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Abstract 

Isocyanates are of high interest for their versatile reactions and industrial uses in 

agrochemicals (e.g., herbicides) and polymers (e.g., polyurethanes and polyureas). The main 

objectives of this thesis research are to study the Lossen reaction of the N-acetoxy amide (AA) as 

a latent isocyanato group and explore potential applications of AA-containing compounds and 

polymers. Another objective is to develop a new method for optical sensing of isocyanates in air 

and as well nitroaromatic compounds. 

Study and applications of the Lossen reaction of a compound equivalent to an industrially 

important diisocyanate are described. The conversion of the AA group in a precursor monomer 

to the isocyanato group under various conditions was studied. In the presence of a polyol, 

polyurethanes or AA-terminated prepolymers could be formed, depending on the reaction 

conditions (e.g., temperatures and a base catalyst). In addition, the synthesis of AA-containing 

polymethacrylates and thermal conversion of the AA group to the reactive isocyanato group are 

illustrated. The AA-containing methacrylate monomer was prepared and polymerized with 

methyl methacrylate to form a series of copolymers with a range of the AA content. These 

copolymers were characterized by IR, 
1
H NMR and 

13
C NMR spectroscopy, thermogravimetric 

analysis, differential scanning calorimetry and gel permeation chromatography. Treatment of 

these copolymers at 110-130 °C led to the in situ formation of the isocyanato group and thus 

chemically reactive polymers. 

A fluorescence quenching method is introduced for direct and sensitive detection of 

various aliphatic and aromatic isocyanates in air. The high sensitivity is attributed to high 

fluorescence of polymer P1 film as a result of its unique aggregation-induced emission. The 

isocyanates can be detected at the ppt level typically within 10-60 s under ambient conditions. 

Moreover, the further application of fluorescent polymer P1 for sensing nitroaromatic 



iii 
 

compounds in air and in solution is explored. A large fluorescence quenching (98 %) was found 

for picric acid with a concentration of 4.7×10
-6

 M. In addition, 2,4-dinitrotoluene (DNT) at the 

ppb level in air could be detected within 60 s. 
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Chapter 1 Introduction 

1.1 Introduction 

Isocyanates are well-known reactive compounds containing an isocyanato (N=C=O or 

NCO) functional group. Different types of isocyanates, such as mono-, di- and polyisocyanates 

depending on the number of NCO groups are available (Figure 1.1).
1-4

 Diisocyanates can 

undergo polymerization with a polyol to form NCO-terminated prepolymers or polyurethanes, 

depending on the ratio of diisocyanate and polyol. The NCO-end capped prepolymer is still 

reactive and can form polyurethane or polyurea by chain extension with a curative (e. g., diol or 

diamine).
5
  

Figure 1.1 Structures of mono-, di- and polyisocyanates 

 

The discovery of isocyanates in 1849 by Wurtz
6
 did not lead to industrial applications 

until the discovery of polyurethane by Bayer in 1937. Since then, mono- and diisocyanates are 



2 
 

being used in a variety of polyurethane foams,
7-11

 pesticides,
12-16

 adhesives,
17-19

 and coatings,
13,20-

24
 plastics

25-28
 and so on. Usually, in foam production TDI and MDI are the two main 

diisocyanates, where TDI is more commonly used in North America and MDI is used in 

European countries.
29

 In addition, carbamates and ureas are the main components for fertilizers 

and pesticides
 
and are prepared from isocyanates.

30,31 
Isocyanates are industrially demanding raw 

materials. The world productions for isocyanate products are several million tons per year and 

still increasing.
32

 The markets in Japan, China and India are expanding rapidly.
33-36

 Isocyanates 

have also versatile applications in organic synthesis,
37a

 and can be synthesized by many 

methods.
29

 Among them, phosgenation of amine is the most widely used process in industry; 

whereas the Curtius, Hofmann, and Lossen rearrangements, and as well other methods remain 

for laboratory use. None of the methods is absolutely perfect, some have to use toxic chemicals 

and some are not applicable for both aliphatic and aromatic or have to use harsh reaction 

conditions or laborious work-up. The development or improvement of the isocyanate synthesis is 

still a matter of interest for researchers.
37b,c

  

The reactivity of isocyanates arises from its structure. They have the cumulated double 

bond containing functional groups (-N=C=O), where the centre carbon atom has two double 

bonds with its adjacent two atoms and can undergo various nucleophilic reactions and self-

coupling or polymerization.
38

 Isocyanates are also associated with severe toxicity to human 

health. Various adverse health effects associated with the industrial use of isocyanates were 

reported 
39,40 

and studied.
41 

The detection exposure limit of isocyanates are regulated at the 

lowest level of hazardous organic compounds in a range of 2-20 ppb and continuous reevaluation 

is determined on the existing detection exposure limit.
42

 Two different methods are used to 

regulate the maximal exposure limit of isocyanates. One is based on the number of total reactive 
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isocyanate groups (e. g., Finland, Switzerland and UK) and the other one is based on the 

individual compounds (e. g., Germany and USA).
43

 Therefore, efficient detection of isocyanates 

is much needed. There are various instrument-based analytical methods reported in the literature. 

Among them, colorimetric and fluorometric determinations of isocyanates are widely used, 

which require the derivatization of isocyanates and chromatographic separation.
44

 Without 

derivatization, the method tends to give unsatisfactory results due to the sampling difficulty 

associated with the high reactivity of isocyanates.
45  

 

1.2 Preparation of isocyanates 

Since a discovery of isocyanate by decomposition of a dialkyl sulfate with potassium 

cyanate by Wurtz in 1849, more than 25 methods for the preparation of isocyanates have been 

reported.
46

 The following are a brief summary of some important and relevant methods for 

isocyanate preparation. 

 

1.2.1 Preparation of isocyanates by phosgenation of amines 

Phosgenation of an amine or its salt is one of the most important methods for the 

preparation of isocyanates. The most common and industrially applied procedure is the treatment 

of primary amines with phosgene (Scheme 1.1).
47

 Hentschel in 1884 first prepared an isocyanate 

from the reaction of phosgene and the salt of a primary amine.
48 

In this method, phosgenation of 

a primary amine is usually carried out by dissolving it in an inert solvent before reacting with 

phosgene. Alternatively, by passing dry hydrogen chloride or carbon dioxide to an amine, a 

suspension of a salt is prepared before contacting with phosgene.
29
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Scheme 1.1 Synthesis of isocyanate by phosgenation of primary amine  

 

Gattermann and Schmidt did the reaction with molten methylamine hydrochloride with 

phosgene at 250 °C and obtained methyl carbamoyl chloride, which was decomposed by heating 

with lime (Scheme 1.2). They claimed an almost quantitative yield of methyl isocyanate. By 

applying this procedure, high-boiling isocyanates can be prepared easily in a suitable solvent.
49

  

 

Scheme 1.2 General reaction of primary amine salt and phosgene 

 

The main drawbacks of this method are the use of highly toxic phosgene and during the 

reaction two equivalents of corrosive hydrochloric acid per nitro group are generated, which 

requires a special plant or workroom to recycle the chlorine. Moreover, the final product is 

contaminated with chlorine-containing compounds
29b

 and the required high reaction temperature 

makes it impossible or very difficult to synthesize the low-boiling products.
46,47 

Gaseous 

phosgene is hard to measure accurately and is usually used in excess. Moreover, its use and 

transportation are restricted and strictly controlled by the health and safety management.
47

 

Instead of phosgene, there are two substitutes, trichloromethyl chloroformate (TCF, 

diphosgene) and bis(trichloromethyl) carbonate (BTC, triphosgene). TCF is a colorless liquid 
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and BTC is a crystalline solid and both are soluble in common solvents like diethyl ether and 

chloroform. They are relatively easy to handle in the laboratory.
50

 Diphosgene and triphosgene 

are synthesized by chlorination of methyl formate and dimethyl carbonate (Scheme 1.3). One 

equivalent of TCF can produce two equivalents of phosgene; while BTC can make three 

equivalents of phosgene. The reactivity of phosgene is 18.7 times greater than that of TCF and 

170 times than that of BTC. Therefore, the reactions with TCF and BTC may be controlled more 

easily than those with phosgene. The primary amines or their salts react with TCF or BTC and 

form carbamoyl chlorides, which then undergo spontaneous dehydrohalogenation and yield the 

corresponding isocyanates. Usually, amines are slowly added to the solution of TCF or BTC at 

low temperature and then the reaction temperature is increased to promote the isocyanate 

formation.
50

 

 

Scheme 1.3 Preparation of diphosgene and triphosgene 
50

 

 

Knolker et al.
51

 discovered that the reaction of substituted anilines with di-tert-butyl 

dicarbonate, (Boc)2O, in the presence of a stoichiometric amount of 4-dimethylaminopyridine in 

solvents like acetonitrile, dichloromethane, ethyl acetate, tetrahydrofuran and toluene at room 

temperature produced aryl isocyanates within 10 min in almost quantitative yields (Scheme 1.4). 

A broad range of substituted aryl and alkyl amines are used and the yields of corresponding 
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isocyanates are very good. This procedure is only good for laboratory use, due to a high price of 

(Boc)2O.
47

. 

 

Scheme 1.4 Isocyanate preparation from substituted anilines 
47

 

 

1.2.2 Preparation of isocyanates from nitro compounds 

The aromatic isocyanates can be prepared from nitro compounds, involving the reduction 

of nitro compounds to amines, for example MDI from nitrobenzene (Scheme 1.5). Nitrobenzene 

is reduced first to aniline, which is condensed with formaldehyde and then phosgenated.
29

  

 

Scheme 1.5 Industrial preparation of MDI from nitrobenzene 

 

To avoid the use of phosgene, the reductive carbonylation of nitroaromatic compounds 

was developed to produce isocyanates as a potentially new process to replace the phosgenation 

process.
52

 In 1967, Hardy and Bennett first reported this reductive carbonylation reaction by CO 

(Scheme 1.6).
53

 The reaction is carried out in the presence of a palladium or rhodium catalyst 

54,55
 in a homogeneous or a heterogeneous medium.

56
 It is found that various metal oxides or 

chlorides (FeCl3, MoCl5, V2O5, and Fe2O3) are very effective to accelerate the reaction, although 
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the effect is not well understood. Activation of the nitro group by coordination may facilitate the 

deoxygenation for the subsequent carbonylation.
57

 

 

Scheme 1.6 Reductive carbonylation of nitroarene to form isocyanates 

 

Though the catalytic carbonylation of nitroaromatic compounds is one of the most 

interesting alternatives for the synthesis of aromatic isocyanates from the academic and industrial 

points of view, the reaction does not proceed well in some cases and detectable amounts of toxic 

catalyst are present in the final products.
47,58

 Moreover, for every individual reaction the catalyst 

system has to be optimized first and large amounts of catalysts are used to obtain good results.
58

 

In addition, the reaction is only applicable for the preparation of aromatic isocyanates, but 

commercially aliphatic isocyanates are also important for various applications in textile or paper 

industry.
42 

 

 

1.2.3 Preparation of isocyanates by Curtius rearrangement 

The most used method in the laboratory scale besides the phosgene reaction is the Curtius 

rearrangement. The thermolysis of acyl azide forms the corresponding isocyanate with a loss of 

nitrogen gas and is known as the Curtius rearrangement, which was first described by Theodor 

Curtius in 1885.
59 

This reaction is also known as Curtius degradation, because the product has 

one carbon less than the starting acyl azide. This rearrangement reaction is versatile because a 

diverse assortment of carboxylic acids can be converted to the corresponding acyl azides, which 
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then undergo the rearrangement reaction to afford isocyanates in one pot and at moderate 

temperatures (60-80 °C) in high yields.
60,61

 The resultant isocyanates are often trapped by water, 

alcohols or amines to afford the corresponding amines, carbamates or urea derivatives.
62,63 

If the 

thermolysis of acyl azide is conducted in absence of any nucleophiles, the isocyanate product can 

be isolated.  

 

Scheme 1.7 Preparation of isocyanates 

 

As shown in Scheme 1.7, acyl azides can be synthesized in various ways: 1) the reaction 

of mixed anhydrides
64

 or acid chlorides with alkali azide
65

 or trimethylsilyl azide;
66

 2) the 

reaction of acid with diphenyl phosphoryl azide; 3) the reaction of acylhydrazine with nitrous 

acid.
67

 If Lewis acids are used as a catalyst, the thermolysis temperature is reduced 

significantly.
68

 Thermal rearrangement proceeds in one step with the synchronous formation of 

isocyanate and evolution of N2 (Scheme 1.8).
61,69

 On the other hand, photochemical arrangement 

proceeds in two steps, in which the first step is the formation of acylnitrene and the second step 

is the rearrangement of nitrene to isocyanate. Under the thermal conditions, the acylnitrene 

intermediate is very reactive and undergoes hydrogen abstraction, insertion into C-H bonds and 
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addition to C=C bonds.
70,71

 Its structure and high reactivity have been studied by theoretical 

calculations as well.
72

 

 

 

Scheme 1.8 Mechanisms for (a) thermal and (b) photo-induced Curtius rearrangement  

 

The concerted or stepwise rearrangement involves the two (syn and anti)-conformers of 

acyl azide (Figure 1.2). The syn-conformer rearranges to the product in a concerted way while 

the other conformer rearranges in a stepwise process. Moreover, the activation energy of 

isomerization of syn-anti conformers is lower than those of any individual rearrangements. 

Thermal rearrangement almost completely proceeds via more stable syn-conformer in the 

concerted mechanism. Thermal rearrangement can be catalyzed by protic acids (AcOH, HCl, 

etc.) 
69,73

 and Lewis acids (BF3, AlCl3, SbCl5, etc.),
68,74,75

 which significantly decrease the 

reaction temperature and time. Interaction of Lewis acids with the acyl azide group facilitates the 

reaction and decreases the activation energy with a decreasing strength of Lewis acids.
76

 

 

Figure 1.2 Structure of syn and anti-conformer of acyl azide 
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Though the Curtius rearrangement is an efficient "phosgene-free" reaction for the 

preparation of isocyanates, the reaction is only suitable for laboratory use, due to the nature of 

toxic and explosive azides.
61

 

 

1.2.4 Preparation of isocyanates by Hofmann rearrangement 

The Hofmann rearrangement is another way to synthesize isocyanates (in situ) from 

primary amides. In this rearrangement, primary amides rearrange into isocyanates upon 

treatment with halogens and bases (Scheme 1.9).
77,78

 This reaction is named by discoverer 

August Wilhelm von Hofmann in 1881 and it is also called the Hofmann degradation because the 

product forms with a loss of carbon atom and the change of functional group from amide to 

amine.
79

 According to the Scheme 1.10, the reaction begins with deprotonation of the amide by a 

base to form an anion, which then reacts with halogen to form an N-haloamide. The N-haloamide 

is then deprotonated by the base and forms the corresponding unstable alkali salt which 

undergoes a concerted rearrangement to isocyanate via a bridged anion.
80a,b

 The resulting 

isocyanate can be isolated under anhydrous conditions. However, the reaction is generally 

carried out in aqueous or alcoholic solution and the isocyanate is converted into an amine or 

urethane.  

 

Scheme 1.9 General preparation of isocyanates by Hofmann rearrangement 
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Scheme 1.10 Reaction mechanism from amide to isocyanate by Hofmann rearrangement 

 

The use of this reaction for isocyanate preparation is limited due to the use of highly toxic 

bromine and strong base.
29b

 Thus, modifications have been done, including the substitution of 

bromine with sodium hypochlorite,
 
lead tetraacetate, N-bromosuccinimide and hypervalent 

organo-iodine compound, and the use of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 

different solvents like DMF, CH3CN, and CH3OH.  

In 1990, the Jew group
81

 reported four different types of bromonium (Br
+
) reagents, 

NBS-Hg(OAc)2-R'OH, dibromantin-Hg(OAc)2-R'OH, NBS-AgOAc-R'OH, and dibromantin-

AgOAc-R'OH, for the conversion of primary aliphatic and aromatic carboxamides into the 

corresponding carbamates. They conducted the reactions at room temperature or 45 ºC in DMF 

for 12 hours. NBS stands for N-bromosuccinimide and dibromantin refers to 1,3-dibromo-5,5-

dimethylhydantoin. Generally, the Hofmann rearrangement of higher aliphatic carboxamides is 

difficult and aromatic carboxamides can not be converted by using C6H5I(OCOCF3)2
82

 C6H5IO
83

 

or C6H5I(OTs)OH.
84

 When using the Jew group’s reported bromonium reagents, carbamates can 

be obtained in excellent yields from the corresponding higher aliphatic amides and aromatic 

carboxamides. 

The Miranda group
 
did the Hofmann rearrangement reaction of substituted benzamide to 

carbamate by using tribromoisocyanuric acid (TBCA) as a source of electrophilic bromine 

instead of NBS.
85

 They have shown that TBCA is very efficient for Hofmann rearrangement 

https://en.wikipedia.org/wiki/Sodium_hypochlorite
https://en.wikipedia.org/wiki/Lead(IV)_acetate
https://en.wikipedia.org/wiki/N-Bromosuccinimide
https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene
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with high yields (Scheme 1.11). In the case of NBS, only 45% of its mass can be transferred in a 

halogenation reaction, whereas for TBCA the transferred mass would be 66%. In addition, after 

the reaction, isocyanuric acid is the by-product and can be recovered easily and reused to 

produce TBCA.  

 

Scheme 1.11 The TBCA-mediated Hofmann rearrangement reaction  

 

To prepare aliphatic and aromatic methyl carbamates from carboxamides via Hofmann 

rearrangement, NaOCl is used as an oxidant with a catalytic amount of KF/Al2O3 (40% KF in 

Al2O3) in MeOH (Scheme 1.12).
86

 This is the first use of the solid-supported base (KF/Al2O3) 

with inexpensive oxidant NaOCl. KOH is released from KF/Al2O3 and OCl
- 
as the predominant 

form of chlorine reacts with the amide to form N-chloroamide which undergoes the 

rearrangement to isocyanate and then methyl carbamate after subsequent reaction with methanol. 

This modified Hofmann rearrangement is simple and inexpensive and is applicable to a variety 

of aliphatic as well as aromatic amides for the synthesis of methyl carbamates. In the case of 

non-aqueous Hofmann rearrangements, expensive tert-butyl hypochlorite can be used.
29b 

Regardless these modifications and improvements, the Hofmann rearrangement has still not been 

accepted by industry for the production of isocyanates. 

 

Scheme 1.12 Synthesis of methyl carbamate using solid-supported base 
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1.2.5 Preparation of isocyanates by Lossen rearrangement 

The Lossen rearrangement is another important phosgene-free method to prepare 

isocyanates. The starting material or hydroxamic acid is converted to the corresponding 

isocyanate by heating (Scheme 1.13). In comparison with other methods, the reaction condition 

is mild and it does not require the use of a strong base. The Lossen rearrangement reaction was 

first introduced by W. Lossen in 1872 for the pyrolysis of benzoyl benzohydroxamate to produce 

phenyl isocyanate and benzoic acid (Scheme 1.14).
87

 

 

Scheme 1.13 Synthetic route to isocyanates via Lossen rearrangement  

 

 

Scheme 1.14 First reported synthesis of phenyl isocyanate by Lossen rearrangement 

 

The starting material, hydroxamic acid, is prepared easily by various methods.
88 

It could 

be made from the corresponding carboxylic acid chlorides or mixed anhydrides and then reacted 

with hydroxylamine to form hydroxamic acid. It also could be made directly from the reaction of 

esters with hydroxylamine or from the reaction of aliphatic or aromatic carboxamides with 

hydroxylammonium chloride. Therefore, there are various scopes to make hydroxamic acids 

starting with any preferable starting compounds. There is no report found for the conversion of 
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the free hydroxamic acid to isocyanate just by heating or in the presence of a base.
88

 Thus, it is 

necessary to activate the N-hydroxyl group. Anhydrides and acyl halides
88

 are mostly used for 

the O-acylation; and dialkylcarbodiimides
89

 and activated aromatic halides
90

 (e.g., 2,4-

dinitrochlorobenzene) could be used. The reaction rate of the Lossen rearrangement is directly 

proportional to the acidity of the leaving group.
91 

The Meier group synthesized methyl carbamate 

by in situ activation of hydroxamic acid with dimethyl carbonate in the presence of TBD or other 

amine bases.
92

 In situ activation of hydroxamic acid using bromodimethylsulfonium bromide 

triggers the Lossen rearrangement and the urea product is obtained in the presence of amine 

(Scheme 1.15).
93

 

 

Scheme 1.15 Mechanism for the reaction of hydroxamic acid with bromodimethylsulfonium 

bromide in the presence of amine  

 

The general mechanism of Lossen rearrangement is depicted in Scheme 1.16. In the first 

step, deprotonation occurrs at the nitrogen atom of the O-acyl hydroxamate by a base. The 

hydroxamate anion undergoes a concerted rearrangement to form isocyanate through a bridged 

anion.
94-96 
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Scheme 1.16 General mechanism of the Lossen rearrangement 

 

1.3 Reactivity and reactions of isocyanates 

The reactivity of isocyanate is governed by the positive charge of the carbon atom in the 

cumulated double bond of the N=C=O group (Figure 1.3). The electron deficiency on the carbon 

atom is the main cause of the high reactivity of isocyanate towards nucleophilic attack and 

mostly the reaction occurs at the C=N bond and only exceptionally at C=O bond.
97

 When the R 

group is aromatic, then the partial negative charge on the nitrogen will be distributed throughout 

the benzene ring, which makes the central carbon atom more electrophilic and isocyanates 

become more reactive. Therefore, aromatic isocyanates are more reactive than aliphatic ones. If 

any electron-withdrawing group is on the aromatic ring, the isocyanate becomes more reactive 

towards a nucleophile. On the other hand, electron donating groups reduce the reactivity of 

isocyanates.
42 

 

Figure 1.3 Resonance structures of the isocyanate groups.  

To understand the reactivity of isocyanates, studies on the geometry and the electron 

density distribution of NCO moiety have been done.
98 

Different methods of calculations gave 

different results. However, it is all agreed that the minimal electron density exists on the carbon 

atom of NCO.
38
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The reactions of particular isocyanates have been well reviewed by Ozaki,
29a

 Ulrich,
99a

 

and Merten.
99b

 The Caraculacu group divided the reactions of isocyanates into two categories on 

the basis of inter-atomic binding types (Figure 1.4).
38

 One of them is π-σ transformation and the 

other one is π-π transformation. The common reaction of isocyanate is the nucleophilic addition 

to the N=C double bond, which is π-σ transformation. The π-π transformation is the self-addition 

reaction of isocyanates (Scheme 1.17). 

 

Figure 1.4 Inter-atomic binding types of isocyanate 

 

Under acidic or basic conditions, isocyanates react with water forms unstable carbamic 

acid derivatives, followed by decarboxylation to primary amines.
47

 Isocyanates react with 

alcohols, amines, carboxylic acids/thioacids to produce carbamate,
100

 urea,
101

 and amide 

derivatives,
102

 respectively. In the presence of phosphanes or tertiary amines isocyanates undergo 

self-addition reactions form the dimer, uretidones and the trimer, isocyanurates. The isocyanurate 

is widely used for the formation of polyisocyanurate foams for thermal insulation.
103
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Scheme 1.17 Common reactions of isocyanates 
47

 

 

1.4 Detection of isocyanates 

In order to protect workers from exposure to hazardous chemicals, the mandatory 

occupational exposure limits have been introduced in many countries. The exposure limits could 

be the average concentration of a chemical in air for normal 8 hours a day and 40 hours per 

week.
104 

In the United States, the recommended exposure limits are developed and periodically 

revised by the National Institute for Occupational Safety and Health (NIOSH) and then 

published and transmitted to the Occupational Safety and Health Administration (OSHA) for use 

in promulgating legal standards. Threshold limit values (TLVs) are also issued by the American 

Conference of Governmental Industrial Hygienists (ACGIH). 
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The application of diisocyanates was first introduced by Bayer in 1937
105 

and from then 

on spread in different industries.
42

 Mono-isocyanates are used as intermediates for 

pharmaceutical and agricultural products and the long-chain aliphatic isocyanates are used for 

surface treatment of textile or papers.
42

 The most isocyanates are liquid at room temperature and 

volatile. In a workplace environment, workers can be exposed to isocyanate vapors during 

handling, spraying, heating, cutting and applying the isocyanate-containing materials. The 

adverse health effects from exposure to isocyanates were reported, including the studies on toxic 

effects of isocyanates on human health.
39,106 

Exposure to airborne isocyanates causes two types 

of physiological effects. The first one is associated with irritation of the skin, eyes, mucous 

membranes, and the respiratory system. The second one is associated with coughing and 

shortness of breath.
107

 Moreover, the adverse health impact associated with isocyanate exposure 

is asthma due to sensitization.
108 

In 1984, in the Indian city of Bhopal, there was an accident in a 

chemical plant and approximately 8000 people died within two weeks because of inhalation of 

methyl isocyanate.
109

 Therefore, workplace environment needs to be monitored and screened on 

a regular basis. A highly sensitive sensor is necessary to detect most isocyanates in air at the 

concentration of 5 ppb, as recommended in most countries.
110

  

The determination of isocyanate based on colorimetric method was first reported by 

Marcali in 1956. In this method, isocyanates are hydrolyzed by acetic acid and hydrochloric acid 

in water to produce the amines, followed by coupling with N-1-naphthyl ethylenediamine to 

afford the azo dyes for detection. The method was successful for the detection of TDI with a 

detection limit of 600-130 μg/m
3
.
111,112

 In 2000, Wang et al. reported the fluorimetric detection 

of methyl isocyanate. Methyl isocyanate is absorbed in acidified dimethylsulfoxide and thus 

hydrolyzed to methylamine, which reacted with formaldehyde and acetyl acetone to form N-
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methyl-2,6-dimethyl-3,5-diacetyl-1,4-dihydropyridine for detection by fluorescence 

spectroscopy with a detection limit of 20 μg/L.
113

 

Isocyanates are hydrolyzed to amines by using phosphoric acid and then separated by 

either liquid
114

 or gas chromatography.
115

 The common analytical methods predominantly 

involve the derivatization with nucleophilic compounds (such as alcohols or amines), which is 

followed by chromatographic separation, photometric,
116-122

 fluorimetric
123-1125

 and 

electrochemical.
126,127

 Most recently used method is mass spectrometry for the detection of a 

trace amount of isocyanates.
128-131

 A recently improved method uses the proton transfer reaction, 

which can rapidly detect isocyanates with a high accuracy and without any sample 

preparation.
132

 The chemical structures of most commonly used derivatizing agents are presented 

in Figure 1.5.  

 

Figure 1.5 Structures of selected amine reagents for derivatization of isocyanates
42 
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1.5 Nitroaromatic explosives 

Law enforcement agencies throughout the world are faced with the challenges of 

detecting hidden explosives in luggage, mail, vehicles, aircraft and as well on suspects. A 

common explosive is 2,4,6-trinitrotoluene (TNT) and is also known to easily contaminate the 

ground water.
133 

 

Currently, one of the best approaches to detection of explosives is the use of the trained 

dogs. A trained dog is able to detect a complex sample in a range of 10 ppb to 500 ppt and can 

identify 10 different compounds.
134

 However, the trained dogs are expensive and their abilities 

rely on their conditions, training, and handler and also desire to find explosives. To improve 

upon using dogs and other animals for detection, the current technology utilizes the state-of-art 

instrumentation for detection,
135

 such as ion mobility spectrometry, gas chromatography coupled 

with mass spectrometry,
136 

surface enhanced Raman spectrometry,
137,138

 infrared spectrometry,
139

 

energy dispersive X-ray diffraction,
140,141

 cyclic voltammetry,
142-143

 and electron capture 

detection.
144

 These methods are highly selective, extremely sensitive, robust, miniaturized, and 

real-time, although the instrument and equipment are expensive, need to be calibrated frequently 

or are difficult to handle.
145

 

Nitroaromatics are electron deficient and have moderate vapor pressures. Based on the 

chemical structure, rate of decomposition and performance, explosives are classified as low and 

high explosives and both types are further classified into different sub-categories (see chapter 5). 

Low explosives burn at relatively low rates (cm s
−1

), whereas high explosives detonate at high 

velocities (km s
−1

). The structures and vapor pressures of common explosives are shown in 

Figure 1.6 and Table 1.1, respectively. These electron-deficient nitroaromatic molecules are able 

to form π-stacking complexes with electron-rich fluorophores, and this particular property has 
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been used for their detection.
146,147

 TNT explosive has been studied more than other 

explosives.
148

 2,4-Dinitrotoluene (DNT) is a by-product remained in TNT, resulting from the 

preparation process. Even with a small amount, the significant higher vapor pressure of DNT 

often makes it the target molecule for detection.
149,150

 

 

Figure 1.6 Structures of common explosive compounds
146
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Table 1.1 Vapor pressures, boiling points and melting points of some explosives (Refs. 151,152) 

Explosive  Molecular 

weight 

Melting 

Point (ºC) 

Boiling point 

(ºC) 

Vapor pressure at 

20 ºC (Torr) 

Nitromethane 61.0 -29 100-103 2.8 x 10
-1

 

2,4-Dinitrotoluene  182.1 67-70 250-300 

(decompose) 

1.5 x 10
-4

 

2,4,6-Trinitrotoluene  227.1 80.1-81.6 240 (explode) 1.1 x 10
-6

 

2,4,6-Trinitrobenzene  213.1 122.5 315 2.2 x 10
-4

 

Pentaerythritol 

tetranitrate ) 

316.0 141.3 190 

(decompose) 

3.8 x 10
-10

 

Ethylene glycol dinitrate  152.1 22 114 (explode) 2.8 x 10
-2

 

Nitroglycerine  227.0 13.2 - 2.6 x 10
-6

 

Tetranitro-

triazacyclohexane  

222.3 204.1 decompose 4.1 x 10
-9

 

Picric acid (2,4,6-

Trinitrophenol) 

229.1 122 300 5.8 x 10
-9

 

Ammonium nitrate 80.0 170 210 

(decompose) 

3.3 x 10
-4

 

N-2,4,6-tetranitro-N-

methylamine  

287.1 129.5 187 

(decompose) 

5.7 x 10
-9

 at 25 °C 

Triacetone triperoxide  222.1 98  5.9 x 10
-2

 at 25 °C 

 

1.6 Fluorescence quenching 

Herein fluorescence quenching refers to the decrease in the fluorescence intensity after an 

analyte interacts with a receptor. A variety of molecular interactions like the excited state 

reaction, molecular rearrangement, energy transfer, π-stacking complex formation, ground-state 

complex formation and collision can quench the fluorescence. In general, the fluorescence 

quenching can be either dynamic or static and both in some cases. The dynamic quenching 

mechanism results from diffusive encounters between fluorophore and quencher in the excited 

state. In the static quenching process, it occurs as a result of the formation of a non-fluorescent 

complex in the ground state between fluorophore and quencher.
153

 In solution, the fluorescence 

quenching depends on the solvent viscosity, polarity, and pH of the medium.
154

 For electron 

donor-acceptor systems, usually in nonpolar solvents the mechanism of quenching is the 
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formation of an excited charge-transfer complex while in polar solvents it is the simple 

quenching.
155

 Figure 1.7 shows the electron exchange or Dexter interaction, in which DE and AE 

represent the donor and acceptor. The excited donor has an electron in the LUMO orbital which 

then transfers to the LUMO of acceptor. The acceptor transfers an electron from its HOMO to 

donor's HOMO and the acceptor is left in the excited state. This happens when the distance 

between the donor and acceptor is large. In contrast, when the distance is short and in 

concentrated medium, the Dexter transfer can occur. In both cases, the acceptor stays in the 

excited state. 

 

Figure 1.7 Schematic representation of electron exchange for fluorescence quenching
155,156

 

 

1.7 Aggregation-induced emission  

In a condensed state, the fluorophore molecules are located in close vicinity, which promotes the 

formation of exciplexes and excimers, leading to a radiationless transition. This is called the 
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aggregation-caused quenching (ACQ). In 2001,
 
Tang and his group discovered a phenomenon: a 

series of silole compounds were non-luminescent in solution but were emissive in the aggregated 

state. They named this kind of emission as ‘‘aggregation-induced emission'' (AIE).
157

 The 

restriction of the active rotation of the peripheral phenyl rings (rotor) against the central core 

plays the vital role in the fluorescence process (Figure 1.8). In solution, the intermolecular 

rotation effectively annihilates the excited state thus making the solution nonemissive or weakly 

emissive. In aggregation or solid state the highly twisted molecular conformation inhibits π-π 

stacking process and restricts the intramolecular rotation. The restriction of intramolecular 

rotation is activated by cooling, thickening, pressurization and crystallization, which blocks the 

nonradiative relaxation channel and populates the radiative excitons.
158-160

  

 

Figure 1.8 Aggregation caused quenching and aggregation-induced emission 
171

 

 

Many AIE compounds have been synthesized and studied.
161-165

 At the same time, some 

AIE compounds and polymers containing the AIE-enabling units such as tetraphenylethene, 

hexaphenyl-silole and diphenyldibenzo-fulvene have been used as chemosensors.
166,167-169 

Among them, tetraphenylethylene (TPE) is unique for its facile synthesis and functionalization, 

good stability and high fluorescence in the aggregation state.
170

 Recently, a TPE-containing 

polymer was used for the detection of nitroaromatic explosives. In the aggregation state, it is 
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highly emissive or in the fluorescence “turn-on" state. After in contact with the analyte, the non-

binding electrostatic interaction between the analyte and the TPE unit causes the fluorescence 

quenching or "turn-off".
167-169

 

 

1.8 Rational and objectives 

Isocyanates are now in the age of over 160 years but still the attractive and important 

subject of research due to their high demand in the industry. The use of toxic phosgene in the 

production of isocyanates and adverse health effect of exposure of isocyanate call for the 

research and development of environmentally friendly process as well as improvement of 

detection methodology for isocyanates. Therefore, studies on the new routes to the preparation, 

reaction, and detection of industrially important isocyanates are the focal point for our research. 

Nitroaromatic compounds are the starting materials in the supply chain of isocyanates and 

considered as environmental pollutants; some are used as explosives. Therefore, detections of 

nitroaromatic compounds in air and water need to be studied in this thesis research. 

The concept and utilization of latent isocyanates or isocyanate equivalent compounds will 

be explored, in order to develop a new route to the synthesis of isocyanates, NCO-terminated 

prepolymers, and polyurethanes. Specifically, we will study and apply the Lossen rearrangement 

reaction to generate the isocyanates in situ from the appropriate hydroxyamide precursors.  

To develop a fluorescence method for detection of isocyanates and nitroaromatic 

compounds, we intend to use highly fluorescent conjugated polymers containing the property-

enhancing units of pentiptycene and tetraphenylethylene. Pentiptycene is incorporated into a 

conjugated polymer, in order to create a larger free volume for trapping the target molecules and 

to prevent π-stacking or excimer formation in the excited state in the solid film. 
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Tetraphenylethylene enables the emission of conjugated polymers in the aggregated state (e.g., 

film), allowing for a high sensitivity in fluorescence detection. 

According to the above rationale, the main objectives of this thesis research are: 

1) To design and obtain a latent isocyanate precursor; 

2) To synthesize the prepolymers and polyurethanes using a latent isocyanate precursor; 

3) To synthesize polymethacrylates containing the pendent latent isocyanate group and 

study the transformation into the reactive NCO-containing polymethacrylates; 

4) To develop a fluorescence method for detection of isocyanates and nitroaromatic 

compounds in air and water using conjugated polymers. 
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Chapter 2 Synthesis and Characterizations of NCO-Terminated and N-

Acetoxyamide-Terminated Prepolymers  

 

2.1 Introduction 

The urethane linkage (-NH-COO-) in polyurethane (PU) is a result of the reaction 

between an isocyanato (NCO) group of isocyanate and a hydroxyl (OH) group of polyol. When a 

stoichiometric excess of NCO is used, an NCO-terminated prepolymer is formed, which then 

reacts with chain extender to yield PU (Scheme 2.1).
1 

This is a two-step procedure for the 

formation of PU. The physical characteristics (e.g., hardness) of PU products depend on the ratio 

of NCO to OH. The prepolymers without any residual isocyanate monomers have a long shelf 

life and are environmentally friendly due to low volatility in comparison with isocyanate 

monomers.  

 

Scheme 2.1 Formation of NCO-terminated prepolymer and polyurethane 

 

Several groups have studied NCO-terminated prepolymers from different points of view. 

Most research has focused on the formation of side products, the effect of time and temperature 

on molecular weight and removal of residual isocyanates from prepolymers.
1-6 

Schubert and co-

workers investigated the formation of prepolymers and their side products during the step-growth 
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polymerization by gel permeation chromatography (GPC), NMR spectroscopy and MALDI-TOF 

mass spectrometry.
2
 The Gogai group synthesized NCO-terminated prepolymer by the reaction 

of an excess of methylene diphenyl diisocyanate (MDI) with poly(propylene glycol) at 60 °C in 

the presence of 2,2´-dimorpholinodiethyl ether as a catalyst.
1
 It was found that the viscosity and 

weight-average molecular weight of the prepolymer increased with prolonging reaction times. 

Smith, et al. applied different methods to reduce the residual MDI, including wiped film 

evaporation, solvent-aided distillation/co-distillation, molecular sieves, and solvent extraction.
3
  

In the Lossen rearrangement reaction, a hydroxamic acid is converted to an isocyanate 

intermediate that can be captured by an alcohol to form a urethane. On the contrary, the Curtius 

and Hofmann rearrangements use highly toxic and explosive azides or toxic bromine and 

produce large amounts of waste.
4
 Due to the advantages of the Lossen rearrangement, we were 

interested in its use for the formation of NCO-terminated prepolymers. 

In this chapter, the synthesis of prepolymers from N
1
,N

4
-diacetoxyterephthalamide 

(DATA) and poly(tetramethylene ether glycol) (PTMEG) via the Lossen rearrangement is 

described, where an N-acetoxyamide group (CO-NH-COO-CH3) (denoted as AA in this chapter) 

is equivalent to a latent NCO group (Figure 2.1). DATA is synthesized from the reaction of 

N
1
,N

4
-dihydroxyterephthalamide (DHTA) and acetic anhydride. In literature, the type of 

compound like DHTA is often called hydroxamic acid and the corresponding acetyl derivative is 

called acetohydroxamate.
7 

 

Figure 2.1 Structure of DATA 
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In our study, both NCO- and AA-terminated prepolymers were targeted in the synthesis 

using two different reaction conditions. First, an excess of DATA reacts with PTMEG at the 

elevated temperatures to effect the in situ Lossen reaction and form the NCO-terminated 

prepolymers. In the second reaction protocol, a base catalyst is used to synthesize AA-terminated 

prepolymers at low temperatures. The reaction time and temperature were investigated for the 

synthesis of these prepolymers, mainly using infrared spectroscopy (IR). 

In industry, TDI and MDI are used for making a majority of aromatic polyurethanes. PU 

materials derived from p-phenylene diisocyanate (PPDI) are produced in a relatively small 

quantity but perform better in many applications than the MDI and TDI-based PU materials.
8,9

 In 

our study, DATA is considered as a latent of PPDI for use in the formation of either latent or 

actual PPDI-terminated prepolymers. 

 

2.2 Synthesis and characterizations of N
1
,N

4
-dihydroxyterephthalamide  

The synthesis of DATA starts with DHTA. A common method for the synthesis of 

DHTA is the reaction of carboxylic acids or derivatives (halides, anhydrides, and esters) with 

hydroxylamine in the presence of a base.
10

 Another approach is the direct oxidation of amide, 

from N-H to N-OH.
11

 The latter method requires an amide. If the parent amide is not available, 

then the overall process may increase the number of synthetic steps. Yamaye et al. reported the 

synthesis of DHTA from the reaction of poly(butylene terephthalate) with zinc acetate over 245 

°C, followed by reaction of hydroxylamine hydrochloride in a basic medium.
12

 

Our synthetic route to DHTA is shown in Scheme 2.2 and is synthesized under basic 

conditions by a nucleophilic substitution reaction of diethyl terephthalate with hydroxylamine. 

To prepare free hydroxylamine from hydroxylamine hydrochloride, a stoichiometric amount of 

base solution was added to the reaction mixture. To prevent the hydrolysis of the ester group in 
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diethyl terephthalate, the base solution and hydroxylamine hydrochloride were added into the 

reaction system at 0-5 °C. The reaction continued for 48 hours and after work up DHTA was 

obtained as white solid. DHTA decomposes at 245 °C
12

 and is fully soluble in DMSO at room 

temperature and insoluble in methanol, ethanol, acetic acid and water at ambient temperatures. 

Although the synthesis is known,
10,11

 the modified procedure is given in the experimental 

section. 

 

Scheme 2.2 Synthesis of DHTA 

DHTA was characterized by IR, 
1
H NMR, 

13
C NMR and mass spectrometry. All the 

spectra are given in Appendix A. IR spectrum (Figure S2.1) of DHTA displays the characteristic 

HN-C=O band at 1642 cm
-1

, HN-C=O bending and C-N stretching band at 1565 cm
-1

. The peak 

at 3286 cm
-1

 is a stretching band for NH and OH. The 
1
H NMR spectrum (Figure S2.2) of DHTA 

shows singlet peaks at 7.81, 9.14 and 11.37 ppm, which are assigned to aromatic, OH and NH 

protons, respectively. The 
13

C NMR spectrum (Figure S2.3) of DHTA shows peaks at 163.8, 

135.49 and 127.37 ppm, for the amide C=O, substituted aromatic carbon and aromatic carbon, 

respectively. High-resolution mass spectrum (Figure S2.4) shows a molecular ion peak at m/z 

196.04625, which corresponds to the desired compound.  

 

2.3 Synthesis and Characterizations of N
1
,N

4
-diacetoxyterephthalamide  

The synthesis of N
1
,N

4
-diacetoxytetrephthalamide (DATA) was not well established yet 

prior to our study. In 1970, Hynes prepared DATA from N
1
,N

4
-dihydroxytetrephthalamide 
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(DHTA), acetic acid and acetic anhydride.
13

 Recently, DATA was synthesized by Zhang et.al 

following the same procedure.
14

 The reaction of the hydroxamic acid and acid anhydrides 

produced a mixture of compounds and the optimization of the reaction conditions was not 

discussed by Zhang or Hynes. In our research, we optimized the reaction conditions for the 

synthesis of DATA (see experimental section). 

DATA was synthesized according to Scheme 2.3. N,N-diisopropylethylamine (DIPEA) 

remove O-H protons from DHTA to generate a nucleophile (Scheme 2.4), which undergoes the 

nucleophilic substitution reaction with acetic anhydride and gives the desired compound 

(DATA). The pka value of the conjugate acid of DIPEA is 12, whereas the pka value for OH of a 

hydroxamic acid is 8.8.
 
The difference in the pka values allows for the deprotonation of DHTA 

and formation of the nucleophile.
15 

In the presence of excess DIPEA, further acetylation on 

DATA takes place to yield an N-substituted by-product (Scheme 2.5). The acylation on NH was 

prevented by using only 2.05 equivalents of DIPEA. After 2 hours at 80 °C, the reaction stopped 

and DATA was isolated in good yield. DATA decomposes at 150 °C and is highly soluble in 

DMSO at room temperature and partially soluble in methanol and ethanol at elevated 

temperatures. 

 

Scheme 2.3 Synthesis of DATA 
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Scheme 2.4 Plausible mechanism for the formation of DATA 

 

 

Scheme 2.5 Plausible mechanism for the formation of N-substituted DATA 

 

DATA was fully characterized by the IR, 
1
H NMR, 

13
C NMR, mass spectroscopy and 

TGA. The IR spectrum (Figure 2.2) displays the stretching O-(CH3)C=O band at 1789 cm
-1

 and 

stretching NH band at 3128 cm
-1

, which are the characteristic peaks for acetoxy C=O and amide 

NH. There is no peak at 3286 cm
-1

 and the NH band separates out, indicating that all the OH was 

converted to an ester. The 
1
H NMR spectrum (Figure 2.3) of DATA shows a new singlet peak at 

2.25 ppm, indicating the presence of the CH3-C=O group. There is no peak at 9.14 ppm, 

indicating all the OH reacted. The NH peak shifted downfield to 12.52 ppm from 11.37 ppm, due 
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to the electron withdrawing nature of the acetoxy group. The ratio of aromatic protons to the CH3 

protons in DATA are exactly 4:6, further indicating no nucleophilic substitution on the amide. 

The 
13

C NMR spectrum (Figure 2.4) of DATA shows two peaks at 170.0 ppm and 165.12 ppm, 

for the O-(CH3)C=O and HN-C=O, respectively. The methyl carbon appears at 19 ppm. The 

mass spectrum is given in Appendix A (Figure S2.5). 

Thermogravimetric analysis (TGA) measures the weight changes of a sample as a 

function of temperature. The TGA trace of DATA reveals the onset temperature for 1% weight 

loss at 150.3 °C (Figure 2.5), which implies that the Lossen rearrangement of DATA takes place 

at this specific temperature to generate PPDI in situ. Therefore, it can be proposed that 

prepolymer/polyurethane be synthesized in one pot from DATA and polyol.  

 

Figure 2.2 IR spectrum of DATA  

 

 

Acetoxy C=O NH 
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Figure 2.3 
1
H NMR spectrum (300 MHz, DMSO-d6) of DATA 

 

 

Figure 2.4 
13

C NMR spectrum (75 MHz, DMSO-d6) of DATA 

 

C(O)CH3 

Dimethoxyethane (solvent) 
Peak 
 

NH 

Ar-H 
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Figure 2.5 TGA trace of DATA (10 C/min in nitrogen) 

 

2.4 Model reactions  

Before making the target prepolymers, we carried out the model reactions of DATA and 

heptadecane-9-ol, in order to confirm our hypothesis. In addition, characterizations of the model 

products will help confirm the structures of the target prepolymers. As mentioned earlier, two 

different reaction conditions are applied herein: (1) without a catalyst at high temperature and (2) 

with a catalyst at low temperature. Heptadecane-9-ol was chosen because it is expected to impart 

the solubility to the product for easy isolation and characterization.  
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2.4.1 Reaction of N
1
,N

4
-diacetoxyterephthalamide and heptadecane-9-ol in absence of a 

base catalyst 

DATA was heated at 150 °C in dioctyl terephthalate (DOT) for 9 minutes (Scheme 2.6). 

The IR spectrum (Figure 2.6) shows the appearance of NCO peak at 2263 cm
-1

 along with 

another peak at 2238 cm
-1

. The later peak has a higher intensity compared to the NCO peak. At 

that point, the reaction temperature was lowered to 90 °C and 2 equivalents of 9-heptadecan-9-ol 

were added. The IR spectrum (Figure 2.7) was taken again after addition of heptadecan-9-ol and 

showed that an unknown peak at 2338 cm
-1

 remained and the NCO peak disappeared. The 

reaction continued for another 1.5 hours and an unknown peak at 2338 cm
-1

 became very weak. 

At that point, the products were separated and identified as the urethane compound 1 along with 

some unreacted DATA. The yield of compound 1 was low (40 %) as expected, due to the low 

conversion of DATA during the reaction. The important outcome from this model reaction is that 

at 150 °C DATA converts to PPDI via Lossen rearrangement as we expected (Scheme 2.7) and 

then the in situ resulting isocyanate reacts with alcohol to form a urethane compound in two 

steps in a one-pot reaction. 

 

Scheme 2.6 Reaction of DATA and heptadecane-9-ol  
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We believe that DATA forms PPDI in situ via Lossen rearrangement (Scheme 2.7), 

where elimination of the acetate ion is followed by the migration of carbon to nitrogen to yield 

the isocyanate.
16

 Heptadecane-9-ol as a nucleophile reacts with the in situ generated PPDI to 

afford compound 1.  

 

Scheme 2.7 Mechanism for the reaction of DATA and heptadecane-9-ol  

 

 

Figure 2.6 IR spectrum of DATA in dioctyl terephthalate at 150 °C after 9 minutes 

? 
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Figure 2.7 IR spectrum of the reaction mixture after adding 9-heptadecanol as shown in Scheme 

2.6 

 

2.4.2 Reaction of N
1
,N

4
-diacetoxyterephthalamide and heptadecane-9-ol in the presence of 

a base catalyst 

DATA was heated with heptadecane-9-ol in the presence of TBD as a base catalyst at 80 

°C according to Scheme 2.8. After the reaction, we got the same result as described above, 

compound 1 and unreacted DATA. At the same time, we studied the reaction with another base, 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). The pka values of DBU and TBD are 13.5 and 15.2, 

respectively, and thus should be basic enough to remove the amide proton from DATA to 

promote the Lossen rearrangement. Accordingly, the base deprotonates the NH of the amide part 

of DATA and then elimination of acetate ion occurs, followed by the migration of carbon to 

nitrogen to form the isocyanate (Scheme 2.9). The isolated yields of compound 1 from the 
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reactions using either TBD or DBU are similar, in 50-52%. All the spectra are given in Appendix 

A (Figures S2.6-2.12). 

 
Scheme 2.8 Reaction of DATA and heptadecane-9-ol in the presence of a base catalyst 

 

 
Scheme 2.9 Reaction mechanism of DATA and heptadecane-9-ol in the presence of a base 

 

It was thought at that time that the unknown peak at 2338 cm
-1

 is an intermediate, which 

is gradually converted to PPDI in situ. To figure out what this intermediate might be, when the 

peak at 2338 cm
-1

 appeared in a high intensity ethanol was added in order to trap the 

intermediate compound. However, there was no compound that could relate to the peak at 2338 

cm
-1

 in IR spectrum. A short investigation was done in order to identify the source of the 

mysterious IR peak at 2338 cm
-1

. As we know, the asymmetric peak for CO2 in the gas phase is 

at 2345 cm
-1

, being close to 2338 cm
-1

. In a test experiment, CO2 gas was bubbled into DOT at 
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room temperature and the IR spectra of the CO2-containing DOT were taken at 5 minute 

intervals for 15 minutes (Figures S13-S14). DOT does not have any peak at 2338 cm
-1 

in the IR 

spectrum. However, the IR spectrum (Figure 2.8) shows a peak at 2336 cm
-1

 for the CO2 

containing DOT, with a very similar shape to the one for the unknown found in the model 

reactions. The peak intensity increased with the concentration of CO2 in DOT as well. The test 

simply confirms that the peak at 2338 cm
-1

 observed during the model reactions is due to CO2 

trapped or dissolved in the mixture. During the reaction, CO2 could be formed from the reaction 

as a result of hydrolysis of isocyanate or from the air as we did not degas the reaction mixture.  

 

Figure 2.8 IR spectrum of dioctyl terephthalate after bubbling in CO2 at room temperature for 15 

minutes 

 

2.4.3 Reactions of N-acetoxybenzamide and n-butanol with and without a base catalyst 

Before moving to the target prepolymers, another model reaction was carried out using 

N-acetoxybenzamide (ABA) and n-butanol (Scheme 2.10). We intended to do the same reaction 

CO2 



54 
 

with ABA, following the same reaction conditions for model reactions in sections 2.4.1 and 

2.4.2. The characterizations and spectra of ABA are in Appendix A ((Figures S2.15-2.18). TGA 

of ABA (Figure S2.19) indicates the onset temperature for Lossen rearrangement of the 

acetoxyamide group at 100 °C, much lower than that of DATA. ABA was synthesized (Scheme 

2.10) by acylation of N-hydroxybenzamide with acetic anhydride.
17-19

 The synthesis of ABA 

without the N-acylation can easily be controlled by the amount of base.
20,21

 

 

Scheme 2.10 Reactions of ABA with n-butanol under two different reaction conditions 

 

After the reaction with n-butanol, the products were separated and characterized by 

spectroscopic analysis and elemental analysis (Figures S2.20-S2.27). It was found that the major 

product was urethane compound 2 (35 %), along with the urea 3 (25 %) and the unreacted ABA. 

The characterizations of compound 3 are consistent with the known data in the literature.
22,23

 No 

urea product was found from the reaction of DATA, which implies a different reactivity between 

DATA and ABA.  

From the studies of these model reactions, we have learned that the Lossen rearrangement 

of DATA can take place under the two different conditions: at 150 °C without a base and at 80 

°C with a base. The investigation revealed that in the presence of TBD catalyst the desired 

Lossen rearrangement can be accomplished in a very short time and at a lower temperature since 

the in situ generated isocyanate was not detectable by routine sampling for IR analysis. We have 

further learned that we can make the target prepolymers terminated either with the acetoxyamide 

(AA) group (as a latent NCO) or with the NCO group. There are several variables like 
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temperature, time and the amount of catalyst need to be further optimized for the prepolymer 

synthesis. 

 

2.5 Synthesis of NCO-terminated prepolymer from DATA and PTMEG 

The NCO-terminated prepolymer P1 was synthesized from DATA and PTMEG at high 

temperature without a base catalyst (Scheme 2.11). PTMEG stands for poly(tetramethylene ether 

glycol) with a molecular weight 1000. The reaction was carried out using 3:1 molar ratio of 

DATA and PTMEG at 150 °C and the reaction progress was monitored by IR spectroscopy 

(Figure 2.9). IR spectra were taken at different time intervals and observed the formation of 

isocyanate with the peak at 2268 cm
-1

, since it is known that the NCO stretching appears at 2261-

2265 cm
-1

.
24

 It was also observed that the urethane C=O stretching peak at around 1730 cm
-1

 

increased in intensity with simultaneous decrease of the intensity of acetate C=O peak at 1788 

cm
-1 

(Figure 2.9a). After 90 minutes, the peaks at 3304 cm
-1

 and 2268 cm
-1

 appeared (Figure 

2.9b), indicating the presence of the urethane bond and isocyanate. It was also noticed that the 

peak for acetate C=O was very weak and the peak for urethane C=O stretching was very intense. 

If the reaction mixture was heated for more than 90 minutes, then the peak intensity of NCO 

decreased (Figure S2.28), presumably due to the formation of side products. In general, the 

formation of urethane bond (-NH-COO-) is evident by the peaks around 3300-3320 cm
-1

, the 

stretching vibration of OCN and NH bending around 1526 cm
-1

 and C-O-C stretching around 

1057-1103 cm
-1

. More importantly, the sharp peaks around 1696-1730 cm
-1

 and 1222 cm
-1

 are 

typical for the stretching vibration of C=O and asymmetric stretching vibration of C-O of the 

urethane bond, respectively.
25
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Scheme 2.11 Synthesis of prepolymer P1  

 

After performing several experiments, it can be concluded that the reaction time of 90 

minutes is optimal for the synthesis of P1. Acetic acid formed during the reaction should be 

removed in order to prevent the reaction with isocyanate. In our reaction, a higher molar ratio of 

DATA was used in order to facilitate the in situ formation of PPDI and NCO-terminated 

prepolymer. 
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(a) 
Urethane C=O 

Urethane N-H 

NCO 

Urethane C=O Urethane N-H 

NCO 

Acetoxy C=O 

(b) 

Figure 2.9 IR spectra of the reaction mixtures (DATA and PTMEG) taken at different time 

intervals, (a) 60 minutes, and (b) 90 minutes 

 

To confirm the formation of prepolymer P1 from DATA and PTMEG, the same polymer 

was synthesized from PPDI and PTMEG (Scheme 2.12). PPDI and PTMEG were combined in a 

3:1 molar ratio and the reaction mixture was heated at 150 °C for 5 to 15 minutes while 

monitoring by IR spectroscopy. The IR spectrum (Figure 2.10) displays the peaks at 3296, 2262 

and 1730 cm
-1

, which are exactly the same as those for prepolymer P1 made from DATA and 
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PTMEG (Figure 2.9). The fingerprint regions of both the IR spectra have the same profile, which 

further confirms the successful synthesis of prepolymer P1 from DATA. 

 

Scheme 2.12 Synthesis of NCO-terminated prepolymer with PPDI 

 

 

Figure 2.10 IR spectrum of reaction mixture of PPDI and PTMEG 

 

2.6 One-pot synthesis of polyurethane from DATA and PTMEG 

Our research on the chemistry of DATA continued by optimizing the reaction time and 

temperature, and by exploring the use of TBD as a catalyst. Accordingly, the direct synthesis of 

polyurethane (P2) in one pot form DATA and PTMEG was explored. Initially, the reaction was 

NCO 

Urethane C=O 

Urethane  
NH 
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carried out using a 1:1 molar ratio of DATA and PTMEG at 130 °C in the presence of 5 mol% 

TBD (Scheme 2.13). After 2 minutes of the reaction, the IR spectrum displays characteristic 

peaks at 3304 and 1727 cm
-1

 for NH and C=O of urethane (Figure 2.11). There were no peaks at 

1790 cm
-1 

and 3144 cm
-1 

from DATA, indicating a complete conversion of DATA by Lossen 

rearrangement and subsequent reaction with PTMEG to form a PU within 2 minutes. In the 

presence of TBD catalyst, the desired Lossen rearrangement can be accomplished in a very short 

time and at a lower temperature. Even without observing the peak at 2263 cm
-1

 for the NCO 

group, the reaction certainly proceeds via in situ formation of isocyanate. This study shows that 

by using a base catalyst and adjusting the ratio of reactants, the polyurethane can be synthesized 

from a non-isocyanate monomer, such as DATA. 

 

Scheme 2.13 One-pot synthesis of polyurethane from DATA and PTMEG in the presence of a 

base catalyst 
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Figure 2.11 IR spectrum of the reaction mixture of DATA and PTMEG (1:1 molar ratio) at 130 

°C in the presence of 5 mol% TBD after 2 minutes 

 

2.7 Synthesis of acetoxyamide-terminated prepolymer from DATA and PTMEG 

Based on the results obtained from our previous experiments, by running the same 

reaction in the presence of 5 mol% TBD but at a lower temperature, one should be able to 

selectively make the acetoxyamide-terminated prepolymers. Thus, under an argon atmosphere, a 

mixture of DATA and PTMEG (2.2:1 molar ratio) in the presence of 5 mol% TBD was heated at 

80 °C (Scheme 2.14) for 15 minutes. The IR spectra were acquired every 5 minutes. Figures 

2.12(a) and (b) show the IR spectra of the reaction mixture after 5 and 15 minutes. In Figure 

2.12(a), there is no peak at 2263 cm
-1

 for NCO stretching. It also displays a strong urethane C=O 

peak at 1732 cm
-1

 and an acetate C=O peak at 1789 cm
-1

, along with a weak peak 2338 cm
-1

. In 

Figure 2.12(b), there is still no peak at around 2263 cm
-1

 for the NCO group. The urethane C=O 

peak at 1731 cm
-1

 became more intense and the acetoxy C=O peak at 1789 cm
-1

 became weaker. 

From these IR spectra, it can be concluded that under these conditions prepolymer P3 is 

produced and the end group is AA rather than NCO group. 
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(a) 

(b) 

Acetoxy C=O 

Urethane C=O 

Acetoxy C=O 

Urethane NH 

 

Scheme 2.14 Synthesis of AA-terminated prepolymer P3 in the presence of a base catalyst 
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Figure 2.12 The IR spectra of reaction mixture of DATA and PTMEG (2.2:1 molar ratio) heated 

at 80 °C in the presence of 5 mol% TBD after (a) 5minutes (b) 15 minutes  

 

2.8 One-pot synthesis of polyurethane from DATA 

Prepolymer P3 is terminated with AA and should be able to convert to prepolymer P1 by 

simple heating at elevated temperatures. Thus, when prepolymer P3 was heated from 115
 
°C to 

130 °C, no peak was observed at 2263 cm
-1

 in the IR spectrum, indicating no conversion to 

isocyanate. When the temperature increased to 150 °C and after 5 to 10 minutes, the IR spectrum 

displayed a peak at 2152 cm
-1

 for the NCO group (Figure 2.13). The peak at 1790 cm
-1

 for the 

AA group disappeared. This result implies that prepolymer P3 was successfully converted to 

prepolymer P1. 

 

Scheme 2.15 In situ conversion of acetoxyamide-terminated prepolymer P3 to NCO-terminated 

prepolymer P1 and subsequent chain extension with BDO to form polyurethane P4 
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Figure 2.13 IR spectrum for the in situ conversion of prepolymers P3 to P1  

 

To further confirm the formation of reactive prepolymer P1, a molar equivalent of 1,4-

butanediol (BDO) was added to the mixture of DATA and PTMEG after being heated for 10 min 

(Scheme 2.15). After addition and heating at 80 °C for 5 min, the IR spectrum (Figure 2.14) 

shows the intense C=O band at 1729 cm
-1

 and NH band at 3314 cm
-1

. Therefore, polyurethane 

P4 is formed and it is elastic.  

 

NCO 



64 
 

 

Figure 2.14 IR spectrum of the reaction mixture after addition of BDO in 5 minutes at 80 C to 

the product from the reaction of DATA and PTMEG  

 

The investigation into the effect of reaction conditions on the Lossen reaction of DATA 

have drawn some conclusive findings so far: (1) By heating at 150 °C, it is feasible to obtain the 

NCO-terminated prepolymer (e.g., P1) from DATA and a polyol (e.g., PTMEG), (2) In the 

presence of base (e.g., TBD) at 80 °C, it is feasible to synthesize the acetoxyamide-terminated or 

so-called blocked prepolymer (e.g., P3), (3) It is feasible to further convert the acetoxyamide-

terminated prepolymer to NCO-terminated prepolymer by heating at 150 °C (e.g., from P3 to 

P1), (4) It is feasible to directly synthesize a polyurethane from DATA and a polyol (e.g., P2). 

For industrial applications, AA-terminated prepolymers (e.g., P3) can be stored over a long 

period of time and can be formulated with alcohol curative as one-component polyurethane 

precursors or with amine as polyurea precursors. 

 

Urethane C=O 
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2.9 Conclusion 

By changing the reaction conditions, NCO-terminated and acetoxyamide-terminated 

prepolymers were synthesized via Lossen rearrangement. By heating at 150 °C, the reaction of 

an excess of N
1
,N

4
-diacetoxyterephthalamide and PTMEG afforded the NCO-terminated 

prepolymer. Addition of 1,4-butanediol to the resultant prepolymer produced a polyurethane. In 

the presence of a base at 80 °C, an acetoxyamide-terminated prepolymer was selectively formed. 

This prepolymer could be converted to the NCO-terminated prepolymer upon heating at 150 °C. 

The acetoxyamide-terminated prepolymers are considered the latent or blocked NCO-terminated 

prepolymers. Accordingly, N
1
,N

4
-diacetoxyterephthalamide is considered to be the equivalent of 

PPDI suitable for the syntheses of polyurethane or polyurea. 

 

2.10 Experimental Section 

Materials 

All reagents were purchased from commercial sources and were used as received unless 

otherwise noted. PTMEG (Terathane 1000) was dried in a vacuum oven at 70 °C for 5 h before 

use. 1,4-Butanediol was dried in a vacuum oven at 50 °C for 5 h before using. DOT (boiling 

point of 400 °C) was purchased from Sigma-Aldrich and was purified by distillation to remove 

low boiling (~ 100 °C) impurities.  

 

General methods  

Thin layer chromatography (TLC) was used to monitor reaction progress and to check the 

purity of the synthesized products. The material used for TLC was silica gel, 60 G/UV254 

(Macherey-Nagel). Column chromatography was used for the separation of pure product from a 

reaction mixture. The crude product was often purified by column chromatography. The 
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chromatography column was prepared using slurry silica gel (Silicycle Chemical Division, 70-

230 mesh) as the stationary phase.  

Fisher-John’s melting point apparatus was used for recording the melting points of all the 

synthesized compounds by thin disc method. The melting points were not corrected. 
1
H and 

13
C 

NMR spectra were recorded on a Bruker Avance Digital 300 MHz (300 and 75 MHz for 
1
H and 

13
C NMR, respectively). Resonances were quoted on the δ scale relative to tetramethylsilane 

(TMS, δ = 0) as an internal standard. For 
1
H NMR spectra, the following abbreviations have 

been used: s = singlet, d = doublet, t= triplet, q = quartet, m = multiplet. Infrared measurements 

were performed on a Varian 1000 IR Scimitar series spectrophotometer. The measuring mode 

was %T (percentage transmittance). The bands were expressed in cm
-1 

(per centimeter). Mass 

spectra were measured with a Micromass Quattro LC-ESI (EI). Thermo gravimetric analysis was 

carried out in nitrogen on a Hi-Res TGA 2950 thermo gravimetric analyzer with a heating rate of 

10 °C min
-1

. Standard differential scanning calorimetric analysis was carried out under a nitrogen 

atmosphere on a TA DSC Q100 with a heating rate 10 °C min
-1

.  

 

Synthesis 

N
1
,N

4
-dihydroxyterephthalamide  

 

Diethyl terephthalate (10.0 g, 0.0449 mol) was dissolved in 150 mL of methanol in a 500 

mL 3-neck, round-bottomed flask at room temperature. In another 2-neck, round-bottomed flask, 

NaOH (10.8 g, 0.271 mol) and NH2OH.HCl (9.48 g, 0.136 mol) were dissolved in 85 mL of 

water. The basic hydroxylamine solution was added dropwise through a dropping funnel to the 



67 
 

terephthalate solution at 0 °C and the reaction mixture was then stirred at 55 °C for 48 h. After 

cooling to room temperature, the reaction mixture was neutralized by 5% HCl (275 mL) and the 

precipitate was removed by filtration. The solid was stirred in hot methanol for 5 minutes. The 

solid product was obtained in 57 % yield after drying in a vacuum oven for 6 h at 50 °C. m.p. 

~245 °C decomposed.
12

 IR (Nujol) νmax/cm
-1

 3286 (NH, OH), 1642 (O=CNH), 1602 (O=CNH), 

1565 (C-N). 
1
H NMR (300 MHz, DMSO-d6) δ 11.37 (s, 2NH), 9.14 (s, 2OH), 7.81 (s, 4Ar-H). 

13
C NMR (75 MHz, DMSO-d6) δ 163.8 (C=O), 135.49 (Ar-C1, C4), 127.37 (Ar-C2, C3, C5, 

C6). MS (EI): Exact mass calculated for C8H8N2O4 [M]
+
: 196.05000, found: 196.04625. 

 

N
1
,N

4
-diacetoxyterephthalamide  

 

Under an atmosphere of argon in a 100 mL round-bottom flask, a mixture of N
1
,N

4
-

dihydroxyterephthalamide (3.70 g, 18.8 mmol), acetic anhydride (3.94 g, 38.7 mmol) and N,N-

diisopropylethyl amine (4.6 mL, 39.6 mmol) in 45 mL of dry dimethoxymethane was refluxed at 

80 °C for 2 h. The resultant mixture was cooled down and filtered, followed by washing with 

CHCl3. The product was dried in a vacuum oven for 3 hours at around 50 °C and obtained as a 

white solid (4.72 g, 90 % yield). m.p. ~150 °C decomposed. IR (Nujol) νmax/cm
-1

 3128 (N-H 

stretching), 1789 (O=C stretching for acetoxy), 1649 (O=C stretching for amide), 1521 (C-N). 
1
H 

NMR (300 MHz, DMSO-d6) δ 12.52 (s, 2NH), 7.93 (s, 4Ar-H), 2.25 (s, 3CH3-H). 
13

C NMR (75 

MHz, DMSO-d6) δ 170.0 (C=O), 165.12 (C(O)O), 134.74 (Ar-C1 and C4), 128.19 (Ar-C2, C3, 

C5 and C6), 18.57 (CH3-C). MS (ESI, DMSO/Acetonitrile): Exact mass calculated for 

C12H12N2O6 [M+Na]
+
: 303.0700, found: 303.0593. 
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NCO-terminated prepolymer P1 

 

A flame-dried 25 mL two-neck round-bottomed flask was kept under argon for 15 min 

and then 0.128 g (0.458 mmol) of DATA and 0.153 g (0.153 mmol) of PTMEG were added to 

the flask that was placed in a pre-heated oil bath at 150 °C. The progress of the reaction was 

monitored by IR spectroscopy. After 90 min, prepolymer P1 was obtained as amber and sticky 

liquid. IR (NaCl plate) νmax/cm
-1

 3312.8 (N-H stretching), 2263.2 (NCO asymmetric stretching), 

1731 & 1707 (urethane, C=O stretching), 1520.3 (N-H bending and C-N stretching), 1216.8 (C-

O stretching), 1112.1 (C-O-C stretching). 

 

Polyurethane P2 

 

Under an argon atmosphere, to a flame-dried 25-mL two-neck round-bottomed flask 

placed in a pre-heated oil bath at 130 °C, 0.153 g (0.544 mmol) of DATA and 0.544 g (0.544 

mmol) of PTMEG and 0.00379 g (0.0272 mmol) of TBD were added. The reaction was 

monitored by IR spectroscopy. After 2 min, the IR spectrum showed the characteristic peaks of 

polyurethane (amber in color). IR (NaCl plate) νmax/cm
-1

 3304.2 (N-H stretching), 1727.2 (C=O 

stretching), 1519.1 (NH bending and C-N stretching), 1219.8 (C-O), 1112 (C-O-C stretching). 

 

N-acetoxyamide-terminated prepolymer (P3) 
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A flame-dried, 25 mL, two-neck, round-bottomed flask was kept under argon for 15 min 

and placed in a pre-heated oil bath at 80 °C. Then, 0.153 g (0.544 mmol) of DATA and 0.247 g 

(0.247 mmol) of PTMEG with 5 mol% TBD (0.00379 g, 0.0272 mmol) were added to the flask. 

The reaction was monitored by IR spectroscopy. After 15 min, prepolymer P3 was obtained as 

an amber liquid. IR (NaCl plate) νmax/cm
-1

 3304.8 (N-H stretching), 1790.9 (C=O stretching, 

from acetoxy) 1727.5 (C=O stretching, from urethane), 1651.1 (amide C=O), 1519 (NH bending 

and C-N stretching), 1219.4 (C-O), 1114.8 (C-O-C). 

 

NCO-terminated prepolymer P1 from prepolymer P3 

 

Upon heating at 150 C, the formation of the resulting product was monitored and 

confirmed by IR analysis to be identical to P1. IR (NaCl plate) νmax/cm
-1

 3306.8 (N-H 

stretching), 2152.9 (NCO asymmetric stretching), 1727.1 (C=O stretching), 1517.1 (NH bending 

and C-N stretching), 1220.9 (C-O stretching), 1110.9 (C-O-C stretching). 

 

Polyurethane P4 

 

Under an argon atmosphere, 0.290 mmol of 1,4-butanediol was added to a volumetric 

flask containing P1. After heating to 80 °C for 5 min, the polyurethane P4 was obtained as an 
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amber elastomeric product. IR (NaCl plate) νmax/cm
-1

) 3314 (N-H stretching), 1729.9 and 1707 

(C=O stretching), 1516.9 (NH bending and C-N stretching), 1219.8 (C-O stretching), 1051.4 (C-

O-C stretching). 

 

Di(heptadecan-9-yl) 1,4-phenylenedicarbamate (1) 

 

Under an argon atmosphere, in a flame-dried, 25 mL, two-neck, round-bottomed flask 

1.19 g (4.26 mmol) of DATA was dissolved in 1 mL of dioctyl terephthalate. The flask was 

placed in a pre-heated oil bath at 150 °C. Continuous of IR analysis revealed that after 25 min 

the peak for NCO became very broad and the acetate C=O peak became smaller. The 

temperature was then reduced from 150 °C to 90 °C and 2.19 g (8.52 mmol) of 9-heptadecanol 

was added. After 10 minutes, the NCO peak disappeared. The reaction continued for 1.5 h and 

then stopped. The reaction mixture was extracted three times by CHCl3. The solvent was 

evaporated under reduced pressure and the residue was purified by silica gel column 

chromatography using hexane and acetone (10% acetone: hexane) as eluting solvents. The 

product was white in color with a melting point of 122 °C (40 % of yield). The work-up 

procedure was same for the base catalysed reactions and the obtained product yield was 50-52 %. 

IR (NaCl plate) νmax/cm
-1

 3280.2 (N-H stretching), 1694.5 (C=O stretching), 1551.2 (NH bending 

and C-N stretching), 1237.5 (C-O stretching), 1086.8 (C-O-C stretching). 
1
H NMR (300 MHz, 

CDCl3) δ 7.34 (s, 4Ar-H), 6.50 (s, 2NH), 4.84 (m, 2H-CH), 1.59 (m, 8H-CH2) 1.28 (m, 24H-

CH2), 0.89 (m, 12H-CH3). 
13

C NMR (75 MHz, CDCl3) δ 153.70 (C=O), 133.65 (Ar-C1and C4), 
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119.33 (Ar-C2, C3, C5 and C6), 75.62 (HC-O), 34.45, 31.77, 29.60, 25.06, 22.60-CH2, 14.12 

(CH3-C). MS-ESI m/z: [M+Na]
+
 calculated for C42H76N2O4Na, 695.5700, Found, 695.5703.  

 

N-acetoxybenzamide  

 

In a 50 mL, three-neck, round-bottomed flask, N-hydroxy benzamide (1.04 g, 7.56 mmol) 

was dissolved in 20 mL of CH2Cl2 and 7.56 mmol (2M, 4.15 mL) of an aqueous solution of 

NaOH was added to that mixture, followed by dropwise addition of acetic anhydride (0.8 mL, 

8.32 mmol). The reaction mixture was stirred at room temperature and the progress of the 

reaction was monitored by TLC (hexane: acetone, 2:1). After 2 hours, the completion of the 

reaction was indicated by TLC. The reaction mixture was extracted with CH2Cl2 and the organic 

extracts were dried over anhydrous MgSO4. After removing the solvent by rotary evaporator at 

30 °C, N-acetoxybenzamide was obtained as a white solid: 0.9899 g (73.0% of yield); m.p. 120-

121 °C.
26

 IR (NaCl plate) νmax/cm
-1

 3145 (N-H stretching), 1792 (C=O stretching, from acetoxy) 

1648 (C=O stretching, from amide), 1530 (NH bending and C-N stretching). 
1
H NMR (300 

MHz, DMSO-d6) δ 12.40 (s, 1NH), 7.81 (m, 2Ar-H), 7.61 (m, 1Ar-H), 7.53 (m, 2Ar-H), 2.25 (s, 

3CH3-H). 
13

C NMR (75 MHz, DMSO-d6) δ 169.1(C=O), 165.0 (C(O)O), 132.7 (Ar-C1),  131.4 

(Ar-C4), 129.1 (Ar-C2), 127.8 (Ar-C3), 18.6 (CH3-C). MS (EI): Exact mass calculated for 

C9H9NO3 [M]
+
: 179.0600, found: 176.1001. 

 

Butyl phenylcarbamate (2) 
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In a flame-dried, 2-neck, 25 mL round-bottomed flask, (0.113 g, 0.630 mmol) of N-

acetoxybenzamide was dissolved in 1 mL of chlorobenzene. The solution was then heated at 120 

°C. After 1.5 h, the NCO asymmetric stretching peak became intense and then 0.0467 g (0.630 

mmol) of n-butanol was added to the reaction mixture. After 15 minutes, IR spectrum showed 

the disappearance of the characteristic NCO peak and then the reaction stopped. The reaction 

mixture was then extracted three times with CHCl3 and the organic extracts were evaporated by 

rotary evaporator. Preparative TLC was performed on the crude material using a mixture of 

hexane and acetone (1:1, v/v) as developing solvents. Three compounds were isolated as 

compounds 2, 3 and some unreacted starting materials. The urethane product 2 was obtained as a 

yellowish solid (35 % yield). m.p. 58 °C. IR (NaCl plate) νmax/cm
-1

 3310.6 (N-H stretching), 

1737.4 and 1707.7 (C=O stretching), 1545.6 (NH bending and C-N stretching) 1226.6 (C-O 

stretching), 1070 (C-O-C stretching). 
1
H NMR (300 MHz, DMSO-d6) δ 7.40-7.56 (m, 4Ar-H), 

7.07 (m, 1Ar-H), 6.63 (s, 1NH), 4.19 (m, 2CH2-H), 1.69 (m, 2CH2-H) 1.45 (m, 2CH2-H), 0.97 

(m, 3CH3-H). 
13

C NMR (75 MHz, DMSO-d6) δ 153.713 (C=O), 137.978 (Ar-C1), 129.048 (Ar-

C3 and C5), 123.661 (Ar-C4), 118.618 (Ar-C2 and C6), 65.133, 30.710, 19.09 (CH2-C), 13.743 

(CH3-C). MS (EI): Exact mass calculated for C11H15NO2 [M]
+
: 193.1101, found: 193.1100. 

 

1,3-Diphenylurea (3) 
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Compound 3 was isolated as yellow solid in 25 % yield, m.p. approximately 220 °C 

decomposed.
27

 IR (NaCl plate) νmax/cm
-1

 3321.5 (N-H stretching), 1649.8 (C=O stretching), 

1556.1 (NH bending and C-N stretching). 
1
H NMR (300 MHz, DMSO-d6) δ 8.67 (s, 2NH) 7-8 

(m, 10Ar-H). 
13

C NMR (75 MHz, DMSO-d6) δ 152 (C=O), 140 (Ar-C1, C1’), 130 (Ar-C3, C5 

and C3’, C5’), 123 (Ar-C4, C4’), 119 (Ar-C2, C6 and C2’, C6’). MS (EI): Exact mass was 

found: 212.1001 for the formula, C13H12N2O. 
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Chapter 3 Design, Synthesis and Characterizations of Pendent NCO-containing 

Polymethacrylates 

 

3.1 Introduction 

A pendent NCO-containing polymer contains the isocyanato (NCO) groups on the side 

chains. The NCO-containing polymers can react with alcohols and amines to yield the modified 

polymers for certain applications.
1 

Such a reactive polymer is in demand both in academic 

research
 
and industry.

2
 The NCO-containing polyacrylates and polymethacrylates are typically 

synthesized by polymerization with isocyanate containing monomer,
3,4

 modification of the 

initiator
5,6

 and polymer modification.
7,8

 Since the isocyanate functional groups are extremely 

moisture sensitive, a care should be taken to keep the reaction system dry. A glove box may be 

used for conducting the reactions and for storage monomers as well.
7,9

 There are only two 

commercially available NCO-containing monomers useful for free radical polymerization: 

dimethyl meta-isopropenyl benzyl isocyanate (TMI) and 2-isocyanatoethyl methacrylate (IEM) 

(Figure 3.1). TMI–functionalized polymers were first introduced by Dexter et. al.
10

 and then a 

number of follow-up studies have been reported.
11

 IEM is widely used due to its ability to 

undergo a free-radical polymerization under mild conditions with a wide variety of vinyl 

monomers.
12-14

 

Benzoyl azide
7
 or cinnamoyl azide

15
 has been incorporated into a monomer for 

polymerization and the acyl azide group of the polymer can be transformed into the isocyanate 

via Curtius rearrangement, which then reacts with an alcohol (Scheme 3.1). This type of 

monomers is synthesized from the reaction of the corresponding acid with triethylamine and 

ethyl chloroformate in the presence of toxic sodium azide. 
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Figure 3.1 Isocyanate-functionalized monomers 

 

 

Scheme 3.1 Synthesis of the pendent NCO-containing polystyrene using 4-vinylbenzoyl azide 

via Curtius rearrangement 

Polymerization of NCO-containing monomers has some limitations due to the high 

reactivity of NCO group. The crosslinking reaction may take place due to the formation of the 

urea bond as a result of exposure to the moisture,
16

 or formation of a cyclic trimer of the NCO 

groups at high temperature.
17

  

Poly(methyl methacrylate) (PMMA) is a well-known polymer with high transmittance, 

good mechanical strength and processability.
18

 PMMA is also subject to intense research for 

structural modifications.
19

 Therefore, we intend to explore a simple and convenient approach to 

the synthesis of latent NCO-containing polymethacrylates, based on the previous studies on the 

chemistry of the N-acetoxyamide (AA) group (Chapter 2). Since the AA group is a latent NCO 
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group, we can demonstrate this new approach by incorporating N-acetoxymethacrylamide 

(AMAA) into PMMA by polymerization of AMAA with methyl methacrylate (MMA).  

 

Figure 3.2 Methyl methacrylate, N-acetoxymethacrylamide and 2-hydroxyethyl methacrylate 

Herein we designed two series of binary and ternary methacrylate copolymers containing 

the latent NCO group. AMAA is used as a latent isocyanate comonomer, MMA is a major 

monomer in polymerization, and 2-hydroxyethyl methacrylate (HEMA) is also used as a 

comonomer (Figure 3.2). The hydroxyl group in HEMA can react with the resulting NCO group 

in the polymer, leading to polymer crosslinking. The synthesized copolymers were characterized 

by the IR, 
1
H NMR, 

13
C NMR, TGA, DSC, and GPC. In addition, thermal conversion of the AA 

to NCO groups in these copolymers was studied by IR spectroscopy.  

 

3.2 Synthesis and characterizations of N-hydroxymethacrylamide  

The synthetic route to N-hydroxymethacrylamide (NHMA) is shown in Scheme 3.2. The 

reaction of acrylate with hydroxylamine was used to prepare the corresponding hydroxamic 

acid.
20

 However, the Michael addition reaction could occur at the vinyl group, leading to the 

formation of side products. Although the use of acid chloride can solve this problem, the product 

yield is rather low.
21

 In our work, NHMA was synthesized from MMA with hydroxylamine. In 

order to prevent the hydrolysis of the ester group in MMA, MMA was added to the mixture of 
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sodium hydroxide and hydroxylamine hydrochloride at 0-5 °C. The reaction continued for 24 

hours at room temperature and after work up, NHMA was obtained as yellowish semi-solid in 

quantitative yield.  

 

Scheme 3.2 Synthesis of N-hydroxymethacrylamide 

N-hydroxymethacrylamide (NHMA) was fully characterized by the IR, 
1
H NMR, 

13
C 

NMR, and mass spectrometry. All the spectra are given in "Appendix B". The IR spectrum 

(Figure S3.1) of NHMA displays the characteristic HN-C=O band at 1657 cm
-1

, as well as the 

HN-C=O bending and C-N stretching band at 1526 cm
-1

. The broad peak at 3235 cm
-1

 is a 

stretching band for NH and OH. The 
1
H NMR spectrum (Figure S3.2) of NHMA shows broad 

singlet peaks at 10.71 ppm, and 8.82 ppm, which are due to NH and OH protons, respectively. 

The two singlet peaks at 5.56 ppm and 5.28 ppm are due to methylene protons and another 

singlet at 1.83 ppm for methyl protons, respectively. The 
13

C NMR spectrum (Figure S3.3) of 

NHMA shows peaks at 165.75, 138.08, 119.46, 18.89 ppm, assigned to amide C=O, methylene 

carbons, and methyl carbon, respectively. Mass spectrum (Figure S3.4) shows a molecular ion 

peak at m/z 101, which corresponds to the desired compound.  

 

3.3 Synthesis and Characterizations of N-acetoxymethacrylamide  

The target monomer AMAA was synthesized by acylation of NHMA in the presence of a 

molar equivalent of NaOH (Scheme 3.3). The reaction mixture was stirred for 24 h at room 
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temperature and AMAA was obtained as a dense, colorless liquid. With an excess of NaOH, 

further, acylation took place, resulting in an N-substituted by-product.  

 

Scheme 3.3 Synthesis of N-acetoxymethacrylamide 

 

AMAA was fully characterized by the IR, 
1
H NMR, 

13
C NMR, and mass spectrometry. 

The IR spectrum (Figure 3.3) displays O-(CH3)C=O stretching band at 1795 cm
-1

 and NH 

stretching band at 3205 cm
-1

, which are the characteristic peaks for acetoxy C=O and amide NH. 

There is no peak at 3235 cm
-1

, indicating that all OH groups had been converted to ester and an 

NH band separated out. The 
1
H NMR spectrum (Figure 3.4) of AMAA shows a new singlet peak 

at 2.17 ppm, indicating the presence of CH3-C=O. There is no peak at 8.82 ppm, indicating all 

the OH groups took part in nucleophilic substitution reaction and produced AMAA. The NH 

peak was shifted downfield to 11.79 ppm from 10.71 ppm due to the electron withdrawing nature 

of acetoxy group. The methylene proton and ester CH3 proton ratio in AMAA is exactly 1:1:3, 

indicating that there was no nucleophilic substitution reaction between amide NH and acetic 

anhydride. The
 13

C NMR spectrum (Figure S3.5) of AMAA shows two peaks at 169.01 and 

165.96 ppm, indicating the O-(CH3)C=O and HN-C=O groups. The methylene carbons are at 

137.00 ppm, 121.73 ppm and methyl carbon at 18.66 ppm, respectively. MS (ESI, 

DMSO/CH3OH): Exact mass calculated for C6H9NO3 [M+H]
+
: 144.0600, found: 144.0739 

(Figure S3.6) 
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Figure 3.3 IR spectrum of N-acetoxymethacrylamide 

 

 

Figure 3.4 
1
H NMR spectrum (300 MHz, DMSO-d6) of N-acetoxymethacrylamide 

 

NH  

CH3COO 

 

 

 

=C-CH3 

CH2=C- 
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3.4 Synthesis and characterizations of MMA-AMAA copolymers 

A series of MMA-AMAA copolymers (P5-P7) were synthesized by free radical 

polymerization of MMA and AMAA with various molar ratios in THF at 55 °C for 24 hours 

(Scheme 3.4). Copolymers were isolated by precipitation in methanol or hexane. 

 

Scheme 3.4 Synthesis of MMA-AMAA copolymers P5-P7 

 

Each of copolymers P5-P7 was fully characterized by the IR, 
1
H NMR, 

13
C NMR, TGA, 

DSC, and GPC. The IR spectra (Figure 3.5b-d) shows a peak at 1797 cm
-1

 for P5-P7, which is 

due to acetoxy C=O of AMAA (Figure 3.5a). The peak intensity at 1797 cm
-1

 increases with an 

increase of the amount of AMAA. The ratios of AMAA in feed and in copolymers P5-P7 are 

represented in Table 3.1. The calculated ratio was obtained by comparing the peak intensity at 

1797 cm
-1

 with a standard mixture (Figure 3.5e) of 9:1 molar ratio of PMMA to AMAA. With 

increasing the feed in ration the calculated ratio increase. The 
1
H NMR spectra (Figure 3.6b-d) 

shows two new peaks at 9.43 and 2.21 ppm for P5-P7, corresponding to NH and O=C-CH3 

(Figure 3.6a) of AMAA. The NH peak shifted upfield to 9.43 ppm from 11.79 ppm due to the 

less polar solvent, CDCl3. Figure 3.6 shows the peak intensity at 2.21 increasing from P5 to P7, 

indicating that the molar ratio of AMAA in polymer correlates to the feed ratio. Two singlet 

peaks at 5.73 ppm and 5.49 ppm from methylene protons are shifted to 1.82-1.90 ppm as a broad 

peak, typical for a polymer. The singlet peak at 3.60 ppm is from the CH3-O-C=O moiety of 
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MMA, indicating the formation of the copolymer with AMAA. The 
13

C NMR spectra (Figure 

S3.7, S3.11, S3.15) show three new peaks at 178.11, 177.81 and 176.94 ppm for P5-P7 from 

C=O of acetoxy, C=O of MMA and NHC=O of AA. Decomposition temperatures (Td) for P5-P7 

are presented in Table 3.2 and the thermograms are given in Appendix B (Figures S3.8, S3.12, 

and S3.16). All the copolymers display three-stage decomposition temperatures. From TGA data 

in Table 2, it is noticeable that with an increase of the molar ratio of AMAA in copolymers, the 

onset temperatures for decomposition gradually decrease. The first onset relates to the 

conversion of AA group to NCO group. The glass transition (Tg) temperatures of P5-P7 were 

measured by differential scanning calorimetry (DSC) and the thermograms are presented in 

Figures S3.9, S3.13 and S3.17. The Tg values of P5-P7 are 129.48, 122.71, 121.78 °C, 

respectively. The Tg decreases with increasing molar ratio of AMAA in copolymers. Since 

AMAA group is large enough to force the polymer chains apart, decrease intermolecular 

attraction. This result increasing more free volume to facilitate the segment movement, thus 

leading to a decrease in Tg.
22 

However, the glass transition is affected by a number of factors, 

including heating rate, ageing history, morphology and molecular weight. Copolymers P5-P7 are 

of high molecular weights (Figures S3.10, S3.14 S3.18) with a polydispersity index from 1.71 to 

2.65. 

Table 3.1 The onset temperatures for decomposition of copolymers P5-P7. 

Polymer 1
st
 onset temperature (°C) 2

nd
 onset temperature (°C) 3

rd
 onset temperature (°C) 

P5 170.17 269.68 322.27 

P6 154.17 251.00 310.13 

P7 144.47 245.69 305.58 
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Figure 3.5 IR spectra of (a) N-acetoxymethacrylamide, (b-d) P5-P7 and (e) PMMA 
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Figure 3.6 
1
H NMR spectra (300 MHz, CDCl3) of (a) N-acetoxymethacrylamide (b-d) and P5-P7 
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Table 3.2 The calculated and obtained ratios of AMAA in polymers (from IR spectra) 

Polymer Ratio of AMAA in feed (mol %) Ratio of AMAA in copolymer 

P5 5 4.5 

P6 10 11.9 

P7 20 13.5 

 

3.5 Conversion of N-acetoxyamide to NCO in MMA-AMAA copolymers 

From DSC and TGA data, we conclude that at the temperatures between 129 °C and 144 

°C, conversion of copolymers P5-P7 to analogous NCO-containing copolymers P8-P10 is 

feasible. Thus, the polymer transformation was studied at 110 °C and 130 °C, respectively.  

Polymer transformation at 110-130 °C  

 

Scheme 3.5 Conversion of acetoxyamide to NCO in copolymers at 110-130 °C  

 

Copolymers P8-P10 were obtained by heating P5-7 in the powder form at 130 °C for 1.5 

hours (Scheme 3.5). By IR analysis, the NCO peak appeared faster for P10 due to a higher 

content of AMAA, whereas relatively slow for P8. The conversion from AA to NCO was 

complete within 1.5 hours. The IR spectrum (Figure 3.7) shows a new peak at 2261 to 2263 cm
-1

 

for NCO after 1.5 hours. There is no peak at 1795 cm
-1

 and 3205 cm
-1

, indicating that the AA 

group is fully converted to NCO. At 110 °C, transformation of P5-P7 to P8-P10 was also 
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successful but required 24 h for completion. Thus, heating at 130 °C is the best for conversion of 

the AA to NCO in polymethacrylates. 

 

Figure 3.7 IR spectra of copolymers P8-P10 

 

Reaction of NCO-containing polymethacrylate with disperse red 1 

To further confirm the presence of reactive NCO group in copolymers P8-P10, we 

treated these NCO-containing polymers with a red dye called disperse red 1 (DR1). The 

nucleophilic addition reaction was carried out between polymer P8 and DR1 in presence of 5 

mol % DBTDL as catalyst at room temperature and as well 60 °C. The reaction indeed took 

place between the NCO moiety of P8 and DR1 to afford red-colored polymer P11 (Scheme 3.6). 

Since DR1 is soluble in methanol, polymer P11 was isolated by precipitation into methanol to 

get rid of excess DR1. Polymer P11 is soluble in chloroform and characterized by the IR and 
1
H 

NMR spectroscopy.  
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Scheme 3.6 Reaction of P8 and DR1 to yield P11 

 

The IR spectrum (Figure 3.8a) shows the peak at 2261 cm
-1

, which is characteristic for 

NCO moiety of polymer P8. There is no peak (Figure 3.8b) at 2261 cm
-1

, indicating that all the 

NCO groups reacted with the OH group of DR1. The new peaks at 1602, 1502 and 1340 cm
-1

 are
 

assigned to the aromatic C=C, asymmetric and symmetric NO2, respectively, indicating the 

presence of DR1. The urethane C=O was not possible to identify separately in the IR spectrum 

(Figure 3.8b) due to the overlap of the C=O from MMA.
23

 The 
1
H NMR spectrum (Figure 3.9) 

of P11 shows three new peaks in the aromatic region at 8.35, 7.94 and 6.8 ppm, as a result of 

DR1 chemically bounded to the polymer. Figure 3.10 represents the absorption spectra of 

precursor polymer P5, NCO-pendent polymer P8, DR1 and polymer P11 chemically grafted 

with DR1. Polymers P5 and P8 have weak absorption below 300 nm because of n-π* transition. 

DR1 shows two absorption maxima at 478 nm for the π-π* transition and at 285 nm due to the n-

π* transition. Polymer P11 shows the similar absorption to DR1 with two absorption maximal 

peaks at 478 and 285 nm, indicating the successful grafting of DR1 onto polymer P8.  
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Figure 3.8 IR spectra of copolymers (a) P8 and (b) P11 
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Figure 3.9 
1
H NMR spectrum of polymer P11 
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Figure 3.10 Absorption spectra of P5, P8, P11 and DR1 

Ar-H from DR1 
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3.6 Synthesis and characterizations of MMA-AMAA-HEMA terpolymers  

The NCO-containing polymer could react with any nucleophile for various applications, 

such as polyurea coatings by reacting with amines. Curing the NCO-containing polymers can be 

achieved by moisture as well.
20

 Cross-linkable latexes are also based on the NCO-containing 

copolymers, such as copolymers derived from methyl methacrylate or n-butyl acrylate with 

dimethyl meta-isopropenyl benzyl isocyanate (TMI).
24 

A series of MMA-AMAA-HEMA ternary polymers (P12-P13) were synthesized by free 

radical polymerization of MMA, AMAA and HEMA with various molar ratios in THF at 60 °C 

for 24 hours (Scheme 3.7).  

 

Scheme 3.7 Synthesis of MMA-AMAA-HEMA terpolymers P12-P13 

 

Terpolymers P12 and P13 were fully characterized by the IR, 
1
H NMR, 

13
C NMR, TGA, 

DSC, and GPC. The IR spectra (Figure 3.11a and b) show a peak at 1797 cm
-1

, which indicates 

the presence of the AMAA unit in the polymer backbone. The peak intensity at 1797 cm
-1

 

increased with increasing the molar ratio of AMAA. The 
1
H NMR spectrum (Figure 3.12) shows 
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a new peak at 9.43 and 2.21 ppm, due to NH and O=C-CH3 of AMAA. In Figure 3.12 the peak 

intensity at 2.21 increases from P12 to P13, which indicates the molar ratio of AMAA in 

polymer increases with respect to the ratio in the feed. The 
1
H NMR spectra (Figure 3.12) also 

show new peaks at 4.11 and 3.81 ppm, which are due to CH2COO- and CH2-OH of HEMA. Two 

singlet peaks at 5.73 ppm and 5.49 ppm from methylene protons are shifted to 1.82-1.90 ppm as 

a broad peak, which indicates the formation of the polymer. The singlet peak at 3.60 ppm is from 

the CH3-O-C=O moiety of MMA, indicating the formation of the copolymer with AMAA and 

HEMA. The ratios of AMAA and HEMA in P12 and P13 are represented in Table 3.3 which are 

calculated from the 
1
H NMR spectra of P12 and P13. The actual ratio in the polymer was 

obtained by comparing with the CH3-O-C=O peak of MMA with the O=C-CH3 of AMAA and 

HEMA’s O-CH2, respectively. Table 3.3 shows that with increasing the feed in ratio increase the 

calculated ratio. The 
13

C NMR spectra (Figures S3.19 and S3.23) show two new peaks at 66.87 

and 60.58 ppm from O-CH2 and CH2OH of HEMA, confirming the formation of terpolymers 

P12 and P13. Decomposition temperatures (Td) for P12 and P13 are represented in Table 3.4 and 

the thermograms are given in Appendix B (Figures S3.20 and S3.24). According to the TGA 

data, with increasing the molar ratio of AMAA and HEMA in polymers, the onset temperatures 

for decomposition gradually decrease. The first onset is due to the conversion of AA to NCO. 

The Tg of terpolymers P12 and P13 (Figures S3.21 and S3.25) are 128.3 and 127.9 °C, 

respectively. The DSC traces of P12 and P13 change during the 2
nd

 cycle and show the Tg at 

123.1 and 122.4 °C, respectively. The polymers P12 and P13 are of high molecular weights 

(Figures S3.22 and 3.26) with a polydispersity index from 1.69 to 1.61. 
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Figure 3.11 IR spectra of terpolymers (a) P12 (containing 2.5 mol % of AMAA and 2.5 mol % 

of HEMA), and (b) P13 (containing 5 mol % of AMAA and 5 mol % of HEMA) 



94 
 

 

 

 

Expanded CH3COO 

 and NH peak  CH3COO from AMAA  
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Figure 3.12 
1
H NMR spectra of (a) terpolymers P12 (containing 2.5 mol % of AMAA and 2.5 

mol % of HEMA and (b) P13 (containing 5 mol % of AMAA and 5 mol % of HEMA) 

 

Table 3.3 The calculated and obtained ratios of monomers in polymers (from 
1
H NMR spectra) 

Terpolymer 

Feed in ratio of 

AMAA (mol %) 

Obtained ratio of 

AMAA (mol %) 

Feed in ratio of 

HEMA (mol %) 

Obtained ratio of 

HEMA (mol %) 

P12 2.50 1.67 2.50 1.98 

P13 5.00 3.75 5.00 3.95 
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Table 3.4 The onset temperatures for decomposition of terpolymers P12 and P13  

Terpolymer 

1
st
 onset 

temperature (°C) 

2
nd

 onset temperature 

(°C) 

3
rd

 onset temperature 

(°C) 

P12 173.96 239.82 315.64 

P13 153.11 234.14 327.96 

 

3.7 Synthesis and characterizations of polymer P14 

The conversion of copolymer P12 to P14 was studied at 130 °C and 110 °C (Scheme 

3.8). The DSC and TGA studies indicate that the Lossen reaction of P12 should take place at any 

temperature between 127 °C and 153 °C. Under an argon atmosphere, polymer P12 was heated 

in its powder form at 130 °C for1 hour while monitoring by IR spectroscopy. 

 

Scheme 3.8 Thermal conversion of terpolymer P12 to P14 

 

The NCO peak appeared after 15 minutes and after 1 hour all the AA groups in P12 were 

converted to the NCO groups. The IR spectrum (Figure 3.13) of the sample after heating for 1 

hour shows a new peak at 2261 cm
-1

 for NCO moiety and no peak at 1795 cm
-1

 and 3205 cm
-1
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for the AA group. The observation of the NCO peak in IR spectrum indicates polymer P14 is not 

crosslinked or does not react with the OH group of the HEMA part under this condition. The 

conversion of polymer P12 to P14 at 110 °C (Figure S3.27) was also successful but required 24 

hours to go to completion. Therefore, at 110-130 °C, the AA-containing polymers can be 

converted to the reactive NCO-containing polymers without crosslinking even with the reactive 

OH group presented in the same polymer, which opens a new route to the synthesis of the 

reactive NCO- and OH-containing polymers. 

 

Figure 3.13 Thermal conversions (130 °C) of acetoxyamide group in P12 to NCO group in P14 

 

3.8 Study of self-crosslinking NCO- and OH-containing polymer 

Polymer P14 contains both NCO and OH groups and should be reactive by itself even 

though it could be isolated and characterized. To demonstrate its ability to crosslink, a film of 

P14 on a glass plate was prepared by casting its solution in chloroform containing 5 mol% of 

NCO 
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dibutyltin dilaurate and heated on a pre-heated hot plate at 140 °C under an argon atmosphere for 

10 minutes. The progress of the reaction was monitored by IR spectroscopy. After 10 minutes 

the glass plate was removed from the hot plate and dipped into chloroform. 

 

Scheme 3.9 Heating of polymer P14 to form the crosslinked polymer P15 

 

The film was not soluble in chloroform and peeled off from the glass surface (Figure 

3.14), indicating the formation of the crosslinked polymer. The IR spectrum of the free-standing 

film of P15 was taken (Figure 3.15), showing the disappearance of the NCO peak at 2261 cm
-1

. 

The urethane C=O peak is hard to identify due to the overlap with the ester peak of MMA. The 

new peak at 1535 cm
-1

 belongs to is the N-H bending and C-N stretching, indicating the reaction 

between NCO and OH group in the polymer. 

 

(a) Floating film 
(b) Free standing film 
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Figure 3.14 The crosslinked film of polymer P15 in chloroform (a) floating and (b) free-standing 

 

Figure 3.15 IR spectrum of free-standing film of P15 (after heating at 140 °C) 

 

Another experiment was done to show the adhesion property of the crosslinked polymer 

P15. A film of polymer P14 containing dibutyltin dilaurate (5 mol %) was sandwiched between 

the two glass plates. After heating at 140 °C for 10 minutes, the glass plates were tightly glued 

together and could not be pulled apart by force even after soaking in boiling water for 24 hours. 

 

3.9 Conclusion  

Two series of binary and ternary co-polymers were successfully synthesized by free-

radical polymerization and were fully characterized. Successful conversion of these polymers to 

the corresponding NCO-containing polymers at 110-130 °C within 1.5 h were demonstrated and 

confirmed by IR analysis. The NCO-containing polymers can be generated from the chemically 
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inert but thermally sensitive AA-containing polymers and are useful for further reaction with a 

variety of interesting molecules, as demonstrated by the case of P8 with a red dye to form a red 

polymer P11. This work demonstrates a new approach to crosslinkable polymethacrylates with 

the pre-determined degree of crosslinking, as in the case of polymer P15. 

 

3.10 Experimental Section 

Materials 

All the reagents were purchased from commercial sources and used as received unless 

otherwise stated. MMA and HEMA were passed through a column of basic aluminum oxide to 

remove inhibitor, distilled under argon and stored under an argon atmosphere at 5 °C. 

Tetrahydrofuran was distilled from sodium and benzophenone prior to use.  

 

N-hydroxymethacrylamide (NHMA) 

 

NH2OH.HCl (10.4 g, 149 mmol) was dissolved in 40 mL of H2O in a 250 mL 3-neck, 

round-bottomed flask at room temperature. Under an argon atmosphere, NaOH (12.0 g, 300 

mmol) was dissolved in 20 mL of H2O in a 100 mL, round-bottommed flask and added dropwise 

to the hydroxylamine solution. Subsequently, 10.0 g (99.8 mmol) of methyl methacrylate in 40 

mL of methanol was slowly added under vigorous stirring at 0-5 
o
C. The reaction mixture was 

stirred at room temperature for 24 h and then all the solvents were evaporated from the reaction 

mixture. The reaction mixture was neutralized by 5% HCl (220 mL) and all the liquid was 
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evaporated by rotary evaporator. The solid was washed with hot methanol and removed by 

filtration. The filtrate was evaporated by rotary evaporator and dried in vacuum oven at 30 °C. 

After drying the pale-yellow liquid obtained initially solidified to a waxy solid in quantitative 

yield, m.p. 85 °C.
19

 IR (NaCl Plate) νmax/cm
-1

 3235 (NH and OH), 1657(O=CNH), 1526(C-N). 

1
H NMR (300 MHz, DMSO-d6) δ 10.71 (s, 1H), 8.82 (s, 1H), 5.56 (s, 1H), 5.28 (s, 1H), 1.83 (s, 

3H). 
13

C NMR (75 MHz, DMSO-d6) 165.75 (-C=O), 138.08 (=C-), 119.46 (CH2-), 18.89 (CH3-). 

MS (EI): Exact mass calculated for C4H7NO2 [M]
+
: 101.05001, found: 101.02001. 

 

N-acetoxymethacrylamide (AMAA) 

 

N-hydroxymethacrylamide (10.0 g, 99.0 mmol) and dichloromethane (150 mL) were 

added to a 500 mL round-bottommed flask under an atmosphere of argon. Then 2 M aqueous 

NaOH solution (3.95 g, 98.9 mmol) was added dropwise to the suspension and the mixture was 

stirred for 10 minutes. Following this, acetic anhydride (10.1 g, 98.9 mmol) was added dropwise 

to the mixture and the mixture was stirred for 24 h at room temperature. Thereafter, water was 

added to the reaction mixture and then extracted three times with dichloromethane. The organic 

layer was washed with brine solution and dried over anhydrous MgSO4. The combined 

dichloromethane layers were concentrated under vacuum and the product is obtained as a dense 

colorless liquid with 40 % of yield. IR (NaCl plate) νmax/cm
-1

 3205 (N-H stretching), 1795 (C=O 

stretching for acetoxy), 1672 (C=O stretching for amide), 1575 (C-N stretching and N-H 

bending). 
1
H NMR (300 MHz, DMSO-d6) δ 11.79 (s, H), 5.73 (s, 1H), 5.49 (s, 1H), 2.17 (s, 3H), 
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1.87 (s, 3H). 
13

C NMR (75 MHz, DMSO-d6) 169.09 (C(O)O), 165.96 (C=O), 137.00 (=C-), 

121.73 (CH2-), 18.66 and 18.60 (CH3-). MS (ESI, DMSO/CH3OH): Exact mass calculated for 

C6H9NO3 [M+H]
+
: 144.0600, found: 144.0739. 

 

N-acetoxymethacrylamide-containing polymethacrylates P5-P7 

 

 

General synthesis by free radical polymerization 

Under an argon atmosphere, methyl methacrylate, N-acetoxymethacrylamide, and THF 

were added to a flame-dried 25 mL three-necked round-bottomed flask. After being degassed 

and purged with argon for 30 min, 5 mol % of AIBN (relative to all monomers) was added. The 

reaction mixture was heated at 60 °C in dark for 24 h under argon. After cooling, the resulting 

viscous solution was diluted with Chloroform and precipitated out in methanol (for polymer P5) 

and in hexane (for polymers P6 and P7) with vigorous stirring and the target polymers were 

collected by filtration, which are obtained in a white powdered form and then dried in a vacuum 

oven at 60 °C for 8 h. 

 

Polymer P5: 

MMA (4.75 g, 47.5 mmol), AMAA (0.358 g, 2.50 mmol) and AIBN (0.410 g, 2.50 

mmol). The obtained polymer is white solid (70% yield). IR (NaCl plate) νmax/cm
-1

 3329.6 (N-H 
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stretching), 1797 (C=O stretching for acetoxy), 1731(C=O stretching for MMA). 
1
H NMR (300 

MHz, CDCl3) δ 9.40 (NH moiety for acetoxy), 3.61 (OCH3 moiety for MMA), 2.24 (CH3 moiety 

for acetoxy), 0.97 (CH2 moiety), 0.86 (CH3 moiety). 
13

C NMR (75 MHz, CDCl3) 178.09 (C=O 

for acetoxy), 177.80 (C=O for MMA), 176.97 (C=O for acetoxy amide), 54.41(O-CH3 for 

MMA), 51.81 (CH3 for acetoxy), 44.51 (C-CH3), 18.69 (CH2-), 16.44 (CH3-). 

 

Polymer P6: 

MMA (4.50 g, 45.0 mmol), AMAA (0.716 g, 5.00 mmol) and AIBN (0.410 g, 2.50 mmol). The 

obtained polymer is white solid (70% yield). IR (NaCl plate) νmax/cm
-1

 3329.6 (N-H stretching), 

1797.7 (C=O stretching for acetoxy), 1731.1 (C=O stretching for MMA). 
1
H NMR (300 MHz, 

CDCl3) δ 9.43 (NH moiety for acetoxy), 3.60 (OCH3 moiety for MMA), 2.25 (CH3 moiety for 

acetoxy), 1.02 (CH2 moiety), 0.84 (CH3 moiety). 
13

C NMR (75 MHz, CDCl3) 178.13 (C=O for 

acetoxy), 177.84 (C=O for MMA), 176.98 (C=O for acetoxy amide), 54.34 (O-CH3 for MMA), 

51.86 (CH3 for acetoxy), 45.63 (C-CH3), 18.73 (CH2-), 16.39 (CH3-) 

 

Polymer P7: 

MMA (4.00 g, 40.0 mmol), AMAA (1.43 g, 10.0 mmol) and AIBN (0.410 g, 2.50 mmol). The 

obtained polymer is white solid (87% yield). IR (NaCl plate) νmax/cm
-1

 3329.5 (N-H stretching), 

1797.3 (C=O stretching for acetoxy), 1731 (C=O stretching for MMA). 
1
H NMR (300 MHz, 

CDCl3) δ 9.40 (NH moiety for acetoxy), 3.61 (OCH3 moiety for MMA), 2.24 (CH3 moiety for 

acetoxy), 0.97 (CH2 moiety), 0.86 (CH3 moiety). 
13

C NMR (75 MHz, CDCl3): 178.10 (C=O for 

acetoxy), 177.81 (C=O for MMA), 176.92 (C=O for acetoxy amide), 54.37 (O-CH3 for MMA), 

51.82 (CH3 for acetoxy), 44.50 (C-CH3), 18.69 (CH2-), 16.38 (CH3-). 
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Polymer P11 

 

Polymer P11 was synthesized under two different conditions, (a) at 60 °C (b) at room 

temperature. The progress of the reaction was monitored by IR spectroscopy. 

 

(a) At 60 °C 

To a flame-dried 25 mL three-necked round-bottomed flask, P8 (0.100 g, 1.00 mmol) and 

disperse red 1 (0.0157 g, 0.0500 mmol) in the presence of 5 mol % (0.0006 g) of dibutyltin 

dilaurate in 4 mL of chloroform were heated at 60 °C for 5 h. After cooling, the resulting mixture 

was evaporated by rotary evaporator and then dissolved in chloroform and precipitated in 

methanol with vigorous stirring. The polymer was re-precipitated three times in methanol from a 

solution of chloroform. The target polymer was collected by filtration which is obtained in a 

reddish powdered form. IR (NaCl plate) νmax/cm
-1

 1729.6 (C=O stretching), 1602 (C=C 

stretching for DR1), 1502 and 1340 (NO2 asymmetric and symmetric stretching for DR1). 
1
H 

NMR (300 MHz, CDCl3) δ 8.35 (Ar-H for DR1), 7.95 (Ar-H for DR1) and 6.8 (Ar-H for DR1), 

3.61 (OCH3 moiety for MMA), 0.85 (CH2 moiety for MMA), 1.03 (CH3 moiety for MMA). 
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(b) At room temperature 

The same reaction scale was used except temperature. Now the reaction was continued 

for 24 hours because 5-8 hours monitoring of the reaction mixture showed still remaining peak 

of isocyanate. The work-up procedure was similar to heating approach. 

 

Ternary polymers P12-P13 

 

 

General synthesis by free radical polymerization 

Under an argon atmosphere, in a flame-dried 25 mL round-bottomed flask, methyl 

methacrylate, N-acetoxymethacrylamide and 2-hydroxy ethyl methacrylate were dissolved in dry 

THF. The solution was bubbled with argon for 30 min and then 5 mol % of AIBN was added and 

the solution was heated to 60 °C and stirred for 24 h in a dark to provide a viscous solution. After 

cooling, the resulted viscous solution was diluted with chloroform and precipitated out in 

methanol and the target polymer was collected by filtration, which are obtained as a white 

powdered form and then dried in a vacuum oven at 60 °C for 8 h. 

 

Polymer P12: 

MMA (2.85 g, 28.5 mmol), AMAA (0.107 g, 0.750 mmol), HEMA (0.0976 g, 0.750 mmol) and 

AIBN (0.246 g, 1.50 mmol). The obtained polymer is light yellowish solid (65 % yield). IR 
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(NaCl plate) νmax/cm
-1

 3414.5 (O-H stretching), 3335.8 (N-H stretching), 1794.6 (C=O stretching 

for acetoxy), 1730 (C=O stretching for MMA). 
1
H NMR (300 MHz, DMSO-d6) δ 9.45 (NH 

moiety for acetoxy), 4.12 (OCH2 moiety for HEMA), 3.84 (CH2O moiety for HEMA), 3.35 (OH 

moiety for HEMA) 2.22 (CH3 moiety for acetoxy). 
13

C NMR (75 MHz, DMSO-d6) 178.41 (C=O 

for HEMA), 178.12 (C=O for acetoxy), 177.83 (C=O for MMA), 177.00 (C=O for acetoxy 

amide), 66.91 (O-CH2 for HEMA), 60.64 (CH2OH for HEMA), 54.21(O-CH3 for MMA), 51.84 

(CH3 for acetoxy), 45.51 (C-CH3), 18.69 (CH2-), 16.42 (CH3-) 

 

Polymer P13: MMA (2.70 g, 27.0 mmol), AMAA (0.215 g, 1.50 mmol), HEMA (0.195 g, 1.50 

mmol) and AIBN (0.246 g, 1.50 mmol). The obtained polymer is light yellowish solid (70 % 

yield). IR (NaCl plate) νmax/cm
-1

 3414.5 (O-H stretching), 3337.5 (N-H stretching), 1796.0 (C=O 

stretching for acetoxy), 1730 (C=O stretching for MMA). 
1
H NMR (300 MHz, DMSO-d6) δ 9.45 

(NH moiety for acetoxy), 4.12 (OCH2 moiety for HEMA), 3.84 (CH2O moiety for HEMA), 3.60 

(OH moiety for HEMA) 2.22 (CH3 moiety for acetoxy). 
13

C NMR (75 MHz, DMSO-d6) 178.40 

(C=O for HEMA), 178.11 (C=O for acetoxy), 177.81 (C=O for MMA), 176.98 (C=O for acetoxy 

amide), 66.90 (O-CH2 for HEMA), 60.54 (CH2OH for HEMA), 54.33 (O-CH3 for MMA), 51.84 

(CH3 for acetoxy), 44.50 (C-CH3), 18.69 (CH2-), 16.39 (CH3-). 
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Chapter 4 Detection of Ultralow Trace Amounts of Isocyanates in Air Using 

Fluorescent Conjugated Polymer 

 

4.1 Introduction 

4.1.1 Overview of conjugated polymers 

Conjugated polymers have received much attention as signal-transducing elements for 

sensory applications due to their signal amplification properties and the versatility in their 

molecular design.
1,2

 Fluorescent conjugated polymers have been employed extensively as 

sensing materials almost three decades.
3-5

 This method based on upon changes in fluorescence 

intensity, energy transfer, electron transfer, wavelength (excitation and emission), and lifetime.
6
 

Fluorescence is a leading signal transduction method for the formation of the chemosensory 

device. One of the main features that have accelerated the use of fluorescent conjugated 

polymers as sensors relate to their ability to produce the signal gain in response to an interaction 

with target analytes. The π electrons along the polymer chain are available for delocalization all 

over the backbone. Excitons in conjugated polymers are mobile and can migrate throughout the 

polymer backbone; this migration increases the frequency of interaction with the bound 

quencher, as a result, the sensitivity becomes higher. 

To understand this chemistry, studies were done in parallel with the small molecule 

receptor and polymeric analogues of different molecular weights. The result shows that both 

displayed quenching towards the analyte by forming a complex between the receptor and 

analyte. The polymer has a greatly enhanced sensitivity over the small molecular receptor. 

Further investigations have also indicated that the signal amplification increases with molecular 

weight. Once the molecular weight exceeds the average diffusion length of the excitation (ca. Mn 

= 100000), the effect is independent of molecular weight.
3
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In this part of the thesis two main properties of the analyte were considered for detection; 

1) electron deficiency 2) volatility. The isocyanato group is electron deficient due to the electron 

withdrawing nature by electronegative atom oxygen and nitrogen from the carbon atom. The 

volatility (high vapor pressure) of isocyanates allows for detection in air by electron-rich 

conjugated polymers. Herein we demonstrate the detection of 8 different types of commercially 

available aromatic and aliphatic isocyanates. Selectivity of fluorescent conjugated polymer 

sensors can be improved by (a) filtering the analytes and then introduced to the sensor, (b) 

adsorbing the analytes on sensor and then followed desorption by heating and (c) creating a 

fluorescence character map based on analytes.  

 

4.1.2 Contribution  

The following is a full version of the article “Direct detection of ultralow trace amounts 

of isocyanates in air using a fluorescent conjugated polymer” published on November 8
th

, 2013 

in Chemical Communications and reprinted with permission from The Royal Society of 

Chemistry Copyright Clarence Centre (see Appendix C). This includes detailed supporting 

information with optimization data and tables as well as additional unpublished data, provided 

therein. The synthesis of TPE (tetraphenylethylene) monomer and polymerization were carried 

out by another student, Sukanta Kumar Saha. Some difficulties during the synthesis of 

pentiptycene monomer and film preparation were solved by Dr. Jian Ping Gao. Manuscript 

writing, synthesis of monomer pentiptycene and rest of the experimental work including film 

preparation and sensitivity of the polymer towards 8 different types of isocyanates as well as the 

related calculations were carried out by me.  

The link to the article: http://pubs.rsc.org/en/content/articlehtml/2014/cc/c3cc47934j 

http://pubs.rsc.org/en/content/articlehtml/2014/cc/c3cc47934j
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4.1.3 Abstract 

A fluorescence sensory polymer containing the pentiptycene and tetraphenylethylene 

units linked by acetylene was synthesized for direct detection of isocyanates in air. Eight 

industrially available aliphatic and aromatic isocyanates were tested. The polymer film shows a 

rapid fluorescence quenching response to any type of isocyanates with a ppt level of detection 

limit, which is much lower than the permissible exposure limit of 5 ppb. 
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4.2 Article 

Isocyanates are highly reactive and low molecular weight compounds containing the 

isocyanato group (-N=C=O). There are three common types of isocyanates available: mono-, di-

/tri- and polyisocyanates and among them polyisocyanates are not volatile at room temperature.
1-

4
 Isocyanates are widely used in large quantity in many industrial sectors, such as automobile, 

construction, and sports. The most commonly used diisocyanates are 4,4-methylenedisocyanate 

(MDI), 2,4-toluene diisocyanate (TDI), hexamethylene diisocyanate (HDI), isophorone 

diisocyanate (IPDI), 1,5-naphthalene diisocyanate (NDI), and p-phenylene diisocyanate (PPDI).
5-

8
 Exposure to even a small amount of isocyanates can cause irritation to the eyes and skin and 

also decreased lung function when inhaled in the form of gas, steam, dust or aerosol.
9,10

 The 

most common adverse health impact associated with isocyanate exposure is asthma due to 

sensitization.
11

 In most countries, the permissible exposure limit (PEL) for most isocyanate 

monomers is 5 ppb in air.
12

 This implies that the detection of isocyanate compounds in a 

workplace is highly required to maintain a safe working environment and protect the workers 

from adverse health effects. The most commonly used analytical methods for the detection of 

isocyanates in air are colorimetric methods,
13

 absorption spectrophotometry,
14-17

 liquid 

chromatography with fluorescence detection using N-methyl-1-naphthalenemethylamine as a 

fluorescence-activating reagent,
18

 capillary zone electrophoresis as an alternative to HPLC,
19

 and 

mass spectrometry.
20

 A recently developed and improved method to detect isocyanates is PTR-

MS (proton transfer reaction-mass spectrometry).
21

 Nearly all the analytical techniques require 

chemical derivatizations and separation. Most methods are limited to a few isocyanates with the 

unknown detection limits, except for the one by alkaline adduct coordination ion spray tandem 

mass spectrometry for determining specifically three isocyanates (HDI, 2,4-TDI, and 2,6-TDI) at 

ppt levels in air.
20a
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Highly fluorescent conjugated polymers are used as molecular sensors for direct 

detection of various chemicals, such as nitroaromatic explosives.
22,23

 Conjugated polymers are 

able to transfer their energy from the excited state to the electron deficient analytes and cause 

fluorescence turn-off. In comparison with nitro-compounds, isocyanates are also electron 

deficient and have sufficient vapor pressure at room temperature. Accordingly, isocyanates 

should be detectable, like nitro-compounds, by a fluorescence quenching mechanism using a 

conjugated polymer.  

For direct detection of isocyanates in air by the fluorescence method, we designed a 

conjugated polymer containing the pentiptycene and tetraphenylethylene (TPE) units that are 

linked by an acetylene bond, namely polymer P1 (Scheme 1). Pentiptycene is selected as one of 

the key structural components of polymers, since it is readily available by simple synthesis 
24,25

 

and is proven to be useful in polymers for fluorescence detection of nitro explosives.
26

 

Pentiptycene has a three dimensional rigid structure, which prevents π-stacking or excimer 

formation in the excited state in the solid film.
26,27

 TPE is a known luminophore and in particular 

is highly emissive in the aggregated state or has the aggregation-induced emission (AIE) effect.
28

 

In addition to some unique applications,
29-34

 the polymers with the AIE property have been used 

as chemosensors.
35-37

 Therefore, polymer P1 is expected to be highly emissive as the solid film, 

due to the presence of the aggregated TPE moiety. The aggregated TPE and the bulky 

pentiptycene moieties create the molecular cavities in polymer film, which allow for the analytes 

to enter and get trapped readily. Thus, these molecular features and characteristics are deemed to 

make polymer P1 suitable for sensing various isocyanates.  

Herein we represent the synthesis and properties of a sensory polymer with a high 

sensitivity towards isocyanates. Thin films of polymer P1 are able to detect various aliphatic, 
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aromatic, mono- and diisocyanates at the permissible exposure limit at room temperature. In our 

work, we selected pentiptycene diacetylene (1) and 1,2-bis(4-bromophenyl)-1,2-diphenylethene 

(2) as monomers. Monomers 1 and 2 were synthesized according to the standard procedure from 

the literature.
38,39

 The synthetic route to the target sensory polymer P1 is shown in Scheme 1. 

The Sonogashira cross-coupling reaction of compound 1 with compound 2 affords polymer P1 in 

71% yield.
40

 

Scheme 1. Synthesis of polymer P1 by Sonogashira cross-coupling reaction.  

Polymer P1 is highly soluble in THF and TCE and partially soluble in CHCl3, CH2Cl2, 

and DMF. Polymer P1 has an inherent viscosity of 0.20 dL g
-1

 in TCE at 30 
o
C and forms a 

uniform and smooth film on glass surface by casting or spin coating indicating reasonably high 

molecular weight. The 
1
H-NMR spectrum (Fig. S1) of P1 displays the peaks for aromatic 

protons at 6.2 to 7.2 ppm but no peak at 3.71 ppm for the acetylenic proton. The band at 2203 

cm
-1

 for the C≡C bond in the IR spectrum (Fig. S2) also confirms the polymer formation. Further 

evidence comes from the 
13

C-NMR data (Fig. S3), which clearly reveals that the acetylene 

carbons at 78.03 and 84.84 ppm for monomer 1 shift to 124.88 and 123.52 ppm for polymer P1. 

Fig. S6 displays the normalized absorption and emission spectra of polymer P1 in solution and in 

film. In solution, polymer P1 shows a maximum absorption at 363 nm whereas monomers 1 and 

2 have the absorption maxima at 332 nm and 317 nm, respectively. Polymer P1 emits at 488 nm, 

whereas monomers 1 and 2 show the emission maxima at 356 nm and 437 nm, respectively. A 

red shift in absorption and emission spectra of polymer P1 relative to monomers 1 and 2 resulted 



115 
 

from extension of π-conjugation in the polymer backbone. The film of polymer P1 absorbs 

broadly in comparison with the one in solution and emits at 504 nm with a quantum yield of 

17%. From SEM images (Figure S14C), the average pore size of the film surface is estimated to 

be 97 nm.  

In sensing experiments, polymer films were exposed to the vapor of isocyanates at room 

temperature and the fluorescence spectra were recorded immediately after isocyanate exposure 

for a specific period. Fluorescence Quenching Response (FQR) can be defined as the percent 

ratio of fluorescence intensity decrease upon exposure and initial fluorescence intensity. Fig. 1(a) 

displays the gradual changes in the fluorescence intensity upon exposure to MDI vapor over a 

period of 300 s. After 60 s of exposure to MDI, the fluorescence intensity of P1 dropped by 74% 

or 74% FQR, and continued to drop by 84% at 300 s. Figure 1(b) shows the changes in the 

fluorescence intensity in the presence of IPDI vapor. The FQR was 52% at 60 s and 67% at 300 

s. By comparing the FQR for MDI and IPDI, it can be concluded that polymer P1 is sensitive 

towards both aromatic and aliphatic isocyanates.  
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Figure 1. The time- dependent fluorescence intensity of P1 film (7 nm) upon exposure to (a) 

MDI (b) IPDI vapor (room temperature) from 0 s to 300 s. 
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In the isocyanato group, the carbon atom is partially positively charged, as it is doubly 

bonded to more electronegative N and O atoms. These electronegative atoms pull electrons away 

from the carbon atom, making the isocyanato group quite electron deficient. The high reduction 

potential of the isocyanato group allows for an easy electron transfer and thus effective 

fluorescence quenching. The pentiptycene and TPE moieties create a large number of cavities or 

free volume in polymer film, which permits a high diffusion rate for isocyanate molecules to 

enter the polymer film, thus leading to a high FQR within a short period of exposure. 

Experimentally, the fluorescence signals decrease noticeably within only 10 s of isocyanate 

exposure (Table 1) and become constant after 5 min, indicating that the concentration of analyte 

molecules in the polymer film with a thickness of 4-30 nm has reached the equilibrium at room 

temperature.  

To further prove the sensitivity of polymer P1 towards isocyanates, 8 different 

isocyanates, including phenyl isocyanate (PI), 4-methoxyphenyl isocyanate (MeOPI), 4-

nitrophenyl isocyanate (NO2PI), MDI, TDI, HDI, IPDI, PPDI, were tested. The FQR data at 

given time are summarized in Table 1 and the other spectroscopic measurements are given in the 

supporting information.  

At 60 s of exposure, the order of the FQR is MDI > PPDI > PI > TDI > HDI > NO2PI > 

MeOPI > IPDI. The experimental results indicate that polymer P1 can maintain a high sensitivity 

towards aliphatic and aromatic isocyanates. The detection sensitivity or FQR relates to the vapor 

pressure of the isocyanate. For aromatic mono-isocyanates, polymer P1 shows a higher 

sensitivity towards phenyl isocyanate, due to the higher vapor pressure of PI (1.4 mmHg, Table 

S1) than that of MeOPI (0.107 mmHg) or NO2PI (6.84 x 10
-3

 mmHg). The detection sensitivity 

is also related to the nature or reduction potential of isocyanates. Polymer P1 shows a higher 
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sensitivity towards aromatic diisocyanates than aliphatic diisocyanates, because the former is 

more electron deficient than the latter, even though MDI has a much lower vapor pressure (4.5 x 

10
-6

 mmHg) than HDI (5.26 x 10
-3

 mmHg) or IPDI (3.0 x 10-4 mmHg). For the same reason, 

PPDI has a vapor pressure less than 6.0 x 10
-3

 mmHg but due to its highly electron-deficient 

nature causes the highest FQR for polymer P1. Since MDI has the lowest vapor pressure or 

vapor concentration of 0.062 ng mL
-1

 among all the eight isocyanates tested, the detection limit 

of polymer P1 should be at a ppt level (i.e., 0.06 ppt) and is much lower than the permissible 

exposure limit (PEL) of 5 ppb. 

Table 1. Fluorescence quenching response (%) at a given time for various isocyanates using 

isocyanates using polymer P1
a
 

a
 The film thickness is in a range of 4-7 nm for all measurements 

 

The FQR value is higher for MeOPI than NO2PI during the initial 60 s exposure but is 

lower for MeOPI than NO2PI after 60 s. This time-dependent FQR is likely due to the different 

permeability of these two isocyanates in the polymer film. Since the gas permeation involves 

adsorption of the permeating species onto the polymer, diffusion through the polymer and 

desorption of the permeating species from the polymer surface and removal, the permeability can 

be affected by solubility and diffusivity of isocyanate molecules in the polymer film. At the 

Time, s 10 20 30 40 50 60 120 180 240 

PPDI 23 31 48 54 63 71 75 78 81 

MDI 41 49 56 62 69 74 76 81 82 

TDI 22 30 42 52 60 63 67 70 75 

PI 21 30 41 52 60 66 70 73 77 

NO2PI 14 18 32 40 49 61 66 69 72 

MeOPI 22 31 41 45 54 59 61 65 66 

HDI 24 26 40 45 53 62 67 71 73 

IPDI 19 21 28 38 50 52 54 58 63 
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beginning, the FQR is mainly controlled by the diffusion rate, which is governed by the vapor 

pressure. Therefore, MeOPI with a higher vapor pressure (0.107 mmHg) gives a higher FQR 

than NO2PI (6.84 x 10
-3

 mmHg). At a later stage, the adsorption and desorption of isocyanate 

molecules in polymer reach an equilibrium and the FQR should now be governed by the 

isocyanate solubility in polymer. Thus, NO2PI with a higher affinity gives a larger FQR than 

MeOPI.  

In summary, a conjugated fluorescent polymer has been successfully synthesized and 

used for direct detection of various isocyanates in air. Polymer P1 is highly sensitive to aromatic 

and aliphatic isocyanates with a detection limit at the ppt level. The isocyanate sensing under 

ambient conditions is fast, typically within a period of 10-60 s. A highly sensitive optical sensor 

based on P1 or other similar conjugated polymers is feasible and applicable for direct monitoring 

the isocyanate chemicals at a workplace.  
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Chapter 5 Detection of Nitroaromatic Compounds by Fluorescent Conjugated 

Polymer  

 

5.1 Introduction 

5.1.1 Overview of nitroaromatic compounds 

Nitroaromatic compounds are generally less stable under certain conditions (temperature 

and pressure) and considered as explosives. An explosive compound is defined as an unstable 

material (chemical or nuclear) that can be initiated to undergo a very rapid, and self-propagating 

decomposition resulting in the formation of more stable material, the liberation of heat or the 

development of sudden pressure effect. Basically, explosives are classified as low and high; 

these two categories and both types are further classified into different sub-category as shown in 

Figure 5.1.
1,2

 

Secondary explosives which include nitroaromatics and nitramines are extensively used 

in military sites. They are often used as main charge or bolstering explosives because they are 

formulated to detonate only under specific circumstances.
1,2 

 

Figure 5.1 Classification of Explosives based on structure, performance, and sensitivity
1
 

 

Nitroaromatic explosives such as trinitrotoluene (TNT) and picric acid (PA) are 

composed of a benzene ring-functionalized with several nitro groups. The detection of this class 
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of explosives is not easy because they have moderate vapor pressures and their reactivity is quite 

limited.
3 

Most of the explosive compounds contain the nitro groups in the structures and are 

considered to be electron deficient. The electron-withdrawing group in an aromatic ring lowers 

the energy level of the empty π* orbital, thus making them a good electron acceptor. Therefore, 

the reduction potentials become less negative (more favorable) with increasing the nitro 

substituents. The reduction potential of TNT is -0.7 V versus the normal hydrogen electrode 

(NHE), which is less negative than that of either DNT (-0.9 V versus NHE) or nitrobenzene (-

1.15 V versus NHE).
4,5

 Most of the fluorescent conjugated polymers are highly electron rich 

which have a very high HOMO level, as a result they have been applied to detect the 

nitroaromatic explosives in the vapor phase.
6
 Therefore, a nonbonding electrostatic interaction 

between the electron deficient explosive and electron rich polymer is achieved which causes the 

fluorescence quenching. The fluorescence quenching mechanism can also be achieved through 

the Lewis acid-base (donor-acceptor or charge transfer) mechanism. Electron deficient nitro 

explosives act as electron acceptors for photo-excited electrons of the fluorescent polymers. 

These electron-deficient molecules are able to form π-stacking complexes with electron-rich 

fluorophores, and this particular property has been widely used for their detection with chromo-

fluorogenic probes.
7,8

  

In this part of the thesis, a few properties of the analyte were considered for detection: 1) 

electron deficiency 2) volatility 3) diffusion rate. The moderate vapor pressures of nitroaromatics 

make a perfect experimental analyte for detection in air using electron-rich conjugated polymers. 

However, these explosives in water (solution) are challenging for detection for fluorescence 

method using fluorescent conjugated polymers. Herein we chose picric acid (PA) and 2,4-
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dinitrotoluene (DNT) as representatives of nitroaromatic explosives for fluorescence detection in 

aqueous solution and in air, respectively. 

 

5.1.2. Contribution  

The following is a full version of the article “Ultra-Sensitive Detection of Explosive in 

Solution and Film as well as the Development of Thicker Film Effectiveness by 

Tetraphenylethene Moiety in AIE Active Fluorescent Conjugated Polymer” published on June 

11, 2014 in Polymer Chemistry and reprinted with permission from The Royal Society of 

Chemistry Copyright Clarence Centre Appendix C). This includes detailed supporting 

information with optimization data and tables as well as additional unpublished data, provided 

therein. The synthesis of the tetraphenylethylene (TPE) monomer and polymerization were 

carried out by another student, Sukanta Kumar Saha. Manuscript writing, synthesis of monomer 

pentiptycene and rest of the experimental work including film preparation and sensitivity of the 

polymer towards PA and DNT as well as the related calculations were carried out by me.The link 

to the article: http://pubs.rsc.org/en/content/articlelanding/2014/py/c4py00673a#!divAbstract 

 

5.1.3. Abstract 

A fluorescence sensory polymer consisting of pentiptycene and tetraphenylethylene 

(TPE) units linked by acetylene was synthesized for direct detection of explosives in solution and 

air. At the same time, the effectiveness of thicker film in the presence of TPE moiety for the 

detection of explosive was investigated. Fluorescence turn-off detection of PA was carried out in 

H2O/THF mixture (H2O/THF) containing 90% water, where the TPE units of the polymer are in 

a highly emissive aggregation state. Polymer P1 exhibits a fluorescence quenching response 

http://pubs.rsc.org/en/content/articlelanding/2014/py/c4py00673a#!divAbstract
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(FQR) of 24% for 4.36  10
−8

 M of PA and 98% for 4.7 10
−6

 M of PA. For a thin film (4 nm) of 

P1 after exposure to DNT, its fluorescence intensity dropped 48 % after 10 s and continued to 

drop 97% after 300 s. In comparison, the fluorescence intensity decreased 29% (10 s) and 72% 

(300 s) for a thicker film (75 nm). These results indicate that P1 is a promising material for direct 

detection of nitroaromatic explosives in air and in solution at a ppb level. The TPE moiety in the 

polymer improves the sensitivity and effectiveness of thick polymer films for sensing. 
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5.2 Article 

Nitroaromatic compounds are commonly used as explosives among them 2,4,6-

trinitrotoluene (TNT) is a main component in more than 10 types of bombs, especially those used 

in landmines.
1
 The recent global terrorism has made an attention to trace detection of 

explosives.
2
 Low-level exposure to PA, DNT and TNT can cause eye injury, red skin, liver 

damage and aplastic anemia.
3
 The allowable contaminate level of PA is not estimated; that of 

DNT is 0.2 µg L
-1

 and TNT in water is 2 ppb.
4
 This implies that the detection of explosive 

materials is greatly required for stopping unexpected terrorist activities and to ensure safe living. 

For the detection of explosives, there are many different techniques are available like gas 

chromatography coupled with mass spectrometry,
5,6

 surface-enhanced Raman spectroscopy,
7
 ion 

mobility spectrometry,
8
 energy dispersive X-ray diffraction,

9 
metal detectors.

7
 Though among the 

above-mentioned methods some are highly sensitive to the explosives, they are expensive, need 

to be calibrated frequently, require time-consuming procedures,
10

 or too sophisticated to handle 

that are not easily applied to the on-field testing.
11

 Besides these methods for the onsite explosive 

detection, the use of dogs is one of the most common methods, but is totally dependent on the 

behavior of the dogs, and also the training and long-term care of dogs are expensive.
12

 So, the 

development of efficient and cost-effective detection devices has become an urgent worldwide 

necessity. 

Over the last two decades, considerable research efforts have been devoted to 

fluorescence sensor polymers for accurate and rapid detection of nitro explosives by Swager and 

many other research groups, using pentiptycene, modified pentiptycene and tetraphenylethylene 

(TPE) moieties as the key components in conjugated polymers.
2,13,14

 Among them, several 

pentiptycene based conjugated polymers are found to be highly sensitive towards nitroaromatic 

explosives.
2,13

 We previously reported a series of highly sensitive sensory polymers containing 
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pendent cholesteryl ester groups followed by fluorene and pentiptycene for detection of 

nitroaromatics.
15

  

TPE-based polymers are Aggregation-Induced Emission (AIE) active, AIE being a 

phenomenon where a non-emissive material in solution becomes highly luminescent upon 

aggregation.
16

 Recently, TPE-based conjugated polymers for sensing of nitro explosives have 

become promising materials. Most of them are demonstrated in solution with a rare example in 

the film. 

Pentiptycene has a three-dimensional rigid and bulky structure, which prevents π-

stacking or excimer formation in the excited state in the solid film; as a result, a gaseous analyte 

can easily interact with the surface and diffuse through the film causing fluorescence 

quenching.
13a,d

 TPE polymer in solution forms highly emissive nanoaggregates; an analyte can 

enter the nanoaggregates and be captured, at the same time associating with the polymer by non-

bonding electrostatic interactions or potential involvement of Lewis acid-base interactions, 

causing fluorescence quenching.
14a,b 

 

To detect an explosive in air with rapid response and a high sensitivity, a fluorescence 

polymer film that features a high degree of conjugation, large free volume, and high adsorption 

ability of gaseous analyte on the surface, with a fast diffusion rate and high solubility through the 

film would be an ideal system. Moreover, to detect an explosive in solution with rapid response 

and a high sensitivity, a fluorescence polymer that features strong luminescent amplification 

characteristics, e.g., AIE enhancement with high degree of conjugation, would be an ideal 

system. 

Since nitroaromatic compounds are electron deficient in nature, with highly conjugated 

electron-rich polymers are able to make π-stacking complexes, and by the photoinduced electron 
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transfer process, the fluorescence intensity of polymer sensors can be quenched.
17,18

 Highly 

fluorescent AIE active polymers are also able to be quenched by nitroaromatics through energy 

transfer. With these basic requirements in mind, we have designed a polymer (P1) which consists 

of pentiptycene diacetylene (1) and 1,2-bis(4-bromophenyl)-1,2-diphenylene (2) as monomers 

making the polymer highly conjugated and electron rich. This polymer showed high sensitivity 

towards isocyanates and can detect them at ppt levels.
19

 Though isocyanates are less electron 

deficient than the explosive compounds, we expect polymer P1 to have very high sensitivity 

towards nitroaromatic explosives. In this paper, we report the detection of nitroaromatic 

compounds in air and solution as well as the effectiveness of a thicker polymer film. We also 

hypothesized that TPE moiety would increase the cavity of the film as well as conjugation, thus 

enhancing the performance of the thicker film.  

 

Measurements 

1
H NMR and 

13
C NMR spectra were recorded on a Bruker Avance Digital 300 and 400 

MHz (300, 400 and 75, 100 MHz for 
1
H NMR and 

13
C NMR, respectively). Resonances were 

quoted on the δ scale relative to tetramethylsilane (TMS, δ = 0) as an internal standard. For 
1
H-

NMR spectra, the following abbreviations have been used: s = singlet, d = doublet, t= triplet, q = 

quartet, m= multiplet. Infrared measurements were performed on a Varian 1000 FT-IR Scirinitar 

series spectrophotometer. The following abbreviations have been used in IR spectra: s = strong, 

m = medium, w = weak, br. = broad, sh = sharp. The measuring mode was %T (percentage 

transmittance). The band positions were expressed in per centimeter (cm
-1

). Mass spectra were 

measured with a Micromass Quattro LC ESI (EI). The UV-Vis spectra were recorded with a 

Perkin-Elmer Lambda 900 UV-Vis-NIR spectrometer at room temperature. The fluorescence 
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spectra of all samples were measured in a quartz cuvette with a path length 1cm in Shimadzu 

RF-1501 spectrofluorometer.  

 

Preparation of fluorometric titration solutions 

Stock THF solutions of polymer P1 with a concentration of 1.17 x 10
-3 

M in 10 mL was 

prepared and then 1 mL of the solution was transferred into a 20 mL vial to further dilution by 9 

mL of THF as experiment solution. After adding an appropriate amount of the experiment 

solution into a 20 mL vial, water was added under vigorous stirring to prepare H2O-THF mixture 

of different fractions (fw = 0-95) by volume. A stock PA solution was prepared at a concentration 

of 4.36 x 10
-3 

M in 10 mL THF. The fluorescence spectroscopic titration was carried out by 

sequentially adding 0.1, 0.2, 0.3 and up to 10.8 μL of PA solution to 10 mL of P1 in H2O-THF 

mixture containing 90% of water. The solution of P1 with PA was stirred for 1 minute and then 

placed in a quartz cuvette. The fluorescence spectra of the resultant mixtures were then recorded 

immediately at room temperature with excitation wavelength of 365 nm. During the titrations the 

instrument sensitivity was kept at low, otherwise, it went beyond the range. 

 

Film formation  

Films coated on glass substrates were prepared by the spin-coating process. Polymer 

films were spin-coated from 1,1,2,2 tetrachloroethane solutions onto a glass plate (microscope 

slide, 20 × 20 × 1 mm) and spun at 1000 rpm by using a Chemat KW-4B spin-Coater. Then the 

films were dried for overnight at 80 
o
C under argon atmosphere. To prepare 4-80 nm thick films, 

5-10 mg of polymer in 1.5 mL of solvent were used. The thickness of the films ranged from 4-80 
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nm, as measured using a Tencor Instrument Alpha-Step 200 surface profiler (uncertainty ± 0.01 

Å) and by Atomic Force Microscopy (AFM) (uncertainty ± 0.2 nm). 

The fluorescence spectra were recorded with a fluorimeter immediately after exposing 

the polymer film to the analyte, 2,4-DNT for a specific period of time. Fluorescence Quenching 

Response (FQR) is defined as I0-I/I0 x 100, where I0 and I are the fluorescence intensity prior to 

and after exposure to analyte (DNT) vapor, respectively. 

 

Results and discussion 

The synthetic route to the target sensory polymer P1 is shown in Scheme 1. The 

Sonogashira cross-coupling reaction of compound 1 with compound 2 affords polymer P1 in 

71% yield which we have recently published. Its characterization by spectroscopic method has 

been mentioned in that literature.
19

  

 

Scheme 1. Synthesis of polymer P1 by Sonogashira cross-coupling reaction 

 

The backbone of polymer P1 contains the TPE unit, which is AIE active. The emission 

property of polymer and its AIE behavior were investigated in THF and in H2O-THF mixture 

solutions (Fig. 1). Tang has revealed that TPE-containing polyenes are non-emissive in solution 

but become luminescent afterwards due to AIE with the addition of poor solvent. This emission 

gradually increased with the formation of aggregates and reached its maximum in 90% aqueous 

solution.
14a,b,16

 A similar phenomenon was observed for polymer P1 in THF and in H2O-THF 
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solutions. Polymer P1 is non-emissive or very weakly emissive in THF or in H2O-THF mixture 

when the water content is below 30%, but upon further addition of water the photoluminescence 

(PL) intensity gradually increases at around 490 nm.  
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Fig. 1 Photoluminescence spectra of polymer P1 in H2O-THF mixtures with different water 

contents. Excitation wavelength: 365 nm. 

 

The photograph in Fig. S1 clearly indicates that in H2O-THF solution with lower water 

fraction, polymer P1 emits no light; the emission becomes stronger afterwards due to the 

aggregation. 

 

Explosive detection by polymer nano-aggregates 

We used picric acid (PA) as a model explosive of TNT in this work. The sensitivity of 

polymer P1 towards PA was determined by fluorescence spectroscopic titration experiment. Fig. 

2 displays the fluorescence turn-off detection of different concentrations of PA using P1 (1.17x 

10
-5

 M) in H2O-THF mixture containing 90% of water. Upon the addition of PA into P1 
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aggregates solution, the emission intensity decreased quickly and FQR reached over 98% with 

the PA concentration at 4.71  10
−6

 M. The inset photograph (bottom) shows that polymer P1 is 

highly emissive but after addition of PA emission decreases, which is also detectable by the 

naked eye (inset photograph (top)). 
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Fig. 2 Fluorescence response of P1 (1.17×10
-5

 mol/L) to the addition of different amounts of 

picric acid (PA) into the H2O-THF mixture solution with a water fraction of 90%. Excitation 

wavelength: 365 nm. 

 

The FQR was 24% with addition of 4.36  10
−8

 M PA to the nano-aggregates of P1, 

which confirmed the nanoaggregates of P1 could be a very sensitive sensor for the detection of 

nitroaromatic explosives at the ppb level in solution. Fig. S3 reveals that polymer P1 exhibits 

high sensitivity towards PA with the association constant between the host and guest being 37 

10
-8

 M
-1

, deduced by the Stern-Volmer equation, which is lower than that reported for TPE-based 

fluorescence sensor polymers.
14a,b

 This can be explained by the fact that in the turn-off detection 
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system where water content is high, the AIE active TPE units are in aggregated state, which 

gives intense fluorescence. In addition, pentiptycene is a large compound and maintains a large 

free volume inside the polymer allowing the analyte to enter into the polymer. This large cavity 

in the nano-aggregated state helps to bind with more PA thus making the quenching a highly 

efficient process for polymer P1.
17, 20

 This can also be explained by the Lewis acid-base 

interaction between the electron-rich polymer P1 and the electron-deficient PA molecules as well 

as the photoinduced electron transfer from the higher lowest unoccupied molecular orbital 

(LUMO) energy level of P1 nanoaggregates to PA which plays a key role in the quenching 

process. Cyclic Voltammetry (CV) was carried out for this polymer to determine the highest 

occupied molecular orbital (HOMO) and LUMO energy levels (Fig. S4 in SI). From CV we only 

got the noticeable oxidation process (0.87 V, onset) 
1
since our synthesized polymer is electron 

rich. This oxidation potential value provides the HOMO energy level of -5.25 eV.
21

 Calculation 

of LUMO from optical energy band gap tends to give a large error; therefore, the calculated 

LUMO would not be accurate. Addition of trace analytes to the polymer aggregates leads to 

quenching, indicating that surely the LUMO of the polymer is much higher than the LUMO of 

analytes (PA and DNT) which facilitates electron transfer from the excited polymer to analytes. 

Fig. S5 in the SI illustrates that there is an overlap between the absorption spectrum of PA and 

the emission spectrum of the polymer aggregates, but this was not possible for DNT. Therefore, 

in solution the quenching mechanism can be dominated by charge or energy transfer or both, 

depending on the overlap of the absorption of nitroaromatics and emission of polymer at the 

highest aggregation state.
14c,14e,22

  

 

                                                           
1
 There was an error in the article, the onset oxidation would be 0.87 V instead of 2.02 V and the calculated HOMO 

would be -5.25 eV instead of 6.81 eV 
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Study of fluorescence quenching of polymer P1 film by DNT 

DNT was used as an analyte in our study, because of its higher equilibrium vapor 

pressure (1.47 x 10
-4

 mmHg at 22 
0
C) than TNT (8.06 x 10

-6
 mmHg at 25 

0
C)

 7
 as well as its 

availability.
 
Fig. 3 shows the changes in fluorescence intensity of the P1 film (16 nm thick) upon 

exposure to DNT vapor over several different time periods. With a 10 s exposure, fluorescence 

intensity dropped 43 % and after 360 s intensity dropped 92.0%. 
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Fig. 3 Time-dependent PL spectra of a spin-coating film of P1 upon exposure to DNT vapor at 

room temperature for 0-360 s. Film thickness: 16 nm; excitation wavelength: 375 nm. 
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Fig. 4 Fluorescence quenching response of films of P1 of different thickness after exposure to 

DNT vapour for 10-60 s. 
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Fig. 5 Fluorescence quenching response of films of P1 of different thicknesses after exposure to 

DNT vapor for 1-6 min. 
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Fig. 4 and 5 display the FQR for different time intervals upon exposure of DNT analyte 

to different thicknesses of the polymer film. For a 4 nm film, the FQR after exposures for 30 s is 

70%; however, this reduces to 37% for a film of 80 nm in thickness. This result is consistent with 

the time intervals within 60 s exposure to DNT vapor: our experimental work shows that thinner 

films give a higher response than thicker films, especially in the first 30 s. A similar phenomenon 

was observed for 1-5 min of DNT exposure (Fig. 5). However, after 5 min exposure to DNT, 

films around 35-75 nm in thickness gave almost the same FQR (77-73%). This rapid response to 

the analyte indicates that the DNT molecules have better nonbonding electrostatic interactions 

with the electron-rich polymer.
9
 Thinner films 4-30 nm, show a better FQR (85-64%) within 60 s 

for our synthesized polymer P1. These results can be explained by the cavity of the polymer 

backbone and diffusion rate of the analyte through the polymer in the solid state. The 

pentiptycene and TPE moieties make the polymer more electron rich, thus leading to a high FQR 

within a short period of exposure. These two moieties also create a large number of cavities or 

free volume in the polymer film which permits a high diffusion rate for explosive molecules to 

enter and solubilize in the polymer film, thus gives a window for higher FQR in a longer period 

of exposure. Moreover, the rigid pentiptycene moiety in the polymer prevents significant π-

stacking interactions between polymer backbones, thereby weakening the interpolymer 

interactions. As a result, the polymer will provide a very quick response regardless of thickness 

and, due to the morphological change in the polymer film; it will provide a better response with 

time for thicker films. Experimentally, the fluorescence signals decrease noticeably within only 

10 s of DNT exposure regardless of the thickness of the film and reach equilibrium after 5 min. 

The FQR value is always higher for thinner films and also it improves for thicker films with 

time, which indicates that the DNT molecules have strong interactions with film surface and can 
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easily diffuse and solubilize through the bulk of the film. These results indicate that the TPE 

moiety enhances the formation of cavities along with the pentiptycene moiety in the solid state as 

well as increasing the conjugation, thus significantly improving the FQR for thicker films, 

though the thinner films have higher FQR. Our experimental result was relevant to our 

hypothesis and gave a better response than in our previous work.
16

 Therefore; our polymer is 

more suitable for the detection of nitroaromatic vapor. 

 

DNT detection study by using APTES under-coated and top-coated films of P1  

Fig. 6 displays the FQR for different time intervals upon exposure of DNT analyte to 

different thicknesses of polymer film under-coated by (3-amino propyl)triethoxysilane (APTES). 

APTES is a surface promoter for a variety of substances such as glass, silicon and plastics, and is 

able to form an ultrathin layer containing the free amino groups on the surface. The polar 

electron-donating group (-NH2) in APTES has an ability to bind electron-deficient nitroaromatic 

compounds through the electron donor and acceptor interaction. The purpose of using APTES in 

our experiment was to get a quick response compared to the uncoated polymer film. However, 

Fig. 6 clearly shows that the polymer films with the APTES undercoating gave lower FQR than 

those without the undercoating for different time intervals. Thus, this indicates that the 

undercoating decreases the sensitivity of polymer P1. Fig. 7 displays the fluorescence turn-off 

detection of DNT using P1 top-coated with APTES. This shows lower FQR for different time 

intervals compared to the uncoated film, indicating that top coating also decreases the sensitivity 

of polymer P1. 

Table 1 shows the level of fluorescence quenching after 10 s, 30 s and 60 s for a 4 nm P1 

film with under-coated and top-coated surfaces with respect to that without APTES. There is a 
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noticeable difference among them; initially, the under-coated film shows better response upon 

exposure than the top-coated one. After 60 s exposure of DNT vapor the top-coated film, it 

shows higher FQR compare to the undercoated film. The polymer film without APTES gave 

higher FQR response for time intervals than that with APTES coating. This indicates that the 

polymer itself has enough cavities to allow sufficient diffusion of DNT vapor through the film. 

Moreover, with the presence of APTES, the interaction with the analyte is more hindered, which 

leads to a slight decrease of FQR. 
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Fig. 6 Fluorescence quenching response of films of P1 of different thickness undercoated with 

APTES after exposure to DNT vapor for 10-60 s. 
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Fig. 7 Time-dependent PL spectra of the spin-coated film of P1 with APTES top-coating upon 

exposure to DNT vapor at room temperature for 0-300 s. Film thickness: 4 nm; excitation 

wavelength: 375 nm. 

 

Table 1 Comparison of the fluorescence quenching response (FQR) of P1 films (4 nm) on glass 

plates with APTES under-coating and top-coating 

Time (s) 10 30 60 

(a) With under-coated film 10.31 20.33 23.75 

(b) With top-coated film 16.38 13.41 14.79 

(a) Change in FQR = F1 – F2, where F1 is the FQR without undercoating and F2 is the FQR 

with APTES undercoating  

(b) Change in FQR = F1 – F2, where F1 is the FQR without top-coating and F2 is the FQR with 

APTES top-coating  
 

Conclusion 

In this work, a conjugated fluorescent polymer (P1) consisting of pentiptycene and TPE 

moieties that are linked with acetylene was successfully used as an explosive chemosensor both 
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in the aggregated and solid states. Polymer P1 showed high sensitivity towards nitroaromatic 

explosives. In the aggregated state the detection limit can reach the ppb level; while for a solid 

film with a thickness of 4 nm, 85% FQR has been recorded within 60 s. Moreover, in the 

presence of TPE moiety, the polymer itself has enough cavities that facilitate better FQR for 

thicker films as well. The presence of top-coating or under-coating did not improve the FQR 

response. The experimental data indicated that P1 self-supporting films can be used as a 

promising sensor material for the detection of nitroaromatic explosives without the need for any 

further film modifications.  
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Contribution to knowledge 

1. Demonstrated a phosgene-free synthetic route to isocyanates and polyurethanes. 

2. Synthesized latent isocyanate terminated prepolymers.  

3. Synthesized methacrylate copolymers with the pendent latent isocyanate groups. 

4. Demonstrated the fluorescence detection of trace amounts of isocyanates and 

explosives in air and in solution by fluorescent conjugated polymers. 
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Appendix A: Spectra of compounds in Chapter 2 

 

 

Figure S2.1. IR spectrum of N1, N4-dihydroxyterephthalamide (NaCl plate) 

 

 

Figure S2.2. The 
1
H NMR spectrum (300 MHz, DMSO-d6) of N1, N4-dihydroxyterephthalamide  
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Figure S2.3. The 

13
C NMR spectrum (75 MHz, DMSO-d6) of N1, N4-dihydroxyterephthalamide 

 

 

Figure S2.4. EI mass spectrum of N1, N4-dihydroxyterephthalamide 
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Figure S2.5. ESI mass spectrum of N1, N4-diacetoxyterephthalamide 

 

 

Figure S2.6. IR spectrum of di(heptadecan-9-yl) 1,4-phenylenedicarbamate (compound 1) (NaCl 

plate) –in absence of base catalyst 
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Figure S2.7. The 
1
H NMR spectrum (300 MHz, CDCl3) of di(heptadecan-9-yl) 1,4 

phenylenedicarbamate (compound 1) –in absence of base catalyst 

 

 

Figure S2.8. The 
13

C NMR spectrum (75 MHz, CDCl3) of di(heptadecan-9-yl) 1,4 

phenylenedicarbamate (compound 1) –in absence of base catalyst 
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Figure S2.9. ESI Mass spectrum of di(heptadecan-9-yl) 1,4-phenylenedicarbamate (compound 1) 

- in absence of base catalyst 

 

 

Figure S2.10. IR spectrum of di(heptadecan-9-yl) 1,4-phenylenedicarbamate (compound 1) 

(NaCl plate) –in the presence of base catalyst 
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Figure S2.11. The 
1
H NMR spectrum (300 MHz, CDCl3) of di(heptadecan-9-yl) 1,4-

phenylenedicarbamate (compound 1) –in the presence of base catalyst 

 

 

Figure S2.12. The 
13

C NMR spectrum (75 MHz, CDCl3) of di(heptadecan-9-yl) 1,4-

phenylenedicarbamate (compound 1) –in the presence of base catalyst 
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Figure S2.13. IR spectrum after 5 min bubbled of CO2 into Dioctyl terephthalate at room 

temperature (NaCl plate) 

 

 

Figure S2.14 IR spectrum after 10 minutes bubbled of CO2 into Dioctyl terephthalate at room 

temperature (NaCl plate) 
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Figure S2.15. IR of N-acetoxybenzamide (NaCl plate) 

 

 

Figure S2.16. The 
1
H NMR spectrum (300 MHz, DMSO-d6) of N-acetoxybenzamide 
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Figure S2.17. The 
13

C NMR spectrum (75 MHz, DMSO-d6) of N-acetoxybenzamide 

 

 
Figure S2.18. EI mass spectrum of N-acetoxybenzamide 

 

 

 



156 
 

 

Figure S2.19. TGA of N-acetoxybenzamide 

 

 
Figure S2.20. IR of butyl phenylcarbamate (compound 2) (NaCl plate) 
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Figure S2.21. The 
1
H NMR spectrum (300 MHz, CDCl3) of butyl phenylcarbamate (compound 

7) 

 

 

Figure S2.22. The 
13

C NMR spectrum (75 MHz, CDCl3) of butyl phenylcarbamate (compound 7) 
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Figure S2.23. EI mass spectrum of butyl phenylcarbamate (compound 7) 

 

 

Figure S2.24. IR of 1,3-diphenylurea (compound 3) (NaCl plate) 
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Figure S2.25.The 
1
H NMR spectrum (300 MHz, DMSO-d6) of 1,3-diphenylurea (compound 3) 

 

 

Figure S2.26. The 
13

C NMR spectrum (75 MHz, DMSO-d6) of 1,3-diphenylurea (compound 3) 
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Figure S2.27. EI mass spectrum of 1,3-diphenylurea (compound 3) 

 

 

Figure S2.28. IR spectrum of the reaction mixture of DATA and PTMEG after being heated 

more than 90 minutes  
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Appendix B Spectra of Monomers, and Polymers in Chapter 3 

 

 

Figure S3.1. IR spectrum of N-hydroxymethacrylamide (NaCl plate) 
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Figure S3.2. The 
1
H NMR spectrum (300 MHz, DMSO-d6) of N-hydroxymethacrylamide 

 

Figure S3.3. The 
13

C NMR spectrum (75 MHz, DMSO-d6) of N-hydroxymethacrylamide 

 

 

Figure S3.4. EI mass spectrum of N-hydroxymethacrylamide 
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Figure S3.5. The 
13

C NMR (75 MHz, DMSO-d6) of N-acetoxymethacrylamide 

 

 

Figure S3.6. ESI mass spectrum of N-acetoxymethacrylamide 

 

 



164 
 

 

Figure S3.7. The 
13

C NMR (75 MHz, CDCl3) of 5 mol % of N-acetoxymethacrylamide -

containing polymethacrylate (P5) 

 

 

Figure S3.8. TGA trace of 5 mol % N-acetoxymethacrylamide -containing polymethacrylate (P5) 
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 Figure S3.9. DSC trace of 5 mol % N-acetoxymethacrylamide -containing polymethacrylate 

(P5) 
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      Figure S3.10. GPC of 5 mol % N-acetoxymethacrylamide -containing polymethacrylate (P5) 
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Figure S3.11. The 
13

C NMR (75 MHz, CDCl3) of 10 mol% N-acetoxymethacrylamide -

containing polymethacrylate (P6) 

 

 

 Figure S3.12. TGA trace of 10 mol % N-acetoxymethacrylamide -containing polymethacrylate 

(P6) 
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Figure S3.13. DSC trace of 10 mol % N-acetoxymethacrylamide -containing polymethacrylate 

(P6) 
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Figure S3.14. GPC of 10 mol % N-acetoxymethacrylamide -containing polymethacrylate (P6) 
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Figure S3.15. The 
13

C NMR (75 MHz, CDCl3) of 20 mol% N-acetoxymethacrylamide -

containing polymethacrylate (P7) 

 

  

Figure S3.16. TGA trace of 20 mol % N-acetoxymethacrylamide -containing polymethacrylate 

(P7) 
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Figure S3.17. DSC trace of 20 mol % N-acetoxymethacrylamide -containing polymethacrylate 

(P7) 
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Figure S3.18. GPC of 20 mol % N-acetoxymethacrylamide -containing polymethacrylate (P7) 
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Figure 3.19. The 
13

C NMR (75 MHz, CDCl3) of 5 mol% terpolymer (P12) 

 

 

Figure S3.20. TGA trace of 5 mol% terpolymer (P12) 
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Figure S3.21. DSC trace of 5 mol% terpolymer (P12) 
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Figure S3.22. GPC of of 5 mol% terpolymer (P12) 



172 
 

 

Figure S3.23. The 
13

C NMR (75 MHz, CDCl3) of 10 mol % terpolymer (P13) 

 

 

Figure S3.24. TGA trace of 10 mol % terpolymer (P13) 
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Figure S 3.25. DSC trace of 10 mol % terpolymer (P13) 
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      Figure S3.26. GPC of 10 mol % terpolymer (P13) 
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Figure S3.27. IR spectrum of the thermal conversions of 5 mol% terpolymer to NCO-pendent 

polymer at 110 °C (NaCl plate) 
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Appendix C Supporting Information for Chapter 4 

Direct Detection of Ultralow Trace Amount of Isocyanates in Air Using Fluorescent 

Conjugated Polymer  

The permission letter from the Royal Society of Chemistry (RSC) for copying of Chapter 4 

and 5 is as below 

Dear Khama 

The Royal Society of Chemistry (RSC) hereby grants permission for the use of your paper(s) 

specified below in the printed and microfilm version of your thesis. You may also make 

available the PDF version of your paper(s) that the RSC sent to the corresponding author(s) of 

your paper(s) upon publication of the paper(s) in the following ways: in your thesis via any 

website that your university may have for the deposition of theses, via your university’s Intranet 

or via your own personal website. We are however unable to grant you permission to include the 

PDF version of the paper(s) on its own in your institutional repository. The Royal Society of 

Chemistry is a signatory to the STM Guidelines on Permissions (available on request). 

 

You may include it as a word document as long as it is fully acknowledged. 

Please note that if the material specified below or any part of it appears with credit or 

acknowledgement to a third party then you must also secure permission from that third party 

before reproducing that material. 
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Please ensure that the thesis states the following: Reproduced by permission of The Royal 

Society of Chemistry and include a link to the paper on the Royal Society of Chemistry’s 

website. 

Please ensure that your co-authors are aware that you are including the paper in your thesis. 

Regards 

Gill Cockhead 

Publishing Contracts & Copyright Executive 

Royal Society of Chemistry, 

Thomas Graham House, 

Science Park, Milton Road, 

Cambridge, CB4 0WF, UK 

Tel +44 (0) 1223 432134 
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Scheme S1.The synthesis pathway of monomer 1 
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Scheme S2.The synthesis pathway of monomer 2 

 

9,10-Dihydro-9,10-o-benzenoanthracene-1,4-dione (III). Under an argon atmosphere in a two-

neck flask, a mixture of anthracene (I) (10.0 g, 56.0 mmol) and p-benzoquinone (II) (20.27 g, 

112.0 mmol) in 70 mL acetic acid was refluxed with vigorous stirring for 2.5 h. The reaction 

progress was monitored by TLC (Hexane: Acetone, 3:1). The resulting reaction mixture was 

poured into water and after filtering the crude was washed with hot water. The crude product was 

then purified by silica gel column chromatography using hexane as a first eluting solvent and 

then chloroform as a second one. Compound III (11.9432 g, 72.0%) was then obtained as yellow 

solid after removing the solvent. Product III (m.p 293.0 
0
C, lit 

5
 m.p 292-296 

0
C): 

1
H NMR (300 

MHz, CDCl3, ppm): δ 7.41 (4H, m), 7.06 (4H, m), 6.52 (2H, s), 5.81 (2H, s). 
13

C NMR (75 MHz, 

CDCl3, ppm): δ 183.54, 151.93, 150.96, 143.58, 135.40, 125.98, 125.48, 124.44, 124.26, 47.36. 

IR (NaCl Plate, cm
-1

): 2980 (νCH). 

5,6,7,12,13,14-Hexahydro-5,14:7,12-bis(o-benzene)pentacene-6,13-dione (IV). Under an 

atmosphere of argon in a two-neck flask a mixture of compound III (11.0 g, 37.16 mmol), 

anthracene I (6.62 g, 37.16 mmol) and p-chloranil (9.27 g, 37.16 mmol) in 500 mL acetic acid 

were refluxed for 24 h. The progress of the reaction was monitored by TLC (Hexane: Acetone, 

3:1 v/v). The resulting mixture was then cooled to room temperature and the filtered precipitate 

was washed with ether and dried in vacuum oven to give 16.61 g (92.0%) of compound IV as a 

yellow solid; m.p ˃ 350 °C, lit.
5
 m.p ˃ 370 °C. 

1
H NMR (300 MHz, CDCl3, ppm): δ 7.37 (8H, 
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m), 6.99 (8H, m), 5.77 (4H, s).
 13

C NMR (75 MHz, CDCl3, ppm): δ 180.00, 150.96, 143.64, 

125.48, 124.26, 47.36. 

Compound V. In a flame dried two-necks round bottom flask, under an argon atmosphere I 

equivalent of n-butyllithium (33.34 mL, 82.55 mmol) in hexane was added dropwise to a 

solution of (trimethylsilyl)acetylene (11.64 mL, 82.55 mmol) in 80 mL THF at 0 °C. Before it 

was transferred to a solution of compound IV (16.0 g, 33.02 mmol) in 400 mL THF at 0 
0
C the 

mixture was kept at 0 °C for another 50 min. The reaction mixture was then warmed to room 

temperature. The reaction was monitored by TLC (Hexane: Acetone, 3:1). After overnight 

stirring 20 mL 10% HCl solution was added to the reaction mixture and the mixture was then 

extracted with chloroform. After removing the solvent hexane was added to the residue. 

Compound V (20.15 g, 89.62%) was collected by filtration as a mixture of cis and trans isomers. 

1
H NMR (300 MHz, CDCl3, ppm): 7.35 (8H, m), 6.92 (8H, m), 5.50 (4H, s), 0.19 (18H, s). IR 

(KBr Pellet, cm
-1

): 3498, 3257, 3068, 3019, 2959, 2897, 2173. 

Compound VI. In a solution of compound V (5.0 g, 28.0 mmol) in 100 mL of acetone, a 

solution of tin (II) chloride dehydrate (4.13 g, 18.25 mmol) in 50% of acetic acid (50.0 mL) was 

added dropwise. This mixture was stirred at room temperature for another 24 h and the reaction 

progress was monitored by TLC (Hexane: Acetone, 3:1). After filtering the resulting solid it was 

dissolved in chloroform and washed with water and then sodium bicarbonate solution twice. The 

solvent was removed by the rotor-evaporation and the residue was precipitated in hexane. The 

resulting solid was dried in vacuum oven and collected as a white solid (3.50 g, 73%), m.p 417 

o
C, lit.

1
 obtained m.p 419

 
°C. 

1
H NMR (300 MHz, CDCl3, ppm): 7.35 (8H, m), 6.96 (8H, m), 

5.79 (4H, s), 0.50 (18H, s). 
13

C NMR (100 MHz, CDCl3, ppm): δ 144.86, 144.05, 129.19, 

125.20, 123.77, 114.82, 102.48, 100.60, 52.07, 29.69, 1.01. IR (NaCl Plate, cm
-1

): 2957(νCH). 
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Compound 1. In a solution of compound VI (2.80 g, 15.71 mmol) in THF (30 mL) and MeOH 

(30 mL), a solution of KOH (2.0 g in 5 mL of H2O) was added and the mixture was stirred at 

room temperature for 4 h. The progress of the reaction was monitored by TLC (Hexane: 

Dichloromethane, 3:1). The resulting solid product was filtered and washed with water and 

hexane. After dried in vacuum oven compound 1 was obtained as white solid powder (2.05 g, 

95%). m.p 437 °C, lit.
1
 m.p 439.5

 
°C. 

1
H NMR (300 MHz, CDCl3, ppm): 7.37 (8H, m), 6.96 (8H, 

m), 5.84 (4H, s), 3.71 (2H, s). 
13

C NMR (100 MHz, C2D2Cl4 ppm): δ 144.06, 143.95, 124.90, 

123.54, 113.57, 84.84, 78.03, 51.27. IR (KBr Pellet, cm
-1

): 3303 (νC≡C). 

 

1,2-bis (4-bromophenyl)-1,2-diphenylethene (2). In a flame-dried three-neck flask under argon 

atmosphere, an ice-cooled (-5 
o
C) suspension of zinc powder (12.50 g, 191.19 mmol) in THF 

(240 mL) was prepared and titanium tetrachloride (20.00 mL, 181.81 mmol) was slowly added to 

the suspension. The resulting mixture was refluxed for 4 h. After cooling to room temperature, a 

solution of 4-bromobenzophenone (10.00 g, 38.30 mmol) in THF (50 mL) was slowly added to 

the mixture, and the mixture was then refluxed overnight. After cooling to room temperature, the 

mixture was diluted with saturated aqueous sodium hydrogen carbonate solution (until no bubble 

come out) and dichloromethane and stirred for 5 h. The mixture was filtered through a Celite 

pad, and the filtrate was separated into organic and aqueous layers. The aqueous layer was 

extracted thrice with dichloromethane, and the combined organic layer was dried over MgSO4 

and the solvent was evaporated under the reduced pressure. The resulting white crude product 

was purified by silica gel column chromatography using hexane as eluting solvent. Compound 2 

was obtained as white powder (8.50 g, 90.55% yield) after removing the solvent. Compound 2 

was further purified by multiple recrystallizations in ethanol: toluene (3:2) and hexane: ethyl 
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acetate (8:2) and obtained as white crystal. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.26 (4H, m), 

7.15 (6H, m), 7.01 (4H, m), 6.90 (4H, m). 
13

C NMR (100 MHz, CDCl3): 142.93, 142.83, 142.39, 

142.29, 140.31, 132.87, 131.21, 131.11, 130.91, 128.02, 127.82, 126.95, 126.83, 120.80, 120.66. 

EI MS calculated for [M
+
] 490.23, found 490. IR (KBr Pellet, cm

-1
): 1640 (νC=C). 

 

Polymer P1. In a flame dried two-necks 25 mL round-bottom flask, under an argon atmosphere 

monomer 1 (0.2513 g, 0.50 mmol) and dibromo-TPE (0.2451 g, 0.50 mmol) was added to 

diisopropylamine\anhydrous toluene (2.8:4.2, 7 mL). After degassed and purged with argon for 

30 min, Pd(PPh3)
4 

(0.030 g, 5 mol %) and CuI (0.0047g, 5 mol%) were added. The mixture was 

heated at 90 °C for 48 h under argon. The reaction mixture was then dissolved in CHCl3 and 

washed with aqueous NH4Cl solution and dried over anhydrous MgSO4. The solvent was 

removed by rotor-evaporator and the residue was dissolved into CHCl3 and precipitated with 

MeOH three times. After drying under vacuum at 80 °C for 5h, the polymers were obtained 

(0.3019 g, 71% of yield) as greenish-yellow powder. 
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Figure S1. The 
1
H NMR spectrum of polymer P1 (300 MHz, C2D2Cl4) 

 

 

Figure S2. The IR spectrum of polymer P1 (KBr pellet).  
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Figure S3. The 
13

C NMR spectrum of polymer P1 (100 MHz, C2D2Cl4) 
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Figure S4. Normalized absorption and emission spectra of monomer 1 in 1,1,2,2-

tetrachloroethane. 
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Figure S5. Normalized absorption and emission spectra of monomer 2 in CHCl3 
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Figure S6. Normalized absorption and emission of polymer P1 in THF solution (top) and in film 

(bottom). 

 

 

Figure S7. Structures of target isocyanates 
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Table S1. Vapor concentration of isocyanates
1 

Isocyanate Vapor pressure 

(mmHg) 

Vapor 

concentration 

(pg/mL) 

Molarity of NCO 

group10
-9

 

(mol/L) 

Mw (g/mol) 

PPDI <6.0 x 10
-3

 52.46 0.655 160.13 

TDI <0.01 95.09 1.092 174.15 

MDI 4.5 x 10
-6

 0.062 4.9 x 10
-4

 250.56 

PI 1.4 9105.14 76.44 119.12 

MeOPI 0.107 871.33 5.842 149.15 

NO2PI 6.84  x 10
-3

 61.29 37.35 164.12 

HDI 5.26 x 10
-3

 48.34 0.287 168.22 

IPDI 3.0 x 10
-4

 3.64 0.033 222.28 

 

Film Preparation 

Films were coated on glass substrates by spin coating process. The polymer solution was 

spin-coated from 1,1,2,2 tetrachloroethane (TCE) solutions onto a glass plate (microscope slide, 

20 × 20 × 1 mm) and spun at 1000 rpm by using a Chemat KW-4B spin-Coater. Then the films 

were dried for overnight at 80 °C under argon atmosphere. To prepare 4-80 nm thick films, 5-10 

mg of polymer in 1.5 mL of solvent were used. The thickness of the films ranged from 4-80 nm, 

as measured using a Tencor Instrument Alpha-Step 200 surface profiler (uncertainty ± 0.01 Å) 

and by Atomic Force Microscopy (AFM) (uncertainty ± 0.2 nm). 
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Figure S8. The time-dependent fluorescence intensity of P1 film (7nm) upon exposure to HDI 

vapor (room temperature) from 0 s to 240 s. 
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Figure S9. The time-dependent fluorescence intensity of P1 film (4 nm) upon exposure to PPDI 

vapor (room temperature) from 0 to 300 s. 
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Figure S10. The time-dependent fluorescence intensity of P1 film (4nm) upon exposure to PI 

vapor (room temperature) from 0 to 300 s. 
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Figure S11. The time-dependent fluorescence intensity of P1 film (4nm) upon exposure to 

NO2PI vapor (room temperature) from 0 to 300 s. 
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Figure S12. The time-dependent fluorescence intensity of P1 film (4nm) upon exposure to 

MeOPI vapor (room temperature) from 0 to 300 s. 
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Figure S13. The time-dependent fluorescence intensity of P1 film (7nm) upon exposure to TDI 

vapor (room temperature) at 0, 10, 20, 30, 40, 50, 60, 120, 180, 240 and 300. 

 

 

 

Figure S14. SEM images of Polymer P1 film on glass surface 
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Appendix D Supporting Information for Chapter 5 

Ultra-Sensitive Detection of Explosive in Solution and Film as well as the Development of 

Thicker Film Effectiveness by Tetraphenylethene Moiety in AIE Active Fluorescent 

Conjugated Polymer 

 

Fig. S1: Photographs of polymer P1 in H2O/THF mixtures with different fractions of water (fw) 

taken under UV illumination. 
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Fig. S2: Plot of (I/Io) values versus the compositions of the aqueous mixtures. Io is the emission 

intensity in pure THF solution. 
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Fig S3. Stern-Volmer plots of polymer P1 corresponding to PA. Io is the emission intensity in 

H2O/THF mixture containing 90% of water. 
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Fig S4. Cyclic voltammograms of the polymer films (P1) on Pt electrode in 0.1 mol/L Bu4CF6, 

CH3CN solution with a scan rate of 100 mV/s. 
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Fig S5.Normalized absorption of DNT, PA and normalized PL of polymer P1 
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Fig S6. Fluorescence quenching response of polymer P1 in 90% H2O-THF mixture with respect 

to PA at different concentration 
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Fig S7. Time-dependent PL spectra of spin-coating film of P1 upon exposure to DNT vapor at 

room temperature for 0 to 360 s. Film thickness: 4 nm; excitation wavelength: 375 nm 
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Fig S8. Time-dependent PL spectra of the spin-coating film of P1 upon exposure to DNT vapor 

at room temperature for 0 to 360 seconds. Film thickness: 22 nm; Excitation wavelength: 375 nm 
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Fig S9. Time-dependent PL spectra of the spin-coating film of P1 upon exposure to DNT vapor 

at room temperature for 0 to 360 seconds. Film thickness: 75 nm; Excitation wavelength: 375 nm 

 

 

 


