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ABSTRACT 

 

Vapor detection has been proven as one of the practical, noninvasive methods suitable 

for explosives detection among current explosive detection technologies. Optical methods 

(especially colorimetric and fluorescence spectral methods) are low in cost, provide simple 

instrumentation alignment, while still maintaining high sensitivity and selectivity, these 

factors combined facilitate broad field applications. Trace vapor detection of hydrogen 

peroxide (H2O2) represents an effective approach to noninvasive detection of peroxide-

based explosives, though development of such a sensor system with high reliability and 

sufficient sensitivity (reactivity) still remains challenging. Three vapor sensor systems for 

H2O2 were proposed and developed in this study, which exploited specific chemical 

reaction towards H2O2 to ensure the selectivity, and materials surface engineering to afford 

efficient air sampling. The combination of these features enables expedient, cost effective, 

reliable detection of peroxide explosives. 

First, an expedient colorimetric sensor for H2O2 vapor was developed, which utilized 

the specific interaction between Ti(oxo) and H2O2 to offer a yellow color development. 

The Ti(oxo) salt can be blended into a cellulose microfibril network to produce tunable 

interface that can react with H2O2. The vapor detection limit can reach 400 ppb. To further 

improve the detection sensitivity, a naphthalimide based fluorescence turn-on sensor was 

designed and developed. The sensor mechanism was based on H2O2-mediated oxidation of 

a boronate fluorophore, which is nonfluorescent in ICT band, but becomes strongly 



 

iv 

fluorescent upon conversion into the phenol state. The detection limit of this sensory 

material was improved to be below 10 ppb. However, some technical factors such as sensor 

concentration, local environment, and excitation intensity were found difficult to control 

to make the sensor system sufficiently reproducible. To solve the problem, we developed 

a ratiometric fluorescence sensor, which allows for dual-band emission monitoring and 

thus enhances the detection reliability. Moreover, the significant spectral overlap between 

the fluorescence of the pristine sensor and the absorption of the reacted state enables 

effective Föster Resonance Energy Transfer (FRET). This FRET process can significantly 

enhance the fluorescence sensing efficiency in comparison to the normal single-band 

sensor system, for which the sensing efficiency is solely determined by the stoichiometric 

conversion of sensor molecules. 
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CHAPTER 1 

 

INTRODUCTION 

 

In the past decade, the detection of peroxide-base explosives has drawn much research 

interest in the scientific community due to the increasing concerns about homeland security, 

military operational safety, as well as environmental and industrial safety. (1-9) This 

concern has resulted in the development of novel analytical methods and sensor techniques 

for fast and sensitive detection of the homemade explosives such as triacetonetriperoxide 

(TATP, acetone) and hexamethylenetriperoxidediamine (HMTD). In this chapter, the 

recent advances of analytical methods and sensor techniques will be reviewed. 

The synthesis of TATP (10) and HMTD (11) was accomplished in the late 18th century 

(for structure see Table 1.1), which includes three major precursors: hydrogen peroxide 

(H2O2), an acid (as catalyst), and acetone (for TATP) or hexamine (for HMTD). However, 

due to the extreme sensitivity to mechanical press, high volatility, weak stability, and lower 

explosive power (compared to trinitrotoluene (TNT)), these peroxide-based explosives 

were much less utilized in military or civilian applications than nitro explosives (e.g., TNT, 

dinitrotuluene (DNT), cyclotrimethylenetrinitramine (RDX), pentaerythritol tetranitrate 

(PETN) and picric acid (PA)). No requirement of blasting caps, ease of synthesis, along 

with readily commercially available sourcing materials make peroxide-based explosives 

highly favorable in improvised explosive devices (IEDs) for criminal and terrorist activities. 
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The use of peroxided-base explosives in terrorist attacks was first found in Israel in 

1980. (12) The development of detection methods for peroxided-based explosives has 

drawn increasing attention during the last decade due to specific high profile terrorist 

attacks. For example, American Airlines Flight 63 in 2001, the Casblanca explosions in 

2003, the London underground subway attacks in 2005 and a UK transatlantic flight 

bombing plot in 2006. (13-15) However, the detection of these explosives through direct 

sensing of the peroxide compounds remains difficult mainly due to the weak oxidizing 

power (weak electron affinity), lack of nitro-groups, weak UV-vis absorption, and lack of 

fluorescence emission, which prevent the detection through fluorescence sensing (usually 

based on electron transfer quenching), the conventional electronic detection systems and 

optical spectroscopy, respectively. Although chromatography has been explored for TATP 

detection, it can only work with liquid samples. Therefore, it must be combined with an 

effective sampling system for introducing the peroxide compounds into a solution, which 

is normally composed of an organic solvent like actonenitrile. (16) The operation of such 

multistep systems is typically time-consuming, often taking minutes to tens of minutes. 

Moreover, the use of organic (poisonous) solvents causes secondary pollution and safety 

threats. Additionally, chromatography based detection often suffers due to the poor 

selectivity and low sensitivity; although, these can be enhanced by combination with the 

spectrometry analysis (17-21). Indeed, the only reliable way that is currently available for 

identifying TATP and other peroxide compounds is to use these integrated chemical 

analysis systems in a laboratory, which otherwise are not suited for expedient onsite 

monitoring and screening.  

To this end, H2O2 – which is a synthetic precursor (often leaked from the organic 

peroxides as synthetic impurities) and degradation product of TATP and HMTD – is 
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generally regarded as a signature compound for detecting peroxide explosives (12,22-24). 

TATP is one of the few explosives that can explode when wet or even kept under water, 

thereby removing the need of sophisticated purification after production. This is indeed an 

important practical reason why TATP and the analogous peroxides are highly favored by 

terrorists, as they can make the explosives simply in one-step mixing, and the raw products 

act just as powerful as the highly purified ones. As a consequence, water and H2O2 (which 

coexists with water) are common impurities present in homemade peroxide explosives. 

Moreover, H2O2 molecules can also be produced from the chemical decomposition of 

peroxide explosives (25-26), particularly under UV irradiation (17,27-28). 

 

1.1 Current Sensing Methods for Peroxide-based Explosives 

Scientists and engineers have developed various methods for peroxide-based explosive 

detection either based on their intrinsic properties (spectroscopic approaches, e.g., ion 

mobility spectroscopy, mass spectroscopy, Raman spectroscopy) or on the interaction with 

other species (sensor techniques, e.g., electrical, colorimetric and fluorescence sensors). In 

general, these detection techniques either suffer from sophisticated sample preparation, 

inaccuracy (a false positive signal due to environmental contaminants or a false negative 

due to interfering compounds), slow response (longer response time), low sensitivity (high 

warning threshold), or a lack of portability. Every method provides its own advantages and 

disadvantages. The method used is typically selected on the basis of an assessment of the 

field needs and the operations time/cost budget. Of the methods developed so far, 

explosives detection via optical spectral methods (colorimetry, fluorescence, and 

chemiluminescence) is growing most rapidly due to the promising results published 

recently. (6-8) Compared to chromatography techniques, these optical methods are lower 
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in cost (materials and instrumentation), require simpler instrumentation alignment (high 

portability), and possess higher sensitivity and selectivity, which combined facilitate broad 

field application. However, most of the optical methods developed so far are solution based, 

designed for biological, clinic, and environmental analysis; they are not suited for rapid, 

onsite vapor detection, since they will have to be combined with a vapor sampling unit to 

afford vapor detection of H2O2. (29-30) In such cases, the preconcentration of H2O2 in a 

solution up to the level that is detected by the solution-based sensor could be time 

consuming and bring challenges to the device design and operation. Vapor detection, 

primarily relying on the gas-solid interfacial reaction, normally provides a much enhanced 

sensitivity compared to the solution-based sensory systems, where the analyte molecules 

are diluted in a relatively large volume of solvent (for which concentrating the analyte up 

to a certain detection threshold often takes time). In the following section, the methods 

currently used for peroxide-based explosive detection will be discussed in more detail. 

 

1.1.1 Ion Mobility Spectroscopy  

Ion mobility spectroscopy (IMS) is broadly used for field explosive detection mainly 

due to its portability, ease of use, rapid response, and high sensitivity (low detection limit). 

(31) The working principle of IMS is to characterize the drift time of ionized sample vapor 

under a certain electrical field (Figure 1.1). By determining the mass/charge ratio, the 

detection results are obtained by a comparison of the sample molecular mass with a 

standard targeting molecules library. In this system, a positive signal reflects a match of 

molecular mass between the sample and a target molecule. IMS is quite sensitive and 

selective, but its lack of portability for most cases, occasional detector saturation problems, 

and the need for careful system calibrations make it impractical for many cases and needs. 
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Another drawback is the ionization source, the most common sources are 63Ni and 241Am 

(32), which raises concerns about safety and environmental impact due to the intrinsic 

radioactivity of these sources.  

The exploitation for IMS detection of TATP was first proposed by McGann et al. (33) 

In this report, the test conditions were optimized for targeting TATP. The positive mode 

was found more reasonable for TATP, which suggested that TATP tended to form a 

positive ion in the gas phase. Buttigieg et al. demonstrated another early example of IMS 

detection for TATP. (34) They also used the positive ion mode of IMS to detect TATP, 

before which the negative mode was dominant in explosive detection (targeting nitro-

explosives). In 2008, Oxley et al. developed a method to use IMS to identify the explosive 

residue in human hair. (35) The high vapor pressure of TATP led to a quick desorption 

from a hair sample and became an experiment barrier. This barrier resulted in the need for 

a longer sample exposure time and larger sample amount for detecting TATP than nitro 

explosives. The limit of detection (LOD) was reported as 3.9 μg in positive mode. A lot of 

research effort has been put on the miniaturisation and portability of IMS devices for field 

application. An aspiration-type IMS with semiconductor detectors was demonstrated to be 

efficient for vapor detection of TATP by Räsänen et al. (36) The semiconductor detectors 

were placed in individual channels to improve selectivity through the difference of landing 

species in different channels. A LOD of low milligrams per cubic meter in ambient 

condition was reported for this paper. However, the test of this device in more complicated 

conditions (with environmental interference) was not addressed in this report. 
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1.1.2 Mass Spectroscopy 

Mass spectrometry (MS) has been explored as an effective explosive detection method 

for its specificity in identifying substances and fast detection speed. The working principle 

of MS is to separate and analyze the chemical composition of a sample based on their mass-

to-charge (m/e) ratio. The separation methods can be concluded in two major categories, 

time separation and geometric separation. MS is superior in both detection time and 

extreme specificity; however, the high cost and large size of instrumentation, occasional 

detector saturation problems, and complicated sample preparation for high sensitivity 

hindered its wide application in explosive detection. 

Kende et al. used gas chromatography-mass spectrometry (GC-MS) with solid-phase 

microextraction (SPME) for trace identification of TATP on various pre- and post-

explosion models. (37) The polydimethylsiloxane fibers were used to trap TATP vapor and 

then were transferred to the injector of a gas chromatography (GC) system. The analysis 

process was finished within 20 min and the LOD was reported at 5 ng for TATP. 

Desorption electrospray ionization (DESI) mass spectrometry is used to detect and 

characterize the fragmentation of TATP. (19) Recently, Cooks et al. reported the use of 

DESI MS method for the rapid and trace detection of TATP directly from ambient surfaces 

without sample preparation. (20) The unique collision-induced dissociation (CID) of TATP 

complexes with Na+, K+, and Li+ led to an elimination of a fragment of 30 mass units. The 

LODs of this method for peroxide-based explosives were reported in the low nanogram 

(ng) range. The ease for field application was demonstrated by the short analysis time (< 5 

s to obtain spectra), no requirement of sample preparation combined with the high 

selectivity. 
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1.1.3 Raman Spectroscopy 

Raman spectroscopy and surface-enhanced Raman spectroscopy (SERS) are based on 

optical scattering spectroscopy, which offer precise detection and identification for various 

targets, cost-effective instrumentation, and portability. (38) The working principle of 

Raman spectroscopy is that the specific vibrational transitions in a sample, through the 

collection and analysis of scattered photons under laser excitation, are determined based 

on its chemical structure. However, less flexible testing protocols and consistency issues 

(particularly for SERS) inhibit the more widespread use of this detection technique. 

The near infrared radiation (IR) excitation laser in Raman spectrometry makes it 

possible to be used for standoff screening of explosives. Stoke et al. reported the use of 

Raman microscopy for direct and noninvasive detection of H2O2. (39) By monitoring the 

most distinct difference band (υO-O, compared to water molecule) located at 871cm-1, the 

LOD reached to < 1 % v/v (using 514.5nm and 632.8 nm lasers). The authors also applied 

this system on screening closed plastic bottles, and found that this setup reliably identified 

30 % (w/w) H2O2 in 100 ms. Tsukruk and his co-workers reported the exploration of label 

free SERS to improve the LOD towards explosives down to the molecule-level. (40) The 

Raman signal can be enhanced greatly by the large electromagnetic fields which exists in 

the small gaps between metal nanoparticles (NPs). In their experiments, three-dimensional 

(3D) alumina membranes with cylindrical nanopores modified with polyelectrolytes 

coating were loaded with gold NPs clusters and served as the SERS substrate. The novelty 

of this substrate lies in both the utilization of additional waveguide ability of cylindrical 

nanopores and the high light transmission, in which the interaction between the incident 

light and the gold nanoparticle clusters was greatly increased. Compared to previous 

reports on using nanopores to enhance Raman signal, their work was not only exploring 
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the enlargement of the surface area but also the waveguiding or antenna properties of the 

substrate. This method gave a greatly enhanced LOD of around 1 pg for HMTD 

precipitated on this unique substrate. However, the need for appropriate SERS substrate 

and related sample preparation obstructed the field application of SERS on explosive 

detection. Pacheco-Londoño et al. demonstrated the successful improvement on Raman 

spectroscopy based explosive detection, which increased the signal to noise ratio and thus 

improved stand-off distance by using a continuous wave laser technique. (41) For Raman 

spectroscopy, 10 mg of TATP was detected at a distance of 7 m using 488 and 514.5 nm 

laser as excitation light. However, the experiments were conducted in the dark to minimize 

interferences from environmental light and thus were obstructed for application in the field. 

 

1.1.4 Chemiresistive Sensors 

The working principle of the chemiresistive sensor is based on the specific interaction 

between the sensor molecule and the analyte, which leads to a change in the resistance of 

the sensor material as a signal output. Recently, the development of chemiresistive sensors 

has drawn increasing interest due to the devices simplicity, high sensitivity, and reliability. 

(14) The main limitation of chemiresistive sensors is the lack of sufficient selectivity. There 

are two major approaches to address this issue: one is the surface modification to increase 

a specific interaction between the sensor, and the other is to use a sensor array combined 

with appropriate data analysis and a classification algorithm to enable differential sensing.  

Wang and his co-workers have explored the application of Prussian-blue (PB)-

modified electrode as a H2O2 sensor in both a solution and vapor phase. (42-44) The authors 

demonstrated the employment of PB electrodes as a rapid, expedient, reliable and sensitive 

electrochemical detection method for H2O2 in solution. The mechanism was based on the 
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high electrocatalytic activity of PB-modified electrodes towards H2O2, which was 

generated from TATP by strong acid treatment. Due to the high operational stability of PB 

sensors, this sensing system was able to function under strong acidic medium (as low as 

pH 0.3). This method was superior to the peroxides-based assays because of the elimination 

of an extra neutralization step, which often suffered from the acid-induced enzyme 

deactivation processes. The optimized sensor system can detect 55 nM TATP (250 pg) in 

the electrochemical cell, considering the various dilutions. Later, Wang et al. expanded this 

PB-modified electrodes sensing system to trace vapor detection of H2O2. (44) The authors 

used an agarose-casted PB modified thick-film carbon transducer for sensitive and 

selective amperometric vapor detection of H2O2. The sensing system demonstrated an LOD 

of 0.1 % (w/w) H2O2 solution generated vapor (~286 ppb) in chronoamperometric mode 

and a much lower LOD of 0.008 % (w/w) H2O2 solution generated vapor (~23 ppb) in 

amperometric mode. These PB modified electrodes showed a well-defined selectivity over 

common interferences (i.e., common beverages). Recently, Karyakin et al. reported on 

novel PB modified electrodes on a membrane, which detected the H2O2 vapor generated 

from very diluted H2O2 solution (down to submicromolar). (45) The electrodes were made 

by screen printing on the polyethylene terephthalate membrane. The deposition of PB and 

nickel hexacyanoferrate double layer was performed in situ on the polyethylene 

terephthalate membrane. The interelectrode distance was chosen as 0.5 mm for response 

and noise concerns. This Ni-Fe transducer showed more stable response (no noticeable 

performance drop after 50 detection cycles) than regular PB modified electrodes.  

Trogler and his co-worker exploited phthalocyanine (Pc) as the active layer for a 

chemiresistive H2O2 vapor sensor. (46) The sensing mechanism relies on the different 

charge carriers (holes) of metal-free (H2-Pc) or metalated Pc (MPc) changes caused by the 
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Pc catalyzed chemical reaction (H2O2 decomposition for CoPc and radical reaction for 

NiPc, CuPc, H2Pc). This study opened a new way to selectively target detection via 

catalytic redox difference. However, the organic-semiconductor based device apparently 

suffered from poor selectivity against humidity, oxygen and other oxidants present in the 

atmosphere. More importantly, the response time was found in the range of tens of minutes, 

which is insufficient for real case application, particularly for security monitoring in a 

moving traffic area. 

There are several attempts at using metal oxides as chemiresistors for peroxide-based 

explosives. Metal oxides are superior in their ease of synthesis, have highly organized 

structure, and have high thermal stability for sensing applications. Misra et al. have 

explored Zn2+ doped titania nanotube array as a TATP sensor. (47) The large number of 

hydroxyl (Ti-OH) groups made it possible for doping zinc ion onto the nanotubular surface 

via ion exchange. As the TATP passed through the doped titania nanotube, the current on 

the nanotube increased. This increase in current was caused by the coordination interaction 

between the TATP and the zinc ion, which resulted in the lone pair of electron of oxygen 

in TATP released to the vacant d-orbitals of the zinc ion. It should be noted that all the 

measurements were carried out in glove box instead of ambient condition to eliminate the 

interference of other oxygen bonded compounds, i.e., water, carbon dioxide etc. Zhang et 

al. have employed In2O3 NPs (diameter ~16 nm) as vapor sensor for TATP. (48) The 

working principle of their device was that the charge carriers (electrons, generated owing 

to surface oxygen species) were captured when exposed to TATP vapor, and thus resulted 

in an increase in resistance. The optimal operational temperature was chosen as 270 °C for 

both response and recovery consideration. At a higher temperature, the surface oxygen 

species reacted with the TATP vapor, decreased the surface oxygen ion concentration, 
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increased the charge carrier concentration, and thus reduced the response. The response of 

the as-prepared device toward 10 mg TATP at 270 °C varied less than 10 % after 180 days, 

which proved the long-term stability and high reproducibility of this sensor device. This 

device was also exposed to various vapors of common decomposition compounds of TATP, 

(i.e., CH4, acetone, CO2, H2O2) and showed much lower response towards these vapors at 

270 °C. This lower response indicated that few TATP vapors decomposed at 270 °C. The 

authors also examined the influence of common environmental interferences and found 

that the effect of water, CO2 or other species in the air was minimal. The high power 

consumption of this sensor device (operational temperature 270 °C), the repeatability of 

the nanostructure and charge carrier density limit its field application. Recently, 

Dobrokhotov and his co-workers have used a nanospring-based silica structure coated with 

ZnO via atomic layer deposition, followed by metal NPs decoration as chemresistors, for 

TATP vapor. (49) This novel nanostructure combined the benefits of high surface area, 

gas-sensing ability from the metal oxides layer and catalytic properties from metal NPs, 

which led to high sensitivity (in ppb level) towards several high explosive vapors (e.g., 

TNT, TATP). The sensing mechanism mainly lies in the oxidization reaction between the 

analyte and surface oxygen ion, which at high temperature released electrons and thus 

increased the charge carrier density. The maximum sensor response was achieved at 400 °C; 

lower temperatures gave low surface oxygen vacancies and higher temperatures gave an 

increase in the oxygen desorption rate. The authors developed a linear discriminant analysis 

(LDA) algorithm and an integrated sensor-array for simultaneous real-time resistance 

monitoring. This setup was then examined for several flammable vapors, for which LODs 

were found at ppm levels. It should be noted that the repeatability of these nanospring 

structures was not fully discussed in this paper, nor was the power consumption issue of 
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the sensor array.  

 

1.1.5 Colorimetric Sensors 

Colorimetry methods are based on chemical binding or reaction of sensor molecules 

with a target analyte that can change the absorption in the visible light range and thus 

mutate the color of the sensing material. This method gives promising selectivity over other 

interferences due to the nature of the binding or reaction. This method offers high 

sensitivity to trace residue of explosive samples, which can be applied in vapor detection 

of explosive and small-scale liquid kits. It should be pointed out that deep color 

interferences can contaminate the test sample and result in a false positive signal. 

Ti (IV) oxo complexes have been used as colorimetric indicators for H2O2 since the 

1940s. (50) The sensing mechanism of these Ti (IV) oxo complexes towards peroxide is 

mainly based on coordination interaction between the H2O2 and the titanium metal center, 

which results in development of a deep color. The reaction kinetics of oxotitanium (IV) 

complexes towards H2O2 at various conditions were carefully examined by Tanaka et al. 

(51) The authors used a stopped-flow spectrophotometer to follow the faster reactions and 

a normal sample meter for slower reactions. The rate constant was found to be proportional 

to the H2O2 concentration when large excess H2O2 was presented. By considering the rate 

constant, enthalpy, entropy and activation volume of these reactions, the authors concluded 

that all the reactions of these titanium (IV) complexes with H2O2 were associatively 

activated. Takamura and Matsubara further explored the sensory application of oxo 

(5,10,15,20-tetra-4-pyridylporphinato) titanium (IV), TiO(tpyp) toward H2O2. (52) The 

high apparent molar absorptivity of the reacted TiO2(tpypH4)
4+ complex (1.1 × 105 M-1cm-

1) made it a promising candidates for colorimetric determination of H2O2. By monitoring 



13 

 

the absorption band of the reacted TiO2(tpypH4)
4+ complex at 450 nm, the LOD can be 

achieved as low as 25 pmol (batch method) and 0.5 pmol (flow injection analysis) in 

solution. Recently, Yu et al. reported on a facile synthesis of TiO2:Ti3+ NPs, which 

exhibited good detection ability on H2O2 and required no peroxidase substrate. (53) In 

solution the response time was much shorter than current colorimetric methods (less than 

1 s) and the detection limit reached 5 × 10-7 M. The color change reaction was attributed to 

the Ti3+ (blue) in coordination with H2O2 and produced the yellow H2TiO4. (54-55) The 

reducibility and high reaction rate were explained by the presence of Ti3+ on the surface of 

NPs and the high surface-to-volume area, respectively. These synthesized NPs 

demonstrated no obvious color change upon exposure to a large excess of HCl, NaClO, 

ethanol and acetone. However, little effort has been put into the stability of this material 

and employment of Ti complex as a vapor sensor for H2O2.  

There have been several attempts on H2O2 detection to take advantage of the redox 

reaction between H2O2 and other species. Mills et al. described a colorimetric method to 

detect H2O2, in which a polymer film doped with triarlmethane dye, lissamine green was 

used as an indicator. (56) Upon exposure to H2O2 vapor, the original blue color of lissamine 

green gradually faded with increased time. This bleaching process was fitted in the first 

order kinetics with respect to the concentration of lissamine green and H2O2. The film 

thickness seemed to influence the reaction kinetics, indicating the possible dependence 

upon the diffusion of the H2O2 vapor through the polymer film. Although this lissamine 

green showed a response to other strong oxidizing agents such as ozone and chlorine, the 

authors believed the faster response (less than 5 min), facile operation process (no wetting 

needed) and high stability made it a promising indicator candidate for strong oxidizing 

agents, especially TATP. Apak et al. reported on a copper(II)neocuproine assay, which 
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selectively detected TATP or HMTD (after acidic treatment) in solution at a submicro 

molar level (~9 × 10-7 M). (57) The Cu(I)-neocuproine chromophore (reaction product) had 

a strong absorption band at 454 nm with a molar absorptivity around 4 × 104 M-1cm-1. The 

recovery of TATP from a synthetic soil sample was higher than 90 %. This 

copper(II)neocuproine assay showed no response toward 100-fold excess of common ions 

(Ca2+, K+, Cl-, SO4
2-, Mg2+ and NO3

-) and 10-fold excess of nitro-explosives (e.g., TNT, 

RDX, PETN). The authors also validated this method with standard reference methods of 

TiOSO4 colorimetry and GC-MS. It should be noted that the acidic treatment sample 

needed to be neutralized before exposure to assay. Zhan, X.Q. and Yan, J.H. described a 

colorimetric detection of H2O2, which employed the H2O2-mediated transformation of 

boronate to phenolate. (58) The sensor molecule gave a color change from colorless (λmax 

= 391 nm) to red (λmax = 522 nm). This strong red absorption (ε = 8.7 × 104 M-1cm-1) was 

attributed to the intramolecular charge transfer (ICT) band. The linear range of this sensor 

response was in 1 × 10-7 to 2.5 × 10-5 M with the detection limit of 6.8 × 10-8 M under 

optimum conditions. Due to the specificity of the deprotection by H2O2, the sensor showed 

almost no response to other common interferences (e.g., Ca2+, K+, Cl-, SO4
2-,NO, Cl2,  Mg2+ 

and NO3
-). The authors applied this sensor to analyze the H2O2 concentration in rain water.  

There are also many other efforts that have been focused on the employment of 

peroxidase-like activity of nanostructures to catalyze a reaction between a specific dye (e.g. 

3,3,5,5,-tetramethylbenzidine (TMB)) and H2O2 to afford a deep color product. Perrett et 

al. reported on the discovery of such peroxidase-like activity on Fe3O4 NPs in 2007. (59) 

The authors found that the magnetic NPs catalyzed the reaction between TMB and H2O2 

as peroxidase. The activity of the NPs was dependent on the concentration of H2O2, pH 

and temperature. In general, the enzyme will lose its activity under harsh conditions such 
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as high temperature and extreme conditions. This loss in activity was much less in NPs 

than common peroxidase. By attaching the TMB on the surface of the NPs, the authors 

demonstrated that this Fe3O4 NPs could be used as a peroxidase mimetic. Li et al. 

demonstrated that positively-charged gold NPs (diameter ~34 nm) had an intrinsic 

peroxidase-like activity. (60) The catalyzed reaction between peroxidase substrate TMB 

and H2O2 resulted in a development of a deep blue color and thus enabled it to be a 

promising colorimetric detection method for H2O2. The fabricated colorimetric assay 

showed good response toward H2O2, which gave a LOD at 5 × 10-7 M under optimum 

conditions. These positively-charged Au NPs gave better activity under an acidic condition 

than neutral or basic condition, which was attributed to the maintenance of a surface 

positive charge under acidic conditions. There is little attempt on transferring this kind of 

peroxidase-like nanostructures to vapor detection of H2O2. 

Colorimetric sensor array has been explored as an effective detection method for 

volatile organic compounds. (61-63) Suslick K. S. and his co-workers have used a 

colirimetric sensor array for detection of TATP vapor. (26) The authors applied a sulfonic 

acid-functionalized ion-exchange resin (Amberlyst-15) as a catalyst to decompose TATP 

into acetone and H2O2. The reason for choosing this catalyst was two-fold: 1) the 

researchers proposed a possible acid-catalyzed TATP decomposition mechanism, (64) and 

2) this specific resin would not absorb as much TATP vapor (compared to silica gel). After 

passing through the solid acid catalyst (Amberlyst-15), the TATP molecule decomposed 

into acetone and H2O2, and thus reacted with the redox sensitive dyes in the colorimetric 

array to afford a color change as a signal output. This colorimetric array was proven to be 

very sensitive toward the TATP decomposition products and gave a LOD as low as 2 ppb. 

The authors also investigated the potential interferences (e.g., humidity, personal hygiene 



16 

 

products, perfume, laundry supplies, volatile organic compound, etc.) and found that the 

sensor array showed minimal response toward these interferences. More important, the 

array could differentiate TATP from other oxidants, e.g., H2O2, bleach, tert-

butylhydroperoxide, peracetic acid. This selectivity came from the ability of this array to 

respond to both acetone and H2O2. It should be noted that the data processing and algorithm 

of the discrimination process were complicated and hard to integrate into a real-time 

monitoring program.  

 

1.1.6 Fluorescence Sensors 

The fluorescence method (especially fluorescence turn-on and ratiometric sensor) is 

generally superior to colorimetry for its high sensitivity and low background (observing 

the emission change of the indicator molecule). (8) The sensing mechanism of fluorescence 

sensors is typically based on the quantum yield difference or emission wavelength shift of 

the sensor molecule after reacting with target analyte. The reasons for the quantum yield 

change are due to the formation of the intramolecular electron donor-acceptor structure 

(65), the inhibition of nonradiative deactivation (α-cleavge/radical recombination pathway) 

(66), or inhibition of photoinduced electron transfer (PET) process (67). The emission 

wavelength shift of the ratiometric sensor is typically due to the openness of the ICT band 

of the reacted state of the sensor molecule. In general, the reasons for high sensitivity of 

fluorescence turn-on sensors are: 1) detecting the appearance of a bright signal in a 

completely dark environment is easier than detecting the decrease of the bright signal, and 

2) the stoichiometric binding event between turn-on sensors and analytes is more efficient 

than the collisional encounter event of the quenching sensors. The limitations of these 

fluorescent turn-on sensors come from the reproducibility issues caused by the influence 
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of sensor concentration, local environment, and excitation intensity. Ratiometric method, 

in which the change in two wavelengths can be monitored simultaneously, can greatly 

enhance the reliability and is also ideal for detection. The challenge lies in overcoming the 

high fluorescence background for ratiometric sensors.  

Boronate oxidation reaction has been successfully employed to detect H2O2 in solution 

(Scheme 1.1). (68) The advantages of this chemical reaction are: 1) the high selectivity of 

H2O2 over other reactive oxygen species (ROS), and 2) this reaction is irreversible, and 

thus allows for the opportunity to accumulate a signal. The early example of a fluorescence 

turn-on sensor for H2O2 comes from Lo and colleagues. (69) Borylbenzyl alcohol was 

attached to the fluorophore coumarin to afford a low fluorescent compound. After exposure  

to H2O2, the deboronation process resulted in a high fluorescent reporter coumarin and an 

emission enhancement. Chang and co-workers applied this boronate oxidation reaction in 

the detection of H2O2 in living cells. (70) The turn-on efficiency (defined as the emission 

intensity of the reacted state over the emission intensity of the pristine state) can reach to 

almost 1000. When exposed to other common ROS (e.g., tert-butyl hydroperoxide(TBHP), 

O2
-, NO, ∙OH, ∙OtBu, -OCl), the sensor demonstrated almost no response to TBHP, O2

-, 

NO and –OCl and much less response to ∙OH and ∙OtBu with respect to H2O2. Due to the 

two boronate function groups design, the sensitivity of the probe was not ideal. Later, 

Chang et al. reported on a molecule probe with a single boronate function group, which 

was first able to image peroxide produced for brain cell signaling. (71) These 

monoboronate caged fluorophores benefited from an improved sensitivity and so could be  
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Scheme 1.1 The reaction between boronate group and H2O2. 

 

applied on endogenous H2O2 detection. Knapp and his coworkers combined this boronate 

oxidization reaction with the metal complex to afford a turn-on fluorescent sensor for 

simple peroxides. (72) The sensing mechanism is that after the designed prochelator was 

exposed to H2O2, the deboronation product H2Salen binded free Zn2+ in the solution and 

became fluorescent Zn(Salen) as the reporter. The LODs for H2O2, TATP and benzoyl 

peroxide were below 10 nM. It should be noted that the detection of TATP required an 

acidic treatment of the TATP sample before exposure to the sensory kit. Trogler et al. 

reported the application of a boronate-functionalized polymer as fluorescent sensor for 

H2O2 vapor. (73) They synthesized the energetically favored six-membered di-ester ring 

polymer from a monomer to improve the thermodynamic stability and prevent oxidization 

under ambient and UV light irradiation. The fluorescent response comes from the strong 

green emission from the oxidization state after being exposed to H2O2. The LOD toward 

the H2O2 vapor was projected as low as 3 ppb over an 8 h period. For the liquid sample, 

the detection limit reached 1 ppm after 5 min of exposure. It should be noted that the 

hydrophobic surface of the polymer possibly inhibited the sampling of the H2O2 vapor, 

which is more hydrophilic. Besides, the polymer film used here gave a neutral environment 

for this reaction, but this boronate oxidization reaction is favored in basic condition.  

Although the fluorescence enhancement method provides high sensitivity, the 
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influence of sensor concentration, local environment, and excitation intensity on the 

reliability limits the development of these molecular sensors. (74) In general, these 

challenges can be overcome by the exploitation of ratiometric fluorescence sensors. The 

early example of ratiometric fluorescent sensors for H2O2 comes from Chang and 

colleagues. (75) Their detection strategy relied on the control over the ICT states of a 

fluorophore to generate an emission wavelength shift upon reaction with H2O2. The probe 

Peroxy Lucifer 1 (PL1) featured a specific chemical transformation upon exposure to H2O2 

and an obvious emission color change (blue-to-green). Further experiments showed that 

PL1 was cell-permeable and able to visualize H2O2 produced in living cells by ratiometric 

imaging. Shabat and Sella synthesized a self-immolative dendritic probe through multiple 

cleavage reaction triggered by H2O2 or TATP. (76) The novelty of this study relied on the 

innovative molecular design which enabled the multirelease of fluorophore and amplified 

sensor response toward peroxide. The signal intensity generated from the dendritic polymer 

sensor was approximately three times higher than the control monomer, with similar 

background noise level. This dendritic polymer sensor was able to detect TATP at a 

microgram level. It should be noted that due to the nature of multistep release reaction, the 

response time of this sensor was relatively long (90-120 min incubation time). Recently, 

Jiang et al. reported a ratiometric fluorescent probe for H2O2, which utilized excited-state 

intramolecular proton transfer (ESIPT) to further separate the emission of the pristine and 

reacted state and enhanced the turn-on efficiency. (77) The maximum emission wavelength 

of the pristine state was 405 nm (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) buffer, 0.3 mM cetrimonium bromide (CTAB)), the emission wavelength 

red shifted to 510 nm after reacting with H2O2. This probe was well encapsulated by CTAB 

molecules through the hydrophobic interaction of the long alkyl chains, and resulted in the 
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formation of the cationic aggregates. This formation of aggregates dramatically accelerated 

the reaction rate of the sensor with H2O2. The authors concluded that they established a 

new route for the detection of H2O2 as well as a new strategy to design aggregation induced 

ratiometric based fluorescence sensors.  

A few studies are focused on the manipulation of the oxidization state of sulfur to 

control the quantum yield between the pristine and reacted compounds to generate a signal 

output for H2O2 exposure. Finney et al. have done a systematic study on a series of pyrene 

derivatives, which contain either sulfur, sulfoxide or a highly oxidized state sulfone. (27) 

The authors found that for these pyrene derivatives, the sulfone substitute exhibited the 

strongest fluorescence (highest quantum yield); in contrast, the sulfoxide substitute gave 

the lowest quantum yield. They reasoned that the oxidized sulfone structure could suppress 

the dominant nonradiative deactivation pathway (α-cleavge/radical recombination) (66) for 

the excited state and led to an increase in the quantum yield. The authors found that with 

the presence of methyltrioxorhenium (MTO), the sulfoxide derivatives reacted with UV 

irradiated TATP and afforded a visual detection. The LOD of this visual method was 100 

nmol of TATP. This method also demonstrated superior selectivity over tBuOOH, NaOCl, 

LiClO4, K2Cr2O7, or air. The only interference they tested was KMnO4, which caused an 

increase in fluorescence intensity spontaneously. Swager and his coworkers applied this 

control of the sulfur oxidization state into fluorescent conjugated polymer to afford an 

oxidant agent sensor. (78) The synthesized model compounds and polymers containing 

thioethers showed an increase in fluorescence quantum yield after oxidized. The authors 

speculated that the increase in quantum yield caused by sulfur atoms oxidation was due to 

the increase of the rate of fluorescence (kF), the decrease in the rate of nonradiative decay 

(knr) and thus an increase in the fluorescence lifetime (τF). Upon further investigation on 
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the phtophysical studies and computation, they proposed that a larger overlap of the frontier 

molecular orbitals in the oxidized compounds compared to the unoxidized compounds was 

the reason for the increase in kF. The model compounds and the polymer also showed 

fluorescence intensity enhancement upon H2O2 exposure with the presence of MTO, which 

demonstrated the potential to fabricate a sensor device for peroxide-based explosives.  

The inhibition of the PET process is also applied to the design turn-on fluorescent 

sensor for H2O2. The PET process is usually used to design fluorescence quenching sensors 

for nitro explosives, e.g., TNT, DNT, PA. (7,79) In the PET process an electron in the 

singly occupied molecular orbital (SOMO) of an excited fluorophore donates to the lowest 

unoccupied molecular orbital (LUMO) of the analyte (lower than the SOMO level) and 

cannot return to the highest occupied molecular orbital (HOMO) of the fluorophore, thus 

causing fluorescence quenching. Due to the similarity in the redox potential of nitro 

explosives, the selectivity of this fluorescence quenching method (making a distinction 

between different nitro compounds) is usually poor, hindering its broader application. 

Nagano et al. designed a fluorescein based fluorophore, for which the existence of the PET 

process dimmed the fluorescence, and the oxidization of the fluorophore inhibited the PET 

process and recovered the fluorescence. (67) The employment of the unique reaction 

between benzyl and H2O2 ensured the selectivity of this reaction. (80) According to their 

previous study, the fluorescein derivatives whose benzene moiety has a reduction potential 

higher than -1.8 V (vs saturated calomel electrode (SCE)) showed almost no fluorescence 

due to the donor-excited photoinduced electron transfer(d-PET) process. (81-82) The high 

reduction potential of benzil (-1.1 V) suggested that benzyl should work as a fluorescence 

quenching moiety in the d-PET process, if it was close enough to the fluorophore. As a 

result, the benzil modified fluorescein had quantum yield (ΦFL) of 0.004, which increased 
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to almost 0.8 after it reacted with H2O2. The complicated synthesized route and the 

typically low quantum yield of fluorescein in the solid state hinder its further exploration 

in vapor detection. 

 

1.1.7 Chemiluminescence Sensors 

Chemiluminescence refers to the luminescence (emission) which is a result of a 

chemical reaction. Chemiluminescence methods typically require reaction agents (to 

generate the high energy intermediate) and the reporter (highly fluorescent dye) to generate 

luminescence. The application of chemiluminescence in H2O2 detection has been known 

for decades (83); typical sensor systems include luminol chemiluminescence (84-85), 

peroxyoxalate chemiluminescence (86-87). Benefits from chemiluminescence detection 

can be concluded as: 1) no need for excitation light, and 2) simpler instrumentation required 

(only need a single light intensity detector, no requirement for monochromator or even 

filter). However, the high energy intermediate can be quenched during the diffusion 

process and the low quantum efficiency for nonenzymatic reactions (resulting in very weak 

light intensity) obstructs the further exploration of chemiluminescence detection.  

Murthy and his co-workers described a peroxialate chemiluminescence method for in 

vivo imaging of H2O2 with high specificity and sensitivity. (88) The novelty of their work 

lies in the encapture of the reporter and peroxialate polymer into NP, which reduced the 

diffusion length of the high energy intermediate as well as increased local concentration of 

the reporter. Girotti et al. reported a quantitative chemiluminescent assay for peroxide-base 

explosives, the LOD of which can reach to 1.9 × 10-4 M (40 ng mL-1) under optimal 

conditions. (89) The authors first treated the sample with an acidic solution to produce 

peroxides, which was transformed to radical derivatives by horseradish peroxidase (HRP), 
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and then quantified with luminescence from reaction with the luminol agent. When 

equipped with a portable luminometer, the authors demonstrated the application of this 

method in field application. The detection time of this method was short, only 5-10 min. 

Although the highly concentrated neutral detergent solution gave a signal comparable to 

the target samples, this assay showed good selectivity over numbers of interference, e.g., 

chlorates, perborates, percarbonates. The authors suggested using a parallel experiment to 

further distinguish between the target and the interferences (i.e., the emission from the acid-

treated sample higher than the nonacidic one can be ascribed to the presence of the target 

analyte). Yao and Zhao et al. reported on the employment of organic nanowire with 

core/sheath structure as H2O2 vapor sensor for H2O2, which can detect H2O2 vapor as low 

as 40 ppb. (90) The authors first described a general way to grow a one-dimensional 

core/sheath nanostructure, which had a H2O2 sensitive shell and a highly fluorescent core. 

Then this nanostructure was demonstrated to be selective and sensitive to H2O2 vapor via 

chemiluminescence method, due to the reactivity of the shell molecule towards H2O2. The 

response time of this chemiluminescence method was relatively long (a few hundred 

seconds) as a result of the multistep energy transfer process. Finally, they proposed the 

utilization of evanescence wave coupling of the core and shell as an organic single-wire 

optical sensor with fast response (35 ms) toward H2O2 vapor. It should be noted that the 

light intensity of chemiluminescence was relatively low and thus the operational condition 

of the detector (photomultiplier) was relatively harsh (e.g., liquid nitrogen cooled and 1300 

V operational voltage). 
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1.2 Motivations and Objectives 

Trace vapor detection of H2O2 represents a practical approach to noninvasive detection 

of peroxide-based explosives, including liquid mixtures of H2O2 and fuels, and energetic 

peroxide derivatives, such as TATP, DADP and HMTD. Development of a simple 

chemical sensor system that responds to peroxide-based explosives with high reliability 

and sufficient sensitivity (reactivity) still remains a challenge. The challenge mainly comes 

from the weak oxidizing power (weak electron affinity), lack of nitro-groups, weak UV-

vis absorption, and lack of fluorescence emission in the peroxide-based explosives. To this 

end, H2O2 – which is a synthetic precursor (often leaked from the organic peroxides as 

synthetic impurities) and degradation product of TATP and HMTD – is generally 

considered as a signature compound for detecting the peroxide explosives. 

Compared to IMS, MS, Raman spectroscopy, chemiresistive sensors, optical sensor 

methods (e.g., those based on colorimetric and fluorescence modulation) have proven to 

be expedient, cost effective, reliable and sensitive approaches for trace detection of H2O2. 

Vapor detection, primarily depending on the gas-solid interfacial reaction, normally 

provides enhanced sensitivity compared to the solution-based sensory systems and is more 

suitable for field application. The successful development of an optical sensor system 

suitable for trace vapor detection of H2O2 would rely on systematic optimization of several 

parameters of the sensor system, including: design of sensor molecule structure for specific 

surface reaction with H2O2 (to assure selectivity), interface engineering of material for 

efficient air sampling, and selection of reaction medium for fast sensor response. 

To develop an ideal sensor system for trace vapor detection of H2O2, my dissertation 

work was implemented around the following objectives: 

(1) Investigation of the molecule structure and chemical reaction employed in the 
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sensory system with the aim to approach high sensitivity and selectivity. 

(2) Interface engineering of the proposed sensor material to maximize the capture of 

the gas analyte and enhance the sensitivity. 

(3) Selection and examination of varying reaction media with the goal of reaching an 

optimal system that gives the fastest sensor response. 

(4) Systematic optimization of the sensory system to further enhance the detection 

sensitivity and reliability. 
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Figure 1.1 A schematic of a simplified ion mobility spectrometer.  
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Table 1.1 Properties of targeted explosives. Adapted with permission from Burks, R.; 

Hage, D. Current Trends in the Detection of Peroxide-Based Explosives. Anal. Bioanal. 

Chem. 2009, 395, 301-313. Copyright (2009) Springer-Verlag 

 

Explosive 

Explosive 
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Structure MP(°C) Pvap (Pa) 

Detonation 

velocity (m s-1) 

TATP primary 

 

96 7.87 5300 

HMTD primary 

 

148 n/a 5100 

 

 



 

 

CHAPTER 2 

 

PAPER-BASED VAPOR DETECTION OF HYDROGEN PEROXIDE: 

COLORIMETRIC SENSING WITH TUNABLE INTERFACE1 

 

2.1 Abstract 

Vapor detection of hydrogen peroxide still remains challenging for conventional 

sensing techniques, though such vapor detection implies important applications in various 

practical areas, including locating-IEDs. We report herein a new colorimetric sensor 

system that can detect hydrogen peroxide vapor down to lower ppb levels. The sensory 

materials are based on the cellulose microfibril network of paper towels, which provide a 

tunable interface for modification with Ti(IV) oxo complexes for binding and reacting with 

H2O2. The Ti(IV)-peroxide bond thus formed turns the complex from colorless to bright 

yellow with an absorption maximum around 400 nm.  Such complexation-induced color 

change is exclusively selective for hydrogen peroxide, with no color change observed in 

the presence of water, oxygen, common organic reagents or other chelating reagents. This 

paper-based sensor material is disposable and one-time use, representing a cheap, simple 

approach to detect peroxide vapors.  The reported sensor system also proves the technical 

                                                 

1 Reprinted with permission from Xu, M.; Bunes, B. R.; Zang, L., Paper-Based Vapor 

Detection of Hydrogen Peroxide: Colorimetric Sensing with Tunable Interface. ACS Appl. 

Mater. Interfaces 2011, 3, 642-647. Copyright (2011) American Chemical Society. 
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feasibility of developing enhanced colorimetric sensing using nanofibril materials that will 

provide plenty of room to enlarge the surface area (by shrinking the fiber size), so as to 

enhance the surface interaction with gas phase. 

 

2.2 Introduction 

Nanofibril-based materials have widely been employed in various electrical, optical 

and optoelectronic sensor systems for vapor detection of chemical reagents, mainly due to 

their large surface area and the interface tunability for strong, highly selective surface 

binding. (1-15) Compared to conventional solid films, nanofibers, upon deposition onto a 

substrate, form a layer of materials through cross-piling of the fibers. (13)  This film-like 

material possesses continuous three-dimensional porosity, which allows free diffusion of 

gas molecules throughout the materials matrix, resulting in expedient gas collection and 

accumulation, and thus fast response for vapor detection of gas analytes.  Indeed, fast 

sensing response in the time range of seconds or even milliseconds, were previously 

reported from the nanofibril based fluorescent materials. (13,16-19) Fast response is crucial 

for fast, onsite detection of threatening chemicals, particularly explosives and hazardous 

gases.   

In the past few years, various fluorescent nanofibers were developed for chemical vapor 

detection through fluorescent emission quenching. These sensor systems have proven to 

be one of the most sensitive and convenient methods used for expedient detection of nitro-

based explosives and organic amines. (13) However, few studies have been performed to 

extend the nanofibril sensor systems beyond fluorescence quenching, to other chemical 

sensing mechanisms, particularly colorimetric sensing,  while still maintaining the superior 

features of nanofibril materials that are suited for vapor detection, including the large 
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porosity, large surface area and interface tunability. Colorimetric sensing, relying on 

chemical binding/complexation induced color change, represents a simple, but sensitive, 

detection technique widely used in chemical detection in solution, (20-25) though there are 

few cases reported for vapor detection, especially with nanofibril materials. We report here, 

for the first time, a proof-of-concept study of colorimetric vapor detection of hydrogen 

peroxide using fibril based sensory materials.  

The driving force behind this work is twofold; one reason is to expand the fundamental 

science of colorimetric sensing to fibril mesostructured materials for vapor detection and 

the other is more practically driven, to develop a methodology for vapor detection of 

hydrogen peroxide, which still remains challenging for current sensing techniques. (26) 

Particularly, the fibril sensory materials employed in this study were fabricated from 

common paper towels, which compose cellulose fibril network (Figure 2.1) suited for 

interface engineering to enable efficient vapor sensing.  Although the fiber size is in the 

range of microns (not as essentially as small as nanometers), this fibril network structure 

is ideal as a test to prove the feasibility of using colorimetric sensing for vapor detection, 

for which the bleach paper possesses a bright, high-contrast background for color change 

reading. Moreover, toward practical application, development of sensor systems based on 

papers represents a simple, cheap approach that may lead to manufacturing of portable, 

disposable devices as evidenced by the works of Whitesides and others. (27-30)  

Vapor detection of hydrogen peroxide not only implies practical applications in 

industrial and biorelated monitoring, but will provide a new way to detect the peroxide 

explosives such as triacetone triperoxide (TATP), from which hydrogen peroxide can be 

identified as a signature compound. (31-33) Peroxide explosives are essentially as deadly 

as conventional high explosives,  but can be manufactured cheaply and easily at home from 
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off-the-shelf ingredients, and therefore are often used for making improvised explosives 

devices (IEDs). Moreover, detection of these explosives through direct sensing of the 

peroxide compounds remains difficult for fluorescence sensing and conventional electronic 

detection systems. (34-37) To this end, H2O2, which often leaks from organic peroxides as 

synthetic impurities or can be generated from the chemical decomposition of peroxide 

explosives, (37-38) particularly under UV irradiation (31-33), is generally considered as a 

signature compound for detecting peroxide explosives. However, the development of vapor 

sensing of hydrogen peroxide is not as advanced as the solution-based approach, for which 

various molecular probes have been developed. (22,26,39-48) This is mainly because of 

the lack of appropriate sensory materials that can not only demonstrate sensitive, selective 

response to the adsorption of hydrogen peroxide, but also provide fast collection and 

accumulation of hydrogen peroxide in the vapor phase, particularly in an open atmosphere. 

 

2.3 Results and Discussion 

We report herein a new colorimetric sensor system that can be used for efficient vapor 

detection of hydrogen peroxide. As shown in Figure 2.1, the colorimetric sensing employed 

in this study relies on the peroxide complexation to the Ti(IV) oxo complex (>Ti=O), which 

is intrinsically colorless (i.e., with no absorption in the visible region), but turns to bright 

yellow upon complexation with hydrogen peroxide through formation of the Ti(IV)-

peroxide bond (with absorption maximum around 400 nm). (22,39,49-50) Such 

complexation-induced color change is exclusively selective for hydrogen peroxide, with 

no color change observed in the presence of water, oxygen, or common organic reagents 

such as alcohols, hexane, acetone, etc.  The Ti(IV)-peroxide colorimetric complexation 

was previously employed for the spectrophotometry detection of hydrogen peroxide in 
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solutions. (22,39,41-42,44,49-52) To adapt the colorimetric sensing from solution phase to 

a solid state suitable for vapor detection, the Ti(IV) species must be well dispersed 

throughout the supporting matrix to maximize exposure to gases, while maintaining its 

chemical activity (for complexation with hydrogen peroxide) and stability (against 

hydrolysis into the inactive oxides, e.g., TiO2). 

In this study, we used paper towel as the template material, wherein the cellulose 

microfibril networks provide a large interface to be modified with the Ti(IV) oxo species 

to facilitate efficient colorimetric sensing of hydrogen peroxide. These paper-based sensory 

materials thus prepared possess the unique features that are desirable for vapor sampling 

and detection, including 1) continuous pore channels, allowing for efficient diffusion of 

gaseous molecules throughout the film matrix, making it possible to fabricate a thick film 

to increase the optical density and thus enhance the sensing accuracy; 2) a three-

dimensional microscopic structure that allows for maximal distribution of the Ti(IV) oxo 

moiety on the surface, thus enabling maximal exposure to the gaseous analytes; 3) a 

colorless background in the pristine state (i.e., before exposure to hydrogen peroxide) 

allowing for high contrast measurement of the color formation.  

Ammonium titanyl oxalate (structure shown in Figure 2.1) was chosen for this study 

because of its colorless background and robust stability against hydrolysis, as well as its 

high solubility in water (significantly higher than its potassium salt). Another colorless 

Ti(IV) oxo complex, titanium(IV) oxysulfate was also tested initially, though it was not 

chosen for the following sensor investigations due to its limited aqueous solubility.  To 

confirm the stoichiometric colorimetric reaction between the titanyl salt and hydrogen 

peroxide, we performed a titration experiment over a solution of ammonium titanyl oxalate 

solution (1.2 × 10-4 M) with the addition of hydrogen peroxide at various molar ratios, 
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shown in Figure 2.2; the color formation (due to production of titanium-peroxide, Figure 

2.1) was monitored by measuring the UV-vis absorption spectra of the solution. A plot of 

the absorbance at the maximum (378 nm) as a function of the molar ratio of H2O2/Ti(IV) 

indicates that the color formation saturates at a molar ratio of 1:1, proving the 1:1 

stoichiometric reaction between H2O2 and Ti(IV) salt as illustrated in Figure 2.1. 

As detailed in the Experimental Methods section, titanyl oxalate was coated onto the 

cellulose fibrils by drop-casting a fixed volume of water solution of the salt onto a small 

piece of paper towel. By changing the concentration of titanyl oxalate, the loading amount 

within the paper matrix can be adjusted as needed. This drop-casting method proved 

effective for producing a homogeneous distribution of titanyl salt among the cellulose fibril 

networks of the paper towel (see Figure 2.3). These paper-based sensor materials 

demonstrated bright yellow color formation upon exposure to the vapor of hydrogen 

peroxide (Figure 2.1), whereas no response was observed to other common liquids or solid 

chemicals, proving extreme selectivity towards hydrogen peroxide. To prove the selectivity 

of titanyl oxalate salt towards hydrogen peroxide, we performed UV-vis absorption 

spectral measurements for the colorimetric reaction between H2O2 and Ti(IV) salt 

(deposited on a quartz slide as a thin film), and compared to various other common solvents 

by exposing the same Ti(IV) salt film to these vapors. As shown in Figure 2.4, despite the 

much higher vapor pressure of the solvents, the titanyl oxalate film demonstrated negligible 

colorimetric response to these solvents, i.e., minimal absorbance was detected at the same 

maximum wavelength after 600 seconds of vapor exposure. In contrast, upon exposure to 

the saturated vapor of 35 wt % H2O2 solution, the same film demonstrated intense color 

formation as measured at 386 nm. 

Generally, the higher the load of the titanyl oxalate species, the more hydrogen 
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peroxide can be captured and complexed within a certain time, thus leading to increased 

sensing efficiency.  However, a further increase in the salt loading would restrain the 

porosity, causing a decrease in vapor accessibility.  Such a tradeoff is clearly shown by the 

data in Figure 2.5a, where initially the color change (defined as Δb， the color change 

between yellow and blue in the CIELAB color space system) increases with the loading 

amount of titanyl salt. After passing the loading level of 20 µmol (for a 2.5 × 2.5 cm2 paper 

towel), a continuous increase of titanyl salt led to a decrease in the color change, indicative 

of a shrinking of surface area.  Figure 2.5b shows the values of Δb recorded at three time 

intervals (20, 100, 240 s) plotted as a function of the molar amount of titanyl salt loaded.  

All the three plots show the same trend of change, yielding an optimal loading level of 

titanyl salt, 20 µmol. 

 The data presented in Figure 2.5a can be fitted following the reaction kinetics equation,  

 

 ∆b = K′(1 − e−Kt) (2.1) 

 

where K and K’ are constants with K related to the given vapor pressure of H2O2 and the 

total load of titanyl salt and K’ referred to as the ratio of the color density to the molar 

amount of surface complexed hydrogen peroxide.  Derivation of this equation is based on 

the surface adsorption kinetics, i.e., rate of absorption is proportional to the surface density 

of the unreacted Ti(IV) sites . From equation (2.1), we can get the color change rate,  

 

 ∂(∆b)/ ∂t = K′Ke−Kt (2.2) 

 



42 

 

At time zero (t = 0), we have the initial color change rate ∂(Δb)/∂t = K’K.  Since both 

K and K’ can be deduced from the fitting shown in Figure 2.5a, the initial color change 

rates were thus obtained for the different loading levels of titanyl salt. Plotting these initial 

rates as a function of the molar load of titanyl salt (right axis of Figure 2.5b) gives the same 

trend of change as plotted for the absolute color change at different time intervals (left axis 

of Figure 2.5b), indicating the same optimal loading of 20 µmol.  The color change rate 

represents a parameter that directly relates to the response speed of a sensor material, while 

the absolute value of color change recorded at a given time is usually used for evaluating 

the sensitivity or detection limit. Interestingly, plots regarding both parameters (as shown 

in Figure 2.5b) produce the same optimal value for the load of titanyl salt.  In the following 

experiments, all paper towels were kept at the same size of 2.5 × 2.5 cm2 and loaded with 

titanyl salt at a fixed amount of 20 µmol, with the aim to detect hydrogen peroxide at 

various diluted vapor pressures.   

We expected that the wide interface and large porosity of the cellulose fibril networks 

would make the paper towel ideal for fast vapor response. To compare, we investigated the 

time course of the colorimetric reaction between the H2O2 vapor and the solid thin film of 

Ti(IV) salt, shown in Figure 2.6. The thin film was made by drop-casting 130 µL of 0.1 M 

aqueous solution of ammonium titanyl oxalate onto a quartz slide to make a film of an area 

of ca. 4 cm2, so that the molar amount of Ti(IV) salt per unit area is approximately the same 

as the amount of 20 µmol loaded onto a 2.5 × 2.5 cm2 size of paper towel as shown in 

Figure 2.5. The UV-vis absorption spectrum of the film (with bare quartz slide as reference) 

was measured at various time intervals after exposure to the saturated vapor of 35 wt % 

H2O2 solution (225.4 ppm), shown in Figure 2.6a. The color formation saturates after about 

600 s of vapor exposure (Figure 2.6b), about four times slower than the paper towel sample, 
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for which the same amount of titanyl salt saturates around 150 s (Figure 2.5). 

Shown in Figure 2.7a are the values of Δb as a function of exposure time, measured 

under a series of equilibrium vapor pressures of H2O2, which were obtained by diluting the 

35 wt % aqueous solution with water.  All data fit very well to equation (2.1).  It can be 

clearly seen from Figure 2.7a that the higher the vapor pressure of hydrogen peroxide, the 

faster the color forms.  This is consistent with the surface adsorption kinetics as discussed 

above. When the vapor pressure of H2O2 was low, i.e., around or below 1.0 ppm, it took 

much longer to reach the equilibrium plateau, and more interestingly, within the early time 

regime (e.g., 900 s as investigated in our study here) Δb changes almost linearly with time.  

This is not surprising, if considering the small value of Kt, which allows the kinetics 

equation (2.1) to be simplified to a linear dependence on time, 

 

 ∆b = K′K t (2.3) 

 

Therefore, for low vapor pressures of H2O2, we have the slope Δb/Δt = K’ K. Since K 

is proportional to the vapor pressure, it is expected that Δb/Δt will be linearly dependent 

on the vapor pressure of H2O2.  This linear relationship is indeed shown in Figure 2.7b, 

where for the low vapor pressures (0.1, 0.2, 0.3, 0.5 and 1.0 ppm) the slopes (Δb/Δt) as 

extracted from the plots in Figure 2.7a are replotted as a function of the vapor pressure of 

H2O2. Considering the measurement sensitivity of the color reader (Δb = 0.1), and if 

allowing for a detection response time of 10 s, we have Δb/Δt = 0.01, which corresponds 

to a vapor pressure of 0.4 ppm as indicated in Figure 2.7b. This value (corresponding to 

250 times dilution of the commercial 35 wt % H2O2 solution) can be roughly considered 

as the detection limit for the vapor of hydrogen peroxide under current measurement 
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conditions. Upon further improvement and optimization of the measuring system, 

particularly by integration into a closed detector system (for maximized vapor sampling), 

the detection limit is expected to be improved down to the lower ppb range. 

 

2.4 Conclusion 

In conclusion, we have developed an efficient colorimetric sensing system for the vapor 

detection of hydrogen peroxide. The sensory materials are based on the cellulose fibril 

network of paper towels, which provides a tunable interface for modification with Ti(IV) 

oxo complexes for binding and reaction with H2O2. This one time use paper-based sensor 

material can provide a simple and economical method for peroxides vapor detection. 

Prospectively, the reported vapor sensor system proves the technical feasibility of 

developing enhanced colorimetric sensing using nanofibril materials that will be fabricated 

from building-block molecules functionalized with a Ti(IV) oxo moiety. Such a “bottom-

up” approach will provide plenty of opportunities to enlarge the surface area (by shrinking 

the fiber size), enhancing the surface interaction with gas phase.  Research along this line 

is underway. 

 

2.5 Experimental Methods and Materials 

2.5.1 Materials and General Instrumentations 

UV-vis absorption spectra were measured on a PerkinElmer Lambda 25 

spectrophotometer. Optical microscopy imaging was performed with a Leica DMI4000B 

inverted microscope equipped with a high resolution CCD camera. The color reader model 

CR-10, was purchased from Konica Minolta Sensing Americas, Inc (minus value 0.1). The 

mini fan used for vapor exposure was purchased from Radio Shack (40mm, 12 VDC, 
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6500RPM). Ammonium titanyl oxalate monohydrate and other chemicals were purchased 

from Fisher and used as received. The paper towels were purchased from SAFECHEM 

(Tork Advanced perforated Towel (white), HB9201).  

Paper sample preparation was as follows: 100 μL water solution of ammonium titanyl 

oxalate was drop-cast onto a piece of paper towel (2.5 × 2.5 cm2 size), followed by drying 

in vacuum at room temperature for 1 h.  To adjust the molar amount of titanyl salt loading 

(as marked in Figure 2.5a), various concentrations of stock solutions of titanyl oxalate were 

prepared and used: 0.001, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 0.8 and 1.0 M. Due to the 

bulk homogeneity of the fibril structure of the paper towel, a small droplet of water can be 

absorbed instantly and spread throughout the matrix of paper. For a small size of paper (2.5 

× 2.5 cm2), 100 μL of water solution was equally drop-cast at multiple points (3 × 3) atop 

the paper, thus producing homogeneous distribution of the titanyl salt within the whole 

area, shown by the uniform color density upon exposure to the hydrogen peroxide vapor 

(see Figure 2.5). 

Vapor sensing test was as follows: for the measurements at a fixed vapor pressure of 

H2O2 (presented in Figure 2.5), the test was performed by hanging the loaded paper towel 

in the saturated vapor (225.4 ppm), above 10 mL 35 wt % H2O2 solution contained in a 

sealed 50 mL vial.  The yellow color thus evolved at different time intervals was measured 

by the CR-10 color reader.  For the measurements at a fixed load of titanyl salt (as presented 

in Figure 2.7), approximately 1 L of H2O2 solution (diluted down to various concentrations) 

was put in a 10 L container and sealed for 12 h to reach the equilibrium vapor pressure. 

The equilibrium vapor pressure corresponding to a specific diluted concentration of H2O2 

solution was deduced from the literature.(53) The sensing test was performed by putting 

the loaded paper towel facing close (~ 0.5 cm) to the center of the fan, which was hung in 



46 

 

the vapor contained in the sealed container (about 20 cm above the solution surface). The 

vapor was blown onto each sample (12V, 6500RPM) for various time intervals (shown in 

Figure 2.7) before taken out for color reading. In this study, the various low concentrations 

of H2O2 solution were obtained by diluting the commercial 35 wt % solution with pure 

water by 1000, 500, 300, 200, 100, 75, 50, 25, and 10 times, producing various saturated 

(equilibrium) vapor pressures, correspondingly, 0.1, 0.2, 0.3, 0.5, 1.0, 1.3, 1.9, 4.0, and 

10.5 ppm.(53) 

 

2.5.2 UV-vis Absorption Titration of Colorimetric Reaction between  

Titanyl Salt and H2O2 

The fluorescence spectra of titanyl salt upon addition of different molar amounts of 

H2O2 were recorded to determine the stoichiometric of the reaction between titanyl salt and 

H2O2. (Figure 2.2) 

 

2.5.3 Homogeneous Distribution of Titanyl Salt via Drop-Casting 

Photographs were taken over a piece of paper towel (2.5 × 2.5 cm size) before and after 

exposure to 225.4 ppm H2O2 vapor to demonstrate the homogeneous distribution of titanyl 

salt via drop-casting. (Figure 2.3) 

 

2.5.4 Time Course of Color Formation as Monitored by UV-vis Absorption 

The UV-vis absorption spectra of the thin film of titanyl oxalate salt upon exposure to 

225.4 ppm H2O2 vapor at various time intervals were measured to show the reaction 

kinetics on the titanyl oxalate salt film. (Figure 2.6) 
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2.5.5 Selectivity Test Against Potential Interferences 

The increase of absorbance (ΔA) measured at 386 nm over the thin film of titanyl 

oxalate salt were measured to demonstrate the selectivity of the prepared sensor. (Figure 

2.4) 
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Figure 2.1 The detection mechanism of this paper based sensor is based on colorimetric 

sensing based on peroxide complexation with Ti(IV) oxo moiety (>Ti=O). (a) The UV-vis 

absorption spectra were obtained for a water solution of titanyl oxalate (1.0 × 10-3 M) 

before (black) and after (red) addition of 0.04 wt % H2O2. (b) Yellow color formation as 

envisioned over a piece of paper towel (2 × 2 cm2, loaded with 0.1 mmol titanyl oxalate) 

upon exposure to the vapor of 35 wt % H2O2 solution. Also shown is an optical microscope 

photograph of the paper towel, revealing the cellulose fibril network.  

  

(a) 

(b) 
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Figure 2.2 The figures show a titration experiment between titanyl oxalate salt and H2O2 

recorded by UV-vis absorption spectra. (a) UV-vis absorption spectra of 1.2 × 10-4 M 

aqueous solution of titanyl oxalate as measured with addition of different molar ratios of 

hydrogen peroxide solution. (b) Absorbance measured at the maximum wavelength (378 

nm) as a function of the molar ratio of H2O2/Ti(IV), for which a turning point around molar 

ratio of 1.0 indicates the 1:1 stoichiometric reaction between H2O2 and Ti(IV) salt as 

illustrated in Figure 2.1.  
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Figure 2.3 Photographs taken over a piece of paper towel (2.5 × 2.5 cm size) before (a) and 

after (b) exposure to the saturated vapor of 35 wt % H2O2 solution (225.4 ppm) for 5 min. 

The paper sample was prepared by drop-casting 100 μL of the water solution (0.2 M) of 

ammonium titanyl oxalate, followed by drying in vacuum at room temperature for 1 h. The 

uniform color as formed indicates the homogeneous distribution of titanyl salts throughout 

the paper matrix.  

  

(a) (b) 
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Figure 2.4 The increase of absorbance (ΔA) measured at 386nm over the thin film of titanyl 

oxalate (the same as fabricated in Figure 2.6) upon exposure to the saturated vapor of 35 

wt % H2O2 solution (225.4 ppm), compared to the vapors of other common solvents: 

ethanol (89,000 ppm), methanol (131,000 ppm), acetone (260,000 ppm), THF (173,000 

ppm), hexane (130,000 ppm), toluene (26,000 ppm), ethyl acetate (100,000 ppm), 

chloroform (140,000 ppm). The exposure time was 600 s.  The exposure time was fixed at 

600 s.  
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Figure 2.5 The color change versus time plot were recorded upon exposure to a fixed vapor 

pressure of H2O2. a) Time course of the yellow color formation measured over a piece of 

paper towel (2.5 × 2.5 cm2 size) loaded with titanyl oxalate salt. The color change was 

recorded using a CR-10 color reader (from Konica Minolta), and the value b refers to the 

color change between yellow and blue as defined in the CIELAB color space system.  

Shown in the figure are the series of measurements performed over the paper towels loaded 

with varying amounts (mol) of the titanyl salt upon exposure to a saturated vapor of 35 

wt % aqueous solution of H2O2. The error bars are standard deviations of the data. (b) b 

recorded at three time intervals (20, 100, 240 s) are plotted as a function of the molar 

amount of titanyl salt loaded.  Plotted in the same figure (right axis) are the initial color 

change rates ∂(b)/∂t = K’K (deduced from the fitting of Figure 2.5a) with the loading 

amount of titanyl salt.  
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Figure 2.6 The UV-vis absorption spectra of titanyl oxalate salt film were recorded upon 

exposure to a fixed vapor pressure of H2O2. (a) UV-vis absorption spectra of the thin film 

of titanyl oxalate salt upon exposure to the saturated vapor of 35 wt % H2O2 solution (225.4 

ppm) at various time intervals: 0, 20, 40, 60, 80, 100, 120, 180, 240, 300, 420, 540, 660, 

960, 1260 s. The thin film was made by drop-casting 130 μL of 0.1 M aqueous solution of 

ammonium titanyl oxalate onto a quartz slide in an area of ca. 4 cm2. (b) Absorbance 

measured at the maximum wavelength (386 nm) as a function of the exposure time.  

  

350 400 450 500 550

0.00

0.15

0.30

0.45

0.60

0.75

0 200 400 600 800 1000 1200

0.0

0.2

0.4

0.6

0.8

1260 s

960 s

660 s

540 s

420 s

300 s

240 s

180 s

120 s

100 s

80 s

60 s

40 s

20 s

0 s

exposure time

 

 

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

(a)

 

 

A
b

s
o
rb

a
n

c
e
 

Time (s)

(b)



58 

 

 

Figure 2.7 The color change verse time plot were recorded upon exposure to different vapor 

pressure of H2O2. (a) Time course of the yellow color formation measured over the paper 

towel (2.5 × 2.5 cm2) loaded with a fixed amount of titanyl oxalate salt (20 mol) upon 

exposure to the saturated vapor of  aqueous solution of H2O2 at various diluted 

concentrations. The data fitting was based on equation (2.1). For the data obtained under 

low vapor pressures of H2O2 (0.1, 0.2, 0.3, 0.5 and 1.0 ppm), b is linearly dependent on 

time, following the equation b = K’ K t. The slope (b/t) thus extracted can be replotted 

as a function of the vapor pressure of H2O2, as shown in (b), which yields a linear 

relationship with a fitting correlation coefficient of 0.99.  The error bars are the standard 

deviations.  
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CHAPTER 3 

 

 A SELECTIVE FLUORESCENCE TURN-ON SENSOR FOR TRACE                            

VAPOR DETECTION OF HYDROGEN PEROXIDE1 

 

3.1 Abstract  

A fluorescence turn-on sensor molecule (C6NIB) has been synthesized and fabricated 

into porous matrix to enable trace vapor detection of hydrogen peroxide. The detection 

limit was projected to be below 5 ppb. 

 

3.2 Introduction 

Among the explosive detection methods developed thus far, vapor detection represents 

a nondestructive way suited for both trace and bulk explosive monitoring. (1-8) For vapor 

detection, fluorescent sensing represents a simple, rapid, and highly sensitive technology. 

(1-7) Recently, fluorescence “turn-on” (or enhancement) molecular sensors have drawn 

increasing attention for explosive detection, (7,9-13) as they improve the detection 

sensitivity due to the low (ideally zero) fluorescent background of the pristine state of 

                                                 

1Reproduced by permission of The Royal Society of Chemistry. Xu, M.; Han, J.-M.; 

Zhang, Y.; Yang, X.; Zang, L., A Selective Fluorescence Turn-on Sensor for Trace Vapor 

Detection of Hydrogen Peroxide. Chem. Commun. 2013, 49, 11779-11781 

(http://pubs.rsc.org/EN/content/articlehtml/2013/cc/c3cc47631f). Copyright (2013) Royal 

Society of Chemistry. 
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sensors. 

Triacetone triperoxide (TATP), along with other peroxide explosives such as diacetone 

diperoxide (DADP) and hexamethylene triperoxide diamine (HMTD), represent one class 

of the most elusive explosives that can be easily made at home from commercially 

available precursors. These peroxide explosives are difficult to detect by conventional 

analytical techniques due to their lack of a nitro group, nonfluorescence, low ionizability 

and minimal UV-vis absorption. (14-15) Hydrogen peroxide (H2O2) is usually taken as a 

signature compound for detecting peroxide explosives, (14,16) from which H2O2 can be 

produced through UV decomposition or simply leaking as an intrinsic impurity. Moreover, 

liquid mixtures of concentrated hydrogen peroxide and fuels (e.g., alcohols and acetone) 

can be used as powerful explosives as well. Thereby, expedient trace vapor detection of 

H2O2 becomes critical for these security scenarios. (13)  

Although various methods and technologies have been developed to detect H2O2, such 

as the electrochemical method, (17-20) colorimetric (21-23) and fluorimetric method, 

(7,10,12,24-27) vapor detection of H2O2 (particularly at trace level, e.g., ppb) still remains 

challenging. This is mainly due to the combined difficulty of molecular design and 

materials engineering to produce a sensor system that enables not only strong binding with 

H2O2 (for efficient vapor sampling), but also expedient, selective reaction with H2O2 to 

transduce a readable signal. While a few recent papers reported on fluorescence turn-on 

sensors that can be employed for vapor detection of H2O2, (7,10), the reported sensors either 

suffer from long response time (> 10 min) or complicated instrument alignments (e.g., 

involving laser and cooled CCD). There is a great need to develop a simple, expedient 

fluorescence turn-on sensor system that can detect H2O2 vapor, ideally down to a level of 

ppb. 
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3.3 Results and Discussion 

Inspired by recent works on molecular design of naphthalimide based robust 

fluorescence turn-on sensors, (28-29) we report herein on a new fluorescence turn-on 

sensor for H2O2, 2-hexyl-6-(4 , 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-1H-benzo 

[de] isoquinoline-1, 3(2H)-dione (C6NIB). This molecule is only weakly fluorescent in the 

UV region (λmax at 392 nm) mainly caused by the π-π* transition of naphthalimide 

backbone (Figure 3.1), for which the quantum yield is only 0.6 % under basic conditions 

as employed for the sensor in this study. However, upon reaction with H2O2 the aryl 

boranate group of C6NIB is transformed to phenol (Figure 3.2a), forming an electron 

donor-acceptor (push-pull) structure that turns on the charge transfer transition. As shown 

in Figure 3.3a, the main absorption peak of the oxidation product, 2-hexyl-6-hydroxy-1H-

benzo[de]isoquinoline-1,3(2H)-dione (C6NIO) shifts to the red by ca. 90 nm. The new 

absorption band at the longer wavelength corresponds to the intramolecular charge transfer 

(ICT) transition between the phenol and naphthalimide groups. (28-30) Before the addition 

of H2O2, the ethanol solution of C6NIB demonstrated no detectable emission in the ICT 

band, whereas strong emission was observed in the presence of H2O2 (Figure 3.3b). Such 

fluorescence turn-on reaction is intrinsically selective for H2O2, with no fluorescence 

increase observed in the presence of water, oxygen, or common organic reagents such as 

alcohols, hexane, acetone, etc (Figure 3.2b). The high selectivity is due to the specific 

chemical reaction between boronate group and H2O2, which has been proven by previous 

studies in solutions, whereas the boronate molecules are based on different backbone 

structures. (26) 

The high chemical selectivity, together with the high fluorescence turn-on sensitivity, 

makes C6NIB an ideal sensor for vapor detection of H2O2, for which fast response and low 
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detection limit are the two critical goals to approach through materials engineering. The 

presence of boronate group makes the C6NIB molecule highly hydrophilic, thus suited for 

blending with hydrophilic porous materials such as silica gel (Figure 3.2d). The composite 

sensory material thus fabricated possess large surface area, continues porosity and 

hydrophilic interface, which combined enhance the absorption of H2O2 vapor. 

Molecular design and synthesis of C6NIB represents an advancement in development 

of boronate sensors. Direct attachment of boronate group to an electron deficient aromatic 

system is challenging, even through the efficient Miyaura boration reaction. (31) Indeed, 

few studies have been reported on the manipulation of the “push-pull” electronic structure 

of naphthalimide backbone by direct attachment of an electron deficient group. (29,32) 

Nonetheless, once the molecule is modified with an electron deficient group like boronate, 

it will become a strong electrophile with increasing reactivity with H2O2.  

The H2O2-mediated oxidation of aryl boronates is kinetically favored under basic 

conditions, which facilitates the dissociation of H2O2 into HO2
- anion (acting as a 

nucleophile) that can in turn react with the boronate group (a strong electrophile). (26) 

Moreover, under basic conditions the phenol group of C6NIO undergoes deprotonation, 

becoming phenolate, which is a stronger electron donor, and thus enhances the ICT 

fluorescence emission (Figure 3.4). (33) Increased emission produces higher on/off ratio, 

helping increase detection efficiency. In this study we used an organic base, 

tetrabutylammonium hydroxide (TBAH) to produce the basic reaction condition (Figure 

3.5), under which C6NIB was proven stable, i.e., no detectable change was observed in the 

fluorescence spectra within the experimental time (Figure 3.6). The fluorescence turn-on 

reaction of C6NIB was found to be dependent on the concentration of TBAH (Figure 3.7). 

When dispersed into silica gel, the optimal molar ratio of TBAH to C6NIB was determined 
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to be 10:1. Under the same molar ratio, the sensor composite of C6NIB/TBAH was 

comparatively investigated by dispersing it into three different supporting matrices, silica 

gel thin layer chromatography (TLC) plate, alumina TLC plate and filter paper, and tested 

under the same vapor condition of H2O2. Among the three matrices, silica gel exhibited the 

fastest sensor response and the highest turn-on efficiency (Figure 3.8). Therefore, the 

sensor composite of C6NIB/TBAH dispersed in silica gel TLC plate was used as the 

optimal sensor system in this study for vapor detection of H2O2.  

TBAH is a highly hygroscopic liquid (similar to glycerol), and miscible with water and 

alcohols. A mixture of TBAH and C6NIB ethanol solutions is suited for dispersion into the 

silica gels. Vaporization of ethanol results in a homogeneous dispersion of C6NIB within 

the silica matrix. Such molecular dispersion is evidenced by the comparative absorption 

and fluorescence spectral measurements (shown in Figure 3.3, Figure 3.9 and Figure 3.4), 

which showed no significant difference in either absorption or fluorescence maxima 

between the ethanol solution and silica gel supported samples. The silica gel based sensor 

composite thus fabricated is expected to be efficient for vapor sampling of H2O2, which is 

always coexisting with water. The strong hygroscopy of TBAH, in combination with the 

large interface and porosity of silica gel, is highly conducive to vapor capture of water, as 

well as H2O2. 

To examine the response speed of the sensor system, we measured the fluorescence 

spectral change of C6NIB/TBAH composite dispersed in silica gel TLC plate upon 

exposure to 1 ppm H2O2 vapor for varying time intervals (Figure 3.10a). The fluorescence 

emission centered at 553 nm increases gradually with exposure time, characteristic of the 

H2O2-mediated conversion of C6NIB to C6NIO. Since C6NIB has no measurable 

fluorescence emission in the long wavelength region, the sensor reaction kinetics can 
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simply be monitored by measuring the emission intensity increasing with time (Figure 

3.10b). The threshold of detectable emission can be set at an intensity level three times of 

the standard deviation (σ = 96) of the emission intensity measurement; this corresponds to 

a sensor response time of ca. 0.86 sec (as obtained from the fitted data in Figure 3.10b). 

This rapid sensor response towards H2O2 vapor is critical for real-time in-field detection of 

peroxides. To the best of our knowledge, there has been no fluorescent sensors reported 

that demonstrate such fast response to H2O2 vapor (particularly at a low level of 1 ppm). 

Indeed, expedient vapor detection of H2O2 demands combined materials optimization of 

sensors to afford efficient vapor sampling, strong interface binding and fast chemical 

reactions. 

Taking advantage of the close to zero fluorescent background of C6NIB in pristine 

state, the optimal sensor composite of C6NIB/TBAH dispersed in silica gel was expected 

to reach unprecedented detection limit of H2O2 vapor by carefully measuring the turned on 

fluorescence intensity. To determine the detection limit, the silica gel TLC plate based 

sensor was exposed for 5 min to the vapor of aqueous solution of H2O2 in varying 

concentrations, (34)  and full fluorescence spectrum was recorded each time after the vapor 

exposure (Figure 3.11). For a given exposure time, the fluorescence intensity increases 

with the vapor pressure (concentration) of H2O2. Figure 3.11b shows the increase in 

fluorescence intensity measured at maximal wavelength 553 nm (relative to the value 

measured under pure water vapor) as a function of the vapor pressure of H2O2. Assuming 

a quasiequilibrium was reached within 5 min exposure (as implied from the result in Figure 

3.10), the results shown Figure 3.11b should follow the Langmuir adsorption model (see 

Experimental Methods and Materials section). Indeed, the experiment data can be fit nicely 

into the Langmuir equation, with which we can project the detection limit. If defining an 
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intensity increase three times the standard deviation as the detectable signal, the detection 

limit for the current sensor material was projected to be 2.9 ppb, which corresponds to the 

vapor pressure of a H2O2 solution ca. 30,000 times diluted from the commercial 35 wt % 

solution. Such detection sensitivity is about two orders of magnitude better than the 

commercial fluorescence detector. It should be noted that the emission measurement 

employed in this study was based on an open sample holder, which was connected to the 

photon detector through an optical fiber. Such a simple measurement system usually suffers 

from high noise level when measuring low intensity of emission, mainly due to influence 

of scattered light and the significant light transport loss. We believe that upon integration 

into an enclosed optical detector, where the emission is directly measured by a 

photodetector aligned at a right angle to the sensor, the same sensor material presented in 

Figure 3.11 will be able to detect H2O2 vapor down to the level of sub ppb, simply by 

decreasing the signal-to-noise ratio by two to three orders of magnitude as previously 

practiced by Swager et al. with the Fido detector system. (35) 

 

3.4 Conclusion 

In summary, we have developed an expedient fluorescence turn-on sensor system that 

is suited for trace vapor detection of H2O2. The sensor mechanism is based on H2O2-

mediated oxidation of a boronate fluorophore, C6NIB, which is nonfluorescent in ICT band, 

but turns to be strongly fluorescent upon conversion into the phenol state, C6NIO. This 

fluorescence turn-on reaction is extremely selective towards to H2O2, with no sensor 

response to other common reagents. The negligible fluorescence background of C6NIB 

combined with the high fluorescent emission of C6NIO, makes C6NIB an ideal candidate 

for efficient sensing. Dispersing C6NIB with TBAH into a silica gel matrix produces a 
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highly efficient sensor system for vapor detection of H2O2, regarding both detection limit 

(down to 2.9 ppb) and response time (down to 1 sec under 1 ppm H2O2). 

 

3.5 Experimental Methods and Materials 

3.5.1 Materials and General Instrumentations 

4-Bromo-1,8-naphthalic anhydride was purchased from TCI America and used as 

received. PdCl2(dppf), 1,1΄- Bis (diphenylphosphino) ferrocene (dppf) were purchased 

from Sigma-Aldrich and used as received. Bis (pinacolato) diboron acid, 9,10-

diphenylanthracene (9, 10-DPA) and Rhodamine 6G were purchased from Fisher 

Scientific and used as received. The silica gel TLC plates used as supporting matrix for 

incorporating C6NIB sensor molecules were purchased from EMD Chemicals Inc. 

(Silicycle Ultrapure Silica Gels SIL-5554-7). For comparison, the filter paper purchased 

from Whatman (Catalog No. 1001-150) was also used as the supporting matrix, but after 

boiling in deionized water for 1 h to remove the bleaching reagents contained in the paper. 

All organic solvents were purchased from commercial manufacturers and used as received. 

UV-vis absorption spectra were measured on a PerkinElmer Lambda 25 

spectrophotometer or Agilent Cary 100. The fluorescence spectra were measured on a 

PerkinElmer LS 55 spectrophotometer or Agilent Eclipse spectrophotometer. The 

fluorescence spectra of the solid sample (e.g., TLC plates) were recorded on an Ocean 

Optics USB4000 equipped with 395 nm LED light source and optical fiber (Avantes, FCR-

UV200/600-2-IND) for light delivery. 1H and 13C NMR spectra were recorded on a Varian 

Unity 300 MHz Spectrometer at room temperature in appropriate deuterated solvents. All 

chemical shifts are reported in parts per million (ppm). Matrix-Assisted Laser Desorption/ 

Ionization Time of Flight Mass Spectrometry (MALDI-TOF-MS) was performed on an 
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UltrafleXtreme Maldi/ToF/ToF mass spectrometer (Bruker Daltonics), and the solvent 

used was methanol. 

 

3.5.2 Synthesis 

The synthesis route of sensor molecule C6NIB was shown in Scheme 3.1. As shown in 

Scheme 3.1, the synthesis contains three steps. 

6–bromo–2–hexyl-1H–benzo [de] isoquinoline-1, 3(2H)-dione (2): 4-Bromo-1,8-

naphthalic anhydride (1 g, 3.6 mmol), hexylamine (383 mg, 3.8 mmol), triethylamine (10 

mL) were added into 50 mL anhydrous ethanol and refluxed for 4 h. (36) The reaction 

mixture was evaporated under reduced pressure and then purified through column 

chromatography on silica gel with hexane/ethyl acetate (5:1, v/v) as eluent. The product 

was obtained as white crystal (1.10 g, 85 %). 1H NMR (CDCl3, 300 MHz, ppm): δ = 8.52-

8.55 (1 H, m, Ar-H), 8.39-8.43 (1 H, m, Ar-H), 8.27-8.29 (1 H, d, J = 7.8 Hz, Ar-H), 7.90-

7.93 (1 H, d, J = 7.8 Hz, Ar-H), 7.71-7.76 (1 H, m, Ar-H), 4.07-4.13 (2 H, t, J = 7.2 Hz, 

CH2), 1.66-1.71 (2 H, m, CH2), 1.29-1.40 (6 H, m, CH2), 0.84-0.8 (3 H, t, CH3).
 13C NMR 

(CDCl3, 75 MHz, ppm): δ 163.32, 163.29, 132.90, 131.76, 130.94, 130.88, 129.95, 128.65, 

127.87, 122.90, 122.05, 40.51, 31.45, 27.91, 26.70, 22.49, 14.00. 

2-hexyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (3): 2 (360 mg, 1 mmol), anhydrous potassium acetate (588 mg, 6 mmol), 

bis(pinacolato)diboron (560 mg, 2.2 mmol), [PdCl2 (dppf)] (73 mg, 10 mol %), and dppf  
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Scheme 3.1 The synthesis route of sensor molecule C6NIB (3): (i) hexylamine, 

triethylamine(Et3N), ethanol, reflux, 4 h; (ii) PdCl2(dppf), dppf, potassium acetate (AcOK), 

bis(pinacolato)diboron, N,N-Dimethylformamide (DMF), 120 °C, 3 h; (iii) DMF, 35 % 

H2O2, room temperature, 3 h.  

 

(55 mg, 10 mol %) and 20 mL DMF were mixed and degassed by three freeze-pump-thaw 

cycles. The reaction mixture was heated at 120 °C for 3 h. After cooling to room 

temperature, the reaction mixture was partitioned between water and dichloromethane. The 

aqueous phase was extracted with 20 mL dichloromethane three times and then combined 

with the original dichloromethane phase. This dichloromethane solution was washed with 

brine twice and then washed with water, followed by drying with Na2SO4. After rotary 

evaporate under reduced pressure to remove excess solvent, the residue was purified 

through column chromatography on silica gel with hexane/ethyl acetate (5:1, v/v) as eluent. 

(37) The product was obtained as white powder (180 mg, 44 %). 1H NMR (CDCl3, 300 

MHz, ppm, Figure 3.12): δ = 9.05-9.08 (1 H, m, Ar-H), 8.50-8.56 (2 H, m, Ar-H), 8.24-

8.26 (2 H, d, J = 7.2 Hz, Ar-H), 7.71-7.76 (1 H, t, J = 7.2 Hz, Ar-H), 4.11-4.16 (2 H, t, J = 

7.2 Hz, CH2), 1.71 (2 H, m, CH2), 1.30-1.35 (6 H, m, CH2), 0.85-0.90 (3 H, t, CH3).
 13C 

NMR (CDCl3, 75 MHz, ppm, Figure 3.13): δ 164.16, 164.14, 135.66, 135.11, 134.77, 
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130.70, 129.59, 127.69, 126.95, 124.62, 122.51, 84.48, 40.43, 31.50, 27.96, 26.74, 24.91, 

22.50. MALDI TOF-HRMS m/z: Calcd for C24H30BNO4: 407.2268, Found: 408.2367 

[M+H]+. 

2-hexyl-6-hydroxy-1H-benzo[de]isoquinoline-1,3(2H)-dione (4) : To a solution of 3 

(81 mg, 0.20 mmol) in 10 mL DMF, 2 mL H2O2 (35 wt %) was added, followed by stirring 

at room temperature for 3 h.  The reaction solution was then diluted with ethyl acetate, 

extracted with 1 M HCl and brine, and dried over Na2SO4. After removal of solvent, the 

crude product was purified by flash chromatography (methylene chloride/methanol = 150:1) 

on silica gel to give 15 mg yellow product 4, yield 51 %, 1H NMR (CD3CN, 300 MHz, 

ppm, Figure 3.14): δ = 8.49-8.54 (2 H, m, Ar-H), 8.36-8.39 (2 H, d, J = 8.1 Hz, Ar-H), 

7.69-7.75 (1 H, m, Ar-H), 7.11-7.14 (1 H, d, J = 8.1 Hz, Ar-H), 4.04-4.09 (2 H, m, CH2), 

1.66-1.68 (2 H, m, CH2), 1.31-1.41 (6 H, m, CH2), 0.86-0.91 (3 H, t, CH3).
 13C NMR 

(DMSO-d6, 75 MHz, ppm, Figure 3.15): δ 163.63, 162.97, 160.25, 133.54, 131.11, 129.15, 

128.87, 125.59, 122.36, 121.79, 112.58, 109.95, 39.36, 30.97, 27.50, 26.21, 21.98, 13.91.  

MALDI TOF-HRMS m/z: Calcd for C18H19NO3: 297.1365, Found: 298.1430 [M+H]+. 

 

3.5.3 Other Experimental Details 

3.5.3.1 Dispersion of Sensor Molecules in Silica Gel TLC Plate and  

Filter Paper Matrix 

Fifty L ethanol solution of C6NIB at different concentrations (also containing 

appropriate concentrations of TBAH as detailed below) was drop-cast uniformly onto a 1.5 

× 1.5 cm2 silica gel TLC plate, followed by drying at room temperature in vacuum for 1 h. 

To adjust the molar amount of C6NIB loading (as indicated in Figure 3.9), various 

concentrations of C6NIB in ethanol were prepared and used: 0.1, 0.01 and 0.001 M. 
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Uniform dispersion of C6NIB sensor molecules within the TLC plate is indicated by the 

uniform emission density shown in the emission photography of the plate after exposure to 

the H2O2 vapor (Figure 3.2d).  The same dispersion method was also used for dispersing 

the sensor molecules into Al2O3 TLC plate and filter paper, which were used for 

comparative sensor investigation as shown in Figure 3.8.  

 

3.5.3.2 Fluorescence Quantum Yield Measurement  

As shown in Figure 3.1, molecule C6NIB is only weakly fluorescent in the UV region 

(λmax at 392 nm) mainly due to the π-π* transition of naphthalimide backbone, while 

C6NIO is strongly fluorescent in the longer wavelength region (λmax at 550 nm) due to the 

charge transfer transition.  The quantum yields (Φ) of C6NIB and C6NIO were determined 

by a single-point measurement with a standard sample of known quantum yield. (38) 9,10-

diphenylanthracene(9,10-DPA) (Φ = 0.95 in cyclohexane) (39) and Rhodamine 6G (Φ = 

0.94 in ethanol) (40) were chosen as standard samples for C6NIB and C6NIO, respectively. 

The excitation wavelengths were selected as 340 nm and 480 nm for 9,10-DPA/C6NIB 

and Rhodamine 6G/C6NIO, respectively. The quantum yields of C6NIB and C6NIO in 

ethanol (in the presence of 100 fold TBAH) were determined as 0.069 and 0.254, 

respectively. The quantum yield of C6NIB in ethanol (in the presence of 100 fold TBAH) 

is only 0.006. 

 

3.5.3.3 Sensor Stability Test on Silica Gel TLC Plate 

The C6NIB dispersed TLC plate sample was prepared according to the method 

described above, and fluorescence spectra were measured at different time intervals after 

preparation (Figure 3.6), which did not show significant change in fluorescence spectra or 
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intensity within the experimental investigation period. The same TLC plate was then 

exposed to 225 ppm H2O2 vapor for 5 min, followed by measurement of the fluorescence 

spectrum. 

 

3.5.3.4 Time Course of Sensor Response in Solid Matrices  

To find the optimal concentration of TBAH (or molar ratio TBAH/C6NIB) that would 

give the fastest sensor reaction, i.e., the H2O2 mediated oxidation of C6NIB to C6NIO (as 

shown in Figure 3.2), we measured the time course of the fluorescence intensity change at 

553 nm for the sensor molecules dispersed in silica gel TLC plates. The optimization 

experiments were performed for the sensor molecules dispersed in silica gel TLC plates as 

shown in Figure 3.7, where the time course of the fluorescence intensity change was 

measured at 553 nm for C6NIB dispersed in a 1.5 × 1.5 cm2 silica gel TLC plate (containing 

0.5 µmol C6NIB) upon exposure to H2O2 vapor fixed at 225 ppm. Four series of 

measurements were performed over the TLC plates containing the same molar amount of 

C6NIB, but different amounts of TBAH, i.e., at molar ratios of TBAH/C6NIB: 1, 10, 50 

and 100. The testing experiment was performed by hanging the loaded TLC plate in the 

saturated vapor of H2O2 (225 ppm) above 10 mL of 35 wt % H2O2 solution sealed in a 50 

mL jar. The fluorescence emission evolved at different time intervals was measured by 

Ocean Optics USB4000 spectrophotometer. As shown in Figure 3.7, the fluorescence 

intensity increased the fastest and reached the highest intensity value at a TBAH/C6NIB 

ratio of 10, which was determined as the optimal molar ratio for fabricating the sensor 

composite. The slower sensor response observed at higher TBAH/C6NIB ratio (e.g., 50, 

100) is likely due to excessive TBAH blocking the porous structure silica gel, thus 

weakening the gas intake of H2O2 vapor. 
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For the measurements performed under varying vapor concentrations of H2O2 (shown 

Figure 3.10 and Figure 3.11), the testing experiment was performed by hanging the loaded 

TLC plate in the saturated vapor of H2O2 generated in a 26.5 L container, where 

approximately 1 L of H2O2 solution (diluted down to various concentrations) was put in a 

vacuum and sealed for 12 h to reach equilibrium vapor pressure. The equilibrium vapor 

pressure corresponding to a specific diluted concentration of H2O2 solution was deduced 

from the literature. (34) In the container, continuous vapor stream was produced by a mini-

fan (Radio Shack, 40mm, 12 VDC, 6500RPM), and the sensor loaded TLC plate was 

placed against the vapor stream (distanced from the fan by 0.5 cm), and about 20 cm above 

the solution surface. After exposure to the vapor for different time intervals, the TLC plate 

was taken out for fluorescence measurement. In this study, various diluted concentrations 

of H2O2 solution were obtained by diluting the commercial 35 wt % solution with pure 

water 100, 500, 1000, 2000, and 10000 times, which produce saturated (equilibrium) vapor 

pressures of H2O2 of 1000, 200, 100, 50 and 10 ppb, respectively. (34) 

 

3.5.3.5 Comparison of Sensor Response between Different  

Supporting Matrices 

The sensor testing as shown in Figure 3.7 was also performed over the sensor molecules 

dispersed in alumina TLC plate and filter paper.  Although these two materials also possess 

large porosity and surface area, the sensor efficiency (regarding both response speed and 

fluorescence turn-on ratio at saturate stage) was found to be significantly lower than that 

observed for silica gel TLC plate. This is likely due to the hydrophilic surface of silica gel 

which is more conducive for the homogeneous dispersion of TBAH/C6NIB as discussed 

before. 
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3.5.3.6 Comparison of Sensor Response with Different Bases  

The sensor testing as shown in Figure 3.5 was performed over the sensor molecules 

dispersed in silica TLC plate to compare the different sensing response towards H2O2 vapor 

when using different bases. Compared to NaOH (which is a common base used in 

deboronation reaction), TBAH produced much higher fluorescence intensity (implying 

much more efficient sensor conversion) under the same reaction conditions. 

 

3.5.3.7 Selectivity Test 

The sensor loaded TLC plate tested in Figure 3.2 was exposed to the saturated vapor 

of various common solvents such as ethanol (89,000 ppm), methanol (131,000 ppm), 

acetone (260,000 ppm), THF (173,000 ppm), hexane (130,000 ppm), toluene (26,000 ppm), 

ethyl acetate (100,000 ppm), chloroform (140,000 ppm), to validate the selectivity of the 

sensor molecule. The increase in fluorescence intensity was measured at 553 nm over 

C6NIB loaded silica gel TLC plate (the same component as used in Figure 3.2d) after 5 

min exposure to 225 ppm H2O2 vapor, in comparison to that upon exposure to the saturated 

vapor of the common solvents. Although the vapor pressures of the reference solvents are 

about three orders of magnitude higher than that of H2O2, our experiments did not 

demonstrate any significant fluorescence emission evolution even after extensive exposure 

to these highly concentrated solvents vapor. This clearly proves the high selectivity of the 

sensor molecule C6NIB for detection of H2O2. The error bars shown in Figure 3.2b are 

based on the standard deviations of the data. 
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3.5.3.8 Data Fitting 

The data presented in Figure 3.10b can be fitted following the reaction kinetics equation, 

(41) 

 

 ∆𝐼 = 𝐾′(1 − 𝑒−𝐾𝑡) (3.1) 

 

where ∆I is the increase in fluorescence intensity measured at 553 nm, K and K’ are 

constants with K related to the surface reaction rate of C6NIB with H2O2, the given vapor 

pressure of H2O2 and the total load of C6NIB, and K’ is referred to as the ratio of the 

fluorescence intensity to the molar fraction of C6NIO (with respect to the total starting 

amount of C6NIB). Derivation of this equation is based on the surface reaction kinetics, 

i.e., the rate of producing C6NIO is proportional to the surface density (or molar fraction) 

of unreacted C6NIB. 

The fitting gives K’ = 28176.33, K = 0.01193, with a R2 = 0.9941, then the reaction 

time can be projected at a given ∆I 

 

 

t = −
ln(

−∆𝐼 + 𝐾 ′

𝐾 ′ )

𝐾
 

(3.2) 

 

The standard derivation (δ) of the emission intensity measurement shown in Figure 

3.11 was about 96 (a.u.). The threshold of detectable emission can be set at an intensity 

level three times of the standard derivation (3δ), which is 288.  Then, the corresponding 

sensor response time (t) can be determined as ca. 0.86 sec. 

Fitting of the data are presented in the inset of Figure 3.11b. Assuming a 
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quasiequilibrium was reached within 5 min exposure (as implied from the result in Figure 

3.10) to H2O2 vapor, the results shown Figure 3.11b should follow the Langmuir adsorption 

model. First, the surface adsorption of H2O2 (i.e., the reacted fraction of sensor molecules, 

X) is related to the vapor pressure of H2O2 as described by the Langmuir Equation, 

 

 
𝑋 =

 𝑏 ∙ [H2O2]

1 + 𝑏 ∙ [H2O2]
 (3.3) 

 

where b is a constant, [H2O2] is the vapor pressure (concentration) of H2O2. 

The fluorescence emission intensity is proportional to the concentration of sensor 

molecules converted. Then, we have 

 

 
∆𝐼 =

𝑎 ∙ 𝑏 ∙ [H2O2]

1 + 𝑏 ∙ [H2O2]
 

(3.4) 

 

where a is a proportional constant. The fitting gives a = 36986.6, b = 0.0027 with a R2 = 

0.9813.  

The standard derivation of the emission intensity measurement shown in Figure 3.11 

was about 96 (a.u.). The threshold of detectable emission can be set at an intensity level 

three times of the standard derivation, that is ∆I = 288.  Then, the corresponding detection 

limit can be determined by using the above equation and substituting ∆I with 288.  This 

gives a detection limit of H2O2 vapor at 2.9 ppb. 
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3.5.3.9 Absorption (Extinction) Spectral Measurement  

Due to the nontransparency of the TLC plate, the absorption spectra of the sensors 

dispersed in this medium had to be measured in reflection mode, which can then be 

converted into extinction spectral data (in analogy to light absorption).  The reflection 

spectra were recorded on a PerkinElmer Lambda 650R spectrophotometer with a built-in 

universal reflection accessory. The spectra were collected with unpolarized light incident 

at ~45° with respect to the surface and integrated for 0.1 s and at a resolution of 1 nm. The 

spectra collected were converted and shown as extinction measured as –log(R/R0), where 

R is the reflectance of the loaded sample substrate and R0 is the reflectance of the unloaded 

TLC plate substrate. (42) 

 

3.5.3.10 Absorption and Fluorescence Spectra of C6NIO  

Solution and Film  

To study in detail the spectral property (the ICT transition band) of C6NIO and the 

dependence on deprotonation of the phenol group, the UV-vis absorption and fluorescent 

spectra of C6NIO in ethanol solution were measured with addition of TBAH at different 

molar ratios of TBAH/ C6NIO, ranging from 1 to 100. As shown in Figure 3.4a, the ICT 

absorption band increased dramatically with the addition of TBAH and reached its 

maximum at a molar ratio of 10 (TBAH/ C6NIO). This increase in ICT band is due to the 

deprotonation process, transforming the phenol group of C6NIO to phenolate. The 

corresponding ICT emission band of C6NIO showed a similar change upon addition of 

TBAH, also reaching its maximal intensity at a molar ratio of 10 (TBAH/ C6NIO) (Figure 

3.4b). 
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Figure 3.1 Absorption and fluorescence spectra of C6NIB, C6NIO, and the corresponding 

standard fluorophores used for measuring the quantum yields: (a,b) C6NIB in ethanol (red) 

and 9,10-DAP in cyclohexane (black); (c,d) C6NIB with 100 molar fold TBAH in ethanol 

(red) and 9,10-DAP in cyclohexane (black); (e,f) C6NIO with 100 molar fold TBAH in 

ethanol  (red) and Rhodamine 6G in ethanol (black).  
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Figure 3.2 Figures show the detection mechanism of this fluorescent sensor: (a) The 

fluorescence turn-on reaction between the sensor molecule (C6NIB) and H2O2. (b) The 

sensing of C6NIB is extremely selective for H2O2 (225 ppm) as tested against the saturated 

vapor of other common solvents, ethanol (89,000 ppm), methanol (131,000 ppm), acetone 

(260,000 ppm), THF (173,000 ppm), hexane (130,000 ppm), toluene (26,000 ppm), ethyl 

acetate (100,000 ppm), chloroform (140,000 ppm). (c, d) Photographs showing the 

fluorescence turn-on of C6NIB in ethanol solution (1 × 10-3 M, containing 1 × 10-2 M 

TBAH) and dispersed in a 1.5 × 1.5 cm2 silica gel TLC plate (0.5 µmol C6NIB and 5 µmol 

TBAH) after exposure to H2O2.  
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Figure 3.3 The solution spectra of C6NIB solution were recorded before and after the 

addition of H2O2: (a) Absorption and (b) fluorescence spectra of an ethanol solution of 

C6NIB (5 × 10-6 M, in the presence of 5 × 10-4 M TBAH) before (black) and after (red) 

addition of 5 × 10-3 M H2O2.  
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Figure 3.4 The spectra of C6NIO were recorded under the addition of different amounts of 

TBAH: (a) Absorption and (b) fluorescence spectra of an ethanol solution of C6NIO (black, 

5 × 10-6 M) with addition of different amounts of TBAH (red, 5 × 10-6 M; blue, 5 × 10-5 M; 

purple, 5 × 10-4 M), λex = 458 nm.  
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Figure 3.5 The increase in fluorescence intensity observed for the TLC plate samples 

treated with the same sensor but different bases (NaOH and TBAH); the fluorescence was 

monitored at 553 nm after exposure to 225 ppm H2O2 vapor for 5 min. The TLC plates 

were in the size of 1.5 × 1.5 cm2, and containing 0.5 µmol C6NIB and 5 µmol base. The 

error bars are based on the standard deviations of the data.  
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Figure 3.6 The fluorescence spectra of C6NIB dispersed in a 1.5 × 1.5 cm2 silica gel TLC 

plate (containing 0.5 µmol C6NIB and 5 µmol TBAH): freshly prepared TLC plate (black), 

after 7 days (red), and after exposure to 225 ppm H2O2 vapor for 5 min (blue).  
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Figure 3.7 Time course of the fluorescence intensity change measured at 553 nm for C6NIB 

dispersed in a 1.5 × 1.5 cm2 silica gel TLC plate (containing 0.5 µmol C6NIB) upon 

exposure to 225 ppm H2O2 vapor. Shown in Figure 3.7 are four series of measurements 

performed over the TLC plates containing the same molar amount of C6NIB, but different 

amounts of TBAH, i.e., at molar ratios of TBAH/C6NIB: 1, 10, 50 and 100.  
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Figure 3.8 Time course of the fluorescence intensity change measured at 553 nm for C6NIB 

dispersed in different supporting materials (Al2O3 TLC plate, silica gel TLC plate, filter 

paper), all in the area size of 1.5 × 1.5 cm2, and containing 0.5 µmol C6NIB and 5 µmol 

TBAH.  
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Figure 3.9 The spectra of C6NIB dispersed on TLC plate were recorded: (a) Extinction 

(converted from reflection spectrum) and (b) fluorescence spectra of C6NIB dispersed in 

a 1.5 × 1.5 cm2 silica gel TLC plate (containing 0.5 µmol C6NIB and 5 µmol TBAH) 

before (black) and after (red) exposure to 225 ppm H2O2 vapor for 5 min.  
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Figure 3.10 The emission spectra of C6NIB dispersed on TLC plate were recorded over 

H2O2 exposure time: (a) The fluorescence spectra of C6NIB dispersed in a 1.5 × 1.5 cm2 

silica gel TLC plate (containing 0.5 µmol C6NIB and 5 µmol TBAH) recorded at various 

time intervals after exposure to 1 ppm H2O2 vapor. (b) The emission intensity increase ΔI 

measured at 553 nm as a function of exposure time, for which the data points are fitted 

following a first order surface reaction between C6NIB and H2O2. The error bars are based 

on the standard derivations of the intensities as measured.  
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Figure 3.11 The emission spectra of C6NIB dispersed on TLC plate were recorded under 

different H2O2 vapor pressures: (a) The fluorescence spectra of C6NIB dispersed in a silica 

gel TLC plate (the same as Figure 3.2d) measured before (base line) and after 5 min of 

exposure to various vapor concentrations of H2O2, 0 (pure water vapor, overlapped with 

the base line), 10, 50, 100, 200, and 1000 ppb. (b) A plot showing the emission intensity 

increase ΔI as a function of the vapor concentration of H2O2, for which the data points are 

fitted following the Langmuir adsorption model. 
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Figure 3.12 1H NMR spectrum of C6NIB. 
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Figure 3.12 (continued). 
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Figure 3.13 13C NMR spectrum of C6NIB.  
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Figure 3.14 1H NMR spectrum of C6NIO. 
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Figure 3.14 (continued). 
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Figure 3.15 13C NMR spectrum of C6NIO. 

 



 

 

CHAPTER 4 

 

 FLUORESCENCE RATIOMETRIC SENSOR FOR TRACE VAPOR  

DETECTION OF HYDROGEN PEROXIDE1 

 

4.1 Abstract 

Trace vapor detection of hydrogen peroxide (H2O2) represents a practical approach to 

nondestructive detection of peroxide-based explosives, including liquid mixtures of H2O2 

and fuels, and energetic peroxide derivatives, such as triacetone triperoxide (TATP), 

diacetone diperoxide (DADP) and hexamethylene triperoxide diamine (HMTD). 

Development of a simple chemical sensor system that responds to H2O2 vapor with high 

reliability and sufficient sensitivity (reactivity) remains a challenge. We report a 

fluorescence ratiometric sensor molecule, diethyl 2, 5-bis((((4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl)oxy)carbonyl)amino)terephthalate (DAT-B) for H2O2, which 

can be fabricated into an expedient, reliable and sensitive sensor system suitable for trace 

vapor detection of H2O2. DAT-B is fluorescent in the blue region with emission maximum 

at 500 nm in solid state. Upon reaction with H2O2, DAT-B is converted to an electronic 

                                                 

1 Reprinted with permission from Xu, M.; Han, J.-M.; Wang, C.; Yang, X.; Pei, J.; Zang, 

L., Fluorescence Ratiometric Sensor for Trace Vapor Detection of Hydrogen Peroxide. 

ACS Appl. Mater. Interfaces 2014, 6, 8708-8714. Copyright (2014) American Chemical 

Society. 
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“push-pull” structure, diethyl 2,5-diaminoterephthalate  (DAT-N), which has an emission 

peak at a longer wavelength centered at 574 nm. Such H2O2-mediated oxidation of aryl 

boronates can be accelerated through the addition of an organic base such as 

tetrabutylammonium hydroxide (TBAH), resulting in a response time less than 0.5 s under 

1 ppm H2O2 vapor. The strong overlap between the absorption band of DAT-N and the 

emission band of DAT-B enables efficient  Förster resonance energy transfer (FRET), thus 

allowing further enhancement of the sensing efficiency of H2O2 vapor. The detection limit 

of drop cast DAT-B/TBAH film was projected to be 7.7 ppb. Combining the high 

sensitivity and selectivity, the reported sensor system may find broad application in vapor 

detection of peroxide-based explosives and relevant chemical reagents, through fabrication 

into easy-to-use, cost-effective kits. 

 

4.2 Introduction 

Development of simple, cost-effective, and sensitive sensor systems to approach trace 

explosive detection becomes more critical with increasing concern over homeland security, 

military operational safety, and environmental and industrial concerns. (1-5) Of the 

explosive detection methods developed thus far, vapor detection is proven to be one of the 

practical, nondestructive ways suitable for both trace and bulk explosive monitoring. (6-

20) Several methods were applied to developing novel vapor detection systems for 

explosives, including fluorescence spectroscopy (6,9,19,21-23), colorimetry (14,16,24-25), 

ion mobility spectrometry (IMS) (26-29) and the electrochemical method (7,10,30-32). 

Among the current vapor detection technologies, fluorescence spectroscopy is superior in 

its simple operation system, fast response, and high sensitivity. 

Recently, fluorescence “turn-on” molecular sensors have drawn increasing attention 
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for explosive detection in both liquid and gas phases. (19,21,33-35) However, the influence 

of sensor concentration, local environment, and excitation intensity on fluorescence 

enhancement limits the development of these molecular sensors. (36) In general, these 

challenges can be overcome by the exploitation of ratiometric fluorescence sensors via 

Förster resonance energy transfer (FRET) between the pristine and reacted sensor 

molecules. FRET is a fundamental photophysical process and widely used for developing 

ion sensors (37-39), pH sensors (40-42), as well as explosive sensors (33,43-46) in solution, 

due to the capability of FRET to enhance the sensitivity and reliability of these sensors 

(47). The employment of energy transfer can benefit from dual emission wavelength 

monitoring to improve the reliability and reduce the background noise to improve the 

sensitivity. However, there are few reports on the FRET based fluorescent sensors for vapor 

detection.  

Peroxide explosives, e.g., triacetone triperoxide (TATP), diacetone diperoxide (DADP) 

and hexamethylene triperoxide diamine (HMTD), can be easily made from commercially 

available products, and represent one class of the most elusive explosives. However, 

development of efficient sensors toward these explosives is hindered due to the lack of 

nitro group, nonfluorescence and minimal UV-vis absorption of these explosive 

compounds. (3,48)  Hydrogen peroxide (H2O2) is typically taken as a signature compound 

for peroxide-based explosives, (48-49) which comes from either impurity of the explosives 

(as starting material) or the UV decomposition of peroxides. An appropriate trace vapor 

detection method for H2O2 will facilitate security monitoring. (50) There are various 

reports on the detection of H2O2 vapor, for example, using electrochemical (30,32), 

colorimetric (14,16), and fluorimetric (19,21-22) methods. However, the vapor detection 

of H2O2 at the trace level (e.g., ppb) remains challenging, mainly due to the combined 
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difficulty of molecular design and materials engineering to produce a sensor system that 

not only features strong binding with H2O2 (for efficient vapor sampling), but also an 

expedient, selective reaction with H2O2 to transduce a readable signal. Although there are 

a few recent papers reporting fluorescent vapor sensors for H2O2, the stoichiometric 

response and single channel output limit the further improvement of sensitivity and 

reliability. There is a critical need to develop a simple, expedient, reliable fluorescence 

sensor system that can detect H2O2 vapor, ideally down to a few ppb. 

 

4.3 Results and Discussion 

Herein, we present a fluorescent ratiometric sensor, diethyl 2,5-bis((((4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)carbonyl)amino)terephthalate (DAT-B) 

for H2O2 (Scheme 4.1), which enables efficient FRET between the pristine and reacted 

states in solid films, and serves as a highly sensitive and selective sensor for H2O2 vapor. 

The sensing mechanism lies in the oxidization of a boronate group of DAT-B, resulting in 

turning on the intramolecular charge transfer (ICT) band at longer wavelength (Figure 4.1). 

(51) This fluorescent molecule has a blue emission centered at 500 nm in drop cast film 

(Scheme 4.1b), which is attributed to the central π-conjugation of DAT-B. Upon reaction 

with H2O2, the aryl boronate group in DAT-B is transformed to a phenol group, followed 

by a rearrangement of the side benzene group, producing an amino group at the core (Figure 

4.2). The product thus formed, diethyl 2,5-diaminoterephthalate (DAT-N), has an electron 

donor-acceptor (“push-pull”) structure. The formation of a “push-pull” structure turns on 

the ICT transition, i.e., fluorescent emission in the longer wavelength band (λmax at 574 

nm). This new, red shifted emission makes DAT-B a suitable  
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Scheme 4.1 (a) Chemical reaction between the sensor molecule (DAT-B) and H2O2, 

leading to formation of DAT-N; (b) illustration showing the intrinsic fluorescence emission 

of DAT-B and the FRET process between DAT-B and DAT-N; photographs at the bottom 

panel showing the fluorescence emission change of DAT-B film deposited on a quartz slide 

(0.25 µmol DAT-B and 1.25 µmol TBAH, 1.0 × 1.0 cm2) after exposure to 225 ppm H2O2 

for 5 min.  

 

ratiometric fluorescence sensor for H2O2 detection. (52) The two emission bands at 500 

and 574 nm can be monitored concurrently to measure the FRET process between DAT-B 

and DAT-N. Such dual band monitoring will enhance the reliability, while the FRET 

measurement will further increase the detection efficiency (Figure 4.3). 

Recent work has shown that various functionalized DAT-N derivatives containing only 

one benzene ring as the aromatic component serve as novel fluorophores and emit intense 

visible light with excellent quantum yields (> 90 %) in the solid state. (53) Taking 
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advantage of the “push-pull” structure, the emission colors can be tuned in the range from 

blue to red by simply modifying the side chain substituents. (53-55) Combination of the 

high solid state quantum yield and facile structure modification is highly conducive to 

development of solid state sensors that can be tuned to afford efficient FRET to further 

enhance detection efficiency. The boronate group was chosen to functionalize the DAT-B 

due to its highly selective reaction with H2O2. (51) Moreover, the strong electron 

withdrawing capability of the amide group weakens the electron donating strength of the 

amino group, thus blocking the ICT transition with DAT-B. 

The H2O2 mediated oxidation of boronate (shown in Scheme 4.1a) was investigated in 

detail through both UV-vis absorption and fluorescence spectral measurements of DAT-B 

and DAT-N in drop cast films. As shown in Figure 4.4, the main absorption of the reaction 

product DAT-N shifts to longer wavelength by ca. 103 nm. This red shifted absorption 

band corresponds to the ICT transition between the amino groups and carbonyl modified 

π-conjugation core. The conversion from an electron accepting group (amide) to an 

electron donating group (amino) renders formation of a “push-pull” structure in the 

molecule, which results in an ICT transition located at the longer wavelength absorption. 

(22) Before reacting with H2O2, the drop cast film of DAT-B mixed with 

tetrabutylammonium hydroxide (TBAH) emits a blue emission centered at 500 nm, which 

is attributed to the π-π* transition of the molecule’s core. The significant spectral overlap 

between the absorption of DAT-N (acceptor) and the emission of DAT-B (donor) enables 

FRET between the two molecules. When cast in solid film the short distance between the 

molecules may produce high efficiency of FRET, which can in turn enhance the sensing 

sensitivity as discussed below. Due to the intrinsic reaction specificity of the bonorate 

group with H2O2, the sensor molecule DAT-B demonstrated no obvious fluorescence shifts 
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or quenching upon exposure to the vapor of water, or common organic reagents such as 

alcohols, hexane, acetone, etc. (Figure 4.5). 

The reaction speed of H2O2-mediated oxidation of aryl boronates was greatly 

accelerated by the addition of a base. This assists the formation of HO2
− anion (acting as a 

nucleophile) from H2O2, which then reacts with the boronate group (a strong electrophile). 

(52) We chose TBAH as the base to produce both a basic condition needed for the oxidation 

reaction and a hydrophilic film surface for efficient condensation of H2O2 vapor (Figure 

4.6). The DAT-B/TBAH film shows minimal spectral change compared to the pure DAT-

B film within at least 7 days, which proves the stability of the composite film (Figure 4.7). 

The optimal molar ratio of TBAH to DAT-B in the composite film was determined to be 

5:1, regarding both the reaction speed and total amount of DAT-B converted (Figure 4.8). 

Less TBAH gives incomplete oxidization of H2O2 and excess TBAH decreases the surface 

concentration of DAT-B molecules.  

To demonstrate the efficient FRET between the sensor molecule DAT-B and its 

reaction product DAT-N, systematic absorption and emission spectral measurements of 

DAT-B/TBAH films were performed as shown in Figure 4.3. Figure 4.3a shows the spectra 

of DAT-B/TBAH film after being exposed to 500 ppb H2O2 vapor, in comparison to the 

spectra recorded over the directly blended DAT-B/DAT-N/TBAH film. Upon exposure to 

H2O2 vapor the major absorption peak of DAT-B at 353 nm decreases about 13 % along 

with an increase in the region around 420 nm. In contrast, the emission intensity of DAT-

B at the main peak (500 nm) decreases over 75 %, along with a new emission band that 

emerged at the longer wavelength. This large fluorescence quenching of DAT-B cannot be 

explained by the stoichiometric reaction, which otherwise should be around 13 % as 

indicated by the absorption measurement. The much enhanced quenching efficiency is 
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attributed to the FRET between the pristine DAT-B molecule and reaction product DAT-

N.  

To further confirm the occurrence of FRET in the film, we prepared a film with DAT-

B directly blended with DAT-N (molar ratio DAT-B/DAT-N = 9/1) and measured the 

absorption and emission spectra. Consistent with the 10 % decrease in concentration of 

DAT-B in the blended film, the absorption at 353 nm peak was decreased about the same 

percentage (Figure 4.3c). However, the emission intensity of DAT-B measured was 

decreased over 80 % compared to that of the DAT-B film without DAT-N. This extent of 

fluorescence quenching is eight times larger than the percentage of concentration decrease 

of DAT-B, indicating clearly the FRET quenching process between DAT-B and DAT-N. 

Such FRET based amplification of fluorescence quenching has been utilized in sensing 

applications, which has been proven to effectively lower the detection limit. (43) However, 

similar quenching amplification has rarely been applied in vapor detection systems, for 

which the major technical challenge lies in the molecular design and materials engineering 

that afford both efficient FRET and suitable interface for effective collection of analyte 

molecules. It would be interesting to compare the fluorescence quenching data shown in 

Figure 4.3b and 2d. Considering the comparable extent of emission intensity decrease in 

the two cases (both about 80 %), we may argue that the concentration of DAT-N produced 

in Figure 4.3b upon exposure to H2O2 vapor should be approximately the same as that 

blended in the film of Figure 4.3d, i.e., 0.025 µmol. This corresponds to only 10 % of DAT-

B (initially 0.25µmol) converted to DAT-N, though this small fraction of conversion 

generates as large as 80 % fluorescence quenching. Using a well-calibrated fluorometer, 

we can measure a 1 % decrease in emission intensity, meaning only 0.1 % conversion of 

DAT-B within the thin film. This will enable us to significantly shorten the sensor response 
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time under the same vapor pressure level of H2O2. 

The fluorescence spectral change of DAT-B film was also investigated by exposing to 

1 ppm H2O2 vapor for different time intervals to demonstrate the response speed of this 

sensor system. The reaction was monitored by measuring the fluorescence emission of 

DAT-N. As shown in Figure 4.9, the fluorescence emission peak at 574 nm increases 

gradually with exposure time (corresponding to the generation of DAT-N), and in the same 

time, the emission peak at 500 nm (corresponding to the consumption of DAT-B) gradually 

decreases. The reaction kinetics as plotted as the emission intensity increase vs. the 

exposure time (shown in Figure 4.9b) are fitted to a pseudo-first order reaction kinetics. 

(56) Three times the standard deviation (σ = 0.9) of the noise floor is set as the threshold 

of detectable emission level. The corresponding response time for this sensor system is 

obtained from the fitted data (Figure 4.9b) as less than 0.5 sec. Such rapid response toward 

H2O2 vapor meets the urgent need of real-time in-field detection of peroxide-based 

explosives. This expedient sensor response towards low concentration H2O2 vapor (as low 

as 1 ppm) is likely due to the surface property, which is conducive to fast sampling of 

hydrophilic gas analytes. 

To further explore the advantage of this DAT-B sensor system, the optimal sensor 

composite of DAT-B (blended with TBAH within drop cast film) was expected to afford a 

competitive detection limit. To determine the detection limit of this system, the DAT-B 

composite was exposed for 10 min to the vapor of aqueous solution of H2O2 in various 

concentrations (which provide correspondingly different vapor pressures of H2O2) (57) and 

the fluorescence intensity increases at 574 nm (relative to the value measured under pure 

water vapor) were recorded. The fluorescence intensity increases with the H2O2 vapor 

pressure (shown in Figure 4.10). Assuming a quasiequilibrium was reached within 10 min 
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exposure (as implied by the result in Figure 4.9b), the results shown Figure 4.10 follow the 

Langmuir adsorption model (see Supporting Information). After fitting the experimental 

data into the Langmuir equation, the detection limit of this sensor system is projected to be 

7.7 ppb by defining an intensity increase of three times the standard deviation as the 

detectable signal. It should be noted that such high detection sensitivity (about two orders 

of magnitude better than the commercial fluorescence detector), was simply obtained 

through the drop cast film. Further improvement of sensitivity can be achieved by spin 

casting the sensor material into an optical tube coupled to a photodetector, as previously 

practiced by Swager et al. with the Fido detector system. (58) 

 

4.4 Conclusion 

In summary, we have developed an expedient fluorescence ratiometric sensor system 

for trace vapor detection of H2O2. The sensing mechanism is based on H2O2-mediated 

oxidation of a boronate fluorophore, DAT-B, which is then converted to an amino-

substituted product, DAT-N. The emission of DAT-B film is blue (centered at 500 nm), 

whereas the emission of DAT-N within the same film is significantly red-shifted, to 574 

nm. The red-shifted emission band is due to the ICT band of DAT-N. The spectral overlap 

of the DAT-B emission and DAT-N absorption band results in efficient FRET process, 

which can be exploited to enhance the sensor performance in terms of both sensitivity and 

response speed. Considering the over 70 nm separation between the emission bands of 

DAT-B and DAT-N, the sensor system thus developed will also be suited for dual channel 

(wavelength) monitoring to enhance the detection reliability, particularly compared to 

conventional fluorescence sensors based on single wavelength monitoring (quenching or 

turn-on). By blending the DAT-B sensor with a hydrophilic organic base with the 
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appropriate molar ratio, the sensor composite demonstrated effective vapor sampling 

(absorption) of H2O2, resulting in both high detection sensitivity (down to 7.7 ppb) and fast 

sensor response (down to 0.5 sec under 1 ppm H2O2). The exploitation of FRET in solid 

films broadens the sensor development for trace vapor detection, providing great potential 

for improvement of detection limit. 

 

4.5 Experimental Methods and Materials 

4.5.1 Materials and General Instrumentations 

4-(Hydroxymethyl)phenylboronic acid pinacol ester, triphosgene, and 4-

dimethylaminopyridine (DMAP) were purchased from Sigma-Aldrich and used as 

received. All solvents were purchased from the manufacturer and used as received unless 

otherwise noted.  

UV-vis absorption spectra were measured on a PerkinElmer Lambda 25 

spectrophotometer or Agilent Cary 100. The fluorescence spectra were measured on a 

PerkinElmer LS 55 spectrophotometer or Agilent Eclipse spectrophotometer. 1H and 13C 

NMR spectra were recorded on a Varian Unity 300 MHz Spectrometer at room temperature 

in appropriate deuterated solvents. All chemical shifts are reported in parts per million 

(ppm). ESI HRMS spectra were recorded on a Micromass Quattro II Triple Quadrupole 

Mass Spectrometer, and the solvent used was methanol. 

 

4.5.2 Synthesis 

2, DAT-N: DAT-N was synthesized according to literature (see Scheme 4.2). (59) 1H 

NMR (CDCl3, 300 MHz, ppm): δ = 7.247 (2 H, s, Ar-H), 4.376-4.305(4 H, q, CH2),  
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Scheme 4.2 The synthetic route of sensor molecule DAT-B (3), and the possible 

mechanism (51) of the reaction between DAT-B and H2O2.  

 

1.416-1.368 (6 H, t, CH3) 

3, DAT-B: DAT-B was synthesized following the method previously reported on the 

similar compound synthesis. (60) Triphosgene solution (58.8 mg, 0.198 mmol in 5 mL 

anhydrous toluene) was added dropwise to a mixture solution (4 mL anhydrous toluene) of 

DAT-N (50 mg, 0.198 mmol) and DMAP (72.6 mg, 0.595 mmol). This mixed solution was 

heated to reflux for 3 h. After cooling to room temperature, the reaction mixture was diluted 

with 6 mL anhydrous CH2Cl2 and filtered. The filtrate was added the boronated benzyl 

alcohol (51 mg, 0.218 mmol) and stirred at room temperature for an additional 3 h. The 

reaction was then concentrated and purified by flash column chromatography (silica gel, 

CHCl3/MeOH). The product was obtained as light yellow powder (42 mg, 27.4 %). 1H 

NMR (CDCl3, 300 MHz, ppm, Figure 4.11): δ = 10.352(2 H, s, NH), 9.074 (2 H, s, Ar-H), 
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7.809-7.835 (4 H, d, Ar-H), 7.406-7.433(4 H, d, Ar-H), 5.238(4 H, s, CH2), 4.368-4.439(4 

H, q, CH2), 1.396-1.443(6 H, t, CH3), 1.343(24 H, s, CH3)  
 13C NMR (CDCl3, 75 MHz, 

ppm, Figure 4.12): δ = 167.223, 153.374, 139.024, 135.026, 134.973, 127.171, 121.124, 

119.789, 83.794, 77.420, 46.993, 76.573, 66.735, 62.016, 24.807, 14.135.  ESI-HRMS m/z: 

Calcd for: 772.3550, Found: [M+H]+ 773.3628. 

 

4.5.3 Other Experimental Details 

4.5.3.1 Dispersion of Sensor Molecules on Quartz Slide. 

Twenty-five µL ethanol solution of DAT-B at different concentrations (also containing 

appropriate concentrations of TBAH as detailed below) was drop-cast uniformly onto a 2.5 

× 2.5 cm2 quartz slide to form a 1.0 × 1.0 cm2 solid film (guided by Scotch tapes), followed 

by drying at room temperature in vacuum for 1 h. To adjust the molar amount of DAT-B 

loading, various concentrations of DAT-B in ethanol were prepared and used: 0.02, 0.01 

and 0.004 M. Uniform solid film of DAT-B sensor molecules within the solid film is 

indicated by the uniform emission density shown in the emission photography of the quartz 

slide after exposure to the H2O2 vapor (Scheme 4.1b). As shown in Figure 4.13, the film 

with 0.25 μmol DAT-B gives the largest fluorescence change upon exposure to H2O2 vapor, 

which indicates the optimal sensor molecule amount used in this study. 

 

4.5.3.2 Sensor Stability Test on Quartz Slide 

The DAT-B coated quartz slide sample was prepared according to the method 

described above, and fluorescence spectra were measured at different time intervals after 

preparation (Figure 4.7), which did not show significant change in fluorescence spectra or 

intensity within the experimental investigation period. The same quartz slide was then 
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exposed to 225 ppm H2O2 vapor for 5 min, followed by measurement of the fluorescence 

spectrum. 

 

4.5.3.3 Time Course of Sensor Response in Solid Films 

To find the optimal concentration of TBAH (or molar ratio TBAH/DAT-B) that would 

give the fastest sensor reaction, we measured the time course of the fluorescence intensity 

change at 574 nm for the sensor films drop cast on quartz slides. The optimization 

experiments were performed for the sensor films drop cast on quartz slides as shown in 

Figure 4.8, where the time course of the fluorescence intensity change was measured at 

574 nm for DAT-B dispersed on a quartz slide (containing 0.25 µmol DAT-B) upon 

exposure to H2O2 vapor fixed at 225 ppm. Four series of measurements were performed 

over the quartz slides containing the same molar amount of DAT-B, but different amounts 

of TBAH, i.e., at molar ratios of TBAH/DAT-B: 1, 3, 5 and 20.  The testing experiment 

was performed by hanging the loaded quartz slide in the saturated vapor of H2O2 (225 ppm) 

above 10 mL of 35 wt % H2O2 solution sealed in a 50 mL jar. As shown in Figure 4.8, the 

fluorescence intensity increased the fastest and reached the highest intensity value at a 

TBAH/DAT-B ratio of 5, which was determined as the optimal molar ratio for fabricating 

the sensor composite. The slower sensor response observed at higher TBAH/DAT-B ratio 

(e.g., 20) is likely due to the excessive TBAH decreasing the concentration of DAT-B 

molecules on the surface, thus limiting the sensor molecules’ interaction with H2O2 vapor. 

For the measurements performed under varying vapor concentrations of H2O2 (shown 

Figure 4.10), the experiment was performed by hanging the loaded quartz slide in the 

saturated vapor of H2O2 generated in a 26.5 L container, where approximately 1 L of H2O2 

solution (diluted down to various concentrations) was put in a vacuum and sealed for 12 h 
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to reach the equilibrium vapor pressure. The equilibrium vapor pressure corresponding to 

a specific diluted concentration of H2O2 solution was deduced from the literature.(57) In 

the container, a continuous vapor stream was produced by a mini fan (Radio Shack, 40mm, 

12 DC, 6500RPM), and the sensor loaded quartz slide was placed against the vapor stream 

(distance from the fan: 0.5 cm), and about 20 cm above the solution surface. After exposure 

to the vapor for different time intervals, the quartz slide was taken out for fluorescence 

measurement. In this study, various diluted concentrations of H2O2 solution were obtained 

by diluting the commercial 35 wt % solution with pure water 100, 200, 1000, 2000, and 

10000 times, which produced saturated (equilibrium) vapor pressures of H2O2 of 1000, 500, 

100, 50 and 10 ppb, respectively. 

 

4.5.3.4 Contact Angle Measurement of DAT-B and DAT-B/TBAH Film 

The contact angle measurement of DAT-B (0.25 μmol, 1.0 × 1.0 cm2) and DAT-

B/TBAH film (0.25 μmol DAT-B/1.25 μmol TBAH, 1.0 × 1.0 cm2) was performed to 

determine the surface hydrophilicity of as prepared film. The surface of DAT-B is 

hydrophobic and the contact angle is 109.9 ° ± 0.6 °. After the addition of TBAH, the 

surface of the blended film is tuned to hydrophilic and the contact angle is decreased to 

80.9 ° ± 2.6 °. This change in contact angle demonstrates another benefit of the addition 

of TBAH, i.e., the formation of hydrophilic film surface that increases the intake of H2O2 

vapor in humid air. 

 

 



114 

 

4.5.3.5 Absorption and Fluorescence Spectra of DAT-B Before and  

After Reaction withH2O2 in Solution 

In situ UV-vis absorption and fluorescence spectral measurements were performed in 

a DAT-B solution in ethanol (1 × 10-5 mol/L, in the presence of 1 × 10-3 mol/L TBAH) 

before and after addition of H2O2 (1 × 10-2 mol/L). As shown in Figure 4.1, the absorption 

peak of DAT-B moved from 371 nm to 433 nm upon reaction with H2O2, which indicates 

the characteristic ICT band of DAT-N. Meanwhile, the emission peak of DAT-B was 

shifted from 452 nm to 570 nm upon reaction with H2O2, also characteristic of the ICT 

band of DAT-N. Both the absorption and fluorescence spectra of the reacted state of DAT-

B match well the spectra of pure DAT-N solution, clearly indicating the H2O2 mediated 

conversion of DAT-B to DAT-N as presented in Scheme 4.2. 

 

4.5.3.6 Selectivity Test 

The sensor DAT-B coated quartz slides (containing 0.25 µmol DAT-B and 1.25 µmol 

TBAH, 1.0 × 1.0 cm2 ) were exposed to the saturated vapor of various common solvents 

such as methanol (131,000 ppm), water (31,000 ppm), ethanol (89,000 ppm), acetone 

(260,000 ppm), chloroform (140,000 ppm), THF (173,000 ppm), toluene (26,000 ppm), 

hexane (130,000 ppm), ethyl acetate (100,000 ppm), to validate the selectivity of the sensor 

molecule. The increase in fluorescence intensity was measured at 574 nm over DAT-B 

coated quartz slide (the same component as used in Scheme 4.1) after 10 min exposure to 

225 ppm H2O2 vapor, in comparison to that upon exposure to the saturated vapor of the 

common solvents. The minimum change of the fluorescent peak at 574 nm after extensive 

exposure to these highly concentrated solvents vapors (three orders of magnitude higher 

than H2O2 vapor used in this experiment) demonstrates that sensor molecule DAT-B is 
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highly selective towards H2O2. 

 

4.5.3.7 IR spectra of DAT-B and DAT-N 

The IR spectra of DAT-B before and after reaction with H2O2 (converting to DAT-N) 

were measured to demonstrate the function group changing. As shown in Figure 4.2, the 

CO-NH vibration of DAT-B (3300, 1733 cm-1) shifted to 3463 and 1579 cm-1, which are 

characteristic of the -NH2 vibration. Concurrently, the C-B vibration in DAT-B(61) (1056 

cm-1) disappears when converted into DAT-N. These IR spectral changes explicitly 

demonstrate the function group change from boronate group to amino group, as illustrated 

in Scheme 4.2.  

The IR spectra were measured by mixing DAT-B or DAT-N within KBr pellet. DAT-

N used for IR measurement was made from the reaction of DAT-B with H2O2 in a solution. 

Briefly, a solution of DAT-B (100 mg, 0.13 mmol, in 20 mL ethanol) was added in 4 mL 

H2O2 (35 wt %), followed by stirring at room temperature for 4 h. The reaction solution 

was then diluted with ethyl acetate, extracted with brine and water, and dried over Na2SO4. 

After removal of solvent, the crude product was purified by flash chromatography 

(methylene chloride/ethyl acetate = 10:1) on silica gel to give 18 mg orange product, yield 

54 %. 1H NMR (CDCl3, 300 MHz, ppm): δ = 7.29 (2 H, s, Ar-H), 4.30-4.38 (4 H, q, CH2), 

1.37-1.42 (6 H, t, CH3). The NMR data match well the data obtained from the pure DAT-

N synthesized separately through the route in Scheme 4.2. 

 

4.5.3.8 Data Fitting 

The data presented in Figure 4.9b can be fitted following the reaction kinetics equation, 

(56) 
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 ∆𝐼 = 𝐾′(1 − 𝑒−𝐾𝑡) (4.1) 

 

where ∆I is the increase in fluorescence intensity measured at 574 nm, K and K’ are 

constants with K related to the surface reaction rate of DAT-B with H2O2, the given vapor 

pressure of H2O2 and the total amount of DAT-B, and K’ is referred to as the ratio of the 

fluorescence intensity to the molar fraction of DAT-B (with respect to the total starting 

amount of DAT-B). Derivation of this equation is based on surface reaction kinetics, i.e., 

the rate of producing DAT-N is proportional to the surface density (or molar fraction) of 

unreacted DAT-B (22). The fitting gives K’ = 378.93, K = 0.0588, with a R2 = 0.9698. 

Fitting of the data are presented in Figure 4.10. Assuming a quasiequilibrium was 

reached within 10 min exposure (as implied from the result in Figure 4.9b) to H2O2 vapor, 

the results shown Figure 4.10 should follow the Langmuir adsorption model (the film on 

quartz slide used here is the same with Figure 4.9, containing 0.25 µmol DAT-B and 1.25 

µmol TBAH, 1.0 × 1.0 cm2). First, the surface adsorption of H2O2 (i.e., the reacted fraction 

of sensor molecules, X) is related to the vapor pressure of H2O2 as described by the 

Langmuir Equation, 

 

 𝑋 =
 𝑏 ∙ [H2O2]

1 + 𝑏 ∙ [H2O2]
 (4.2) 

 

where b is a constant, [H2O2] is the vapor pressure (concentration) of H2O2. 

The fluorescence emission intensity is proportional to the concentration of sensor 

molecules converted. Then, we have 
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∆𝐼 =

𝑎 ∙ 𝑏 ∙ [H2O2]

1 + 𝑏 ∙ [H2O2]
 (4.3) 

 

where a is a proportional constant. 

The fitting gives a = 3.65 × 106, b = 9.67 × 10-8 with a R2 = 0.9732.  

The standard deviation of the emission intensity measurement shown in Figure 4.10 

was about 0.9 (a.u.). The threshold of detectable emission can be set at an intensity level 

three times of the standard deviation of the noise floor, that is ∆I = 2.7.  Then, the 

corresponding detection limit can be determined by using the above equation and 

substituting ∆I with 2.7. This gives a detection limit of H2O2 vapor at 7.7 ppb. 

 

4.5.3.9 Sensor Performance Comparison  

There have been a few papers that reported on vapor detection of H2O2.  In comparison, 

our result is overall better regarding both sensitivity and response time, as shown in Table 

4.1 and Table 4.2. 
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Figure 4.1 Absorbance (a) and fluorescence (b) spectra of DAT-B solution in ethanol (1 × 

10-5 mol/L, in the presence of 1 × 10-3 mol/L TBAH) before (black) and after (red) addition 

of H2O2 (1 × 10-2 mol/L). For comparison, pure DAT-N solution in ethanol (blue, 1 × 10-5 

mol/L, in the presence of 1 × 10-3 mol/L TBAH) is also presented.  
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Figure 4.2 IR spectra of DAT-B (black) and DAT-N (red) in (a) 3900-2400  and (b) 1900-

400 cm-1 range.  
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Figure 4.3 The absorption (a) and fluorescence (b) spectra of pristine DAT-B film (black) 

and  the same film after expose to 500 ppb H2O2 vapor for 360 s (red) (0.25 µmol DAT-B 

and 1.25 µmol TBAH). The absorption (c) and fluorescence (d) spectra of DAT-B (black, 

0.25 µmol DAT-B and 1.25 µmol TBAH) and DAT-B/DAT-N blended film (red, 0.225 

μmol DAT-B, 0.025 μmol DAT-N and 1.25 µmol TBAH). All films were deposited to 

form a 1.0 × 1.0 cm2 square on quartz slides, excited at 353 nm.  
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Figure 4.4 The absorption (black) and fluorescence (red) spectra of DAT-B film (0.25 µmol 

DAT-B, both blended with 1.25 µmol TBAH, 1.0 × 1.0 cm2) deposited on quartz slides 

before (solid) and after (dash) exposure to H2O2 vapor (225 ppm, 15 min).  
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Figure 4.5 The selectivity plot of DAT-B (quartz slide containing 0.25 µmol DAT-B and 

1.25 µmol TBAH, 1.0 × 1.0 cm2) over saturated vapor of common solvents and 225 ppm 

H2O2 vapor. The exposure time was fixed at 10 min; the error bars are based on the standard 

deviations of the data.  
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Figure 4.6 Contact angle measurement of DAT-B film (0.25 μmol, 1.0 × 1.0 cm2) and 

DAT-B/TBAH film (0.25 μmol DAT-B/1.25 μmol TBAH, 1.0 × 1.0 cm2).  
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Figure 4.7 The fluorescence spectra of the DAT-B coated quartz slide (containing 0.25 

µmol DAT-B and 1.25 µmol TBAH, 1.0 × 1.0 cm2): freshly prepared film (black),  after 

24 h (red), after 7 days (blue), and after exposure to 225 ppm H2O2 vapor for 5 min (green), 

λex = 427 nm.  
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Figure 4.8 Time course of the fluorescence intensity change measured at 574 nm for DAT-

B coated quartz slides (containing 0.25 µmol DAT-B mixed with different amounts of 

TBAH, 1.0 × 1.0 cm2) upon exposure to 225 ppm H2O2 vapor (λex = 427 nm). Shown in 

this plot are results of four slides containing the same molar amount of DAT-B, but 

different amounts of TBAH, i.e., at molar ratios of TBAH/DAT-B: 1 (black), 3 (red), 5 

(blue) and 20 (purple). 
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Figure 4.9 The fluorescence spectra of DAT-B coated on a 1.0 × 1.0 cm2 quartz slides 

(containing 0.25 µmol DAT-B and 1.25 µmol TBAH) and recorded at various time 

intervals after exposure to 1 ppm H2O2 vapor. (λex = 427 nm). (b) The emission intensity 

increase ΔI measured at 574 nm (λex = 427 nm) as a function of exposure time, for which 

the data points are fitted following a first order surface reaction between DAT-B and H2O2. 

The error bars are based on the standard derivations of the intensities as measured.  
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Figure 4.10 A plot showing the fluorescence intensity increase (ΔI) measured at 574 nm 

(λex = 427 nm) as a function of the vapor pressure of H2O2, for which the data points are 

fitted following the Langmuir adsorption model. The error bars are based on the standard 

deviations of the emission intensities as measured.  
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Figure 4.11 1H NMR spectrum of DAT-B.  
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Figure 4.12 13C NMR spectrum of DAT-B.  
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Figure 4.13 Time course of the fluorescence intensity change measured at 574 nm for DAT-

B coated quartz slide at different molar amounts (0.1 μmol, red; 0.1 μmol, black; 0.5 μmol, 

blue, 1.0 × 1.0 cm2) with the same TBAH/DAT-B ratio (5:1) upon exposure to 225 ppm 

H2O2 vapor.  
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Table 4.1 Sensor performance comparison between our sensor and other fluorescence 

sensors for H2O2 vapor.  

 

Reference 
Limit of detection 

/exposure time 

Response time at 1 

ppm H2O2 exposure 

J. Mater. Chem. 2008, 18, 5134-5141. 

(21) 

3 ppb / 8 h 800 s (1.2 ppm) 

Chem. Commun. 2013, 49, 11779-

11781. (22) 

2.9 ppb / 5 min 0.86 s 

This work 7.7 ppb / 10 min < 0.5 s 
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Table 4.2 Sensor performance comparison between our sensor and other types of sensors 

for H2O2 vapor. 

 

Sensor technique 
Limits of detection / exposure 

time 

Response time at 1 

ppm H2O2 exposure 

Colorimetric [16] 400 ppb / 10 s n/a 

Chemiresistor [10] 50 ppb / minutes n/a 

Electrochemistry [30] 6 ppb / 2 min n/a 

This work 7.7 ppb / 10 min < 0.5 s 

 

 



 

 

CHAPTER 5 

 

DISSERTATION CONCLUSIONS AND PROPOSED                                         

FUTURE WORK 

 

Vapor detection has been widely exploited as one practical, noninvasive explosive 

detection method for its high sensitivity and reliability among current explosive detection 

technologies. The cost efficiency, simple instrumentation combined with the high 

sensitivity and selectivity of optical detection methods (especially colorimetric and 

fluorescence spectral methods) make for its application in security monitoring and 

screening. Peroxide-based explosives have been broadly employed by terrorists for their 

synthetic ease and lack of efficient detection method. Hydrogen peroxide (H2O2) is 

recognized as the signature compound for peroxide-based explosives, which is a synthetic 

precursor and decomposition product of such peroxide explosives. Trace vapor detection 

of H2O2 offers an ideal approach to noninvasive detection of peroxide-based explosives. 

However, the development of such a vapor sensor system with high accuracy, sufficient 

sensitivity (reactivity) and fast response still remains challenging. Three vapor detection 

methods for H2O2 were designed and developed in this study. They all take advantage of 

the specific chemical reaction towards H2O2 to secure the detection selectivity, and the 

materials surface and structural engineering to afford high vapor sampling efficiency.  
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5.1 Dissertation Conclusions 

First, an efficient colorimetric sensing system for the vapor detection of H2O2 was 

developed. The sensory materials were based on the cellulose fibril network of paper 

towels, which provide a tunable interface for modification with Ti(IV) oxo complexes for 

binding and reaction with H2O2. This one time use paper-based sensor material provides a 

simple and economical method for noninvasive detection of peroxides. Prospectively, the 

reported vapor sensor system proves the technical feasibility of developing enhanced 

colorimetric sensing using nanofibril materials that will be fabricated from building-block 

molecules functionalized with a Ti(IV) oxo moiety. Such a “bottom-up” approach provides 

plenty of opportunities to enlarge the surface area (by shrinking the fiber size), enhancing 

the surface interaction with the gas phase. It should be noted that sensitivity and response 

speed of this colorimetric method at low concentration range is not ideal for field 

application.  

An expedient fluorescence turn-on sensor system that is suitable for trace vapor 

detection of H2O2 was then developed, which provides high sensitivity and rapid response 

compared to the colorimetric method. The sensor mechanism is based on H2O2-mediated 

oxidation of a boronate fluorophore (C6NIB), which is nonfluorescent in the ICT band, but 

turns strongly fluorescent upon conversion into the phenol state (C6NIO). This 

fluorescence turn-on reaction is extremely selective towards H2O2, with no sensor response 

to other common reagents. The negligible fluorescence background of C6NIB combined 

with the high fluorescent emission of C6NIO, makes C6NIB an ideal candidate for efficient 

sensing. Dispersing C6NIB with an organic base like TBAH into a silica gel matrix 

produces a highly efficient sensor system for vapor detection of H2O2, regarding both 

detection limit (down to 2.9 ppb) and response time (down to 1 s under 1 ppm H2O2). 
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However, some technical factors such as sensor concentration, local chemical environment 

and excitation light intensity were found difficult to control in the system to make the 

sensor sufficiently reproducible, thus limiting the further development for practical field 

use. 

In the last chapter, a novel fluorescence ratiometric sensor system was proposed and 

developed for trace vapor detection of H2O2, which took advantages of high sensitivity 

from the fluorescence method and reliability from the dual emission wavelength 

monitoring (ratiometric sensing). The sensing mechanism is based on H2O2-mediated 

oxidation of a boronate fluorophore, DAT-B, which is then converted to an amino-

substituted product, DAT-N. The emission of DAT-B film is due to the π-π transition and 

located in the blue region (centered at 500 nm), whereas the emission of DAT-N within the 

same film is significantly red-shifted, to 574 nm. The red-shifted emission band is due to 

the ICT band of DAT-N. The spectral overlap of the DAT-B emission and DAT-N 

absorption band results in efficient FRET process, which can be exploited to enhance the 

sensor performance in terms of both sensitivity and response speed. Considering the over 

70 nm separation between the emission bands of DAT-B and DAT-N, the sensor system 

thus developed will also be suited for dual channel (wavelength) monitoring to enhance 

detection reliability, particularly compared to conventional fluorescence sensors based on 

single wavelength monitoring (quenching or turn-on). By blending the DAT-B sensor with 

a hydrophilic organic base with the appropriate molar ratio, the sensor composite 

demonstrated effective vapor sampling (absorption) of H2O2, resulting in both high 

detection sensitivity (down to 7.7 ppb) and fast sensor response (down to 0.5 s under 1 ppm 

H2O2). The exploitation of FRET in solid films broadens the sensor development for trace 

vapor detection, and can significantly enhance the fluorescence sensing efficiency in 
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comparison to the normal single-band sensor system, for which the sensing efficiency is 

solely determined by the stoichiometric conversion of sensor molecules. 

 

5.2 Suggestions for Future Work 

The following suggestions are recommended for continuing research on the trace vapor 

detection of peroxide based explosives: 

1. Future work on the colorimetric detection method can focus on the exploration of new 

sensor molecules with novel chemical structure and reaction, which have high 

absorption coefficient to further enhance the sensitivity and/or fast reaction kinetics 

for improved response speed. An alternative route to address the response speed issue 

will be the optimization of the reaction medium, which facilitates the reaction speed.  

2. Future work on the fluorescence detection method can be centered on the faster, one-

step detection of peroxide compounds (e.g., TATP, HMTD), while still maintaining 

the advantages of current sensors (e.g., rapid response, high selectivity and sensitivity). 

Since peroxide compounds can be decomposed by UV irradiation or acidic treatment, 

a pretreatment of peroxide vapor stream combined with parallel validation test of 

current detection setting can be used to approach one-step detection of peroxide 

explosives. Besides, the employment of Föster Resonance Energy Transfer (FRET) is 

proven to improve the response speed and sensitivity for trace vapor detection of H2O2. 

A combination of quantum dots with the appropriate peroxide reactive functional 

group will take advantage of not only the high fluorescence quantum yield of the 

quantum dots but also the signal amplification effect from the FRET process. 

Combined, this will result in a ultra-low detection limit as well as fast response.  

3. Chemiresistive sensors will also be a good candidate for peroxide based explosives, 
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for their simple instrumentation and highly accurate measurement. The selectivity 

towards peroxide is an issue, but can be addressed by the employment of either specific 

surface binding of the sensor material or differential sensing enabled by sensor assay. 

Graphene and carbon nanotubes modified with specific peroxide binding or reactive 

moieties decoration will be among the potential candidate materials for this application 

due to the high electrical conductivity, air stability and large surface area of these 

materials.  
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