyl cation (C₆H₅⁺), further confirming the aromatic nature of CHP. 
Additional peaks at m/z 59.1 and 43.1 reflect fragmentation of smaller alkyl groups, such as isopropyl and 
ethyl. 

These fragmentation patterns provide clear analytical distinctions between TBHP and CHP. TBHP 
primarily forms aliphatic fragments, while CHP yields aromatic ions due to its substituted benzene ring. 
The combination of GC retention data and MS fragmentation offers strong support for the identification 
and differentiation of these compounds.

Table 1. Summary of observed m/z values and tentative assignments from the experimental mass spectra  
of TBHP and CHP.

Compound         m/z   Relative 
Intensity(%)

Tentative Assignment

         TBHP   43.1   18 C3H7
+

         TBHP   57.2   42 C4H9
+

    TBHP   71.4   64 C5H11
+

    TBHP   85.1   85 C6H13
+

    TBHP   99.1   100 Fragment Ion

    CHP   45.1   30 C2H5O+

    CHP   61.2   54 C3H7O+

    CHP   77.4   74 C4H9O+

    CHP   91.2   82 C5H11O+

    CHP   152.2   95 Parent Ion
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Figure14. Mass spectra of TBHP (tert-butyl hydroperoxide) and CHP (cumene hydroperoxide). The top 
panel shows the mass spectrum of TBHP, with prominent peaks at specific m/z values indicating the 
molecular fragments characteristic of TBHP. The bottom panel depicts the mass spectrum of CHP, with 
its distinct fragmentation pattern represented by peaks at different m/z values. The y-axis represents the 
relative intensity (%) of the ion signals, while the x-axis corresponds to the mass-to-charge (m/z) ratio. 
These spectra provide insight into the molecular structure and fragmentation behavior of each compound.

In summary, the GC data reveals that TBHP, being smaller and more volatile, elutes faster with a sharper 
peak, while CHP, with its larger molecular size and more complex structure, elutes more slowly and 
produces a broader chromatographic peak. The MS data further confirms these differences by showing 
distinct fragmentation patterns for each compound. TBHP’s fragmentation is characterized by smaller, 
aliphatic fragments consistent with its simple structure, while CHP’s fragmentation includes aromatic 
ions, such as the m/z 91 and m/z 77 peaks, indicative of its phenyl group. These differences in both 
chromatographic retention and mass spectral fragmentation provide a clear basis for distinguishing TBHP 
and CHP and reflect their distinct chemical structures and properties.

The Ion Mobility Spectrometry (IMS) plot for tert-butyl hydroperoxide (TBHP), and cumene 
hydroperoxide (CHP)

The Ion Mobility Spectrometry (IMS) plot (see Figure 15), demonstrates high-resolution temporal 
separation between tert-butyl hydroperoxide (TBHP) and cumene hydroperoxide (CHP), characterized by 
Gaussian peaks centered at approximately 5 ms and 10 ms, respectively. The shorter drift time of TBHP 
indicates a higher ion mobility, reflecting its smaller collision cross-section (CCS) and compact aliphatic 
structure, which experience less resistance as they traverse the drift tube. Conversely, the longer drift time 
of CHP corresponds to lower ion mobility, attributed to its bulkier aromatic substituent and larger CCS. 
The aromatic ring in CHP likely introduces additional polarizability and steric hindrance, leading to more 
significant interactions with the drift gas and reduced drift velocity. This clear temporal separation 
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underscores the capability of IMS to distinguish structurally similar compounds based on subtle variations 
in size, shape, and gas-phase interactions.

Figure 15. The Ion Mobility Spectrometry (IMS) plot for tert-butyl hydroperoxide (TBHP), and cumene 
hydroperoxide (CHP).

The underlying principle governing this separation lies in the relationship between drift time (𝑡d) and ion 
mobility (𝐾), where 𝑡d is inversely proportional to 𝐾 and influenced by molecular structure. TBHP, with 
its streamlined molecular geometry, demonstrates faster migration, while CHP’s more complex structure 
and increased molecular surface area slow its progression through the drift region. This plot exemplifies 
the utility of IMS for the rapid identification and characterization of organic peroxides, which are critical 
for safety monitoring and process control in industrial and environmental settings. The results 
demonstrate how IMS can provide actionable insights into structural properties, offering a powerful tool 
for resolving and quantifying reactive chemical species in complex mixtures. The ability to discriminate 
between such reactive chemical entities based on subtle physicochemical properties has profound 
implications for industrial safety monitoring, environmental analysis, and process control. The 
demonstrated resolution exemplifies IMS's potential for delivering actionable insights into the structural 
and dynamic properties of reactive species in complex matrices, reinforcing its value in both research and 
applied chemical contexts.
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4. CONCLUSION 

This study examines titanium(IV)-based colorimetric thin films for their vapor-phase response toward 
organic peroxide compounds. The color change kinetics observed exhibit first-order behavior over a 
peroxide concentration range of approximately 3.5 to 5 ppm, highlighting the high sensitivity and 
reliability of the test strips as gas-phase peroxide sensors.

Initially, commercially available cellulose-based test strips were evaluated, but to improve sensor 
performance and reduce cost, silica-based substrates were introduced. By adsorbing 
trifluoromethanesulfonic acid onto silica thin-layer chromatography (TLC) plates, we enhanced the 
sensor’s chemical reactivity and selectivity toward hydrogen peroxide and organic peroxide vapors. This 
acid-functionalized silica substrate demonstrated significantly improved sensitivity compared to non-
acidic materials, indicating that acid loading plays a crucial role in facilitating the detection mechanism.

The acid-enhanced titanium-silicon test strips showed consistent first-order kinetics and achieved a 
peroxide sensing equivalency as low as 0.014 ppm for TATP vapor. In contrast, these strips did not 
respond to HMTD vapors under the tested conditions, confirming selectivity differences among organic 
peroxide species. Additionally, the strips exhibited marginal sensitivity to cumene hydroperoxide and tert-
butyl hydroperoxide vapors, with their reaction kinetics differing between acidic and non-acidic 
formulations, suggesting a more complex and acid-dependent sensing mechanism.

These findings provide a clear foundation for the further development of portable, low-cost, and highly 
sensitive colorimetric detectors for peroxide vapors, which hold promise for applications in 
environmental monitoring, industrial safety, and security screening. The results establish a proof-of-
concept framework for acid-enhanced colorimetric sensing of peroxide vapors and provide design insights 
for future sensor optimization and field-relevant validation. 
Data Availability Statement: The datasets used and/or analyzed during the current study are available 
from the corresponding author on reasonable request.
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