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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 10 

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. 

Isocyanates are highly reactive and low molecular weight 
compounds containing the isocyanato group (-N=C=O). There 15 

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 readily react 
with compounds containing hydroxyl groups to produce 
urethanes or polyurethanes, which are widely used in the 20 

manufacture of flexible and rigid foams, fibers, coatings and 
elastomeric products. 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), 2,4-25 

toluene diisocyanate (TDI), hexamethylene diisocyanate 
(HDI), isophorone diisocyanate (IPDI), 1,5-naphthalene 
diisocyanate (NDI), p-phenylene diisocyanate (PPDI).5-8 
Exposure to even a small amount of isocyanates can cause 
irritation of the eyes and skin and also decreased lung 30 

function when inhaled in the form of gas, stream, dust or 
aerosol.9,10 The most common adverse health impact 
associated with isocyanate exposure is asthma due to 
sensitization. The long term and overexposure cause strong 
respiratory, cutaneous irritants, occupational asthma. On the 35 

other hand, rash, itching, hives, swelling of the extremities 
and hypersensitivity pneumonitis are caused by the less 
exposure to isocyanates.11 In most countries, the permissible 
exposure limit (PEL) of most isocyanate monomers is 5 ppb in 
air.12 This implies that the detection of isocyanate compounds 40 

in a workplace is highly required to maintain a safe working 
environment and protect the workers from adverse health 
effect. The most commonly used analytical methods for the 
detection of isocyanates in air are colorimetric methods,13 
absorption spectrophotometry,14-17 liquid chromatography 45 

with fluorescence detection using N-methyl-1-
naphthalenemethylamine as a fluorescence-activating 
reagent,18 capilary 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 50 

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 55 

spectrometry for determining specifically three isocyanates 
(HDI, 2,4-TDI and 2,6-TDI) at ppt levels in air.20a  
 Highly fluorescent conjugated polymers are used as 
molecular sensors for direct detection of various chemicals, 
such as nitroaromatic explosives.22,,23 Conjugated polymers 60 

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, 65 

like nitro compounds, by fluorescence quenching mechanism 
using a conjugated polymer.  
 For direct detection of isocyanates in air by fluorescence 
method, we designed a conjugated polymer containing the 
pentiptycene and tetraphenylethene (TPE) units that are linked 70 

by an acetylene bond, namely polymer P1 (Scheme 1). 
Pentiptycene is selected as one of key structural components 
in polymer, since it is readily available by simple 
synthesis24,25 and is proven to be useful in polymers for 
fluorescence detection of nitro explosives,26 Pentiptycene has 75 

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) efect.28 In addition to some unique 80 

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 85 

cavities in polymer film, which allow for the analytes entering 
and being 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 90 

sensory polymer with a high sensitivity towards isocyanates. 
Thin films of polymer P1 is 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 5 

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. 
 10 

Br

Br

+

Pd(PPh3)4, CuI, iPr2NH
Toluene, Ref lux, 2 days

n

1 2

H

H P1  
 
Scheme 1. Synthesis of polymer P1 by Sonogashira cross-coupling 
reaction. 

 15 

 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 in TCE at 30 oC and forms a 
uniform and smooth film on glass surface by casting or spin 
coating. The 1H-NMR spectrum (Figure S1) of P1 displays the 20 

peaks for aromatic protons at 6.2 to 7.2 ppm but no peak at 
3.71 ppm for the acetylenic proton, indicating a reasonably 
high molecular weight. The band at 2203 cm-1 for the C≡C 
bond in the IR spectrum (Figure S2) also confirms the 
polymer formation. The further evidence comes from the 13C-25 

NMR data (Figure 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. Figure S6 displays 
the normalized absorption and emission spectra of polymer P1 
in solution and in film. In solution, polymer P1 has a maximal 30 

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 the monomers 1 and 2 
have the emission maxima at 356 nm and 437 nm, 
respectively. A red shift in absorption and emission spectra 35 

for polymer P1 relative to monomers 1 and 2 is resulted 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 40 

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) 45 

can be defined as the percent ratio of fluorescence intensity 
decrease upon exposure and initial fluorescence intensity. 
Figure 1(a) displays the gradual changes of 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 50 

P1 dropped by 74% or 74% FQR, and continued to drop by 
84% at 300 s. Figure 1(b) shows the changes of 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 55 

sensitive towards both aromatic and aliphatic isocyanates.  
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Figure 1. The time- dependent fluorescence intensity of P1 film (7nm) 
upon exposure to (a) MDI (b) IPDI vapor (room temperature) from 0 s to 60 

300 s. 

 In the isocyanato group, the carbon atom is partially 
positively charged, as it doubly bonded with more 
electronegative N and O atoms. These electronegative atoms 
are pulling electrons away from the carbon atom, making the 65 

isocyanato group quite electron deficient. The high reduction 
potential of 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 70 

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 seconds of isocyanate exposure 
(Table 1) and become constant after 5 minutes, indicating that 75 

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 80 

isocyanate (PI), 4-methoxyphenyl isocyanate (MeOPI), 4-
nitrophenyl isocyanate (NO2PI), 4,4-methylene diisocyanate 
(MDI), 2,4-toluene diisocyanate (TDI), hexamethylene 
diisocyanate (HDI), isophorone diisocyanate (IPDI), p-
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phenylene diisocyanate (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.  
 5 

Table 1. Fluorescence quenching response (%) at given time for various 
isocyanates using polymer P1a. 

a The film thickness is in a range of 4-7 nm for all measurements. 
 
 At 60 s of exposure, the order of the FQR is MDI > PPDI > 10 

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 15 

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 20 

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 25 

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 among all the eight isocyanates 
tested, the detection limit of polymer P1 should be at a ppt 30 

level (i.e., 0.06 ppt) and is much lower than the permissible 
exposure limit (PEL) of 5 ppb. 
 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 35 

permeability of these two isocyanates in the polymer film. 
Since the gas permeation consists of adsorption of the 
permeating species into the polymer, diffusion through the 
polymer and desorption of the permeating species from the 
polymer surface and removal, the permeability can be affected 40 

by solubility and diffusivity of isocyanate molecules in the 
polymer film. At the 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 45 

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.  50 

 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 55 

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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